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Abstract.   

Multivalent systems are biotechnological tools 

that utilize multiple, specific interactions to 

achieve a desired function. These systems often 

involve the use of multivalent ligands, which are 

molecules that can bind to multiple target 

molecules simultaneously, and multivalent 

receptors. By leveraging the power of multiple, 

specific interactions, multivalent systems can 
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Multivalent interactions in biotechnology: using 

multiple, specific interactions to achieve higher 

effectiveness and specificity. Multivalent ligands 

and receptors are key tools in drug delivery, protein 

engineering, cell signaling, and immune system 

modulation. In this review, we explore the potential 

of multivalent systems in nucleic acid therapies 

achieve higher levels of effectiveness and 

specificity than traditional monovalent 

approaches. Research on multivalency is 

currently an interplay of the fields of 

biochemistry and supramolecular chemistry. In 

biotechnology, multivalent systems have been 

used in a variety of applications, including drug 

delivery, protein engineering, and immune 

system modulation. The use of multivalent 

systems has the potential to revolutionize the way 

that biotechnology approaches complex problems 

and has already led to numerous breakthroughs in 

a variety of fields. In this review, we focus on the 

application of multivalent systems in 

biotechnology and their potential in nucleic acid 

therapies. 

 

Keywords: multivalent interaction; multivalent ligands; multivalence; multivalent drug design; 

biotechnology avidity; biosensors; detection; nucleic acid  

 

1 Introduction 

In biotechnology, the term "multivalent interactions" 1,2 refers to a molecule's capacity to bind to 

numerous other molecules at once, such as proteins or small molecules. These interactions are crucial to 

numerous biological processes and can be used to develop novel medications and treatments (figure 1).  

 

Figure 1: Multivalent interactions. Multiple ligands on one object bind to multiple receptors on 

another and are commonly found in nature. Designing multivalent ligands to regulate biological 

interactions is of great interest. 
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It is frequently possible to achieve a more strong and more specific effect by concurrently targeting 

multiple sites on a protein or other biomolecule 3. To overcome weak monovalent and non-covalent 

interactions and improve their biomolecular interactions so that desirable biological processes can occur, 

many biomolecular components adopt complicated multivalent interactions 4, 5. A backbone or scaffold 

that has a certain number (valency) of the same or various epitopes attached to it makes up a multivalent 

ligand 6. There are a lot of protein-carbohydrate interactions 7,8, some of which are involved in host-

pathogen interactions, viral entry, and cell surface adhesion. Protein-protein interactions, such as those 

that facilitate the development of the immunological synapse at the T cell-B cell junction 6, are another 

type of significant multivalent interaction 9,10. The interaction of antibodies with antigens is a crucial 

illustration of multivalent interactions 11,12. Proteins called antibodies are created by the immune system 

to identify and combat foreign invaders like viruses and bacteria. They consist of two heavy polypeptide 

chains and two light polypeptide chains joined together by disulfide bonds 11,12. Each chain has a variable 

area that controls antigen binding and recognition and a constant portion that controls immune system 

activation 13. The variable region, which contains several binding sites 14,15 that can interact with 

numerous epitopes (antigenic determinants) on the surface of the antigen, often mediates the binding of 

an antibody to an antigen. The efficiency of the immune response depends on this multivalent interaction 

between antibodies and antigens 15,16. 

The interaction of lectins with carbohydrates is another significant example of multivalent interactions 

17,18. Proteins or glycoproteins which are lectins can bind exclusively to certain sugars or sugar chains 

19. They participate in the immunological defense, cell-cell communication, and cell adhesion. The 

sugar-binding domain of the lectin, which has several binding sites and can interact with various sugar 

residues on the carbohydrate, mediates the binding of lectins to carbohydrates 20,21. The detection and 

signaling between cells, as well as the control of immunological responses, depend on this multivalent 

interaction between lectins and carbohydrates. Multivalent interactions have been used to generate a 

variety of medicinal medicines in the realm of biotechnology. For the treatment of cancer, autoimmune 

disorders, and infectious diseases, multivalent antibodies—also known as antibody-based therapeutics—

have been created 22–24. These substances are made to attach to antigens or epitopes on cancer cells or 

harmful microbes, causing the immune system to attack and kill the target organisms. Additionally, 

multivalent lectins have been designed to deliver imaging or therapeutic substances to cells or tissues 

24,25. It is possible to selectively distribute medications or imaging agents to the targeted site in the body 

when the substances contain lectins that bind to carbohydrate moieties on the surface of the target cells. 

Many naturally occurring lectins and their ligands are multivalent. For instance, membrane-bound 

glycoproteins can serve as scaffolds for various oligosaccharide determinants 26. Additionally, 

oligomeric quaternary configurations of saccharide-binding receptors are common. For cell signaling, 
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cells utilize a variety of multivalent receptors 27. These illustrations show that multivalent interactions 

play a crucial role in biological processes and that they should be recognized and used in biotechnologies. 

Natural multivalent glycoconjugates 28 can be used to prevent bacteria, bacterial toxins, and viruses from 

adhering to host cells and to activate the innate and adaptive immune systems 29 in response to these 

invaders. To create new antiviral medications and immune modulators, it has also been utilized to target 

dendritic cell absorption of DC-SIGN 29,30. However, access to ligands that resemble endogenic 

multivalent arrays can be made possible via chemical synthesis. 

To investigate the contributions of different ligand characteristics to a naturally multivalent binding 

interaction, employ the synthetic ligands 31–33. Identification of the pertinent underlying molecular 

pathways is challenging since physiological multivalent ligands are usually in short supply and 

physically heterogeneous or complicated (for example, on a cell or virus surface) 34. The flexibility, size, 

and form of the scaffold from which these binding sites are exhibited, as well as the number (valency) 

and orientation of receptor binding sites, may all be important factors in binding for these ligands 35. 

Synthetic multivalent ligands can have their scaffold structure, the type of binding components they 

contain, how many there are, and how they are spaced apart systematically changed 27. Both arrays that 

resemble natural multivalent displays and those that are unconnected to them have been developed. 

 

2 Application of multivalent interactions in biotechnology 

The development of cancer treatments is one area where multivalent interactions have proven 

particularly beneficial. Numerous anti-cancer medications focus on proteins that are overexpressed or 

altered in cancer cells. It is frequently possible to achieve a higher inhibitory impact and more efficiently 

target cancer cells when medicines can bind to several locations on these proteins. For instance, a cancer-

associated protein may have many binding sites that can be targeted by monoclonal antibodies, which 

are proteins that specifically bind to other proteins 36,37. This may increase the strength and efficiency of 

cancer treatment 38. 

The development of vaccines has also utilized multivalent interactions 39,40.  Numerous vaccines 

stimulate the immune system by using multivalent molecules like viruses 41,42, or bacteria 43–45. The 

development of antibodies that can recognize and bind to numerous locations on the surface of the 

pathogen can be stimulated by these multivalent molecules, enhancing the efficacy of the vaccination. 

As an illustration, some vaccines employ virus-like particles, which are artificial constructs that resemble 

viruses but do not contain any infectious agents 46–48. These particles can bind to numerous locations on 

pathogens, activating the immune system and causing it to develop antibodies that can identify and kill 

the pathogen. 

Another illustration is the fact that the flu vaccination comprises a variety of influenza strains 49, each of 

which has numerous immune system-recognizable epitopes. By exposing the immune system to several 
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distinct epitopes, the vaccination can stimulate a stronger immunological response and offer broader 

protection against the flu 50,51 

In addition, the discovery of additional drug classes that target enzymes 52,53, receptors 52,53, and other 

proteins involved in diverse biological processes has also looked into multivalent interactions. For 

instance, the activity of enzymes can be inhibited or the binding of a protein to its ligand can be blocked 

using multivalent small molecules, such as substances that possess several groups capable of binding to 

a target protein. 

Enhancing therapeutic effectiveness, improving affinity, increasing target efficiency and specificity, 

increasing stability, multiplexing, and controlled release of molecules such as medicines are all benefits 

of employing multivalent systems in biotechnology 54–56.  

The use of multivalent interactions in biotechnology is not without its difficulties and restrictions, 

though. Designing and synthesizing stable multivalent compounds that can successfully bind to their 

target is a difficulty 57. The potential for multivalent compounds to bind to undesired sites, which can 

result in undesirable side effects, is another difficulty. Additionally, the potency and effectiveness of a 

multivalent therapy may be impacted by the strength of multivalent interactions, which can vary 

depending on the precise nature of the interaction and the environment in which it takes place 58. The 

complexity of their design and synthesis is one of the difficulties presented by possible applications 57,59. 

Toxicity levels and immunological reactions could be additional difficulties. 

 

Table 1 summarises some of the applications of multivalent systems. 

Example Application 

Drug design and delivery The effectiveness and specificity of the medications and their 

distribution are enhanced through the development of 

nanoparticles or other delivery systems that specifically 

target proteins or disease-related pathways. 

Diagnostic Very sensitive and specialized diagnostic tests were 

developed that enable the precise and reliable diagnosis of 

illnesses or other disorders. 

Protein-protein interaction This approach is utilized to investigate protein interactions, 

which can shed light on the mechanisms behind cellular 

functions and disease pathology. 

Antibody-antigen interaction Designing multivalent antibodies or other compounds that 

can bind to several antigen epitopes to increase the 

interaction's affinity and specificity. 
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Molecular recognition Design compounds with high affinities that can recognize 

and bind to targets, including receptors or enzymes. 

Gene regulation Design compounds that can attach to DNA or RNA 

sequences to control the expression of genes in a precise 

manner. 

Immunotherapy To increase the efficiency of the treatment, design 

immunotherapies that target a variety of proteins or pathways 

implicated in cancer or other disorders. 

Biomarker discovery To find molecules that can act as biomarkers for particular 

illnesses or situations, allowing for the detection or 

monitoring of these conditions 

Biosensors Design sensitive and precise biosensors that can identify 

certain chemicals or analytes in complicated combinations. 

Enzyme inhibition Design compounds that can block enzymes, which can be 

helpful in the creation of medications to treat conditions like 

cancer or cardiovascular diseases 

Protein engineering Design proteins that have specific characteristics or 

capabilities, such as enzymes with increased catalytic activity 

or antibodies with increased specificity. 

Vaccine development Design vaccines that are more effective and comprehensive 

by targeting a variety of antigens or epitopes. 

Biocatalysts Design biocatalysts or other enzymes that are more efficient 

or selective at catalyzing particular processes. 

Tissues engineering Create supports for the development and differentiation of 

cells or tissues, such as scaffolds or other materials. 

Biomaterial design Create materials with specified features or capabilities, such 

as enhanced biocompatibility or medication delivery 

systems. 

Biodegradable polymers Create biodegradable materials for uses such as tissue 

engineering and medication delivery. 

Bioremediation Design enzymes or other biocatalysts that can break down 

pollutants or toxins. 

Industrial biotechnology Design enzymes or other biocatalysts for the synthesis of 

chemicals, fuels, or other goods. 
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Agriculture biotechnology Design molecules that can increase crop yields or withstand 

pests, illnesses, or other agricultural obstacles. 

 

3 Mechanism of multivalent bindings  

Interactions between molecules that involve more than two binding sites or valences are known as 

multivalent interactions 60,61. Nucleic acids, proteins, carbohydrates, and other molecules can all be 

involved in these interactions, which can be crucial in a variety of biological processes. The development 

of protein-carbohydrate complexes 62–65, which are crucial for numerous biological processes such as 

cell adhesion, immunological recognition, and signaling, is a significant type of multivalent interaction 

66. 

A crucial characteristic of multivalent interactions is their capacity to produce binding that is both strong 

and specific 67. This is because as the number of binding sites grows, so does the number of attractive 

forces, increasing the binding affinity of a multivalent interaction 68–70. As a result, very stable complexes 

may emerge. These complexes are crucial for many biological functions. 

The capacity of multivalent interactions to control protein activity is another crucial feature 71. For 

instance, a protein's conformation might change as a result of the binding of a multivalent ligand, which 

can either activate or inhibit the protein's activity 72–74. This may be a crucial mechanism for controlling 

the function of proteins and enzymes in cells. 

Additionally, it may contribute to the emergence of supramolecular structures such as polymers and 

aggregates 75–78. Through the self-assembly of molecules, which can be aided by multivalent interactions, 

these structures can be created. For instance, multivalent interactions between proteins can be the cause 

of protein aggregation formation in cells 79,80. 

In the immune system, where they are crucial for the identification and activation of immune cells, 

multivalent interactions are also significant 80–83. For instance, immune cell-produced proteins called 

antibodies can interact with antigens in multivalent ways to bind to them 5,84–87. Immune cells like T 

cells and B cells may become activated because of these interactions and may then initiate an immune 

response against the foreign chemical. 

Additionally, they participate in the development of viral capsids, which are protein structures that 

encase the viral DNA 88–90. Viral proteins self-assemble into these capsids, which can be aided by 

interactions with other multivalent proteins. 

Nature makes use of multivalency to create strong and specific interactions when the binding sites of a 

protein receptor have just a modest affinity for monovalent ligands 91. Dysregulation may be responsible 

for the advancement of diseases, such as cancer metastasis, which need exact spatial orientation of 

ligands and receptors at the nanoscale 92. A fundamental biological activity called ligand binding to cell 

surface receptors starts cellular adhesion, communication, metabolism, and other functions 91,93. The 
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strength and specificity with which a given ligand binds to its target receptor determine how well these 

mechanisms work 94–96. 

Numerous ligands have weak binding characteristics when used alone, but when linked together by a 

scaffold, they can provide a high collective affinity for a corresponding receptor with multiple binding 

sites 97. The observed binding increases for multivalent interactions may be attributed to chelation, cross-

linking, statistical rebinding, steric shielding, clustering effect, and subsite binding, among other factors 

(Figure 2) 98,99. Chelation 100 is the simultaneous binding of numerous ligand molecules to multiple 

binding sites, which causes a decrease in the rate at which ligands dissociate (off-rate), enhancing the 

binding affinity, force (also known as avidity), and stability of multimeric ligands (Figure 2A). 

The physical size and distribution of ligand molecules may inhibit other competing ligands from binding 

to receptors in the steric stabilization mechanism 101 when multivalent ligands engage with their 

receptors (Figure 2D). The increased concentration of local ligands surrounding the receptor causes the 

statistical effect of multivalent ligands to increase the likelihood that ligands will rebind to their binding 

site and decrease the off-rate (Figure 2C). 

 

Figure 2: Multivalent ligand-receptor interactions can produce significant affinity (A–D) or specificity 

(E and F) enhancements relative to monovalent interactions through several contributing mechanisms. 

A) Chelation bridges either two primary binding sites (left) or a primary and a secondary binding site 

of a single receptor (right). B) Cross-linking spans binding sites on two different receptor molecules. 

C) Statistical rebinding involves the rapid exchange of locally clustered ligands. (C) Steric shielding 

from a large scaffold can hinder the approach to competing for monovalent ligands. Multivalent 

binding agents must present ligands of the correct composition (E) and spatial context (F) to be 

recognized by their target receptor. 

 

The structural complexity of a multivalent ligand determines the binding process that attaches it to its 

receptor 102. Multivalent ligands may change their closeness and orientation when they bind to receptors, 

which could affect how well the receptors communicate 27,103,104. Natural or artificial ligands can function 

as effective effectors or inhibitors in a range of biological processes in multivalent systems by signal 
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transduction. Multivalent ligands effectively inhibit or stimulate biological reactions by binding to their 

receptors with high affinity, avidity, and specificity 105,106. Furthermore, these complex scaffolds are 

intended to self-assemble from component strands using Watson-Crick and Hoogsteen base-pairing rules 

5. Site-specific ligand integration into these component strands is possible during solid-phase synthesis, 

either by directly using ligand-modified monomers or by using post-synthetic conjugations 91. 

Van der Waals forces, hydrogen bonds, and electrostatic interactions are only a few of the forces that 

can influence multivalent complexes 107,108. 

Between charged molecules, electrostatic interactions 109,110 are attractive forces that can be positive or 

negative. These interactions, which depend on the charge and separation between the molecules, have 

the potential to be potent enough to promote the development of intricate structures 111. 

Another form of interaction that can result in multivalent interactions is hydrogen bonding 112,113. These 

compounds covalently bind hydrogen atoms to electronegative atoms like oxygen, nitrogen, or fluorine 

to form this type of bond 114. Given that carbohydrates contain several hydroxyl groups that can interact 

with proteins to generate hydrogen bonds, hydrogen bonding can be particularly significant for the 

creation of protein-carbohydrate complexes. 

Due to changes in their electron distributions, molecules can experience Van der Waals forces which are 

weaker attractive forces 115,116. These forces may be crucial for the attachment of tiny molecules to 

proteins and may help multivalent interactions remain stable. 

The conformational alterations that take place in interacting molecules upon binding can also affect 

multivalent interactions 117. For instance, when a multivalent ligand binds to a protein, conformational 

changes in the protein can either activate or inhibit the protein's function 73,118. This may be a crucial 

mechanism for controlling the function of proteins and enzymes in cells. 

 

4 The Role of Multivalent Ligands in the Development of drug 

In recent years, the field of drug development has paid a lot of attention to multivalent ligands. It has 

been investigated for a range of medicinal uses, including the treatment of infectious illnesses, cancer, 

and inflammation. The capacity of multivalent ligands to achieve high-affinity binding with target 

molecules is one of its main advantages 119,120. Due to the higher binding power between the ligand and 

the target, this high-affinity binding may have a larger therapeutic effect 121. Inhibiting the activation of 

inflammatory pathways has also been investigated as a potential treatment for inflammation 122. To 

prevent pathogen growth and spread, multivalent has also been created for the treatment of infectious 

disorders 123–128.  

The development of multivalent ligands for therapeutic use is fraught with difficulties. Due to these 

ligands' higher binding affinities and broad-spectrum actions, there is a risk of increased toxicity. The 

necessity for properly crafted ligands that can selectively bind to the chosen target without attaching to 
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additional proteins or receptors is also present because doing so may have unfavorable side effects. The 

potential benefits of these ligands make them an appealing target for therapeutic development despite 

the difficulties associated with their development. 

The two main reasons why drugs fail in clinical trials are because they are unsafe and do not work 129. 

The development of molecular biology and genomics has had a significant impact on the search for new 

drugs. The pharmaceutical industry's research division is being established by the biotech sector. 

Recombinant proteins and monoclonal antibodies have significantly expanded the toolbox of therapeutic 

agents 130,131. By analyzing the genetic bases of complicated diseases and determining the most efficient 

pharmacological targets, genome sciences and bioinformatic methods enable us to widen the spectrum 

of accessible therapeutic alternatives. The probability of getting efficacy and selectivity improved 

significantly when a multivalent ligand was used as a homo- or hetero-dimer, making the usage of 

multivalent ligands a more alluring method for creating novel pharmaceuticals like anti-HIV agents with 

therapeutic uses 132. An illustration of the use of multivalent ligands in drug development can be found 

in the almost universally weak binding of specific carbohydrates by proteins necessary for the regulation 

of cellular activity, such as fertilization, lymphocyte homing, and endocytosis mediation, but overcome 

by one entity with multiple ligands binding to another entity, leading to numerous ligand-receptor 

interactions 133. To increase the efficacy of carbohydrates as ligands or inhibitors, multivalent 

carbohydrates are generated in a variety of forms, including dendrimers, polymers, micelles, vesicles, 

and functional nanotubes. According to Peter, proteins that are complementary to carbs typically only 

attach to them weakly, and stronger binds and greater inhibitions are frequently attained by numerous 

interactions with different carbohydrates 134. He went on to say that the so-called "cluster effect" is 

widespread in nature and was the driving force behind the development of multivalent inhibitors that 

block protein-carbohydrate interactions. Some of the most significant multivalency effects, such as the 

inhibition of AB-5 toxins and other multi-site lectins like the asialoglycoprotein receptor, are likely to 

be the result of chelation 135. The fact that multivalent carbohydrates frequently aggregate is also evident, 

but it is less clear how much this improves affinity or inhibitory potency, or whether the aggregation 

processes can be distinguished from the statistical rebinding effects 136. To stimulate the innate and 

adaptive immune systems, multivalent glycoconjugates have also been employed in vaccines based on 

carbohydrates 137. Lipopolysaccharides and S-layers, which are multivalent glycoconjugates that are 

naturally present on the surfaces of bacteria and can be employed or targeted in anti-infective therapies 

29. With structures that can competitively hinder pathogen and host cell recognition processes, it may be 

feasible to halt colonization or even the growth of biofilms. Such carbohydrate-based vaccines can prime 

the immune defense systems in advance of infection or encourage the body to defend itself against an 

ongoing chronic illness through a lectin-mediated cellular absorption process 138. 

Multivalent inhibitors can prevent pathogens from attaching to cells, preventing the development of 

drug-resistant strains even when they do not kill germs 139. Pathogens that are coupled to multivalent 
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ligands can no longer multiply and can either be cleared off by the reticuloendothelial system or 

destroyed by macrophages. However, the enthalpic and entropic contributions have a significant impact 

on the effectiveness of this competitive inhibition. However, accurate theoretical modeling of 

thermodynamic and kinetic parameters is typically limited by the complexity of biological systems. The 

pharmaceutical industry has not embraced the idea of multivalent inhibitors as pharmaceuticals since the 

optimization of reproducible polymeric multivalent ligands is practically more challenging than the 

normal monovalent medications (or prophylactics). Another challenge is the multivalent ligand pathogen 

binder's capacity to be applied in the latter phases of infection when a pathogen has already started to 

reproduce within the biological system 139. In a study, mice infected with the flu virus fared better when 

given 36 different dosages of an aerosolized glycopolymer made of polyacrylamide on days 2 through 5 

following infections. This investigation proved the value of this inhibitor of multivalent virus attachment 

in the treatment and prevention of influenza. However, there aren't many instances of multivalent 

glycoconjugates being employed effectively as drugs or vaccinations. To absorb Shiga-like toxins from 

E. coli, the synthetic glycolipid analog SynsorbPk, which is covalently attached to a silica particle, has 

become a promising antiadhesive treatment candidate. Recombinant E. coli serves as another example 

because it has a lipopolysaccharide (LPS) mimicking the Shiga toxin receptor on its surface and has 

shown improved affinity and efficacy over SynsorbPk. It has been demonstrated that an OPS conjugated 

to toxin A is immunogenic and effective against Pseudomonas aeruginosa. The challenges and problems 

with concentrating on multivalent interactions while concentrating on our comprehension of these 

interactions have been highlighted. The creation of strong anti-infective drugs as well as other effective 

binders may be facilitated by multivalency. 

 

5 The multivalent nucleic acid construct interactions 

Nucleic acids with numerous binding sites, such as DNA and RNA, can interact with other molecules in 

a process known as multivalent nucleic acid interactions. Numerous biological processes, such as DNA 

replication, protein synthesis, and gene control, depend on these interactions. The binding of 

transcription factors to sequences in the promoter region of a gene serves as one example of multivalent 

nucleic acid interactions. Proteins called transcription factors to attach to DNA and control how genes 

are expressed. The binding of numerous transcription factors to a gene can activate or repress gene 

expression because they frequently have multiple binding sites that can interact with specific regions in 

the promoter region of a gene. 

The interaction of ribosomes with mRNA during protein synthesis is another instance of multivalent 

nucleic acid interactions. Ribosomes are intricate molecular factories in which amino acids are converted 

into proteins. They attach to mRNA and convert the genetic instructions into an amino acid sequence. 
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Ribosomes can effectively generate proteins because of their numerous binding sites, which connect 

with mRNA sequences. 

DNA replication also heavily relies on interactions between multivalent nucleic acids. The replisome, a 

group of proteins that unwinds and divides the double helix's two strands during DNA replication, then 

uses the data from the template strands to create new strands of DNA. Various proteins in the replisome 

each have multiple binding sites that interact with distinct DNA sequences to effectively manufacture 

new DNA strands. 

Multivalent nucleic acid interactions perform crucial functions in DNA repair and DNA recombination 

by permitting the binding of proteins to specific DNA sequences, in addition to their roles in cell 

signaling, gene regulation, protein synthesis, and DNA replication. 

Researchers have noticed that multivalent nucleic acid constructions are compatible with a variety of 

ligand types and receptor classes and can be used to build high-affinity binding agents for studies in 

solution and on surfaces to understand the principles behind these interactions  96. 

Contrary to ordinary polymers, nucleic acid materials can access a variety of hard, three-dimensional 

forms via the sequence-programmed self-assembly of component strands. It has also been used to 

address fundamental multivalency issues to comprehend how the intensity of monovalent contacts, the 

flexibility of the scaffold, the spacing between interacting sites, and the spatial layout affect the potential 

affinity increases. Nucleic acid constructs have been used in a slightly different way to study the 

significance of receptor proximity or to create tools that allow control over biological signal transduction 

pathways. These constructs have been used as chemical dimerizers of protein receptors 140. A review by 

Yeldell in 2020 discusses how nucleic acid constructs can be used to study multivalent protein 

interactions, which provides context for the other papers. Wu found that multivalent ion-induced 

aggregation of double-stranded RNAs and DNAs may depend on the topological nature of helices 141. 

In his opinion, ion-mediated contact plays a significant role in the structure and stability of nucleic acids. 

This suggests that nucleic acids' spatial organization may affect how they interact with multivalent ions. 

Numerous studies demonstrate that nucleic acid assemblies and multivalent nanostructures may both be 

helpful for cleaving nucleic acids and understanding how multivalency influences binding 142. Examples 

of multivalency in nucleic acid, however, are not specifically addressed in any of the studies. Although 

they don't directly address multivalency, Zhang's discoveries from 2018 and Srinivasan's from 1987 

apply to nucleic acids 143,144. In his research published in 2020, Yeldell claimed that nucleic acid 

assemblies provide answers to basic issues and produce high-affinity binding substances 145. Similar to 

this, Lu discovered in 2019 that nucleic acid detection may be accomplished using a single-step 

electrocatalytic biosensor with dual-affinity regulation 146. These publications demonstrate that nucleic 

acid cleavage and/or binding affinity can be enhanced by multivalent nucleic acid binding. Kim's 2008 

article states that biomolecular engineers are increasingly creating novel molecular assemblies using 

multivalent interactions, while others are designing multifunctional or better-performing ligands using 
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small molecules or antibody epitopes, leading to new functions for ligands or improved performance of 

current ligands 147. There have been a relatively small number of reported attempts to employ nucleic 

acid aptamers as functional domains. In contrast to the binding of the monovalent ligand, the 

simultaneous binding of two aptamers after linking produced 16.6 times higher inhibitory efficacy, 

according to Kim's research, and this improvement was caused by changes in the kinetics of the binding 

interactions 148. However, no one has directly addressed in any of the publications how multivalent 

nucleic acids boost binding affinity 149. As a result, we can only assume that multivalent nucleic acids 

may boost the binding affinity without making any assumptions about how. Additional research is 

needed to answer this question more thoroughly. 

 

6 Multivalent DNAzymes 

Multivalent DNAzymes 150 are synthetic nucleic acid enzymes that attach to particular target molecules 

using numerous binding sites and catalyze chemical processes 97. They have numerous potential uses, 

such as in gene therapy, medication delivery, and diagnostics 151–153. Multiple oligonucleotides that are 

created to bind to particular target molecules often make up multivalent DNAzymes 67. They frequently 

consist of several "arms" that are linked by a central core, which enables them to bind to numerous target 

molecules at once (figure 3) 154. Both "sticky ends" and "toeholds," which are brief DNA sequences that 

can bind to complementary sequences on the target molecule, can serve as binding sites on DNAzymes 

71,155,156. The DNAzyme normally undergoes a conformational shift upon binding to the target molecule, 

activating the enzyme's catalytic activity 157–159. Numerous chemical processes, such as small molecule 

synthesis, nucleic acid cleavage, and nucleic acid ligation, can be catalyzed by multivalent DNAzymes 

97,157. The transfer of a phosphate group from ATP to a protein, for example, illustrates how they might 

be utilized to facilitate the transfer of chemical groups across molecules 160. 
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Figure 3: Bivalent DNAzyme systems. S1 and S2 are subunits of Dz 10-23. S1 and S2 are conjugated 

in the 3' -5' direction using a HEG linker. S1 and S2 are conjugated in the 3' -5' direction using a HEG 

linker. As a result, the S1-S2 nanostructure's affinity, and ability to hybridize with the targeted mRNA 

are improved. The likelihood of downregulating the targeted mRNA is increased by the presence of 

two catalytic centers on the S1-S2 nanostructure. 

 

7 Applications of Multivalent DNAzymes 

Diagnostics is one possible use for multivalent DNAzymes 150,161,162. DNAzymes can be made to attach 

to certain diseases or biomarkers, and the DNAzyme-target complex can be found using several methods, 

such as mass spectrometry 163,164, radioactivity 165, or fluorescence 166. This makes it possible to detect 

molecules quickly and accurately, which helps diagnose illnesses or locate contaminants in a sample. 

Another potential use for multivalent DNA enzymes is drug delivery 153,167,168. To deliver medications 

or other therapeutic agents to certain cells or tissues, DNAzymes can be engineered to attach to particular 

cell surface receptors 169 or intracellular targets 152. This enables the targeted administration of 

medications to areas, which may assist in lessening treatment adverse effects and increase the therapy's 

efficacy. 

Gene therapy may potentially benefit from the use of multivalent DNAzymes 55,170,171. The therapy of 

genetic abnormalities or the modification of gene expression in other applications may benefit from the 

use of DNAzymes to target genes and activate or inhibit their expression. The development and 

application of multivalent DNAzymes involve several difficulties and considerations. Designing 

DNAzymes with appropriate catalytic activity and specificity for their target molecules is a challenge 

157. This necessitates a thorough knowledge of the target molecule's structure and properties, as well as 

the DNAzyme's binding and catalytic mechanisms. The delivery of DNAzymes to their target cells or 

tissues presents another difficulty 152,172. This necessitates the creation of efficient delivery methods that 

can keep DNAzymes from degrading while ensuring their delivery to the intended place. 

Additionally, there are worries regarding DNAzymes' possible toxicity 173,174, especially if they are given 

systemically. DNAzymes may cause an immunological response if the immune system perceives them 

as foreign substances, or they may unintentionally interact with other molecules in the body. Before 

DNAzymes may be employed in therapeutic settings, these risks must be thoroughly investigated. 

Similar to numerous biomolecular components, which rely on multivalent interactions to strengthen their 

biomolecular interactions and overcome weak monovalent and noncovalent interactions to enable the 

occurrence of desired biological processes 5, multivalent Dzs 175,176 are currently the focus of research to 

develop effective cleavage agents for gene therapy 177,178. To address the issue, Unwalla (2001) tested 

three manufactured monoenzymes and one di-DNA enzyme against TAT and TAT/REV RNA to show 
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their capacity to precisely cleave target RNA and their effects on HIV-1 gene expression, but the di-

DNA enzyme performed poorly 179. 

 

8 Ethical considerations surrounding the use of multivalent interactions in biotechnology. 

The application of multivalent interactions in biotechnology has the potential to transform the way we 

approach a variety of biological issues, including drug delivery and the detection and treatment of 

disease. The utilization of multivalent interactions in biotechnology does, however, bring up several 

ethical issues that need to be carefully considered, as with any new technology. 

1. Possibility of unexpected repercussions Multivalent interactions have the potential to be very 

selective and focused, but they also carry the risk of unintended consequences that are 

challenging to anticipate or manage. For example, multivalent ligands designed to bind to a 

particular protein may also bind to other proteins, leading to unintended cellular effects 180. This 

can be particularly problematic when medicinal applications involving multivalent interactions 

are involved, as off-target effects may endanger the patient. The off-target effect in multivalent 

interactions, however, has not been sufficiently demonstrated in the literature. 

2. The possibility of biases or inequality. The utilization of multivalent interactions in 

biotechnology might be utilized to develop individualized treatments that are catered to a person's 

unique genetic composition 181,182. However, this might also result in disparities in access to care, 

with some people being excluded because they lack a specific genetic marker or can't afford 

individualized treatments. 

3. The likelihood of abuse or overuse. Multivalent interactions have the potential to be utilized for 

evil reasons like making bioterrorism agents or biological weapons. Therefore, strict regulation 

and oversight of the creation and application of multivalent interactions are necessary to 

guarantee that they are not utilized for detrimental ends. 

4. The possibility for environmental impact. Certain multivalent ligands are made to bind to 

particular environmental pollutants, like heavy metals or pesticides, and draw those substances 

out of the environment 183. These multivalent ligands run the danger of having unintended 

environmental effects, such as attaching to molecules that are not their intended targets or 

impairing normal ecological proceses. 

In general, several different ethical issues surround the utilization of multivalent interactions in 

biotechnology. As technology continues to advance and finds new and creative applications, it is crucial 

to carefully analyze and take these factors into account. 
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Conclusion 

A single molecule can attach to numerous locations on another molecule through multivalent 

interactions, producing powerful and specific interactions. Numerous biological activities, including the 

identification and binding of proteins and DNA, the development of cell-cell and tissue-to-tissue 

adhesions, and the control of enzyme activity, depend on these interactions. 

A fundamental idea in biotechnology, multivalent interaction has a wide range of applications in fields 

like drug delivery, vaccine development, and nanotechnology. If we want to develop therapeutic 

strategies, diagnostic instruments, and drugs that particularly target specific biological processes, we 

must have a thorough understanding of the molecular mechanics underlying multivalent interactions. 

It is important to note that due to the wide range of variables that might affect the strength and specificity 

of the contacts, multivalent interactions can be complicated and challenging to research. Because of this, 

research on multivalent interactions is a lively and quickly developing field of biotechnology, and 

significant strides have been made in this area recently. Their interactions are a basic and common 

biological mechanism that is essential for numerous physiological activities.  

Reference 

1.  Kiessling LL, Gestwicki JE, Strong LE. Synthetic multivalent ligands in the exploration of cell-

surface interactions. Curr Opin Chem Biol. 2000;4(6):696-703. doi:10.1016/S1367-

5931(00)00153-8 

2.  Choi H, Jung Y. Applying Multivalent Biomolecular Interactions for Biosensors. Chemistry. 

2018;24(72):19103-19109. doi:10.1002/chem.201801408 

3.  Sachdev S, Cabalteja CC, Cheloha RW. Strategies for targeting cell surface proteins using 

multivalent conjugates and chemical biology. Methods Cell Biol. 2021;166:205-222. 

doi:10.1016/bs.mcb.2021.06.004 

4.  Fasting C, Schalley CA, Weber M, et al. Multivalency as a Chemical Organization and Action 

Principle. Angew Chemie Int Ed. 2012;51(42):10472-10498. doi:10.1002/anie.201201114 

5.  Kim H, Choi H, Heo Y, Kim C, Kim M, Kim KT. Biosensors Based on Bivalent and Multivalent 

Recognition by Nucleic Acid Scaffolds. Appl Sci. 2022;12(3):1717. doi:10.3390/app12031717 

6.  Systems M. Chelate Effect Steric Stabilization. Published online 2003:345-357. 

7.  Lee YC, Lee RT. Carbohydrate-Protein Interactions: Basis of Glycobiology. Acc Chem Res. 

1995;28(8):321-327. doi:10.1021/ar00056a001 

8.  Zeng X, Andrade CAS, Oliveira MDL, Sun X-L. Carbohydrate–protein interactions and their 

biosensing applications. Anal Bioanal Chem. 2012;402(10):3161-3176. doi:10.1007/s00216-011-

5594-y 

9.  Jones S, Thornton JM. Principles of protein-protein interactions. Proc Natl Acad Sci. 

1996;93(1):13-20. doi:10.1073/pnas.93.1.13 

https://mol2net-08.sciforum.net/


MOL2NET, 2023, 9, ISSN: 2624-5078                                                                                     17 

https://mol2net-09.sciforum.net/          

 

10.  Ran X, Gestwicki JE. Inhibitors of protein–protein interactions (PPIs): an analysis of scaffold 

choices and buried surface area. Curr Opin Chem Biol. 2018;44:75-86. 

doi:10.1016/j.cbpa.2018.06.004 

11.  Creighton TE. Multiple Binding of Antibodies to Antigens : Effect on Radioimmunoassay 

Binding Curves. Biochemistry. 1980;19(18):4308-4312. doi:10.1021/bi00559a025 

12.  Weidle UH, Kontermann RE, Brinkmann U. Tumor-antigen-binding bispecific antibodies for 

cancer treatment. Semin Oncol. 2014;41(5):653-660. doi:10.1053/j.seminoncol.2014.08.004 

13.  Sela-Culang I, Kunik V, Ofran Y. The structural basis of antibody-antigen recognition. Front 

Immunol. 2013;4(OCT). doi:10.3389/fimmu.2013.00302 

14.  Mian IS, Bradwell AR, Olson AJ. Structure, function and properties of antibody binding sites. J 

Mol Biol. 1991;217(1):133-151. doi:https://doi.org/10.1016/0022-2836(91)90617-F 

15.  Novotný J, Bruccoleri R, Newell J, Murphy D, Haber E, Karplus M. Molecular anatomy of the 

antibody binding site. J Biol Chem. 1983;258(23):14433-14437. doi:10.1016/s0021-

9258(17)43880-4 

16.  Bennett NR, Zwick DB, Courtney AH, Kiessling LL. Multivalent Antigens for Promoting B and 

T Cell Activation. ACS Chem Biol. 2015;10(8):1817-1824. doi:10.1021/acschembio.5b00239 

17.  de Oliveira Figueiroa E, Albuquerque da Cunha CR, Albuquerque PBS, et al. Lectin-

Carbohydrate Interactions: Implications for the Development of New Anticancer Agents. Curr 

Med Chem. 2017;24(34). doi:10.2174/0929867324666170523110400 

18.  Słomińska-Wojewódzka M, Sandvig K. The Role of Lectin-Carbohydrate Interactions in the 

Regulation of ER-Associated Protein Degradation. Molecules. 2015;20(6):9816-9846. 

doi:10.3390/molecules20069816 

19.  Singh RS, Tiwary AK, Kennedy JF. Lectins: Sources, Activities, and Applications. Crit Rev 

Biotechnol. 1999;19(2):145-178. doi:10.1080/0738-859991229224 

20.  Collins BE, Yang LJ-S, Schnaar RL. [36] - Lectin-Mediated Cell Adhesion to Immobilized 

Glycosphingolipids. In: Merrill AH, Hannun YA, eds. Sphingolipid Metabolism and Cell 

Signaling, Part B. Vol 312. Methods in Enzymology. Academic Press; 2000:438-446. 

doi:https://doi.org/10.1016/S0076-6879(00)12929-5 

21.  Drickamer K. Making a fitting choice: common aspects of sugar-binding sites in plant and animal 

lectins. Structure. 1997;5(4):465-468. doi:10.1016/s0969-2126(97)00202-5 

22.  No Title. 

23.  Wang J, Kang G, Yuan H, Cao X, Huang H, de Marco A. Research Progress and Applications of 

Multivalent, Multispecific and Modified  Nanobodies for Disease Treatment. Front Immunol. 

2021;12:838082. doi:10.3389/fimmu.2021.838082 

24.  Nuñez-Prado N, Compte M, Harwood S, et al. The coming of age of engineered multivalent 

antibodies. Drug Discov Today. 2015;20(5):588-594. 

https://mol2net-08.sciforum.net/


MOL2NET, 2023, 9, ISSN: 2624-5078                                                                                     18 

https://mol2net-09.sciforum.net/          

 

doi:https://doi.org/10.1016/j.drudis.2015.02.013 

25.  Van Dongen MA, Dougherty CA, Banaszak Holl MM. Multivalent Polymers for Drug Delivery 

and Imaging: The Challenges of Conjugation. Biomacromolecules. 2014;15(9):3215-3234. 

doi:10.1021/bm500921q 

26.  Kiessling LL, Young T, Gruber TD, Mortell KH. Multivalency in Protein–Carbohydrate 

Recognition. In: Glycoscience. Springer Berlin Heidelberg; 2008:2483-2523. doi:10.1007/978-3-

540-30429-6_64 

27.  Kiessling LL, Gestwicki JE, Strong LE. Synthetic multivalent ligands as probes of signal 

transduction. Angew Chem Int Ed Engl. 2006;45(15):2348-2368. doi:10.1002/anie.200502794 

28.  Cecioni S, Imberty A, Vidal S. Glycomimetics versus multivalent glycoconjugates for the design 

of high affinity lectin ligands. Chem Rev. 2015;115(1):525-561. doi:10.1021/cr500303t 

29.  Bernardi A, Jiménez-Barbero J, Casnati A, et al. Multivalent glycoconjugates as anti-pathogenic 

agents. Chem Soc Rev. 2013;42(11):4709-4727. doi:10.1039/c2cs35408j 

30.  Švajger U, Anderluh M, Jeras M, Obermajer N. C-type lectin DC-SIGN: An adhesion, signalling 

and antigen-uptake molecule that guides dendritic cells in immunity. Cell Signal. 

2010;22(10):1397-1405. doi:https://doi.org/10.1016/j.cellsig.2010.03.018 

31.  Wrenn SJ, Weisinger RM, Halpin DR, Harbury PB. Synthetic Ligands Discovered by in Vitro 

Selection. J Am Chem Soc. 2007;129(43):13137-13143. doi:10.1021/ja073993a 

32.  Monge P, Søgaard AB, Andersen DG, Chandrawati R, Zelikin AN. Synthetic chemical ligands 

and cognate antibodies for biorthogonal drug targeting and cell engineering. Adv Drug Deliv Rev. 

2021;170:281-293. doi:https://doi.org/10.1016/j.addr.2021.01.010 

33.  Gordon EJ, Sanders WJ, Kiessling LL. Synthetic ligands point to cell surface strategies. Nature. 

1998;392(6671):30-31. doi:10.1038/32073 

34.  Huang Y-F, Liu H, Xiong X, Chen Y, Tan W. Nanoparticle-Mediated IgE−Receptor Aggregation 

and Signaling in RBL Mast Cells. J Am Chem Soc. 2009;131(47):17328-17334. 

doi:10.1021/ja907125t 

35.  Lee RT, Lee YC. No Title. Glycoconj J. 2000;17(7/9):543-551. doi:10.1023/a:1011070425430 

36.  Shepard HM, Phillips GL, D Thanos C, Feldmann M. Developments in therapy with monoclonal 

antibodies and related proteins. Clin Med. 2017;17(3):220-232. doi:10.7861/clinmedicine.17-3-

220 

37.  Zahavi D, Weiner L. Monoclonal Antibodies in Cancer Therapy. Antibodies. 2020;9(3):34. 

doi:10.3390/antib9030034 

38.  Yan L, Ehrlich PJ, Gibson R, Pickett C, Beckman RA. How can we improve antibody-based 

cancer therapy? MAbs. 2009;1(1):67-70. doi:10.4161/mabs.1.1.7359 

39.  Guest PC. Multivalent Vaccine Strategies in Battling the Emergence of COVID-19 Variants. In: 

Multiplex Biomarker Techniques. Springer US; 2022:21-36. doi:10.1007/978-1-0716-2395-4_2 

https://mol2net-08.sciforum.net/


MOL2NET, 2023, 9, ISSN: 2624-5078                                                                                     19 

https://mol2net-09.sciforum.net/          

 

40.  Chivukula S, Plitnik T, Tibbitts T, et al. Development of multivalent mRNA vaccine candidates 

for seasonal or pandemic influenza. npj Vaccines. 2021;6(1). doi:10.1038/s41541-021-00420-6 

41.  Lauer KB, Borrow R, Blanchard TJ. Multivalent and Multipathogen Viral Vector Vaccines. Clin 

Vaccine Immunol. 2017;24(1). doi:10.1128/CVI.00298-16 

42.  Park J, Fong S, Schwartzman LM, et al. An Inactivated Multivalent Influenza A Virus Vaccine Is 

Broadly Protective in Mice and Ferrets. Cold Spring Harbor Laboratory; 2021. 

doi:10.1101/2021.09.10.459807 

43.  Mauri M, Sannasiddappa TH, Vohra P, et al. Multivalent poultry vaccine development using 

Protein Glycan Coupling Technology. Microb Cell Fact. 2021;20(1). doi:10.1186/s12934-021-

01682-4 

44.  Phalipon A, Mulard LA. Toward a Multivalent Synthetic Oligosaccharide-Based Conjugate 

Vaccine against Shigella: State-of-the-Art for a Monovalent Prototype and Challenges. Vaccines. 

2022;10(3):403. doi:10.3390/vaccines10030403 

45.  Dale JB. Multivalent group A streptococcal vaccine designed to optimize the immunogenicity  of 

six tandem M protein fragments. Vaccine. 1999;17(2):193-200. doi:10.1016/s0264-

410x(98)00150-9 

46.  Tariq H, Batool S, Asif S, Ali M, Abbasi BH. Virus-Like Particles: Revolutionary Platforms for 

Developing Vaccines Against  Emerging Infectious Diseases. Front Microbiol. 2021;12:790121. 

doi:10.3389/fmicb.2021.790121 

47.  Huang X, Wang X, Zhang J, Xia N, Zhao Q. Escherichia coli-derived virus-like particles in 

vaccine development. npj Vaccines. 2017;2(1). doi:10.1038/s41541-017-0006-8 

48.  Yan D, Wei Y-Q, Guo H-C, Sun S-Q. The application of virus-like particles as vaccines and 

biological vehicles. Appl Microbiol Biotechnol. 2015;99(24):10415-10432. doi:10.1007/s00253-

015-7000-8 

49.  Feranmi F. Universal flu vaccine protects against influenza A and B. The Lancet Microbe. 

2022;3(12):e902. doi:10.1016/s2666-5247(22)00293-2 

50.  Jang YH, Seong BL. Immune Responses Elicited by Live Attenuated Influenza Vaccines as 

Correlates of  Universal Protection against Influenza Viruses. Vaccines. 2021;9(4). 

doi:10.3390/vaccines9040353 

51.  Zhang L, Chen J, Shen C, et al. Vaccination with Deglycosylated Modified Hemagglutinin 

Broadly Protects against Influenza Virus Infection in Mice and Ferrets. Vaccines. 

2022;10(8):1304. doi:10.3390/vaccines10081304 

52.  Gouin SG. Multivalent inhibitors for carbohydrate-processing enzymes: beyond the  “lock-and-

key” concept. Chemistry. 2014;20(37):11616-11628. doi:10.1002/chem.201402537 

53.  Carta F, Dumy P, Supuran CT, Winum J-Y. Multivalent Carbonic Anhydrases Inhibitors. Int J 

Mol Sci. 2019;20(21):5352. doi:10.3390/ijms20215352 

https://mol2net-08.sciforum.net/


MOL2NET, 2023, 9, ISSN: 2624-5078                                                                                     20 

https://mol2net-09.sciforum.net/          

 

54.  Litti L, Colusso A, Pinto M, et al. SERRS multiplexing with multivalent nanostructures for the 

identification and enumeration of epithelial and mesenchymal cells. Sci Rep. 2020;10(1). 

doi:10.1038/s41598-020-72911-w 

55.  Wang Z, Yang X, Lee NZ, Cao X. Multivalent Aptamer Approach: Designs, Strategies, and 

Applications. Micromachines. 2022;13(3):436. doi:10.3390/mi13030436 

56.  Senapati S, Mahanta AK, Kumar S, Maiti P. Controlled drug delivery vehicles for cancer 

treatment and their performance. Signal Transduct Target Ther. 2018;3(1). doi:10.1038/s41392-

017-0004-3 

57.  Bakshi AK, Haider T, Tiwari R, Soni V. Critical parameters for design and development of 

multivalent nanoconstructs: recent trends. Drug Deliv Transl Res. 2022;12(10):2335-2358. 

doi:10.1007/s13346-021-01103-4 

58.  Mondal S, Narayan K, Botterbusch S, et al. Multivalent interactions between molecular 

components involved in fast endophilin mediated endocytosis drive protein phase separation. Nat 

Commun. 2022;13(1):5017. doi:10.1038/s41467-022-32529-0 

59.  Bruncsics B, Errington WJ, Sarkar CA. MVsim : a toolset for quantifying and designing 

multivalent interactions. bioRxiv  Prepr Serv Biol. Published online August 2021. 

doi:10.1101/2021.08.01.454686 

60.  Zumbro E, Alexander-Katz A. Multivalent polymers can control phase boundary, dynamics, and 

organization of  liquid-liquid phase separation. PLoS One. 2021;16(11):e0245405. 

doi:10.1371/journal.pone.0245405 

61.  Choi H, Jung Y. Valence-controlled protein conjugation on nanoparticles via re-arrangeable 

multivalent interactions of tandem repeat protein chains. Chem Sci. 2022;13(25):7552-7559. 

doi:10.1039/D1SC06993D 

62.  Houser J, Kozmon S, Mishra D, Hammerová Z, Wimmerová M, Koča J. The CH-π Interaction in 

Protein-Carbohydrate Binding: Bioinformatics and In Vitro  Quantification. Chemistry. 

2020;26(47):10769-10780. doi:10.1002/chem.202000593 

63.  Siva Shanmugam NR, Jino Blessy J, Veluraja K, Gromiha MM. Prediction of protein-

carbohydrate complex binding affinity using structural  features. Brief Bioinform. 2021;22(4). 

doi:10.1093/bib/bbaa319 

64.  Pérez S, Tvaroška I. Carbohydrate-protein interactions: molecular modeling insights. Adv 

Carbohydr Chem Biochem. 2014;71:9-136. doi:10.1016/B978-0-12-800128-8.00001-7 

65.  Cao Y, Park S-J, Im W. A systematic analysis of protein-carbohydrate interactions in the Protein 

Data  Bank. Glycobiology. 2021;31(2):126-136. doi:10.1093/glycob/cwaa062 

66.  Brewer CF, Miceli MC, Baum LG. Clusters, bundles, arrays and lattices: novel mechanisms for 

lectin–saccharide-mediated cellular interactions. Curr Opin Struct Biol. 2002;12(5):616-623. 

doi:https://doi.org/10.1016/S0959-440X(02)00364-0 

https://mol2net-08.sciforum.net/


MOL2NET, 2023, 9, ISSN: 2624-5078                                                                                     21 

https://mol2net-09.sciforum.net/          

 

67.  Batsa M, Dubovichenko M V, Kolpashchikov DM. Bivalent System of Deoxyribozymes for 

Efficient RNA Cleavage. In: IECBM 2022. MDPI; 2022. doi:10.3390/iecbm2022-13510 

68.  Zumbro E, Alexander-Katz A. Influence of Binding Site Affinity Patterns on Binding of 

Multivalent Polymers. ACS omega. 2020;5(19):10774-10781. doi:10.1021/acsomega.0c00334 

69.  Sanchez-Burgos I, Espinosa JR, Joseph JA, Collepardo-Guevara R. Valency and Binding Affinity 

Variations Can Regulate the Multilayered  Organization of Protein Condensates with Many 

Components. Biomolecules. 2021;11(2). doi:10.3390/biom11020278 

70.  Scheepers MRW, IJzendoorn LJ va., Prins MWJ. Multivalent weak interactions enhance 

selectivity of interparticle binding. Proc Natl Acad Sci U S A. 2020;117(37):22690-22697. 

doi:10.1073/pnas.2003968117 

71.  Engelen W, Janssen BMG, Merkx M. DNA-based control of protein activity. Chem Commun 

(Camb). 2016;52(18):3598-3610. doi:10.1039/c5cc09853j 

72.  Salon JA, Lodowski DT, Palczewski K. The significance of G protein-coupled receptor 

crystallography for drug  discovery. Pharmacol Rev. 2011;63(4):901-937. 

doi:10.1124/pr.110.003350 

73.  Wankowicz SA, de Oliveira SH, Hogan DW, van den Bedem H, Fraser JS. Ligand binding 

remodels protein side-chain conformational heterogeneity. Brunger AT, Dötsch V, eds. Elife. 

2022;11:e74114. doi:10.7554/eLife.74114 

74.  Born A, Soetbeer J, Henen MA, et al. Ligand-specific conformational change drives interdomain 

allostery in Pin1. Nat Commun. 2022;13(1):4546. doi:10.1038/s41467-022-32340-x 

75.  Cooper CB, Kang J, Yin Y, et al. Multivalent assembly of flexible polymer chains into 

supramolecular nanofibers. J Am Chem Soc. 2020;142(39):16814-16824. 

doi:10.1021/jacs.0c07651 

76.  Magdalena Estirado E, Aleman Garcia MA, Schill J, Brunsveld L. Multivalent Ultrasensitive 

Interfacing of Supramolecular 1D Nanoplatforms. J Am Chem Soc. 2019;141(45):18030-18037. 

doi:10.1021/jacs.9b05629 

77.  Belitsky JM, Nelson A, Hernandez JD, Baum LG, Stoddart JF. Multivalent interactions between 

lectins and supramolecular complexes: Galectin-1  and self-assembled pseudopolyrotaxanes. 

Chem Biol. 2007;14(10):1140-1151. doi:10.1016/j.chembiol.2007.09.007 

78.  Su L, Hendrikse SIS, Meijer EW. Supramolecular glycopolymers: How carbohydrates matter in 

structure, dynamics, and function. Curr Opin Chem Biol. 2022;69:102171. 

doi:https://doi.org/10.1016/j.cbpa.2022.102171 

79.  Maan R, Reese L, Volkov VA, et al. Multivalent interactions facilitate motor-dependent protein 

accumulation at growing microtubule plus-ends. Nat Cell Biol. Published online 2022. 

doi:10.1038/s41556-022-01037-0 

80.  Weber SC, Brangwynne CP. Getting RNA and Protein in Phase. Cell. 2012;149(6):1188-1191. 

https://mol2net-08.sciforum.net/


MOL2NET, 2023, 9, ISSN: 2624-5078                                                                                     22 

https://mol2net-09.sciforum.net/          

 

doi:https://doi.org/10.1016/j.cell.2012.05.022 

81.  Uvyn A, De Geest BG. Multivalent Antibody-Recruiting Macromolecules: Linking Increased 

Binding  Affinity with Enhanced Innate Immune Killing. Chembiochem. 2020;21(21):3036-3043. 

doi:10.1002/cbic.202000261 

82.  Kim S-Y, Heo MB, Hwang G-S, et al. Multivalent Polymer Nanocomplex Targeting Endosomal 

Receptor of Immune Cells for Enhanced Antitumor and Systemic Memory Response. Angew 

Chemie. 2015;127(28):8257-8261. doi:10.1002/ange.201501380 

83.  Kiessling LL, Gestwicki JE, Strong LE. Synthetic multivalent ligands in the exploration of cell-

surface interactions. Curr Opin Chem Biol. 2000;4(6):696-703. 

doi:https://doi.org/10.1016/S1367-5931(00)00153-8 

84.  Choi H, Jung Y. Applying Multivalent Biomolecular Interactions for Biosensors. Chem - A Eur 

J. 2018;24(72):19103-19109. doi:10.1002/chem.201801408 

85.  Yang HM, Teoh JY, Yim GH, et al. Label-Free Analysis of Multivalent Protein Binding Using 

Bioresponsive Nanogels and Surface Plasmon Resonance (SPR). ACS Appl Mater Interfaces. 

2020;12(5):5413-5419. doi:10.1021/acsami.9b17328 

86.  Uvyn A, De Geest BG. Multivalent Antibody-Recruiting Macromolecules: Linking Increased 

Binding Affinity with Enhanced Innate Immune Killing. ChemBioChem. 2020;21(21):3036-3043. 

doi:10.1002/cbic.202000261 

87.  Arsiwala A, Castro A, Frey S, Stathos M, Kane RS. Designing multivalent ligands to control 

biological interactions: From vaccines and cellular effectors to targeted drug delivery. Aust J 

Public Adm. 2019;78(1):244-255. doi:10.1002/asia.201801677 

88.  Mateu MG. Assembly, stability and dynamics of virus capsids. Arch Biochem Biophys. 

2013;531(1-2):65-79. doi:10.1016/j.abb.2012.10.015 

89.  Tong GJ, Hsiao SC, Carrico ZM, Francis MB. Viral capsid DNA aptamer conjugates as 

multivalent cell-targeting vehicles. J Am Chem Soc. 2009;131(31):11174-11178. 

doi:10.1021/ja903857f 

90.  Chauhan N, Wang X. Nanocages for virus inhibition. Nat Mater. 2021;20(9):1176-1177. 

doi:10.1038/s41563-021-01088-y 

91.  Yeldell SB, Seitz O. Nucleic acid constructs for the interrogation of multivalent protein 

interactions. Chem Soc Rev. 2020;49(19):6848-6865. doi:10.1039/d0cs00518e 

92.  Englund EA, Wang D, Fujigaki H, et al. Programmable multivalent display of receptor ligands 

using peptide nucleic acid nanoscaffolds. Nat Commun. 2012;3(1):614. 

doi:10.1038/ncomms1629 

93.  Wang J-H. Protein recognition by cell surface receptors: physiological receptors versus virus 

interactions. Trends Biochem Sci. 2002;27(3):122-126. doi:10.1016/s0968-0004(01)02038-2 

94.  Böhmer VI, Szymanski W, Feringa BL, Elsinga PH. Multivalent Probes in Molecular Imaging: 

https://mol2net-08.sciforum.net/


MOL2NET, 2023, 9, ISSN: 2624-5078                                                                                     23 

https://mol2net-09.sciforum.net/          

 

Reality or Future? Trends Mol Med. 2021;27(4):379-393. 

doi:https://doi.org/10.1016/j.molmed.2020.12.006 

95.  Overeem NJ, van der Vries E, Huskens J. A Dynamic, Supramolecular View on the Multivalent 

Interaction between Influenza Virus and Host Cell. Small. 2021;17(13). 

doi:10.1002/smll.202007214 

96.  Yeldell SB, Seitz O. Chem Soc Rev Nucleic acid constructs for the interrogation of multivalent 

protein interactions. Published online 2020. doi:10.1039/d0cs00518e 

97.  Batsa M, Dubovichenko M, Kolpashchikov DM. Bivalent System of Deoxyribozymes for 

Efficient RNA Cleavage. Biol Life Sci Forum. 2022;20(1). doi:10.3390/IECBM2022-13510 

98.  Chittasupho C. Multivalent ligand: Design principle for targeted therapeutic delivery approach. 

Ther Deliv. 2012;3(10):1171-1187. doi:10.4155/tde.12.99 

99.  Böhmer VI, Szymanski W, Feringa BL, Elsinga PH. Multivalent Probes in Molecular Imaging: 

Reality or Future? Trends Mol Med. 2021;27(4):379-393. doi:10.1016/j.molmed.2020.12.006 

100.  Flora G, Mittal M, Flora SJS. Medical Countermeasures-Chelation Therapy. Elsevier Inc.; 2015. 

doi:10.1016/B978-0-12-418688-0.00026-5 

101.  Allen TM. Long-circulating (sterically stabilized) liposomes for targeted drug delivery. Trends 

Pharmacol Sci. 1994;15(7):215-220. doi:https://doi.org/10.1016/0165-6147(94)90314-X 

102.  Tan ZC, Meyer AS. A general model of multivalent binding with ligands of heterotypic subunits 

and multiple surface receptors. Math Biosci. 2021;342:108714. 

doi:https://doi.org/10.1016/j.mbs.2021.108714 

103.  Gestwicki JE, Cairo CW, Strong LE, Oetjen KA, Kiessling LL. Influencing receptor-ligand 

binding mechanisms with multivalent ligand architecture. J Am Chem Soc. 2002;124(50):14922-

14933. doi:10.1021/ja027184x 

104.  Morzy D, Bastings M. Significance of Receptor Mobility in Multivalent Binding on Lipid 

Membranes. Angew Chem Int Ed Engl. 2022;61(13):e202114167. doi:10.1002/anie.202114167 

105.  Vauquelin G, Charlton SJ. Exploring avidity: understanding the potential gains in functional 

affinity and  target residence time of bivalent and heterobivalent ligands. Br J Pharmacol. 

2013;168(8):1771-1785. doi:10.1111/bph.12106 

106.  Simnick AJ, Valencia CA, Liu R, Chilkoti A. Morphing low-affinity ligands into high-avidity 

nanoparticles by thermally  triggered self-assembly of a genetically encoded polymer. ACS Nano. 

2010;4(4):2217-2227. doi:10.1021/nn901732h 

107.  Dumas JJ, Merithew E, Sudharshan E, et al. Multivalent Endosome Targeting by Homodimeric 

EEA1. Mol Cell. 2001;8(5):947-958. doi:https://doi.org/10.1016/S1097-2765(01)00385-9 

108.  Yu WH, Li N, Tong DS, Zhou CH, Lin CX (Cynthia), Xu CY. Adsorption of proteins and nucleic 

acids on clay minerals and their interactions: A review. Appl Clay Sci. 2013;80-81:443-452. 

doi:https://doi.org/10.1016/j.clay.2013.06.003 

https://mol2net-08.sciforum.net/


MOL2NET, 2023, 9, ISSN: 2624-5078                                                                                     24 

https://mol2net-09.sciforum.net/          

 

109.  Zhou HX, Pang X. Electrostatic Interactions in Protein Structure, Folding, Binding, and 

Condensation. Chem Rev. 2018;118(4):1691-1741. doi:10.1021/acs.chemrev.7b00305 

110.  Sims KR, Sims KR, He B, et al. Electrostatic Interactions Enable Nanoparticle Delivery of the 

Flavonoid Myricetin. ACS Omega. 2020;5(22):12649-12659. doi:10.1021/acsomega.9b04101 

111.  Zhou H-X, Pang X. Electrostatic Interactions in Protein Structure, Folding, Binding, and  

Condensation. Chem Rev. 2018;118(4):1691-1741. doi:10.1021/acs.chemrev.7b00305 

112.  Sikder A, Ray D, Aswal VK, Ghosh S. Hydrogen‐Bonding‐Regulated Supramolecular 

Nanostructures and Impact on Multivalent Binding. Angew Chemie. 2019;131(6):1620-1625. 

doi:10.1002/ange.201812217 

113.  Alkorta I, Elguero J, Frontera A. Not Only Hydrogen Bonds: Other Noncovalent Interactions. 

Crystals. 2020;10(3). doi:10.3390/cryst10030180 

114.  Szalewicz K. Hydrogen Bond. In: Meyers RA, ed. Encyclopedia of Physical Science and 

Technology (Third Edition). Third Edit. Academic Press; 2003:505-538. 

doi:https://doi.org/10.1016/B0-12-227410-5/00322-7 

115.  Margenau H. Van der waals forces. Rev Mod Phys. 1939;11(1):1-35. 

doi:10.1103/RevModPhys.11.1 

116.  Dzyaloshinskii IE, Lifshitz EM, Pitaevskii LP. The general theory of van der Waals forces. Adv 

Phys. 1961;10(38):165-209. doi:10.1080/00018736100101281 

117.  Flock T, Weatheritt RJ, Latysheva NS, Babu MM. Controlling entropy to tune the functions of 

intrinsically disordered regions. Curr Opin Struct Biol. 2014;26:62-72. 

doi:https://doi.org/10.1016/j.sbi.2014.05.007 

118.  Borrok MJ, Kiessling LL, Forest KT. Conformational changes of glucose/galactose-binding 

protein illuminated by open,  unliganded, and ultra-high-resolution ligand-bound structures. 

Protein Sci. 2007;16(6):1032-1041. doi:10.1110/ps.062707807 

119.  Csizmar CM, Petersburg JR, Perry TJ, Rozumalski L, Hackel BJ, Wagner CR. Multivalent Ligand 

Binding to Cell Membrane Antigens: Defining the Interplay of Affinity, Valency, and Expression 

Density. J Am Chem Soc. 2019;141(1):251-261. doi:10.1021/jacs.8b09198 

120.  Rohse P, Weickert S, Drescher M, Wittmann V. Precipitation-free high-affinity multivalent 

binding by inline lectin ligands. Chem Sci. 2020;11(20):5227-5237. doi:10.1039/d0sc01744b 

121.  Song Y, Jeong H, Kim S-R, et al. Dissecting the impact of target-binding kinetics of protein 

binders on tumor localization. iScience. 2021;24(2):102104. 

doi:https://doi.org/10.1016/j.isci.2021.102104 

122.  Dernedde J, Rausch A, Weinhart M, et al. Dendritic polyglycerol sulfates as multivalent inhibitors 

of inflammation. Proc Natl Acad Sci U S A. 2010;107(46):19679-19684. 

doi:10.1073/pnas.1003103107 

123.  Tabish TA, Hamblin MR. Multivalent nanomedicines to treat COVID-19: A slow train coming. 

https://mol2net-08.sciforum.net/


MOL2NET, 2023, 9, ISSN: 2624-5078                                                                                     25 

https://mol2net-09.sciforum.net/          

 

Nano Today. 2020;35:100962. doi:https://doi.org/10.1016/j.nantod.2020.100962 

124.  Mulvey GL, Marcato P, Kitov PI, Sadowska J, Bundle DR, Armstrong GD. Assessment in Mice 

of the Therapeutic Potential of Tailored, Multivalent Shiga Toxin Carbohydrate Ligands. J Infect 

Dis. 2003;187(4):640-649. doi:10.1086/373996 

125.  Li L, Xu B. Multivalent vancomycins and related antibiotics against infectious diseases. Curr 

Pharm Des. 2005;11(24):3111-3124. doi:10.2174/1381612054864975 

126.  Tabish TA, Hamblin MR. Multivalent nanomedicines to treat COVID-19: A slow train coming. 

Nano Today. 2020;35:100962. doi:10.1016/j.nantod.2020.100962 

127.  Hunt AC, Case JB, Park Y-J, et al. Multivalent designed proteins neutralize SARS-CoV-2 variants 

of concern and confer protection against infection in mice. Sci Transl Med. 

2022;14(646):eabn1252. doi:10.1126/scitranslmed.abn1252 

128.  Jiang J, Ramos SJ, Bangalore P, et al. Multivalent DNA Vaccines as a Strategy to Combat 

Multiple Concurrent Epidemics: Mosquito-Borne and Hemorrhagic Fever Viruses. Viruses. 

2021;13(3). doi:10.3390/v13030382 

129.  Hughes J, Rees S, Kalindjian S, Philpott K. Principles of early drug discovery. Br J Pharmacol. 

2011;162(6):1239-1249. doi:10.1111/j.1476-5381.2010.01127.x 

130.  Khatib S El, Salla M. The mosaic puzzle of the therapeutic monoclonal antibodies and antibody 

fragments - A modular transition from full-length immunoglobulins to antibody mimetics. Leuk 

Res Reports. 2022;18:100335. doi:https://doi.org/10.1016/j.lrr.2022.100335 

131.  Russell CS, Clarke LA. Recombinant proteins for genetic disease. Clin Genet. 1999;55(6):389-

394. doi:10.1034/j.1399-0004.1999.550601.x 

132.  Song Y, Zhan P, Li X, Rai D, De Clercq E, Liu X. Multivalent Agents: A Novel Concept and 

Preliminary Practice in Anti-HIV Drug Discovery. Curr Med Chem. 2013;20(6):815-832. 

doi:10.2174/0929867311320060007 

133.  Gargano JM, Ngo T, Ji Young Kim, Acheson DWK, Lees WJ. Multivalent inhibition of AB5 

toxins. J Am Chem Soc. 2001;123(51):12909-12910. doi:10.1021/ja016305a 

134.  Pieters RJ. Maximising multivalency effects in protein-carbohydrate interactions. Org Biomol 

Chem. 2009;7(10):2013-2025. doi:10.1039/b901828j 

135.  Vyas SP, Sihorkar V. Endogenous carriers and ligands in non-immunogenic site-specific drug 

delivery. Adv Drug Deliv Rev. 2000;43(2):101-164. doi:https://doi.org/10.1016/S0169-

409X(00)00067-3 

136.  Pieters RJ. Maximising multivalency effects in protein–carbohydrate interactions. Org Biomol 

Chem. 2009;7(10):2013-2025. doi:10.1039/B901828J 

137.  Bhatia S, Dimde M, Haag R. Multivalent glycoconjugates as vaccines and potential drug 

candidates. Med Chem Commun. 2014;5(7):862-878. doi:10.1039/c4md00143e 

138.  Lakshminarayanan V, Thompson P, Wolfert MA, et al. Immune recognition of tumor-associated 

https://mol2net-08.sciforum.net/


MOL2NET, 2023, 9, ISSN: 2624-5078                                                                                     26 

https://mol2net-09.sciforum.net/          

 

mucin MUC1 is achieved by a fully synthetic aberrantly glycosylated MUC1 tripartite vaccine. 

Proc Natl Acad Sci. 2012;109(1):261-266. doi:10.1073/pnas.1115166109 

139.  Bhatia S, Camacho LC, Haag R. Pathogen Inhibition by Multivalent Ligand Architectures. J Am 

Chem Soc. 2016;138(28):8654-8666. doi:10.1021/jacs.5b12950 

140.  Yeldell SB, Seitz O. Nucleic acid constructs for the interrogation of multivalent protein 

interactions. Chem Soc Rev. 2020;49(19):6848-6865. doi:10.1039/d0cs00518e 

141.  Wu Y-Y, Zhang Z-L, Zhang J-S, Zhu X-L, Tan Z-J. Multivalent ion-mediated nucleic acid helix-

helix interactions: RNA versus DNA. Nucleic Acids Res. 2015;43(12):6156-6165. 

doi:10.1093/nar/gkv570 

142.  Manea F, Pasquato L, Prins LJ, Scrimin P. Multivalent Catalysts for the Cleavage of Nucleic 

Acids and their Models. Nucleic Acids Symp Ser. 2007;51(1):67-68. doi:10.1093/nass/nrm034 

143.  Zhang C, Lu C, Jing Z, et al. HHS Public Access. 2019;14(4):2084-2108. 

doi:10.1021/acs.jctc.7b01169.AMOEBA 

144.  Srinivasan AR, Olson WK. Nucleic Acid Model Building: The Multiple Backbone Solutions 

Associated with a Given Base Morphology. J Biomol Struct Dyn. 1987;4(6):895-938. 

doi:10.1080/07391102.1987.10507690 

145.  Zhixin Zhou  Ying Li, Anran Liu, Songqin Liu, and Yuanjian Zhang YS. Supporting Information 

Supporting Information. Aldenderfer, Mark S, Craig, Nathan M, Speak Robert Jeff, Popelka-

Filcoff, Rachel S. 2015;2(1):1-5. 

146.  Lu X, Zhou G, Zeng Y, et al. Single-step multivalent capture assay for nucleic acid detection with 

dual-affinity regulation using mutation inhibition and allosteric activation. Chem Sci. 

2019;10(19):5025-5030. doi:10.1039/c9sc01199d 

147.  Kim Y, Cao Z, Tan W. Molecular assembly for high-performance bivalent nucleic acid inhibitor. 

Proc Natl Acad Sci U S A. 2008;105(15):5664-5669. doi:10.1073/pnas.0711803105 

148.  Kim Y, Cao Z, Tan W. Molecular assembly for high-performance bivalent nucleic acid inhibitor. 

Proc Natl Acad Sci. 2008;105(15):5664-5669. doi:10.1073/pnas.0711803105 

149.  Ahmad KM, Xiao Y, Soh HT. Selection is more intelligent than design: improving the affinity of 

a bivalent ligand through directed evolution. Nucleic Acids Res. 2012;40(22):11777-11783. 

doi:10.1093/nar/gks899 

150.  Yang D-K, Kuo C-J, Chen L-C. Synthetic multivalent DNAzymes for enhanced hydrogen 

peroxide catalysis and sensitive colorimetric glucose detection. Anal Chim Acta. 2015;856:96-

102. doi:10.1016/j.aca.2014.11.031 

151.  Zhang J, Lan T, Lu Y. Molecular Engineering of Functional Nucleic Acid Nanomaterials toward 

In Vivo  Applications. Adv Healthc Mater. 2019;8(6):e1801158. doi:10.1002/adhm.201801158 

152.  Thomas IBK, Gaminda KAP, Jayasinghe CD, Abeysinghe DT, Senthilnithy R. DNAzymes, 

Novel Therapeutic Agents in Cancer Therapy: A Review of Concepts to  Applications. J Nucleic 

https://mol2net-08.sciforum.net/


MOL2NET, 2023, 9, ISSN: 2624-5078                                                                                     27 

https://mol2net-09.sciforum.net/          

 

Acids. 2021;2021:9365081. doi:10.1155/2021/9365081 

153.  Huo W, Li X, Wang B, et al. Recent advances of DNAzyme-based nanotherapeutic platform in 

cancer gene therapy. Biophys Reports. 2020;6(6):256-265. doi:10.1007/s41048-020-00123-w 

154.  Wang S, Liu Y, Shang J, et al. Stimuli-Responsive RNA-Cleaving DNAzyme for Biomedical 

Application. Anal \& Sens. n/a(n/a):e202200065. doi:https://doi.org/10.1002/anse.202200065 

155.  Ramezani H, Dietz H. Building machines with DNA molecules. Nat Rev Genet. 2020;21(1):5-26. 

doi:10.1038/s41576-019-0175-6 

156.  Wang F, Lu C-H, Willner I. From Cascaded Catalytic Nucleic Acids to Enzyme–DNA 

Nanostructures: Controlling Reactivity, Sensing, Logic Operations, and Assembly of Complex 

Structures. Chem Rev. 2014;114(5):2881-2941. doi:10.1021/cr400354z 

157.  Ma L, Liu J. Catalytic Nucleic Acids: Biochemistry, Chemical Biology, Biosensors, and  

Nanotechnology. iScience. 2020;23(1):100815. doi:10.1016/j.isci.2019.100815 

158.  Wang DY, Sen D. A novel mode of regulation of an RNA-cleaving DNAzyme by effectors that 

bind to both enzyme and substrate11Edited by J. A. Doudna. J Mol Biol. 2001;310(4):723-734. 

doi:https://doi.org/10.1006/jmbi.2001.4811 

159.  Schubert S, Gül DC, Grunert HP, Zeichhardt H, Erdmann VA, Kurreck J. RNA cleaving “10-23” 

DNAzymes with enhanced stability and activity. Nucleic Acids Res. 2003;31(20):5982-5992. 

doi:10.1093/nar/gkg791 

160.  Kong D-M, Xu J, Shen H-X. Positive effects of ATP on G-quadruplex-hemin DNAzyme-

mediated reactions. Anal Chem. 2010;82(14):6148-6153. doi:10.1021/ac100940v 

161.  Vorobyeva M, Vorobjev P, Venyaminova A. Multivalent Aptamers: Versatile Tools for 

Diagnostic and Therapeutic Applications. Molecules. 2016;21(12):1613. 

doi:10.3390/molecules21121613 

162.  Zhu X, Ye H, Liu J-W, Yu R-Q, Jiang J-H. Multivalent Self-Assembled DNA Polymer for Tumor-

Targeted Delivery and Live Cell Imaging of Telomerase Activity. Anal Chem. 

2018;90(22):13188-13192. doi:10.1021/acs.analchem.8b04631 

163.  Wang F, Wu Z, Lu Y, Wang J, Jiang J-H, Yu R-Q. A label-free DNAzyme sensor for lead(II) 

detection by quantitative polymerase chain reaction. Anal Biochem. 2010;405(2):168-173. 

doi:https://doi.org/10.1016/j.ab.2010.06.026 

164.  Vijitvarasan P, Oaew S, Surareungchai W. Paper-based scanometric assay for lead ion detection 

using DNAzyme. Anal Chim Acta. 2015;896:152-159. 

doi:https://doi.org/10.1016/j.aca.2015.09.011 

165.  Turowska A, Librizzi D, Baumgartl N, et al. Biodistribution of the GATA-3-specific DNAzyme 

hgd40 after inhalative exposure in mice, rats and dogs. Toxicol Appl Pharmacol. 

2013;272(2):365-372. doi:https://doi.org/10.1016/j.taap.2013.06.020 

166.  McConnell EM, Cozma I, Mou Q, Brennan JD, Lu Y, Li Y. Biosensing with DNAzymes. Chem 

https://mol2net-08.sciforum.net/


MOL2NET, 2023, 9, ISSN: 2624-5078                                                                                     28 

https://mol2net-09.sciforum.net/          

 

Soc Rev. 2021;50(16):8954-8994. doi:10.1039/d1cs00240f 

167.  Wang J, Yu S, Wu Q, et al. A Self-Catabolic Multifunctional DNAzyme Nanosponge for 

Programmable Drug Delivery and Efficient Gene Silencing. Angew Chemie Int Ed. 

2021;60(19):10766-10774. doi:https://doi.org/10.1002/anie.202101474 

168.  Nonviolent Self-Catabolic DNAzyme Nanosponges for Smart Anticancer Drug Delivery. 

Published online 2019. doi:10.1021/acsnano.9b01589 

169.  Li X, Yang F, Zhou W, Yuan R, Xiang Y. Targeted and direct intracellular delivery of native 

DNAzymes enables highly specific gene silencing. Chem Sci. 2020;11(33):8966-8972. 

doi:10.1039/d0sc03974h 

170.  Batsa M, Dubovichenko M V, Kolpashchikov DM. Bivalent System of Deoxyribozymes for 

Efficient RNA Cleavage. Biol Life Sci Forum. 2022;20(1). doi:10.3390/IECBM2022-13510 

171.  Jin Y, Li Z, Liu H, et al. Biodegradable, multifunctional DNAzyme nanoflowers for enhanced 

cancer therapy. NPG Asia Mater. 2017;9(3):e365-e365. doi:10.1038/am.2017.34 

172.  Dass CR, Choong PFM, Khachigian LM. DNAzyme technology and cancer therapy: cleave and 

let die. Mol Cancer Ther. 2008;7(2):243-251. doi:10.1158/1535-7163.MCT-07-0510 

173.  Fuhst R, Runge F, Buschmann J, et al. Toxicity profile of the GATA-3-specific DNAzyme hgd40 

after inhalation exposure. Pulm Pharmacol Ther. 2013;26(2):281-289. 

doi:10.1016/j.pupt.2012.12.005 

174.  Zhang J. RNA-Cleaving DNAzymes: Old Catalysts with New Tricks for Intracellular and In Vivo 

Applications. Catalysts. 2018;8(11):550. doi:10.3390/catal8110550 

175.  Dnazymes G, Adeoye RI, Osalaye DS, et al. Catalytic Activities of Multimeric. 2019;(Figure 

1):1-13. 

176.  Yang DK, Kuo CJ, Chen LC. Synthetic multivalent DNAzymes for enhanced hydrogen peroxide 

catalysis and sensitive colorimetric glucose detection. Anal Chim Acta. 2015;856:96-102. 

doi:10.1016/j.aca.2014.11.031 

177.  Chen F, Li Z, Wang R, et al. Inhibition of ampicillin-resistant bacteria by novel mono-DNAzymes 

and di-DNAzyme  targeted to beta-lactamase mRNA. Oligonucleotides. 2004;14(2):80-89. 

doi:10.1089/1545457041526308 

178.  Wang Y, Nguyen K, Spitale RC, Chaput JC. Silences Gene Expression in Cells. Nat Chem. 

Published online 2021. http://dx.doi.org/10.1038/s41557-021-00645-x 

179.  Unwalla H, Banerjea AC. Novel mono- and di-DNA-enzymes targeted to cleave TAT or TAT-

REV RNA inhibit HIV-1 gene expression. Antiviral Res. 2001;51(2):127-139. 

doi:10.1016/S0166-3542(01)00144-9 

180.  Gorovits B, Krinos-Fiorotti C. Proposed mechanism of off-target toxicity for antibody–drug 

conjugates driven by mannose receptor uptake. Cancer Immunol Immunother. 2013;62(2):217-

223. doi:10.1007/s00262-012-1369-3 

https://mol2net-08.sciforum.net/


MOL2NET, 2023, 9, ISSN: 2624-5078                                                                                     29 

https://mol2net-09.sciforum.net/          

 

181.  Zhou J, Kroll A V, Holay M, Fang RH, Zhang L. Biomimetic Nanotechnology toward 

Personalized Vaccines. Adv Mater. 2020;32(13):1901255. 

doi:https://doi.org/10.1002/adma.201901255 

182.  Zhang X-Q, Xu X, Bertrand N, Pridgen E, Swami A, Farokhzad OC. Interactions of nanomaterials 

and biological systems: Implications to personalized nanomedicine. Adv Drug Deliv Rev. 

2012;64(13):1363-1384. doi:https://doi.org/10.1016/j.addr.2012.08.005 

183.  Liang S, Wu X-L, Xiong J, et al. Multivalent Ce-MOFs as biomimetic laccase nanozyme for 

environmental remediation. Chem Eng J. 2022;450:138220. 

doi:https://doi.org/10.1016/j.cej.2022.138220 

184.  Phan HTL, Kim K, Lee H, Seong JK. Progress in and Prospects of Genome Editing Tools for 

Human Disease Model Development and Therapeutic Applications. Genes (Basel). 

2023;14(2):483. doi:10.3390/genes14020483 

 

https://mol2net-08.sciforum.net/

