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This work is devoted to studying the peptide dendrimers functionalized by double 

insertions of different amino acid residues by NMR methods. The structures of the 

dendrimers were confirmed by one- and two-dimensional 
1
H and 

13
C NMR 

spectroscopy. The NMR relaxation theory for the functionalized dendrimers was 

developed and applied to experimental studies on the peptide dendrimers. The 

experimental results were analysed in detail using the theoretical conclusions. 
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Nomenclature 

Symbols 

G number of dendrimer generations 

g number of a generation shell 

m number of the dendrimer shell from periphery to core 

Md molecular weight of the dendrimer 

Nter number of terminal lysine segments 

Nside number of side segments 

Nch number of charged groups 

δ chemical shift in NMR spectrum 

D diffusion coefficient 

ρ effective density 

Rh hydrodynamic radius 

η viscosity 

J spectral density function 

τi ith correlation time 

Ci and their contribution of ith correlation times to spectral density function 

τmax  maximal relaxation time of macromolecules 

ωH cyclic resonance frequency for 
1
H nuclei 

𝑘𝐵 Boltzmann constant 

T temperature 

T1H  NMR spin-lattice relaxation time 

Ea activation energy 

P2 orientational autocorrelation function 
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da  Gaussian segments 

λk distinct nonzero eigenvalue  

l  length of the Gaussian segment 

 𝜁 friction coefficient 

q stiffness parameter 

𝑀1
𝑎(t) segmental time-autocorrelation function  

Abbreviations 

NMR nuclear magnetic resonance 

1D one dimensional 

2D two dimensional 

PLL poly-L-lysine  

PAMAM polyamidoamine 

EV excluded volume 

Lys lysine 

Gly glycine 

Ala alanine 

Arg arginine 

His histidine 

COSY Correlation spectroscopy 

HSQC Heteronuclear single-quantum correlation spectroscopy 

HMBC Heteronuclear multiple-bond correlation spectroscopy 

MD  Molecular dynamics 

SD standard semiflexible dendrimers 

FSD functionalized semiflexible dendrimers 

FD flexible dendrimers 

FFD functionalized flexible dendrimers 
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1 Introduction 

Dendrimers are hyperbranched, monodisperse macromolecules with a well-defined 

structure, multivalency, and nanoscale sizes. The main difference between dendrimers 

and other nanoscale molecules is the ability to control their chemical composition, size, 

and architecture during all steps of synthesis. This allows the design of structures with 

unique and necessary properties that meet various applications. There is a huge variety 

of dendrimer structures that differ in core type, branching units, and surface functional 

groups. Many of the dendrimers have been investigated extensively and are already 

used, for example, in the delivery of drugs or dyes and in the synthesis of metal or 

magnetic nanoparticles. 

Due to their compact nanometric structures, dendrimers are interesting for medicinal 

purposes as drug carriers, synthetic vaccines, artificial protein-like structures, and 

biomimetic moieties. The biomedical use of dendrimers has been predicted since the 

discovery of poly-L-lysine (PLL) dendrimers by Denkewalter and for polyamidoamine 

(PAMAM) dendrimers by Tomalia in the early 1980s. Prospects for the use of 

dendrimers as medications opened in the early 1990s. At present, biomedical 

applications of dendrimers have been successfully developing and have become 

promising. Currently, the main studies of dendrimers for medicine are mainly focused 

on the use of PAMAM dendrimers, while the possibilities of other types of dendrimers 

have not been fully studied, even though peptide dendrimers have a higher 

biocompatibility and lower toxicity in comparison with synthetic dendrimers. 

Among the peptide dendrimers, PLL dendrimers have attracted considerable attention 

from many researchers who attempt to synthesize a safe and reliable dendrimer-based 

delivery system. These dendrimers can play a pivotal role in the development of 

nanocarriers for anticancer, antimicrobial, antiviral agents, and pharmaceutics. As a new 

drug candidate, PLL dendrimers must possess certain characteristics (improved 

pharmacodynamics and pharmacokinetics (circulation time), absorption by organs, and 

accumulation in tumours) before they have the potential to be used clinically. This trend 

demonstrates the importance of searching for dendrimers with new compositions and 

architectures to achieve safer and more efficient drug and gene delivery. For these 

purposes, lysine dendrimers need to be modified. It should be noted that in peptide 

dendrimers, not only terminal but also internal groups can be functionalized by inserting 

amino acid residues between adjacent branching points of the dendrimer. The most 

popular terminal amino acid residues for functionalization are positively charged lysine 

and arginine residues, as well as histidine. The latter, depending on the pH of the 

medium, can be positively charged or neutral, and the conformations of the 

corresponding dendrimers are swollen or collapsed. 

The aim of this present work is to study the structural and dynamic properties of new 

peptide dendrimers with functionalized inner segments by NMR spectroscopy and 

relaxation methods. These dendrimers have inner segments modified by inserting 

different amino acid residues (lysine, glycine, arginine and histidine). In the study of the 
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dynamic properties of dendrimers, identification of the fundamental causes of the 

behaviour of dendrimer macromolecules is expected due to the presence of amino acid 

residues in the composition, as well as their topology. The obtained results broaden our 

understanding of the physicochemical properties and the local orientational mobility of 

dendrimers. 

Studying the possibilities of targeted modification of the inner structure and properties 

of dendrimers by changing their topology and amino acid composition is of great 

practical importance for expanding the use of peptide dendrimers in biomedicine for 

drug delivery. The novelty of this research work is in the establishment of regularities 

between the structure of the dendrimer and their transport and transfection properties. 

This present thesis consists of a summary section and original papers. The summary 

section includes five chapters which are structured as follows: Chapter 2 is devoted to a 

literature review of dendrimer macromolecules, their applications, and using NMR 

methods for their study, while Chapter 3 provides a description of the samples and 

methods. Following these chapters, we present the main original results of our 

investigation in Chapter 4. This chapter consists of four subchapters. At first, we study 

and confirm the chemical structures of new peptide dendrimers using one- and two-

dimensional NMR spectroscopy. Then, we attempt to develop the theory of local 

orientational mobility of functionalized dendrimers. Further, we provide the results of 

the study of the local orientational mobility of the peptide dendrimers by NMR 

relaxation method. Finally, to conclude Chapter 4, we consider the possibility of 

deuteration of the histidine-modified peptide dendrimers. Last but not least, we provide 

the conclusions of this research work in Chapter 5. 
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2 State of the art 

Dendrimers are nanosized artificial macromolecules with well-defined globular 

architecture that possess a variety of unique properties (Samad, Alam and Saxena, 2009; 

Abbasi et al., 2014). They have a regular hyperbranched structure with a hydrophobic 

and/or hydrophilic interior, multivalency and extremely low polydispersity, which make 

them very suitable as nanocontainers for substances of different natures: from metal 

particles to genes and drugs (Bronstein and Shifrina, 2011; Mutalik et al., 2013; 

Noriega-Luna et al., 2014; Ghaffari et al., 2018). Every year, the number of papers 

dedicated to the study of the properties of dendrimers and their application in 

biomedicine and pharmaceutics increases (Palmerston Mendes, Pan and Torchilin, 

2017; Santos et al., 2017). 

Among a wide variety of dendrimers, poly-L-lysine (PLL) dendrimers have attracted 

attention from researchers due to their high biocompatibility and relatively low toxicity 

(Neelov, Janaszewska, et al., 2013; Kuang et al., 2016; Martinho et al., 2017; 

Palmerston Mendes, Pan and Torchilin, 2017). They are used in many biomedical 

applications, in particular, as carriers for drug and gene delivery (Sadler and Tam, 2002; 

Singh and Sharma, 2009; Kuang et al., 2016; Hsu et al., 2017; Palmerston Mendes, Pan 

and Torchilin, 2017). PLL dendrimers differ from synthetic analogs in their synthesis 

which is conducted using natural compounds (amino acid residues). PLL dendrimers are 

modified with anionic, cationic and neutral amino acid residues to enhance their drug 

and gene delivery potential. The most common means of functionalization is through 

the conjugation of other amino acid residues to the dendrimer terminal groups (Okuda et 

al., 2004). For instance, decoration of a PLL dendrimer with arginine residues improves 

its interaction with a negatively charged cell membrane, facilitating membrane 

penetration and enhancing transfection efficiency (Kim et al., 2006, 2009; Hirose et al., 

2012; Kruk, Herrmann and Rössler, 2012; Luo et al., 2012; Yang et al., 2015; Ghaffari 

et al., 2018). The dendrimer interior can also be modified by incorporation of amino 

acid residues between inner lysine branching points (Kwok et al., 2016; Sheveleva et 

al., 2018; Sheveleva, Markelov, Vovk, Mikhailova, et al., 2019; Sheveleva, Markelov, 

Vovk, Tarasenko, et al., 2019). 

The inner space of a dendrimer is actively used in many applications. This is related to 

their possibility to provide an inner space for encapsulated matter (Astruc, Boisselier 

and Ornelas, 2010).
 
One of the most important parameters of this feature is the 

adsorption/desorption time of the hosted matter, which depends on the local mobility of 

macromolecules (Wittmer et al., 1994). Therefore, the development of the theory of 

dendrimers’ local mobility is a fundamental question which is important for the 

enhancement of the technologies involving dendrimer macromolecules. The structural 

properties of lysine dendrimers has been studied both experimentally (Vlasov et al., 

2004) and by computer simulation using molecular dynamics (Roberts et al., 2009; I. 

M. Neelov, Falkovich, et al., 2013; I. M. Neelov, Markelov, et al., 2013; Rahimi, 
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Amjad-Iranagh and Modarress, 2016) and Brownian dynamics methods (Mikhailov and 

Darinskii, 2014). 

NMR relaxation is perhaps one of the most effective methods for studying local 

dynamics in macromolecules (Kimmich and Fatkullin, 2004; Rössler, Stapf and 

Fatkullin, 2013) as it provides access to the local reorientation mobility without 

perturbing the investigated system (Pinto et al., 2013). The description of NMR 

relaxation in dendrimers in dilute solution has been developed in theoretical (Markelov 

et al., 2014), computer simulations (Karatasos, Adolf and Davies, 2001; Markelov et 

al., 2009, 2015; Shavykin, Neelov and Darinskii, 2016), and experimental (Markelov et 

al., 2010; Novoa-Carballal et al., 2010; Neelov, Markelov, et al., 2013; Pinto et al., 

2013; Pinto, Riguera and Fernandez-Megia, 2013) works. As opposed to linear chains, 

traditional approaches for dendrimers, in which shorter spin-lattice relaxation times 

correspond to less mobile nuclei, are not appropriate for the analysis of the mobility of 

NMR active groups (Pinto et al., 2013). Nowadays, the picture of dendrimer relaxation 

appears to be clarified in detail (Markelov, Dolgushev and Lähderanta, 2017). It has 

been shown that the following three processes have the main contribution to the 

relaxation in dendrimers: (1) the local mobility of dendrimers' segments represented by 

spatially periodic modes, (2) the relaxation of dendrimers' branches as a whole, and (3) 

the overall dendrimer rotation. 

In particular, it has been shown that the bending rigidity (semiflexibility) plays a 

fundamental role in the NMR relaxation of dendrimers. Neglecting this aspect leads to 

the spurious result that the NMR relaxation of flexible dendrimers only depends on the 

local mobility of segments (Markelov et al., 2009) (i.e., only on process (1), which is 

independent of the location of the labelled segment in the macromolecule and of the size 

of macromolecule). In contrast, for semiflexible dendrimers, the NMR relaxation rates 

of the labelled segments strongly depend on their remoteness from the dendrimer’s 

periphery (Markelov et al., 2014) (i.e., on process (2) related to the relaxation of the 

dendrimer’s branch originating from the labelled segment). It has been established that 

the local orientational mobility of NMR active groups in a dendrimer depends on their 

topological distance from the periphery. This result has been obtained for viscoelastic 

model of a dendrimer in which the excluded volume (EV) effect and the hydrodynamic 

interactions are not taken into account (due to this reason the rotation of the dendrimer 

as a whole does not appear) (Gotlib and Markelov, 2007; Markelov et al., 2014). 

However this conclusion has been directly confirmed by atomistic molecular dynamics 

(MD) simulations of dendrimer melt (in this system the dendrimer rotation is 

significantly suppressed (Lederer et al., 2015)). Furthermore, it has been found that the 

local orientational mobility is independent of the EV (Shavykin, Neelov and Darinskii, 

2016) and the hydrodynamic interactions (Dolgushev, Schnell and Markelov, 2017). 

Note that in  (Shavykin, Neelov and Darinskii, 2016), computer simulations 

demonstrated that EV affects only the rotation of a dendrimer as a whole and this 

influence depends on the size of the dendrimer (Shavykin, Neelov and Darinskii, 2016). 

The rotation of a dendrimer as a whole was calculated from the finite slope of 

orientational autocorrelation functions for vectors from the dendrimer core to a terminal 



State of the art 17 

segment. The effect of EV is small for terminal groups and is big for groups in the 

dendrimer core (Markelov et al., 2015). Thus, the theory of orientational mobility has 

been developed in detail for classical (“ideal”) dendrimers where there are no defects in 

the tree-like structure. The progress in the dendrimer synthesis has yielded novel 

dendritic structures (see, e.g., (Sowinska and Urbanczyk-Lipkowska, 2014) for a 

review), among them pseudodendrimers (Schlüter, 2005; Lederer et al., 2015)
 
and 

functionalized dendrimers (Antoni et al., 2009; Kang et al., 2010; Gadwal and Khan, 

2015). Therefore, the next logical step is the development of the theory of orientational 

mobility for functionalized dendrimers. 

In summary, an important aspect of the practical use of dendrimers is a fundamental 

understanding of their dynamic and structural properties. Despite the fact that there are a 

large number of works devoted to the study of these properties, there are still important 

gaps requiring theoretical and experimental studies. This, undoubtedly, greatly slows 

down their practical use in various biomedical applications. 
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3 Materials and Methods 

3.1 Samples 

In this present work, we studied four types of second-generation peptide dendrimers. 

All of the studied dendrimer macromolecules consisted of a core, inner, side and 

terminal segments and had an asymmetrical branching. These dendrimers contained 

alanine amino acid residue as the core and lysine residues as the inner and terminal 

segments. The branched inner segments consisted of ε- or α-part of the lysine residue. 

These dendrimers differed in their side segments which contained two glycine (2Gly), 

lysine (2Lys), arginine (2Arg) or histidine (2His) amino acid residues. Thus, every 

repeating unit contained one inner and two side segments between each pair of 

neighbouring branching points. The structures of the dendrimers are presented in Fig. 1. 

The detailed structures of the dendrimers can be demonstrated in the example of the 

Lys-2Arg dendrimer (Fig. 2). 

The concentrations of Lys-2Lys and Lys-2Gly dendrimers in the solvent 0.17M NaCl 

D2O were 1.4878 g/dl, 1.4607 g/dl, respectively. Lys-2Arg was dissolved in 0.154M 

NaCl D2O at a concentration of about 1.50 g/dl.  

In the Lys-2His dendrimers, the imidazole groups in histidine residues, depending on 

the pH of the medium, can be positively charged at low pH or neutral at normal pH 7, 

and the conformations of the corresponding dendrimers are swollen or collapsed. 

Further, in this present work, the dendrimer under study with uncharged and charged 

imidazole groups are referred to as Lys-2His and Lys-2Hisp, respectively. 

Concentrations of the Lys-2His (at pH 7, collapsed conformation) and Lys-2Hisp (at pH 

1.1, swollen conformation) dendrimers in the solvent were 1.57 g/dl and 1.27 g/dl, 

respectively. The value of the pH was adjusted by the addition of HCl. 

For the deuteration experiments, Lys-2His was dissolved in D2O at a concentration of 

1.55 g/dl with and without 0.157M NaCl. 

All systems corresponded to the condition of the dilute solution. 
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a) 

 

b) 
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c) 

 

d) 

 

Figure 1. Chemical structure of the second generation (a) Lys-2Gly; (b) Lys-2Lys; c) 

Lys-2Arg; d) Lys-2His dendrimers. The colours mark the following dendrimer parts: 

cores (green), inner segments (black), side segments (blue), and terminal segments 

(red).  
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Figure 2. The chemical structure of the Lys-2Arg dendrimer. The core of Lys-2Arg 

consists of alanine amino acid residue. The inner segments contain ε- or a-part of Lys 

and two Arg residues. The side segments consist of ε-parts of Arg residues containing 

guanidine groups. The terminal segments contain Lys residues. Green marks the core, 

black corresponds to the main chain, violet indicates the side segments, and red 

corresponds to the terminal segments. Green and red open circles show the Lys 

branching points in inner and terminal segments, respectively. Blue open circles show 

the CH groups of Arg. The CH2 groups of the inner segment (i.e., of ε-part of branched 

Lys) connected to N atoms are highlighted by light blue, CH2-(N) groups in side 

segments are highlighted by orange, and CH2 groups connected to protonated NH
3+

 

groups in terminal segments (i.e., in ε-parts of terminal Lys) are highlighted by 

magenta. 

3.2 NMR spectroscopy and relaxation 

NMR measurements were performed on a Bruker Avance III 500 MHz NMR (500 MHz 

and 126 MHz are frequencies for 
1
H and 

13
C, respectively) spectrometer equipped with 

a standard 5 mm BBFO direct observation probe and a Great 1/60A gradient system 
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with a MIC S2 Diff/30 diffusive probe with a 
1
H convolution compensation coil. One-

dimensional
 1

H and 
13

C NMR spectra were recorded. In addition, we performed two-

dimensional NMR experiments to confirm the dendrimer structure. 
1
H-

1
H COSY, 

1
H-

13
C HSQC, and HMBC spectra were obtained using standard pulse sequences. 

The NMR diffusion technique was used to measure the diffusion coefficients that were 

measured by a stimulated echo sequence with bipolar gradients (Jerschow and Müller, 

1996) to compensate for the effects of convection. The gradient pulse length and the 

diffusion time were set to 1 ms and 20 ms, respectively. For each gradient, 16 gradients 

and 16 scans were used.  

The 
1
H spin-lattice relaxation times T1H, were acquired with an “inversion-recovery” 

pulse sequence modified by the destructive gradient pulses at the beginning of the 

sequence (“spoiler-recovery” sequence) (Sørland, 2014). Parameters for the pulses were 

12-18 μs duration of π/2 pulse, 16 τ delays, and 3 s recycle time between scans.
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4 Results 

4.1 Sample analysis by NMR spectroscopy 

In this section, we analysed the chemical composition of studied dendrimers using 

various one- and two-dimensional 
1
H and 

13
C NMR spectroscopy methods. This 

allowed us to confirm the structures of the dendrimers and to establish the assignment 

of peaks in NMR spectra to groups in dendrimer that was important for the 

interpretation of NMR relaxation results in section 4.2. 

The 
1
H NMR spectra and peak assignments are presented in Figs. 3, 5, 7, and 9. There 

are several regions in the 
1
H NMR spectra, where peaks were observed: 1) the signals 

from the CH2 and CH3 groups of aliphatic parts are in the range of 1-2 ppm; 2) the 

signals from the CH2 groups bonded to nitrogen-containing groups are located in the 

range of 2.9-3.2 ppm; 3) the peaks in the range of 3.6-4.6 ppm belongs to protons in the 

CH groups; and 4) the peaks in the range of 7.0-8.3 ppm refer to the CH groups in 

aromatic structures (particularly, in imidazole group of the Lys-2His dendrimer). In 

addition, we distinguished three types of СН2 groups chemically connected with 

nitrogen atoms. According to Fig. 2, all the dendrimers have the CH2-(N) groups in the 

inner segments that contain the ε-part of lysine, which we consider as “inner” groups. 

Except for Lys-2Gly, the dendrimers under discussion have the “side” CH2-(N) groups 

in side segments. Methylene groups connected with protonated NH
3+ 

groups in the 

terminal segments are considered “terminal” ones. 

The 
13

C NMR spectra are presented in Figs. 4, 6, 8, and 10. Analysing these spectra, we 

can meet the following types of 
13

C nuclei in all of the studied dendrimers: methyl 

(CH3), methylene (CH2), methine (CH), and carbonyl (CO). The signals in the range of 

177.57-169.89 ppm belong to carbon atoms located in carboxyl groups. The group of 

peaks in the range of 53.95-49.46 ppm refers to the carbon atoms in the CH groups, 

while the next group of peaks in the range of 42.52-39.05 ppm refers to carbons of the 

CH2 groups bonded to a nitrogen atom. In the region of 31.37-21.26 ppm, there are 

peaks from carbons in the CH2 groups of the aliphatic part of the dendrimer. The peaks 

at 16.78-16.62 ppm belong to carbon in the methyl group of the alanine core. In Lys-

2Arg, the carbons of the guanidine groups of arginine residues have a chemical shift 

equal to 156.71 ppm. The assignment of chemical shift at 156.71 ppm (symbol “m” in 

Fig. 10) to the carbon signal of the guanidine group is confirmed by the presence of the 

cross-peak (3.19; 156.71 in Fig. 11) with protons in the side CH2-(N) groups in Arg 

residues. Moreover, the chemical shift (156.71 ppm) of carbon in the guanidine group is 

close to the chemical shift of carbon in the guanidine group in L-Arginine (159.50 

ppm). In Lys-2His, the carbons in the imidazole ring have the chemical shifts at 117.07, 

130.11 and 134.57 ppm (Fig. 8). 

The primary analysis of the 
1
H and 

13
C spectra did not allow to establish any 

correspondence between peaks and carbon atoms of a particular segment. For accurate 
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correlation of peaks in the 
1
H and 

13
C NMR spectra, we measured two-dimensional 

spectra. This allowed the possibility to determine a connection between the peaks in the 

spectrum of (i) hydrogen atoms in neighbouring CHn groups (
1
H-

1
H COSY), (ii) 

carbons and hydrogens in one group (
1
H-

13
C HSQC), and (iii) carbons and protons in 

adjacent groups and groups separated by two to four chemical bonds (
1
H-

13
C HMBC). 

We performed detailed analysis of one- and two-dimensional spectra for every 

dendrimer under consideration. To illustrate, we provided a procedure of the detailed 

analysis for the Lys-2Arg dendrimer as an example. The analysed 
1
H-

13
C HSQC and 

HMBC spectra for other dendrimers are presented in Appendix A. 

 

Figure 3. 
1
H NMR spectrum of Lys-2Gly dendrimer at 298 K. 

 

Figure 4. 
13

C NMR spectrum of Lys-2Gly dendrimer at 298 K. The letter symbols 

correspond to the designations of the groups in Fig. 3. 
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Figure 5. 
1
H NMR spectrum of Lys-2Lys dendrimer at 298 K. 

 

Figure 6. 
13

C NMR spectrum of Lys-2Lys dendrimer at 298 K. The letter symbols 

correspond to the designations of the groups in Fig. 5. 
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Figure 7. 
1
H NMR spectrum of Lys-2His dendrimer at 298 K. 

 

Figure 8. 
13

C NMR spectrum of Lys-2His dendrimer at 298 K. The letter symbols 

correspond to the designations of the groups in Fig. 7. 
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Figure 9. 
1
H NMR spectrum of Lys-2Arg dendrimer at 298 K. 

 

Figure 10. 
13

C NMR spectrum of Lys-2Arg dendrimer at 298 K. The letter symbols 

correspond to the designations of the groups in Fig. 9. 

We should note that the chemical structure of the Lys-2Arg dendrimer is shown in 

Fig. 2, and the 
1
H and 

13
C NMR spectra of the dendrimer are shown in Figs. 9 and 10. 

At first, all the information about cross-peaks was collected from 
1
H-

13
C HMBC, HSQC 

and 
1
H-

1
H COSY spectra. Then we combined the obtained data in the the schemes 

below for the inner segments containing the ε- or α-part of Lys residues (Figs. B1 and 

B2) and the terminal segments (Fig. B3). The two-dimensional 
1
H-

13
C HMBC and 

HSQC spectra of the Lys-2Arg dendrimer are shown in Figs. 11 and 12, respectively. 
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Following these analyses, the main results and conclusions can be presented. The 

dendrimer under consideration has several types of CH groups (Fig. 2) located: 1) at the 

Lys branching points between the inner segments; 2) at the side segments; and 3) at the 

Lys branching points between the inner and the terminal segments. We conclude that 

protons of CH groups of the side segments are distributed between peaks (4.36 ppm) 

and (4.25 ppm). According to the cross peak (4.25; 30.67 in Fig. 11), the protons of CH 

groups at Lys branching points between the inner segments (Fig. 2, green open circles) 

also contribute to the peak (4.25 ppm). The cross-peaks (3.92; 53.04 in Fig. 12) and 

(3.94; 30.95 in Fig. 11) confirm that the protons at peak “q” with the smallest chemical 

shift of 3.94 ppm belong to CH groups located at Lys branching points between the 

inner and the terminal segments (Fig. 2, red open circles). 

 

Figure 11. The two-dimensional
 1

H-
13

C HMBC spectrum of Lys-2Arg dendrimer in the 

range of 4.6‒2.7 ppm at 298 K. The letter symbols correspond to the designations of the 

groups in Fig. 9. 
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Figure 12. The 
1
H-

13
C HSQC spectrum of Lys-2Arg dendrimer in the range of 5.0-

0.7 ppm at 298 K. The letter symbols correspond to the designations of the groups in 

Fig. 9. 

The electronegativity of a nitrogen atom influences protons in СH2 groups and leads to 

their increased chemical shift with respect to other СH2 groups. This means that peaks 

in the range of 3.26-2.92 ppm belong to the СН2 groups attached to nitrogen. Three 

distinct peaks indicate the presence of CH2-(N) groups in three different chemical 

environments. There are CH2-(N) groups in the inner, side and in the terminal segments 

(Fig. 2). For accuracy and consistency, we use previously given terminology for CH2-

(N) groups (Section 3.1). The cross peaks (3.19; 39.19) and (3.09; 39.19) on the 
1
H-

13
C 

HQSC spectrum of the dendrimer (Fig. 13) confirm that the protons of the inner groups 

contribute to peaks at 3.19 ppm and 3.10 ppm. According to the 
1
H-

1
H COSY spectrum 

(Fig. 14), protons with chemical shifts of 3.09 and 3.19 ppm are in the same group. 

These two facts indicate that hydrogen nuclei in the same CH2 group have different 

chemical shifts (i.e., nonequivalent protons). The nonequivalence of these protons can 

be explained by their vicinity to the chiral carbon atom in the CH group of Arg (symbol 

“i” in Fig. 9). Despite chirality being present in most amino acids, such an effect was 

not observed in the Lys-2Lys dendrimer. It seems that features of the chemical structure 

of arginine contribute to the appearance of the peak at 3.10 ppm (Fig. 9), in the range of 

the signal from CH2-(N) groups. Thus, the structure of the Lys-2Arg dendrimer was 
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confirmed by the detailed analysis of the one- and two-dimensional NMR spectra on 
1
H 

and 
13

C nuclei. 

  

Figure 13. The two-dimensional
 1

H-
13

C 

HSQC spectrum of Lys-2Arg dendrimer in the 

range of 3.5-2.7 ppm at 298 K. 

Figure 14. The two-dimensional
 1

H-
1
H 

COSY spectrum of Lys-2Arg dendrimer 

in the range of 3.4-2.9 ppm at 298 K. 

In the course of a comprehensive analysis of the NMR spectra of the considered 

dendrimers, we identified features that made it possible to avoid the misinterpretation 

and assignment of signals. In the Lys-2Gly dendrimer, the signal from the СН2-(N) 

groups (symbols “k” and “m” in Fig. 3) was found to be located in the range of the 

signals of CH groups, while in the Lys-2Lys dendrimer, the protons of the side (symbol 

“w” in Fig. 5) and terminal (symbol “s” in Fig. 5) СН2-(N) groups contribute to the 

same peak at 2.98 ppm. In addition, in the Lys-2His dendrimer, the nonequivalence of 

protons in the inner CH2-(N) groups was detected. The cross-peaks (3.09; 27.83) and 

(2.99; 27.86) in 
1
H-

13
C HMBC spectrum (Fig. 15) confirm the presence of the chirality 

of the protons in the inner СН2-(N) groups. 

 

Figure 15. The two-dimensional
 1

H-
13

C HMBC spectrum of Lys-2His dendrimer in the 

range of 3.3‒2.8 ppm at 298 K. 
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4.2 Dendrimer size and inner density 

We carried out the diffusion experiments. Although this is a dynamic method, we can 

use it to estimate the size and density of dendrimer, assuming that all the atoms of the 

dendrimer are concentrated in a sphere. The Stokes-Einstein equation (1) was used to 

measure the diffusion coefficients, D, and to calculate the hydrodynamic radii, Rh, of the 

dendrimer 

h

B

R

k
D

6

T
 ,      (1) 

where η is the viscosity of the solvent and Rh is the hydrodynamic radius of a 

macromolecule; T and kB are temperature and Boltzmann constant, respectively. If 

almost all the atoms of the dendrimer concentrate in the sphere with a radius Rh, we can 

estimate the effective density within the dendrimers, ρ, by using Eq. (2) 

3

3

4
h

d

R

M



  ,      (2) 

where Md is the molecular weight of the dendrimer. 

The calculated parameters are presented in Table 1. It was found that the values of 

hydrodynamic radii of the Lys-2Lys and Lys-2Arg dendrimers were close (1.94 and 

1.93 nm, respectively). In comparison with the Lys-2Lys dendrimer, Lys-2Arg has a 

slightly higher density equal to 0.35 g/cm
3
 in contrast to 0.31 g/cm

3
 of Lys-2Lys. 

Therefore, we can conclude that the guanidine groups in side segments of the Lys-2Arg 

dendrimer do not lead to significant changes in size and density of the Lys-2Arg 

dendrimer in comparison with the Lys-2Lys dendrimer. The Lys-2Hisp dendrimer has a 

greater size (Rh = 2.25 nm) and less density (0.20 g/cm
3
) among the considered 

dendrimers, apparently, due to the presence of the massive imidazole rings. In contrast, 

the Lys-2Gly dendrimer with the linear side segments has a more compact and dense 

structure: its hydrodynamic radius is 1.45 nm, and the density is 0.47 g/cm
3
. 

Table 1. Some parameters of dendrimers. G is the number of generation; Md is the 

molecular weight of a dendrimer. Nter is the number of terminal lysine segments 

containing two protonated NH3
+
 groups, Nside is the number of side segments, and Nch is 

the number of charged groups; Rh is the hydrodynamic radius and ρ is the effective 

density. 

Dendrimer G Md, a.u.m. Nter Nside Nch Rh, nm ρ, g/cm
3 

Lys-2Lys 2 5636 16 28 44 1.94 0.31 

Lys-2Gly 2 3620 16 28 16 1.45 0.47 

Lys-2Arg 2 6392 16 28 44 1.93 0.35 

Lys-2Hisp 2 5867 16 28 44 2.25 0.20 
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The total charge is an essential characteristic of the dendrimer macromolecule: it is 

equal to the number of charged groups (Nch). Due to the fact that lysine and arginine are 

protonated under biological conditions, the Lys-2Lys and Lys-2Arg dendrimers have a 

greater charge in comparison with Lys-2Gly and Lys-2Hisp. Functionalization of 

peptide dendrimers with lysine and arginine residues increases the total positive charge 

of the dendrimer macromolecules that improves their transport and transfection 

properties. The latter plays an important role in using dendrimers for drug and gene 

delivery into cells. Thus, we can conclude that Lys-2Lys and Lys-2Arg may serve as 

efficient carriers of genetic material. This conclusion has been confirmed by 

experimental results reported in (Gorzkiewicz et al., 2020). The Lys-2Lys dendrimer 

was found to be more effective for gene delivery than the Lys-2Gly dendrimer. 

4.3 NMR relaxation in functionalized dendrimers 

Functionalized dendrimers are a novel type of dendritic macromolecules that contain 

functionalized groups that do not take part in the dendrimer’s synthetic cycle. 

According to this terminology, the peptide dendrimers can also be classified as 

functionalized dendrimers in which additional segments at the branching points appear. 

As it was shown in (Markelov et al., 2015), in general terms the theory of local 

orientational mobility works for the standard poly-L-lysine dendrimers. Until now, the 

theory of orientational mobility has not been developed for the functionalized 

dendrimers.  

It was established that the semiflexibility plays a fundamental role in the NMR 

relaxation of standard dendrimers (Markelov et al., 2014). An attempt towards a 

theoretical description of the dynamics of the functionalized dendrimers was previously 

made in work by Grimm and Dolgushev (GD) (Grimm and Dolgushev, 2016), where it 

was established that the presence of the functionalized segments leads to a new process 

(this will be referred to as “GD process” here), which does not exist for standard 

dendrimers. The GD process comprises new asymmetric normal modes involving the 

motion of functionalized segments and branches that grow from the same branching 

point as the functionalized segments (Grimm and Dolgushev, 2016). These additional 

modes can significantly affect the characteristics of dynamics. 

For our NMR studies of peptide dendrimers, it is important to understand the 

manifestation of the GD process spectrum in the “experimental window”. We 

theoretically investigate the NMR relaxation of the functionalized dendrimers that 

contain functionalized groups that do not take part in the dendrimer’s synthetic cycle 

(Fig. 16). In the case of peptide dendrimers, the additional segments are attached to the 

spacer between the branching points. However, we believe that this simplification is 

justified. At least, studies of a branched system (Vicsek fractal) by using a more 

detailed viscoelastic model confirm our assumption about the study of NMR relaxation 

(Markelov, Fürstenberg and Dolgushev, 2018). 
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For this study, the Kargin-Slonimskii-Rauz viscoelastic model was utilized. It is 

important to note that this model correctly predicts the NMR relaxation behaviour for 

dendrimers (for instance see Markelov et al., 2014). A detailed description of the model 

and the mathematical approach used are presented in (Sheveleva, Dolgushev, et al., 

2019). In this section, we discussed the main results for NMR relaxation of the 

functionalized dendrimers focusing both on the models with and without bending 

rigidity. 

 

Figure 16. Schematic drawing of an internally functionalized (a) and a standard (b) 

dendrimers, both of generation G = 3. The functional beads in (a) are depicted in red. 

In addition, we indicate by m the shells of the dendrimers from periphery to core. 

4.3.1 Spin-lattice NMR relaxation 

Here we consider the frequency-dependent spin-lattice relaxation rates [ω/T1H] for 
1
H 

nuclei. These functions are determined based on the spectral density [J(ω)], Eq. (3), and 

they are of experimental interest (Kimmich, 1997), 

𝐽(𝜔) = ∫ 𝑃2
𝑎(𝑡)

∞

0
cos(𝜔𝑡)d𝑡.    (3) 

Here 𝑃2
𝑎(𝑡) is the second Legendre polynomial. The spectral density 𝐽(𝜔) gives access 

to the reduced NMR spin-lattice relaxation rates of the 
1
H nuclei in the susceptibility 

representation (Kimmich, 1997; Kruk, Herrmann and Rössler, 2012),  

[
ω

𝑇1H
] = 𝜔H(𝐽(𝜔H) + 4𝐽(2𝜔H)).    (4) 

This representation allows one to compare theoretically calculated frequency 

dependence and experimentally obtained temperature dependence of the spin-lattice 

relaxation rate. 
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The results are obtained using Eq. (3) by numerical integration (using the discrete-time 

Fourier transform method with fixed time step 10−5𝜏0) for different segments of 

generation G = 3-7 dendrimers. The segments are numbered from the periphery by 

index m so that the terminal segments always have m = 0 (see Fig. 16). Note that with 

m > 0 we denote the internal segments only (i.e., not the functionalized ones). In this 

case, as can be observed in Fig. 17, the qualitative differences between FFD and FSD 

are very strong.  
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Figure 17. Function [ω/T1H)], Eq. (4), for segments of flexible (a, b, c) and semiflexble 

(d, e, f) functionalized dendrimers (FFD and FSD, respectively). The dendrimers' 

generation is labelled by G. Note that the curves are superimposed for the segments 

having the same index m. Only the curves with m = G – 1 deviate from the others.  
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Additionally, we stress that for all dendrimers the spectral densities are superimposed at 

constant m but different G, except for the core segments (m = G – 1), to which no 

functionalized groups are connected. Therefore, the feature that the NMR rates of 

standard dendrimers are determined by the remoteness of the labelled segment from the 

periphery (Markelov et al., 2014) remains valid for functionalized dendrimers. The 

exceptional case of m = G – 1 is related to the fact that these segments seed the largest 

possible branch so that they do not have a neighbouring segment belonging to a larger 

branch, whose relaxation is important to the segment of the mth shell. This feature was 

also observed for standard dendrimers and is more important for semiflexible 

macromolecules (Markelov et al., 2014). 

Given the universality of the behaviour of [ω/T1H] at the same value of m, in the 

following we focus on the dendrimers at the highest generation G = 7, see Fig. 18 for 

FFD and FSD. As can be inferred from the figure, there are strong differences in the 

behaviour of these two systems. For FFD, one can see two maxima for almost all 

curves. The main maximum remains at the same frequency for different m, as in the 

case of the standard dendrimer (Markelov et al., 2014). The second maximum observed 

at 10
-1

-10
-3

 ωτ0 is shifted towards lower frequencies for higher values of m. At m = 1 

and 2, this process gives a broadening of the main maximum and for m ≥ 3 the second 

maximum is clearly resolved. The dominance of the high-frequency process resembles 

the behaviour observed for standard flexible dendrimers (FD) in (Markelov et al., 2009, 

2014; Dolgushev, Schnell and Markelov, 2017), and we note that the GD process is not 

explicitly observed for FFD. 
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Figure 18. Reduced spin-lattice relaxation rates of 
1
H (a, b) nuclei in the susceptibility 

representation for the segments (labelled by m) of a) functionalized flexible (FFD) and 

b) semiflexible dendrimers (FSD) at generation G = 7. 

Turning now to the [ω/T1H] of FSD that are locally stiff, Fig. 18(b), we observe that for 

m ≥ 3 two maxima with comparable heights clearly manifest. As for FFD, the low-

frequency maximum is related to relaxation of the dendrimer’s branches which are 

moving as a whole. Its position is shifted towards low frequencies with growing m, 
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given that the corresponding maximal relaxation time of the branch originating from the 

labelled segment grows exponentially with m. The position of the second maximum is 

practically independent of m (except for m = 0), and is observed approximately at 

(ωτ0)/2. For m = 3 to 5, both its position and amplitude are conserved. Except in the 

case of m = 0, the second maximum appears due to the GD process, which is the 

hallmark of the relaxation of functionalized dendrimers (Grimm and Dolgushev, 2016). 

We note that this process does not exist for standard dendrimers, for which the second 

maximum is absent (Markelov et al., 2014). For m = 2, [ω/T1H] has one flat maximum, 

showing that the characteristic relaxation time of the branch as a whole originates from 

this segment, which approaches the GD process. For m = 1, both processes are 

practically superimposed leading to a single maximum. Finally, the GD process is 

absent from [ω/T1H] for m = 0, showing that the maximal relaxation time of a terminal 

segment is smaller than that of the GD process; the modes excited by the functionalized 

groups do not contribute to the relaxation of the terminal segments (Grimm and 

Dolgushev, 2016).  

At even higher frequencies (Fig. 18(b)) of order ωτ0 ~ 10
2
, one can observe the 

contribution of the inner spectrum through a shoulder in [ω/T1H], which weakly depends 

on the parameters m and G. An analogous effect has been observed for standard 

dendrimers (Markelov et al., 2014; Dolgushev, Schnell and Markelov, 2017; Markelov, 

Dolgushev and Lähderanta, 2017). The small amplitude of the almost absent maximum 

reflects the small contribution of the inner process, as was the case for SD, in contrast to 

FD (Markelov et al., 2014). 

4.3.2 Comparison with molecular dynamics simulations of carbosilane 

dendrimer melts 

This subsection will compare the rate functions [ω/T1H] obtained in (Markelov et al., 

2016) using atomistic molecular dynamics (MD) simulations of carbosilane dendrimer 

melts (see the chemical structure of the dendrimer in Fig. 19(b) and those of FSD 

obtained in this work (Fig. 19(a)). Сarbosilane dendrimers possess a significant degree 

of semiflexibility. This fact was supported by simulations (Markelov et al., 2016) and 

experimental (Markelov et al., 2010) results. It should be noted that the developed 

theory describes the intramolecular orientational mobility, which manifests in NMR 

relaxation inside an individual dendrimer, in both solutions and melts. However, the 

rotation of the dendrimer as a whole has a significant contribution for a dendrimer in a 

solvent at low frequencies. In the case of dendrimer melts, the contribution of this 

process is minor (Markelov, Shishkin, et al., 2016), which allows us to make a direct 

comparison between theory and simulations. The characteristic time unit τ0 has been 

calibrated based on [ω/T1H] of terminal segments (m = 0) (Markelov et al., 2015), whose 

relaxation is dominated by a single process (Markelov et al., 2014; Markelov, Shishkin, 

et al., 2016; Markelov, Dolgushev and Lähderanta, 2017). As can be observed in 

Fig. 20, the results of theory and simulations are not only qualitatively similar but also 

quantitatively very close. Going from a terminal segment towards the dendrimer’s core 

(m > 0), one observes a separation of processes through the maximum splitting. In doing 
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so, the position of the high-frequency maximum practically does not change, as 

theoretically predicted by the GD process. At the same time, the low-frequency 

maximum shifts towards lower frequencies with growing m, due to the overall branch 

relaxation. In addition, it is important to note that both in theory and simulations the 

amplitudes of both maxima are comparable. This fact deprives us of an explanation of 

the second maximum through the inner spectrum whose amplitude is much smaller in 

the SD model than that of the low-frequency maximum (see, e.g., Markelov et al., 

2014). Even if one can speculate whether it is possible to tune the parameters (e.g., 

semiflexibility) in such a way that the amplitudes become comparable, such a 

hypothesis is rapidly rejected by looking at [ω/T1H] of the terminal segments (m = 0). As 

one can see in Figure 20, the position of its maximum is shifted towards high 

frequencies in comparison with that maximum for the inner segments, as predicted by 

the FSD theory and cannot be explained by the standard model (Markelov et al., 2014). 

In contrast, for the inner segments the high-frequency maximum is due to the GD 

process, the relaxation of the terminal segments depends on the relaxation of a single 

segment whose characteristic time is smaller than that of the GD process (Grimm and 

Dolgushev, 2016) but higher than that of the inner spectrum.  

            

           (a)              (b) 

Figure 19. The schematic structure of a) functionalized semiflexible dendrimer (FSD) 

and b) carbosilane dendrimer (CSD) from atomistic molecular dynamics simulations 

(Markelov et al., 2016) of dendrimer melts. The functionalized segments in are depicted 

in red. 
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Figure 20. Frequency dependent reduced spin−lattice relaxation rate in the 

susceptibility representation for individual segments (labelled by m) of dendrimers 

obtained from the theory of functionalized semiflexible dendrimers (FSD) and from 

atomistic molecular dynamics simulations (Markelov, Shishkin, et al., 2016) of 

carbosilane dendrimer (CSD) melts. 

Thus, the differences between the behaviour of NMR relaxation of a standard dendrimer 

according to the conclusions of (Markelov et al., 2014) and the results of the molecular 

dynamics simulations of carbosilane dendrimer melts (Markelov, Shishkin, et al., 2016) 

can be explained by the fact that each Si-atom has a CH3 group attached to it (Fig. 

19(b)), rendering the carbosilane dendrimers similar to functionalized dendrimers. To 

summarise, the theory of FSD provides an explanation for the high-frequency behaviour 

of NMR relaxation of carbosilane dendrimers. 

It can be concluded that the additional GD process caused by the mobility of inner non-

branched segments appears in the NMR relaxation of functionalized dendrimers. The 

behaviours of normal modes of small-scale motions and the GD process are similar and 

do not depend on the topological position of the labelled segment and the dendrimer 

size. It should be noted that the regions of manifestation of these two processes are 

located close in the frequency dependence of the spin-lattice relaxation rate. Therefore, 

the GD process could be mistaken for the local mobility of dendrimers' segments. 

On the one hand, the development of the theory of orientational mobility makes it 

possible to more accurately interpret NMR relaxation processes in functionalized 

dendrimers with functionalized groups that do not take part in the dendrimer’s synthetic 

cycle. On the other hand, in the experimental region for the peptide dendrimers 

dissolved in water (283-343 K), the influence of the GD process will be limited, since 

the maximum of the branch relaxation appears in 1/T1H temperature dependences of the 

inner groups. In 1/T1H of terminal groups, the dispersion region (which can serve as an 

additional reference point in time for the GD process) is not reached. Nevertheless, the 

behaviour of the GD process is similar to the internal relaxation process. Therefore, for 
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peptide functionalized dendrimers, we can use the NMR relaxation theory developed 

earlier for a standard dendrimer. 

4.4 Local orientational mobility in peptide dendrimers 

To study local orientational mobility in these dendrimer macromolecules, we considered 

the temperature dependence of spin-lattice relaxation of inner, side and terminal СН2-

(N) groups. The spin-lattice relaxation rate for the dipole-dipole relaxation mechanism 

of 
1
H nuclei is written as (Bloembergen, Purcell and Pound, 1948; Solomon, 1955; 

Abragam, 1983; Levitt, 2008; Chizhik et al., 2014; Sheveleva et al., 2018) 

 ),2(4),(
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where ωH is the cyclic resonance frequency for 
1
H nuclei; A0 is a constant that does not 

depend on temperature and frequency; and J is the spectral density that corresponds to 

Fourier transform of P2 orientational autocorrelation functions averaged over groups 

contributing to a corresponding peak. Generally, the spectral density function for 
1
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nuclei has the form 
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where Ea is the activation energy for mobility of the chosen group. 

It is important to note that spectral density for different groups of a dendrimer 

macromolecule cannot be described in the framework of usual simplifications that take 

into account one or two correlation times. As previously mentioned, the developed 

theory of orientational mobility in dendrimers and hyperbranched macromolecules 

(Gotlib and Markelov, 2004, 2007; Markelov et al., 2009, 2014, 2015; Neelov, 

Falkovich, et al., 2013; Neelov, Markelov, et al., 2013; Dolgushev et al., 2016; 

Markelov, Shishkin, et al., 2016; Shavykin, Neelov and Darinskii, 2016; Grimm and 

Dolgushev, 2016; Dolgushev, Schnell and Markelov, 2017; Markelov, Fürstenberg and 

Dolgushev, 2018) shows that local reorientation of a group in the dendrimer is 

determined by three main processes:  
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(1) Local reorientation of a given group which can be characterized by one relaxation 

time that is independent of the macromolecule size and the position of the group in the 

dendrimer; 

(2) Pulsation of branches/sub-branches characterized by a set of relaxation times 

corresponding to the rotation as a whole of the pulsating branches/sub-branches with 

various sizes; 

(3) The rotation of the dendrimer as a whole depends only on the size of the dendrimer. 

4.4.1  NMR relaxation in peptide dendrimer in good solvent 

The quality of the solvent affects the size of the dendrimer: the macromolecule swells in 

a good solvent and collapses in a poor one. As a rule, the size of the macromolecule in 

the melt is used as a reference. As can be seen in Table 1, the fraction of dendrimers in 

water is less than 50%. Consequently, the rest of the dendrimer volume is occupied by 

water molecules. This fact is also confirmed by the simulation results (Bezrodnyi et al., 

2020; Mikhtaniuk et al., 2020). 

To study the mobility of the peptide dendrimers, we used the signals from the inner, 

side, and terminal CH2-(N) groups (Fig. 2). These CH2-(N) groups have their chemical 

shifts approximately at 3 ppm on the 
1
H NMR spectrum. Figure 21 illustrates the 

experimental temperature dependences of spin-lattice relaxation rate, 1/T1H. There is a 

significant difference between the 1/T1H temperature dependences for the inner and 

terminal groups in the considered dendrimers. 

For the terminal groups, the 1/T1H values increase exponentially with decreasing 

temperature. This behaviour corresponds to a narrow region where ωτ << 1 for each 

correlation time. In this region, from Eq. (5), taking into account Eq. (6), 1/T1H can be 

approximated by  


i

i

1

C
1

i

HT
 .     (8) 

In the case of dendrimer macromolecules (Markelov, Dolgushev and Lähderanta, 2017; 

Sheveleva, Dolgushev, et al., 2019), the reorientation time of the terminal segment 

gives the main contribution to the orientational mobility (i.e., the minimal branch time, 

τbr (m = 0)), then 1/T1H is proportional to 

)0(
1

1

 m
T

br

H

 .     (9) 

The dendrimer relaxation theory predicts that the mobility of terminal groups is 

practically independent of the size and tree-like structure of macromolecules.  
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As seen in Fig. 21, the experimental dependences of 1/T1H for the terminal groups are 

similar for all considered dendrimers. Usually, the position of the 1/T1H maximum can 

be used as a parameter to estimate the local mobility of different groups. These 1/T1H 

dependences do not reach a maximum, since it is limited by the freezing point of the 

solvent (i.e., water). This result is also typical for other dendrimer macromolecules 

(Markelov et al., 2010; Novoa-Carballal et al., 2010; Pinto et al., 2013; Markelov, 

Matveev, et al., 2016). Note that at low temperatures, the values of 1/T1 for the terminal 

groups are greater than for the inner ones. However, unlike the traditional approach, this 

does not mean that terminal groups reorient more slowly than inner groups. In this case, 

the correlation time for the inner groups is still longer than for the terminal groups 

because we observe the area to the right of the maximum (Pinto et al., 2013; Markelov 

et al., 2015). 

The dispersion region (i.e., 1/T1H maximum) is observed for the inner groups. 

According to Eqs. (5)-(7), in the region to the left of the 1/T1H maximum, a larger value 

of 1/T1H corresponds to a slower local orientation mobility of the NMR active group. 

Thus, the inner groups have lower mobility than the terminal ones (Markelov et al., 

2015). 

According to the analysed NMR spectra for the Lys-2Lys dendrimer (see Section 3.2), 

the protons in the side and terminal groups contribute to the same peak. Consequently, 

for Lys-2Lys, the orientational mobility of the groups in the side segments coincides 

with the mobility of the terminal groups. The temperature dependences of 1/T1H for the 

inner groups in the Lys-2Lys and Lys-2Gly dendrimers are fairly close. Therefore, the 

local mobility of the inner groups in these dendrimers is practically the same. This fact 

confirms the computer simulation results (Shavykin, Neelov and Darinskii, 2016) that 

NMR relaxation in dendrimer is not sensitive to EV effects (and as a consequence to the 

dendrimer rotation as a whole) because the density in these dendrimers is significantly 

different (see Table 1). In addition, the temperature dependences of 1/T1H agree well 

with the results of the recent MD simulation of the Lys-2Lys and Lys-2Gly 

dendrimers (Mikhtaniuk et al., 2020). 

As previously mentioned, the sizes of the Lys-2Arg and Lys-2Lys dendrimers are the 

same. However, in Lys-2Arg, the NMR relaxation of the inner and side groups changed 

dramatically (Fig. 21): the mobility of side groups is similar to that of the inner ones. In 

Lys-2Arg, the temperature dependence of 1/T1H for the side groups has the maximum at 

303 K. It is important to note that the shift in the position of the 1/T1H maximum to high 

temperatures means that the orientational mobility slows down. The mobility of the 

inner groups in Lys-2Arg is lower (the 1/T1H maximum at 323 K) compared to Lys-

2Lys (the 1/T1H maximum at 293 K). Apparently, the size of branches in Lys-2Arg 

significantly increases due to the guanidine groups. This leads to an increase in the 

branch relaxation time (the second process) and, consequently, to a shift of the 1/T1H 

maximum to high-temperature region. 
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Recent MD simulations of the Lys-2Arg dendrimer (Bezrodnyi et al., 2020) have 

helped to shed light on the reason for the unusual behaviour of the 1/T1H relaxation 

curve for the side groups. According to the computer simulations based on the theory 

(Markelov et al., 2014), the main factor affecting NMR relaxation is semiflexibility. 

The latter is associated with different topological distance (contour length) from the 

chosen CH2-(N) group to the end of the same segment. The side groups in the Lys-2Arg 

dendrimer are located at longer distance than that in the Lys-2Lys dendrimer. This 

means that the unexpected slowdown of the mobility of the side groups in the Lys-2Arg 

dendrimer can be explained by increasing the semiflexibility. At the same time, the 

increase in the semiflexibility coefficient leads to the suppression of small-scale 

motions and to the increase of the contribution of the rotation of the dendrimer as a 

whole. Thus, the increase of rigidity leads to a shift of the 1/T1H maximum to the low-

frequency region (or high temperatures), that we observe for the side groups of the Lys-

2Arg dendrimer. Moreover, these results confirm that volume effects are not the main 

and important factor in the NMR relaxation of inner segments of a dendrimer in a good 

solvent.  
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Figure 21. Temperature dependence of the spin-lattice relaxation rate, 1/T1H, of inner, 

side groups and terminal CH2-(N) groups at the temperature range 283-343 K. 

The conclusion of this subsection is valid for NMR relaxation also in Lys-2Hisp 

dendrimer; however, it is more convenient to consider these results in the next section. 

4.4.2 NMR relaxation of collapsed dendrimer 

To study the peptide dendrimer with double histidine insertions in the collapsed and 

swollen conformations, we considered two systems containing dendrimers in D2O at 



Results 45 

normal (Lys-2His) and low pH (Lys-2Hisp) since the imidazole groups in histidine 

residues can be positively charged at low pH or neutral at normal pH. 

The temperature dependencies of spin-lattice relaxation rate, 1/T1H, for both systems are 

presented in Fig. 22. As expected, the value of 1/T1H for the terminal CH2-(N) groups 

increases exponentially with decreasing temperature. 

The shape of the 1/T1H curve for the inner and side CH2-(N) groups in Lys-2His differs 

from similar dependence for Lys-2Hisp and other lysine-based peptide dendrimers with 

the insertion of various double amino acid residues (Sheveleva et al., 2018; Sheveleva, 

Markelov, Vovk, Mikhailova, et al., 2019; Bezrodnyi et al., 2020; Mikhtaniuk et al., 

2020). As a rule, the left part of the 1/T1H curve and a maximum are observed for the 

inner groups. The temperature dependence of 1/T1H
 
for the inner groups in Lys-2Arg 

(Fig. 21) is an exception since the maximum is located practically in the centre of the 

studied temperature range. The behaviour of the 1/T1H curves is most similar for Lys-

2Hisp and Lys-2Arg. In the case of Lys-2His, the mobility of the inner and side groups 

is significantly slower than the mobility of the same groups in the Lys-2Hisp dendrimer 

since the maximum is shifted to the high-temperature limit (i.e., to the values that are 

close to the boiling point of water). 
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Figure. 22. The 
1
H NMR spin-lattice relaxation rate, 1/T1H, as a function of inverse 

temperature 1000/T for the inner, side and terminal CH2-(N) groups at the fixed 

frequency ωH/2π = 500 MHz from the simulation and experimental data for (a) Lys-

2His and (b) Lys-2Hisp. 

To explain the 1/T1H dependencies for the inner and side CH2-(N) groups in the Lys-

2His and Lys-2Hisp dendrimers, the MD simulation has been analysed in (Sheveleva et 

al., 2021). In contrast to the NMR experiment, in MD simulation we can calculate the 

mobility of the inner and side groups of dendrimers separately. As shown in Fig. 22, the 

MD simulation results and the NMR experimental data are in a good quantitative 

agreement. It is important to note that the 1/T1H curves for the inner and side groups are 
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close and practically coincide with the averaged dependence for these groups obtained 

in the experiment. 

In the case of Lys-2His and Lys-2Hisp, the temperature dependence of 1/T1H for the 

side CH2-(N) groups is the same one as for the inner groups, which has not been 

previously observed even for Lys-2Arg. In the Lys-2His dendrimer, the side group is 

chemically connected with the inner segment (see Fig. 2(d)). Therefore, the topological 

distance from the side CH2-(N) group to the inner segment is minimal and equal to one 

chemical bond. Due to this reason, the mobility of the side CH2-(N) groups is 

determined by the mobility of the inner segment. This is analogous to the mobility of 

the inner segment in the dendrimer, which is defined by two main factors: the 

topological distance of the selected segment from the periphery and the proximity to the 

dendrimer core (Markelov et al., 2015). In addition, the segments located close to the 

core of the dendrimer are reoriented mainly due to the rotation of the dendrimer as a 

whole.  

As previously noted, in contrast to the mobility of the terminal groups, the mobility of 

the inner groups in Lys-2His and Lys-2Hisp differs markedly. In Lys-2His, the position 

of the maximum of the 1/T1H curve for the inner groups is shifted to the region of high 

temperatures (i.e., they have lower mobility). We believe that the shift of the 1/T1H 

maximum is associated with a change in the global dendrimer conformation: from the 

collapsed conformation with the non-protonated imidazole groups (at normal pH for 

Lys-2His with Rg = 1.32 nm) to the swollen conformation in fully protonated state of 

imidazole groups (at low pH in Lys-2Hisp with Rg = 2.05 nm). This assumption does 

not agree with our earlier NMR experimental work (Sheveleva et al., 2018) on the Lys-

2Lys and Lys-2Gly dendrimers, in which we concluded that the dendrimer density (i.e., 

the EV interactions) does not influence the orientational mobility of CH2-(N) groups 

observed by NMR relaxation. Moreover, it has been shown that the mobility of the 

inner groups in the Lys-2Lys and Lys-2Gly dendrimers practically coincides, despite 

the density of Lys-2Gly being larger than that of Lys-2Lys by 1.5 times (Sheveleva et 

al., 2018). 

The difference in density between the Lys-2His and Lys-2Hisp dendrimers is much 

larger. On the one hand, the sizes of the Lys-2Hisp and Lys-2Lys dendrimers (with 

charged groups in insertions) are practically the same as well as the sizes of the Lys-

2His and Lys-2Gly dendrimers (with non-charged groups in insertions) (Mikhtaniuk et 

al., 2020). Yet, on the other hand, the molecular weights of the Lys-2Hisp and Lys-2Lys 

dendrimers are similar. In contrast, the molecular weight of the Lys-2His dendrimer is 

1.6 times larger than Lys-2Gly dendrimers. Thus, the density of the Lys-2His dendrimer 

should be at least two times larger than that of the Lys-2Hisp dendrimer. To illustrate 

the difference in the dendrimer density, we show the radial density distribution profiles 

of these dendrimers in Fig. 23. Consequently, with such sharp changes, the influence of 

volume effects becomes significant and leads to a slowdown in the mobility of the inner 

groups of the dendrimer.  
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Figure 23. The radial density distribution functions for the Lys-2His and Lys-2Hisp 

dendrimers calculated from the centre of mass of the dendrimers at 310 K. For 

comparison the profiles of the Lys-2Lys and Lys-2Gly dendrimers are shown also. 

This conclusion is finally confirmed by MD simulation results due to the fact that the 

position of the 1/T1H maximum for Lys-2His is practically determined by the 

characteristic time of the rotation dendrimer as a whole. 

4.5 Stable deuterium labelling of the Lys-2His dendrimers 

In this section, the results of deuteration of the histidine-modified peptide dendrimer are 

presented. Samples of Lys-2His dendrimer were dissolved in heavy water and heated 

from 25 °C to 70 °C in increments of 5 °C. Samples were held at each temperature for 2 

hours. The deuterium incorporation was detected and confirmed by the proton NMR 

spectra which were recorded after each step. 

In Fig. 24, the 
1
H (Fig. 24(a)) and 

2
H (Fig. 24(b)) NMR spectra of Lys-2His dendrimer 

in D2O are compared after heating, as we are interested in the peak “w” with the 

chemical shift at 8.12 ppm that corresponds to the signal from protons at the C2 carbons 

of imidazole rings. As shown in Fig. 24(b), the signal from deuterons appears at 

8.12 ppm. The presence of this peak in the 
2
H NMR spectrum indicates that substitution 

of hydrogens by deuterons at the C2 carbons of imidazole rings occurs. 
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Figure 24. a) 
1
H and b) 

2
H NMR spectra of Lys-2His dendrimer in D2O after heating. 

2
H NMR spectrum was recorded using pulse sequence for suppression of signal from 

solvent. The letter symbols correspond to the designations of the groups in Fig. 7. 

The temperature dependence of the concentration of protons at the C2 carbons of 

imidazole rings in His residues is presented in Fig. 25, where the proton concentration 

decreases down to 30% after increasing the temperature from 25 °C to 70 °C. Therefore, 

the deuteration degree at the C2 position in the imidazole rings is around 70%. This 

result indicates that His residues in the inner segments are available to the water solvent, 

which is in agreement with the data of the atomistic simulation for the dendrimer that 

was carried out earlier (Falkovich et al., 2013). In the absence of NaCl in the solvent, 

we found that the deuteration process has practically the same dependence, but the 

maximal value of the deuteration degree is smaller (~ 60%) than in the saline solution. 

This result is believed to be caused by the presence of the salt ions in the solvent. 

Particularly, chlorine ions were used in histidine deuteration experiments (Matthews, 

Matthews and Opella, 1977). 
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Figure 25. The temperature dependence of the concentration of protons at the C2 

carbons of histidine imidazole rings (8.12 ppm) during heating. 

It is important to examine if deuterium labels will be stable during biological and 

medical studies. In order to ensure that the deuterated C2 carbons of the imidazole rings 

in histidine residues would not undergo the back-exchange reaction under physiological 

conditions, we removed D2O from the solution and redissolved Lys-2His dendrimer in 

H2O. The concentration of NaCl in the solution was kept the same. Heating at 40 °C 

during four hours did not change the integral value of the peak “w” at 8.12 ppm, which 

means that the deuteration degree remains constant under physiological conditions. The 

replacement of deuterons with protons was observed when the dendrimer solution was 

heated at 70 °C during four hours. Figure 26 illustrates the evolution of the peak “w” at 

8.12 ppm during hydrogen-deuterium exchange (a) and deuterium-hydrogen exchange 

(b) reactions. As can be seen in Fig. 26(b), recovery of the integral value of the peak 

“w” has occurred partially. It should be noted that, the additional peaks at 7.95 and 8.30 

ppm (Fig. 26(b)) are assigned to protons in the NH groups and appeared as a result of 

the reverse exchange in these groups in H2O. 

  

Figure 26. Evolution of the peak at 8.12 ppm from protons at the C2 carbons of the 

imidazole rings of histidine residues in Lys-2His dendrimer: a) 
1
H NMR spectra of Lys-

2His dendrimer in D2O before (blue) and after (red) heating; b) 
1
H NMR spectra of 

Lys-2His dendrimer in H2O before (red) and after (green) heating. The peaks from 

protons in the NH groups are indicated by the symbol *. 
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5 Conclusions 

In this present work, we have studied and compared the physicochemical and dynamic 

properties of new second-generation peptide dendrimers of the same topology and 

modified with different amino acids: Lys-2Gly, Lys-2Lys, Lys-2Arg, and Lys-2His 

dendrimers. These dendrimers are considered good candidates for drug and gene 

delivery due to their biocompatibility and low toxicity. 

The structures of the dendrimers were confirmed by one- and two-dimensional 
1
H and 

13
C NMR spectroscopy. From diffusion measurements, the hydrodynamic radii and 

estimated effective density of these dendrimers were calculated. 

We have developed a theory of orientational mobility for the dendrimers with 

functionalized segments and have shown that an additional process associated with 

irregular branching is a hallmark of the NMR relaxation of functionalized dendrimers. 

This leads to a significant maximum at high frequencies which does not depend on the 

topological position of the labelled segment. Exceptionally, for the terminal segments, 

this process does not play any role as the total relaxation is dominated by the single-

segment contribution. The theoretical results have been compared with the results for 

carbosilane dendrimer melts recently obtained by atomistic molecular dynamics 

simulations. The qualitative and quantitative agreement between the theoretical and 

simulation results was observed. We can conclude that (i) the manifestation of the GD 

process in the NMR relaxation and its characteristic behaviour are confirmed, and that 

(ii) the theory of orientational mobility for functionalized dendrimers has provided an 

interpretation of the high-frequency behaviour of the NMR relaxation of carbosilane 

dendrimer melts. 

For the studied peptide dendrimers, which should be classified as semiflexible 

functionalized dendrimers, it can be concluded that the previously developed theory for 

standard dendrimers can be used for them since 1) the manifestation of the GD process 

is similar to the contribution of the inner spectrum and 2) the experimental window for 

the peptide dendrimers in an aqueous solution makes it possible to observe the region 

where the branch relaxation and the rotation of the dendrimer as a whole make the main 

contribution to NMR relaxation. 

The local orientational mobility within the dendrimer is an important characteristic for 

drug and gene delivery, synthesis of nanoparticles, and other specific purposes. To 

study the local orientational mobility in these dendrimers, we considered temperature 

dependences of the 1H spin-lattice relaxation rate, 1/T1H, of the inner, side and terminal 

СН2-(N) groups. The latter are chemically bonded with N-atoms and have the signals in 

a well-separated region (~ 3 ppm) of the 
1
H spectrum of the peptide dendrimer. The 

1/T1H values for the terminal СН2-(N) groups increase exponentially with decreasing 

temperature and differ only slightly for all the studied dendrimers. The mobility of 

terminal groups is practically independent of the size and tree-like structure of 

macromolecules. The mobility of the side СН2-(N) groups in all considered dendrimers 
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is determined by the semiflexibility of the side segment and strongly depends on the 

topological distance from the end of the segment to the selected group. However, in the 

Lys-2His dendrimer, the NMR relaxation of the side СН2-(N) groups and inner groups 

coincides. This exception is due to the fact that the side group is bonded with the inner 

segment of one chemical bond. The presence of a rather rigid valence angle leads to the 

similar mobility of the inner and side groups. 

Experimental studies of Lys-2Lys and Lys-2Gly dendrimers confirm the theoretical 

conclusion that NMR relaxation in the dendrimer in a good solvent is not sensitive to 

the excluded volume effects. On the one hand, the density in these dendrimers is 

different. On the other hand, the temperature dependences of 1/T1H for the inner groups 

in the Lys-2Lys and Lys-2Gly dendrimers are fairly close. Therefore, the local mobility 

of the inner groups in these dendrimers is practically the same. The slowdown of the 

orientational mobility of the inner groups for Lys-2Arg and Lys-2Hisp is apparently 

associated with an increase in the size of the branch, the characteristic time which 

makes the main contribution to the NMR relaxation of the inner groups. 

The shape of the 1/T1H curve for the inner СН2-(N) groups in Lys-2His (in a collapsed 

conformation) differs from that for Lys-2Hisp (in a swollen conformation) and other 

peptide dendrimers with the insertion of different double amino acid residues. Since the 

density inside the Lys-2His dendrimer is so high, it impedes the internal reorientation 

mobility of the inner СН2-(N) groups. Thus, in the case of a collapsed conformation, the 

EV interactions become significant and affect NMR relaxation. Therefore, the main 

contribution to the NMR relaxation comes from the overall dendrimer rotation instead 

of the relaxation of dendrimers' branches as in the case of a good solvent. 

We have demonstrated that the insertion of His residues containing imidazole groups 

produces advantages to the peptide dendrimer as a drug and gene delivery system. 

Particularly, it is possible to prepare a deuterium-labelled histidine-containing peptide 

dendrimer using a rapid and simple method without specific requirements. The carbon 

at the C2 position in the imidazole rings remains deuterated in the aqueous solution 

under physiological conditions, particularly up to 40 °C. We believe that the possibility 

of direct deuteration will expand the range of potential biological and medical 

applications of His-modified peptide dendrimers. 

To summarise, we can conclude that NMR relaxation is a powerful tool for the 

investigation of the relationship between the structure and dynamics of dendrimers. We 

expect that our results will pave the way to a theory of the NMR relaxation behaviour of 

the tree-like polymers with irregularities in the branching. 
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Appendix A: 2D NMR spectra of peptide dendrimers 

Figure A1. 
1
H-

13
C HSQC spectrum of Lys-2Gly at 298 K. 
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Figure A2. 
1
H-

13
C HMBC spectrum of Lys-2Gly at 298 K. 
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Figure A3. 
1
H-

13
C HSQC spectrum of Lys-2Lys at 298 K. 
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Figure A4. 
1
H-

13
C HMBC spectrum of Lys-2Lys at 298 K. 
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Figure A5. 
1
H-

13
C HSQC spectrum of Lys-2His at 298 K. 
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Figure A6. 
1
H-

13
C HMBC spectrum of Lys-2His at 298 K. 

 



 

Appendix B: The schemes of cross-peaks for different 

segments of the Lys-2Arg dendrimer from the 1H-13C 

HSQC and HMBC spectra 

 

Figure B1. The scheme of cross-peaks for the inner segment containing the ε-part of 

Lys residue. The green and red colours are the cross-peaks from the two-dimensional 
1
H-

13
C HSQC and 

1
H-

13
C HMBC spectra, respectively. The red arrows show the 

interaction between hydrogen and carbon nuclei according to the 
1
H-

13
C HMBC 

spectrum. 



 

 

Figure B2. The scheme of cross-peaks for the inner segment containing the α-part of 

Lys residue. The green and red colours are the cross-peaks from the two-dimensional 
1
H-

13
C HSQC and 

1
H-

13
C HMBC spectra, respectively. The red arrows show the 

interaction between hydrogen and carbon nuclei according to the 
1
H-

13
C HMBC 

spectrum. 



 

 

Figure B3. The scheme of cross-peaks for the terminal segment. The green and red 

colours are the cross-peaks from the two-dimensional 
1
H-

13
C HSQC and 

1
H-

13
C HMBC 

spectra, respectively. The red arrows show the interaction between hydrogen and 

carbon nuclei according to the 
1
H-

13
C HMBC spectrum. 
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Peptide dendrimers are good candidates for diverse biomedical applications due to their 
biocompatibility and low toxicity. The local orientational mobility of groups with different radial 
localization inside dendrimers is important characteristic for drug and gene delivery, synthesis of 
nanoparticles, and other specific purposes. In this paper we focus on the validation of two theoretical 
assumptions for dendrimers: (i) independence of NMR relaxations on excluded volume effects and (ii) 
similarity of mobilities of side and terminal segments of dendrimers. For this purpose we study 1H NMR 
spin-lattice relaxation time, T1H, of two similar peptide dendrimers of the second generation, with and 
without side fragments in their inner segments. Temperature dependences of 1/T1H in the temperature 
range from 283 to 343 K were measured for inner and terminal groups of the dendrimers dissolved in 
deuterated water. We have shown that the 1/T1H temperature dependences of inner groups for both 
dendrimers (with and without side fragments) practically coincide despite different densities of atoms 
inside these dendrimers. This result confirms the first theoretical assumption. The second assumption 
is confirmed by the 1/T1H temperature dependences of terminal groups which are similar for both 
dendrimers.

Dendrimers are highly branched monodisperse macromolecules with a well-defined structure. The main differ-
ence between dendrimers and other nanoscale molecules is the possibility to control their chemical composition, 
size, and architecture. It allows designing structures with unique properties for various applications.

In recent years poly-L-lysine (PLL) dendrimers have attracted attention from researchers due to their high 
biocompatibility and relatively low toxicity in comparison with most of other dendrimers1. They were used in 
many biomedical application, in particular as carriers for drug and gene delivery2–6.

The structural properties of lysine dendrimers were studied both experimentally7,8 and by computer simula-
tion using molecular dynamics9–12 and Brownian dynamics methods13. In our papers10,11 we applied algorithms 
and computer programs elaborated by us for charged and branched polymers earlier14–17.

More general peptide dendrimers could contain not only lysine but also other amino acid residues. Such 
branched peptides were synthesized18–20 and used for several biomedical applications including drug and gene 
delivery, artificial enzymes, antimicrobial peptides etc21–26. In the last years the properties of the group of peptide 
dendrimers of the same topology but of different amino acid composition have been compared for possible use 
in DNA and siRNA delivery27,28. In the review29 the use of peptides for drug and gene delivery was also discussed. 
Beside experimental works on application of peptide dendrimers, there are several papers where computer simu-
lation of peptide dendrimers was performed using molecular dynamics method30–32. In our opinion, peptide den-
drimers have almost unlimited potential for use in biomedicine, since they allow the creation of a huge number 
of artificial branched peptides, the number of which is even greater than the number of natural (linear) peptides 
and proteins.

NMR relaxation methods are widely used to study the local mobility in macromolecules (see review33). Over 
the last 15 years, the description of NMR relaxation in dendrimers in dilute solution has been developed in the-
oretical34, computer simulations35–38, and experimental39–43 works. These results were summarized in the recent 
review by Markelov et, et al.44. It was established that the local orientational mobility of NMR active groups in a 
dendrimer depends on their topological distance from the periphery. This regularity is practically independent of 
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the excluded volume (EV)38 and the hydrodynamic interactions45. Note that in ref.38 the EV effects for dendrimer 
segments were simulated by using the Lennard-Jones potential. Moreover, computer simulations demonstrated 
that EV effects only rotation of a dendrimer as a whole and this influence depends on the dendrimer size38. The 
rotation of a dendrimer as a whole was calculated from the finite slope of orientational autocorrelation functions 
for vectors from the dendrimer core to a terminal segment. Effect of EV is small for terminal groups and is big for 
groups in the dendrimer core37. However, the semiflexibility of dendrimers results in suppression of EV effects on 
the orientational mobility in the dendrimer38. We would also like to note recent studies of orientation mobility in 
dendrimer melts46–49.

The theory of orientational mobility has been developed for classical (“ideal”) dendrimers where there are no 
defects in the tree-like structure. The next logical step is the development of the theory of orientational mobil-
ity for non-regular hyperbranched polymers in which regular tree-like structure is not expected. Branching 
points in this kind of polymers could have different functionality and branches containing a random number of 
generations50–53.

In the first theoretical papers on branched macromolecules with side fragments, the viscoelastic models with-
out EV were used54–58. It was obtained that for this model, the local mobility of the side fragments and mobility of 
the terminal segments are equal. This statement follows from the conclusion that the mobility of a dendrimer seg-
ment is determined by its topological distance from the periphery. In the terminology used, the side fragment is 
a terminal one. In real systems, such behavior would be observed if suppression of excluded volume interactions 
occurs, which the developed theory does not take into account.

Therefore, the aim of this work is to experimentally verify the following theoretical conclusions:

 (1) Excluded volume effects do not influence the orientational mobility of groups observed by NMR 
relaxation;

 (2) The mobility of groups in the side fragments coincides with the mobility of the terminal groups.

In this paper, we study two types of second generation peptide dendrimers (G = 2, 16 terminal groups) that are 
suitable for these purposes. The first dendrimer consists of repeating units containing one lysine residue and two 
linear glycine residues between each two neighboring branching points (Lys-2Gly-dendrimer) (Fig. 1a). The sec-
ond dendrimer consists of repeating units containing three lysine amino acid residues one of which is branched 
while two other lysines are linear and connect neighboring branching points (Lys-2Lys-dendrimer) (Fig. 1b). 
Each segment of the Lys-2Lys-dendrimer comprises two side fragments containing the ε-part of lysine (Fig. 2c,d).

Both dendrimers have an asymmetrical branching (see Fig. 2). The contour lengths of the segments between 
the branching points in both are equal.

According to Fig. 2, Lys-2Gly-dendrimer has the CH2-(NH) groups inside the main chain and we consider 
them as “inner” groups in this study. Also, the Lys-2Gly-dendrimer has the “terminal” CH2 groups of lysine 
residue connected with terminal protonated NH3

+ groups, which are located in terminal segments. Lys-
2Lys-dendrimer has the “inner” CH2 groups in the main chain, but only in those segments, which contain the 
ε-part of lysine. In Lys-2Lys-dendrimer both CH2 groups connected with protonated NH3

+ groups in the side 
fragments and in the terminal segments are considered as “terminal” one.

Due to an absence of charged NH3
+ groups in the inner segments, the interior of the Lys-2Gly-dendrimer is 

less hydrophilic compared to the interior of the Lys-2Lys-dendrimer. We assume that it should lead to a more 
compact structure of the Lys-2Gly-dendrimer and, consequently, to the intensification of EV effects. Comparison 
of NMR relaxations of groups in the main chain of inner segments of Lys-2Gly and Lys-2Lys allows us to estimate 
the effect of excluded volume interactions and to check the first statement.

For the second statement, the same structures distinguished by the presence of side fragments help to evaluate 
the mobility of the segments.

We also present data for usual G2 lysine dendrimer, containing only one branched repeating lysine residue 
(Lys-dendrimer) for comparison. This dendrimer was studied in our earlier work37,43.

Figure 1. Schematic structures of the second generation (a) Lys-2Gly and (b) Lys-2Lys dendrimers. The colors 
mark following dendrimer parts: cores (green), inner segments of main chains (black), side fragments (blue), 
terminal segments (red). Red solid circles are the branching points.
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Experimental
Lysine-based dendrimers of 2nd generation were synthesized by standard solid phase peptide synthesis 
(SPPS) (see Supplementary Information). Dendrimers were purified, analyzed and characterized as described 
previously20.

Some structural parameters of the dendrimers are presented in Table 1.
We dissolved samples in 0.17 M NaCl D2O. Concentrations of dendrimers in the solvent were 2.69 g/dl, 1.49 g/dl,  

and 1.46 g/dl for Lys, Lys-2Lys, and Lys-2Gly, respectively. All systems correspond to the condition of the dilute 
solution.

1H NMR measurements were performed on a Bruker Avance III 500 MHz spectrometer using a Bruker Diff 
30 diffusion probe with a Great 1/60 A amplifier. The 1H spin-lattice relaxation times, T1H, were acquired with 
an “inversion-recovery” sequence modified by the destructive gradient pulses at the beginning of the sequence 
(“spoiler recovery” sequence)59. Parameters for the pulses were 12–18 μs duration of π/2 pulse, 16 tau delays and 
a 3 s recycle time between scans. The diffusion coefficients were measured by a stimulated echo sequence with 
bipolar gradients60 to compensate for the effects of convection. The gradient pulse length and the diffusion time 
were set to 1 ms and 20 ms, respectively. We used 16 gradients and 16 scans for each gradient.

We explored the signals from the СН2 groups chemically connected with N-atoms to study the orientational 
mobility in the samples by NMR relaxation because the signals from these groups are in the well-separated region 
of peptide dendrimer spectrum (chemical shift ~3 ppm), and because we can observe separate peaks for inner 
СН2-(NH) and terminal CH2-(NH3

+) groups (peak 1 and peak 2 in Fig. 3, respectively)37,43,58,61,62. In the case of 
the Lys-2Lys dendrimer (Fig. 3a), the terminal CH2-(NH3

+) groups in the side fragments (Fig. 2c,d) move freely 
like those in terminal segments (Fig. 2e) and, consequently, have the same chemical shift.

Figure 2. Chemical structures of inner and terminal segments in the Lys-2Gly and Lys-2Lys dendrimers. Lys-
2Gly inner segments containing (a) ε-part and (b) α-part of lysine and two glycine residues; Lys-2Lys inner 
segments containing (c) ε-part and (d) α-part of lysine and two lysine residues; and (e) the terminal segment is 
the same for both dendrimers. Black color marks the main chain, blue one corresponds to the side fragments. 
Red open circles show the branching points. NMR active methylene groups of the main chain connected with 
NH groups are highlighted in orange color and CH2 groups connected with protonated NH3

+ groups are 
highlighted in magenta color.

Dendrimer G Md, a.u.m. Nter Nin Nch D*1010, m2/s Rh, nm ρ, g/cm3

Lys-2Lys 2 5636 16 14 44 1.02 1.94 0.31

Lys-2Gly 2 3620 16 14 16 1.36 1.45 0.47

Lys 2 2028 16 14 16 1.49 1.33 0.34

Table 1. Some parameters of dendrimers. G is the number of generation; Md is the molecular weight of a 
dendrimer. Nter is the number of terminal lysine segments containing two protonated NH3

+ groups, Nin is the 
number of inner segments, and Nch is the number of charged groups; D is the diffusion coefficient (measured at 
room temperature); Rh is the hydrodynamic radius and ρ is the effective density.
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We also checked that a possible hydrated shell of charged NH3 groups does not influence on T1H for neighbor-
ing CH2 groups (see Sections 2 and 3 in Supplementary information).

Results and Discussion
To study local orientational mobility in the peptide dendrimers we consider temperature dependences of 1H 
spin-lattice NMR relaxation time, T1H. In the framework of the dipole-dipole relaxation mechanism of 1H nuclei 
(protons) 1/T1H function can be written as63–67:

ω τ ω τ= +T A J J1/ ( ( , ) 4 (2 , )), (1)H H i H i1 0

where ωH is the cyclic resonance frequency (2πf0) for 1H nuclei; A0 is a constant that does not depend on temper-
ature and frequency; and J is the spectral density which corresponds to Fourier transform from P2 orientational 
autocorrelation functions averaged over groups contributing to a corresponding peak. In the general case, the 
spectral density function for 1H nuclei has the form:

∑ω τ
τ

τ ω
=

+
J n C

n
( , )

1 ( )
,

(2)
H i

i

i i

i H
2

where τi and Ci are ith correlation times and their contribution to J, respectively, and n = 1, 2. The correlation time 
is determined by Arrhenius dependence

τ τ=










E
k

exp
T

,
(3)

a

b
0

where Ea is the activation energy for the chosen group, T and kb are temperature and Boltzmann constant, 
respectively.

Figure 4 illustrates the experimental results for the temperature dependence of spin-lattice relaxation rate, 
1/T1H. There is a significant difference between the 1/T1H temperature dependences for peaks 1 (inner CH2-(NH) 
groups) and 2 (terminal CH2-(NH3

+) groups) in the Lys-2Lys and Lys-2Gly, as well as for dendrimers with the 
simple repeating unit (Lys-dendrimer). The dispersion region (i.e., 1/T1H maximum) is observed for the inner 
groups (peak 1), whereas for the terminal groups the 1/T1H values increase exponentially with decreasing temper-
ature. Thus, the terminal groups have higher mobility than inner segments37.

The temperature dependences of 1/T1H for inner groups in the Lys-2Lys and Lys-2Gly dendrimers practically 
coincide. Therefore, the local mobility of the inner groups in the Lys-2Lys and Lys-2Gly is practically the same. 

Figure 3. 1Н NMR spectra of the Lys-2Lys (a), Lys-2Gly (b) and Lys (c) G2 dendrimers at T = 293 K. Peak 1 
corresponds to inner СН2-(NH) and peak 2 to terminal CH2-(NH3

+) groups.
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This fact confirms the computer simulations results38 that NMR relaxation in dendrimer is not sensitive to EV 
effects because the density in these dendrimers is significantly different. To demonstrate the density difference in 
Lys-2Lys and Lys-2Gly dendrimers we measured their diffusion coefficients and calculated their hydrodynamic 
radii, Rh, using the Stokes-Einstein equation (3)

D k
R
T

6 (4)
B

hπη
=

where η is the viscosity. If almost all atoms of the dendrimer concentrate in the sphere with a radius Rh, we can 
estimate the density within the dendrimers, ρ, by using equation (4)

ρ
π

=
M

R (5)
d

h
4
3

3

where Md is the molecular weight of the dendrimer. The results of the calculation given in Table 1 shows that the 
density in Lys-2Gly is 1.5 times higher than in the Lys-2Lys.

We found it interesting that the maximum of 1/T1H for inner groups in Lys dendrimer shifts to higher tem-
peratures than the maxima of Lys-2Lys and Lys-2Gly dendrimers. This points out that the local mobility of the 
Lys-dendrimer inner segments is lower. The density of Lys-dendrimer is effectively the same as for Lys-2Lys. It 
means that the EV effects for both dendrimers are practically the same too; however, their relaxation rates are 
different. This result confirms the fact that volume effects are not the main and important factor in the NMR 
relaxation of inner dendrimer segments. According to the computer simulations38 based on the theory34, the main 
factor which effects on NMR relaxation is semiflexibility. The contour length of the Lys inner segment is shorter 
than that of the Lys-2Lys approximately in 3 times, and the decrease in the segment length leads to an increase 
in the semiflexibility. At the same time, the increase in the semiflexibility coefficient leads to the suppression of 
small-scale motions and to the increase of the contribution of the rotation of the dendrimer as a whole37,38. Thus, 
the increase of rigidity will result in a shift of the maximum to the low frequencies area (or high temperatures), 
that we observe for Lys in Fig. 4.

As mentioned above, the temperature dependence of 1/T1H for peak 2 (terminal CH2-(NH3
+) groups) in the 

dendrimers under study increases exponentially with temperature decrease and we can observe narrow region 
where ωτ << 1 for each correlation time. In this region, 1/T1H can be proportional to

τ≈
T

1
(6)H1

max

where τmax is the maximal relaxation time of macromolecules. According to Eq. (6), a larger value of 1/T1H corre-
sponds to a slower local orientation mobility of the NMR active group.

As seen in Fig. 4, the 1/T1H values for peak 2 for all three dendrimers differ only slightly. This can be the fact 
that the peak 2 is determined by the contribution of terminal groups, and the mobility of terminal groups is 
practically independent of size and macromolecule tree-like structure, except the Lys-2Lys dendrimer. In the case 
of the Lys-2Lys dendrimer, peak 2 is the sum of the contribution of terminal groups (33.3%) and side fragments 
(66.6%). The small difference of 1/T1H dependence for Lys-2Lys from analogous 1/T1H dependences for other 
dendrimers means that the orientational mobility of the groups in the side fragments coincides with the mobility 
of the terminal groups. Otherwise, a more complex temperature behavior (superposition of the peaks 1 and 2) 
of 1/T1H should be observed for the Lys-2Lys dendrimer. This conclusion agrees well with results of the analytic 
theory55.

Figure 4. Temperature dependence of the spin-lattice relaxation rate, 1/T1H, of inner СН2-(NH) groups and 
terminal CH2-(NH3

+) groups.
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As a summary, our experimental results show that NMR relaxation of groups in semiflexible dendrimers is 
not sensitive to changes in volume interactions and is determined by a topological distance from the periphery. 
We believe that this confirmation of theoretical conclusions is important for the development of the theory of the 
orientational mobility of hyperbranched systems. Additionally, our results will be useful for biomedical applica-
tions of peptide dendrimers.
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Lysine-based dendrimer with double arginine
residues†

Nadezhda N. Sheveleva, *a Denis A. Markelov, a Mikhail A. Vovk, a

Mariya E. Mikhailova, a Irina I. Tarasenko,b Peter M. Tolstoy, a Igor M. Neelov c

and Erkki Lähderantad

Due to their well-defined structure, multivalency, biocompatibility, and low toxicity, lysine dendrimers can

be used as safe and efficient nanocarriers for drug and gene delivery. One useful strategy for improving the

gene delivery properties of dendrimers is modification with arginine amino acid (Arg) residues.

Incorporation of Arg residues could be favorable for the enhancement in transfection efficiency of lysine

based dendrimers. In this work, we have synthesized a new second-generation poly-L-lysine dendrimer

with repeating units containing two linear Arg residues between neighboring lysine branching points

(Lys-2Arg dendrimer) and studied its physicochemical properties. We confirmed the structure of Lys-

2Arg dendrimer using various one- and two-dimensional 1H and 13C NMR spectroscopy methods.

Comparison of T1H relaxation data for Lys-2Arg and Lys-2Lys dendrimers showed that the replacement

of double Lys residues with double Arg residues resulted in a sharp decrease in the mobility of

methylene groups in side segments and in the main chain of 3-Lys inner segments. We suggest that this

unexpected effect is caused by a guanidine–guanidine pairing effect in water, which leads to

entanglements between dendrimer branches.

Introduction

Dendrimers are nanosized articial macromolecules with well-
dened globular architecture that possess a variety of unique
properties.1,2 They have a regular hyperbranched structure with
a hydrophobic and/or hydrophilic interior, multivalency and
extremely low polydispersity, which make them very suitable as
nanocontainers for substances of different natures: from metal
particles to genes and drugs.3–6 Every year, the number of papers
dedicated to the study of the properties of dendrimers and their
application in biomedicine and pharmaceutics increases.7,8

This trend demonstrates the importance of searching for den-
drimers of new compositions and architectures to achieve safer
and more efficient drug and gene delivery.5,9,10

Among a wide variety of dendrimers, poly-L-lysine (PLL)
dendrimers have attracted especial attention from researchers

due to their high biocompatibility and relatively low toxicity.
PLL dendrimers are modied with anionic, cationic and neutral
amino acid residues to enhance their drug and gene delivery
potential. The most common means of functionalization is
through conjugation of other amino acid residues to the den-
drimer terminal groups.11 The dendrimer interior can also be
modied by incorporation of amino acid residues between
inner lysine branching points.12

Functionalization of a PLL dendrimer with arginine (Arg)
residues improves its transfection properties, thus increasing
the charge of the dendrimer.11,12 Arginine residues are positively
charged and protonated under biological conditions due to the
presence of guanidine groups.13 Decoration of the dendrimer
periphery with Arg residues improves its interaction with
a negatively charged cell membrane, facilitating membrane
penetration and enhancing transfection efficiency.5,9,14–18 It has
been shown that guanidine groups have high binding ability to
phosphate groups of DNA, which increases the condensation of
DNA on the dendrimer surface.5,9,11 The presence of arginine
moieties in peptides improves cellular uptake of siRNA.13,19

Additionally, when we introduce charged double Arg residues
between inner Lys branching points of PLL dendrimer, we make
its interior more charged and thus more hydrophilic. Due to
this reason, such modied arginine-rich dendrimer is less
suitable for encapsulation of hydrophobic drugs but is of great
interest for gene delivery. Transfection is enhanced by
increasing the cationic charge of dendrimer.19 In the work,20
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dendrimers with inner segments containing lysine–leucine or
arginine–leucine amino acid residues were synthesized and
investigated. It was found that dendrimers with Arg residues in
the inner segments exhibited three-fold higher DNA trans-
fection than dendrimers with Lys residues.

The aim of the present work is to take the rst steps in
studying a new poly-L-lysine dendrimer containing double Arg
residues with guanidine groups in side segments (Fig. 1 and 2).
We have attached arginine residues to the inner segments,
rather than to the terminal groups, of the dendrimer, i.e.
inserting arginine residues in each inner dendrimer shells
except the terminal shell. This structure makes a dendrimer
more cationic and can contribute to a more uniform distribu-
tion of charged groups in the volume of the dendrimer that
should result in better transfection efficiency.20 At the same
time, Arg residues in dendrimer interior should be available to
water and other small molecules because it is well known that
about 70% of the volume inside the lysine dendrimers is
occupied by water.21 We believe that the introduction of argi-
nine into the dendrimer interior will signicantly improve the
delivery of RNA and DNA and promote the formation of a more
stable complex between dendrimers and RNA/DNA molecules
and an increase in their transfection. In this paper, we perform
the synthesis of arginine-modied poly-L-lysine dendrimer as
well as conrm and characterize its structure and physico-
chemical properties by 1H and 13C NMR spectroscopy.

Experimental

Lysine-based second-generation dendrimer with inserted Arg
residues (Lys-2Arg dendrimer) was synthesized by standard
solid phase peptide synthesis (SPPS) (see ESI†). The structure of
the investigated dendrimer is shown in Fig. 2. The core of Lys-
2Arg dendrimer consists of alanine amino acid residue. The
inner segments contain 3- or a-part of Lys and two Arg residues.
The side segments consist of 3-parts of Arg residues containing
guanidine groups. The terminal segments contain Lys residues.
Lys-2Arg dendrimer has asymmetric branching.

All NMR measurements were performed on a Bruker Avance
III 500 MHz NMR (500 MHz and 126 MHz are frequencies for 1H

and 13C, respectively) spectrometer equipped with a standard
5mmBBFO direct observation probe and a Great 1/60A gradient
system with a MIC S2 Diff/30 diffusive probe with a 1H convo-
lution compensation coil (EVT). One-dimensional 1H and 13C
NMR spectra were recorded. We also performed two-
dimensional NMR experiments to conrm the Lys-2Arg den-
drimer structure. 1H–1H COSY, 1H–13C HSQC, and HMBC
spectra were obtained using standard pulse sequences. The 1H
spin-lattice relaxation times, T1H, were acquired with an
“inversion-recovery” pulse sequence modied by the destructive
gradient pulses at the beginning of the sequence (“spoiler-
recovery” sequence).22 The diffusion coefficient was measured
by a stimulated echo pulse sequence with bipolar gradients to
compensate for the effect of convection.23 We explored the
signals from the CH2 groups chemically connected with N-
atoms to study the orientational mobility in the dendrimer by
NMR relaxation.

According to Fig. 2, Lys-2Arg dendrimer has the CH2–(N)
groups inside the main chain, but only in those segments that
contain the 3-part of lysine, and we consider them as “inner”
groups in this study. Also, Lys-2Arg-dendrimer has the “side”
CH2–(N) groups of Arg residues in side segments. Methylene
groups connected with protonated NH3+ groups in the terminal
segments are considered “terminal” ones.

Lys-2Arg dendrimer was dissolved in 0.154 M NaCl D2O
(saline solution) at a concentration of about 1.50 g dl�1.

Results
1H and 13C spectral studies

There are three regions in the 1H NMR spectrum (Fig. 3), where
peaks are observed: 4.39–3.89 ppm; 3.26–2.92 ppm and 2.03–
1.22 ppm. In the rst region (4.39–3.89 ppm), peaks 1–3 refer to
CH groups in the dendrimer. The sum of the integrals for peaks
1–3 corresponds to the total content of protons in CH groups
and has been taken as a reference. The other two regions belong
to CH2 groups in different chemical environments. These are
groups bonded to nitrogen-containing groups (peaks 4–6), and
groups located in aliphatic parts (peaks 7–9). The integral
intensity of peaks in these areas corresponds well to the
chemical structure of the dendrimer (see Table 1).

According to the chemical structure (Fig. 2), the dendrimer
under consideration has several types of CH groups located: (1)
at the Lys branching points between the inner segments; (2) at
the side segments; (3) at the Lys branching points between the
inner and the terminal segments. However, as will be shown
below, there is no exact correspondence between peaks 1–3 and
types of CH groups.

The electronegativity of a nitrogen atom inuences protons
in CH2 groups and leads to their increased chemical shi with
respect to other CH2 groups. This means that peaks 4–6 in the
range of 3.26–2.92 ppm belong to the CH2 groups attached to
nitrogen (CH2–(N)). Three distinct peaks indicate the presence
of CH2–(N) groups in three different chemical environments.
According to the chemical structure, there are CH2–(N) groups
in the main chain and in the side segments, and CH2–(N)
groups bonded to the protonated NH3

+ groups in the terminal

Fig. 1 Schematic structure of the second generation Lys-2Arg den-
drimer. Green color marks the core, black corresponds to the main
chain, violet marks the side segments, and red corresponds to the
terminal segments. Green and red circles show the Lys branching
points in inner and terminal segments, respectively.
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Fig. 2 Chemical structure of Lys-2Arg dendrimer. The core of Lys-2Arg dendrimer consists of alanine amino acid residue. The inner segments
contain 3- or a-part of Lys and two Arg residues. The side segments consist of 3-parts of Arg residues containing guanidine groups. The terminal
segments contain Lys residues. Green color marks the core, black corresponds to the main chain, violet indicates the side segments, and red
corresponds to the terminal segments. Green and red open circles show the Lys branching points in inner and terminal segments, respectively.
Blue open circles show the CH groups of Arg. The CH2 groups of inner segment (i.e. of 3-part of branched Lys) connected to NH groups are
highlighted by light blue, CH2 groups connected to NH groups in side segments are highlighted by orange, CH2 groups connected to protonated
NH3

+ groups in terminal segments (i.e. in 3-parts of terminal Lys) are highlighted by magenta.

Fig. 3 1H NMR spectrum of Lys-2Arg dendrimer at 298 K. The letter symbols correspond to the designations of the groups in Fig. 2. The
attribution of peaks 1–9 is shown in Table 1.
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segments (Fig. 2). The integral value of peak 6 is proportional to
the number of protons in CH2–(N) groups in the terminal
segments. Thus, peaks 4 and 5 refer to the side and the inner
groups, respectively. Notice that the integral value of peak 5 is
lower than the content of protons. Furthermore, the sum of the
protons of peaks 4 and 5 is equal to 70 and the integral intensity
is 68.9 (Table 1). We assume that peak 4 corresponds mainly to
the signal from the side groups, and peak 5 corresponds to the
signal from part of the protons of the inner groups. Then, using
the 1H–13C HQSC, HMBC, and 1H–1H COSY experiments, we
have shown that our assumption is true. For accuracy and
consistency in using of terminology, we will associate peak 4
with the side groups (symbol l in Fig. 2 and 3), and peak 5 with
the inner groups (symbol g in Fig. 2 and 3).

Peaks 7–9 are assigned to all other CH2 groups of Lys-2Arg
dendrimer. Unfortunately, we were not able to carry out
a detailed analysis in this region of the spectrum due to the
overlapping of various peaks.

Fig. 4 shows the 13C NMR spectrum of Lys-2Arg dendrimer.
According to the chemical structure, there are ve types of 13C
nuclei in the dendrimer: methyl (CH3), methylene (CH2),
methine (CH), carbonyl (CO) and quaternary (C). The signals in
the range of 173.5–172.9 ppm belong to carbon atoms located in
carboxyl groups. The quaternary carbon of the guanidine group
of arginine has a chemical shi equal to 156.71 ppm. The group
of peaks in the range of 54–52.95 ppm refers to the carbon

atoms in the CH groups. The next group of peaks in the range of
40.67–39 ppm refers to carbons of CH2 groups bonded to
nitrogen atom. In the region of 31.25–21.20 ppm, there are
peaks from carbons in the CH2 groups of the aliphatic part of
the dendrimer.

The primary analysis of the spectrum does not allow estab-
lishing the correspondence between peaks and carbon atoms of
a particular segment. For accurate correlation of peaks in the 1H
and 13C NMR spectra, we measured two-dimensional spectra.
This allowed the possibility to determine a connection between
the peaks in the spectrum of (i) hydrogen atoms in neighboring
CHn groups (1H–1H COSY), (ii) carbons and hydrogens in one
group (1H–13C HSQC), and (iii) carbons and protons in adjacent
groups and groups separated by two to four chemical bonds
(1H–13C HMBC).

The detailed analysis of two-dimensional spectra is provided
in ESI.†Here, we present only the main results and conclusions.
Cross peaks (3.19; 39.19) and (3.09; 39.19) on the 1H–13C HQSC
spectrum of the dendrimer (Fig. 5) conrm that protons of the
inner groups contribute to peaks 4 and 5 in Fig. 3 and Table 1.
According to the 1H–1H COSY spectrum (Fig. 6), protons with
chemical shis of 3.09 and 3.19 ppm are in the same group.
These two facts indicate that hydrogen nuclei in the same CH2

group have different chemical shis (i.e., nonequivalent
protons). In this case, the contribution of inner groups should
be divided into two equal parts between peaks 4 and 5.

Table 1 Chemical shift assignments and integral values

Peak number Type of group Chemical shi, ppm Integral value
Number of
groups

Number of protons
in groups

1 CH–(N) 4.34 20.5 44.00 44 44
2 CH–(N) 4.23 16.3
3 CH–(N) 3.93 7.2
4 CH2–(N) (side)

a 3.19 60.9 68.9 28 56
5 CH2–(N) (inner) 3.10, 3.19 8.0 7 14
6 CH2–NH3

+ (terminal) 2.99 16.2 16.2 8 16
7, 8, 9 CH2, CH3

b 2.03–1.24 205.4 205.4 101 + 1b 202 + 3b

a 92% side groups. b Located in core.

Fig. 4 13C NMR spectrum of Lys-2Arg dendrimer at 298 K. The letter symbols correspond to the designations of the groups in Fig. 2.
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According to Table 1, the calculated integral value of peak 5 is
actually lower than the content of protons in the inner groups.
Consequently, the part of the protons in the inner groups gives
a signal at peak 4. The nonequivalence of these protons can be
explained by their vicinity to the chiral carbon atom in the CH
group of Arg (symbol i in Fig. 2). Despite chirality being present
in most amino acids, we did not observe such an effect in the
PLL dendrimers (with Lys-2Lys and Lys repeating units) that we
studied earlier.24,25 It seems that features of the chemical
structure of arginine contribute to the appearance of another
peak, namely peak 5 (Fig. 3), in the range of the signal from
CH2–(N) groups.

We conclude that 28 protons of CH groups of the side
segments are distributed between peaks 1 and 2 as follows:
seven protons (symbol i in Fig. 2) give a signal at peak 2, and all
other protons (symbol o in Fig. 2) contribute to peak 1.
According to the cross peak (4.25; 30.67) (Fig. 7), the protons of
CH groups at Lys branching points between the inner segments
(Fig. 2, green open circles) also contribute to the integral of
peak 2.

By analogy with CH2–(N) groups, we consider that the
protons at peak 3 with the smallest chemical shi of 3.94 ppm
belong to CH groups located at Lys branching points between
the inner and the terminal segments (Fig. 2, red open circles).

According to 1H–13C HMBC data, the assignment of chem-
ical shi at 156.71 ppm (symbolm in Fig. 4) to the carbon signal
of the guanidine group is conrmed by the presence of cross-
peak (3.19; 156.71) (Fig. 7) with protons in the side CH2–(N)
groups in Arg residues. Also, the chemical shi (156.71 ppm) of
carbon in the guanidine group is close to the chemical shi of
carbon in the guanidine group in L-arginine (159.50 ppm).

Thus, the detailed analysis of the one-dimensional and two-
dimensional NMR spectra on 1H and 13C nuclei make it possible
to conrm the structure of Lys-2Arg dendrimer. Moreover, the
ratio of CH, CH2–(N) and CH2 groups in the 1H NMR spectrum
(Fig. 3) differs by less than 2% from the theoretically calculated
one according to the structural formula (Fig. 2). Also, it is
important to repeat that the inner groups possess chemically
nonequivalent protons.

Diffusion

We estimated the hydrodynamic parameters of Lys-2Arg den-
drimer. The diffusion coefficient is D ¼ 1.02 � 1010 m2 s�1. The
calculation details are presented in ESI.† This value allows us to
determine the hydrodynamic radius by using the Stokes–Ein-
stein eqn (1):

D ¼ kBT

6phRh

(1)

where h is the solvent viscosity and Rh is the hydrodynamic
radius; T and kB are temperature and Boltzmann constant,
respectively.

The calculated hydrodynamic radius from eqn (1) is 1.93 nm.
It was found that the diffusion coefficient and hydrodynamic
radius are the same as in Lys-2Lys dendrimer, which we ob-
tained in our previous paper.24 In comparison with Lys-2Lys
dendrimer, Lys-2Arg dendrimer has a slightly higher density
equal to 0.35 g cm�3 (in contrast to 0.31 g cm�3). Therefore, we
can conclude that the guanidine groups in side segments of Lys-
2Arg dendrimer do not lead to signicant changes in size and
density of Lys-2Arg dendrimer in comparison with Lys-2Lys
dendrimer.

1H NMR relaxation

Local orientational mobility in macromolecules can be studied
by NMR relaxation measurements. For these studies, we
considered the temperature dependence of spin-lattice relaxa-
tion for the peptide dendrimers. The spin-lattice relaxation rate
for the dipole–dipole relaxation mechanism of 1H nuclei is
written as24,26–30

1

T1H

¼ A0ðJðuH; siÞ þ 4Jð2uH; siÞÞ; (2)

where uH is the cyclic resonance frequency for 1H nuclei; A0 is
a constant that does not depend on temperature and frequency;
and J is the spectral density that corresponds to Fourier

Fig. 5 Two-dimensional 1H–13C HSQC spectrum of Lys-2Arg den-
drimer in the range of 3.5–2.7 ppm at 298 K.

Fig. 6 Two-dimensional 1H–1H COSY spectrum of Lys-2Arg den-
drimer in the range of 3.4–2.9 ppm at 298 K.
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transform of P2 orientational autocorrelation functions aver-
aged over groups contributing to a corresponding peak. In the
general case, the spectral density function for 1H nuclei has the
form

JðnuH; siÞ ¼
X
i

Cisi
1þ ðsinuHÞ2

; (3)

where si and Ci are, respectively, ith correlation times and their
contribution to J, and n ¼ 1, 2. The correlation time is deter-
mined by Arrhenius dependence

s ¼ s0 exp

�
Ea

kBT

�
; (4)

where Ea is the activation energy for mobility of the chosen
group.

It is important to note that spectral density for different
groups of a dendrimer macromolecule cannot be described in
the framework of usual simplications that take into account
one or two correlation times. The developed theory of orienta-
tional mobility in dendrimers and hyperbranched macromole-
cules25,31–42 shows that local reorientation of a group in the
dendrimer is determined by three main processes:

(i) Local reorientation of a given group which can be char-
acterized by one relaxation time that is independent of the
macromolecule size and the position of the group in the
dendrimer;

(ii) Pulsation of branches/subbranches characterized by a set
of relaxation times corresponding to the rotation as a whole of
the pulsating branches/subbranches with various sizes;

(iii) The rotation of the dendrimer as a whole depends only
on the size of the dendrimer.

We presented a detailed description of this theory in our
recent review.43 It is important to note that the developed theory
is in agreement with the experimental data, in particular for

Fig. 7 Two-dimensional 1H–13C HMBC spectrum of Lys-2Arg dendrimer in the range of 4.6–2.7 ppm at 298 K. The letter symbols correspond to
the designations of the groups in Fig. 2.

Fig. 8 Temperature dependences of the spin-lattice relaxation rate, 1/
T1H, for different groups in Lys-2Arg and Lys-2Lys dendrimers.
Experimental data are shown as symbols. Dash and solid lines indicate
the fitting of experimental data for Lys-2Arg dendrimer by eqn (2)–(4)
and Arrhenius equation, respectively.
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poly(acryl ether) dendrimers44,45 where it is possible to measure
1/T1H for different dendrimer shells.

Fig. 8 shows the temperature dependences of 1/T1H for the
side (peak 4), inner (peak 5) and terminal groups (peak 6).

Exponential growth of the 1/T1H dependence with decreasing
temperature is observed for the terminal groups. The results of
tting by Arrhenius equation are shown in Table 2. Activation
energy, Ea, of the terminal groups equals to 14 kJ mol�1 and is
similar to the Ea value for the terminal groups in Lys
dendrimer.38

In the case of the side and inner groups, the maxima of 1/T1H
dependencies have appeared. The maximum for the inner
groups is at a higher temperature (323 K) than for the side
groups (303 K). To estimate the difference between correlation
times of the side and inner groups, we approximated 1/T1H
dependences by eqn (2)–(4) using the simplest approach with
one correlation time, sc, which is an average relaxation time in
the region of the 1/T1H maximum. Results of these ttings are
shown in Table 2. The activation energy of the side groups is
higher than Ea of inner groups but sc is shorter for the side
groups. For illustration, we present the calculated values of sc at
room temperature (Table 2). Apparently, all three processes
contribute to the mobility of the inner groups; as a result, we see
a wider maximum than for the side groups (Fig. 8). In the case of
the side groups, the maximum should be determined only by
the second process – branch pulsations. Also, an important
result is that the correlation time for the terminal groups is
signicantly faster than sc for the side and inner groups. This
result is caused by the fact that the correlation time depends
only on the mobility of the terminal segment, i.e., the smallest
possible dendrimer branch.43 The explanation of this behavior
is presented below in Discussion.

Discussion

As mentioned above, the size of Lys-2Arg dendrimer does not
change in comparison with Lys-2Lys dendrimer. However, NMR
relaxation of the inner and the side groups in Lys-2Arg den-
drimer changed dramatically. To illustrate these changes, we
compare 1/T1H dependences for Lys-2Arg and Lys-2Lys den-
drimers in Fig. 8. The temperature dependences of 1/T1H for the
terminal groups of both dendrimers are practically identical
and possess exponential growth with a decrease of temperature.
This behavior is due to the high orientational mobility of the

terminal groups in both dendrimers. The opposite is true for
the side groups. In Lys-2Lys dendrimers, the side groups have
the same high mobility as the terminal groups. In Lys-2Arg, the
temperature dependence of 1/T1H for the side groups has the
maximum at 303 K. The correlation time, sc, of the side groups
is longer by several times than sc of the terminal groups. This
demonstrates the low mobility of the side groups. It is impor-
tant to note that the shi in the position of 1/T1H maximum to
high temperatures means the slowing down of the orientational
mobility. The inner groups in Lys-2Arg dendrimer have lower
mobility than the side groups because themaximum is achieved
at 323 K and sc is longer than sc of the side groups.

According to the theory, the mobility of the side segments
should be similar to the mobility of the terminal segments.24,40

This statement was conrmed by our recent experimental work
using Lys-2Lys dendrimers.24 The opposing situation is in Lys-
2Arg dendrimer, where the mobility of the side groups is
similar to the mobility of the inner ones. This effect is probably
connected with some specic feature of guanidine groups in the
side segments of Lys-2Arg dendrimer.

The obvious explanation for this effect is that there are extra
interactions between the guanidine groups, with each other or
with other dendrimer parts. Unfortunately, we cannot establish
the nature of these guanidine group interactions by using NMR
methods. However, the interaction between guanidine groups
in neighboring side segments occurs due to a like-charge argi-
nine–arginine pairing effect.46–49 This effect is absent in aqueous
poly-lysine containing ammonium-terminated side chains.46

Most likely, these interactions of guanidine groups of Arg resi-
dues hinder the orientational mobility of the side segments.
This effect can cause a 1/T1H maximum for the mobility of the
side groups. Moreover, any additional interactions between
dendrimer branches slow down the reorientation of these
branches. As shown earlier (see review43), the mobility of
a branch – the pulsation of a branch – as a whole makes
a signicant contribution to the NMR relaxation of inner
groups. Thus, the same guanidine interactions can lead to
a shi of 1/T1H maximum to higher temperatures. It is impor-
tant to note that NMR relaxation has been utilized for studies of
structural properties of dendrimers; for example, see our works
in ref. 50–52.

Additionally, we would like to draw attention to the
nonequivalent protons in the inner groups, which were found in
the analysis of the NMR spectra above. On the one hand, this

Table 2 Calculation of mobility parameters of CH2–(N) groups in eqn (2)–(4)

Type of CH2–(N)
groups A0 � 10�10 (�20%) s0 [ps] (�20%) Ea [kJ mol�1] (�5%) sc [ps] at 298 K

Sidea 0.41 0.21 17 200
Inner 0.38 1.03 14 293
Terminal 0.38b 0.21b 14 60b

a 92% side groups. b The absence of a maximum of dependence for the terminal groups does not allow extracting sc from this dependence. Thus, we

used parameter A0 for the inner groups and calculated s0 by s0 ¼ ea

5A0

; where a is a parameter of Arrhenius tting. This equation can be obtained

from eqn (2)–(4) when usc � 1. In this table the values of sc are shown.
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nonequivalence can be explained by the chirality of lysine and
arginine amino acids. On the other hand, it is more likely
caused by a slowdown in the mobility of the side segments.
Thus, the conformation in which hydrogen nuclei within the
same CH2 group have different chemical shis is the predom-
inant conformation for Lys-2Arg dendrimer. This assumption is
supported by the fact that there is no similar effect in Lys-2Lys
dendrimer, in which the guanidine groups are “replaced” with
NH2. However, we should highlight the difference between
NMR spectroscopy and relaxation data. In NMR relaxation, the
correlation time values for dendrimer groups do not exceed 1
ns. However, to detect the nonequivalence of the protons of the
CH2 group in an NMR spectral experiment, the lifetime of this
conformation on the order of milliseconds is required.

We plan further study of the inuence of the guanidine–
guanidine pairing effect on NMR relaxation in dendrimers by
molecular dynamic simulations methods. We believe that the
possibility of detecting this pairing effect in dendrimers using
a relatively simple NMR relaxation method is of interest to
biological applications.

Conclusions

In this work, we have synthesized and studied physicochemical
properties of a new structure of second-generation poly-L-lysine
dendrimer, in which segments (repeating units) between lysine
branching points of the dendrimer consist of two linear Arg
residues. This modication could be favorable for an increase of
transfection by lysine based dendrimers that is important for
biomedical applications.20

Lys-2Arg dendrimer was synthesized by standard solid phase
peptide synthesis. The structure of the dendrimer (see Fig. 1
and 2) was established by one and two dimensional 1H and 13C
NMR spectroscopy, including 1H–1H COSY, 1H–13C HSQC, and
HMBC techniques as well as relaxation (T1H) and diffusion
measurements.

NMR spectroscopy studies allowed us not only to conrm the
claimed structure but also to nd the presence of nonequiva-
lence of protons in the inner CH2–(N) groups, which is absent in
similar Lys-2Lys dendrimer. Moreover, this circumstance
should be taken into account in further study of peptide den-
drimers. It will allow more accurate analysis of the 1H NMR
spectra and avoid misinterpretation of the integral values. T1H
relaxation measurements showed a non-typical sharp decrease
in mobility of methylene groups in side segments. For typical
dendrimer topology, the mobility of the side CH2–(N) groups
should be close to fast mobility of the terminal CH2–(N) groups;
for instance, see the results for Lys-2Lys dendrimer in ref. 24 In
the case of Lys-2Arg dendrimer, the mobility of side segments is
similar to the mobility of inner segments. Our estimation of the
correlation times, sc, at room temperature for CH2–(N) groups
in the inner, side, and terminal segments gave the following
values: 290 ps, 200 ps, and 60 ps, respectively. This unexpected
T1H behavior is most likely caused by well-known guanidine–
guanidine pairing effect in water, which leads to entanglements
between dendrimer branches. Thus, the unique structure of the
dendrimer creates the possibility to identify the presence of

entanglements inside the macromolecule using fairly simple
measurements of NMR relaxation. We believe that this nding
will be important not only to establish the structure of den-
drimers but also to study a wider class of hyperbranched
macromolecules.
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Abstract: Peptide dendrimers, due to their biocompatibility and low toxicity, are highly promising
candidates as nanocarriers for drugs and genes. The development of this kind of delivery system
requires reliable monitoring of their metabolic and biological pathways. In this respect, hydrogen
isotope labeling has tremendous importance, being a safe tool for detection of the labeled nanocarriers.
In this work, we have synthesized new histidine-rich lysine-based dendrimers (Lys-2His dendrimer)
with two linear histidine (His) residues in every inner segment. The presence of His residues has
enabled us to perform controlled deuteration of Lys-2His dendrimers. The high deuteration degree
(around 70%) does not practically change after redissolving the samples in H2O and heating them at
40 ◦C, which indicates the isotopic label stability.

Keywords: peptide dendrimer; deuterium labeling; histidine

1. Introduction

Dendrimers are hyperbranched, monodisperse macromolecules with a well-defined structure,
multivalency, and nanoscale sizes. Dendrimers have great potential in biomedical applications due to
their unique properties [1–3]. It has been shown that some types of dendrimers exhibit antibacterial,
antiviral, and antitumor activity [4–6], but more often they are considered as nanocarriers for drugs
and genes [2,7,8]. There is a huge variety of dendrimer structures that differ in core type, branching
units, and surface functional groups. Many of the dendrimers have been investigated extensively
and are already used in drug and gene delivery [1,9–11]. Poly-l-lysine (PLL) dendrimers have
attracted considerable attention by many researchers who attempt to synthesize a safe and reliable
dendrimer-based delivery system [12,13]. PLL dendrimers differ from synthetic analogs in their
synthesis that is conducted using natural compounds (amino acid residues). Good biocompatibility
and low toxicity are among the main favorable characteristics of these dendrimers [2,9,14]. NMR
studies of PLL dendrimers were performed by us earlier [15–18]. In order to improve physicochemical
and especially biological properties, the dendrimers are modified using various strategies, for example,
surface functionalization, PEGylation, and acetylation [19,20]. One highly promising strategy for
modifying bioactive molecules is the introduction the stable isotopes into their internal structure. The
isotopes serve as a label for a compound that can be detected using NMR and mass spectrometry [21,22].
Among the most commonly used stable isotopes, deuterium finds important applications in the
pharmaceutical industry for drug discovery and development [23,24].
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Molecules 2019, 24, 2481 2 of 9

Incorporation of His residues containing imidazole groups gives several advantages to a PLL
dendrimer as a system for drug and gene delivery. The imidazole ring group has a pKa of ~6.0 [25].
Since the imidazole group can be neutral or cationic at different pH values, histidine-rich molecules
show the proton sponge effect that helps to overcome physiological barriers inside the cell [10,13,26–28].
Protonation of these groups leads to disruption of the endosomal membrane and early release
of entrapped molecules [29]. Therefore, the high proton buffering capacity of histidine-modified
dendrimers results in increasing their transfection efficiency which improves intracellular DNA
transport [27].

One unique property of histidine residue is the possibility of its selective deuteration. C2 protons
of the histidine imidazole ring are substituted by deuterium in heavy water (D2O) [30–32]. After
removing D2O and redissolving peptide samples in water, labile deuterons in amine, imine, and amide
NH groups were replaced by protons rapidly, while deuteration at the C2 atom of the imidazole ring was
preserved [33]. In comparison with NH or NH2 groups, the isotope exchange reaction at the C2 atom of
an imidazole ring occurs more slowly and has a half-life on the order of days [31,34]. Mobility of histidine
residues and their accessibility to the aqueous solvent influence the rate of isotope exchange. The
latter was higher in proteins where His residues were situated on the surface of the molecule [30,34,35].
Deuteration of l-histidine was carried out to synthesize deuterium-labeled peptides and proteins [32].
Moreover, peptides and proteins were deuterated to study their conformation, dynamics, and biological
and metabolic pathways [31,33,36,37]. Proteins are completely denatured when exposed to high
temperatures. Therefore, the range of temperatures used for their deuteration is severely limited.
Generally, the hydrogen–deuterium exchange reaction in peptides and proteins containing histidine
residues was conducted by incubating samples at 37–40 ◦C over 2–7 days [30,35,37,38].

The hydrogen–deuterium exchange reaction can be an invaluable tool for the preparation of
deuterium-labeled peptide dendrimers. It should be noted that the synthesis of peptide dendrimers is
a complex and multistage process. Intermediate products are purified after completion of each step
of the synthesis. Significant reduction in deuterated histidine residues can occur under rather harsh
synthesis conditions. At the same time, the overall yield of dendrimer after synthesis is about 30% [5].
Therefore, the use of pre-deuterated histidine residues can be resource-consuming.

Here, we have synthesized and deuterated a second generation lysine-based dendrimer by
inserting two histidine amino acid residues into every inner segment (Figure 1). By analogy with
our previous works [39,40], we have modified a dendrimer interior. The insertion of arginine or
histidine amino acid residues into inner segments of lysine dendrimer could enhance its potential for
drug and gene delivery (see, for instance, a recent review [19]). It is believed that the mechanism of
this improved delivery is different. In particular, arginine residues allow more tight DNA packing.
At the same time, histidine residues sensitize the delivery vehicles for acidic pH and manipulate the
pH-based lysosomal escape. This work is devoted to the possibility of stable selective deuteration of
Lys-2His dendrimers. The hydrogen–deuterium exchange at the C2 atoms of the histidine imidazole
groups was used for controlled isotope labeling. We prepared deuterium-labeled histidine-containing
lysine-based dendrimers using heavy water and by heating the samples. We showed that the labeling
is stable at physiological conditions. These findings open new perspectives of biomedical applications
of His-modified peptide dendrimers, especially in drug and gene delivery.

The paper is organized as follows. In Section 2, we describe the synthesis of a lysine-based
dendrimer with double histidine residues and the preparation of samples for the experiments. Section 3
is devoted to the confirmation of the Lys-2His dendrimer structure by various NMR methods.
In Section 4, we present the description of the deuteration process and the analysis of the obtained
results. In the last section, we shortly summarize the results and conclusions.
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Figure 1. Structural formula of Lis-2His dendrimer. Green color marks the core, black corresponds to
the main chain, violet marks the side segments, and red corresponds to the terminal segments.

2. Synthesis and Sample Preparation

Histidine-modified lysine-based dendrimer of the second generation (Lys-2His dendrimer) is
shown in Figure 1. The core of Lys-2His dendrimer consists of alanine amino acid residue. The inner
segments contain ε- or α-part of Lys and two His residues. The side segment consists of β-part of His
residue containing imidazole group. The terminal segments contain Lys residues.

Lys-2His dendrimer was synthesized by the solid peptide phase reaction (SPPS) that has
been performed manually in polypropylene syringes with a porous membrane on polymer
support using the BOC-strategy with DIC/HOBt as a condensing mixture. Trifluoroacetic acid
was used for deblocking at the acylation stage. An alanine residue was introduced at the
C-terminus of the dendrimer. Nε, Nα-di-(tert-butylhydroxycarbonyl)lysine was introduced into
the branching points and, subsequently, double the amounts of amino acid derivatives were added.
4-N, N-dimethylaminopyridine (DMAP) was added to the reaction mixture as a catalyst for complete
conversion on the last stage of the dendrimer growth. At the final stage of the synthesis, the target
dendrimer molecule was cleaved from the polymeric carrier with complete deprotection of the
TFMSA/TFA system in the presence of scavengers. Purification of the crude dendrimer was performed
by gel-filtration on a Sephadex G-50 column (Pharmacia Fine Chemicals, Inc., Uppsala, Sweden). The
corresponding fraction was dialyzed. The purification degree (95%) of the product was analyzed by
RP-HPLC. A detailed description of the synthesis is presented in the Supplementary Materials (SM).

For the deuteration procedure, Lys-2His dendrimer was dissolved in D2O at a concentration of
1.55 g/dl with or without 0.157 M NaCl (saline solution).

3. H and 13C Spectral Characterization

NMR measurements were carried out on a Bruker Avance III 500 (Bruker BioSpin AG, Fällanden,
Switzerland). One-dimensional 1H (500 MHz) and 13C (126 MHz) NMR spectra were recorded. We also
performed two-dimensional 1H-1H COSY, 1H-13C HSQC, and HMBC NMR experiments for structural
characterization of Lys-2His dendrimer using standard pulse sequences.

There are four regions in the 1H NMR spectrum (Figure 2) where peaks are observed: the first
region at 8.35–6.90 ppm refers to the protons of imidazole rings in His residues; the second region from
4.55 to 3.85 ppm refers to protons in CH groups; the third region from 3.25 to 2.82 ppm is attributed to
protons in CH2 groups that are adjacent to nitrogen atoms; and the fourth region at 1.95–1.00 ppm
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refers to methyl and methylene groups. The ratios of the integrated areas of each type of protons match
the expected values (Table 1).
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Table 1. Chemical shift assignments and integral values.

Peak Type of Group Chemical Shift,
ppm Integral Value Number of

Protons in Groups

w CH-(N)
(in imidazole ring) 8.12 26 28

v CH-(N)
(in imidazole ring) 7.06 26 28

m,k,b,e,o CH-(N) 4.64–3.88 44 44

i,t,s CH2-(N) 3.22–2.83 86 86

c,f,g,h,p,q,r CH2, CH3
a 1.93–1.00 102 90 + 3 a

a In the core.

Figure 3 shows the 13C NMR spectrum of the Lys-2His dendrimer. The signals in the range
from 177.50 to 169.60 ppm refer to carbon atoms located in carboxyl groups. The peaks at 134.57,
130.11, and 117.07 ppm correspond to carbons in imidazole rings of His. The signals from carbons of
CH groups are located in the region 54.20–49.00 ppm. The peak 30.95 ppm is attributed to the CH2

groups adjacent to nitrogen atoms in the inner and terminal Lys segments. The CH2 groups bonded to
imidazole rings of His residues have the signal at about 27.50 ppm. In the region of 31.00–16.75 ppm
there are peaks from carbons in the CH2 groups of the aliphatic part of the dendrimer.

We measured two-dimensional 1H-1H COSY, 1H-13C HSQC, and HMBC spectra for accurate
correlation of peaks in the 1H and 13C NMR spectra. The detailed analysis of 1H-13C two-dimensional
spectra and chemical shift assignments are provided in the SM. In conclusion of this section, we
found that the claimed structure of Lis-2His dendrimer was totally confirmed by NMR spectroscopy
(Figure 1).
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4. Deuteration (Hydrogen–Deuterium Exchange)

Here, we present the results of deuteration of the histidine-modified lysine-based dendrimer.
Samples of Lys-2His dendrimer were dissolved in heavy water and heated from 25 to 70 ◦C in
increments of 5 ◦C. Samples were held at each temperature for 2 h. The deuterium incorporation was
detected and confirmed by the proton NMR spectra which were recorded after each step.

In Figure 4, we compare the 1H (Figure 4a) and 2H (Figure 4b) NMR spectra of Lys-2His dendrimer
in D2O after heating. We are interested in the peak (w) with the chemical shift at 8.12 ppm that
corresponds to the signal from protons at the C2 carbons of imidazole rings. As shown in Figure 4b,
the signal from deuterons appears at 8.12 ppm. The presence of this peak in the 2H NMR spectrum
indicates that substitution of hydrogens by deuterons at the C2 carbons of imidazole rings has occurred.
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The temperature dependence of the concentration of protons at the C2 carbons of imidazole rings
in His residues is presented in Figure 5. As seen in Figure 5, the proton concentration decreases up
to 30% after increasing temperature from 25 to 70 ◦C. Therefore, the deuteration degree at the C2

position in the imidazole rings is around 70%. This result indicates that His residues in the inner
segments are available to the water solvent. This fact is in agreement with the data of the atomistic
modeling for the dendrimer that we carried out earlier [41]. We found that in the absence of NaCl
in the solvent, the deuteration process has practically the same dependence, but the maximal value
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of the deuteration degree is smaller (~60%) than in the saline solution. We think that this result is
caused by the presence of the salt ions in the solvent. Particularly, chlorine ions were used in histidine
deuteration experiments [32].
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Figure 5. The temperature dependence of the concentration of protons at the C2 carbons of histidine
imidazole rings (8.12 ppm) during heating.

It is important to determine that deuterium labels will be stable during biological and medical
studies. We have to make sure that the deuterated C2 carbons of the imidazole rings in histidine
residues do not undergo the back-exchange reaction under physiological conditions. For this purpose,
we removed D2O from the solution and redissolved Lys-2His dendrimer in H2O. The concentration
of NaCl in the solution was kept the same. Heating at 40 ◦C over four hours did not change the
integral value of the peak (w) at 8.12 ppm. It means that the deuteration degree remains constant
under physiological conditions. The replacement of deuterons with protons was observed when the
dendrimer solution was heated at 70 ◦C over four hours. Figure 6 illustrates the evolution of the
peak (w) at 8.12 ppm during hydrogen–deuterium exchange (a) and deuterium-hydrogen exchange
(b) reactions. As can be seen in Figure 6b, recovery of the integral value of the peak (w) has partially
occurred. It should be noted that the additional peaks at 7.95 and 8.30 ppm (Figure 6b) are assigned to
protons in the NH groups and appeared as a result of the reverse exchange in these groups in H2O.
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5. Conclusions

We synthesized a new histidine-modified lysine-based dendrimer using the solid peptide phase
reaction. Lys-2His dendrimer was dialyzed, and its purification degree was analyzed by RP-HPLC.
The claimed structure was confirmed and characterized by one- and two-dimensional 1H and 13C
NMR spectroscopy. In particular, 1H-1H COSY, 1H-13C HSQC, and HMBC spectra were recorded and
analyzed. It was established that isotope exchange occurs in Lys-2His dendrimer at the C2 carbons
of the imidazole rings of histidine residues during heating. The hydrogen–deuterium exchange has
been more intensive in the temperature range 55−70 ◦C in heavy water. The high level of deuteration
(around 70%) was achieved. Deuterons were partially replaced by hydrogens at the C2 carbons of the
imidazole ring of histidine residues after heating at 70 ◦C. However, the carbon at the C2 position in the
imidazole rings remained deuterated in aqueous solution under physiological conditions, particularly
up to 40 ◦C.

Here, we have demonstrated that it is possible to prepare a deuterium-labeled histidine-containing
lysine-based dendrimer using a rapid and simple method without specific requirements. The chemical
structure of Lys-2His dendrimer remains stable at relatively high temperatures during the isotope
exchange reaction. We believe that the possibility of direct deuteration will expand the range of
potential biological and medical applications of His-modified peptide dendrimers.

Supplementary Materials: The following are available online. Figure S1: The principal scheme of the synthesis
of Lys-2His dendrimer from the core to the first generation, Figure S2: 1H-13C HSQC spectrum of Lys-2His
dendrimer in D2O at 25 ◦C. The letter symbols correspond to the designations of the groups in Figure 2, Figure S3:
1H-13C HMBC spectrum of Lys-2His dendrimer in D2O at 25 ◦C at the range from 5.0 ppm to 1.0 ppm. The letter
symbols correspond to the designations of the groups in Figure 1, Figure S4: 1H-13C HMBC spectrum of Lys-2His
dendrimer in D2O at 25 ◦C at the range from 8.5 ppm to 6.5 ppm. The letter symbols correspond to the designations
of the groups in Figure 1.
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ABSTRACT: Functionalized dendrimers are a novel type of
dendritic macromolecules that contain functionalized groups
that do not take part in the dendrimer’s synthetic cycle.
Focusing on the local dynamics of the functionalized
dendrimers, we study NMR relaxation by considering the
spin−lattice relaxation rate 1/T1(ω) of the 1H and 13C nuclei
and the corresponding spectral density. The macromolecules are
modeled in the framework that accounts for the local bending
rigidity, which is of paramount importance for the NMR
relaxation of dendritic structures. We show that the behavior of
the NMR relaxation of the functionalized dendrimers is qualitatively different from that of the standard dendrimers manifested
through an additional maximum in ω/T1(ω). The new theoretical picture has allowed us to analyze recent atomistic molecular
dynamics simulations of carbosilane dendrimer melts and to elucidate the differences in the high-frequency behavior of their
spin−lattice relaxation rates from the predictions of the standard dendrimer model.

I. INTRODUCTION

Dendrimers represent a particular kind of macromolecules that
have a series of advantageous features such as the presence of a
large number of terminal groups, perfect symmetry, and
compactness.1 These features are used in a variety of
applications, for example, in delivery of drugs2 or dyes3 and
in the synthesis of metal or magnetic nanoparticles.4 Possible
benefits from the dendrimers’ properties for improvement in
the efficiency of solar cells5 and in the viscosity properties of
complex liquids6 are actively investigated.
The inner space of a dendrimer is actively used in many

applications. This is related to their possibility of providing
inner space for encapsulated matter.1 One of the most
important parameters of this feature is the adsorption/
desorption time of the hosted matter, which depends on the
local mobility of macromolecules.7 Therefore, the development
of the theory of dendrimers’ local mobility is a fundamental
question that is important for the enhancement of the
technologies involving dendrimer macromolecules.
NMR relaxation is perhaps one of the most effective

methods for studying local dynamics in macromolecules.8,9 It
provides access to the local reorientation mobility without
perturbing the investigated system.10 It turned out that for
dendrimers, as opposed to linear chains, traditional approaches
in which shorter spin−lattice relaxation times correspond to
less mobile nuclei are not appropriate for analysis of the
mobility of NMR active groups (see ref 11 for details).
Therefore, this question has been investigated by means of
theoretical−analytical,12−14 numerical,15−17 and experimen-
tal11,18−22 methods. At present, the picture of dendrimer
relaxation appears to be clarified in detail.23 It has been shown
that the following three processes are the main contributors to

the relaxation in dendrimers: (1) local mobility of dendrimers’
segments represented through spatially periodic modes, (2)
relaxation of dendrimers’ branches as a whole, and (3) overall
dendrimer rotation. Process 1 comprises structurally periodic
modes related to the inner oscillations that are characterized by
short relaxation times building the so-called inner spectrum.24

In contrast, the modes representing process 2 involve the
synchronized movement of all the beads contained in the
branch.13,25,26 Later in this paper, we use the term “branch
relaxation process” for designating process 2. Process 3 has not
yet been captured by analytical theory, albeit the first steps
toward overhauling this issue have been performed in recent
work.27 Nevertheless, in the case of a dendrimer melt, this
process is shifted toward very low frequencies, which has
allowed the bridging of analytical theory and computer
simulations.28

In particular, it has been shown that the bending rigidity
plays a fundamental role in the NMR relaxation of dendrimers.
Neglecting this aspect leads to the spurious result that the
NMR relaxation of flexible dendrimers depends on only the
local mobility of segments15 (i.e., only on process 1, which is
independent of the location of the labeled segment in the
macromolecule and of the size of the macromolecule). In
contrast, for semiflexible dendrimers, the NMR relaxation rates
of the labeled segments strongly depend on their remoteness
from the dendrimer’s periphery13 (i.e., on process 2 related to
the relaxation of the dendrimer’s branch originating from the
labeled segment). It is important to note that, for other
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dynamical characteristics, such as mechanical relaxation, other
aspects, such as restricted size fluctuations, could be
important.29 The above-mentioned results apply to the
dendrimers with an ideal dendritic structure. However, the
progress in the dendrimer synthesis has yielded novel dendritic
structures (see, for example, ref 30 for a review), among them
pseudodendrimers31,32 and functionalized dendrimers.33−35

Unlike dendrimers, pseudodendrimers are not perfectly
structured macromolecules and have irregularly distributed
branching points and different lengths of the chains between
two branching points.31,32

In this work, we theoretically investigate the NMR relaxation
of the functionalized dendrimers (Figure 1) in which
additional segments at the branching points appear. The first
step toward a theoretical description of the dynamics of the
functionalized dendrimers was done in a work by Grimm and
Dolgushev (GD).36 There, it was established that the presence
of the functionalized segments leads to a new process (we will
call it the “GD process” in the following), which does not exist
for standard dendrimers. The GD process comprises new
asymmetric normal modes involving the motion of function-
alized segments and branches that grow from the same
branching point as the functionalized segments.36 These
additional modes can significantly affect the characteristics of
dynamics. For instance, remarkable effects are observed in the
dielectric relaxation of the labeled segments originating from
the branches that are neighbors of the functionalized segments.
In this context, a question about the role of the GD process for
the NMR relaxation of the functionalized dendrimers arises.
To answer this question, we consider the dynamics of the
functionalized dendrimers focusing both on the models with
and without bending rigidity; taking it into account turns out
to be important for capturing the specificity of functionalized
dendrimers.
Furthermore, the present study provides also an explanation

of the effects observed in the NMR relaxation in carbosilane
dendrimers, studied recently in ref 28, which could not be
covered within the theory of standard dendrimers.13 While the
simulations of ref 28 show good agreement with standard
theory in the low-frequency region, the following was observed
at high frequencies: (i) the minimal time characterizing the
mobility of terminal segments is around 2 times smaller than
that of the inner segments; (ii) the amplitude of the maximum
of the reduced spin−lattice relaxation rate in the susceptibility
representation [ω/T1H] at high frequencies is considerably
higher than that predicted by the standard model. As we show
in this work, the particularity of the structure of carbosilane

dendrimers (that to each Si atom at the branching points
(except the core) a CH3 group is attached, see Figure 2) makes

their behavior at high frequencies close to that of function-
alized dendrimers. Thus, with this, we demonstrate that the
NMR relaxation allows the capture of dynamical features
caused by fine particularities in the structure of macro-
molecules (related to their connectivity; for chemical details
atomistic molecular dynamics simulations remain indispen-
sable). Therefore, the obtained theoretical results can inspire
one to extend the NMR techniques used for standard
dendrimers19 on functionalized dendrimers. Also, these results
can be considered as first steps toward the macromolecules
with irregular branching.37

The paper is structured as follows: In section II, we recall
briefly the theoretical framework of ref 38, within which we
study in section III the NMR relaxation of functionalized
dendrimers. In section III we also analyze the results of
molecular dynamics simulations of carbosilane dendrimer
melts. The paper is closed by the conclusions.

II. THEORETICAL METHODS
The dynamics of dendrimers is modeled within the framework of
semiflexible treelike polymers,38 where the polymer is represented by
Gaussian segments (denoted by {da}). The segments have a zero
mean ⟨da⟩ = 0 and the mean-square average length ⟨|da|2⟩ = l2. The
semiflexibility is introduced through the segment−segment correla-
tions: For two directly connected segments, one has ⟨da·db⟩ = ±l2q,
where q is the stiffness parameter and the plus sign is taken for a head-
to-tail orientation of da and db and is the minus sign otherwise. If the
stiffness parameter q = 0, the polymer is fully flexible. Here, we

Figure 1. Schematic drawing of an internally functionalized dendrimer (a) and a standard dendrimer (b), both of generation G = 3. The functional
beads in (a) are depicted in red. Also, we indicate by m the shells of the dendrimers from the periphery to the core.

Figure 2. Structure of a carbosilane dendrimer of the third generation.
Note that a CH3 group is attached (red) to each Si atom, except the
core.
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consider standard flexible dendrimers (FD) and functionalized flexible
dendrimers (FFD). For q ≠ 0 the structures are semiflexible. Here, we
consider that for standard semiflexible dendrimers (SD) and
functionalized semiflexible dendrimers (FSD) the values of q follow
the choice of ref 36 by taking q = 0.32 for beads having four nearest
neighbors and q = 0.48 for beads having three nearest neighbors. With
these ingredients one can construct the potential energy of the
macromolecules and write down the corresponding set of Langevin
equations for the motion of dendrimer’s beads located in {ri} in three-
dimensional space (see ref 38 for details):

∑ζ ∂
∂

+ =
t

t
k T
l

A t tr r w( )
3

( ) ( )i
j

ij j i
B
2

(1)

where ζ is the friction coefficient, kB is the Boltzmann constant, T is
the temperature, and wi(t) is the white noise; ⟨wi(t)·wj(t′)⟩ =
6kBTζδijδ(t − t′). Note that the combination of the above-mentioned
parameters, τ0 = ζl2/(3kBT), represents the characteristic relaxation
time of an isolated segment (dimer).39 The matrix A = (Aij) encodes
the architecture and semiflexibility of the dendrimers, whose general
structure can be found elsewhere.38 Solving the set of Langevin
equations (1) by the diagonalization of matrix A (i.e., by the normal
mode transformation ri(t) = ∑kQikuk(t); see ref 40 and ref 36 for the
modes of SD and FSD, respectively), it is straightforward to consider
the dynamics of the segments (say, da(t) = ri(t) − rj(t) that directly
connects two beads located at ri(t) and rj(t)). The corresponding
segmental time-autocorrelation function M1

a(t) = ⟨da(t)·da(0)⟩/l2 is
given by

τ= Σ [− ]M t C t( ) exp /a
k k

a
k1 (2)

Here, {τk} are the relaxation times related to the full set of distinct
nonzero eigenvalues {λk} of the matrix A by τk = τ0/λk. Furthermore,
Ck
a are the coefficients reflecting the contribution of the normal modes

{uk(t)} to the M1
a(t) function. Thus, the corresponding relaxation

times {τk} play a different role depending on the location of the
labeled segment da(t) in the dendrimer, as we illustrate in Figure 3. As
can be inferred from the figure (and was shown in the analysis of the
normal modes24−26,36,40), for standard dendrimers the relaxation
processes are associated either with the inner relaxation (related to
normal modes of the spatially periodic kind24,26,40) or with branch

relaxation (related to normal modes of the spatially exponential
kind24,26,40); for functionalized dendrimers the GD process (related to
normal modes, in which the motion of a functionalized segment
excites the neighboring branch36) also comes into play. Accounting
for local stiffness (which is indispensible for a correct description of
the NMR relaxation of dendrimers13) leads to a significant
suppression of the inner relaxation, whereas the GD process conserves
its significance.

The function M1
a(t) is fundamental for the determination of the

spectral density,
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∞
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0
2 (3)

of the second Legendre polynomial P2
a(t) that, for Gaussian {da}, is

given by41
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The spectral density J(ω) gives access to the reduced NMR spin−
lattice relaxation rates of the 1H and 13C nuclei in the susceptibility
representation,10,42
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respectively, where the angular resonance frequencies ωH and ωC are
related to each other through the gyromagnetic ratios γH and γC by
ωC/ωH = γC/γH ≈ 0.25.

Note that, in experiments such as field-cycling 1H NMR,21,22 the
[ω/T1H] function includes both intra- and intermolecular mobility
contributions. For instance, as established in ref 21 by experimental
studies of poly(propyleneimine) dendrimer melts, this function is
determined by local dynamics at high frequencies, breathing modes
(i.e., branch relaxation) at intermediate frequencies, and overall
tumbling (i.e., rotation of the dendrimer as a whole), and diffusion at
low frequencies. The intermolecular processes have a significant
contribution at low frequencies.21 Molecular dynamics simulations of
poly(butylcarbosilane) dendrimer melts reached similar conclu-
sions.28 However, it was established that the contribution of rotation
of the dendrimer as a whole to a segmental reorientation is smaller
than 3%.28 Therefore, notwithstanding the fact that the theoretical
model does not take into account the intermolecular contribution, it is
suitable to capture the specificity of the functionalized dendrimers.
Indeed, as we proceed to show in section III, their hallmarkthe GD
processappears in the high-frequency region, where the inter-
molecular contribution to [ω/T1H] is minimal.

III. RESULTS AND DISCUSSION
A. Spectral Density. The spectral density J(ω), in eq 3,

carries information about the NMR relaxation functions, as
given by eqs 5 and 6.10 Therefore, we start with a discussion of
J(ω) converted into the susceptibility representation,42,43

ω ω ω[ ] =J J( ) ( ) (7)

See Figure 4 for functionalized flexible dendrimers (FFD) and
semiflexible dendrimers (FSD). The results are obtained
through eq 3 by numerical integration (using the discrete-
time Fourier transform method with fixed time step 10−5τ0) for
different segments of generation G = 3, ..., 7 dendrimers. The
segments are numbered from the periphery by index m so that

Figure 3. Normal modes’ decay contributions Ck
a in M1

a(t), eq 2, vs
relaxation times {τk} for standard (a) flexible dendrimers (FD) and
(b) semiflexible dendrimers (SD) and for functionalized (c) flexible
dendrimers (FFD) and (d) semiflexible dendrimers (FSD) of
generation G = 7. For standard dendrimers the spectrum is split
between the inner relaxation at short times and the branch relaxation
at long times. For functionalized dendrimers an additional process of
the GD relaxation appears.
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the terminal segments always have m = 0. Note that with m > 0
we denote the internal segments only (i.e., not the function-
alized ones). In this case, as can be observed in Figure 4, the
qualitative differences between FFD and FSD are very strong.
Also, we stress that for all dendrimers the spectral densities are
superimposed at constant m but different G, except for the core
segments (m = G − 1), to which no functionalized groups are
connected. Therefore, the feature that the NMR rates of
standard dendrimers are determined by the remoteness of the
labeled segment from the periphery13 remains valid for
functionalized dendrimers. The exceptional case of m = G −
1 is related to the fact that these segments seed the largest
possible branch so that they do not have a neighboring
segment belonging to a larger branch, whose relaxation is
important to the segment of the mth shell. This feature was
also observed for standard dendrimers and is more important
for semiflexible macromolecules.13

Given the universality of the behavior of [J(ω)] at the same
value of m, we focus in the following on the dendrimers at the
highest generation G = 7; see Figure 5 for FFD and FSD. As

can be inferred from the figure, there are strong differences in
the behaviors of the two systems. For FFD one can see two
maxima for almost all curves. The main maximum remains at
the same frequency for different values of m, as in the case of
the standard dendrimer.13 The second maximum observed at
10−1−10−3 ωτ0 is shifted toward lower frequencies for higher
values of m. At m = 1 and 2 this process leads to a broadening

of the main maximum and for m ≥ 3 the second maximum is
clearly resolved. The dominance of the high-frequency process
resembles the behavior observed for standard flexible
dendrimers (FD) in refs 13−15 and we note that the GD
process is not explicitly observed for FFD.
Turning now to the spectral density of FSD that are locally

stiff, Figure 5b, we observe that for m ≥ 3 two maxima with
comparable heights clearly manifest. As for FFD, the low-
frequency maximum is related to relaxation of the dendrimer’s
branches which are moving as a whole. Its position is shifted
toward low frequencies with growing m, given that the
corresponding maximum relaxation time of the branch
originating from the labeled segment grows exponentially
with m. The position of the second maximum is practically
independent of m (except for m = 0) and is observed
approximately at (ωτ0)/2. For m = 3−5 both its position and
amplitude are conserved. Except in the case of m = 0, the
second maximum appears because of the GD process, which is
the hallmark of the relaxation of functionalized dendrimers.36

We note that this process does not exist for standard
dendrimers, for which the second maximum is absent.13 For
m = 2, [J(ω)] has one flat maximum, showing that the
characteristic relaxation time of the branch as a whole
originates from this segment, which approaches the GD
process. For m = 1 both processes are practically super-
imposed, leading to a single maximum. Finally, the GD process
is absent from [J(ω)] for m = 0, showing that the maximum
relaxation time of a terminal segment is smaller than that of the
GD process; the modes excited by the functionalized groups
do not contribute to the relaxation of the terminal segments.36

At even higher frequencies (Figure 5b), of the order ωτ0 ∼
102, one can observe the contribution of the inner spectrum
(see Figure 3) through a shoulder in [J(ω)], which weakly
depends on the parameters m and G. An analogous effect has
been observed for standard dendrimers.13,14,23 The small
amplitude of the almost absent maximum reflects the small
contribution of the inner process (i.e., of the decays in eq 2
related to the inner relaxation times; see Figure 3), as was the
case for SD, in contrast to that for FD.13

For the sake of direct comparison between functionalized
and standard dendrimers, we present [J(ω)] for both

Figure 4. Function [J(ω)], eq 7, for segments of flexible (a, b, c) and semiflexble (d, e, f) functionalized dendrimers (FFD and FSD, respectively).
The dendrimers’ generation is labeled by G. Note that the curves are superimposed for the segments having the same index m. Only the curves with
m = G − 1 deviate from the others.

Figure 5. Function [J(ω)], eq 7, for segments labeled by m for
functionalized flexible dendrimers (FFD) (a) and semiflexible
dendrimers (FSD) (b) at generation G = 7.
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dendrimers in Figure 6. Part (a) concerns the flexible
macromolecules (FD and FFD) and part (b) the semiflexible

ones (SD and FSD). In both cases, one can see that the
position of the low-frequency maximum, related to the overall
branch relaxation, is practically the same for functionalized and
standard dendrimers. However, for flexible dendrimers (FD
and FFD), in Figure 6a, the amplitudes are quite low; for them
the peak at higher frequencies dominates. It is related to the
inner spectrum, which for FFD is very close to the GD process
(see Figure 3c). In contrast, for FSD and SD, in Figure 6b, the
contribution of the inner spectrum is small and shifts to high
frequencies, and appears as a small high-frequency shoulder at
ωτ0 ∼ 102. At the same time, the relaxation times associated
with the GD process always remain between the two smallest
branch relaxation times.36 This fact “releases” the GD process
(especially for higher m), which then can be clearly observed
for FSD: in the region of frequencies between 0.2ωτ0 and 2ωτ0
one can clearly see in Figure 6b the GD process for FSD (for m
> 0), and its absence for SD.
B. Spin−Lattice NMR Relaxations. Here, we consider the

frequency-dependent spin−lattice relaxation rates [ω/T1H]
and [ω/T1C] for 1H and 13C nuclei. These functions are
determined on the basis of the spectral density [J(ω)], eqs 5
and 6, and they are of experimental interest.10 In Figure 7 we
present [ω/T1H] and [ω/T1C] for FFD and FSD at generation
G = 7. As can be expected; these functions have a qualitatively
similar behavior with [J(ω)] of Figure 5. The positions of the
main maxima of [J(ω)], [ω/T1H], and [ω/T1C] for FFD are
characterized by the ratios ωJ

max/ωH
max ≈ 0.63 and ωJ

max/ωC
max ≈

0.71, which are close to those defined by the one-process
relaxation: ωJ

max/ωH
max ≈ 0.62 and ωJ

max/ωC
max ≈ 0.79 (see, for

instance, ref 44 for 1H and ref 45 for 13C). These weak
differences can be traced back to the multiprocess character of
relaxation; here, the function [ω/T1C] turns out to be more
sensitive to the presence of additional processes. Finally, we
note that the [ω/T1H] and [ω/T1C] functions for FSD carry
the behavior of the corresponding spectral density [J(ω)], as
discussed in the previous subsection.
C. Comparison with Molecular Dynamics Simulations

of Carbosilane Dendrimer Melts. This subsection will
compare the rate functions [ω/T1H] obtained in ref 28 using
atomistic molecular dynamics (MD) simulations of carbosilane
dendrimer melts (see the chemical structure of the dendrimer
in Figure 2) and those of FSD obtained in this work.
Carbosilane dendrimers possess a significant degree of
semiflexibility. This fact was supported by simulations28 and
experimental46 results. It should be noted that the developed

theory describes the intramolecular orientational mobility,
which manifests in NMR relaxation inside an individual
dendrimer, in both solutions and melts. However, the rotation
of the dendrimer as a whole has a significant contribution for a
dendrimer in a solvent at low frequencies. In the case of
dendrimer melts, the contribution of this process is minor,28

which allows us to make a direct comparison between theory
and simulations. The characteristic time unit τ0 has been
calibrated based on [ω/T1H] of terminal segments (m = 0),16

whose relaxation is dominated by a single process.13,23,28 As
can be observed in Figure 8, the results of theory and

simulations are not only qualitatively similar but also
quantitatively very close. Going from a terminal segment
toward the dendrimer’s core (m > 0), one observes a
separation of processes through the maximum splitting. In
doing so, the position of the high-frequency maximum
practically does not change, as theoretically predicted by the
GD process. At the same time the low-frequency maximum

Figure 6. Function [J(ω)], eq 7, for segments of standard flexible
dendrimers (FD) and functionalized flexible dendrimers (FFD) (a)
and segments of standard semiflexible dendrimers (SD) and
functionalized semiflexible dendrimers (FSD) (b) at generation G =
7 for different values of m.

Figure 7. Reduced spin−lattice relaxation rates of 1H (a, c) and 13C
(b, d) nuclei in the susceptibility representation for the segments
(labeled by m) of functionalized flexible dendrimers (FFD: a, b) and
semiflexible dendrimers (FSD: c, d) at generation G = 7.

Figure 8. Frequency-dependent reduced spin−lattice relaxation rate
in the susceptibility representation for individual segments (labeled by
m) of dendrimers obtained from the theory of functionalized
semiflexible dendrimers (FSD) and from atomistic molecular
dynamics simulations28 of carbosilane dendrimer (CSD) melts.
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shifts toward lower frequencies with growing m because of the
overall branch relaxation. Also, it is important to note that both
in theory and simulations the amplitudes of both maxima are
comparable. This fact deprives us of an explanation of the
second maximum through the inner spectrum whose
amplitude is much smaller in the SD model than that of the
low-frequency maximum (see, e.g., ref 13). Even if one can
speculate whether it is possible to tune the parameters (e.g.,
semiflexibility) in such a way that the amplitudes become
comparable, such a hypothesis is rapidly rejected by looking at
[ω/T1H] of the terminal segments (m = 0). As one can see in
Figure 8, the position of its maximum is shifted toward high
frequencies in comparison with the position of the maximum
for the inner segments, as predicted by the FSD theory and
cannot be explained by the standard model:13 While for the
inner segments the high-frequency maximum is due to the GD
process, the relaxation of the terminal segments depends on
the relaxation of a single segment whose characteristic time is
smaller than that of the GD process36 but higher than that of
the inner spectrum.
Thus, the differences between the behavior of NMR

relaxation of a standard dendrimer according to the
conclusions of ref 13 and the results of the molecular dynamics
simulations of carbosilane dendrimer melts28 can be explained
by the fact that each Si atom has a CH3 group attached to it
(see Figure 2), rendering the carbosilane dendrimers similar to
functionalized dendrimers. Summarizing, the theory of FSD
provides an explanation for the high-frequency behavior of
NMR relaxation of carbosilane dendrimers.

■ CONCLUSIONS
Analytical approaches based on the viscoelastic models for
polymers have recently demonstrated their effectiveness for the
interpretation of the NMR relaxation of dendrimers, especially
in the case of melts.23,28 This work is devoted to the theory of
NMR relaxation of a novel class of dendrimers containing
functionalized groups that do not take part in the dendrimer’s
synthetic cycle.30,35 As has been recently shown in ref 36, the
relaxation spectrum of this kind of dendrimer contains a
process, the GD process, which appears as a result of the
functionalized groups that are not present for standard
dendrimers. In this work, we have shown that the GD process
is a hallmark of the NMR relaxation of functionalized
dendrimers. It leads to a significant maximum at high
frequencies that does not depend on the topological position
of the labeled segment. Exceptionally, for the terminal
segments, the GD process does not play any role, as the
total relaxation is dominated by the single-segment contribu-
tion. At low frequencies the functionalized dendrimers behave
as the standard ones. The position of the low-frequency
maximum depends on the topological remoteness of the
labeled segment from the periphery. To see these results, the
inclusion of the bending rigidity is indispensable. Otherwise,
the NMR relaxation of labeled segments in a dendrimer
becomes close to that of a single process relaxation, that is,
independent of both the size of the dendrimer and the location
of the labeled segment.
The obtained theoretical results have been compared with

those of the carbosilane dendrimer melts, recently obtained by
atomistic molecular dynamics simulations.28 Not only a
qualitative agreement but also even almost a quantitative one
has been observed. Hereupon, we could conclude that (i) the
manifestation of the GD process in the NMR relaxation and its

characteristic behavior is confirmed and (ii) the theory of
functionalized dendrimers has provided an interpretation of
the high-frequency behavior of the NMR relaxation of
carbosilane dendrimer melts.
We expect that our results will pave the way to a theory of

the NMR relaxation behavior of the treelike polymers with
irregularities in the branching. Also, the results show that NMR
relaxation is a powerful tool for the investigation of the
relationship between the structure and dynamics of dendrimers
and related macromolecular compounds.
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ABSTRACT: Dendrimers are regular hyperbranched macromolecules. The
complex structure of the relaxation spectrum is one of the many features of
dendrimers that does not fit into the classical concepts of polymers. The
relaxation spectrum is manifested in various dynamic processes, including
NMR relaxation. In this work, we study the collapsed and swollen dendrimers
using NMR relaxation experiments and atomistic simulations of the modified
lysine-based dendrimer with double histidine insertions (Lys-2His). This
dendrimer is considered most suitable because the imidazole groups are not
charged at a normal pH and become protonated at a low pH. We found that
the orientational mobilities of segments and CH2 groups inside a collapsed dendrimer are opposite to those in the swollen
conformation. Volume interactions suppress the internal local mobility, and reorientation occurs due to the rotation of the
dendrimer as a whole. A comparison of the orientational mobility of the segments and CH2 groups for these conformations reveals
that taking the segmental mobility into account gives an interpretation pitfall of the mobility of CH2 groups observed in NMR
experiments. The studies of the Lys-2His dendrimers are of independent interest for biomedical research. However, our findings
should be general for other collapsed dendrimer macromolecules.

I. INTRODUCTION

Dendrimers are unique regular hyperbranched macromolecules.
They have a nanoscale size, a well-defined architecture,
multivalency, and a low polydispersity. Dendrimers can be
constructed from many types of branched units, including
synthetic, natural, or both. The terminal groups of synthetic
dendrimers can be functionalized, resulting in a wide variety of
properties for these dendrimers. Due to this reason, dendrimers
have various applications in chemistry, medicine, and bio-
technology.1−5

The first dendrimers were synthesized in the late 70s and early
80s of the last century.6−10 Lysine7 and peptide dendrimers
consisting of amino acid residues,10−14 or hybrid dendrimers, for
example, polyamidoamine (PAMAM) and polypropylene (PPI)
dendrimers, which have terminal groups functionalized with
amino acid residues,15−19 are of great importance for biomedical
applications. The most popular terminal amino acid residues for
functionalization are positively charged lysine and arginine
residues, as well as histidine.10−18 The latter, depending on the
pH of the medium, can be positively charged or neutral, and the
conformations of the corresponding dendrimers are swollen or
collapsed. It should be noted that in lysine and peptide
dendrimers not only terminal but also internal groups can be
functionalized by inserting amino acid residues between
adjacent branching points of the dendrimer.20,21

In many applications, local mobility within the dendrimer
plays an important role. The theory based on a flexible
viscoelastic model of the dendrimer22,23 has shown that the

local orientational mobility in dendrimers is determined by two
spectra:24,25 (1) the inner spectrum corresponding to the small-
scale mobility of a labeled segment (or a group) and (2) the
pulsation spectrum corresponding to the “breathing” of
branches or sub-branches as a whole (branch relaxation). The
inner spectrum weakly depends on the topological position of
the selected segment and the dendrimer size. At the same time,
the motions corresponding to the pulsation spectrum are
determined by the size of the branches/sub-branches.
In NMR relaxation of dendrimer macromolecules, the

pulsation spectrum is manifested due to their semiflexibil-
ity,26−28 which leads to the suppression of small-scale motions.29

Thus, in a dendrimer of any generation (G), the orientational
mobility of a segment depends only on the number of
generations in a branch/sub-branch that originates from this
segment (G−g). Here, g is the generation shell number of the
selected segment and begins from the dendrimer core. The
orientational mobility of the segment is maximal for terminal
segments and minimal for segments connected to the dendrimer
core.
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The disadvantage of the existing analytical theory29 is that the
third process (3), a rotation of the dendrimer as a whole, is not
taken into account, although it makes a significant contribution
to NMR relaxation. The rotation of the dendrimer as a whole is
determined by volume interactions30 that were not taken into
account in the analytical theory. In the case of a dendrimer in
solution, this process does not contribute to the NMR relaxation
of the terminal segments and mainly determines the mobility of
the segments close to the dendrimer core. The results on the
orientational mobility in dendrimers in solution are summarized
in the recent review.31 In the dendrimer melt, a significant
deceleration of the rotation of the dendrimer as a whole occurs
in comparison with the other two processes,32 and, as a
consequence, NMR relaxation in the dendrimer exactly
corresponds to the theoretical predictions.29 This means that
the frequency dependencies of NMR relaxation are determined
by the topological distance of the segment (to which the
observed NMR group belongs) from the periphery (G−g) and
do not depend on the size of themacromolecule.We observe the

same situation in some functionalized dendrimers.33,34 Also, the
orientational mobility of semiflexible dendrimers and other
hyperbranched structures was theoretically studied in refs 26
and 35−39.
Simultaneously with the development of the theory of the

orientational mobility in dendrimers, the experimental studies of
the NMR relaxation of various groups in the dendrimer were
carried out. In the early works, the traditional approach (for
instance, for linear polymers) to the interpretation of the NMR
data was used.40−46 However, this led to incorrect conclusions
because dendrimers, in contrast to linear polymers, have a more
complex relaxation spectrum which consists of several
contributions briefly described above. The turning point was
the experimental works of Pinto et al.,47,48 which reported a
slowdown in the local mobility manifested in NMR relaxation
with a change in the topological remoteness of a segment/group
from the periphery of the dendrimer. In addition, these works
encouraged the development of the theory of the orientational
mobility of dendrimers taking into account the semiflexibility,29

Figure 1. Structure of the lysine-based peptide dendrimer with double histidine insertions in all spacers between neighboring branching points. The
simplified structural schemes of (a) the Lys-2His dendrimer with non-protonated imidazole groups and (b) the Lys-2Hisp dendrimer with protonated
imidazole groups. (c) Chemical structure of a single branch (marked by green color in (a)) of the Lys-2His dendrimer; g is the generation shell number
beginning from the dendrimer core.
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which made it possible to obtain a direct agreement between
theoretical and experimental data.49 The NMR relaxation
method is used in combination with other methods to study
the orientational mobility in different dendrimers over a wide
frequency range.50,51

We applied NMR relaxation and molecular dynamics (MD)
simulations together to investigate lysine52 and lysine-based
peptide dendrimers with different double amino acid residue
insertions between neighboring branching points [double
glycine (Lys-2Gly), double lysine (Lys-2Lys), and double
arginine (Lys-2Arg) insertions].53−56 Since these dendrimers
are composed of amino acid residues, they have a natural
advantage for biomedical applications, for example, over the
popular synthetic PAMAM dendrimers. It is also worth noting
that peptide dendrimers have tremendous potential for
modification by various amino acids of both terminal groups
and repeating units.
The results of our previous experimental studies of lysine-

based peptide dendrimers with double glycine and double lysine
insertions (Lys-2Gly and Lys-2Lys, respectively) confirm that
NMR relaxation of CH2 groups in the dendrimer is practically
independent of volume interactions and is determined by the
topological remoteness of the selected group from the periphery
of the dendrimer (and, in the case of the side segment, by the
topological remoteness of the selected group from the end of the
side segment).53 Later, this result was confirmed using atomistic
MD simulations.56 Moreover, it was obtained that the NMR
relaxation of the inner CH2 groups practically coincided for
these dendrimers, despite the significant difference in the density
of these macromolecules.
In the recent work,57 PPI dendrimers in swollen and collapsed

conformations have been investigated using MD simulations.
According to the results of this work, the orientational mobility
strongly changes in the collapsed conformation. In collapsed PPI
dendrimers, the NMR relaxation of a segment does not
practically depend on the dendrimer layer (g) of the segment.
This conclusion is inconsistent with our previous results.53,56

The results obtained by Gupta and Biswas57 motivated us to
study the NMR relaxation of dendrimers in collapsed and
swollen conformations.
For this goal, we have chosen a lysine-based peptide

dendrimer with double histidine insertions in each spacer
between branching points (i.e., with Lys-2His repeating units,
see Figure 1). This dendrimer is most suitable because, at a
normal pH, the imidazole groups are not charged, and the
collapsed conformation of the macromolecule can be expected.
At a low pH, the imidazole groups become protonated, which
increases the charge of the dendrimer by almost 3 times. We
demonstrate that the size of this dendrimer decreases (i.e., there
is a transition from a swollen to a collapsed dendrimer
conformation) with increasing pH due to a decrease in the
charge (and therefore hydrophilicity) of histidine amino acid
residues. Further, the dendrimer under study with uncharged
and charged imidazole groups will be referred to as Lys-2His and

Lys-2Hisp, respectively. To study the local orientational
mobility of this dendrimer, we carry out NMR experiments
and full-atomistic MD simulations.
The structure of the paper is as follows. First, we describe the

details of NMR experiments and MD simulations. Then, we
provide the results and discussion. Finally, we present the main
conclusions of our study.

II. NMR EXPERIMENTAL METHODS AND MD
SIMULATION DETAILS
NMR Experiments.The synthesis of the peptide dendrimer with an

alanine core, Lys-2His repeating units, and lysine (Lys) terminal groups
was described in our previous paper.54 NMR measurements were
carried out on a Bruker AVANCE III 500 MHz NMR spectrometer. A
standard 5 mm BBFO direct observation probe and a Great 1/60A
gradient system with an MIC S2 Diff/30 diffusive probe with a 1H
convolution compensation coil were used. The spin−lattice relaxation
times T1H were acquired with an “inversion-recovery” pulse sequence
modified by the destructive gradient pulses at the beginning of the
sequence (“spoiler-recovery” sequence). Parameters for the pulses were
12−18 μs duration of π/2 pulse, 16 tau delays, and 3 s recycle time
between scans. Temperature dependencies of the spin−lattice
relaxation rate 1/T1H were obtained for the temperature range 278−
343 K. The samples were dissolved in D2Owith pH 1.1 and pH 7.0. The
value of the pH was adjusted by the addition of HCl. Concentrations of
the Lys-2His and Lys-2Hisp dendrimers in the solvent were 1.57 and
1.27 g/dL, respectively. All systems correspond to the conditions of the
dilute solution.

Molecular Dynamics Simulations. We simulated the full atomic
model of the histidine-rich peptide dendrimer shown in Figure 1. The
dendrimer properties were studied for two different states of the
imidazole group in histidine amino acid residues: (i) a neutral state at a
normal pH and (ii) a fully protonated state at a low pH. The Lys-2His
and Lys-2Hisp dendrimers were placed in a cubic box with periodical
boundary conditions filled by water and Cl-counterions. The bare
charge of the dendrimer (Qbare = +16 for the Lys-2His dendrimer and
Qbare = +44 for the Lys-2Hisp dendrimer) consists of the sum of the
charge of the terminal lysine groups (Qend = +16) and the charge of the
double histidine insertions (Qins = 0 and Qins = +28 for Lys-2His and
Lys-2Hisp, correspondingly). The parameters for the simulated systems
are given in Table 1.

The AMBER-99SB-ILDN force field58 was chosen to describe all
interactions in the system. The MD simulations was carried out using
the Gromacs package.59 Here, we used the same preparatory steps (the
structure optimization in vacuum and the initial equilibration), that we
used in our previous works.56,60 The constant temperature and the
constant pressure were implemented via the Nose−Hoover thermo-
stat61 (with the time constant τ = 0.4 ps) and the Parrinello-Rahman
barostat62 (with τ = 0.5 ps and with the compressibility of water, weakly
dependent on temperature63), respectively. The MD simulations were
carried out for different temperatures T = 280, 290, 300, 310, 320, and
340 K.

All calculations were performed for the dendrimers of the second
generation. The TIP3P water model was employed during the
simulations. A cubic simulation box with a cube edge of 7.5 nm was
chosen. Preliminary calculations included energy minimization and
simulation in the NVT ensemble (5 ns) to establish a constant
temperature and then in the NPT ensemble (10 ns) to establish a

Table 1. Characteristics of Lys-2His and Lys-2Hisp Dendrimers: the Molecular Mass of the Dendrimer,M, and Its Charge,Qbare;
the Charge of Terminal Groups, Qend, as Well as the Charge of Inserted Amino Acid Residues, Qins; the Total Number of Water
Molecules,NH2O, in Systems; the Average Size acell of the Simulation Cell; the Radius of Gyration, Rg, of the Dendrimers; and the
Characteristic Time of the Rotation of the Dendrimer as a Whole at 310 K τrot

dendrimer M (g/mol) Qbare (e) Qend (e) Qins (e) NH2O acell (nm) Rg (nm) τrot (ns)

Lys-2His 5918.02 +16 +16 0 13293 7.5 1.32 3.9
Lys-2Hisp 5946.24 +44 +16 +28 13256 7.5 2.05 8.3
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constant pressure (for more details, see refs 56 and 60). For each
temperature, the equilibration time of the dendrimer conformation in
the NPT ensemble was 250 ns. After these preliminary stages, we
performed the product run that consists of 4 trajectories of 0.25 μs each
(i.e., the total trajectory length is 1 μs). We averaged all results over 4
trajectories at each temperature (see also Supporting Information).
NMR Relaxation Approach. The experimentally measured spin−

lattice relaxation rate of the H−H vector in the CH2 group in the
dipole−dipole approximation can be represented as64−67

T
A J J

1
( ( , ) 4 (2 , ))

1H
0 H i H iω τ ω τ= +

(1)

where ωH is the cyclic resonance frequency for 1H nuclei; A0 is a
constant that does not depend on temperature and frequency; and J is
the spectral density that corresponds to Fourier transform of P2
orientational autocorrelation function (ACF)

J P t t t( , ) 2 ( , ) cos( )dH i
0

2 i H∫ω τ τ ω=
∞

(2)

where τi is characteristic relaxation time of ith process of P2 ACF (in
NMR relaxation approach, this time is called as the correlation time).
The P2 function is calculated from MD simulation data by eq 3

r r
r r
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where r(t) = rHH(t) is the H−H vector in the CH2 groups at time t. The
P2(t) ACF is characterized by the random process of the rotation of the
H−H vector. It is important to note that in the theoretical
considerations P2(t) ACF function for a segment vector (instead of
rHH) is usually utilized.

68,69 The orientational mobility of the segment,
as a rule, has the same features (or behavior) as the mobility of the CH2
groups, but the latter is faster. In this work, we consider NMR relaxation
for both the segment (see Figure 1) and CH2 group vectors using MD
simulation data. To clarify the terminology, we use the term “inner
segment” for the ε-part of branched lysine in the dendrimer backbone,
“terminal segment” for the ε-part of terminal lysine, and “side segment”
for the side part of histidine insertion containing an imidazole group.
Also, we use the term “spacer segment” (SS) to refer to the chain
between two adjacent branching points of the Lys-2His and Lys-2Hisp
dendrimers (see Figure 1).
For Fourier transform in eq 2, we use the numerical procedure. This

method requires large amounts of simulation resources but allows us to
avoid the possible calculation of artifacts associated with the analytic
representation of the P2 function. A more detailed description of the
method is given in the Supporting Information.

III. RESULTS AND DISCUSSION
Orientational Mobility of CH2 Groups Manifested in

NMR Relaxation.We used the signals from the inner, side, and

terminal CH2 groups (located at the inner, side, and terminal
segments, correspondingly, see Figure 1) to study the mobility
of different dendrimer layers by NMR. All of the considered
groups have their chemical shifts approximately at 3 ppm on the
1H NMR spectrum. In the case of the Lys-2His dendrimer, we
observed an overlapped signal for the side and inner CH2 groups
and a resolved signal for the terminal groups.54

To study Lys-2His in the collapsed and swollen conforma-
tions (see Figure 1), we considered two systems containing
dendrimers in D2O at normal (Lys-2His) and low pHs (Lys-
2Hisp). The temperature dependencies of the spin−lattice
relaxation rate, 1/T1H, for both systems are presented in Figure
2. As expected, the value of 1/T1H for the terminal CH2 groups
increases exponentially with a decreasing temperature. At the
same time, the temperature dependence of the spin−lattice
relaxation rate for the inner and side CH2 groups has a decline on
the right side of the maximum of 1/T1H curve. These data
indicate that the terminal segments move significantly faster
than both the inner and side segments of this dendrimer.
Usually, the position of the 1/T1H maximum can be used as a
parameter to estimate the local mobility of different groups. The
experimental dependence of 1/T1H for the terminal groups does
not reach a maximum, since it is limited by the freezing point of
the solvent (i.e. water). The shift of this maximum below the
freezing point (Figure 2) corresponds to an increase in the
mobility of the terminal CH2 groups (see, e.g., the review in ref
31). This result is typical for different dendrimer macro-
molecules,47,49,70,71 including peptide dendrimers.52,53,55 Note
that at low temperatures, the values of 1/T1 for the terminal
groups are greater than those for the inner ones. However, unlike
the traditional approach, this does not mean that terminal
groups reorient more slowly than inner groups. In this case, the
correlation time for the inner groups is still longer than for the
terminal groups because we observe the area to the right of the
maximum.47,52

The shape of the 1/T1H curve for the inner and side groups in
Lys-2His differs from similar dependence for Lys-2Hisp and
other lysine-based peptide dendrimers with the insertion of
various double amino acid residues.53,55,56,60 As a rule, the left
part of the 1/T1H curve and a maximum are observed for the
inner groups. The temperature dependence of 1/T1H for the
inner groups in Lys-2Arg56,60 is an exception since themaximum
is located practically in the center of the studied temperature
range. The behavior of the 1/T1H curves is most similar for Lys-
2Hisp and Lys-2Arg. In the case of Lys-2His, the mobility of the
inner and side groups is significantly slower than the mobility of

Figure 2. 1H NMR spin−lattice relaxation rate, 1/T1H, as a function of inverse temperature 1000/T for the inner, side, and terminal CH2 groups at the
fixed frequency ωH/2π = 500 MHz from the simulation and experimental data for (a) Lys-2His and (b) Lys-2Hisp.
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the same groups in the Lys-2Hisp dendrimer since themaximum
is shifted to the high-temperature limit (i.e., to the values that are
close to the boiling point of water).
To explain the 1/T1H dependencies for the CH2 groups in the

Lys-2His and Lys-2Hisp dendrimers, we have carried out MD
simulations. The calculated temperature dependencies of 1/T1H
from the simulation data are shown in Figure 2. The procedure
and other details of calculation for the temperature dependence
of 1/T1H are provided in the Supporting Information. In contrast
to the NMR experiment, in MD simulations, we can calculate
the mobility of the inner and side CH2 groups of dendrimers
separately. As we can see from Figure 2, the MD simulation
results and the NMR experimental data are in a good
quantitative agreement. It is important to note that the 1/T1H
curves for the inner and side CH2 groups are close and
practically coincide with the averaged dependence for these
groups obtained in the experiment.
Further, we consider the temperature dependence of 1/T1H

for the side CH2 groups. This dependence can vary from that for
the terminal CH2 groups in Lys-2Lys to that for the inner CH2
groups in Lys-2Arg since it is related to the topological distance
from the end of the side segment to the selected CH2 group.

56,60

In the case of Lys-2His and Lys-2Hisp, the temperature
dependence of 1/T1H for the side CH2 groups is the same one
for the inner CH2 groups, which has not been previously
observed even for Lys-2Arg. In the Lys-2His dendrimer, the side
CH2 group is chemically connected with the SS (see Figure 1c).
Therefore, the topological distance from the side CH2 group to
the SS is minimal and equal to one chemical bond. Due to this
reason, the mobility of the side CH2 groups is determined by the
mobility of the SS. It is interesting to note the analogy with the
mobility of the inner segment in the dendrimer, in which
mobility is also defined by two main factors: the topological
distance of the selected segment from the periphery and the
proximity to the dendrimer core.52 In addition, the segments
located close to the core of the dendrimer are reoriented mainly
due to the rotation of the dendrimer as a whole.
Since the temperature dependencies of 1/T1H for the inner

and side CH2 groups do not differ, we will discuss further the
mobility of the inner CH2 groups only, but the same conclusions
can be drawn about the mobility of the side CH2 groups.
As we noted above, in contrast to the mobility of the terminal

CH2 groups, the mobility of the inner CH2 groups in Lys-2His
and Lys-2Hisp differs markedly. In Lys-2His, the position of the
maximum of the 1/T1H curve for the inner CH2 groups is shifted
to the region of high temperatures (i.e., they have lower
mobility). We believe that the shift of the 1/T1H maximum is
associated with a change in the global dendrimer conformation:
from the collapsed conformation with the non-protonated
imidazole groups (at a normal pH for Lys-2His with Rg = 1.32
nm) to the swollen conformation in the fully protonated state of
imidazole groups (at a low pH in Lys-2Hisp with Rg = 2.05 nm).
This assumption does not agree with our previous NMR
experimental work53 on the Lys-2Lys and Lys-2Gly dendrimers,
in which we concluded that the dendrimer density (i.e., the
excluded volume interactions) does not influence the orienta-
tional mobility of CH2 groups observed by NMR relaxation.
Also, it has been shown that the mobility of the inner CH2
groups in the Lys-2Lys and Lys-2Gly dendrimers practically
coincides, despite the density of Lys-2Gly is larger than that of
Lys-2Lys by 1.5 times.53

The difference in density between the Lys-2His and Lys-
2Hisp dendrimers is much larger. On the one hand, the sizes of

the Lys-2Hisp and Lys-2Lys dendrimers (with charged groups in
insertions) are practically the same as well as the sizes of the Lys-
2His and Lys-2Gly dendrimers (with non-charged groups in
insertions).56 On the other hand, molecular weights of the Lys-
2Hisp and Lys-2Lys dendrimers are similar. In contrast to this,
the molecular weight of the Lys-2His dendrimer is 1.6 times
larger than the Lys-2Gly dendrimer. Thus, the density of the
Lys-2His dendrimer should be at least 2 times larger than the
density of the Lys-2Hisp dendrimer. For the illustration of the
difference in the dendrimer density, we show the radial density
distribution profiles of these dendrimers in Figure 3.
Consequently, with such sharp changes, the influence of volume
effects becomes significant and leads to a slowdown in the
mobility of the inner groups of the dendrimer.

It is important to note that the lower mobility of the inner
groups in the collapsed conformation is inconsistent with the
results of MD simulation obtained in the recent work,57 where
the segmental mobility of the swollen and collapsed PPI
dendrimers has been investigated. According to the NMR
relaxation data of the work,57 the mobility of the inner segments
of the dendrimer in the collapsed conformation is close to or
higher than in the swollen conformation. We will consider this
contradiction in the next subsection.

NMR Relaxations Calculated from the Segmental
Mobility of Lys-2His and Lys-2Hisp Dendrimers. As a
rule, for theoretical consideration of the 1H NMR relaxation in
polymers, the orientational mobility of the segments is taken
into account instead of the reorientation of the H−H vector in
the CH2 group. This significantly simplifies the system of
theoretical equations (for an analytical approach) or the
simulation model (coarse-grained model instead of the full
atomic model). It is assumed that the NMR relaxation
dependencies calculated from the reorientation of the segments
and H−H vectors are in qualitative agreement, but,
quantitatively, the reorientation of segments occurs more
slowly. This fact was confirmed by the atomisticMD simulations
of the Lys dendrimer in ref 52. However, there is a contradiction
between the results obtained for the segmental mobility in the
PPI dendrimers (see Figure 4) and the inner CH2 groups in Lys-
2His dendrimers (see previous subsection). At the same time,
we suppose that the results for the Lys-2His and PPI dendrimers

Figure 3. Radial density distribution functions for the Lys-2His and
Lys-2Hisp dendrimers calculated from the center of mass of the
dendrimers at 310 K. For comparison, the profiles of the Lys-2Lys and
Lys-2Gly dendrimers are also shown.
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should be in qualitative agreement with each other (both in the
swollen and collapsed conformations). To clarify this issue, we
compare the reorientation of the SS and inner CH2 group
vectors of the Lys-2His and Lys-2Hisp dendrimers. We
calculated the frequency dependence of the reduced spin−
lattice relaxation rate in the susceptibility representation, [1/
T1H], from the orientational mobility of SS and inner CH2
groups72,73
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The frequency dependencies of [1/T1H] for Lys-2His and
Lys-2Hisp are shown in Figure 5. As can be seen from Figures 4
and 5 [1/T1H], the segmental mobility of the PPI and peptide
dendrimers is similar for both collapsed and swollen
conformations. However, the picture is significantly different
for the CH2 groups in the collapsed conformation. To assess the
mobility, we use the position of the maxima of the frequency
dependencies. According to Figure 6, the position of the
maximum practically does not change for SS in the different
layers of the dendrimer in the collapsed conformation (filled red
triangles) and increases in the swollen conformation (empty red
triangle) as in other types of dendrimers. Moreover, at g < 2,
ωmax of SS is greater in Lys-2His than in Lys-2Hisp that indicates
higher mobility of SS of the generation layers in the collapsed
conformation. This unexpected result is caused by the following

fact that NMR mobility in a dendrimer is determined by two
factors:

(1) Pulsation of branches/sub-branches is characterized by a
set of relaxation times corresponding to the rotation as a
whole of the pulsating branches/sub-branches with
various sizes;

(2) The rotation of the dendrimer as a whole depends only on
the size of the dendrimer. (It is important to note that the

Figure 4. Frequency dependencies of [1/T1H] for PPI dendrimers of the third generation (G = 3) in the collapsed conformation at a high pH (a) and in
the swollen conformation at a low pH (b). Here, g is the generation shell number of the PPI dendrimers beginning from the dendrimer core. For inner
segments (g = 1 and 2), the maximum of [1/T1H] does not change in the collapsed conformation and shifts to high frequencies with g in the swollen
conformation. The curves for terminal segments (g = 3) should be excluded from this consideration. Reproduced with permission.57 Copyright 2020,
American Chemical Society.

Figure 5. Frequency dependencies of [1/T1H] for the SSs and inner CH2 groups in different dendrimer layers g beginning from the dendrimer core for
the Lys-2His (a) and Lys-2Hisp (b) dendrimers at 310 K.

Figure 6. Frequencies of the [1/T1H]maxima for the SSs and inner CH2
groups for Lys-2His and Lys-2Hisp depends on the dendrimer layer g
beginning from the dendrimer core at 310 K. Dashed and dotted
horizontal lines correspond to ωrot for Lys-2His and Lys-2Hisp,
respectively.
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contribution of this process correlates to excluded volume
interactions.30)

In the collapsed conformation, the increase in density inside
the dendrimer causes (1) the branch relaxation of SS vectors to
slow down and (2) the rotation time of the dendrimer as a whole
reduces due to a significant decrease in the dendrimer size (see
Table 1 and Figure 3). We would like to consider in detail the
reasons for the anomalous orientational mobility for the
collapsed dendrimer. An increase in the density inside the
dendrimer leads to a significant increase in the branch relaxation
times. This is because in the collapsed dendrimer, the
reorientation of the branches is inhibited not by solvent
molecules that fill the free volume in the swollen dendrimer
but by neighboring branches whose mobility is limited by both
topological factors and other branches due to the high
concentration of segments in the dendrimer interior. In
addition, the surface of the molecule decreases with the size of
the dendrimer during the transition from the swollen to
collapsed conformation. Consequently, the rotation of the
dendrimer as a whole slows down more than 2 times since it
depends only on the friction of the macromolecule surface on
the solvent. Consequently, the contribution of the rotation of
the dendrimer as a whole to the NMR relaxation becomes the
main one, andωmax does not change with g (about 0.5× 109 rad/
s at 300 K). This conclusion is directly confirmed by the position
of [1/T1H] maximum,ωrot, if the dendrimer rotation determines
the NMR relaxation

0.62/( /3)rot rotω τ≈ (5)

where τrot is the rotation time of the dendrimer as a whole
obtained from P1 ACF (see eq S1 and Table 1). Factor “3”
corresponds to a ratio P2

rot = (P1
rot)3 (see Figure S5 in the

Supporting Information). In the case of a dendrimer in a solvent,
other ratios for P2 (e.g., P1

2 or the combination74 of P1
2 and P1

3)
are not realized. It is important to note that the ratio (eq 5) is an
approximation of 1/T1H by only one process (i.e., the one-
exponential approximation of P2 ACF (see, for instance, ref 67,
and a similar relation for 13C NMR relaxation in ref 75). This
approach is suitable if the dendrimer rotation gives the main
contribution to NMR relaxation. In Figure 6, the calculated
values of ωrot are shown by horizontal dashed and dotted lines
for the Lys-2His and Lys-2Hisp dendrimers, respectively. It can
be seen from this figure thatωrot is close toωmax for the collapsed
dendrimer. The opposite situation is observed for the swollen
dendrimer: only ωmax for a core segment is similar to ωrot (note
that a similar dependence of ωmax is observed in ref 52 for the
swollen Lys dendrimers).
The coincidence of ωmax and ωrot for the inner CH2 groups

assumes that, namely, the rotation as a whole is the main process
contributing to NMR relaxation.
The trend of ωmax for SS is generally retained for the inner

CH2 groups in the collapsed conformation of the dendrimer.
Moreover, the values of ωmax for the inner CH2 groups are close
to those for SS. This is an unexpected result, since the
orientational mobility of inner CH2 groups, as a rule, is an order
of magnitude higher than that of SSs,52 for example, the
difference in frequency for the inner CH2 groups and SS of the
Lys-2Hisp dendrimers (see Figure 5). The similar values ofωmax
for the inner CH2 groups and SS indicate that the local mobility
of the inner CH2 groups is suppressed, and NMR relaxation is
determined only by the rotation of the dendrimer as a whole.
Therefore, we can obtain the value of τrot directly from NMR

data using eq 5 and estimate the hydrodynamic radius, Rh, using
the following formula76

R

k T
4
3rot

s h
3

B
τ

πη
=

(6)

where ηs is the viscosity of the solvent, Rh is the hydrodynamic
radius, kB is the Boltzmann constant, and T is the temperature.
Thus, the disagreement between the orientational mobility of

the segments and groups is associated with excluded volume
interactions that lead to the fact that in the collapsed
conformation, the rotation of the dendrimer as a whole makes
the main contribution to NMR relaxation for both SS and inner
CH2 groups. In the swollen conformation (Lys-2Hisp), the
mobility of the inner CH2 groups is traditionally an order of
magnitude higher than the mobility of SS. Therefore, a decrease
in the size of dendrimers (as well as the rotation time of the
dendrimer as a whole) leads to the fact that the segmental
mobility in Lys-2His is higher than in Lys-2Hisp. However, we
observe the opposite situation in the case of the inner CH2
groups.

IV. CONCLUSIONS
In this work, we study the local orientational mobility in the
collapsed conformation of the Lys-2His dendrimer using NMR
experiments and atomistic MD simulations. For comparison, we
considered the swollen conformation of this dendrimer, which is
observed at a low pH due to the charge in the imidazole groups
of histidine insertions.
It turned out that the orientational mobility of the dendrimer

in the collapsed conformation differs significantly from the
mobility in the swollen conformation. In contrast to traditional
concepts, the mobility of the inner CH2 groups and SSs (see
Figure 1) is practically the same in the collapsed conformation of
the dendrimer. Because the density inside the dendrimer is so
high, it impedes the internal reorientation mobility of the inner
CH2 groups or SS. Therefore, in both cases, the rotation of the
dendrimer as a whole remains the main mechanism of
reorientation. This circumstance makes it possible to estimate
the size of the dendrimer using NMR relaxation data. Note that
in the case of the swollen conformation, the volume interactions
have a little effect on NMR relaxation and are practically
independent of the dendrimer size.
We confirmed an unusual effect for segmental mobility, which

was previously found by MD simulations57 of PPI dendrimers:
the mobility of SS was higher in the collapsed conformation than
in the swollen one. We established that, in the collapsed
conformation, the mobility of SS is mainly determined by the
rotation of the dendrimer as a whole. Due to a decrease in the
size of the collapsed dendrimer, the rotation time of the
dendrimer as a whole becomes shorter than the branch
relaxation times, which defines NMR relaxation in the swollen
dendrimer. However, in the case of the inner CH2 groups, the
situation is typical: the mobility is higher in the swollen
conformation. The mobility of the inner CH2 groups in the
swollen conformation is an order of magnitude higher than the
segmental mobility. In the case of the collapsed conformation,
the mobilities of the inner CH2 groups and SS are practically the
same. It could be argued that, contrary to traditional concepts,
segmental mobility cannot be associated with the mobility of the
inner CH2 groups, which is observed in the NMR experiment.
Consequently, the mobility of the inner CH2 groups in the
collapsed and swollen conformations can be used to determine
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the shape of the dendrimer using NMR relaxation: a change in
the spin−lattice relaxation time (for instance, at room
temperature) will indicate a change in the global dendrimer
conformation.
In this paper, the conclusions are obtained for the peptide

dendrimer and are in agreement with the MD results for PPI
dendrimers. However, we believe that our findings are general
for collapsed dendrimers with different chemical structures.
It must be noted that the presented studies of the lysine-based

peptide dendrimers with double histidine insertions are of
interest for biomedical applications. Compounds containing
histidine amino acid residues have been already used for drug
delivery. The Lys-2His dendrimer has a number of advantages
over linear compounds, for example, a high concentration of
histidine residues. In addition, the transition between swollen
and collapsed conformations can facilitate the release of drugs
with changing pH.
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