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Abstract: Despite being used as an anti-leukemic drug, the poor 

solubility of 6-mercaptopurine (6-MP) limits its use in topical and 

parenteral applications. Dendrimers are commonly used as drug 

carriers to improve their solubility in aqueous solution. In this work, 

the interactions between 6-MP and the amine-terminated 

poly(amidoamine) dendrimers (PAMAM-NH2) were investigated by 

various NMR technology. The chemical shift titrations disclosed that 

the 6-MP interacted with the surface of PAMAM-NH2 mainly through 

electrostatics. The determination of diffusion coefficient and relaxation 

measurements further confirmed the presence of interactions in 6-

MP/PAMAM-NH2 complexes. In addition, the encapsulation of 6-MP 

within the cavity of PAMAM-NH2 was revealed through nuclear 

Overhauser effect spectroscopy and Saturation Transfer Double 

Difference analysis. Finally, the binding strength (H-8 is 100% and H-

2 is 70%) of 6-MP to PAMAM-NH2 was quantitatively expressed using 

epitope maps. This study provides a systematic methodology for 

qualitative and quantitative studies of the interactions between 

dendrimers and drug molecules in general. 

Introduction 

6-Mercaptopurine (6-MP) is a class of nitrogen-containing 

heterocyclic organic compounds with aromatic properties[1, 2] 

(molecular structure seen Scheme 1). The four different nitrogen 

atoms at the purine ring results in both proton donor and acceptor 

properties. 6-MP is by now widely used in clinical practice as an 

anti-tumor agent, especially as an anti-leukemia chemotherapy 

drug.[3] Unfortunately, the poor water solubility of 6-MP results in 

low permeability and poor bioavailability in cells, which greatly 

limits its clinical application.[4] Therefore, there is a great interest 

in finding ways to increase the water solubility of 6-MP without 

reducing its efficacy.  

Dendrimers are synthetic macromolecules with globular or 

ellipsoidal shapes, nanoscale sizes, tree-like topological 

structures, excellent mono-dispersity, empty cavities, well-defined 

molecular weights, and large numbers of surface functionalities.[5-

8] There are numerous and diverse applications of dendrimers 

including the fields of catalysis[9], biomedicine (e.g. drug delivery 

and cancer diagnostics)[10-12] and electronics (e.g. light harvesting 

devices[13], optical sensors[14] and displays[15]). The amine-

terminated poly(amidoamine) dendrimer (PAMAM-NH2) is the 

most used dendrimers in the above areas, especially in drug 

delivery.[16-18] PAMAM-NH2 dendrimers are considered ideal 

model systems for up-taking and delivering of therapeutic agents, 

because of their high aqueous solubility and biocompatibility. 

Dendrimers can be functionalized with a large number of chemical  

versatile surface groups, but the interior remains relative nonpolar 

with nanoscale cavities.[19, 20] It has been reported that PAMAM-

NH2 is used as carrier for different anticancer drugs such as 5-

fluorouracil,[21] cisplatin,[22] doxorubicin,[23] methotrexate,[6] 

biotin,[24] phenobarbital,[25] sulfamethoxazole[26] and 

capecitabine.[27] Although it has been reported that PAMAM is a 

drug carrier capable to encapsulate 6-MP and hence improve the 

water solubility,[4] the detailed information about the molecular 

interaction mechanisms and the binding site of 6-MP with 

PAMAM-NH2 are still not clear. Mapping the binding site and 

thereby understanding the interaction mechanism is an absolute 

Scheme 1. The chemical structure and atom label of (a) PAMAM-NH2 interior 

repetitive unit, (b) PAMAM-NH2 outermost layer, and (c) 6-MP. 
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necessary step to design and optimize the 6-MP/PAMAM-NH2 
complexes. 

NMR[28, 29] is high-resolution and non-invasion technology, and 
it can provide rich information on the structure, dynamics, and 
chemical environments of molecules.[30-33] Thus, NMR has been 
developed into a powerful analytical tool in the study of the 
interaction between host and guest molecules.[25, 34-36] Our 
research group used PAMAM-NH2 as the host macromolecule to 
study its interaction with small molecules via various NMR 
techniques. For example, we studied the interaction between 
PAMAM dendrimers and the environmental contaminant 
perfluorooctanoic acid (PFOA);[37] and also the absorption of the 
anti-cancer drug 5-fluorouracil by PAMAM.[21] Recently, we 
explored the interaction mechanism of biotin and PAMAM-NH2 by 
NMR, this work identified new structural difference between the 
inner and outer layers in dendrimers at atomic-level.[24] 

Herein, we report the interaction between PAMAM-NH2 and 6-

MP by using various 1D and 2D NMR techniques including 1H and 
13C chemical shift titrations, diffusion coefficient determinations, 

nuclear Overhauser effect spectroscopy (1H-1H NOESY), 

relaxation time measurements, Saturation Transfer Difference 

(STD) spectroscopy and Saturation Transfer Double Difference 

(STDD). The combination of these techniques enabled the 

qualitative and quantitative study of the interaction between 6-MP 

and PAMAM-NH2. The intermolecular/intramolecular interactions 

between PAMAM-NH2 and 6-MP, and the binding site and binding 

parameters of 6-MP on the surface and in the interior pockets of 

PAMAM-NH2 were disclosed based on the NMR experiments. 

This study, not only provides a systematic NMR method for 

studying the interactions between dendrimer and drugs, but also 

push the borders for using of PAMAM as a carrier of hydrophobic 

purine derived drugs. 

Results and Discussion 

1H and 13C chemical shift titrations 

The chemical shift can provide atomic-level view about the 

chemical environment around the investigated nucleus of both 

host and guest molecules.[38] The chemical structures and atom 

labeling of PAMAM-NH2 and 6-MP are shown in Scheme 1. 1D 

(Figure S1) and 2D (Figure S2) spectra of G5 PAMAM-NH2 and 

6-MP were collected in order to assign each atom accurately. As 

we can see from the 1H NMR spectra (Figure 1) of 6-MP/PAMAM- 

Figure 1. The 1H NMR spectra of 6-MP/PAMAM-NH2 with different molar ratios 

(n(6-MP): n(PAMAM)=0:1, 8:1, 32:1, 48:1, 64:1, 80:1, 96:1), 298 K, D2O solution. 

NH2, the methylene protons H-b’ (2.72 to 2.91 ppm) and H-d’ (3.15 

to 3.31 ppm) on the outermost layer of the PAMAM-NH2 shifts 

downfield when increasing the molar ratios of 6-MP from 0:1 to 

96:1. This signal variation trend indicates that the 6-MP molecules 

interact with PAMAM-NH2 on the surface, and consequently the 

proton located in the outermost layer shifts downfield due to the 

de-shielding effect. Additionally, the 6-MP proton signals shift 

upfield upon interaction with PAMAM-NH2. The mercapto group (-

SH) of 6-MP may be deprotonated and have ionic interactions 

with the protonated amino group in the outermost layer of 

PAMAM-NH2. Besides, according to the titration results, the Ka 

(the association constant) between PAMAM-NH2 and 6-MP could 

be calculated to 613.5 (Figure S3), and details of the calculations 

are listed in the Support Information. 
13C chemical shift titrations are limited by the solubility of the 6-

MP because of the low sensitivity of NMR. Based on the 1H NMR 

spectrum, we selected different molar ratios, n(6-MP): 

n(PAMAM)=0:1, 8:1, 16:1, 32:1, 48:1, 64:1, to achieve a 13C NMR 

chemical shift titration. With the 6-MP ratios increasing from 0:1 

to 64:1, the maximum PAMAM-NH2 chemical shift changes were 

observed for C-d’ and C-b’, both of which shift upfield (Figure 2). 

This shift is most likely due to a decrease in the electron cloud 

density around the carbon nucleus, leading to the de-shielding 

effect and the upfield displacement. The results of 13C NMR 

chemical shift titration were consistent with the 1H NMR chemical 

shift titration, which suggest that 6-MP interacts with PAMAM-NH2 

on the dendrimer surface. 

Determination of the diffusion coefficient 

In order to further study the interaction between PAMAM-NH2 

and 6-MP, the self-diffusion coefficient of 6-MP/PAMAM-NH2 

complexes was determined. According to Stokes-Einstein 

equation[39] ( D =
𝐾𝑇

6𝜋𝜂𝑟𝑠
 ), the diffusion coefficient of a solute 

molecule is inversely proportional to its hydrodynamic radius. To 

eliminate the influence of test environments on the diffusion 

coefficient, 1,4-dioxane as the internal reference molecule. The 

diffusion coefficient ratio between PAMAM-NH2 and 1,4-dioxane 

( 𝐷𝑟 =
𝐷6−𝑀𝑃/𝑃𝐴𝑀𝐴𝑀−𝑁𝐻2

𝐷1,4−𝑑𝑖𝑜𝑥𝑎𝑛𝑒
 ) was used for comparison. 

The diffusion coefficient of 6-MP/PAMAM-NH2 complexes 

decrease from 0.823 to 0.715, and the Dr value also decrease 

from 0.0954 to 0.0844 (Table 1) with the n(6-MP): n(PAMAM)  

Figure 2. The 13C NMR spectra of PAMAM-NH2 molecules in the 6-

MP/PAMAM-NH2 with different molar ratios of n(6-MP): n(PAMAM)=0:1, 8:1, 

16:1, 32:1, 48:1, 64:1, 298 K, D2O solution. 
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Table 1. The self-diffusion coefficients values (D) and relative diffusion 

coefficients values (Dr) of PAMAM-NH2 at different ratios of 6-MP/PAMAM-NH2 

n(6-MP): 

n(PAMAM) 

Daver / 

(×10-10 m2/s) 

DPAMAM / 

D1,4-Dioxane 

PAMAM 1,4-

Dioxane 

Dr 

0:1 0.823 8.659 0.0954 

8:1 0.825 8.754 0.0943 

16:1 0.789 8.525 0.0926 

32:1 0.774 8.553 0.0905 

48:1 0.746 8.695 0.0858 

64:1 0.733 8.709 0.0843 

80:1 0.719 8.550 0.0840 

96:1 0.715 8.472 0.0844 

changed from 0:1 to 96:1. Gaussian fitting curves of 6-

MP/PAMAM-NH2 complexes at different molar ratios are shown 

in Figure S4. Moreover, the changing trend of Dr value decreases 

the most (ΔDr=0.0068) in the n(6-MP): n(PAMAM) range of 16:1 

to 48:1 (Figure 3, green part). 6-MP did not dissolve further when 

the ratio reached 64:1 (purple part), thus the Dr value remained 

relatively unchanged. The decreasing value of Dr as the loading 

of 6-MP increases implies the host-guest complex is increasing, 

consistent with increasing amounts of 6-MP binding to PAMAM-

NH2, a result consistent with the NMR titrations shown in Figures 

1 and 2 and provides further evidence for formation of the 6-

MP/PAMAM-NH2 complex. However, this measurement only 

gives information about the apparent diffusion coefficient, hence 

it is difficult to determine whether the internal proton in PAMAM-

NH2 has shifted. Therefore, further experiments were needed to 

determine whether PAMAM-NH2 encapsulate 6-MP. 

Relaxation measurements 

 The spin-lattice relaxation is a well-established approach to 

study host-guest systems.[30] If the host-guest system is in the fast 

motion regime, the value of T1 decreases as molecular size 

increases. In contrast, T1 increases as molecular size decreases 

when the system is in slow motion regime. Therefore, 1H T1 

measurement of 6-MP could provide information about the 

interaction between PAMAM-NH2 and 6-MP in the course of 

complexation. Based on the results from the chemical shift 

Figure 3. The relative diffusion coefficients (Dr) of PAMAM-NH2 at different 

ratios of 6-MP/PAMAM-NH2. DPAMAM-NH2 (2 mg/mL in D2O solution) is 

(0.823±0.006) ×10-10 m2/s, and Dr of PAMAM-NH2 is 0.0954. 

Table 2. The spin-lattice relaxation time (T1/s) values of 1H nuclei in 6-MP 

molecule from pure 6-MP and 6-MP/PAMAM-NH2 (n(6-MP): n(PAMAM)=50:1), 

298 K 

n(6-MP): 

n(PAMAM) 
T1/s (H-8) 

Percentage 

of change 
T1/s (H-2) 

Percentage 

of change 

1:0 12.54 0 6.94 0 

16:1 5.84 53.4% 5.03 27.5% 

32:1 5.53 55.9% 3.71 46.5% 

48:1 3.79 69.8% 2.35 66.0% 

80:1 3.18 74.6% 2.23 67.9% 

titrations and diffusion coefficient measurements, the molar ratios 

16:1, 32:1, 48:1, and 80:1 were selected for the T1 measurements. 

Compared with the T1 value of 6-MP in the absence of PAMAM-

NH2 (H-2 is 6.94 s and H-8 is 12.54 s), the T1 values of the 1H 

nuclei of 6-MP were significantly reduced to 2.28 s (H-2) and 3.18 

s (H-8) when combined with PAMAM-NH2 (Table 2). However, 

both the association constant Ka (613.5) and the NOESY spectra 

shown in Figure 4 (the NOESY peaks having the same sign as 

the diagonal peaks) would indicate that the system is in the slow 

motion regime and not the fast. An alternative explanation for the 

reduction in T1 observed on increasing concentration of 6-MP 

would be that the time-weighted average population of 6-MP free 

in solution is increasing. The time-averaged mobility of 6-MP 

would be increased compared to that at low loadings leading to a 

lower observed T1. As can be seen from the percentage change, 

the decrease of T1 value H-8 was 74.6%, and that of H-2 was 

67.9%. This result will also reflect the non-bonding interactions of 

each proton with its separate environment. This confirm the 

interaction between PAMAM-NH2 and 6-MP. 

1H-1H NOESY analysis 

The nuclear Overhauser effect spectroscopy analysis is the key 

method for characterizing the spatial relationship between nuclei 

located within 5 Å.[40] Thus NOESY technique can disclose 

whether the 6-MP enters the PAMAM-NH2 cavity or not through 

the through space correlation between the protons of guest and 

host. A solution of n(6-MP): n(PAMAM)=64:1 was selected to 

enhance the detection sensitivity. From the spectra in Figure 4, 

cross-peaks are observed between the following protons (H-2/H-

a), (H-2/H-c), (H-8/H-a), (H-8/H-c), which clearly suggests that the 

distances between these protons are short than 5 Å, confirming 

that 6-MP enter into the PAMAM-NH2 cavity and interacts with 

amide groups in the internal dendrimer structure via hydrophobic 

interactions or hydrogen bonding. There are also cross-peaks 

between (H-2/H-b) and (H-2/H-d), which indicate that 6-MP also 

interacts with the tertiary amine structure inside the cavity of 

PAMAM-NH2, which could suggest ionic interactions. The change 

of all PAMAM-NH2 protons is probably because the pH in the 

solution is lower than the isoelectric point and the inner layer of 

PAMAM-NH2 is protonated by the hydrogen ion.[24]  

STD and STDD analysis 

STD NMR can be used to study low affinity binding between 
host and guest.

[30, 41] Saturation transfer identifies specific binding 
from guest to host at the molecular level. Because STD NMR 

detects only the bound ligand fraction, the presence of excess 
ligand is beneficial as this maximizes the number of ligand-
receptor interactions and results in increased sensitivity in the 

NMR experiment.[24, 41] To study the binding of 6-MP to PAMAM- 
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Figure 4. The 1H-1H NOESY spectrum of the 6-MP/PAMAM-NH2 at molar ratio 

n(6-MP): n(PAMAM)=64:1 with a mixing time of 800 ms, 298 K, D2O solution. 

NH2 a molar ratio of 80:1 was chosen for the STD analysis. The 
obtained STD spectrum is presented in Figure 5. The region 
labeled * (the proton “a” of PAMAM-NH2) has been selectively 

saturated. The correlation signals between two protons of 6-MP 
(H-2 and H-8) and two protons of PAMAM-NH2 (a and c), are 
clearly observed, while the peaks of the internal reference 1,4-

dioxane (3.8 ppm) and the solvent D2O (4.7 ppm) were not 
observed, which clearly indicate that neither 1,4-dioxane or D2O 
bind to the PAMAM-NH2, whereas 6-MP has entered into the 

PAMAM-NH2 cavity and bind to it.  

The interaction at each NMR observable nucleus in the ligand 

can be quantified, in the form of an epitope map, which describes 

the mode of interaction.[42, 43] STDD NMR epitope maps provide 

quantitative descriptions of the degree of interactions of 6-MP 

protons with PAMAM-NH2.[41] In the epitope map, the proton 

signal most closely associated with PAMAM-NH2 receives the 

greatest amount of saturation, and is the strongest and therefore 

set to 100% relative to the reference (double difference reference 

spectrum, DDRS). STDD epitope maps (Figure 6) indicated that 

H-8 of 6-MP shows the strongest interaction with PAMAM-NH2, 

followed by H-2 in 6-MP, which also has a significant affinity for 

PAMAM-NH2. The relative binding strength of H-8 was therefore 

set to 100%, and the relative binding strength of H-2 was 

determined to 70% through quantitative calculation (The detailed 

calculation method and of the calculation are shown in Support 

Information). These degrees of interactions are also shown in the 

epitope map, which shown that the H-8 of 6-MP binds more 

closely to the amide group inside PAMAM-NH2. This result also 

indirectly proves that 6-MP can enter the hydrophobic cavity of 

PAMAM-NH2 and likely interactions may include hydrophobic 

interactions, hydrogen bonding and ionic interactions. These 

results are in agreement with the conclusions obtained by 

chemical shift titrations, relaxation measurements and NOE 

analysis. 

Figure 5. 1H STD NMR spectrum (saturation transfer difference spectrum) of 6-

MP/PAMAM-NH2 complexes at molar ratio of 80:1 in D2O solution, 298 K. Point 

of irradiation is indicated by * in the STD spectrum. 

Figure 6. DDRS (double difference reference spectrum) and STDD spectrum 

(saturation transfer double difference spectrum) for 6-MP/PAMAM-NH2 

complexes at 80:1 molar ratio, 298 K. By comparing relative integrals of the 6-

MP signals between the DDRS and STDD spectra, we can obtain an epitope 

map for 6-MP. 

Conclusion 

In the present study, the guest-host interaction of 6-MP with G5 

PAMAM-NH2 has been investigated by using multiple NMR 

techniques. The results show that the outermost amine groups of 

PAMAM-NH2 interact with 6-MP via ionic interactions, and the 6-

MP is subsequently encapsulated into the internal cavity of 

PAMAM through hydrogen bonding, ion and hydrophobic 

interactions. In the epitope maps, the binding strength of 6-MP 

protons to PAMAM-NH2 was quantitatively calculated to be 70% 

for H-2 and 100% for H-8. With standardized analysis and 

calculations, the interaction mode, binding site and binding 

strength of 6-MP and PAMAM-NH2 were clarified. Our research 

results have shed light on how purine hydrophobic drugs, like 6-

MP, can be encapsulated by dendritic macromolecules and hence 

described and used as drug carriers. NMR techniques can give 

information about binding strength and binding stoichiometry and 

describe the molecular interactions and play a vital role in the 

development of new drug delivery systems based on dendrimers. 

Experimental Section 

Materials 

Ethylenediamine (EDA)–core poly (amidoamine) (PAMAM-NH2) 

dendrimer generation 5 (G5-NH2) was purchased from Weihai CY 

Dendrimer Technology Co., Ltd. 6-MP was obtained from Shanghai 

Macklin Biochemical Co., Ltd. 1,4-Dioxane (chromatographic grade, ≥

99.5%) was provided by Aladdin (Shanghai, China) and deuterium oxide 

(D2O, 99.8 atom% D) was obtained from J&K Scientific Ltd. All samples 

and reagents were used without additional purification. 

NMR sample preparation 

10 mg/mL PAMAM-NH2 dendrimers were prepared in D2O as stock 

solutions. G5 PAMAM-NH2 concentration was fixed to 2 mg/mL in D2O 

solution in all experiments. 5 μL 1,4-dioxane solution (0.2 mg/mL in D2O) 

was added as an external standard. 

NMR experiments 

NMR spectra were acquired on a Bruker AV-III 400 MHz NMR 

spectrometer (9.39 T) equipped with a 5 mm PABBO BB/19F-1H/D probe, 

with z gradient coil producing a maximum gradient strength of 0.50 T·m−1. 
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1,4-Dioxane was added as an external standard for the 1H NMR chemical 

shift resonating at 3.67 ppm, which is kept constant in the presence of 6-

MP and/or G5 PAMAM-NH2.  

The operating frequencies of 1H and 13C NMR were 400.13 MHz and 

100.62 MHz respectively, all 1D and 2D spectra were obtained at 298 K. 

The gas flow rate of 2D NMR experiments was 400 lph without sample 

spinning. In 1H-13C HSQC experiments, the spectral width of F2 (1H) and 

F1 (13C) were 4795.396 Hz and 20123.963 Hz, respectively. Eight 

transients were averaged for each 256×2048 complex t1 increment. The 

mixing time for 1H-1H NOESY experiments was 800 ms. 

The determination of diffusion coefficient experiments were performed 

with the Bruker standard bipolar pulse longitudinal eddy current delay 

(BPPLED) pulse sequence. The relaxation delay time was 2000 ms. The 

diffusion time (Δ) was 100 to 300 ms according to the properties of 

samples and the duration of the pulse field gradient (δ/2) was adjusted to 

be in the range of 1000-2500 μs in order to obtain 3%~5% residual signal 

with the maximum gradient strength. The delay for gradient recovery was 

0.2 ms and the eddy current delay was 5 ms. The gradient strength was 

incremented in 32 steps from 2% to 95% of its maximum value in a linear 

ramp. 

The pulse sequence of spin-lattice relaxation (T1) was t1ir. The T1 

spectrum width of 6-MP 1H nucleus was 8012.82 Hz, and the center 

frequency was 2470.97 Hz. The relaxation delay values were 30 s and 15 

s at the molar ratios of n(6-MP): n(PAMAM) =1:0 and 50:1, respectively. 

Eight transients were averaged for each 16×65536 complex t1 increment. 

Bruker Topspin 3.1 software was used for T1 value fitting. 

STD experiments were acquired with spoil and T2 filter using 3-9-19 

WATERGATE (stddiffgp19.3) sequences to suppress the HDO signal. 

Suppress PAMAM-NH2 background was used the spin-lock filter with a 

duration of 30 ms. G5 PAMAM-NH2 was saturated off-resonance at 20 

ppm and on-resonance at 2.3 ppm to 2.4 ppm. The total duration of the 

saturation time was set to 2 s and the saturation power was set to 40 -

dBW. Each STD experiment accumulated 256 scans. Afterward, the STD 

NMR spectrum of PAMAM was subtracted from the STD NMR spectrum 

of the 6-MP/PAMAM-NH2 complex to obtain STDD NMR spectrum. DDRS 

spectrum (Double Difference Reference Spectrum) was obtained from 

subtracting the 1H NMR spectrum of PAMAM-NH2 from the one obtained 

on the 6-MP/PAMAM-NH2 complexes. A quantitative comparison of the 

STDD and the DDRS was used to produce an epitope map to describe the 

binding mechanism of 6-MP/PAMAM-NH2. 

After Fourier transformation and baseline correction, all NMR data were 

processed using Bruker Topspin 3.1 software and the diffusion dimension 

was also processed using Dynamics Center 2.2.4. 
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The interaction of PAMAM-NH2 and 6-MP and the strength of binding affinity have been disclosed at atom level for the first time, the 

results show that 6-MP can not only interact on the surface of PAMAM-NH2, but also enter into the internal cavity of PAMAM-NH2 

through hydrogen bonding, ion interaction and hydrophobic interaction. 
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