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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.  



Chapter 4  

92 

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 
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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 
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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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