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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 



DCC in Macromolecular Recognition 

 
 

13 

1 

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. 
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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 
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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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Chapter 2                                             
Development of Stable Iron Oxide 
Nanoparticles for Facile Surface 

Functionalization 

Abstract 

Water dispersed superparamagnetic iron oxide nanoparticles (SPIONs) have 
many applications in various fields and especially in biomedical research. The 
monodispersity and stability of these nanoparticles are critical factors for 
successful applications. Numerous approaches have been developed that aim at 
stable and monodispersed SPIONs in aqueous solution. Nevertheless, obtaining 
water-soluble SPIONs that are stable for prolonged periods (i.e. months) remains 
challenging. Here, a series of ligands was synthesized featuring nitrocatechol as 
SPIONs anchor and different polar groups for water solubility. We found that 
nanoparticles coated with zwitterionic ligands were stable for well over two 
months, which exceeded the stability of analogues containing negatively charged, 
positively charged or neutral ligands. A choline phosphate-based zwitterionic 
ligand was further functionalized with an aldehyde group that facilitated facile 
additional surface functionalization by means of hydrazone chemistry. These 
results establish SPIONs as a new platform for reversible covalent surface 
functionalization. 

 

 
 

 

 

 

This chapter is based on Xiaoming Miao, Niek N. H. M. Eisink, Piotr Nowak, Meniz 
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2.1. Introduction 
Superparamagnetic nanoparticles have many applications in various fields, 

especially in biomedical research, including magnetic resonance imaging (MRI)1-4, 
hyperthermia treatment of tumors5-6, magnetic separation of biomolecules and 
directional drug delivery7-8. Many of these applications place stringent demands on 
stability and monodispersity of the SPIONs under physiological conditions9. 
Although the preparation of monodisperse SPIONs in organic media is well 
established10-12, making SPIONs that exhibit long-term stability in aqueous solution 
remains challenging. The common strategies for preparing stable SPIONs in 
aqueous medium make use of ligands that prevent SPIONs from forming 
aggregates through electrostatic repulsion or steric effects13-17. For example, 
Reimhult and Textor have developed nitrocatechol grafted polymers as stabilizing 
ligand for SPIONs in aqueous solution15, 18-20. Also small-molecule spacers carrying 
charges are commonly applied, as SPIONs coated with relatively small ligands 
have a large core/shell ratio which is crucial for magnetic interactions13. While 
several procedures for preparing water soluble SPIONS have been reported, a 
systematic study comparing the stability of SPIONs coated with different types of 
polar ligands has not yet been performed.  

Here, we designed a set of ligands functionalized with the moiety that is most 
commonly used as the anchor to the SPIONs surface: a nitrocatechol group. The 
ligands were further equipped with different groups that were expected to endow 
them with water solubility, including zwitterionic, neutral, as well as anionic, and 
cationic ones. The stabilities of SPIONs grafted with these ligands were studied in 
aqueous solution at different pH and salt concentration by dynamic light scattering 
(DLS). We found that aqueous solutions of sulfobetaine conjugated zwitterionic 
ligand-coated SPIONs were remarkably stable, showing no signs of aggregation 
over a period exceeding two months. Another zwitterionic ligand containing a 
choline phosphate moiety was then synthesized and equipped with an aldehyde 
group to enable facile further surface functionalization through reversible covalent 
hydrazone chemistry. 
 

2.2. Results and Discussion 

2.2.1. Ligand design and synthesis 

The ligands were designed to contain nitrocatechol for anchoring to the SPION 
surface and a polar group for water solubility. The choice for the catechol anchor 
was based on the fact that 3,4-dihydroxyphenylalanine and dopamine (Scheme 2.1) 
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possess a catechol group that has a strong binding affinity for several metal ions15, 

19, 21-23. These catechol ligands play an essential role in the mussel adhesion 
mechanism24. Inspired by these observations, the catechol moiety has become a 
popular anchor for the functionalization of iron oxide and titanium oxide 
nanoparticles15, 25-26. However, catechols are readily oxidized by iron (III) to 
quinones which results in a loss of affinity for the SPION surface leading to the 
aggregation of the SPIONs. Introducing a nitro group on the ortho-position of the 
catechol ring largely prevents catechol oxidation15, 19.  

Water solubility may be achieved with anionic, cationic, zwitterionic or neutral 
ligands. We designed and synthesized ligands to represent each of these four 
classes (Scheme 2.1). Specifically, we designed the zwitterionic ligand 6 to contain 
a quaternary ammonium–sulfonate conjugate; the neutral ligand 8 features a 
biocompatible oligosaccharide27. We reasoned that the neutral but large 
oligosaccharide ligand could potentially stabilize the SPIONs by preventing the 
exchange of surface ligands with molecules from the environment due to the steric 
hindrance. Similar stabilizing effects of oligosaccharides are often encountered in 
biological systems, e.g. protein glycosylation can prevent proteases from accessing 
the peptide backbone, providing resistance to enzymatic degradation28-29. The 
anionic ligand 9 contains a carboxylic acid (deprotonated at neutral pH), while 
cationic ligand 11 features an amine group (protonated at neutral pH).  

The synthesis of these four ligands is depicted in Scheme 2.1. First dopamine 
was nitrated with NaNO2 in the presence of 20% H2SO4 and then reacted with 
succinic anhydride to provide compound 2 as an intermediate for further 
functionalization. The zwitterionic ligand was synthesized by a ring opening 
reaction between tertiary amine 3 and 1,3-propanesultone. Deprotection of the 
resulting compound 4 afforded 5, which was reacted with 2 to yield the desired 
ligand 6. Oligomaltose was used as a neutral solubilizing group. β-D-
maltoheptaosyl azide was reacted with compound 7 through a copper-catalyzed 
click reaction to obtain ligand 8. Anionic ligand 9 was synthesized by nitration of 
3,4-dihydroxyhydrocinnamic acid. Finally, amidation of monoprotected amine 10 
with carboxylic acid 2 and deprotection afforded cationic ligand 11. Detailed 
synthetic procedures and characterization of the four ligands are provided in the 
supporting information. 
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Scheme 2.1 Structures and synthesis of the zwitterionic, neutral, anionic and cationic 
ligands.  

The preparation of aqueously dispersed SPIONs is depicted in Figure 2.1. First, 
oleic acid stabilized hydrophobic SPIONs were made by the thermal 
decomposition of iron oleate which was synthesized by an exchange reaction of 
FeCl3 with sodium oleate11. Homogeneous ligand exchange was then applied to 
obtain water dispersed SPIONs. Here, a two-step exchange procedure was adopted, 
because we did not succeed in finding a solvent in which both the oleic acid 
stabilized SPIONs and the charged ligands could be dissolved13. An intermediate 
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ligand 2-(2-(2-methoxyethoxy)ethoxy)acetate (MEAA) was utilized to exchange 
the oleic acid attached to the surface of SPIONs. The resulting MEAA grafted 
intermediate SPIONs were soluble in a mixture of DMF and water which was a 
suitable medium for the subsequent exchange with the water-solubilizing ligands. 
The thus obtained water-dispersed SPIONs were purified by dialysis. The cationic 
SPIONs aggregated during purification, whereas the other three SPIONs could be 
dialyzed at least 6 times without any aggregates. All ligands exchange reactions 
were conducted in a sonication bath as magnetic stirring the nanoparticle 
dispersions was found to lead to their aggregation.  

 
Figure 2.1 Preparation of different water-dispersed SPIONs.  

2.2.2. Characterization of SPIONs 

As NMR is difficult for paramagnetic materials the ligand exchange process was 
monitored by IR spectroscopy. The IR spectra are shown in Figure S2.1, C-C 
single bond and C-H vibrations at around 1470 cm-1 and 2870 cm-1 were observed 
for oleic acid@SPIONs. After ligand exchange with MEAA, strong absorptions 
appeared around 1100 cm-1 and 1200 cm-1 which were assigned to C-O single bond 
stretching, while the absorption at 2870 cm-1 became smaller, in agreement with 
oleic acid having been substituted by MEAA. For the SPIONs functionalized with 
the water-solubilizing ligands, absorptions due to C=O and C=C stretching at 1450 
cm-1 to 1650 cm-1 were found, together with a C-O single bond vibration at 1050 
cm-1, suggesting that nitrocatechol is present on the surface of the SPIONs. 
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However, it was not possible to quantify the degree of the ligand exchange from 
the IR spectra. The Fe-O bond around 600 cm-1 is excluded in all spectra since it is 
extremely strong compared to the other bands and would compromise the 
resolution of the remaining part of the IR spectrum. 

The morphologies and size distributions of SPIONs were characterized by TEM 
and DLS. The fresh oleic acid@SPIONs are well-dispersed in hexane which is 
confirmed by the TEM image in Figure S2.2. The water soluble zwitterionic, 
neutral, and anionic SPIONs are observed as well-dispersed spherical nanoparticles 
with diameters around 4-7 nm in TEM (Figure 2.2).  The hydrodynamic diameters 
measured by DLS are somewhat larger (Figure S2.4). However, since the inorganic 
nanoparticle cores are surrounded by a layer of organic material and (for the ionic 
ligands) ions and associated water molecules, which give poor contrast in TEM, 
these results are in good agreement. Cationic SPIONs precipitated during dialysis, 
leading to large aggregates found both in TEM (Figure 2.2) and DLS (Figure S2.4). 
The polydispersities measured by DLS for the prepared SPIONs are between 0.2 
and 0.3, indicating some degree of aggregation, which is probably inherited from 
the intermediate MEAA@SPIONs, as MEAA is not a good ligand for stabilizing 
SPIONs. The SPIONs were not further purified because the number of aggregates 
was rather low.  

The extent of surface coverage of the SPIONs was estimated by 
thermogravimetric analysis (TGA)15, 30-31. Figure S2.3 shows that, as the 
temperature is increased from 20 to 600 oC, several stages of weight loss occur. We 
interpret the slowly changing weight at 20 to 200 oC to be caused by evaporation of 
water. The coated ligands start to be decomposed in the range between 200 and 450 
oC. The corresponding weight decrease in this range amounts to 19, 27, 25 and 24% 
for zwitterionic, neutral, anionic, and cationic SPIONs, respectively. The grafting 
densities of the ligands were subsequently calculated using Equation S2.1.  

The coating density together with the average nanoparticle size, polydispersity 
and zeta potential are summarized in Table 2.1. The number of ligands per unit 
surface area correlates roughly with ligand size: this number is smallest for the 
large neutral ligand and largest for the anionic ligand, which is the smallest of all.  

2.2.3. Stability studies  

The stabilities of the SPIONs coated with different charged ligands were studied 
by DLS in aqueous solution at different pH and in the presence of different salts 
during a period of 70 days. Figure 2.3 shows the results after two hours. 
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Figure 2.2 TEM image of (A) zwitterionic SPIONs, (B) neutral SPIONs, (C) anionic 
SPIONs, and (D) cationic SPIONs. The inserts show histograms of the particle diameter as 
measured by TEM.  

 
Table 2.1 Characterization details of the four water-dispersed SPIONs. 

SPIONs Diameter 

(TEM)  

(nm) 

Ligand 

density 

(/nm2) 

Diameter 

(DLS)  

(nm) 

Polydispersity Zeta-

potential 

(mV) 

Zwitterionic 4.7  1.19 11.1 0.276 -9.8 

Neutral 6.0 0.77 29.0 0.279 -13.5 

Anionic 5.9 2.26 24.5 0.261 -19.18 

Cationic 6.1 1.50 668.0 0.347 -4.2 

As shown in Figure 2.3A, all of four SPIONs aggregated upon acidification to 
pH 1, as indicated by the large increase in hydrodynamic size. The zwitterionic 
SPIONs exhibited the lowest degree of aggregation (mean size of about 150 nm, 
while assemblies of around 1 μm were formed by the three other SPIONs). Also 
the onset of aggregation upon lowering the pH occurs at a more acidic environment 
for the zwitterionic SPIONs. The zwitterionic, as well as neutral and anionic 
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SPIONs are stable for at least two hours above pH 5 with a constant hydrodynamic 
diameter from pH 5 to pH 13. It is well established that the interactions between 
catechol and iron ions are influenced by pH32-34. At low pH the protonation of the 
catechol OH groups hampers their binding to the SPION surface35. No experiment 
was performed at pH > 13 as iron hydroxide precipitates under these strongly basic 
conditions due to ligand exchange with hydroxide ions.  

 

 
Figure 2.3 The mean hydrodynamic size (number fraction) of four SPIONs (A) at pH 1, 3, 
5, 7, 9, 11 and 13, respectively; (B) in the presence of 10, 100 and 1000 mM NaCl; (C) in 
the presence of 10, 100 and 1000 mM of Na2SO4; (D) in the presence of 10, 100 and 1000 
mM of MgCl2. All hydrodynamic sizes were measured by DLS at 25 oC after incubation for 
two hours. Black squares represent zwitterionic SPIONs; red rhombus: neutral SPIONs; 
blue triangle: anionic SPIONs and cyan inverted triangle: cationic SPIONs.  

Next, the stabilities of the SPIONs to different salts were studied, including 
NaCl (containing only monovalent ions), MgCl2 (featuring a divalent cation) and 
Na2SO4 (containing a divalent anion). As shown in Figure 2.3B, zwitterionic 
SPIONs are stable to NaCl concentrations as high as 1.0 M. We attribute the slight 
size increase at high concentration of NaCl to ions doping to the SPION surface 
through the association between the counterions in the solution36. In contrast, the 
neutral and anionic SPIONs are not able to withstand the high concentration (1 M) 
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of NaCl. The stabilities of SPIONs in salt solutions containing divalent ions are 
shown in Figure 2.3C and D. The SPIONs are relatively stable up to 100 mM 
Na2SO4, while a high concentration (1 M) of this salt induces aggregation of all 
SPIONs. MgCl2 causes aggregation already at lower concentrations (10 mM). Only 
the zwitterionic SPIONs remain stable in the presence of 10 mM MgCl2. Mg2+ 
most likely competes with the SPION surface for the ligands by forming 
magnesium catechol adducts37. Note that the cationic SPIONs were already 
aggregated prior to these experiments. These aggregates did not change in size very 
much subsequently. 

 

 
Figure 2.4 Mean hydrodynamic size (number fraction) of zwitterionic (A), neutral (B), 
anionic (C) and cationic (D) SPIONs at different pH as a function of time. Hydrodynamic 
sizes were measured by DLS at 25 oC 2 hours after sample preparation (black); after 1 day 
(red); 30 days (blue) and 70 days (cyan). 
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Figure 2.5 Mean hydrodynamic size (number fraction, measured by DLS at 25 oC) of 
zwitterionic (A), neutral (B) and anionic (C) SPIONs in the presence of different salts at 
different salt concentration measured 2 hours after sample preparation (black); after 1 day 
(red); 30 days (blue) and 70 days (cyan). 

We compared the DLS data of the four SPIONs after 2 h with the corresponding 
data obtained after 1, 30 and 70 days at different pHs and salt concentrations 
(Figure 2.4 and Figure 2.5). Zwitterionic NPs are stable at pH 7 - 13 during the 
entire period. At pH 1 - 5 they had formed precipitates after 70 days. Interestingly, 
their size became smaller after 30 days at pH 5 which may be due to ligand 
exchange with citric acid present in the buffer. Neutral SPIONs slightly aggregated 
at pH 5 - 9 over time, while anionic SPIONs showed only short-term stability. 
Anionic SPIONs are stable only at pH 13, presumably as a result of a greater 
degree of charge repulsion between these SPIONs at elevated pH. Cationic SPIONs 
aggregated during all tests. 

In the presence of different salts, zwitterionic SPIONs remain well dispersed 
even after 70 days, as indicated by Figure 2.5A. In contrast, neutral and anionic 
SPIONs had aggregated after 70 days as shown in Figure 2.5B and 2.5C. Thus, 
zwitterionic SPIONs display promising long-term stability compared to the neutral, 
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anionic and cationic counterparts, which makes these a good candidate for further 
application.  
 

 
Figure 2.6 (A) Synthesis of zwitterionic aldehyde ligand 14. (B) Bio-orthogonal hydrazone 
formation upon reaction between zwitterionic SPIONs and NBD-CO-Hz. 

2.2.4. Aldehyde functionalization and hydrazone conjugation 

Given that the zwitterionic ligand yields remarkably stable SPIONs and given 
that zwitterionic ligands are also reported to minimize nonspecific absorption of 
the SPIONs13, we decided to develop these materials as a platform for further 
conjugation. We grafted benzaldehyde groups to the surface of the zwitterionic 
SPIONs since aromatic aldehydes can react with many nitrogen nucleophiles under 
mild aqueous conditions to yield imines, hydrazones and oximes. As the 
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benzaldehyde group is quite hydrophobic, obtaining well-dispersed nanoparticles 
with a high surface coverage of benzaldehydes in aqueous solution put stringent 
demands on the design of the ligand38. We decided to incorporate the zwitterionic 
choline phosphate moiety in the ligand39. Ligand 14 (Figure 2.6A) was prepared in 
four steps, including a phosphorylation and a ring open reaction as well as 
amidation. The overall yield was low partly due to the challenges posed by the 
EDC-mediated amidation step, which had to be conducted in water-containing 
solvents to dissolve 13 and to prevent this compound from forming imines. EDC is 
easily hydrolyzed by water, requiring the use of an excess of EDC, causing its 
conjugation with one of the hydroxyl group of catechol (Scheme S2.1). It was 
possible to convert this side-product into the desired ligand 14 through the two-step 
procedure shown in scheme S2.1.  

It was possible to control the aldehyde surface density of the SPIONs by 
working with different ratios of zwitterionic ligand 6 and zwitterionic aldehyde 14. 
We prepared four sets of SPIONs with 25%, 50%, 75% and 100% of the aldehyde 
ligand. The hydrodynamic size was measured by DLS (Figure S2.5), showing that 
all of these SPIONs were well-dispersed in aqueous solution. This conclusion was 
confirmed by TEM analysis of the SPION sample prepared from a 1:1 mixture of 6 
and 14 (Figure S2.6). All the four SPIONs are stable up to 70 days. We also 
noticed that only a few aggregates formed in the sample of SPIONs coated with 
100% 14 after four months’ storage. Together with the zwitterionic SPIONs made 
from 6 only, these samples were characterized by UV, which showed the presence 
of the aromatic aldehyde group in 14, which has a maximum absorption at 270 nm. 
As shown in Figure 2.7A the peak at 270 nm increases with increasing fraction of 
the benzaldehyde ligand. To show that these aldehyde-functionalized SPIONs can 
be readily functionalized further we reacted them with the fluorescent hydrazide 
dye NBD-CO-Hz in the presence of aniline as a catalyst (Figure 2.6B). After 
purification by centrifugal filtration, the resulting zwitterionic SPIONs were 
characterized by UV (Figure 2.7B) and fluorescence (Figure S2.7) spectroscopy. 
The normalized UV spectrum shows a peak around 470 nm which increases as the 
14:6 ratio increases, which indicates that more NBD molecules become attached to 
the surface of the SPIONs which have a higher aldehyde coverage. The maximum 
absorption of NBD shifts from 425 nm in solution to 470 nm on the surface of 
nanoparticles, which implies that NBD molecules experience a different 
environment on the nanoparticles. Also by fluorescence we find an increased signal 
intensity of NBD as the aldehyde surface density is increased (Figure S2.7; NBD 
emits at 540 nm). 
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Figure 2.7 (A) UV spectra of zwitterionic NPs prepared using a mixture of 
zwitterionic ligand 6 and zwitterionic aldehyde 14 in different ratios. (B) 
Normalized UV spectra of these zwitterionic NPs after hydrazone formation upon 
reaction with NBD-hydrazide (λmax = 425 nm), with the UV spectrum of the latter 
shown as well. The ratios of 14:6 are: 0:100 (black); 25:75 (red); 50:50 (blue); 
75:25 (cyan) and 100:0 (purple).  

 

2.3. Conclusions 
We have systematically investigated the stability of water-dispersed SPIONs 

coated by differently charged ligands (neutral, anionic, cationic and zwitterionic) 
across a range of pHs and ionic strengths. The results show that the zwitterionic 
ligands are most efficient at stabilizing the aqueous solutions of SPIONs, which 
remain well-dispersed for the entire 2-month period during which we monitored 
the samples. Furthermore, a zwitterionic ligand carrying an aldehyde group has 
been synthesized that allows for facile further surface modification and potentially 
also bioconjugation. The aldehyde can be grafted on the surface of the SPIONs at 
an arbitrary percentage of coverage readily reacts with a hydrazide under mild 
condition. These results suggest that this SPION platform holds considerable 
promise for biological and biomedical studies and surface supported dynamic 
combinatorial chemistry40.  
 

2.4. Experimental section 
Experimental methods are described in detail in the supporting information. 
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2.6. Supplementary materials 
 

Materials and Methods 

Iron (ш) chloride hexahydrate, sodium oleate, oleic acid, 1-octadecene, succinic 
anhydride, triethylamine, N,N-dimethylethane-1,2-diamine, di-tert-
butylpyrocarbonate, N,N-diisopropylethylamine (DiPEA), pent-4-ynoic acid, 
CuSO4, sodium ascorbate, 1-hydroxybenzotriazole (HOBt), 3Å molecular sieves, 
4-dimethylaminopyridine (DMAP) and imidazole were purchased from Sigma-
Aldrich. 2-(2-(2-Methoxyethoxy)ethoxy)acetic acid (MEAA), sodium nitrite, 
sulfuric acid, 3,4-dihydroxyhydrocinnamic acid, N-(3-dimethylaminopropyl)-N-
ethylcarbodiimide hydrochloride (EDCI), 2,2-(ethylenedioxy)bis(ethylamine), tert-
butyldimethylsilyl chloride (TBSCl), 2-chloro-1,2,3-dioxaphospholane-2-oxide, 4-
(N-hydrazinocarbonylmethyl-N-methylamino)-7-nitro-1,2,3-benzoxadiazole 
(NBD-CO-Hz), dopamine, 4-(2-hydroxyethoxy)benzaldehyde and tert-
butyldimethylsilyl chloride (TBSCl)  were purchased from TCI. NMR solvents and 
buffer salts were purchased from Sigma-Aldrich. All chemicals, including solvents, 
were used without further purification. Centrifugal filters (Amicon Ultra Ultracel 
with 30 kDa cutoff) were purchased from Merck-Millipore. Dialysis tube 
(Regenerated Cellulose membrane with 10-12 kD cutoff) was purchased from 
Spectrum labs. 1H- and 13C-NMR spectra were recorded on a Varian AMX400 
spectrometer (400 and 100.59 MHz, respectively). DLS and zeta potential were 
measured on a Brookhaven ZetaPALS zeta potential analyzer. High Resolution 
Mass spectra were measured on a Thermo Scientific LTQ Orbitrap XL 
spectrometer. Infrared (IR) measurements were conducted on a Perkin Elmer 
spectrometer. TGA data were recorded on a TGA Q50 instrument, manufactured 
by Universal V4.5A TA instruments.  UV-Vis spectra were recorded on a Jasco V-
650 spectrometer. Fluorescence spectra were recorded on a SpectraMax M3 
spectrometer, produced by Molecular Devices. All purifications were done using a 
Reveleris® & GraceResolv™ Flash system; the cartridges (Silica, 40 µm) were 
used for normal phase and C-18 (40 µm) for reverse phase. 
 

 

Synthesis of 1 

A volume of 300 mL doubly distilled water was cooled to 0 °C before addition 
of sodium nitrite (13.6 g, 200 mmol) and dopamine hydrochloride salt (18.9 g, 100 
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mmol). Sulfuric acid (50 mL, 20%) was added dropwise into the mixture while 
keeping the temperature at 0-5 °C under magnetic stirring. The orange precipitate 
was collected by vacuum filtration and washed three times with methanol and dried 
in vacuum. The product was obtained as a brown powder (15.12 g, 51%). Spectral 
data matched with the literature1. 1H-NMR (400 MHz, DMSO) δ 7.42 (s, 1H), 6.51 
(s, 1H), 3.05 – 2.96 (m, 4H). 13C-NMR (101 MHz, DMSO) δ 160.09, 148.43, 
139.08, 130.60, 121.42, 114.03, 42.28, 34.76. HRMS (ESI): [M+H]+: calculated 
199.0719, observed 199.0713. 
 

Synthesis of 2 

To a solution of nitrodopamine (5.92 g, 20.0 mmol) and triethylamine (2.8 mL, 
20 mmol) in DMF (50 mL) was added succinic anhydride (2.0 g, 20 mmol). The 
mixture was stirred at room temperature for 3 hours, then 500 mL of distilled water 
was added. The pH of the mixture was adjusted to 1 by dropwise addition of 1% 
HCl under stirring. The solution was cooled to 4 °C for 2 hours and the product 
was collected by vacuum filtration and washed three times with cold distilled water. 
The brown powder was dried by freeze drying to yield 2 (4.85 g, 82%). 1H-NMR 
(400 MHz, DMSO) δ 7.30 (s, 1H), 6.55 (s, 1H), 3.09 (t, J = 7.0 Hz, 2H), 2.71 (t, J = 
7.0 Hz, 2H), 2.25 (t, J = 7.0 Hz, 2H), 2.12 (t, J = 7.0 Hz, 2H). 13C-NMR (101 MHz, 
DMSO) δ 176.94, 173.60, 154.33, 147.04, 142.33, 131.04, 121.10, 115.14, 42.26, 
35.82, 33.14, 32.27. HRMS (ESI): [M+H]+: calculated 299.0879, observed 
299.0875. [M+Na]+: calculated 321.0699, observed 321.0695. 

 

Synthesis of 3 

To a solution of N,N-dimethylethane-1,2-diamine (2.4 g, 27 mmol) in dioxane 
(30 mL) was added (Boc)2O (8.92 g, 40.0 mmol). The solution was stirred at 0 °C 
for 2 hours. The reaction was allowed to reach room temperature and stirred for 
another 16 hours. The solvent was removed under vacuum and 50 mL water was 
added. The product was extracted with EtOAc 3 times. The combined organic 
layers were dried over magnesium sulfate. The crude product was obtained as a 
viscous oil after removal of the solvent under vacuum and purified by flash 
chromatography (normal phase, silica column, DCM/MeOH as eluents). The yield 
was 87% (4.4 g) after purification. 1H-NMR (400 MHz, CDCl3) δ 5.43 (s, 1H), 
3.41 – 3.29 (m, 2H), 2.75 – 2.64 (m, 2H), 2.47 (s, 6H), 1.43 (s, 9H). 13C-NMR 
(101 MHz, CDCl3) δ 156.09, 58.15, 45.14, 38.00, 28.40, 28.12. HRMS (ESI): 
[M+H]+: calculated 189.1603, observed 189.1596. 



Chapter 2 

46 

 

Synthesis of 4 

To a solution of tert-butyl (2-(dimethylamino)ethyl)carbamate (1.98 g, 10.5 
mmol) in DMF (15 mL) was added 1,3-propanesultone (1.42 g, 11.6 mmol) under 
a nitrogen atmosphere. The mixture was stirred for 2 days at room temperature 
under a nitrogen atmosphere. Ether (100 mL) was added under stirring and the 
product precipitated as a white powder. The solvent containing excess starting 
material was decanted, followed by further drying of the precipitate under vacuum 
to yield a white powder (3.0 g, 89%). The product was used in next step without 
further purification. 
 

Synthesis of 5 

3-((2-((tert-butoxycarbonyl)amino)ethyl)dimethylammonio)propane-1-sulfonate 
(3.0 g, 9.3 mmol) was dissolved in 50 mL DCM and added 5 mL of 4 M HCl in 
dioxane. The mixture was stirred at 0 °C for 30 minutes and then the solvent was 
decanted. The product was obtained as a white powder after drying in vacuum. The 
yield was 2.1 g as a hydrochloride salt (85%).  1H-NMR (400 MHz, D2O) δ 3.59 – 
3.53 (m, 2H), 3.45 – 3.37 (m, 4H), 3.07 (s, 6H), 2.84 (t, J = 7.0 Hz, 2H), 2.16 – 
2.05 (m, 2H). 13C-NMR (101 MHz, D2O) δ 68.24, 64.15, 56.43, 52.16, 37.79, 
23.36. HRMS (ESI): [M+H]+: calculated 211.1116, observed 211.1112. [2M+H]+: 
calculated 421.2155, observed 421.2148. 
 

 

Synthesis of 6 

To a solution of compound 2 (1.19 g, 4.00 mmol), compound 5 (1.13 g, 4.00 
mmol), HOBt (540 mg, 4.00 mmol) and EDCI (1.52 g, 8.00 mmol) in a mixture of 
DMSO (20 mL) and H2O (10 mL) was added DiPEA (3.7 mL, 12 mmol). The 
reaction mixture was stirred at room temperature for 24 hours, and then an 
additional batch of EDCI (1.52 g, 8.00 mmol) was added and reacted for another 
24 hours. When the reaction was completed, the solvents were evaporated under a 
stream of air. The crude product was purified by reversed phase flash 
chromatography (C18 column, water and acetonitrile containing 0.1% TFA as 
eluents). The product (0.40 g, 20%) was obtained as a yellow powder after freeze 
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drying. 1H-NMR (400 MHz, DMSO) δ 7.45 (s, 1H), 6.69 (s, 1H), 3.47 – 3.36 (m, 
4H), 3.29 (t, J = 6.4 Hz, 2H), 3.21 (t, J = 7.0 Hz, 2H), 3.01 (s, 6H), 2.84 (t, J = 7.0 
Hz, 2H), 2.53 (t, J = 7.0 Hz, 2H), 2.30 – 2.22 (m, 4H), 2.01 – 1.94 (m, 2H). 13C-
NMR (101 MHz, DMSO) δ 172.72, 171.71, 151.39, 144.12, 139.94, 128.44, 
118.60, 112.51, 62.93, 61.73, 50.93, 47.92, 40.27, 33.02, 30.84, 30.69, 19.05. 
HRMS (ESI): [M+H]+: calculated 491.1812, observed 491.1806. [M+Na]+: 
calculated 513.1631, observed 513.1611. [M+K]+: calculated 529.1371, observed 
529.1347. 
 

Synthesis of 7 

To a solution of compound 1 (888 mg, 3.00 mmol), 4-pentynoic acid (294 mg, 
3.00 mmol), HOBt (405 mg, 3.00 mmol) and EDCI (863 mg, 4.50 mmol) in DMF 
(20 mL) was added DiPEA (1.6 mL, 5.0 mmol). The reaction mixture was stirred at 
room temperature overnight. When the reaction was completed, the solvents were 
evaporated under a stream of air. The crude product was purified by reversed phase 
flash column (C18 column, water and acetonitrile containing 0.1% TFA as eluents). 
The product (410 mg, 42%) was obtained as yellow powder after freeze drying. 1H-
NMR (400 MHz, DMSO) δ 10.40 (s, 1H), 9.85 (s, 1H), 8.00 (t, J = 5.4 Hz, 1H), 
7.46 (s, 1H), 6.66 (s, 1H), 3.26 – 3.20 (m, 2H), 2.86 (t, J = 7.0 Hz, 2H), 2.74 (s, 
1H), 2.30 (t, J = 7.5 Hz, 2H), 2.21 (t, J = 7.2 Hz, 2H). 13C-NMR (101 MHz, DMSO) 
δ 173.26, 154.34, 147.00, 142.34, 131.02, 121.39, 115.44, 86.87, 74.23, 45.40, 
37.32, 35.86, 17.31. HRMS (ESI): [M+H]+: calculated 279.0981, observed 
279.0976. 
 

Synthesis of 8 

To a solution of compound 7 (30 mg, 0.10 mmol), β-D-maltoheptaosyl azide2 
(60 mg, 0.050 mmol) in a mixture of DMSO (100 μL) and water (100 μL) was 
added CuSO4 (0.5 mg, 2 μmol) and sodium ascorbate (0.8 mg, 4 μmol). The 
mixture was reacted at room temperature for 24 hours. The reaction was monitored 
by HPLC and the crude product was purified by preparative HPLC (column: 
Jupiter C5, 10 µm, 300 Å, 250×21.2 mm), water and acetonitrile containing 0.1% 
TFA as eluents). The product (50 mg, 56%) was obtained as a yellow powder after 
freezing drying. 1H-NMR (400 MHz, DMSO) δ 10.38 (s, 1H), 9.84 (s, 1H), 8.01 – 
7.95 (m, 2H), 7.49 (s, 1H), 6.70 (s, 1H), 5.55 (d, J = 9.1 Hz, 1H), 5.07– 4.98 (m, 
6H), 3.79 (t, J = 9.1 Hz, 2H), 3.73 – 3.43 (m, 34H), 3.41 – 3.23 (m, 16H), 3.06 (t, J 
= 9.1 Hz, 2H), 2.90 (t, J = 6.9 Hz, 2H), 2.85 – 2.79 (m, 2H), 2.45 – 2.38 (m, 2H). 
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13C-NMR (101 MHz, DMSO) δ 174.15, 154.30, 147.03, 142.65, 131.20, 126.06, 
123.99, 121.40, 115.31, 104.98, 103.92, 103.89, 103.87, 103.80, 103.78, 103.55, 
103.51, 103.43, 103.39, 103.35, 90.16, 82.50, 82.48, 82.46, 82.44, 82.33, 82.29, 
80.96, 79.67, 76.57, 76.41, 76.27, 76.20, 75.62, 75.15, 75.13, 75.08, 74.87, 74.82, 
74.80, 74.75, 74.69, 74.67, 73.02, 63.46, 63.41, 63.38, 63.36, 43.28, 43.08, 42.87, 
37.84, 35.85, 24.38. HRMS (ESI): [M+H]+: calculated 1456.4849, observed 
1456.4844. 
 

Synthesis of 9 

A volume of 30 mL doubly distilled water was cooled to 0 °C before addition of 
3,4-dihydroxyhydrocinnamic acid (1.8 g, 10 mmol). To this solution was added 
sodium nitrite (1.4 g, 20 mmol) slowly at 0 - 5 °C under magnetic stirring. An 
orange precipitate was formed after addition of sodium nitrite. The product was 
collected by vacuum filtration and washed three times with methanol and dried in 
vacuum. The product was obtained as a yellow powder (1.20 g, 52%). Note that 
this substrate could be nitrated even without sulfuric acid most likely due to the 
strong acidity of the substrate. 1H-NMR (400 MHz, DMSO) δ 7.17 (s, 1H), 6.17 (s, 
1H), 2.79 (t, J = 7.7 Hz, 2H), 2.19 (t, J = 7.7 Hz, 2H). 13C-NMR (101 MHz, DMSO) 
δ 178.17, 167.65, 148.86, 137.61, 133.91, 120.30, 111.49, 38.67, 33.69. HRMS 
(ESI): [M+Na]+: calculated 250.0328, observed 250.0323. 
 

Synthesis of 10 

To a solution of 2,2-(ethylenedioxy)bis(ethylamine) (4.1 g, 23 mmol) and 
DiPEA (1.6 mL, 9.0 mmol) in DCM (50 mL) was injected a solution of di-tert-
butyl dicarbonate (2.1 g, 9.2 mmol) in DCM (20 mL) by syringe pump (10 
mL/hour) at room temperature under a nitrogen atmosphere. After injection, the 
reaction mixture was stirred for one more hour and the mixture was concentrated 
and purified by flash chromatography (normal phase, silica column, DCM and 
MeOH containing 10% TEA as eluents). The collected fractions were dried under 
vacuum to yield compound 8 (2.5g, 42%). 1H-NMR (400 MHz, CDCl3) δ 3.55 (t, J 
= 5.1 Hz, 4H), 3.36 – 3.25 (m, 2H), 2.98 – 2.82 (m, 2H), 1.99 – 1.95 (m, 4H), 1.44 
(s, 9H). Spectral data matched with the literature3. 

 

Synthesis of 11 
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To a solution of compound 2 (350 mg, 1.20 mmol), compound 10 (344 mg, 1.00 
mmol), HOBt (162 mg, 1.20 mmol) and EDCI (228 mg, 1.20 mmol) in DMF (15 
mL) was added DiPEA (0.46 mL, 2.5 mmol). The reaction mixture was stirred at 
room temperature overnight. When the reaction was completed, the solvents were 
evaporated using a stream of air. The crude product was purified by reversed phase 
flash chromatography (C18 column, water and acetonitrile containing 0.1% TFA as 
eluents). The product (250 mg, 47%) was obtained as yellow powder after freeze 
drying. 1H-NMR (400 MHz, DMSO) δ 7.91 (t, J = 5.6 Hz, 1H), 7.85 (t, J = 5.3 Hz, 
1H), 7.46 (s, 1H), 6.74 (t, J = 4.9 Hz, 1H), 6.67 (s, 1H), 3.58 – 3.47 (m, 4H), 3.38 – 
3.33 (m, 4H), 3.24 – 3.14 (m, 4H), 3.06 – 3.01 (m, 2H), 2.85 (t, J = 7.1 Hz, 2H), 
2.29 – 2.20 (m, 4H), 1.35 (s, 9H). 13C NMR (101 MHz, DMSO) δ 180.92, 174.04, 
161.13, 154.42, 147.07, 142.54, 131.11, 121.34, 115.26, 88.76, 72.67, 72.29, 69.69, 
69.45, 40.46, 39.82, 39.33, 39.00, 36.69, 35.78, 31.06. HRMS (ESI): [M-100 (Boc) 
+H]+: calculated 429.1985, observed 429.1979. 

To a solution of the above product (240 mg, 0.530 mmol) in 10 mL DCM was 
added 3 mL of TFA. The mixture was reacted at 0 °C for 30 minutes, and then the 
volatiles were removed under vacuum. The crude product was purified by reversed 
phase flash chromatography (C18 column, water and acetonitrile containing 0.1% 
TFA as eluents). The product (110 mg, 54%) was obtained as yellow powder after 
freeze drying. 1H-NMR (400 MHz, DMSO) δ 7.91 (m, 4H), 7.47 (s, 1H), 6.68 (s, 
1H), 3.57 (t, J = 5.2 Hz, 2H), 3.52 (d, J = 4.3 Hz, 4H), 3.37 (t, J = 5.9 Hz, 2H), 3.26 
– 3.14 (m, 4H), 2.95 – 2.94 (m, 2H), 2.85 (t, J = 7.0 Hz, 2H), 2.26 (t, J = 4.3 Hz, 
4H). 13C-NMR (101 MHz, DMSO) δ 174.73, 174.41, 161.63, 154.29, 147.15, 
142.57, 131.12, 121.22, 115.29, 72.71, 72.49, 72.13, 69.72, 41.72, 41.62, 35.77, 
33.83, 33.78. HRMS (ESI): [M+H]+: calculated 429.1985, observed 429.1982. 
 

Synthesis of 12 

To a solution of 4-(2-hydroxyethoxy)benzaldehyde (4.98 g, 30.0 mmol) in 
anhydrous THF (30 mL) was added TEA (4.75 mL, 33.0 mmol) at -20 °C under a 
nitrogen atmosphere. 2-Chloro-1,3,2-dioxaphospholane 2-oxide (4.26 g, 30.0 mmol) 
dissolved in anhydrous THF (20 mL) was added to the mixture dropwise over 1 
hour at -20 °C under a nitrogen atmosphere. The reaction mixture was allowed to 
warm to room temperature and stirred for 2 hours. The white suspension of TEA 
hydrochloride salt was filtered through a short pad of celite. The filtrate was 
concentrated under vacuum and purified by flash chromatography (normal phase, 
silica column, hexane and EtOAc as eluents). The collected fraction was dried 
under vacuum to give product (4.84 g, 56%). 1H-NMR (400 MHz, CDCl3) δ 9.94 
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(s, 1H), 7.89 (d, J = 8.7 Hz, 2H), 7.07 (d, J = 8.7 Hz, 2H), 4.60 – 4.54 (m, 2H), 4.52 
– 4.46 (m, 2H), 4.45 – 4.37 (m, 2H), 4.35 – 4.30 (m, 2H). 13C-NMR (101 MHz, 
CDCl3) δ 193.18, 166.29, 134.71, 132.69, 117.46, 71.89, 69.64, 68.56, 63.61. 31P 
NMR (162 MHz, CDCl3) δ 17.86. HRMS (ESI): [M+H]+: calculated 273.0528, 
observed 273.0523. 
 

Synthesis of 13 

To a solution of compound 12 (4.84 g, 17.0 mmol) in anhydrous acetonitrile (30 
mL) was added tert-butyl (2-(dimethylamino)ethyl)carbamate (3.45 g, 18.6 mmol) 
under a nitrogen atmosphere. The mixture was dried over 3 Å molecular sieves for 
3 hours and transferred to a dry flask under a nitrogen atmosphere. The reaction 
mixture was stirred at 70 °C under a nitrogen atmosphere. After 5 days, the mixture 
was cooled to room temperature and added to anhydrous ether (300 mL), resulting 
in a white suspension. The supernatant was carefully decanted and the remainder of 
the solution was centrifuged to isolate the solid. The white solid was dried in 
vacuum.  

 The crude product was dissolved in 20 mL of DCM and TFA (6.0 mL) was 
added. The reaction mixture was stirred at room temperature for 30 minutes, and 
then the volatiles were removed under vacuum. The crude product was purified by 
reversed phase flash chromatography (C18 column, water and acetonitrile 
containing 0.1% TFA as eluents). The product (1.1 g, 22% over two steps) was 
obtained as a viscous pale yellow oil after freeze drying. 1H-NMR (400 MHz, D2O) 
δ 9.62 (s, 1H), 7.79 (d, J = 8.6 Hz, 2H), 7.02 (d, J = 8.6 Hz, 2H), 4.27 – 4.22 (m, 
2H), 4.17 – 4.10 (m, 4H), 3.64 – 3.58 (m, 2H), 3.56 – 3.52 (m, 2H), 3.45 – 3.38 (m, 
2H), 3.07 (s, 6H). 13C-NMR (101 MHz, D2O) δ 194.81, 163.59, 132.68, 129.56, 
115.00, 67.65, 64.40, 64.17, 59.83, 59.13, 52.11, 32.60. 31P NMR (162 MHz, D2O) 
δ -0.67. HRMS (ESI): [M+H]+: calculated 361.1523, observed 361.1521. [2M+H]+: 
calculated 721.2973, observed 721.2970. 
 

Synthesis of 14 

To a solution of compound 2 (408 mg, 1.37 mmol), compound 13 (450 mg, 1.25 
mmol), HOBt (185 mg, 1.37 mmol) and EDCI (352 mg, 1.87 mmol) in a mixture 
of DMSO (5 mL) and H2O (5 mL) was added DiPEA (921 µL, 5.00 mmol). The 
reaction mixture was stirred at room temperature for 24 hours, then three additional 
batches of EDCI (1.0 g, 6.7 mmol) were added with 24 hours intervals and the 
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reaction mixture was reacted for another 24 hours. When the reaction was 
completed, the solvents were evaporated using a stream of air. The crude product 
was purified by reversed phase flash chromatography (C18 column, water and 
acetonitrile containing 0.1% TFA as eluents). The product (120 mg, 15%) was 
obtained as yellow powder after freeze drying. 1H-NMR (400 MHz, DMSO) δ 
9.84 (s, 1H), 8.22 (t, J = 5.4 Hz, 1H), 8.00 (t, J = 4.5 Hz, 1H), 7.85 (d, J = 8.7 Hz, 
2H), 7.45 (s, 1H), 7.13 (d, J = 8.6 Hz, 2H), 6.71 (s, 1H), 4.32 – 4.24 (m, 4H), 4.18 
(t, J = 8.8 Hz, 2H), 3.68 – 3.61 (m, 2H), 3.49 – 3.44 (m, 2H), 3.41 – 3.38 (m, 2H), 
3.23 – 3.18 (m, 2H), 3.10 (s, 6H), 2.83 (t, J = 6.9 Hz, 2H), 2.32 – 2.25 (m, 4H). 
13C-NMR (101 MHz, DMSO) δ 191.61, 172.58, 171.59, 163.60, 151.89, 144.43, 
139.64, 132.19, 130.14, 128.37, 118.58, 115.32, 112.48, 68.12, 68.05, 64.53, 64.47, 
63.20, 59.67, 51.58, 33.30, 33.23, 30.97, 30.71. 31P NMR (162 MHz, DMSO) δ -
1.95. HRMS (ESI): [M+H]+: calculated 641.2218, observed 641.2218. 

 
Scheme S2.1 Recovery of ligand 14 from EDC adduct 15. 

 

Synthesis of Iron Oleate 

Iron (ш) chloride hexahydrate (1.50 g, 5.47 mmol) and sodium oleate (5.00 g, 
16.7 mmol) were dissolved in a mixture of distilled water (30 mL), hexane (70 mL) 
and ethanol (40 mL). The mixture was refluxed at 70 °C with vigorous stirring 
under N2 for 4 hours. After the mixture was cooled to room temperature, the dark 
red organic phase was collected, washed three times with distilled water and dried 
over magnesium sulfate. The solvent was evaporated under vacuum at 40-50 °C to 
yield a viscous, dark red liquid. The product was further dried using an oil pump 
overnight. The drying process was crucial in order to obtain well-defined 
nanoparticles in the next step. The product was stored at -20 °C4-5. 
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Synthesis of Oleic Acid@SPIONs 

The oleic acid functionalized SPIONs were synthesized by thermal 
decomposition of iron oleate 4-6. In brief, iron oleate (2.76 g, 3.00 mmol) and oleic 
acid (1.38 mL, 4.33 mmol) were dissolved in 1-octadecene (25 mL) under a 
nitrogen atmosphere. The mixture was heated by a heating mantle with a constant 
heating rate of 3 °C per minute to 310 °C with vigorous stirring under a nitrogen 
atmosphere. The reaction mixture was kept at 310-320 °C and refluxed for 30 
minutes under a nitrogen atmosphere. After cooling down to room temperature, the 
nanoparticles were precipitated by a mixture of hexane, isopropanol and acetone 
(1:2:2 with respect to the reaction solution volume). The supernatant was discarded 
and the precipitate was washed twice with a mixture of hexane and acetone (1:2 
with respect to the reaction solution volume). Then the nanoparticles were 
collected by centrifugation, dried under vacuum and finally dissolved in hexane. 
The synthesized oleic acid@SPIONs with a concentration of 5 mg/mL were stored 
at room temperature.  
 

Synthesis of MEAA@SPIONs 

To the above solution of SPIONs (5 mg/mL) in hexane (20 mL) was added 
ethanol to the point of turbidity. The mixture was then centrifuged and decanted to 
yield about 100 mg of dry oleic acid@SPIONs. The pellet was dissolved in CHCl3 
(50 mL) and 5.0 mL of neat MEAA ligand was added. The reaction mixture was 
sonicated at 50 °C for 5 hours in a sealed flask under a nitrogen atmosphere and 
subsequently precipitated by adding 400 mL hexane. Centrifugation at 2000 RPM 
for 4 minutes and decantation of the supernatant yielded MEAA@SPIONs which 
were soluble in polar solvents (DMF and water). The MEAA ligand was 
subsequently replaced by other nitrocatechol ligands upon re-dispersal in a mixture 
of DMF (60 mL) and water (30 mL)7. 
 

Synthesis of nitrocatechol ligands functionalized SPIONs 

To a 10 mL solution of MEAA@SPIONs (1 mg/mL) in DMF and water, was 
added 20 mg of ligand 6 and the pH was adjusted to 9 by dropwise addition of a 
100 mM NaOH solution. The reaction mixture was sonicated at 70 °C for 7 hours 
in a sealed flask under a nitrogen atmosphere. After cooling to room temperature, 
the mixture was concentrated to 3 mL using a stream of air and 20 mL of doubly 
distilled water was added. Then the solution was transferred to a dialysis tubing 
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(regenerated cellulose, 10 kD to 12 kD) and dialyzed against 20 mM of MOPS 
buffer (pH=7) 7 times and milliQ water 3 times. The water-dispersed SPIONs were 
concentrated to 10 mL using a stream of nitrogen and transferred to a 20 mL glass 
vial for long-term storage. The same procedure was used for exchange with other 
ligands but with different times of dialysis depending on the stability of the 
resulting SPIONs during dialysis. An aliquot of 2 mL of each of the stored SPIONs 
with nitrocatechol ligands was lyophilized to obtain the NPs as powder, which was 
used for characterization, including TGA, FTIR and determination of concentration. 
 

 
Figure S2.1 IR spectrum of (A) oleic acid@SPIONs ( black), (B) MEAA@SPIONs (red), 
(C) zwitterionic SPIONs (green), (D) neutral SPIONs (blue), (E) anionic SPIONs (cyan) 
and (F) cationic SPIONs (purple). 
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Fourier-transform infrared spectroscopy (FTIR) 

The lyophilized NPs powder was placed onto the sample loader and the 
spectrum was recorded from the wavelength of 800 cm-1 to 4000 cm-1. The stacked 
spectra are shown in Figure S2.1.  
 

Transmission electron microscopy (TEM) 

 A solution of SPIONs was dropped onto a copper TEM grid and loaded into the 
microscope. The image was recorded and the average diameter was measured using 
Image J (Figure S2.1).  
 

 
Figure S2.2 TEM image of oleic acid functionalized hydrophobic SPIONs. The insert 
shows the histogram of the particle diameter as measured by TEM.  

 

Thermal gravimetric analysis (TGA)  

The freeze dried SPION powder was placed in a platinum TGA pan, and loaded 
into the instrument. The temperature was then ramped at 10 °C per minute up to 
600 °C under N2. The starting mass was taken to be the mass at 20 °C, and the final 
mass was that after the mass loss event. The coating density in molecules/nm2 was 
then calculated by Equation S1: 
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               Equation S1 

where 𝑚𝑙𝑙𝑙𝑙𝑙𝑙  is the mass fraction of the ligand by TGA, 𝑁𝐴  is Avogadro’s 
number, 𝜌𝐹𝐹3𝑂4 is the density of Fe3O4 (5.17 g/cm3), 𝑚𝑁𝑁 is the nanoparticle mass 
fraction, 𝑀𝑀𝑙𝑙𝑙𝑙𝑙𝑙 is the molecular weight of ligand, 𝐷𝑁𝑁 is the average diameter 
of nanoparticles, and 6 ∗ 1021  contains geometric constant " 6 "  (volume and 
surface area ratio: DNP/6 ) and an appropriate scaling factor " 1021" (1 cm3 = 1021 
nm3). MOPS (3-(N-morpholino)propanesulfonic acid) is the counterion of the 
anionic and cationic SPIONs and included in the MW of the ligand. The results are 
shown in Figure S2.3. 
 

 
Figure S2.3 TGA analysis of (A) zwitterionic SPIONs, (B) neutral SPIONs, (C) anionic 
SPIONs and (D) cationic SPIONs. The green line corresponds to the weight decrease 
during temperature ramping, the blue line is the derivative of the weight change. The black 
line shows the weight loss due to dissociation of the ligands. 
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Dynamic light scattering (DLS) 

A concentrated solution of SPIONs (2 mg/mL) was filtered through a 0.2 µm 
membrane (Waterman, regenerated cellulose) and diluted to a concentration of 0.1 
mg/mL by various buffer solutions with different pH and ionic strength which were 
also filtered through a 0.2 µm membrane prior to use. The cationic SPION solution 
was not filtered since it was already precipitated after preparation. Before each 
measurement, the diluted sample was sonicated for 3 minutes to remove air 
bubbles and break up agglomerates. The solution was then placed into the chamber 
of the instrument and the hydrodynamic size was measured at 25 °C and monitored 
for a period of 70 days. The zeta potential at neutral pH was also recorded using 
the same instrument. 

 
Figure S2.4 The mean hydrodynamic diameters of four SPIONs at pH 7.0 determined by 
dynamic light scattering. 

 

Orthogonal conjugation of NBD-CO-Hz on the surface of zwitterionic 
aldehyde SPIONs 

An aliquot of 0.5 mL of each zwitterionic aldehyde SPIONs (1 mg/mL) was 
mixed with 0.5 mL of an aqueous NBD-hydrazide solution (100 μM) and 10 μL of 
an aqueous aniline solution (0.1 M). The mixtures were shaken at a speed of 1200 
RPM at 20 °C for 48 hours and then purified by centrifugal filtration (4000 RPM, 8 
minutes) with centrifugal filters (cutoff 30 kD, Millipore) 3 times. The resulting 
SPION solutions were diluted to 1 mL by miliQ water for further UV and 
fluorescence measurements.  
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Figure S2.5 The mean hydrodynamic size of SPIONs grafted with different ratios of 
zwitterionic ligand 6 and zwitterionic aldehyde 14. Black: 100% 6; red: 25% 14; blue: 50% 
14; purple: 75% 14; cyan: 100% 14. 

 

 
Figure S2.6 TEM image of SPIONs functionalized with a 1:1 ratio of zwitterionic ligand 6 
and zwitterionic aldehyde 14. The insert shows the histogram of the particle diameter as 
measured by TEM. 

 

Ultraviolet-visible spectroscopy (UV) 

Each of the aldehyde functionalized zwitterionic SPIONs was diluted to 0.02 
mg/mL and transferred to a quartz cuvette. The spectrum was taken at the 
wavelength range of 800 nm to 190 nm.  
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Fluorescence spectroscopy 

After reaction with NBD-CO-Hz and purification by ultrafiltration, the sample 
was diluted to 0.5 mg/mL and transferred to a black 96-well plate. The emission 
spectrum shown in Figure S2.7 was recorded in the wavelength range of 500 nm to 
650 nm using an excitation wavelength of 470 nm.  

 
Figure S2.7 Fluorescence spectrum of zwitterionic SPIONs with different aldehyde surface 
coverage after reacting with NBD-CO-Hz.  
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Chapter 3                                                  
Dynamic Combinatorial Chemistry on the 

Surface of PAMAM Dendrimers 

Abstract 

Control over the molecular arrangement on the surface of dendrimers is a 
desirable and challenging task in nanotechnology. Here, as a proof of principle, we 
apply dynamic combinatorial chemistry on the commercially available dendrimers 
polyamidoamine (PAMAM) to selectively functionalize their surfaces templated by 
DNA. By grafting a zwitterionic aldehyde to the surface of PAMAM generation 
4.5, hydrazone exchange is demonstrated with the addition of two hydrazides. Next, 
the thermodynamic equilibrium of dynamic combinatorial libraries is investigated 
through four pathways of hydrazone exchange. Subsequently, three DNA 
sequences are introduced as templates to shift the equilibrium of the hydrazone 
based dynamic combinatorial chemistry. A positively charged hydrazone is 
specifically amplified on the surface of PAMAM as a consequence of its ability to 
bind to the negatively charged DNA. Furthermore, a probing aldehyde (pyridoxal 
phosphate) is introduced to the DNA-templated libraries, resulting in constitutional 
dynamic networks which show template driven up-regulation and agonistic 
fluorescence turn-on. The application of dynamic combinatorial chemistry on the 
surface of dendrimers provides a chance for synthesizing and screening a series of 
antibody-like materials capable of multivalent recognition which is prevalent in 
biological system, as well as engineering the dynamic libraries with specific 
functions, such as fluorescence read-out. 

 

 

 

 

 

 

This chapter is based on Xiaoming Miao, Sijbren Otto, Dynamic Combinatorial 
Chemistry on the Surface of PAMAM Dendrimers, to be submitted.  
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3.1. Introduction 
Dendrimers are branched molecules with symmetrical spherical shape and high 

monodispersity1-3, which have been widely applied in biomedical research, e.g. 
drug delivery4-5, gene transmission6-7, imaging8, and sensors9, due to their 
biocompatibility and their high density of surface functionalization. Generally, the 
properties and functions are determined by the molecules present on their 
surfaces10. For decorating the surfaces11, conjugation chemistry such as "click 
chemistry" is commonly used without sophisticated control at atom level, which 
limits their application by the difficulty of performing them in a uniform manner12. 
Currently, chemists are resolving this issue by screening several ratios of surface 
functionalization simultaneously13-14, which is inefficient and demanding in terms 
of time and material. In contrast, the arrangement of the surface functionalization 
in specific patterns and ratios, comparable to how a cell engineering controls its 
surface, is more challenging. 

Recent research has focused on the use of templates to create specific surfaces 
by applying dynamic combinatorial chemistry (DCC)15. For example, we have 
developed a method for selectively decorating the surface of gold nanoparticles 
based on this principle16-17. DCC has not only been performed on small molecules, 
such as building receptors for ions or organic molecules18-24, ligands for 
biomacromolecules25-27, catalysts28-29, complicated molecules with topological 
structures (foldamers)30-31 and even discovery of self-replicators32-33, but also on 
large scaffolds, e.g. linear polymers34-37, liposomes38, nanoparticles16-17, 39-40, and 
flat surfaces41. Such an approach not only has the merits of integrating the 
synthesis and screening in one system, but also links to the field of systems 
chemistry, which is investigating the behavior of complex networks of molecules42-

43. The essential factor of DCC is that molecules, called building blocks, are linked 
by reversible chemistry, including disulfide exchange, imine exchange, hydrazone 
exchange, ester exchange, etc.15 These building blocks generate substantial 
libraries of molecules most often under thermodynamic control and re-equilibrate 
their composition under certain conditions. However, this method has never been 
applied to dendrimers.  

In order to evaluate whether DCC can be applied to dendrimers, we used the 
commercially available dendrimer polyamidoamine (PAMAM). The surface 
functionality of PAMAM grows generation to generation exponentially by 
divergent synthesis, which renders uniform size and high monodispersity to 
PAMAM44. Therefore, PAMAM is commonly used as the scaffold for 
investigating multivalent recognition in biological research. In this study, we 
conducted dynamic acylhydrazone exchange on the surface of PAMAM using 
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three synthetic oligonucleotides as templates. We were able to selectively 
functionalize the surface of the dendrimer depending on the template. Moreover, 
based on DNA templated dynamic dendrimer libraries, constitutional dynamic 
networks (CDNs)45-50 were designed to integrate two functions, which are template 
induced up-regulation and adaptive fluorescence turn-on. 

The reason for applying hydrazone chemistry as a proof of concept of DCC on 
dendrimers is based on the following advantages. First, unlike the exchange of 
imines and borate esters, which are too labile to monitor in aqueous solution, 
hydrazone exchange has a reasonable timescale of reaction and stability for 
analysis15. Second, hydrazones are resistant to hydrolysis in aqueous solution, 
which makes the reaction feasible in the presence of biological templates, for 
example, DNA and proteins. Furthermore, hydrazone exchange is usually 
orthogonal to other types of exchange reactions, which makes the system less 
complicated51. For example, in thiol-based DCLs, the thiol groups can not only 
form disulfide bonds between themselves but also react with other electrophilic 
reagents52. Thus hydrazone chemistry makes it possible to analyze DCC on the 
surface of dendrimers, which would otherwise be too intricate for analysis.  

 

3.2. Results and discussion 
To enable hydrazone exchange on the surface of PAMAM, a zwitterionic 

aldehyde (5) was synthesized in four steps and grafted on the commercial PAMAM 
generation 4.5 by amide coupling (Figure 3.1). Here, a choline phosphate moiety 
was applied as the zwitterionic linker to conjugate PAMAM and aldehyde. This 
choice was based on several considerations. First of all, it is synthetically 
convenient to incorporate two functional groups (primary amine and benzaldehyde 
in our case) into choline phosphate molecules, which greatly increases the water 
solubility of benzaldehyde-terminated PAMAM over a broad pH range. PAMAM 
dendrimers are toxic due to their positive charges, which interact with the 
negatively charged cell membrane to create a hole in the cell surface, leading to the 
collapse of the cell53. Phosphorylcholine is a biological molecule and shows anti-
adhesion properties54. Conjugating the choline phosphate moiety on the surface of 
PAMAM should make the resulting dendrimers more stable and biocompatible. 
The aldehyde-functionalized PAMAM (PAMAM64) was purified by dialysis (10 
times) with Milli-Q water and characterized by NMR (Figure S3.1, S3.2, and S3.3), 
MALDI-TOF (Figure S3.9) and HPLC (Figure S3.10). The protons at 9.5, 7.5, and 
6.7 ppm in the 1H NMR spectrum are attributed to benzaldehyde, which indicates 
that the zwitterionic aldehyde is grafted on the PAMAM surface. From the 



Chapter 3 

62 

statistics of the MALDI-TOF spectrum (Table S3.1), the average number of 
benzaldehyde groups on the surface of each PAMAM is 60, which is comparable to 
the number (64) obtained from the integrated NMR spectrum. PAMAM generation 
4.5 has 128 surface carboxylic acids; therefore, the average conversion is about 
50%. The reason for only 50% of the carboxylic acid groups being grafted onto the 
zwitterionic aldehyde might be that the choline phosphate moiety interact with the 
carboxylic acids through coulombic interactions54, which prevents higher 
conversion sterically. The polydispersity of PAMAM64 is 1.29 calculated from the 
MALDI-TOF data (using Polymerix) after conjugation with the zwitterionic 
aldehyde. 

 
Figure 3.1 The synthesis of PAMAM64. (a) Boc2O, rt, DCM; (b) TEA, -20℃ to rt, THF; 
(c) MeCN, 70℃, 4 days; (d) 4 M HCl in dioxane; (e) EDCI, HOAt, NMM, water, MeOH, 
rt, 4 days. 

The location and density of the surface aldehyde were determined by 2D NMR, 
including 1H-1H NOESY, 1H-1H TOCSY and DOSY. There are few correlations 
between the protons of benzaldehyde and the protons of the PAMAM backbone in 
the NOESY (Figure S3.4) and TOCSY (Figure S3.5) spectra, which indicates that 
most of benzaldehydes are present on the surface of PAMAM dendrimers instead 
of folding back into the inner space. The location of the aldehyde groups therefore 
enables their reaction with chemical from the environment without much steric 
hindrance. The hydrodynamic radius was calculated from the Stokes-Einstein 
equation, in which the diffusion coefficient was obtained from the DOSY 
experiment (Figure S3.6-S3.8) and corrected by using water as an internal standard. 
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The hydrodynamic radius was calculated to be 2.8 nm, which leads to an average 
density of 0.67/nm2 of the aldehyde groups (Table S3.1). 
 

 
Figure 3.2 A) Two alternative routes of hydrazone exchange on PAMAM64 with two 
hydrazides H1 and H4. Hydrazone formation and exchange was catalyzed by 0.2% acetic 
acid. 1H NMR spectra of the purified dendrimers: B) H1-PAMAM64 conjugate obtained 
by exchange H1 with H4-PAMAM64, C) H4-PAMAM64 conjugate, D) PAMAM64, E) 
H1-PAMAM64 and F) H1-H4-PAMAM64 obtained after exchange of H1-PAMAM64 
with H4. The Black symbol represents the aldehyde ligand on the surface of the dendrimer; 
red: hydrazide H1; green: H4. 

To prove whether the hydrazone exchange works on the surface of aldehyde 
functionalized PAMAM, hydrazides H1 and H4 were applied as building blocks to 
react with PAMAM64, catalyzed by acetic acid. As depicted in Figure 3.2A, we 
tested two different reaction pathways. In the first PAMAM64 (Figure 3.2A) was 
reacted with 5.7 eq. (relative to aldehyde) H4 for 2 days and then treated with 28.5 
eq. (relative to aldehyde) H1 to exchange with H4 for another 20 days. In the 
second route, PAMAM64 was grafted with H1 (5.7 eq.) and then exchanged with 
H4 (28.5 eq.). The product of each step was characterized by NMR after being 
purified by ultra-filtration. As shown in Figure 3.2C, 60% of the aldehyde was 
transformed into the H4-PAMAM64 hydrazone adduct, indicated by integration of 
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the peak of the aldehyde proton at 9.5 ppm and the peak of the hydrazone proton 
around 8 ppm. After the exchange with H1, the H4-PAMAM64 hydrazone was 
transformed to H1-PAMAM64 hydrazone completely as evident from the 
disappearance of the aldehyde proton and a change in the chemical shift of the 
aromatic protons (Figure 3.2B). When the H1 (5.7 eq.) was firstly reacted with 
PAMAM64 in the other pathway, the 1H NMR spectrum shows that H1-
PAMAM64 was obtained (Figure 3.2E). Incomplete exchange (71%) was achieved 
after using H4 (28.5 eq.) to exchange with H1-PAMAM64 hydrazone, as indicated 
in Figure 3.2F. The explanation for incomplete hydrazone formation and exchange 
for H4 may be that the aliphatic hydrazone is less stable or slower to form than the 
hydrazone featuring the aromatic hydrazide. 
 

 
Figure 3.3 A) Hydrazide-conjugated PAMAM64s were obtained from four different 
starting points. B) Analytical assay applied to the four libraries. The filtrate of each step 
was analyzed by UPLC. C) The amount of free hydrazides of each library contained in the 
solution phase, prior to treatment with hydroxylamine. D) The amount of hydrazides of 
each library displaced by hydroxylamine. Black: hydrazide H3; red: H1 and blue: H2. 
Numerical data are shown in Table S3.4. 

Next, we examined the conditions to reach thermodynamic equilibrium. To 
obtain a faster exchange, aniline was applied to catalyze the hydrazone formation 
and exchange of PAMAM64 (10 μM) with three hydrazides H1 (0.5 mM), H2 (0.5 
mM), and H3 (0.5 mM). As shown in Figure 3.3A, four DCLs with different 
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starting points were made and analyzed to determine whether they gave the same 
distributions of hydrazones on the surface of PAMAM64. The four pathways are 
as follows: (1) addition of the three hydrazides together; (2) first adding H1 then 
H2 and H3 after 2 days; (3) H2 followed by H1 and H3; (4) H3 then H1, H2. For 
quantitative analysis of the composition of each DCL, UPLC was used (all three 
hydrazides have an aromatic ring for UV detection). Since we did not succeed to 
quantify the amount of hydrazone formed on the surface of dendrimers directly, the 
DCLs were analyzed by combining ultrafiltration and exchange with 
hydroxylamine, which displaces the hydrazide units from the surface aldehydes 
(Figure 3.3B). As shown in Figure 3.3C, the concentration of each hydrazide not 
bound to PAMAM64, as quantified by UPLC of the filtrate of each library, is 
similar. Subtracting the concentration of unbound hydrazide from the total 
concentration of hydrazide (0.5 mM) yields the amount of bound hydrazide, which 
is composed of two parts. One part is the amount of hydrazide forming hydrazones 
on the surface and the other is the hydrazide absorbed in PAMAM64 core non-
covalently. To quantify the amount of hydrazide that had formed hydrazones, after 
washing out the non-covalently bound hydrazides a large excess of hydroxylamine 
hydrochloride (20 mM) was added to each library for the purpose of substituting 
the hydrazides by oximes. The thus displaced hydrazides were isolated by 
ultrafiltration and quantified by UPLC. Figure 3.3D shows almost the same amount 
of hydrazides being released upon hydroxylamine exchange. Only the 
concentration of released H2 in the first experiment is somewhat lower than that in 
the other three libraries, which we attribute to the poor solubility of H2 in aqueous 
solution. After 3 days of exchange, although the starting points are different, 
almost the same distribution of the three hydrazides bound and unbound to the 
surface of PAMAM64 were obtained, indicates that the four DCLs all reached 
thermodynamic equilibrium. 

Next, DNA was introduced as a template into the libraries to achieve a new 
thermodynamic equilibrium, following supramolecular recognition between the 
template and the library members. The equilibrium of the DCL should shift in 
favor of those members which can form noncovalent interactions with the template. 
This characteristic makes DCC a useful tool for the discovery of new ligands or 
receptors15. As a proof of concept, two double-strand (ds) oligonucleotides (CG)8 
and (AT)8 and one single strand (ss) oligonucleotide (CCCG)4 were used as 
templates. Hydrazide H2 was not included in the libraries due to its poor solubility. 
As depicted in Figure 3.4A, 25 μM (relative to single strand) of each 
oligonucleotide was added to the libraries of H1 (0.5 mM), H3 (0.5 mM), aniline 
(10 mM) and PAMAM64 (10 μM). The bound and unbound hydrazides were 
quantified by UPLC after 3 days using the method described above. Figures 3.4B 
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and 4C show that H1 and H3 were incorporated into the dendrimers in a ratio of 
1.72 in the absence of DNA. This ratio changed to 0.67, 0.71, 0.57 in the presence 
of the DNA templates (CG)8, (AT)8, and (CCCG)4, respectively. Even though the 
hydrazone formed by H1 is more stable than that formed by H3, the latter has a 
permanent positive charge, which is likely to bind to the negatively charged 
phosphodiester on the backbone of DNA. Therefore, through multivalent 
electrostatic interactions between DNA and the H3-functionalized dendrimers, the 
system reaches a new thermodynamic equilibrium by exchanging H1 with H3 on 
the surface of the dendrimers. Since different oligonucleotides have different 
charge density, for example, the charge density of double-strand DNAs are much 
higher than that of single strand DNA55, the DNA templates used in the experiment 
should give a different ratio of H1 and H3 bound on the surface of PAMAM64. 
However, the resulting ratio is not significantly different. It seems that other 
parameters also play a role in the selection of surface hydrazides, such as the 
strength of single chain association and the secondary structure of DNA. 

 

 
Figure 3.4 A) Analytical assay applied to the DNA templated libraries. B) The amount of 
free hydrazides of each library in the solution phase prior to treatment with hydroxylamine 
and C) the amount of hydrazides displaced by hydroxylamine. The concentrations of ds 
DNA (CG)8, (AT)8 and ss DNA (CCCG)4 are 25 μM relative to ss DNA. Numerical data 
are shown in Table S3.5. 
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Figure 3.5 A) Design of a molecular network coupling DNA binding with fluorescent read-
out, shown as a weighted square graph of the constitutional dynamic network (CDN) of AC, 
AD, BC and BD, where BC is a fluorescent molecule. Upon of addition of DNA template, 
the corresponding dendrimer-DNA complex and BC are amplified, causing a fluorescence 
to be turned on. (B) The normalized ratio of BC and BD as a function of the concentration 
of DNA template (CGGG)4. The insets are the photographs of the DCLs under UV light 
irradiation (wavelength 365 nm). The concentrations of building blocks are 15 µM, 1.0 mM, 
1.0 mM and 1.0 mM for PAMAM64, PP, H3 and acethydrazide, respectively. 
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To further exploit and engineer the dendrimer based DCLs, we took advantage 
of adaption in CDNs45-50. With the agonistic and antagonistic interactions between 
the components in CDNs, the “fittest” members (best binders) and their agonists 
(members that do not share building blocks with the best binders) should be 
amplified upon the addition of templates. In contrast, the compounds that share 
building blocks with the “fittest” members (the antagonists) are down-regulated. 
As shown in Figure 3.5A, by introducing a reporter aldehyde, pyridoxal phosphate 
(PP), to the above templated DCLs, a square [2×2] CDN with four constituents 
was generated. PP was utilized as a probe of which the fluorescence increases upon 
formation of a less rotatable C=N double in the position of the aldehyde56-57 
(“fluorescence turn-on”). An orange precipitate formed rapidly (in seconds) upon 
the reaction of PP with H1, suggesting a strong potential bias for PP-H1 adduct 
formation when H1 is utilized as a building block in the CDNs, due to phase 
separation. Therefore, H1 was excluded also because it may lead to the kinetic 
trapping of material in a phase-separated state, which might impede further 
hydrazone exchange. Instead, acethydrazide (H5) was utilized to construct the 
CDNs. Hydrazone formation between PP and different hydrazides (H3 and H5) 
was evaluated independently in D2O by NMR using a stoichiometric ratio of 
hydrazide and aldehyde (Figure S3.18 to S3.20). Two isomers (BD) were formed 
from PP and H3 with a rate constant of 2.6 × 10-6 M-1 s-1 and an equilibrium 
constant of 8.8 × 105 M-1 (the structures of the isomers are shown in Figure S3.18). 
Only one isomer of the hydrazone (BC) formed from PP and H5 was observed. 
For this hydrazone a slower rate constant (1.7 × 10-6 M-1 s-1) and a smaller 
equilibrium constant (1.1 × 105 M-1) were obtained. The fluorescence intensity of 
the BC hydrazone mixture was larger than that exhibited by counterpart BD by a 
factor of about 3.5 (Figure S3.21 and the insert in Figure S3.22). Possible 
explanations for the weaker fluorescence of hydrazone BD are either the flexible 
C=N bond in BD (indicated by the presence of two isomers), decreased the π-π 
conjugation or the positively charged pyridine in H3 quenching the fluorescence. 

The above physical properties of hydrazones BD and BC fit our design well. 
Firstly, the equilibrium constant and rate constant for formation both favor the 
formation of BD. Therefore, its agonistic product AC (adapted H5-functionalized 
dendrimer) would be expected to be up-regulated. While, the antagonists BC and 
AD (H3-functionalized dendrimer) should be down-regulated, resulting in low 
fluorescence intensity (signal-off state) in the CDN in the absence of template 
(Figure 3.5A). Upon adding DNA templates, AD experiences up-regulation due to 
its affinity with DNA. As a consequence, the concentration of agonist BC should 
increase, resulting in an enhanced fluorescence signal (signal-on state). As shown 
in Figure 3.5B, indeed increased concentrations of BC were observed by UPLC 
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and higher fluorescent intensities of the CDNs were recorded (insert of Figure 3.5B 
and Figure S3.22) with increasing the amount of the DNA template (CGGG)4. 
Interestingly, the template induced a nonlinear response which might due to the 
phase separation induced by DNA-dendrimer complex formation. A drawback of 
these multi-functional CDNs is the slow kinetics of the hydrazone exchange (30 
days to reach equilibrium), which allows side reaction to happen. The major side 
reaction in current CDNs is the hydrolysis of phosphate mono-ester in PP, which 
was confirmed by LC-MS (Figure S3.23 to S3.26). 
 

3.1. Conclusions 
In conclusion, we have performed dynamic combinatorial chemistry on the 

surface of dendrimers. By grafting a zwitterionic benzaldehyde derived compound 
to the surface of PAMAM G4.5, the aldehyde terminated PAMAM dendrimers can 
be used in aqueous solution across a wide pH range and in the presence of 
additives. The zwitterionic part is composed of a choline phosphate moiety, which 
is biocompatible and often found in biology. Such functionalization might lower 
the toxicity of PAMAM. Analysis by NMR shows that the hydrazones formed on 
the surface of the PAMAM dendrimers can be exchanged. UPLC analysis of the 
product mixtures obtained after adding three hydrazides in different orders 
indicates that all of the libraries reach the same thermodynamic equilibrium 
irrespective of the kinetic pathway. Subsequently, three oligonucleotides (16 
nucleobases) were introduced as templates to re-equilibrate the DCLs. DCL 
members which can bind to DNA were amplified. CDNs derived from the dynamic 
dendrimer libraries were developed, which integrated a fluorescent molecule into 
the system which successfully reported on DNA binding. The here developed 
strategy not only provides a promising method for creating antibody-like 
macromolecules with potential for biomedical research and nanotechnology, but 
also demonstrates the possibility of monitoring binding of biomacromolecules 
optically. 

 

3.2. Experimental section 
Detailed experimental methods are described in the supporting information. 
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3.4. Supplementary materials 
 

Materials and Methods 

N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDCI), 2-
chloro-1,3,2-dioxaphospholane-2-oxide, Girard’s reagent T (H4), Girard’s reagent 
P (H3), 4-(2-hydroxyethoxy)benzaldehyde, isonicotinohydrazide (H1) and 4-
hydroxybenzohydrazide (H2) were purchased from TCI. Triethylamine, 
hydroxylamine hydrochloride salt, N,N-dimethylethane-1,2-diamine, di-tert-
butylpyrocarbonate, 1-hydroxy-7-azabenzotriazole (HOAt), N-methylmorpholine 
(NMM), N,N-diisopropylethylamine (DiPEA) and 3Å molecular sieves were 
purchased from Sigma-Aldrich. NMR solvents were purchased from Sigma-
Aldrich. PAMAM dendrimer, ethylenediamine core, generation 4.5 solution, 5 wt.% 
in methanol was also purchased from Sigma-Aldrich. All chemicals, including 
solvents, were used without further purification. Centrifugal filters (Amicon Ultra 
Ultracel, 30 kDa cut-off) were purchased from Sigma. Dialysis tubing 
(Regenerated Cellulose membrane, 10-12 kD cut-off) was from Spectrum labs. 
Fluorescence spectra were recorded on a JascoFP-6200 spectrofluorometer. 1H- 
and 13C-NMR were recorded on a Varian AMX400 spectrometer (400 and 100.59 
MHz, respectively). 2D NOESY, 2D TOCSY, 2D HSQC and DOSY spectra were 
recorded on a 600 MHz Bruker AVANCE III HD Spectrometer. Mass 
spectrometric analysis was performed using a 4800 MALDI-TOF/TOF analyzer in 
linear positive mode.  
 

Synthesis of 7 

Compound 7 was synthesized by following the procedures in chapter 2 and 
stored in -20 ℃. 
 

Synthesis of PAMAM64 

To a solution of PAMAM generation 4.5 (40 mg, 0.0015 mmol), compound 7 
(460 mg, 0.780 mmol), HOAt (25 mg, 0.78 mmol) and EDCI (222 mg, 1.16 mmol) 
in a mixture of MeOH (3 mL) and H2O (7 mL) was followed by adding NMM (374 
µL, 2.88 mmol). The reaction mixture was stirred at room temperature for 24 hours, 
then additional batches of EDCI (222 mg, 1.16 mmol each) were added in three 
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times with an interval of 24 hours and the reaction mixture was reacted for another 
72 hours. The reaction was monitored by 1H NMR using purified small samples 
which were obtained by ultrafiltration using Amicon Ultra 0.5 mL centrifugal 
filters (molecular weight cut-off (MWCO), 10 kDa). When the reaction reached the 
maximum functionalization of the carboxylic acid on the surface PAMAM G4.5 
(50% here), the reaction mixture was placed in a dialysis tube (MWCO, 10-12 kDa) 
and dialyzed against milli Q water for 10 times. After dialysis, the solution was 
concentrated to 10 mL using a stream of nitrogen and stored at 4 °C for future use. 
The product was quantified by lyophilizing 2 mL stock solution and characterized 
by NMR, MALDI-TOF, and RP-HPLC. 1H-NMR (400 MHz, D2O): δ 9.52 (1H), 
7.65 (2H), 6.90 (2H), 4.07 (6H), 3.50 – 3.26 (8H), 3.07 (5H), 2.98 (7H), 2.75 – 
2.07 (23H). 13C-NMR (101 MHz, D2O): δ 197.05, 176.80, 166.46, 135.35, 132.09, 
117.79, 70.60, 70.51, 66.94, 66.69, 66.62, 65.25, 61.78, 54.57, 51.73, 51.67, 51.36, 
45.37, 43.94, 42.27, 39.10, 35.70, 35.13, 34.90, 27.02. 31P NMR (162 MHz, D2O): 
δ –0.68. 

 

NMR analysis of PAMAM64 
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Figure S3.1 1H NMR of PAMAM64 in D2O. 
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Scheme S3.1 Representative chemical structure of PAMAM64. 
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Figure S3.2 13C NMR of PAMAM64 in D2O. 

 

 

 

Figure S3.3 31P NMR of PAMAM64 in D2O. 
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Figure S3.4 2D 1H, 1H NOESY of PAMAM64 in D2O. 
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Figure S3.5 2D 1H, 1H TOCSY of PAMAM64 in D2O. 
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Figure S3.6 2D DOSY 1H NMR of PAMAM64 in D2O. 

 
Figure S3.7 Diffusion coefficient (in D2O) plot of DOSY data. The plot was generated 
using the “DOSYToolbox”. 
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Figure S3.8 SCORE plot of the DOSY data for PAMAM64 (in D2O). Fitted diffusion 
coefficient of water is 28.2 10-10m2s-1 in the bottom spectra and PAMAM64 has a diffusion 
coefficient of 0.89 10-10m2s-1. The constants are corrected by the normal diffusion 
coefficient of water in D2O (22 10-10m2s-1). The data is fitted using the “DOSYToolbox”. 

 

Statistical analysis of PAMAM64 by MALDI-TOF 

The molecular weight (Figure S3.9) of PAMAM64 was recorded by MALDI-
TOF. The sample was prepared by spotting 1 µL of PAMAM64 (0.5 mg/mL) and 1 
µL of SDHB (90:10 mixture of 2,5-dihydroxybenzoic acid and 2-hydroxy-5-
methoxybenzoic acid) (10 mg/mL) as matrix on the template loader. The statistical 
analysis was performed using Polymerix, which is shown in Table S3.1. 
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Figure S3.9 MALDI-TOF spectra of PAMAM64. 

Table S3.1 Statistical analysis of PAMAM64. 

Mn Mw Mz Polydispersity Nᵵ Mn 

(NMR) 

Nᵵ 

(NMR) 

r 

(DOSY)#
 

Density* 

43536 55978 68779 1.286 62 44258 64 2.8 nm 0.67/nm2 

ᵵ The average number of surface ligands. 
# Average hydrodynamic radius calculated using the Stokes - Einstein equation, diffusion 
coefficient obtained using DOSY NMR.  

𝐷 = 𝑘𝐵𝑇/6𝜋𝜋𝑟 
Where D is the diffusion coefficient, r is hydrodynamic radius, kB is Boltzmann's constant, 
η is the dynamic viscosity. 
* Average aldehyde density on the surface of PAMAM64. 
 
RP-HPLC characterization of PAMAM G4.5 and PAMAM64 

HPLC analyses (Figure S3.10) were performed on a SHIMADZU HPLC system 
equipped with a PDA and ELSD detector. For the analyses a reverse phase HPLC 
column (Jupiter C5, 150 mm × 2.1 mm, 300 Å) was used, with doubly distilled 
water (A) and HPLC grade acetonitrile (B) as eluents (both containing 0.1 % FA). 
UV absorbance was monitored at 254 nm and 283 nm. The ELSD detector 
temperature was set to 30 °C and the column temperature was kept at 40 °C. Flow 
rate was 0.5 mL/min. The elution method is shown in Table S3.2. 
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Table S3.2 Elution method for HPLC analysis of the dendrimers. 

Time (min) % (A) % (B) 
0 95 5 
5 95 5 

20 5 95 
25 5 95 
30 95 5 
45 95 5 

 

 

Figure S3.10 HPLC of PAMAM generation 4.5 and PAMAM64. From top to bottom, the 
stacked chromatograms of PAMAM generation 4.5 (ELSD): black; PAMAM generation 
4.5 (254 nm): pink; PAMAM64 (ELSD): blue; PAMAM64 (283 nm): brown are shown. 

 

Hydrazone exchange on the surface of PAMAM64 

To a solution of 0.20 mL PAMAM64 (10 mg/mL, 0.22 mM) was added either 
H1 or H4 (0.80 mL of a 20 mM aqueous solution) and 2.0 μL of acetic acid. The 
two mixtures were stirred at room temperature for 48 hours, filtered through 
centrifugal filters (MWCO, 10 kD) and washed thoroughly with milliQ water twice 
to remove acetic acid and excess hydrazides. The resulting product was analyzed 
using 1H NMR spectroscopy. The modified PAMAM64 dendrimers were further 
treated with 4.0 mL of a 20 mM solution of the corresponding hydrazide in the 
presence of 0.2% acetic acid as catalyst. The samples were stirred for another 20 
days at room temperature, filtered by ultrafiltration, washes with water, and 
analyzed by 1H NMR spectroscopy. 
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Demonstrating equilibration of dynamic hydrazone libraries 

The four libraries were prepared by mixing 50 μL of PAMAM64 (10 mg/mL, 
0.22 mM) stock solution and 50 μL of a 10 mM aqueous solution of hydrazides H1, 
H2, H3 in the order shown in Figure 3.3. To these samples were added 5.0 μL of 
aniline and 895 μL of water. First one hydrazide was added followed by adding the 
other two after 24 hours, whereas in the first library, three hydrazides were added 
at the start of the experiment. The libraries were stirred at room temperature for 3 
days in total. All the libraries were subjected to the following analytical protocol: 
(1) ultrafiltration through centrifugal filters (MWCO, 10 kD); the filtrates were 
analyzed by UPLC and the samples were washes with water 3 times to remove the 
nonspecifically bound hydrazides; (2) the samples (0.050 mL) were treated with 20 
mM hydroxylamine hydrochloride salt solution (0.15 mL) for 24 hours to displace 
the hydrazides forming hydrazones from the dendrimer surface through oxime 
formation; (3) the hydroxylamine treated samples were ultra-filtrated through 
centrifugal filters (MWCO, 10 kD) and the filtrates were analyzed by UPLC. 

 

DCLs obtained by oligonucleotide templates 

The DNA templated DCLs were prepared by mixing 50 μL of PAMAM64 (10 
mg/mL, 0.22 mM) stock solution and 50 μL of a 10 mM aqueous solution of 
hydrazides H1 and H3. To these samples were added 5.0 μL of aniline stock 
solution (2 M) and 870 μL of water. To the libraries were added 25 μL of a 1.0 mM 
solution DNA template (CG)8, (AT)8 or (CGGG)4 or water as a negative control, 
respectively. The libraries were stirred at room temperature for 3 days. All libraries 
were analyzed by UPLC using the same analytical protocol used for demonstrating 
equilibration (see above). Here, centrifugal filters with larger pore sizes (MWCO, 
30 kD) were applied to ensure that both the DNA templates and the free hydrazides 
can pass through the filters. 

 

UPLC analysis of libraries 

UPLC analyses (Figure S3.11 to S3.14) were performed on Waters Acquity 
UPLC H-class systems equipped with a PDA detector. For the analyses reverse 
phase UPLC columns (HSS T3, 1.7 µm, 2.1 × 150 mm) were used, with UPLC 
grade water (A) and acetonitrile (B) as eluents (both containing 0.1 % TFA). UV 
absorbance was monitored at 254 nm, and the column temperature was kept at 
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45 °C. Injection volume was 5.0 or 10 µL, flow rate was 0.3 mL/min. The elution 
method is shown in Table S3.3. 
 

Table S3.3 Elution method for UPLC analysis of the hydrazone solutions. 

Time (min) % (A) % (B) 
0 100 0 
3 98 2 
6 5 95 
7 5 95 

7.5 100 0 
9 100 0 

 

 

Figure S3.11 UPLC chromatograms monitored at 254 nm of the filtrates (unbound 
hydrazides) of dynamic hydrazone libraries in thermodynamic equilibrium shown in Figure 
3.3C. (A) Addition of the three hydrazides together; (B) first adding H1 then H2 and H3 
after 2 days; (C) H2 followed by H1 and H3; (D) H3 then H1, H2.  
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Figure S3.12 UPLC chromatograms monitored at 254 nm of dynamic hydrazone libraries 
exchanged with hydroxylamine (bound hydrazides) shown in Figure 3.3D. (A) Addition of 
the three hydrazides together; (B) first adding H1 then H2 and H3 after 2 days; (C) H2 
followed by H1 and H3; (D) H3 then H1 and H2. 

 

 

Figure S3.13 UPLC chromatograms monitored at 254 nm of unbound hydrazides in 
dynamic hydrazone libraries without template (A) and with oligonucleotide templates 
(CG)8: (B); (AT)8: (C); (CCCG)4: (D), respectively. 
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Figure S3.14 UPLC chromatograms monitored at 254 nm of bound hydrazides in dynamic 
hydrazone libraries without template (A) and with oligonucleotide templates (CG)8: (B); 
(AT)8: (C); (CCCG)4: (D), respectively.  

 

UPLC quantification of the hydrazides 

The hydrazide samples were prepared with the concentration of 1.00 mM, 0.500 
mM, 0.250 mM, 0.125 mM, respectively. The solutions (200 µL) of the hydrazide 
samples were filtrated through centrifugal filters (MWCO, 10 kD). Then, 5µL of 
the filtrates were analyzed by UPLC and the calibration curves (Figure S3.15 to 
S3.17) of each hydrazide were subject to linear data fitting. Numerical data in Figure 
3.3 and 3.4 are shown in Table S3.4 and S3.5, respectively. 

 

Figure S3.15 Calibration curve for H1. 
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Figure S3.16 Calibration curve for H2. 

 

 

Figure S3.17 Calibration curve for H3. 

 

Table S3.4 Numerical data in Figure 3.3C and D. 

Pathways Unbound (µM) Bound (µM) 
H3  H1 H2 H3 H1 H2 

H1, H2, H3 362 345 156 47.5 74.7 181 
H1 - (H2, H3) 349 316 142 43.2 96.1 250 
H2 - (H1, H3) 352 335 160 44.9 87.4 242  
H3 - (H1, H2) 356 325 134 49.9 99.8 244 

 



Chapter 3 

86 

Table S3.5 Numerical data in Figure 3.4B and C. 

Templates Unbound (µM) Bound (µM) 
H3  H1 H3 H1 

None 274 ± 26.7 239 ± 23.9 42.0 ± 19.3 71.6 ± 32.7 
(CG)8 205 ± 7.47 339 ± 13.2 70.8 ± 0.907 47.3 ±0.486 
(AT)8 189 ± 27.4 317 ± 49.4 64.7 ± 0.747 46.3 ± 0.425 

(CCCG)4 190 ± 47.0 290 ± 72.7 53.5 ± 2.16 30.6 ± 1.37 
 

Preparation and analysis of CDNs  

The CDNs were prepared by mixing 100 μL of PAMAM64 (8 mg/mL, 0.18 mM, 
about 10 mM in aldehyde) stock solution, 100 μL of PP (10 mM) and 25 μL of a 
40 mM aqueous solution of hydrazides H3 and H5. To the libraries were added 
different quantities of a 1.0 mM solution of DNA templates, (AT)8 or (CGGG)4, 
and water (1 mL) to give a final concertation of 1.0 mM for each aldehyde and 
hydrazide. The libraries were shaken at room temperature for 30 days. All the 
libraries were analyzed by UPLC (Figure S3.22) and LC-HRMS (Figure S3.25 to 
S3.28) by the same analytical protocol used for demonstrating equilibration (see 
above). Here, centrifugal filters with MWCO, 30 kD were applied. 

The products of reaction of PP with the different hydrazides were characterized 
by proton NMR (Figure S3.18 and S20), kinetic NMR (Figure S3.19) and 
fluorescence spectroscopy (Figure S3.21, S3.23 and S3.24). 
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Figure S3.18 1H NMR of the hydrazone mixture formed from PP and H3 (1 mM each in 
D2O). 
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Figure S3.19 Kinetics of hydrazone formation between PP and H3(1 mM each in D2O). 
Green triangle: real-time concentration of H3; blue circle and cyan cross: real-time 
concentration of the two isomers of the product; green solid line: fitted kinetics based on a 
second-order reaction model. C = 1/(A+B*t). A=1.663; B=0.005219; Error: 0.4740. 

 

N
N

H
N O

O

H

H

HH
O

P
OH

O
OH

N
O

O

H

H

HH
O

P
OH

O
OH

H2N
H
N O+

c1
c2

c3

 

0.0.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.50.0

CC1C2C3

1000 2000 3000 4000 5000 6000 7000 8000 9000
t(s)

0.1

0.2

0.3

0.4

0.5

0.6

C
(m

M
)

 

Figure S3.20 1H NMR of the hydrazone formed from PP (1 mM) and H5 (1 mM) in D2O. 
The kinetics of PP-H5 hydrazone formation is shown in the insert. Yellow circle: real-time 
concentration of H5; green triangle: real-time concentration of the product; yellow solid 
line: fitted kinetics based on a second-order reaction model. C = 1/(A+B*t). A=1.943; 
B=0.003321; Error: 0.2498.  
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Figure S3.21 Fluorescence spectra of BC (0.5 mM) and BE (0.5 mM) in water (excited at 
365 nm). 

 

 

Figure S3.22 Fluorescence spectra of the CDNs in Figure 3.5B. The insert is the intensity 
of emission at 475 nm (excited at 365 nm) versus the concentration of DNA template 
(CGGG)4. 
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Figure S3.23 Representative total ion chromatogram (TIC) of CDNs (positive mode). 

 
Figure S3.24 Mass spectrum of BD ([M]+, calculated: 381.0958, observed: 381.0953) and 
its dephosphorylated product ([M]+, calculated: 301.1295, observed: 301.1290).  

 

RT: 0.00 - 9.99

0 1 2 3 4 5 6 7 8 9
Time (min)

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

R
el

at
iv

e 
A

bu
nd

an
ce

2.67
0.85

0.88

0.91

2.56

2.99

0.35

3.52
3.73

3.90
1.08 4.312.30 7.556.584.82 7.19 9.045.75 7.62 8.43 9.78

NL:
5.21E7
TIC  MS 
AT4

AT4 #39-52 RT: 0.78-0.99 AV: 14 NL: 9.53E6
T: FTMS + p ESI Full ms [200.00-2000.00]

200 400 600 800 1000 1200 1400 1600 1800 2000
m/z

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

R
el

at
iv

e 
A

bu
nd

an
ce

301.1290

381.0953

601.2514
761.1841

1979.3281681.2178 799.4815494.8380 1141.2724 1578.67501332.9448979.3085 1813.6250



Chapter 3 

90 

 

Figure S3.25 Mass spectrum of BC ([M+H]+, calculated: 304.0693, observed: 304.0688).  

 

Figure S3.26 Mass spectrum of dephosphorylated product of BD ([M+H]+, calculated: 
224.1030, observed: 224.1026).  
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Chapter 4                                                        
DCC Based Imine Chemistry on the Surface of 

Dendrimers Allows Specific Recognition of 
DNA 

Abstract 

Specificity in molecular recognition is essential in biology and in rationally 
designed ligand-receptor systems. However, the design and synthesis of a receptor 
for a specific biomacromolecule still proves to be challenging, which makes the 
development of efficient strategies to construct ligands for the selective recognition 
of target (bio)macromolecules a highly needed endeavor. Dynamic combinatorial 
chemistry demonstrated to be a powerful tool to identify specific ligands for a 
variety of macromolecules. Here, we developed dynamic imine chemistry on the 
surface of a zwitterionic polyamidoamine dendrimer functionalized with aldehyde 
moieties and applied DNA oligonucleotides as templates. Several different single- 
and double-stranded DNA oligonucleotides were presented as templates to the 
functionalized dendrimer, and selective recognition of different DNA sequences 
was observed. The synthesis of three dynamic combinatorial libraries, which were 
exposed to different DNA templates, was scaled-up to study binding affinities by 
isothermal titration calorimetry. The results indicate that the most amplified 
templated libraries had stronger binding affinities and better selectivity compared 
with the untemplated libraries. This demonstrates proof-of-principle to generate 
specific receptors for DNA oligonucleotides on dendrimer surfaces based on 
dynamic imine chemistry and provides a facile and efficient method to synthesize 
specific receptors, capable of recognizing a potentially wide variety of relevant 
biological and medical targets. 

 
 

 

 

This chapter is based on Xiaoming Miao, Falk Wachowius, Gianluca Trinco, 
Sijbren Otto, DCC Based Imine Chemistry on the Surface of Dendrimers Allows 
Specific Recognition of DNA, to be submitted.  
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4.1.  Introduction 
Molecular recognition plays a critical role in nature1, and occurs either between 

the same type of biomacromolecules, as in oligonucleotide-oligonucleotide2 and 
protein-protein recognition, or between different biomacromolecules as in protein-
oligonucleotide3, or sugar-protein4 interactions. The specific interference with 
defined recognition processes constitutes an important target for existing and 
potential drug candidates. Although the identification of small-molecule ligands for 
targeting specific binding pockets of biomacromolecules is based on well-
established technologies5-6, it is still challenging to construct receptors with the 
ability to specifically recognize the extended surface of complex 
biomacromolecules through multiple recognition sites by applying synthetic 
chemistry7-20. The shortage of efficient design methods for such biomolecule 
surface binders is due to the fact that the recognition between biomacromolecules 
(e.g. protein-protein, protein-DNA or protein-RNA interactions) usually involves 
multiple weak interactions spread over a large surface area21-22. Therefore, 
developing a synthetic molecule that is able to recognize a surface area of several 
nm2 is very different from the small molecules approach typically used in, for 
example, drug discovery, and generally requires sophisticated designs and multiple 
interaction of synthesis and testing. In addition, due to the flexibility of the 
biomacromolecular surface, the recognition area can change during binding of the 
receptor23, which further complicates the rational design of a molecular structure 
that is able to recognize the surface of a biomacromolecule.  

Therefore, it is essential to develop efficient strategies to synthesize specific 
receptors for different biomolecules such as proteins and oligonucleotides. Nature 
generated diverse specific recognition mechanisms for different 
biomacromolecules over the course of evolution, which, while seemingly different 
at the macroscopic level, show striking similarities at the molecular level, by 
applying non-covalent interactions (e.g. hydrogen bonding and π-π stacking 
interactions) over a large surface area. The mammalian immune system is among 
the most versatile biological systems capable of generating specific binders 
(antibodies) to any kind of invading biomolecular structure (antigen)24. In a similar 
way, dynamic combinatorial chemistry (DCC) has the potential to recognize 
complex biomacromolecules in a dynamic manner by diverse simultaneous 
interactions25-28. Based on our previous studies, dendrimers proved to be a 
promising platform for generating templated DCLs. We demonstrated that the 
application of DCC on the surface of polyamidoamine (PAMAM) dendrimers, 
using DNA as template, can shift the equilibrium of hydrazone formation between 
two hydrazides and aldehyde-functionalized PAMAM dendrimers. Template 
induced re-equilibration of dynamic combinatorial libraries (DCLs) provides 
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access to synthetic macromolecules capable of recognizing different 
biomacromolecules. 

Here, we applied dynamic imine chemistry on aldehyde-functionalized PAMAM 
dendrimers and performed imine reduction to freeze the equilibrium of the DCLs in 
the presence of several oligonucleotide templates (Figure 4.1). Analyzing the 
distribution of aminol building blocks suggests that we were able to discriminate 
between single stranded (ss) DNA and double stranded (ds) DNA. Two libraries 
that showed a large difference in amplification factors and a negative control 
library were scaled-up and purified to analyze the binding behavior between the 
dendrimers and several DNA sequences. 

 

  

Figure 4.1 A dynamic combinatorial library (DCL) based on imine chemistry was used to 
construct dendrimers with different surfaces capable of specifically recognizing 
biomacromolecules. PAMAM64 stands for polyamidoamine dendrimers, which are 
functionalized with zwitterionic aldehyde on their surfaces. I. PAMAM dendrimers are 
reacted with different amines to form imine DCLs; II. Addition of template results in the 
amplification of high affinity dendrimers; III. Freezing the equilibrium by imine reduction 
and removal of the template yields a selectively modified dendrimer. 

Although an imine is typically too labile to be monitored and 
chromatographically separated in aqueous solution, it is possible to apply imines in 
DCLs, in particular in DCLs with large library sizes26. One crucial aspect when 
designing a DCL experiment lies in the development of a suitable assay, to identify 
potential binders over background reactions. The suitability of an assay for parallel 
experimental screening can be evaluated by theZ′  factor29, which indicates the 
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separation of mean values for the positive (high) and negative (low) controls. The 
Z′ factor can be calculated using equation (1) 

Z′ =  1 − (3σ++3σ−)
|µ+−µ−|                                                       (1) 

where µ and σ are mean values and standard deviations of high(+) and low(-) 
controls. In contrast to most other reversible covalent chemistries, the 
thermodynamic equilibrium of imine chemistry is mainly at the amine and 
aldehyde side (when operating below mM concentration) in aqueous solution30. 
Thus, only a small amount of imine is formed in the absence of template (i.e. in the 
low control group). Therefore, the assay to screen the dynamic imine library has a 
relatively small value of µ− and consequently a relatively large Z′ value. Thus, in 
this regard imine chemistry is superior to most other reversible covalent 
chemistries. Added benefit of imine chemistry is its relatively fast rate of 
equilibration for relatively large libraries29. 
 

4.2. Results and Discussion 
To verify that imine chemistry can be implemented on the surface of PAMAM 

dendrimers, we applied a zwitterionic aldehyde grafted PAMAM dendrimer 
(PAMAM64) as the scaffold, pyrenemethylamine (PMA) as the building block and 
a double strand 16mer DNA (CG)8 as the template (Figure 4.2A). Presumably 
driven by the known ability of pyrene to intercalate into the major groove of 
DNA31, the  addition of ds(CG)8 shifted the equilibrium of the imine reaction 
towards product formation, most likely due to the multivalent recognition between 
the PMA functionalized dendrimer surface and ds(CG)8. In our previous study 
using gold nanoparticles, we also demonstrated that imine formation on the surface 
of gold nanoparticles was dependent on the presence of template DNA26. Due to 
the rapid  reversibility and low equilibrium constant32 of imine formation in water, 
the generated PMA-decorated dendrimers were only stable in the presence of the 
DNA template sequence. Removal of the DNA template would favor the backward 
reaction which impedes further studies on the functionalized surface. A method to 
circumvent this problem is to freeze the equilibrium of the imine reaction on the 
surface by reducing the imines to the corresponding secondary amines, which are 
stable during purification after removal of the template33. The most commonly used 
water-compatible reducing agents for imines are NaBH3CN and NaBH4. While 
these reagents proved incompatible with a system based on gold nanoparticles34, 
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dendrimers are a purely organic scaffold which were expected to be stable to these 
reducing agents. 

As shown in Figure 4.2A, PMA was grafted on the surface of the dendrimers 
through imine formation in the presence or absence of an oligonucleotide template. 
Subsequently, the imine was reduced by NaBH3CN, which "freezes" the system, 
allowing removal of the DNA template, while retaining dendrimer surface 
functinalization. The distribution of PMA in solution and on the surface of the 
dendrimer was analyzed by UPLC (Figure 4.2B and 4.2C). An increase in the total 
concentration of PMA leads to an increased extent of incorporation of PMA on the 
surface of PAMAM64, while beyond a total PMA concentration of 600 µM, most 
of the additionally added PMA remains unassociated with the dendrimers (i.e. is 
removed upon filtration; Figure 4.2B). The reducing agent (NaBH3CN) is able to 
"freeze" the imine into the corresponding secondary amine, which is evident from a 
comparison between the amount of PMA released upon displacement by 
hydroxylamine in samples that were reduced (cyan data in Figures 4.2B and 4.2C) 
or not reduced (blue data). Applying a fixed concentration of PMA (300 µM) and 
dendrimers (5.0 µM) and a variable amount of DNA templates (from 0 to 40 µM) 
resulted in increased PMA functionalization on the surface of PAMAM64 with 
increasing concentrations of the DNA template (Figure 4.2C). The reducing agent 
also causes some incorporation of PMA into the dendrimers in the absence of 
template (red data). The DNA template appears to have a slight negative effect on 
imine reduction as the amount of PMA released after reduction and hydroxylamine 
treatment increases somewhat with increasing DNA present in solution (blue data 
in Figure 4.2C). This could be caused by PMA being scavenged by excess DNA 
due to the strong binding affinity between pyrene and DNA. This somewhat 
compromised amplification at high template concentration is a common 
phenomenon in templated DCLs35-39. 

Imine formation and reduction were additionally studied by proton NMR. Here, 
4-(aminomethyl)benzamidine (GMA; Figure 4.3A) as the amine building block and 
a different self-complementary DNA sequence, (AT)8, as the DNA template were 
added to the PAMAM dendrimers. GMA shows structural similarities to arginine 
and is known to bind strongly to DNA minor grooves40. The proton NMR of the 
dendrimer libraries with and without DNA template were analyzed after 48 hours 
of incubation (Figure S4.8). The intensity of the aldehyde proton signal (~9.6 ppm) 
decreased substantially in the DNA templated libraries in comparison with the un-
templated libraries, suggesting a conversion into imine by more than 60% in the 
templated libraries. Furthermore, DNA binding was accompanied by a down-field 
shift of the signals of the quaternary ammonium methyl protons (Figure S4.8) on 
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the backbone of the dendrimers. The imine reduction was followed by NMR by 
adding 10 equiv. of NaBH3CN, and resulted in the appearance of signals due the 
aromatic protons of GMA (Figure S4.11) in the purified sample. NMR experiments 
on dendrimer samples in the absence of template confirmed that the reducing agent 
was able to mediate the reductive amination of the aldehyde groups (Figure S4.10). 
 

 

Figure 4.2 (A) Design and analysis of the DCLs containing PAMAM64 and PMA as 
building blocks and ds DNA (CG)8 as the template. The grey sphere represents 
PAMAM64. The structure of the zwitterionic aldehyde in the outer layer of PAMAM64 is 
shown in Figure 4.1. Imine chemistry was performed in water for 48 hours and reduction 
was induced by the addition of NaBH3CN (30 mM) for 1 hour. The concentration of PMA 
was quantified by UPLC (see supporting information). As a control experiment 
hydroxylamine (200 mM) exchange was applied after reduction and ultrafiltration. (B) 
PMA distribution in solution and on the dendrimer surface as a function of increasing total 
concentration of PMA, while the concentrations of PAMAM64 (5.5 µM) and DNA (25 µM 
relative to single strand) were kept constant. (C) PMA distribution in solution and on the 
dendrimer surface as a function of the DNA concentration with constant concentrations of 
PAMAM64 (5.5 µM) and PMA (300 µM). () represents the concentration of unbound 
PMA in solution; (): unbound PMA after treatment with NaBH3CN; (): bound PMA 
liberated by hydroxylamine; (): PMA concentration in solution after treatment with 
NaBH3CN and hydroxylamine. 

After demonstrating imine formation and reduction, we screened the DCLs for 
synthetic receptors for arbitrary DNA sequences. In biology, protein cofactors and 
DNA enzymes achieve strong binding affinity and specificity for DNA recognition 
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through multivalent weak interactions41. In a similar manner, by applying nature-
inspired building blocks and recognition modes, we used five different amines 
(Figure 4.3A) and PAMAM64 to construct DCLs (Figure 4.3A). Three 
hydrophobic amines (Phe, Trp and TA) which were designed to have both 
hydrogen bonding and hydrophobic interactions with DNA42-43. GMA is expected 
to associate strongly with the phosphate groups in the minor groove of the DNA 
backbone, as it combines hydrogen bonding and electrostatic interactions, which 
both contribute to affinity40. As a control, PEA (2-(2-pyridyl)ethylamine), was 
included, which is unable to engage in hydrogen bonding and electrostatic 
interactions with DNA. All amines include aromatic chromophores, which allowed 
facile analysis by UPLC. The so generated DCLs were subsequently templated by 
eight oligonucleotides (16mer sequences, Table S4.3), including four ds DNA and 
four ss DNA sequences. Figure 4.3A depicts the extent of incorporation of the five 
amines on the surface of the dendrimers in the presence of the different DNA 
templates, compared to a non-templated control. The results indicate that all 
templates dramatically enhance surface functionalization. Furthermore, different 
DNA sequences induce different degrees of incorporation of the amine ligands on 
the dendrimer surface. 

The resulting data was subjected to multivariate statistical analysis (Figure 4.3B 
– 4.3I). Here a linear discriminant analysis (LDA)44 model was trained using the 
data classified into three groups (ds DNA, ss DNA and control as shown in Figure 
4.3B – 4.3I). The model was then used to predict the classification of the remaining 
set of data. Each time the model was trained by 8 groups of data (7 templates plus 
the control group), leaving out one of the templates for testing the predictive ability. 
As shown in Figure 4.3B – 4.3I, we were able to obtain the right prediction in most 
cases (94.4% accuracy). The dominant discriminant factors are the concentration of 
GMA, TA and Trp, which show strong electrostatic and hydrophobic interactions. 
This analysis indicates that the distribution of amines incorporated on the 
dendrimer surface can be used to distinguish single-stranded from double-stranded 
DNA. 
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Figure 4.3 (A) Extent of incorporation of five different amines on the dendrimer surface, as 
determined by UPCL analysis. DCLs were prepared by mixing PAMAM64 (4 µM) and 
five amines (PEA, GMA, Phe, Trp, and TA, 144 µM each) and were templated by four 
16mer ds DNA sequences (CG)8, (AT)8, (CA)8/(TG)8 and (CGGG)4/(CCCG)4) and four 
16mer ss DNA sequences (CA)8, (TG)8, (CGGG)4 and (CCCG)4) at a DNA concentration 
of 40 µM relative to single strands. As a negative control the same DCLs without a 
template was also analyzed). (B - I) LDA plots: ds DNA (black square), ssDNA (dark blue 
triangle), predicted DNA (purple inverse triangle) and without template (red dot). The 
posterior probabilities for each predicted DNA sequence being assigned to the right group 
are (CG)8: 0.911, 1.00, 0.991; (AT)8: 1.00, 1.00, 1.00; (CA)8/(TG)8: 0.980, 0.999, 0.999; 
(CGGG)4/(CCCG)4): 0.998, 0.999, 0.999; (CA)8: 1.00, 1.00, 1.00; (TG)8: 1.00, 0.997, 
0.728; (CGGG)4: 0.900, 0.957, 0.317; and (CCCG)4: 1.00, 0.886, 1.00. 
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Subsequently, the binding behavior of the purified dendrimers to different 
oligonucleotide sequences was studied by ITC (Figure 4.4 and Figure S4.18 to 
S4.21). The dendrimers isolated form DCL1 displayed a high affinity (Kd = 
7.5×10-8 M) for the (CA)8/(TG)8 sequence that templated its surface 
functionalization. In comparison, dendrimers prepared from control DCL3 and the 
original unfunctionalized PAMAM dendrimers showed weaker binding (i.e. 
saturating at higher DNA concentration; see Figures S4.20 and S4.21). Importantly, 
titrating the dendrimers isolated form DCL1 with other single or double-stranded 
DNA sequences showed weaker binding, demonstrating that some sequence 
selectively can be achieved (see Table 4.1). In contrast, DCL2 showed no 
selectivity with mean Kd values of about 2.5×10-7 M and 1.9×10-7 M for ds DNA 
(CA)8/(TG)8 and ss DNA (CA)8 respectively (Figure S4.19). The un-templated 
DCL (DCL3) and the unsubstituted PAMAM dendrimer show complex binding 
isotherms (Figure S4.19 and S4.20), possibly as a consequence of different binding 
modes associated with fast cross-linking followed by re-equilibration as noted 
above (Figure S4.12). 

 

 

Figure 4.4 ITC isotherms for the binding of dendrimers isolated from DCL1 to (A) ds 
DNA (CA)8/(TG)8 and (B) ss DNA (CA)8 in 16 mM MOPS buffer (pH 7.0, 25 °C). Upper 
panel: Raw titration curves, plotted as the corrected heat rate (µJ/s) as a function of time (s), 
obtained for the injections (1 µL each) of DNA (91 µM in syringe, relative to single strand) 
into a solution containing dendrimers isolated from DCL1 (8.0 µM in cell). Lower panel: 
integrated heat responses per injection from the isotherms in the upper panel after 
subtraction of the heat of dilution of DNA, normalized to the moles of injected DNA and 
plotted versus the total ratio of DNA to dendrimer. The curve shows the best fit of the data 
to a 1:1 binding model. The inserts in the upper panel show the heat of dilution from blank 
titrations of DNA into the buffer.  
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Table 4.1. ITC results for DCL1 and DCL2 with different DNA sequences (95% 
confidence intervals) 

Experiment Kd, μM N ΔH, kJ/mol ΔG, kJ/mol TΔS, kJ/mol 

DCL1 with (CA)8/(TG)8 0.0748 ± 0.111 0.451 ± 0.0400 -74.3 ± 10.1 -40.7 -33.6 

DCL1 with (CA)8 0.396 ± 0.155 0.600 ± 0.0430 -114 ± 10.4 -36.3 -77.7 

DCL1 with (AT)8 0.358 ± 0.726 0.769 ± 0.170 -115 ± 43.7 -37.2 -77.8 

DCL1 with (CG)8 0.211 ± 0.228 0.968 ± 0.0950 -139 ± 18.9 -38.0 -101 

DCL2 with (CA)8/(TG)8 0.254 ± 0.0710 0.41 ± 0.0400 -82.5 ± 6.73 -37.7 -44.5 

DCL2 with (CA)8 0.194 ± 0.0550 0.335 ± 0.0190 -109 ± 9.15 -37.9 -71.1 

 

4.3. Conclusions 
In conclusion, we developed a DCC based methodology for selective recognition 

of DNA through multiple binding sites by functionalizing the surface of PAMAM 
dendrimers through dynamic imine chemistry, which allows to imprint the 
molecular structure of specific DNA sequences onto the dendrimer surface. Other 
molecular imprinting methods are mainly based on polymerization kinetics12-14, 16, 

whereas our methodology relies on the thermodynamically controlled reversible 
imine formation including error-correction processes, which should result in more 
precisely imprinted surfaces. The reversible surface functionalization could be 
fixed by reduction of the imines, which made downstream applications and studies 
possible. The dynamic imine chemistry and the subsequent reduction were 
analyzed and verified by UPLC and proton NMR, applying different amines and 
DNA sequences, which demonstrates the generality of the method. Subsequently, 
five amines were selected that were imprinted by eight oligonucleotides (16mers) 
with different sequences. The distribution of bound amines was analyzed by LDA, 
which showed the possibility of the amine DCLs to discriminate between ds DNA 
and ss DNA. In addition, the synthesis of three DCLs was scaled up and the 
isolated dendrimers exhibited high binding affinities towards the different DNA 
templates. These results show that selectivity between different DNA sequences 
can be obtained with templated DCLs, and that receptors for biomacromolecules 
with good binding affinities and specificities can be synthesized by applying DCC. 
This methodology might find applications in diverse fields of bio-nanotechnology, 
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for instance in specific targeting of DNA/RNA, metabolites or enzymes, in drug 
delivery or in bio-imaging and sensor applications49-61. 
 

4.4. Experimental section 
Experimental methods are described in detail in the supporting information. 
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4.6. Supplementary materials 
 

Materials and Methods 

PAMAM64 dendrimer was synthesized according to the procedure descripted in 
chapter 3. All solvents and tryptamine (TA), hydroxylamine hydrochloride, L-
tryptophan (Trp), 1-pyrenemethylamine hydrochloride (PMA), 4-
aminomethylbenzamidine dihydrochloride (GMA) and sodium cyanoborohydride 
(NaBH3CN) were purchased from Sigma-Aldrich and were used without further 
purification. Centrifugal filters (30 kDa cut-off) were obtained from Amicon Ultra 
and dialysis tubes (regenerated cellulose membrane, 10-12 kD cut-off) were 
purchased from Spectrum labs. 1H and 13C NMR spectra were recorded on a Varian 
AMX400 spectrometer (400 and 100.59 MHz, respectively) or on a 600 MHz 
Bruker AVANCE III HD spectrometer. Fluorescence spectra were recorded on a 
JascoFP-6200 spectrofluorometer and UV-absorbance was measured on a 
Nanodrop 2000 spectrophotometer (Thermo scientific). Ion exchange 
chromatography was conducted on an AKTA Explorer FPLC system (GE 
Healthcare) and ITC isotherms were measured on a NANO ITC (TA Instruments) 
with a low volume system (24K gold coated cell volume: 190 µL; injection syringe 
volume: 50 µL). 
 

Preparation and analysis of dynamic combinatorial libraries (DCLs) 

The DCLs were prepared by mixing 26 µL of a 220 µM solution of the 
PAMAM64 dendrimer, with a volume of a 2.0 mM or 1.5 mM solution of amines 
and a given volume of DNA oligonucleotide solution (100 µM or 1.00 mM) which 
was heated and annealed before addition. The libraries were subsequently diluted 
with water for the experiments shown in Figure 4.2B (constant DNA and 
PAMAM64 concentration vs. variable PMA concentration) and 2C (constant PMA 
and PAMAM64 concentration vs. variable DNA concentration) or concentrated 
MOPS buffer (200 mM, pH 7.0) for experiments shown in Figure 4.3. After 
equilibration (48 hours), 200 µL of each library was filtered using centrifugal 
filters (30 kDa cut-off) and the filtrates were analyzed by UPLC. Another 200 µL 
of each library was added to 2.00 µL of a 0.300 M solution of sodium 
cyanoborohydride, shaken for 2 hours and analyzed by UPLC. For experiments 
shown in Figure 2B and 2C, the library samples were washed twice with water to 
remove non-specifically bound amines, diluted to 200 µL with 200 mM aqueous 



 DCC Allows Specific Recognition of DNA 

 
 

105 

4 

hydroxylamine hydrochloride solution and collected using the centrifugal filters 
reversely. The collected DCL-hydroxylamine solutions were shaken for 72 hours, 
filtered through centrifugal filters, and analyzed by UPLC. 

 

UPLC analysis of libraries 

UPLC analyses were performed on a Waters Acquity UPLC H-class system 
equipped with a PDA detector. For analysis, a reverse phase UPLC column was 
used (HSS T3, 1.7 µm, 2.1×150 mm) applying UPLC grade water (A) and 
acetonitrile (B) as eluents (both containing 0.1 % TFA). UV absorbance was 
monitored at 254 nm, and the column temperature was kept at 45 °C. Injection 
volume was 5.0 or 10 µL, and the flow rate was 0.3 mL/min. The elution method is 
shown in Table S4.4 for PMA and S5 for the mixture of the five amines in the 
experiments shown in Figure 4.3. Figure S4.1 shows the typical UPLC 
chromatograms of the mixture of not-bound amines in DCL1 (template: 
(CA)8/(TG)8); (B) DCL2 (template: (CA)8); (C) DCL3 (without template). 

Table S4.1. Elution method for UPLC analysis of PMA. 

Time (min) % (A) % (B) 
0 90 10 

6.0 5.0 95 
6.5 5.0 95 
7.0 90 10 
9.0 90 10 

 

Table S4.2. Elution method for UPLC analysis of the mixture of amines. 

Time (min) % (A) % (B) 
0 95 5 

6.0 40 60 
7.0 5.0 95 
7.5 5.0 95 
8.0 95 5.0 
10 95 5.0 
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Figure S4.1. UPLC chromatograms of the filtrates (unbound amines) of dynamic imine 
libraries shown in Figure 4.3. (A) DCL1 (template: (CA)8/(TG)8); (B) DCL2 (template: 
(CA)8); (C) DCL3 (without template). The detection wavelength is 254 nm. 

 

UPLC quantification of the amines 

Solutions of amines were prepared at concentrations of 1.00 mM, 0.500 mM, 
0.250 mM or 0.125 mM. A solution of 200 µL of each of the amine samples was 
filtered through a centrifugal filter (MWCO, 30 kD). An aliquot of 5.00 µL of the 
filtrate was analyzed by the UPLC; the peak area was integrated and the calibration 
curve of each amine was fitted linearly as a function of concentration (Figure S4.2 
to S4.7). 
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Figure S4.2. Calibration curve for PMA. 
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Figure S4.3. Calibration curve for Trp. 
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Figure S4.4. Calibration curve for TA. 
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Figure S4.5. Calibration curve for Phe. 
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Figure S4.6. Calibration curve for GMA. 
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Figure S4.7. Calibration curve for PEA. 

 

NMR analysis of dynamic imine chemistry 

Samples for NMR spectroscopy were prepared by dissolving PAMAM64 
dendrimers (1.0 mg, 0.022 µM) and GMA (0.50 mg, 2.2 µM) in 0.60 mL of 50 
mM phosphate D2O buffer (pH 7.0). The libraries were added to 0.40 mL of DNA 
(AT)8 solution (1.0 mM in phosphate D2O buffer) or 0.40 mL of phosphate buffer. 
After incubation (48 hours), the libraries were analyzed using proton NMR (600 
MHz), after which the samples were reduced by 30 mM sodium cyanoborohydride 
for 2 hours. The reduced samples were purified by ion exchange chromatography 
and dialysis, lyophilized and monitored by 1H NMR. The NMR spectra are shown 
in Figure S4.8 to S4.11. Typical transient aggregation observed upon mixing 
dendrimer and DNA solutions is depicted in Figure S4.12. 
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Figure S4.8. 1H NMR spectra (600 MHz) of the libraries after incubation for 48 hrs. (A) 
PAMAM dendrimer (22 µM) + GMA (2.2 mM); (B) PAMAM dendrimer (22 µM) + GMA 
(2.2 mM) + (AT)8 (0.40 mM); (C) PAMAM dendrimer (22 µM) + (AT)8 (0.40 mM). The 
peak of the aldehyde proton only diminished in the presence of both the template DNA 
(AT)8 and the amine (GMA). 

 
Figure S4.9. 1H NMR spectra (600 MHz) of the library containing PAMAM dendrimer (22 
µM), GMA (2.2 mM) and (AT)8 (0.40 mM) after (A)and before (B) treatment within 30 
mM NaBH3CN. 
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Figure S4.10. 1H NMR spectra (600 MHz) of the library containing PAMAM dendrimer 
(22 µM), GMA (2.2 mM) in the absence of template after (A) and before (B) treatment 
within 30 mM NaBH3CN. 
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Figure S4.11. 1H NMR spectra (600 MHz) of the purified dendrimers, that had been 
prepared in the presence (A) and absence (B) of DNA template. 
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Figure S4.12. Photographs of templated and untemplated libraries at the beginning (left) of 
the reaction and after 8 hours of incubation (with shaking) (right). 

 

Linear discriminant analysis (LDA)  

LDA and PCA were performed using SYSTAT (SYSTAT SOFTWARE) and 
SPSS (IBM), respectively. The raw data are shown in Table S4.3 and the analysis 
results are shown in Figure 4.3B to 4.3I and Figure S4.13. 

 

Figure S4.13. PCA plot of the distribution of the amines (nine groups of means). The data 
are grouped by each sequence. The biggest difference can be observed between template 3 
(CA)8/(TG)8 and template 5 (CA)8.  
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Table S4.3. The concentration of surface-bound amines. 

Template Group 

cpd1 
PEA 
(µM) 

cpd2 
GMA 
(µM) 

cpd3 
Phe 

(µM) 

cpd4 
Trp 

(µM) 
cpd5 TA 

(µM) 

1 (CG)8 ds DNA 23,32 91,04 21,51 23,48 21,32 

1 (CG)8 ds DNA 10,43 89,13 34,87 28,75 19,61 

1 (CG)8 ds DNA 60,82 89,23 19,98 24,27 16,53 

2 (AT)8 ds DNA 24,30 108,8 29,57 26,03 30,22 

2 (AT)8 ds DNA 10,49 104,3 23,41 25,27 28,10 

2 (AT)8 ds DNA 75,29 111,6 26,48 27,72 30,56 

3 (CA)8/(TG)8 ds DNA 25,48 128,5 15,30 19,10 28,58 

3 (CA)8/(TG)8 ds DNA 10,80 129,4 16,81 20,93 30,46 

3 (CA)8/(TG)8 ds DNA 80,64 126,3 17,93 20,39 27,65 

4 (CGGG)4/(CCCG)4 ds DNA 22,63 98,28 19,73 24,16 18,05 

4 (CGGG)4/(CCCG)4 ds DNA 12,99 99,78 24,13 25,05 19,19 

4 (CGGG)4/(CCCG)4 ds DNA 64,72 98,43 17,64 23,8 13,96 

5 (CA)8 ss DNA 22,98 51,42 26,55 20,55 8,760 

5 (CA)8 ss DNA 18,46 51,53 26,97 18,68 5,810 

5 (CA)8 ss DNA 62,16 49,50 10,18 14,05 1,140 

6 (TG)8 ss DNA 16,50 72,25 27,71 20,18 17,65 

6 (TG)8 ss DNA 10,98 73,47 15,23 20,13 18,23 

6 (TG)8 ss DNA 69,34 84,18 16,75 19,77 17,49 

7 ( CGGG)4 ss DNA 17,48 78,49 11,87 18,78 9,960 

7 ( CGGG)4 ss DNA 10,22 74,38 29,76 20,80 12,23 

7 ( CGGG)4 ss DNA 60,22 80,59 10,79 17,15 5,350 

8 (CCCG)4 ss DNA 16,91 66,25 12,59 16,42 11,95 

8 (CCCG)4 ss DNA 9,040 70,67 21,76 23,19 13,44 

8 (CCCG)4 ss DNA 58,26 65,69 13,73 17,99 8,050 

9 None None 19,87 6,520 17,35 13,21 -0,06000 

9 None None 10,53 6,690 20.00 14,57 1,200 

9 None None 27,97 0,060000 17,50 15,21 0,5100 
 

 

 

 



 DCC Allows Specific Recognition of DNA 

 
 

113 

4 

Isolation and quantification of the frozen DCLs 

Three libraries (DCL1, DCL2 and DCL3) were scaled-up. After equilibration 
(48 hours), 0.28 mL of 0.30 M NaBH3CN was added to each library and the 
mixtures were stirred for another 2 hours. The libraries were subsequently 
separated by ion exchange chromatography using an anion exchange column 
(HiTrap® Q HP, 5.0 mL), with 50 mM phosphate buffer containing 50 mM sodium 
chloride (A) and 50 mM phosphate buffer containing 2.0 M sodium chloride (B) as 
eluents. The unbound fractions containing PAMAM dendrimers and other small 
molecules were purified by dialysis (6 times) using a dialysis tube with a molecular 
cut-off of 10-12 kD. The purified dendrimers were concentrated using a stream of 
nitrogen and stored at - 20 °C. 
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Figure S4.14. A typical ion exchange chromatography of the scaled-up library. 

 

PAMAM dendrimers are fluorescent and exhibit an emission band centered 
around 495 nm (excitation wavelength: 375 nm) which enabled the dendrimer 
concentration to be quantified by fluorescence spectroscopy. The calibration curve 
for the PAMAM dendrimer shown in Figure S4.16 was measured by the following 
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procedure. Samples of PAMAM64 dendrimers were prepared at concentrations of 
2.00 µM, 4.00 µM, 8.00 µM, 16.0 µM and 32.0 µM. The fluorescent emissions 
were recorded at 495 nm for each sample (excitation wavelength: 375 nm), which 
were fitted linearly as a function of concentration to give the calibration curve. 
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Figure S4.15. A typical UV spectrum of isolated PAMAM dendrimer. 
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Figure S4.16. Calibration curve for PAMAM dendrimer.  
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Figure S4.17. A typical fluorescence spectrum of a PAMAM dendrimer upon excitation of 
375 nm (cutoff: 470 nm). 

 

Binding affinity studies of DCLs with oligonucleotide templates 

 
Figure S4.18. ITC isotherms of the binding of DCL1 to self-complementary (A) ds DNA 
(AT)8 and (B) ds DNA (CG)8 in 16 mM MOPS buffer (pH 7.0, 25 °C). Upper panel: Raw 
titration curves, plotted as the corrected heat rate (µJ/s) as a function of time (s), obtained 
for the injections (1.0 µL each) of DNA (91 µM in syringe, relative to single strand) into a 
solution containing DCL1(6.0 µM in the cell). Lower panel: the ITC data of the integrated 
heat responses per injection form the isotherms in the upper panel after subtraction of the 
heat of dilution of DNA, normalized to the moles of injected DNA and plotted versus the 
total ratio of DNA to the dendrimer.  
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Figure S4.19. ITC isotherms of the binding of DCL2 to (A) ds DNA (CA)8/(TG)8 and (B) 
ss DNA (CA)8 in 16  mM MOPS buffer (pH 7.0, 25 °C). Upper panel: Raw titration curves, 
plotted as the corrected heat rate (µJ/s) as a function of time (s), obtained for the injections 
(1.0 µL each) of DNA (91 µM in syringe, relative to single strand) into a solution 
containing DCL2(3.0 µM in the cell). Lower panel: the ITC data of the integrated heat 
responses per injection form the isotherms in the upper panel after subtraction of the heat of 
dilution of DNA, normalized to the moles of injected DNA and plotted versus the total ratio 
of DNA to the dendrimer. The continuous curve shows the best fit of the data to an 
independent binding model.  

 

Figure S4.20. ITC isotherms of the binding of DCL3 to (A) ds DNA (CA)8/(TG)8 and (B) 
ss DNA (CA)8 in 16 mM MOPS buffer (pH 7.0, 25 °C).Raw titration curves, plotted as the 
corrected heat rate (µJ/s) as a function of time (s), obtained for the injections (1.0 µL each) 
of DNA (91 µM in the syringe, relative to single strand) into a solution containing DCL3 
(6.0 µM in the cell). Lower panel: the ITC data of the integrated heat responses per 
injection form the isotherms in the upper panel after subtraction of the heat of dilution of 
DNA, normalized to the moles of injected DNA and plotted versus the total ratio of DNA to 
the dendrimer. 
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FigureS4.21. ITC isotherms of the binding of starting dendrimers PAMAM64 to (A) ds 
DNA (CA)8/(TG)8 and (B) ss DNA (CA)8 in 16 mM MOPS buffer (pH 7.0, 25 °C). Raw 
titration curves, plotted as the corrected heat rate (µJ/s) as a function of time (s), obtained 
for the injections (1.0 µL each) of DNA (91 µM in the syringe, relative to single strand) 
into a solution containing PAMAM64 (7.0 µM in the cell). 
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Conclusion and Outlook 
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The work presented in this thesis focused on a further development of DCC 
based strategies for surface functionalization. Different nano-materials and 
reversible chemistries were utilized and further optimized to obtain DCC generated 
macromolecular structures for molecular recognition.  

First, the chemical stability of water-dispersed superparamagnetic iron oxide 
nanoparticles (SPIONs) was studied. Differently charged ligands, including 
zwitterionic, neutral, negatively and positively charged, were synthesized and 
decorated on the surface of SPIONs. The analysis of SPION stability at various 
pHs and ionic strengths indicated that the zwitterionic ligands are most efficient at 
stabilizing SPIONs in aqueous solutions. The SPIONs remain well-dispersed for 
more than 60 days, making them a suitable platform for further surface 
modification. Subsequently, a zwitterionic ligand carrying an aldehyde group has 
been synthesized and grafted onto the surface of the SPIONs with a tailorable (0%-
100%) surface coverage. The aldehyde allows for facile surface functionalization 
through hydrazone bond formation and the experimental data indicated that the 
aldehyde readily reacted with a hydrazide under mild reaction condition. These 
results suggest that the SPION platform holds considerable promise for DCC-based 
surface functionalization and subsequent application. However, as the ligands are 
bound to the surface by metal coordination, which is affected by the presence of 
biopolymers (proteins or DNA), undesirable exchange of SPION surface ligands 
took place after the addition of DNA templates. The exchange leads to direct DNA 
binding, making the analysis a very demanding task and therefore restricting the 
application of biological templates in dynamic combinatorial SPION libraries. One 
approach to circumvent this problem is to replace the small organic ligands with 
polymers which bind more strongly to the surface of nanoparticles by multivalent 
interactions. Two methods, pre-polymerization of functional monomers and post-
crosslinking of ligands on the surface of nanoparticles, are usually applied to obtain 
polymer stabilized nanoparticles. However, due to the fact that these methods 
require more demanding synthesis and characterization efforts, we decided to focus 
on other readily available materials (nanoparticles) that were amendable to make 
robust covalent surface functionalization.  

Building on the ligands developed in chapter 2, polyamidoamine (PAMAM) 
dendrimers were covalently conjugated with a zwitterionic aldehyde, as described 
in chapter 3. DCC on the surface of the dendrimers was studied using reversible 
hydrazone chemistry. In addition, to better understand the behavior of dynamic 
combinatorial dendrimer libraries in the presence of templates, three DNA 
sequences were introduced as templates to amplify the library members with DNA 
binding properties. This strategy provides a promising method for creating 
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antibody-like macromolecules by imprinting a precisely complementary surface for 
a specific template.  

Hydrazone exchange can be kinetically “frozen” by pH change or catalyst 
removal, allowing for isolation and manipulation of any specific library member. 
Such a platform would constitute a major step towards applications in analytical 
chemistry, diagnostics and medicine. Another interesting research goal is to 
develop a methodology which could create two different binding domains on a 
single dendrimer, similar to what occurs in antibody recognition, involving binding 
to antigen and Fc receptor. For this purpose, a reversible chemistry with a low 
equilibrium constant will be required, e.g. reversible imine chemistry in aqueous 
solution. 

Finally, as described in chapter 4, a DCC based methodology for the selective 
recognition of DNA through dynamic imine chemistry has been developed, where 
the reversible surface functionalization could be fixed by reduction of the imines. 
Specifically, five amines were provided to enable imprinting by eight different 
DNA oligonucleotides (16 nucleobases). The distribution of bound amines was 
analyzed by linear discriminant analysis (LDA), which showed classification and 
prediction of ds DNA and ss DNA templates. Dendrimers with high binding 
affinities towards different DNA templates were obtained with templated DCLs, 
indicating that receptors for biomacromolecules can be screened and identified by 
applying DCC. This DCC based methodology has the potential to be general and 
facile to implement and might find applications in diverse fields of bio-
nanotechnology, including targeting and sensing of DNA/RNA, metabolites or 
enzymes. Overall, the DCC approach allows to imprint the specific molecular 
structures of a biomacromolecule into the surface of dendrimers. As illustrated in 
chapter 1, other molecular imprinting methods are mainly based on kinetically-
controlled polymerization, whereas the described DCC methodology relies on the 
thermodynamically controlled reversible imine formation which has the important 
advantage of including the error-correction process, which should result in more 
precisely imprinted surfaces. 

Another fundamental goal of the described research was to obtain a semi-
quantitative relationship between reaction conditions and the resulting affinities 
through the use of statistical analysis. This requires the synthesis and analysis of 
more reversible chemistries and building blocks to generate a more extensive 
dataset for statistical analysis. The expansion of DCC functionalized surfaces 
should also result in a more diverse array of antibody-like macromolecular 
structures. 
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Antibodies are extensively applied in the fields of research, diagnostics and 
therapeutics. Our current DCC approach may be extendable to protein templates, 
which could give rise to synthetic antibody mimics. In our workflow, the design is 
simplified due to the thermodynamically controlled molecular imprinting, which is 
friendly to researchers with less experience in molecular biology. Preliminary work 
showed that there are some obstacles in protein templated DCLs. First of all, imine 
formation was observed between dendrimer scaffolds and protein templates. 
Additionally, the isolation of the most effective dendrimer fractions from DCLs, 
especially from a mixture of low-affinity and high-affinity dendrimers, was 
technically difficult. However, these problems can potentially be solved. Using 
acid catalyzed hydrazone formation can minimize the interference by imine 
formation. Separation by affinity chromatography combined with other techniques 
may lead to the reproducible synthesis of antibody mimics. 
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Summary 

In this thesis, DCC based selective chemical functionalization of nanomaterials 
is investigated. The thesis is divided into three main chapters dealing with the 
preparation of water-dispersed nanoparticles (chapter 2), dynamic hydrazone 
exchange on the surface of dendrimers (chapter 3) and specific functionalization of 
dendrimers by dynamic imine chemistry (chapter 4).  

In chapter 2, SPIONs coated with zwitterionic ligands have been synthesized, 
which remained stable in aqueous solution over a long time span (> 60 days). 
Specifically, a choline phosphate based zwitterionic ligand carrying an aldehyde 
group enabled the surface functionalization by hydrazone chemistry, which 
demonstrates the potential of SPIONs as a new platform for surface supported 
DCC. 

In chapter 3 we could demonstrate reversible hydrazone chemistry on 
zwitterionic dendrimers (PAMAM). The exchange behavior and thermodynamic 
equilibrium was first verified by NMR and UPLC, while after the addition of three 
DNA oligonucleotides templates, the amplification of the library members with 
higher affinities towards these DNA templates was observed. A positively charged 
hydrazone on the surface of PAMAM showed specifically strong amplification 
presumably due to its ability to bind to the negatively charged DNA.  

In chapter 4, we have shown dynamic imine chemistry on the surface of 
zwitterionic dendrimers. Several different single and double stranded DNA 
oligonucleotides were applied as templates to direct the surface functionalization of 
the dendrimers. The synthesis of three DCLs, which were exposed to different 
DNA templates, was scaled-up to enable dendrimer isolation and determination of 
binding affinities by ITC. These binding studies indicated that the templated 
libraries had stronger binding affinities and better selectivity compared to the 
untemplated libraries. This illustrates that DCC provides a facile and efficient 
method to generate specific receptors to bind DNA, in one case even sequence-
selectively. More in-depth studies in the future will show to which degree DCC 
based approaches are capable to distinguish DNA or peptide sequences in a more 
sequence specific manner. High selectivity would allow exciting down-stream 
applications, including the specific recognition of a broad array of relevant 
biological and medical targets. 
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In dit proefschrift wordt de selectieve chemische functionalisering van 
nanomaterialen onderzocht, gebaseerd op dynamisch covalente chemie (DCC). Dit 
proefschrift is verdeeld in drie hoofdstukken, die achtereenvolgens de bereiding 
van nanodeeltjes verspreidt in water (hoofdstuk 2), de dynamische 
hydrazonuitwisseling aan het oppervlak van dendrimeren (hoofdstuk 3) en de 
specifieke functionalisering van dendrimeren door dynamische imine chemie 
(hoofdstuk 4) behandelen. 

In hoofdstuk 2 zijn SPIONs met zwitterionische liganden gesynthetiseerd, die 
over een lange periode (> 60 dagen) stabiel bleven in waterige oplossing. Een op 
choline fosfaat gebaseerd zwitterionisch ligand met een aldehyde groep maakte het 
mogelijk om het oppervlak te functionaliseren door middel van hydrazonchemie, 
wat de mogelijkheden van SPIONs laat zien als een nieuw platform voor DCC aan 
een oppervlak. 

In hoofdstuk 3 hebben we reversibele hydrazonchemie op zwitterionische 
PAMAM dendrimeren laten zien. Het uitwisselingsgedrag en het 
thermodynamische evenwicht is eerst geverifieerd door middel van NMR en UPLC, 
waarna het toevoegen van drie DNA oligonucleotide templates leidde tot 
vermenigvuldiging van de onderdelen van de bibliotheek met de hoogste affiniteit 
voor deze DNA templates. Eén positief geladen hydrazon op het oppervlak van 
PAMAM liet een bijzonder sterke vermenigvuldiging zien, waarschijnlijk dankzij 
zijn vermogen om te binden met het negatief geladen DNA. 

In hoofdstuk 4 hebben we dynamische iminechemie laten zien op het oppervlak 
van zwitterionische dendrimeren. Verschillende enkele en dubbele DNA 
oligonucleotiden zijn gebruikt als templates om de oppervlaktefunctionalisering 
van de dendrimeren te sturen. De schaal van de synthese van drie DCLs, 
blootgesteld aan de verschillende DNA templates, is vergroot om de dendrimeer te 
kunnen isoleren en de bindingsaffiniteit vast te stellen middels ITC. Deze 
bindingsstudies tonen aan dat de bibliotheken mét templates een sterkere 
bindingsaffiniteit en specificiteit hadden dan de bibliotheken zonder templates. Dit 
illustreert dat DCC een makkelijke en efficiënte methode is om specifieke 
receptoren te genereren die DNA binden, in één geval zelfs sequentie-selectief. 
Meer diepgaande onderzoeken in de toekomst zullen moeten uitwijzen in hoeverre 
een aanpak gebaseerd op DCC in staat is DNA of peptideketens op een meer 
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sequentie-specifieke manier te onderscheiden. Een selectievere methode zou 
kunnen leiden tot opwindende toepassingen, zoals de specifieke herkenning van 
een verzameling biologische of medische targets. 
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