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A series of codendrimers from polyamidoamine (PAMAM) and oligoethylene glycols 

(OEG) dendrons as drug carriers: The effects of OEG dendron decorated degree 

Yanna Zhao,a Jing Zhao,b Ran Li,a Meihua Han,a Chunyan Zhu,a Mincan Wang,b Yifei Guo,*a and 
Xiangtao Wang*a 

A series of codendrimers (co-D64, co-D48, co-D32, and co-D16) from polyamidoamine (PAMAM) decorated by oligoethylene 10 

glycols (OEG) dendron with similar structure but different decorated degree (DD) were prepared, their properties in 
aqueous solution, including particle size and morphology, were investigated. To explore interactions between 
codenderimers and drug, then find the effects of OEG dendron decorated degree, these codendrimers were utilized as drug 
carrier to load methotrexate (MTX). Although these drug-loaded nanoparticles presented the similar particle size, 
morphology, thermal transition, and physical state, it was proved that codendrimers with lower DD (co-D32, 50%; co-D16, 15 

25%) were the most suitable carrier to load MTX from the results of drug-loading content (DLC), entrapment efficiency (EE), 
and cytotoxicity, due to the stronger hydrophobic and electrostatic interaction between the free amine group of 
codendrimers and MTX. The results from drug release profiles indicated release kinetics was not only controlled by these 
interactions, the steric hindrance of OEG dendron should be considered. Overall, co-D32 with moderate decorated degree 
could be a promising drug delivery system. 20 

1. Introduction 

Design and creation of novel nanoscale drug delivery system 

(NDDS) to transport anticancer drug to tumor tissue is one of the 

challenging and rapidly growing fields of research. PAMAM 

dendrimers with extremely precise and controlled architecture are 25 

a unique class of synthetic polymers and play an important role in 

NDDS.1-3 PAMAM dendrimer-based drug carriers can enhance the 

solubility, improve bioavailability, and reduce the harmful side 

effects of these drugs, furthermore the narrow molecular weight 

distributions can provide reproducible pharmacokinetic behaviour.4  30 

Drug molecules can be transferred either by covalently bonded 

on the PAMAM dendrimer surface or physical entrapped into the 

dendrimer core.5, 6 For physical entrapment, the hydrophobic drugs 

could be encapsulated by dendrimres via hydrogen bonds,7 

electrostatic interactions between oppositely charged fragments of 35 

drug molecule and dendrimer macromolecule,8, 9 and hydrophobic 

interactions.8 As one of the most effective delivery system, PAMAM 

dendrimers with primary amine groups (PAMAM-NH2) are utilized 

as drug carrier broadly to achieve the relative high drug-loading 

content (DLC) and stability, owing to the electrostatic interaction 40 

and hydrogen bonding interaction between amine groups and 

drugs.9-13 Besides, PAMAM-NH2 could promote cellular uptake due 

to the tight junctions between positively charged amine groups and 

oppositely charged cellular membrane.14-16  

However, PAMAM-NH2 dendrimers present high cytotoxicity in 45 

vivo,17, 18 and result in eliminated rapidly from circulation and 

accumulated in the liver, kidney, lung, and spleen.19-22 Notably, 

various modifications of primary amine groups covering PAMAM’s 

surface have been explored to develop PAMAM-based derivatives 

or alter dendrimer terminal charges in order to reduce cytotoxicity, 50 

control clearance and biodistribution in the body.23-26 For this 

purpose, dendrimers are generally modified with PEG chains,27, 28 

acylation,29, 30 targeting molecules,31, 32 peptides,33, 34 

carbohydrates,35 amino acids,36, 37 or drugs.38, 39 Since the 

decoration reagents react with amine groups on PAMAM 55 

periphery, the modified degree is designed as high as possible to 

reduce the cytotoxicity maximum, which may cause insufficient 

charge reduction and/or may reduce DLC.40  

In our previous study, the oligoethylene glycol (OEG) dendrons 

were utilized to modify the PAMAM G4.0, the codendrimer 60 

PAMAM-co-OEG (co-D64) with the 100% decorated degree was 

synthesized, and the drug-loading capacity of this novel 

codendrimer was explored.41 Furthermore, to find the suitable 

hydrophobic drugs and explain the encapsulation mechanism, 

various drugs were tested and methotrexate (MTX) was found to 65 

be the most suitable drug entrapped by co-D64, likely due to the 

stronger electrostatic interactions between amino groups of 

codendrimers and carboxyl groups of MTX.42 Considering this kind 

of codendrimer could include different structural subtype 

depending on the decorated degree of OEG dendron and co-D64 is 70 

only one of them, it was easily supposed that less OEG dendron 

may lead to better MTX-loading efficacy due to the enhanced 

electrostatic interactions. Besides, the surface positive charge of 

codendrimers with less OEG dendron could be helpful to cellular 

uptake and promote DLC.27 It is necessary to prepare a series 75 

codendrimers from PAMAM and OEG dendron with different 
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decorated degree (DD), and further research the interactions 

between these codendrimers and MTX.  

In the present study, a series of codendrimers co-D64, co-D48, co-

D32, and co-D16 with 100%, 75%, 50%, and 25% DD were prepared 

separately (Fig. 1), and MTX was selected as the model drug to 5 

evaluate these codendrimers as drug carrier. The effect of OEG 

dendron on the DLC, stability of MTX-loaded nanoparticles, in vitro 

release profiles, cytotoxicity against MCF-7 cells were investigated, 

furthermore, their physicochemical properties were researched.  

  10 

 

Fig. 1 Structure of the series of codendrimers (co-D64, n = 64; co-

D48, n = 48; co-D32, n = 32; co-D16, n = 16) 

2. Experimental section 

2.1 Materials  15 

The codendrimers (co-D48, co-D32) were synthesized according to 

pervious papers.41 Methotrexate (MTX, purity >98%) was 

purchased from Shanghai Heng Yuan Bio-Tech Co., Ltd. (Shanghai, 

China). Other reagents and solvents were purchased at reagent 

grade and used without further purification. Silica gel 300-400 20 

mesh was used as the stationary phase for column 

chromatography. All samples were dried thoroughly under vacuum 

prior to analytical measurements to remove solvent molecules. 

The human breast cancer cell line (MCF-7) was purchased from 

the Institute of Basic Medical Science, Chinese Academy of Medical 25 

Science (Beijing, China). RPMI-1640 was purchased from Hyclone 

Thermo Scientific (America). Fetal bovine serum (FBS, 10%) was 

purchased from Gibco Thermo Scientific (America), and 100 unit 

mL-1 penicicillin G and streptomycin were purchased from 

Biotopped Science & Technology Co., Ltd. (Beijing, China).  30 

2.2 Syntheses 

2.2.1 Synthesis of codendrimer co-D48  

The solution of OEG dendron active ester (1.42 g, 0.55 mmol) in 

DMF (20 mL) was added into a solution of PAMAM G4.0 (150 mg, 

10.5 μmol), TEA (102 mg, 1.01 mmol), and DMAP (20 mg) in a 35 

mixed solvent DMF/H2O (40 mL, 1/1, v/v) at -5 °C with stirring, and 

the reaction temperature was allowed to raise to room 

temperature. After stirring for 36 h, the solvents were evaporated 

in vacuo at room temperature, the residue was purified by column 

chromatography with DCM as eluent, afforded codendrimer co-D48 40 

as a colorless oil (1.23 g, 82%). 1H NMR (600 MHz, DMSO-d6): δ = 

1.05 (br, CH3), 2.21 (br, CH2), 2.43 (br, CH2), 2.66 (br, CH2), 3.37 (br, 

CH2), 3.41 (br, CH2), 3.47 (br, CH2), 3.49-3.60 (br, CH2), 3.63 (br, 

CH2), 3.69 (br, CH2), 3.96 (br, CH2), 4.03 (br, CH2), 4.08 (br, CH2), 

4.38 (br, CH2), 6.57 (br, CH), 7.17 (br, CH), 7.80 (br, NH), 8.02 (br, 45 

NH), 8.45 (br, NH); 13C NMR (DMSO-d6): δ = 14.58, 38.76, 39.24, 

39.38, 39.68, 39.70, 45.46, 66.24, 68.06, 68.54, 69.68, 69.70, 69.74, 

69.94, 74.47, 76.22, 105.00, 138.68, 139.44, 156.94 ppm. Elemental 

analysis (%) calcd for C6286H10944N250O2476, 129576.68: C, 58.21%; H, 

8.53%; N, 2.70%. Found: C, 58.02%; H, 8.06%; N, 2.21%. 50 

2.2.2 Synthesis of codendrimer co-D32 

The solution of OEG dendron active ester (1.27 g, 0.49 mmol) in 

DMF (10 mL) was added into a solution of PAMAM G4.0 (200 mg, 

15.3 μmol), TEA (68 mg, 0.67 mmol), and DMAP (20 mg) in mixed 

solvent DMF/H2O (30 mL, 1/1, v/v) at -5 °C with stirring, and the 55 

reaction temperature was allowed to raise to room temperature. 

After stirring for 24 h, the solvents were evaporated in vacuo at 

room temperature, the residue was purified by column 

chromatography with DCM as eluent, afforded codendrimer co-D32 

as a colorless oil (1.01 g, 86%). 1H NMR (600 MHz, DMSO-d6): δ = 60 

1.06 (br, CH3), 2.21 (br, CH2), 2.43 (br, CH2), 2.50 (br, CH2), 2.73 (br, 

CH2), 3.09 (br, CH2), 3.19 (br, CH2), 3.27 (br, CH2), 3.38-3.97 (br, 

CH2), 4.04 (br, CH2), 4.10 (br, CH2), 4.35 (br, CH2), 6.58 (br, CH), 7.86 

(br, NH), 8.08 (br, NH), 8.49 (br, NH); 13C NMR (DMSO-d6): δ = 

12.68, 36.08, 38.12, 39.02, 39.72, 39.98, 46.06, 68.24, 68.69, 68.90, 65 

69.45, 69.79, 69.84, 69.91, 75.87, 76.92, 106.06, 135.65, 138.41, 

158.09 ppm. Elemental analysis (%) calcd for C3776H7712N250O1692, 

91120.27: C, 57.92%; H, 8.55%; N, 3.84%. Found: C, 57.19%; H, 

8.52%; N, 3.61%. 

2.3 Characterization of codendrimers-NMR and GPC 70 

1H NMR spectra were recorded on a Bruker AV 600 (600 MHz) 

spectrometer, and chemical shifts were reported as δ values (ppm) 

relative to internal Me4Si. Gel permeation chromatography (GPC) 

measurements were carried out on a Viscotek GPC VE2001 

instrument with single column set equipped with refractive index 75 

detector and DMF (containing 1 g L-1 LiBr) as the eluent at 35 °C. 

Calibration was performed with PMMA standards. 

2.4 Preparation of drug-loaded nanoparticles 

Drug-loaded nanoparticles were prepared by the dialysis method. 

Briefly, the codendrimers (8 mg) and methotrexate (MTX, 4 mg) 80 

were dissolved in DMF (1 mL) in the glass vials at room 

temperature, and then the deionized water (5 mL) was added 

dropwise into these vials at 4 °C under vigorous stirring. The mixed 

solution was transferred into the dialysis bag (MWCO 14000) and 

dialyzed against deionized water (4 × 1 L) for 4 h to remove DMF 85 

and free MTX. To quantify the entrapment efficiency (EE) and drug-

loading content (DLC), the drug in the nanoparticles was collected 

by lyophilized and analyzed by HPLC (UltiMate3000, DIONEX) using 

a UV detector operated at 306 nm. The quantitative analysis was 

carried out on a Thermo C18 (4.60 mm × 250 mm, 5 µm) and 90 

compared to a calibration curve generated from 9:1 PBS (0.01 

M):CH3CN (y = 1.36x + 0.03, R2 = 0.9999). The flow rate was 0.8 mL 

min-1, and the sample injection volume was 20 µL. The EE and DLC 

were calculated as follows, the experiments were conducted in 
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triplicates, and the data were shown as the mean values plus 

standard deviation (± SD). 

EE = (weight of loaded drug/weight in feed) × 100% 

DLC = (weight of loaded drug/weight of drug-loaded codendrimer) 

× 100%  5 

2.5 Hydrodynamic size and zeta potential measurements 

The hydrodynamic size and zeta potential were determined by 

dynamic light scattering (DLS) using a Zetasizer Nano-ZS analyzer 

(Malvern Instruments, UK) with an integrated 4 mV He-Ne laser, λ = 

633 nm, which used the backscattering detection (scattering angle 10 

θ = 173°) at room temperature. Samples were prepared in 

deionized water at a concentration of 2 mg mL-1. The experiments 

were conducted in triplicates. The data were shown as the mean 

values plus standard deviation (± SD). 

2.6 Transmission electron microscope 15 

Transmission electron microscope (TEM) studies were performed 

with a JEM-1400 instrument (JEOL, Japan) at an accelerating 

voltage of 80 kV. Samples were prepared by drop-casting 

codendrimer solutions onto carbon-coated copper grids, air-drying 

them at room temperature and then dyeing with uranyl acetate 20 

solution (2%, w/v). 

2.7 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) measurements were carried 

out with a DSC Q200 (TA Co., USA) using aluminum pans with lids, 

MTX mixed with codendrimers in the same ratio of MTX-loaded 25 

nanoparticles were used for all the experiments, under dynamic 

nitrogen atmosphere. Thermograms were obtained by heating the 

samples from 20 to 280 °C with a scan rate of 10 °C min-1. 

2.8 X-ray diffraction analysis 

The X-ray diffraction analysis (XRD) was performed for the pure 30 

MTX, physical mixture of MTX and codendrimers, and MTX-loaded 

nanoparticles, using a Japan D/Max 2500PC X-ray diffractomer 

(Rigaku, Japan) with a 2θ range between 3° and 80° using graphite 

filtered Cu-Kα radiation (λ = 1.54 Å) at 40 KV and 100 mA (scanning 

rate of 8° min-1). The XRD patterns were recorded under ambient 35 

temperature conditions.  

2.9 In vitro drug release 

The MTX-loaded nanoparticle solutions (0.5 mL) were transferred 

into a dialysis bags (MWCO 14000). They were immersed in 50 mL 

of 150 mM NaCl solution. The release studies were performed at 40 

37 °C with continuous magnetic stirring at 100 rpm. At 

predetermined time intervals, 5 mL of the external solution was 

withdrawn for analysis and an equal volume of fresh media was 

replenished. The drug release study was performed for 48 h. The 

amount of MTX released was analyzed with a UV-HPLC. The release 45 

experiments were conducted in triplicates. The data were shown as 

the mean values plus standard deviation (± SD). 

2.10 MTT assay 

The cytotoxicity against human breast cancer cell line (MCF-7 cells) 

was assessed by an MTT assay. Briefly, cells were cultured in RPMI-50 

1640 medium supplemented with 10% fetal calf serum, and 100 

units mL-1 penicicillin G and streptomycin at 37 °C with 5% CO2 and 

seeded in 96-well plates at a density of 8000 cells per well. After 

incubation for 24 h, the growth medium was replaced with fresh 

RPMI-1640. Then, the codendrimer solutions, MTX-loaded 55 

nanoparticles, and control (free MTX) were added into the wells. 

After incubation for 48 h, 10 μL MTT solutions were added to each 

well and incubation were continued for another 4 h. The medium 

was removed and 200 μL DMSO was added into each well to 

dissolve the formazan by pipetting up and down for several times. 60 

The absorbance of solution in each well was measured using an 

ELISA plate reader at a test wavelength of 570 nm to determine the 

OD value. The cell inhibition rate was calculated as follows. Cell 

inhibition = (1-ODtreated/ODcontrol) × 100%, where ODtreated was 

obtained for the cells treated by the nanoparticles, ODcontrol was 65 

obtained for the cells treated by the culture medium, and the other 

culture conditions were the same. Each experiment was done in 

quintuplicates. The data were shown as the mean values plus 

standard deviation (± SD).  

2.11 Statistical analysis  70 

The results obtained from hydrodynamic diameter, drug-loading 

and release experiments, cytotoxicity were expressed as the mean 

± standard deviation (SD). Statistical analysis was performed with 

SPSS 19.0 software. Student’s t-test was used to evaluate the 

differences between groups, and P<0.05 was considered 75 

significant. 

Scheme 1 Synthetic procedure for codendrimersa 

 
a Reagent and conditions: (a) TEA, DMAP, DMF, -5-25 °C, 24 h (87%, 

82%, 86%, and 85% for co-D64, co-D48, co-D32, and co-D16). TEA = 80 

triethylamine, DMAP = N, N-dimethylaminopyridine, DMF = 

dimethylformamide. 

3. Results and discussion 

3.1 Synthesis and characterization of codendrimers 

The series of codendrimers were synthesized according to previous 85 

reports,41 and the synthesis procedures are shown in Scheme 1. 

The peripheral primary amine groups of fourth-generation PAMAM 

were decorated by OEG dendron through “attach-to” route to 

prepare codendrimers with different decorated degree (DD), 

including co-D64 (100% DD), co-D48 (75% DD), co-D32 (50% DD), and 90 
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co-D16 (25% DD). After purification by column chromatography 

with DCM as eluent, all the yields were above 80% (Table 1).  

All these codendrimers were characterized by 1H NMR 

spectroscopy in DMSO-d6 (Fig. 2). The peaks at 1.10 ppm 

corresponded to methyl units in the OEG dendrons (marked by b) 5 

and signals at 2.22 ppm (marked by a) were attributed to 

methylene units in the PAMAM. With increasing DD from 25% to 

100%, the signals intensity of PAMAM core  decreased relative to 

the signals of the OEG dendritic shell which was likely due to the 

shielding effect of OEG dendron.43 The molar masses of these four 10 

codendrimers were determined by GPC with DMF as the eluent, 

and the result are shown in Table 1. With increasing the DD, the 

molar masses increased significantly and the polydispersity 

decreased. Comparing with the original material PAMAM only 

dissolved in water, the series codendrimers were all highly soluble 15 

in DCM, THF, MeOH, DMF, and H2O, on account of the excellent 

solubility of the outer OEG dendritic shell.  

Table 1 Synthetic conditions and results for codendrimers 

Entries DDa 

(%) 

Time 

(h) 

Yield 

(%) 

GPC resultsb Dh
c 

(nm) 

ζd 

(mV) Mn ×10-5 PDI 

co-D64 100 48 87 1.89 1.00 82.6 ± 19.2 25.8 ± 2.9 

co-D48 75 36 82 1.37 1.01 75.5 ± 16.5 27.7 ± 1.0 

co-D32 50 24 86 0.94 1.03 87.3 ± 12.8 41.4 ± 2.0 

co-D16 25 24 85 0.46 1.03 93.4 ± 14.1 43.1 ± 0.6 
a Decorated degree. b All GPC measurements were performed with DMF (1 g L-1 LiBr) as eluent at 35 °C. c Dh: hydrodynamic diameter, 2 mg 

mL-1, DLS detected, n = 3. d ζ: zeta potential, 2 mg mL-1, DLS detected, n = 3. 

 
Fig. 2 1H NMR spectra of codendrimers. The intensity of PAMAM 

G4.0 signals decreases systematically with increasing decorated 

degree which is especially clear for the signal at approximately δ = 

2.22 ppm. 5 

The particle size and zeta potential in aqueous solution of the 

series codendrimers were measured by dynamic light scattering 

(DLS). These four codendrimers showed the similar mean 

hydrodynamic diameter (approximately 90 nm, Table 1), but the 

different particle size distribution curves (Fig. 3). For codendrimers 10 

co-D64 and co-D48 with higher DD, they demonstrated a bimodal 

distribution with a smaller-sized component of approximately 8 nm 

and a large-sized component of approximately 230 nm, indicating 

the two type particles (unimers and aggregates) existed in these 

two solutions. While, for codendrimers co-D32 and co-D16 with 15 

lower DD, size of about 100 nm was observed which presented a 

high aggregation. The PAMAM core of co-D32 and co-D16 could not 

be covered completely by OEG dendritic shell due to the low DD, 

similar as other amphiphilic polymers; they formed aggregates in 

aqueous solution. With increasing the DD, the PAMAM core could 20 

be covered gradually, the stability of codendrimer was enhanced, 

therefore, these codendrimers could exist as unimers in aqueous 

solution, and two peaks were found in the particle size distribution 

curves. 

 25 

Fig. 3 DLS graph of the size distribution of codendrimers in aqueous 

solutions at room temperature with concentration of 2 mg mL-1. 

This phenomenon was also reflected in TEM observation (Fig. 4). 

These micrographs revealed that the series of codendrimers 

presented different aggregation behavior, both unimers (marked 30 

with arrows) and aggregates were observed massively presented in 
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aqueous solution for co-D64 and co-D48 (Fig. 4a and 4b),41 while only 

aggregates were observed for co-D32 and co-D16 (Fig. 4c and 4d).  

 

Fig. 4 TEM images of codendrimers co-D64 (a), co-D48 (b), co-D32 (c), 
and co-D16 (d). Scale bar: 100 nm. 5 

In contrast to the hydrodynamic diameter, different conjugation 

ratio of OEG dendron to native PAMAM dendrimer caused a 

significant change in zeta potential. Increasing the DD from 25% to 

100% resulted in decrease in zeta potential values from 43.1 to 

25.8 mV (Table 1), it seemed that OEG dendritic shell had a 10 

shielding effect over primary amines,34 which was consistent with 

the result of 1H NMR. 

Table 2 Properties of MTX-loaded nanoparticles  

Entries EEa 

(%) 

DLCa 

(%) 

Dh
b 

(nm) 

ζb 

(mV) 

D64-MTX
c 46.6 ± 3.2 18.9 ± 1.0 98.0 ± 7.2 3.2 ± 0.7 

D48-MTX
d 51.1 ± 3.1 20.4 ± 1.0 110.7 ± 0.6 4.3 ± 0.4 

D32-MTX
e 79.6 ± 1.0 28.5 ± 0.4 117.2 ± 4.7 18.4 ± 0.8 

D16-MTX
f 85.4 ± 0.3 29.9 ± 0.1 117.1 ± 1.0 19.6 ± 0.1 

a UV-HPLC detected, n = 3. b DLS detected, n = 3. c D64-MTX: MTX-

loaded co-D64 nanoparticles. d D48-MTX: MTX-loaded co-D48 15 

nanoparticles. e D32-MTX: MTX-loaded co-D32 nanoparticles. c D16-

MTX: MTX-loaded co-D16 nanoparticles. 

3.2 Preparing drug-loaded nanoparticles 

To evaluate these codendrimers as the drug carriers and further 

explore the interactions between codendrimers and drug, several 20 

hydrophobic drugs, including MTX, hexamethylmelamine (HMM), 

and resveratrol (RES) were selected as the model drug to prepare 

the drug-loaded nanoparticles. MTX could be encapsulated into all 

of these codendrimers successfully; however, different EE and DLC 

were obtained. Increasing the DD from 25% to 100%, the EE was 25 

decreased from 85.4% to 46.6%, and the DLC was changed from 

29.9% to 18.9% respectively (Table 2). On the contrary, it was 

apparent that the DLC showed no significant difference (p > 0.05) 

between each drug-loaded nanoparticles for HMM (~5%) and RES 

(~15%) separately, suggesting the DLC was not affected by the 30 

decorated degree of OEG dendron (supporting information, Table 

S1). This could be explained by the interactions between 

hydrophobic drug and carriers, including hydrophobic interaction 

and electrostatic interactions.42 The absence of carboxyl group in 

the structure of HMM and RES presented no electrostatic 35 

interactions between drugs and codendrimers, which induced low 

DLC and no significant difference between each groups. Although 

the series MTX-loaded nanoparticles could perform the similar 

hydrophobic interaction due to same PAMAM core and anticancer 

drug, the different electrostatic interaction between the residual 40 

primary amine groups of PAMAM in theses codendrimers and MTX 

might induce the different DLC value.44-46 These results suggested 

that co-D32 and co-D16 would be the suitable carriers for MTX. 

3.3 Stability of MTX-loaded nanoparticles 

The stability of nanoparticles can be measured by estimating the 45 

surface charges using the zeta potential, higher surface charge or 

higher value of zeta potential means that the nanoparticles are 

electrostatically repulsive, and thus more stable in solution.47, 48 

The result of zeta potential was in good agreement with EE values, 

higher DD (co-D64, co-D48) resulted in lower zeta potential value 50 

(approximately 4 mV, Table 2), and lower DD (co-D32, co-D16) 

resulted in higher zeta potential value (approximately 19 mV, Table 

2). These results suggested that D32-MTX and D16-MTX 

nanoparticles could be more stable in aqueous solution, and 

supported co-D32 and co-D16 would be the suitable carriers. 55 

 
Fig. 5 Cytotoxicity of codendrimers (a) and MTX-loaded 

nanoparticles (b) against MCF-7 cells for 48 h incubation. 

3.4 MTT assay 

The cytotoxicity of MTX-loaded codendrimers against MCF-7 cells 60 

was determined by MTT assay (Fig. 5). After incubation for 48 h, no 

significant adverse effect (cell inhibition < 20%) against MCF-7 cells 

up to a tested concentration of 0.5 mg mL-1 was demonstrated in 

these codendrimers (Fig. 5a), indicating the biocompatible feature 

of these drug carriers. To compare the cytotoxicity of MTX-loaded 65 

nanoparticles, free MTX was used as control. The 50% cellular 

growth inhibition (IC50) was determined as 59.5, 13.9, 11.0, 4.4 and 
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2.7 µg mL-1 for free MTX, D64-MTX, D48-MTX, D32-MTX, and D16-

MTX respectively. The cell inhibition rate of these nanoparticles 

against MCF-7 cells enhanced significantly (P<0.01) when 

compared with the free MTX at an equivalent MTX concentration 

(Fig. 5b), which was most probably because of the suitable size for 5 

easy endosome. Besides, it was also found that D32-MTX, D16-MTX 

showed the higher cytotoxicity during these MTX-loaded 

nanoparticles. There was no significant difference (P>0.05) was 

obtained between D32-MTX, and D16-MTX, declaring the feasibility 

of co-D32 and co-D16 to be applied as drug carrier. 10 

 
Fig. 6 Cumulative MTX release in 150 mM NaCl solution at 37 °C 

within 48 h. 

 

Fig. 7 Size distribution curves and TEM images of MTX-loaded 15 

nanoparticles: D64-MTX (A, a), D48-MTX (B, b), D32-MTX (C, c), D16-

MTX (D, d). Scale bar: 100 nm. 

3.5 In vitro release behavior 

To further verify the capacity of these codendrimers as drug 

carrier, the in vitro release profiles of MTX-loaded nanoparticles 20 

were evaluated in 150 mM NaCl solution at 37 °C. A control 

experiment using free MTX was also carried out under similar 

conditions, and the results are shown in Fig. 6. For free MTX, 

complete diffusion across the dialysis membrane was found to 

occur within 4 h. MTX-loaded nanoparticles presented the biphasic 25 

release procedure, with initial burst release followed by a slow 

release. All these MTX-loaded nanoparticles were sustained release 

for 48 h, but the release rate were different significantly. For D64-

MTX and D48-MTX, above 80% MTX was released from 

nanoparticles within the initial 5 h, but for D32-MTX and D16-MTX, 30 

approximately 50% MTX was released. These two codendrimers 

with higher DD presented higher release rate was likely due to the 

relative lower interaction between codendrimers and MTX. D32-

MTX performed the slower release rate comparing with D16-MTX, 

illustrating the release procedure was not only controlled by 35 

interaction between carrier and drug, the contribution of the OEG 

dendron should be considered. The outer OEG dendritic shell of 

codendrimers was less flexible and stiffer with increasing the DD 

from 25% to 50%, hence, the MTX release procedure was 

hampered by steric hindrance of OEG dendron. The result of 40 

release in vitro demonstrated that co-D32 was the better carrier. 

3.6 Particle size and morphology of MTX-loaded nanoparticles 

As these codendrimers could be used as drugs carrier, the feature 

of MTX-loaded nanoparticles was detected further. All of these 

nanoparticles showed the mean hydrodynamic diameters of 45 

approximately 110 nm (Table 2). Drug loading of codendrimers had 

slightly effect on their particle sizes, the particle size was increased 

from 90 to 110 nm, illustrating incorporation of MTX within the 

nanoparticles generally enlarges their size.49 Besides, the 

morphology of these nanoparticles were investigated by TEM 50 

observation, all of these nanoparticles were dispersed as individual 

particles with the regularly spherical shape, and the mean diameter 

was approximately 40 nm (Fig. 7). The variation in particle size 

measured by TEM and particle-size analyzer was attributed to the 

fact that dynamic light scattering (DLS) measurement of the particle 55 

size analyzer gave the hydrodynamic diameter rather than the actual 

diameter of the dried particles. The appropriate particle size (< 200 

nm) of MTX-loaded nanoparticles benefited to avoid 

reticuloendothelial system uptake and achieve passive tumor 

targeting through EPR effect. From these results, it was clear that 60 

the particle sizes and morphology of drug-loaded nanoparticles 

could not be affected by DD. 

3.7 DSC and XRD analysis 

To confirm the existing state of MTX in drug-loaded nanoparticles, 

differential scanning calorimetry (DSC) was utilized to elucidate the 65 

thermal transitions of MTX in bulk, in a physical mixture and within 

drug-loaded nanoparticles analyses (Fig. 8) The thermogram of 

MTX showed a sharp endothermic peak at 148 °C, which was 

associated with the melting of MTX.50 The curve of blank 

codendrimer co-D32 exhibited no endotherm during the whole 70 

heating procedure. The melting endothermic peak of MTX also 

appeared in the physical mixture of MTX and co-D32, but 

disappeared in D32-MTX. Other drug-loaded nanoparticles showed 
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the similar thermograms as D32-MTX (not shown). These results 

verified the state of MTX in drug-loaded nanoparticles was not 

physical mixed simply, the interactions between MTX and 

codendrimers caused these changes. 

 5 

Fig. 8 DSC thermograms of D32-MTX nanoparticles (a), the physical 

mixture of MTX and co-D32 (b), and free MTX (c). 

 
Fig. 9 XRD of D32-MTX nanoparticles (a), the physical mixture of 

MTX and co-D32 (b), and free MTX (c). 10 

X-ray powder diffraction was also used to confirm the state of 

MTX in drug-loaded nanoparticles. Free MTX bulk powder, physical 

mixture, and D32-MTX nanoparticles were measured, the results 

are shown in Fig. 9. The intense peaks indicative MTX existed as the 

crystalline compound, which could be observed from the spectra of 15 

MTX bulk powder and physical mixture of MTX and co-D32. While, 

in the D32-MTX nanoparticles, the characteristic diffraction peaks of 

MTX powder disappeared, illustrating MTX existed as a molecular 

dispersion due to the interaction between MTX and co-D32, which 

was in good agreement with the result from DSC. Other drug-20 

loaded nanoparticles showed the similar curves as D32-MTX (not 

shown). 

The results from DSC and XRD suggested the state of MTX in 

these nanoparticles was not related with the structure of these 

codendrimers. 25 

Conclusions 

Based on the successful synthesis, the series codendrimers (co-D64, 
co-D48, co-D32, and co-D16) from PAMAM G4.0 decorated by OEG 
dendron with different decorated degree were prepared, their 
structure was confirmed by 1H NMR spectra. In contrast with the 30 

particle sizes and morphology, the zeta potential of these 
codendrimers was dependent on the OEG dendron decorated 
degree (DD) due to the shielding effects. After loaded anticancer 

drug methotrexate (MTX), the mean diameter of the nanoparticles 
was enlarged from 90 to 110 nm. The DSC and XRD measurements 35 

indicated that MTX existed as a molecular dispersion in the drug-
loaded nanoparticles and there was no free drug on the surface of 
nanoparticles. Due to the stronger electrostatic interactions 
between co-D32, co-D16 (lower DD) and MTX, D32-MTX and D16-MTX 
showed the higher EE values (approximately 80%) and better 40 

stability in aqueous solution. Comparing with free MTX, the 
cytotoxicity of MTX-loaded nanoparticles against MCF-7 cells was 
significantly enhanced. In vitro release demonstrated that MTX 
could be sustained release from MTX-loaded nanoparticles in 150 
mM NaCl solution for 48 h, and D32-MTX showed the slower 45 

release rate because of the steric hindrance of outer OEG dendritic 
shell. In conclusion, as the drug carrier, the DD of OEG dendron in 
codendrimers affected the drug-loading content due to the 
hydrophobic interactions and electrostatic interactions. While, the 
drug release profiles were not only controlled by these interactions, 50 

the contribution of the OEG dendron should be considered. These 
results suggested that co-D32 with moderate decorated degree 
could be a promising drug delivery system. 
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Color graphic 

 

 

Text To evaluate the effect of OEG dendron decorated degree and find out the suitable carrier, a 

series of codendrimers are prepared and utilized to transport methotrexate. 
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