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Chapter 1                                                                               
Dynamic Combinatorial Chemistry for the 

Recognition of Macromolecules 

Abstract 

Dynamic combinatorial chemistry (DCC) allows to construct chemical libraries 
of complex molecules by reversible chemical linkages. The principle of DCC is 
based on thermodynamic equilibria of molecules equipped with reversible 
chemical functionalization that can exchange building blocks with each other and 
form dynamic combinatorial libraries (DCLs). The composition of DCLs can be 
shifted by external stimuli, e.g. by introducing an external molecule (template) that 
can lead to the amplification of those library members which are able to bind to 
this specific template. In this chapter, the reversible chemistries applied in the most 
prominent examples of DCC are summarized and the underlying molecular 
recognition mechanisms of the corresponding DCLs are discussed, with a 
particular focus on the recognition of macromolecules. The final paragraph 
concludes with the goals of the Ph.D. research and a brief outlook on DCC based 
strategies for macromolecular recognition. 
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1.1. Introduction 
DCC is a promising method to construct chemical libraries of complex 

molecules by reversible chemical linkages1. While in traditional combinatorial 
chemistry approaches synthesis and screening processes for active compounds are 
separated, in DCC these two steps are combined, making it a more simplistic and 
efficient strategy. DCC showed to be a suitable method to study complex chemical 
systems2-3 (systems chemistry), self-assembly4, self-replication5, and foldamers6, 
and also adaptive molecular systems7 and new soft materials8 have been discovered 
by utilizing the DCC approach. 

One main challenge of DCC concerns the analysis of the distribution of different 
(transiently) present species in DCLs. The composition of DCLs is determined by 
the intrinsic physical-chemical properties of the complex mixture, which are 
influenced by the thermodynamic stability of library members under certain 
experimental conditions, the tendency to form self-assemblies or aggregates and 
the degree of stabilization by non-covalent interactions between library members 
and templates. As shown in Figure 1.1, the concentration of the products in a DCL 
is based on the internal relationship of all components. However, the distribution is 
dynamic and exchangeable upon external stimuli. A possible stimulus is the 
addition of a template molecule that can form a supramolecular complex with 
certain library members through noncovalent interactions. The formation of 
noncovalent complexes between DCL members and template molecules results in 
the stabilization of the bound library members. This stabilization causes a change 
in the distribution of the library members following the principle of Le Chatelier, 
that is, the equilibrium shifts towards the direction of bound molecules. Therefore, 
the species that are amplified are usually those which bind preferentially to the 
template (Figure 1.1). One goal of studying the distribution of DCLs is to find the 
“fittest” library member, i.e., the variant with the strongest affinity for the template. 
However, the “fittest” species are not always the most amplified ones, although 
there are positive correlations between binding affinities and amplification factors9. 
Nevertheless, it is possible to obtain the “fittest” member through a careful 
variation of experimental conditions, i.e. by decreasing the template concentration.  

DCLs are complex molecular systems which are composed of a set of connected 
equilibrium reactions between the library members. A change of the equilibrium 
influences the whole system which responds to create a new equilibrium towards 
the lowest Gibbs energy of the system. Consequently, another important aspect of 
studying DCLs is to investigate the thermodynamics and kinetics of the reactions 
involved in the global molecular network of the library10-13. 
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Figure 1.1 DCLs formed by several different building blocks. The distribution of the 
library members depends on the free energy landscape of the library and can be altered by 
the addition of an external template. Figure adapted from [1].  

 

1.2. A historical perspective of DCC 
The concept of DCC was conceived in the early 1990s, driven by 

thermodynamically templated synthesis, which is based on the assembly of several 
building blocks in the presence of a template molecule, while one or several 
combinations of building blocks, depending on the fitness landscape of the library, 
bind preferentially to the template. One of the early examples described by Sanders 
and coworkers14, who used base catalyzed transesterification to build DCLs. 
Strongly basic conditions, such as potassium methoxide in refluxing toluene, 
generated alkaline cations as template, which could affect the formation and 
distribution of the produced macrocyclic ester (Figure 1.2). Such harsh conditions 
result in a narrow repertoire of building blocks, which is a limitation of 
transesterification based DCLs. In addition, the authors found that DCLs formed by 
rigid building blocks have a rather limited product distribution15-16, while, more 
flexible reactants lead to a broader product distribution17-18. 

Around the same time as Sanders, Lehn and coworkers created DCLs based on 
metal coordination19, by generating a dynamic mixture of metal helicates. The 
major products are dominated by the nature of the corresponding counterion that 
coordinates the center of the helicate. Lehn's laboratory extended their work to a 
protein template (carbonic anhydrase), by applying three aldehydes and four 
amines to form a virtual library of 12 imines20. Through reduction to amines a 
derivative of the amplified imine could be isolated, which demonstrated proof-of-
principle for the use of DCC to develop ligands for proteins in situ. Since these 
pioneering studies other types of reversible chemistry and templating 
biomacromolecules have been introduced21-31. 
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Figure 1.2 Schematic representation of macrocyclic oligo-ester DCLs prepared by 
transesterification. 

Around the same time as Sanders, Lehn and coworkers created DCLs based on 
metal coordination19, by generating a dynamic mixture of metal helicates. The 
major products are dominated by the nature of the corresponding counterion that 
coordinates the center of the helicate. Lehn's laboratory extended their work to a 
protein template (carbonic anhydrase), by applying three aldehydes and four 
amines to form a virtual library of 12 imines20. Through reduction to amines a 
derivative of the amplified imine could be isolated, which demonstrated proof-of-
principle for the use of DCC to develop ligands for proteins in situ. Since these 
pioneering studies other types of reversible chemistry and templating 
biomacromolecules have been introduced21-31. 

Experimental work has so far mainly focused on small library sizes (several 
building blocks), as larger libraries (thousands of building blocks) are more 
complex and therefore challenging to analyze. Hence, larger libraries were only 
analyzed by theoretical simulation, which allows detailed insight into the equilibria 
of complex DCLs. Some simplified models, which include two major equilibrium 
processes, based on the interconversion between library members and template, 
have been developed by the groups of Eliseev and Nelen32 and Moore and 
Zimmerman33. Through the assignment of different equilibrium constants, the 
amplification factors in large libraries could be simulated. Later on, more 
sophisticated models have been created that considered the mass balance between 
the different components in the library. Sanders and Otto utilized custom-written 
software (DCLsim) to study the correlation between the free energy of binding and 
amplification factors9, 34 (Figure 1.3). By varying the experimental conditions, this 
correlation could be improved, facilitating the identification of good binders from 
the library: a decrease in template concentration tends to increase the chance of 
revealing the best binder as the most amplified library member (Figure 1.3B and C). 
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Figure 1.3 The correlation between amplification and free energy of binding (ΔG) in 
templated DCLs. (a) Best binders are the most amplified species; (b) best binders are not 
amplified; (c) best binders are amplified through a decrease in the concentration of template 
used in the middle simulation (b). Figure adapted from [9]. 

The reversible nature of the covalent bonds formed through DCLs makes a 
constant interchange between different library members possible, linking the 
behavior of the molecules in DCLs to the broader field of systems chemistry3, 35-40 
which particularly focuses on the dynamics of reaction networks. An exciting 
example of such a systems chemistry approach is a peptide based self-replicating 
molecule that emerges from a dynamic complex mixture5 (Figure 1.4). A β-sheet-
prone peptide (i.e. GLKFK), is covalently linked to a benzene-1,3-dithiol moiety 
and forms upon oxidation, a DCL composed of several cyclic peptide oligomers. 
Subsequently, through a stirring-breaking mechanism a self-replicating hexamer 
macrocycle emerges from the library as the major component as a consequence of 
depleting other small sized (mainly 3 mer and 4 mer) macrocycles, while the 
growth of the hexamer follows an autocatalytic behavior. 
 

 
Figure 1.4 Schematic representation of a self-replicating peptide macrocycle, which 
emerged from a DCL. Cyclic hexamer self-assembles into stacks and grows exponentially 
through mechanical fragmentation of the stacks. Figure adapted from [5]. 
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1.3. Reversible chemistry used in DCC 
The reversible chemistry used in DCC has to be compatible with the 

requirements of the specific application. In order to discover new functional 
compounds, such as novel receptors or new ligands for small molecules, the 
applied reversible chemistry needs to be compatible with the noncovalent binding 
between template and library members. Moreover, the exchange should be on a 
reasonable timescale, so that the libraries are able to respond to environmental 
changes, and to minimize the likelihood of side reactions, which increases over 
longer time spans. Also the reversible reaction should be able to be “frozen” 
(slowed down or stopped) for further isolation, characterization and possible 
applications of individual library members. Non-covalent reversible chemistry (e.g. 
metal coordination or hydrogen bonding) is fast (kforward ~ 105 M-1s-1, kbackward ~ 10-2 
s-1) and hence difficult to analyze. Also the inherent instability of the noncovalent 
bond makes downstream applications difficult. Dynamic covalent chemistry, on the 
other hand, combines slower bond exchange with an increase in binding strength. 
However, if the purpose is to study the response of entire DCLs, such as sensing 
additives or environmental changes, which require fast response, noncovalent 
chemistry is an ideal candidate. Also, in the field of soft materials, noncovalent 
reversible chemistry is becoming increasingly popular. Scheme 1.1 summarizes the 
most popular reversible chemistry used for building DCLs. 

Although amide bonds are relatively stable, making them feasible for analysis, 
acyl transfer requires relative harsh conditions, which would disrupt most non-
covalent interactions prominent in templating experiments. Hence, amide transfer 
is not widely used for preparing DCLs. 

DCLs built by acetal and thioacetal exchange have been explored to recognize 
cations (Ag+ and secondary ammonium cations)41-42 in organic solvents in the 
presence of acid (triflic acid). An increase in pH stops the exchange reaction, 
allowing to isolate and analyze library members. Although water can accelerate 
acetal exchange, acetal bonds are too labile in aqueous solution and therefore 
seldomly applied to build DCLs. 

One of the most popular reversible chemistries applied in building DCLs is 
transamination (C=N exchange). As mentioned above, Lehn and coworkers 
developed dynamic imine exchange to identify ligands for enzymes20. In addition, 
they revealed that the equilibrium constant (K) of different imines is determined by 
the HOMO energies of the amines and the LUMO energies of the aldehydes43. 
Many applications of imine based DCLs are reported, such as the synthesis of 
receptors for metal ions44, the investigation of adaptive behaviors in DCLs7 as well 
as the study of  dynamics on flat surfaces45 and nanoscales46. A favorable feature of 
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imine chemistry is that the exchange can be “frozen” by reducing the imine to the 
corresponding secondary amine. However, this reduction might change the 
chemical and physical properties of the imine. An imine is too labile (showing fast 
kinetics) in aqueous solution and the equilibrium mainly locates at the side of 
starting materials (aldehyde and amine). However, the C=N bond becomes more 
stable and less prone to hydrolysis if the nitrogen atom is adjacent to an alpha atom 
with lone pair electrons, due to the alpha-effect. Hydrazones and oximes are two 
products formed by reaction of alpha nucleophiles (hydrazide and hydroxylamine) 
with aldehydes. The rates of hydrazone and oxime exchange are rather slow 
ranging from days to months at neutral or basic pH, which makes these reaction 
types less suitable for DCLs, as side reactions would occur during the long reaction 
periods. Aniline, in the presence of acids, can catalyze the formation and exchange 
of hydrazones and oximes through activation of the carbonyl group. Also DCLs of 
hydrazones and oximes can be coupled with light induced cis-trans isomerization, 
as both Z- and E- isomers are present in the libraries47. 

 

 
Scheme 1.1 Overview of reversible reactions utilized in building DCLs. 



Chapter 1 

14 

Thiol related exchange is another important reversible chemistry in DCC, 
including thiol-disulfide exchange, Michael (retro-Michael) addition and thiol-
thioester exchange. Inspired by protein folding, disulfide exchange48 is widely 
explored in DCLs49-50. The mechanism of disulfide exchange is based on the attack 
of a thiolate anion on the disulfide bond, resulting in the replacement of one thiol 
from the disulfide. Disulfide exchange requires a relatively high pH to deprotonate 
the thiol. The exchange can be slowed down by lowering the pH or by oxidizing 
the thiol to the disulfide. Thiols can forms disulfide bonds, and are also good 
nucleophiles. Therefore, thiol related exchange can occur through several reaction 
pathways, leading to a high diversity and complexity of thiolate related DCLs. In 
one example from the Otto group two reversible chemistries (thiol-disulfide 
exchange and thiol-Michael addition), which share the thiol as a common building 
block51 are coupled (Figure 1.5). Through careful control of the oxidation and 
reduction levels, the system can be reversibly switched from predominantly thio-
Michael chemistry to predominantly disulfide chemistry, as well as to any 
intermediate state. 

DCLs formed by noncovalent bonds respond rapidly to the addition of templates 
and environmental changes, which is suitable for the development of functional 
sensors. The group of Severin developed a method to construct DCLs of metal-dye 
complexes by mixing three commercially available dyes (methylcalcein blue, 
arsenazo I, and glycine cresol red) and two metal salts (CuCl2 and NiCl2) in 
aqueous buffer52 (Figure 1.6). The dynamic libraries were responsive to the 
analytes which can bind metal ions stronger than the dye molecules. Proof of 
principle of peptide discrimination was demonstrated with dipeptides. After 
applying multivariate analysis to analyze the UV spectrum upon addition of the 
dipeptides, five different peptides could be clearly distinguished. 

 

 
Figure 1.5 Coupling of two thiolate related exchange chemistries: (a) thio-Michael addition 
and exchange; (b) disulfide exchange. 
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Figure 1.6 DCLs of dye complexes as sensors. (a) DCLs of metal-dye complexes; (b) UV-
Vis spectrum of the libraries upon addition of different di-peptide analytes; (c) linear 
discriminant analysis (LDA) of the data obtained from the UV-Vis spectrum. Figure 
adapted from [52]. 

Other types of chemistries shown in Scheme 1.1 are also utilized in preparing 
DCLs, including alkene metathesis23, 53, reversible benzylic nucleophilic 
substitution54, nitrone exchange55 and phosphazide exchange56.  

 

 
Figure 1.7 Molecular recognition mechanism in DCLs. (a) a selected host molecule binds 
to an added guest molecule; (b) selection of the best ligand by adding a biomacromolecular 
template; (c) folded structure formation by intramolecular recognition; and (d) self-
templating by intermolecular interaction. Figure adapted from [1]. 

 

1.4. Molecular recognition in DCLs 
An important application of DCC is to discover those compounds that show 

exceptional properties in terms of molecular recognition. DCC is rooted in 
supramolecular chemistry and is driven by the interaction between library 
constituents and external templates (Figure 1.7). 
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The original concept of DCC is based on the amplification of a receptor upon 
addition of a guest molecule, driven by the host-guest interaction14, 57. A variety of 
guests, including metal ions, and several organic molecules have been applied as 
templates to discover new receptors from DCLs, e.g., Otto and Sanders have 
developed a series of macrocyclic receptors based on disulfide exchange49-50, 58. 
 

Another application of DCC involves ligand discovery. In dynamic fragment-
based ligand discovery21 fragments react reversibly to generate a “virtual 
combinatorial library” which contains all possible combinations of building blocks. 
As mentioned above, Huc and Lehn reported in their seminal paper the use of 
carbonic anhydrase as template which selects a strong inhibitor from a dynamic 
library of recombining aldehydes and amines20. In Figure 1.8, the amplified 
structures contain a sulfonamide group, which preferentially attaches to the Zn(Ⅱ)-
binding site of the enzyme, and a lipophilic part for possible interaction with 
adjacent hydrophobic sites. The dynamic imine libraries are “frozen” by 
cyanoborohydride, which reduces the imines to the corresponding secondary 
amines. One of the amplified molecules showed a high affinity for carbonic 
anhydrase (Kd = 1.1 nM). However, the reduction of imines might change the 
binding affinity and an excess of amine has to be applied to out compete the amino 
groups at the surface of the enzyme. 
 

 
Figure 1.8 Selection of carbonic anhydrase inhibitors from a dynamic imine library. Figure 
adapted from [20]. 
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A recent report from the Otto group shows that a well-folded complex 
macrocyclic molecule can emerge from a DCL6 (Figure 1.9). The foldamer consists 
of 15 identical units of a simple building block and folds through intramolecular 
recognition in quantitative yields. 

Intermolecular interactions in DCLs are eventually associated with self-
synthesizing behavior, if there is an irreversible process coupled with one of the 
products. Giuseppone’s group showed that supramolecular assemblies formed 
auto-catalytically from a DCL containing a hydrophobic aldehyde and hydrophilic 
amines4 (Figure 1.10). In addition, if different hydrophilic amines compete for the 
same hydrophobic aldehyde, the different thermodynamic stabilities and growth 
kinetics of the resulting species lead to the selection of the most efficient 
autocatalyst and the depletion of its competitors. 
 

 
Figure 1.9 A well-defined foldamer emerged from a DCL made from a simple precursor. 
Figure adapted from [6]. 

 

 
Figure 1.10 Simplified model of autocatalysis in a DCL driven by self-recognition. Figure 
adapted from [4]. 
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1.5. Synthetic efforts for macromolecular recognition 
Through ~4 billion years of evolution, nature has developed sophisticated 

molecular recognition mechanisms which are crucial to many biological processes, 
such as antigen detection by the immune system59, metabolic processes catalyzed 
by enzymes60 or signal transmission between cells61. Although chemists have 
achieved great success in designing small ligands to regulate the function of 
biomacromolecules62-64, developing synthetic macromolecules to mimic natural 
macromolecular recognition mechanism is still posing a challenge. This is mainly 
due to the fact that the interaction between biomacromolecules usually involves a 
large surface area and is mediated by multiple weak interactions scattered over the 
surface65.  

Synthetic efforts to mimic natural macromolecular recognition include rational 
design and modifications on large scaffolds66, molecular imprinted polymer 
nanoparticles67-73 as well as combinatorial approaches74-75 to macromolecular 
receptors. Recent development on using DCC to synthesize macromolecular 
receptors will be discussed in Section 1.6. 

Modification of different-sized macrocyclic molecules, such as cyclodextrins, 
pillararenes and calixarenes, has been applied to inhibit protein-protein 
interactions76-78. Dendritic molecules represent another kind of scaffold used in 
macromolecular recognition. Martín and his group have employed [60]fullerene 
(C60) as a scaffold to create a “superball” which contains 120 peripheral 
carbohydrate subunits66. First, each C60 was conjugated with 10 carbohydrate 
molecules and one clickable azide chain, which was then connected to the surface 
of another hexakis adduct of C60 using highly efficient CuAAC click-chemistry. 
As a result, a giant globular multivalent glycofullerene was prepared (Figure 1.11). 
Subsequently, these superballs interact with the DC-SIGN (dendritic cell-specific 
intercellular adhesion molecule-3-grabbing non-integrin) receptor and were shown 
to inhibit cell infection by an artificial Ebola virus with half-maximum inhibitory 
concentrations in the sub-nanomolar range (IC50 = 667 pM). 

A molecular imprinted polymer (MIP) is a slightly crosslinked polymer matrix 
formed through kinetically controlled polymerization of various monomers in the 
presence of a template, which leaves a cavity for the complementary recognition of 
the chosen template. The concept of MIPs was recently extended from bulk 
polymer matrices to the nanoparticle regime by Shea and co-workers67-70. They 
showed that MIP nanoparticles can be imprinted to bind a series of proteins with 
high affinities. The MIP nanoparticles were prepared by kinetically driven free 
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radical polymerization, lacking the sequence control of monomers in the polymer 
chains. Despite this fact, the relative flexibility of the polymer nanoparticles allows 
optimization of complementary interactions with protein surfaces by an induced fit 
mechanism, therefore compensating for the absence of sequence control. MIP 
nanoparticles prepared from three simple monomers were found to have a high 
affinity for a toxin (melittin) with an association constant comparable to those of 
natural antibodies69. Biological studies showed that the toxin imprinted 
nanoparticles can bind and remove the toxin in vivo, which improved survival rates 
significantly.  

 

 
Figure 1.11 Syntheses of giant globular multivalent glycofullerenes using CuAAC click 
chemistry. Figure adapted from [66]. 

Recently, Zhao’s group reported a general method for peptide recognition 
through MIPs within a self-assembled micelle71 (Figure 1.12). The MIP 
nanoparticles were prepared through the polymerization of functional monomers 
within a pre-formed crosslinked micelle with the help of various hydrophobic 
peptides. After washing out the template, high affinities (up to 20 nM) and 
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selectivity of MIP nanoparticles for the corresponding target peptides were found. 
The methods were extended to the recognition of charged peptides by applying 
complementary functional monomers to the procedure72-73.  

 

 
Figure 1.12 The schematic image of MIP nanoparticles with high affinity for 
complementary peptides. Figure adapted from [71]. 

 

 
Figure 1.13 The general synthesis of combinatorial polymer nanoparticles and their 
chemical composition and the structures of functional monomers. Figure adapted from [75]. 

Combinatorial approaches were applied by Schrader’s and Shea’s group to select 
the best macromolecular receptors from a library of polymers with various 



DCC in Macromolecular Recognition 

 
 

21 

1 

functional groups74-75. The polymers were generated combinatorially through 
polymerization of the functional monomers. Afterwards, the affinities of the 
polymers for the chosen protein were assessed. Their flexibility may allow for a 
conformational change of the polymers to fit the protein surface. However, the 
entropic penalty associated with such barrier of conformational rearrangements 
should have a detrimental effect on the binding affinity. Pre-organized crosslinked 
polymer nanoparticles should exhibit higher affinity. In combination with 
combinatorial methods, a screen of polymer nanoparticles, containing functional 
monomers of sulfonic acid, sulfated carbohydrate and hydrophobic molecules in a 
2% crosslinked NIPAm copolymer, led to the identification of candidate molecules 
with high affinity (380 nM) for a key vascular endothelial growth factor 
(VEGF165), a signaling protein that stimulates angiogenesis (Figure 1.13)75.  
 

1.6. Applying DCC for macromolecular recognition 
DCC can generate a highly diverse set of molecular species. The combination of 

DCC with polymers or nanoparticles would further increase the likelihood of 
obtaining strong molecular recognition due to the increased number of library 
members. In addition, DCC has the benefit of reversibility which allows dynamic 
changes during molecular recognition, thus increasing specificity. Therefore, 
applying DCC on the surface of materials is a highly promising method to discover 
receptors for defined macromolecules.  

Despite these favorable features, very few studies45-46, 79-82 describe the 
application of DCC on material surfaces. The main reason for this 
underrepresentation lies in the challenge to analyze such complicated DCLs both 
theoretically and practically. The application of modern analytical instruments and 
chemometric methods83 such as multivariate decomposition, pattern recognition 
and multivariate regression, will facilitate the analysis of complicated DCLs.  

DCLs on surfaces show different behaviors compared with those in solution. 
Otto and coworkers reported dynamic thioester exchange on the surface of a lipid 
membrane formed by phosphatidylcholine79 (Figure 1.14). Larger linear species 
were found at the membrane interface, while small cyclic species were mainly 
present in bulk solution. This different distribution was attributed to the different 
local concentration of the membrane-bound thioesters which were more abundant 
on the surface, resulting in the formation of chain-like species, while cyclic species 
were favored in solution.  
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Figure 1.14 Schematic representation of DCC at the phospholipid bilayer interface. Figure 
adapted from [79]. 

The application of DCC on the surfaces of nanoparticles allows the reversible 
control of responsive and adaptive behavior on the nanoscale, while the surface 
functionality of nanoparticles can be tuned through dynamic covalent exchange84-86. 
At the same time, the process itself is controlled by thermodynamic differences 
between different species. This method could be utilized to engineer nanomaterial 
surfaces and construct responsive nanoparticle-based materials. Kay’s group 
demonstrated that Au nanoparticle grafted with a hydrazone-terminated monolayer 
can undergo hydrazone exchange with the added aldehydes in bulk solution, in the 
presence of an acid catalyst87 (Figure 1.15). The surface functionalization and 
aggregation behavior of dynamic combinatorial nanoparticles could be reversibly 
tuned by controlling the building block structures and concentrations.  

Fulton’s group developed polymer-scaffolded dynamic combinatorial libraries88 
(Figure 1.16), which showed a change in the composition of the polymers upon the 
addition of templates (proteins88 and synthetic polymers89-90). The shift in the 
library composition is driven by an enhanced affinity of all library members 
towards the template, which was validated by template removal and affinity 
measurements. The structures of the polymer have to be fixed through crosslinking, 
to obtain and analyze template recognizing library members91. Ghadiri and co-
workers applied thioester exchange on a peptide scaffold to generate a dynamic 
covalent analog of a nucleic acid which responded to the addition of a single-
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stranded DNA template by selecting for the complementary strand through 
Watson-Crick base-pairing92.  
 

 
Figure 1.15 Tuning the properties of nanoparticles by DCC. The solvophilicity of 
nanoparticles was switched by dynamic covalent hydrazone exchange between three 
different soluble states. Figure adapted from [87]. 

 

 
Figure 1.16 Polymer-scaffolded dynamic combinatorial libraries templated by a lectin. 
Figure adapted from [88]. 

The flexibility of the scaffold is an important parameter for the generation of 
receptors for macromolecular recognition. In rigid scaffolds, the entropic cost of 
conformational changes to fit a template is small. The use of nanoparticles as a 
rigid scaffold, was shown by Otto and coworkers93. A DCL was prepared by 
mixing small amines and Au nanoparticles that were functionalized with a mixed 
monolayer of aldehydes and hydrophilic molecules. After the addition of short 
oligonucleotides, selective uptake of amines from the solution could be observed 
(Figure 1.17). This was attributed to the multivalent interactions between the imine 
functionalized nanoparticles and the DNA template. Interestingly, the distributions 
of the building blocks on the surface of the nanoparticles were dependent on the 
sequence of the oligonucleotide. The same principle was also implemented using 
hydrazone exchange94. 
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Figure 1.17 A schematic representation of DNA templated dynamic combinatorial 
nanoparticles. Figure adapted from [93]. 

 

1.7. Aim of the thesis 
Previous work in the Otto group demonstrated that Au nanoparticles could be 

selectively functionalized by amines using DNA to template DCLs90-91. However, 
one of the main shortcomings of the combination of DCC with Au nanoparticles 
lies in the chemical sensitivity of the latter. In this thesis the scaffold choices were 
extended to address compatibility issues related to Au nanoparticle DCC libraries, 
in particular regarding imine chemistry, as Au nanoparticles showed to be 
incompatible with imine reduction. We were guided by four main requirements for 
choosing a suitable scaffold for imine based DCCs. I. The scaffold should be stable 
and well-dispersed in aqueous solution; II. A surface functional group should be 
present with relative high density which would allow DCC to proceed; III. The 
scaffold should be similar to the template both in size and compatibility; and IV. 
The structure should be rigid to minimize any entropy penalty during recognition. 
In chapter 2, we first tested iron oxide nanoparticles whose preparation is well-
established and allows to control size, morphology and surface functionality. The 
second scaffold tested was dendrimers which are characterized by uniform size, 
chemical stability and high density of surface functionalization (chapter 3).  

After the identification of dendrimers as robust and general applicable scaffolds 
for DCC, we established a methodology to screen building blocks used in DCLs 
(chapter 4). This includes the freezing and analysis of the composition of the 
libraries and the isolation of the so-formed receptors as well as measurement of 
template affinities, with the overall goal to develop a general approach, based on a 
DCC scaffold, to obtain specific receptors for certain DNA sequences based on 
multivalent interactions. 

The overall aim is to identify the principles which would allow to design a 
system for the molecular recognition of any given biomacromolecule target.  In-
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depth analysis of DCCs generated through different chemistries and using different 
building blocks through methods in chemometric, may quantitatively reveal the 
relations between reaction conditions and resulting affinities. This knowledge may 
expand the toolbox of DCC functionalized surfaces, which should ultimately result 
in the generation of antibody-like macromolecular materials. 
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