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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 
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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 
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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. 
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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).  
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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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