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Graphical Abstract Cationic amphiphilic polyester 
dendrimers possessing different numbers of choline heads 
groups and myristic acid alkyl chains were synthesized and 
evaluated for gene transfection.
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1 Introduction

The synthesis of new amphiphiles and the use of such 
amphiphiles to assemble supramolecular structures of 
various dimensions and functions are of interest for many 
fields, including chemistry, materials science, and biomedi-
cal engineering. In particular, the application of cationic 
amphiphiles to improve nucleic acid delivery efficiency 
to cells holds significant promise for scientific and medi-
cal breakthroughs from gene replacement to gene editing 
[1–11]. The development of highly effective synthetic deliv-
ery vectors depends upon the identification of molecules 
or macromolecules that bind nucleic acids (DNA, mRNA, 

Abstract Cationic amphiphilic polyester dendrimers pos-
sessing varied numbers of choline and alkyl chains on the 
periphery were synthesized and characterized. A combina-
tion of divergent and convergent synthetic routes was used 
to efficiently prepare the dendrimers. All of the amphiphiles 
bound DNA as determined by an ethidium bromide displace-
ment assay, and the dendrimer that contained two choline 
and four alkyl chains exhibited the smallest charge ratio. 
Only this amphiphilic dendrimer formed a well-defined 
structure alone or with DNA in solution, while the other 
dendrimer compositions gave aggregates. Specifically, small 
vesicular structures of several 100 nanometers in diameter 
were observed with DNA, and this dendrimerplex exhibited 
the greatest transfection efficiency of the group. The results 
of this study highlight the important role that charge, hydro-
phobicity, size, and compaction ability play in binding and 
formation of DNA-dendrimer complexes and the resulting 
transfection efficiency.
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siRNA, etc.), form supramolecular assemblies of nanometer 
size, and transport these assemblies into the cell for subse-
quent biological activity. Identified molecules and macro-
molecules include cationic lipids,[9, 12–15] cationic linear 
polymers,[16–19] and cationic dendrimers [20–24]. Amphi-
philic synthetic vectors have been found to at least partially 
full-fill several requirements, including DNA complexation, 
cellular uptake, biocompatibility, endosomal escape, nuclear 
tropism, and vector unpacking via design and formulation. 
These efforts complement on-going work on non-ionic and 
intercalation strategies for complexing and delivering DNA 
[25–28]. Incorporating some of the most promising aspects 

from previous vector systems, we have prepared a family 
of cationic surface-block polyester dendrimers as shown in 
Fig. 1 and evaluated their efficiency as gene transfection 
agents. Specifically, we describe the: (1) synthesis of four 
new cationic amphiphilic polyester dendrimers with vary-
ing numbers of choline head groups and alkyl chains; (2) 
the physiochemical characterization of the resulting self-
assembled structures in the presence and absence of DNA; 
and (3) transfections experiments using the reporter gene, 
β-galactosidase, as a model system.

The motivation for performing these studies is multi-fold. 
First, the synthesis of a series of new amphiphilic polyester 

Fig. 1  Structures of the four 
cationic amphiphilic surface-
block dendrimers under inves-
tigation
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dendrimer will increase our knowledge on these types of 
structures and if these dendrimers self-assemble into supra-
molecular structures by themselves or in the presence of 
nucleic acid. Second, the efficiency of DNA/RNA deliv-
ery to cells has only incrementally improved over the last 
10 years using synthetic carrier or vectors. Thus, there are 
significant research opportunities to identify new carriers 
and to determine the chemical compositions and structures 
that are most active. Finally, successful development of a 
highly effective synthetic delivery vector will be of interest 
for a wide range of research and clinical applications, for 
example, to deliver the CRISPR/CAS9 for gene editing or 
an anti-micro RNA to treat cancer.

Dendritic macromolecules are increasingly being 
explored for biomedical applications,[22, 29–36] and we 
selected this architecture for three distinct reasons. First, 
the synthetic methods (divergent and convergent) [37–41] 
to prepare such macromolecules allow systematic variation 
of generation number as well as the number and position 
of functional groups with a high degree of precision. Sec-
ond, the step-growth polymerization process used ensures 
a monodisperse system, aiding in understanding of the 
subsequent reactivity and properties compared to linear 
polymers. Third, dendrimers display a high number of end 
groups capable of facilitating a concerted, multifaceted 
interaction with DNA. Previous dendrimers investigated 
for gene delivery primarily focused on symmetric, cationic 
dendrimers [20, 21] such as poly(amidoamine),[42–44] 
poly(glycoamidoamine) [45], poly(phosphorus),[46] or 
poly(lysine) [47] with a few elegant examples of asymmet-
ric amphiphilic dendrimers from the laboratories of Dieder-
ich [48] and Kono [49, 50]. For a comprehensive review of 
dendrimers used for gene delivery, several excellent reviews 
have been published [20, 22, 31, 51].

2  Experimental

2.1  Instrumentation

All solvents were dried and freshly distilled prior to use 
(DCM and pyridine with CaH, and THF with Na). All 
chemicals were purchased from Aldrich or Acros as highest 
purity grade and used without further purification. All reac-
tions were performed under nitrogen atmosphere at room 
temperature, unless specified otherwise. NMR spectra were 
recorded on a Varian INOVA spectrometer (for 1H and 13C 
NMR, 400 and 100.6 MHz respectively). MALDI-TOF mass 
spectra were obtained using a PerSpective Biosystems Voy-
ager-DE Biospectrometry Workstation operating in the posi-
tive ion mode using 2-(4-hydroxyphenylazo)-benzoic acid 
(HABA). Elemental analysis was obtained from Atlantic 
Microlab, Inc. Fluorescence spectra were recorded on a PTI 

Fluorimeter. Thermal transition temperatures were measured 
using a TA Instruments DSCQ100 modulated differential 
scanning calorimeter.

Abbreviations: EDCI = 1-(3-Dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride, EtOAc = ethyl acetate, 
DCC = dicyclohexylcarbodiimide, DCM = dichloromethane, 
DCU = 1,3-dicyclohexylurea, DMAP = 4-(dimethylamino)
pyridine, DPTS = 4-(dimethylamino)-pyridinium p-tolue-
nesulfonate, Pd/C = 10% palladium on activated carbon, 
Pd(OH)2/C = 20% palladium hydroxide on activated carbon, 
THF = tetrahydrofuran. DMF = Dimethylformamide.

2.2  Synthesis of the Cationic Amphiphilic Polyester 
Dendrimers

The synthetic procedures for the dendrimers are described 
below with the NMR spectra shown in the supporting 
information.

2.2.1  Synthesis of Dendrimer 1

2.2.1.1 Compound 6; (Scheme 1) Compound 5 (1,3-di-
O-tetradecanoylglycerol) was prepared according to the lit-
erature [52]. Compound 5 (2 g, 3.9 mmol) was dissolved 
in pyridine (20 mL) followed by the addition of succinic 
anhydride (0.46 g, 4.7 mmol). The mixture was stirred for 
18 h before the pyridine was removed under vacuum at 
40 °C. The residue was recrystallized in ethanol to afford 
compound 6 in 92% yield. 1H NMR  (CDCl3): δ ppm 4.15 
(m, 4H), 3.35 (t, 4H), 1.62 (t, 4H), 1.25 (m, 40H), 0.88 (t, 
6H). 13C NMR  (CDCl3): δ 177.18, 173.53, 171.38, 170.85, 
69.89, 62.11, 34.22, 32.22, 31.49, 29.86, 29.69, 29.56, 
29.47, 29.32, 29.06, 28.91, 28.59, 25.06, 22.89, 14.31. MS 
(FAB+): 635.45 (MNa+) (theory: 635.44). HRMS calcd. for 
 [C35H64O8Na]+ 635.4499, found 635.4534.

2.2.1.2 Compound 8; (Scheme 1) cis-1,3-O-Benzylidene 
glycerol, 7, was prepared according to the literature [53]. 
Compound 6 (1  g, 1.6 mmol) was dissolved in 30 mL of 
DCM containing compound 7 (0.34 g, 1.9 mmol), DMAP 
cat., and DCC (0.41 g, 2.0 mmol). The reaction was stirred 
for 24  h. The solution was filtered, concentrated under 
reduced pressure and purified by column chromatography 
(20% EtOAc in hexanes) to afford compound 8 in 72% yield. 
1H NMR  (CDCl3) δ ppm: 7.51 (m, 2H), 7.37 (m, 3H), 5.56 
(s, 1H), 4.73 (s, 1H), 4.27 (m, 9H), 2.77 (m, 4H), 2.31 (m, 
4H), 1.60 (t, 4H), 1.25 (m, 40H), 0.87 (t, 6H). 13C NMR 
 (CDCl3) δ ppm: 173.56, 172.35, 171.56, 137.92, 129.20, 
128.126, 126.15, 101.21, 69.54, 69.01, 66.33, 61.94, 
33.99, 31.92, 29.66, 29.48, 29.33, 29.27, 29.11, 28.97, 
24.81, 22.69, 14.13. MS (FAB+): 797.52 (MNa+) (theory: 
797.51). HRMS calcd. for  [C45H74O10Na]+ 797.5180, found 
797.5174.
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2.2.1.3 Compound 9; (Scheme  1) Compound 8 (0.50  g, 
0.64 mmol) was dissolved in THF (20 mL) and 10% Pd/C 
(0.1 g) was added. The solution was then placed in a Parr 
tube on a hydrogenator and shaken under 60 psi of  H2 for 
12 h. The solution was then filtered over wet Celite, con-
centrated, and placed on a high vacuum line to afford 
compound 9 in 97% yield. 1H NMR  (CDCl3) δ ppm: 5.25 
(m, 1H), 4.91 (m, 1H), 4.20 (m, 5H), 3.77 (m, 4H), 2.61 
(m, 4H), 2.25 (m, 4H), 1.53 (t, 4H), 1.21 (m, 40H), 0.80 
(t, 6H). 13C NMR  (CDCl3) δ ppm: 173.77, 70.28, 70.01, 
65.94, 63.46, 62.56, 62.08, 34.29, 32.19, 29.92, 29.89, 
29.75, 29.63, 29.54, 29.38, 26.45, 25.11, 22.97, 14.38. MS 
(FAB+): 709.48 (MNa+) (theory: 709.48). HRMS calcd. 
for  [C38H70O10Na]+ 709.48667, found 709.4839.

2.2.1.4 Compound 10 The N-dimethylethanolamine 
(10 g, 0.11 mol) was dissolved in pyridine (100 mL) fol-
lowed by the addition of succinic anhydride (16 g, 0.16 mol). 
The mixture was stirred at room temperature for 18 h before 
the pyridine was removed under vacuum at 40  °C. The 
remaining solid was recrystallized from MeOH/Ether to 
afford compound 10 in 90% yield. 1H NMR  (CDCl3) δ ppm: 
4.44 (m, 2H), 3.36 (m, 2H), 2.86 (s, 6H), 2.55 (m, 4H); 13C 
NMR  (CDCl3) δ ppm: 178.18, 173.13, 58.03, 56.20, 42.61, 
31.31, 30.09. MS (FAB +): 190.10  (MH+) (theory: 190.10). 
HRMS calcd. for  [C8H15NO4]+ 190.1079, found 190.1084.

2.2.1.5 Compound 1; (Scheme  1) Compound 10 (0.2  g, 
1.1 mmol), compound 9 (0.35 g, 0.51 mmol), and DMAP 
(catalytic amount) were dissolved in DMF. EDCI (0.23 g, 
1.2 mmol) was added to the mixture and the reaction was 
stirred for 24 h. Upon completion of the reaction the sol-
vent was evaporated. The crude mixture was purified by 
silica gel chromatography, eluting with 20% EtOAc in hex-
anes to afford the product in 80% yield. 1H NMR  (CDCl3) 
δ ppm: 5.25 (m, 2H), 4.20 (m, 12H), 3.69 (m, 4H), 2.65 

(m, 16H), 2.37–2.31 (m, 12H), 1.86 (m, 4H), 1.60 (m, 4H), 
1.25 (m, 40H), 0.88 (t, 6H). 13C NMR  (CDCl3) δ ppm: 
173.51, 172.41, 172.04, 172.01, 171.81, 171.69, 171.50, 
69.64, 69.40, 62.53, 62.44, 62.36, 62.33, 61.92, 45.70, 
34.01, 31.94, 29.69, 29.66, 29.63, 29.49, 29.37, 29.28, 
29.13, 29.05, 29.01, 28.93, 28.85, 28.75, 28.70, 24.84, 
22.69, 14.11. MS (MALDI): 1027.97 m/z (M-H+) [theory: 
1028.68  m/z  (M+)]. HRMS calcd. for  [C54H97N2O16]+ 
1029.6838, found 1029.6893.

The resultig product (0.1 g, 0.09 mmol) was dissolved in 
 CH2Cl2 and methyl iodide was added (0.12 g, 0.9 mmol). 
The reaction mixture was stirred for 8 h. The solvent was 
evaporated to afford compound 1 in quantitative yield. 
1H NMR  (CDCl3) δ ppm: 5.25 (m, 2H), 4.63 (m, 2H), 
4.31–4.14 (m, 12H), 3.69 (m, 6H), 3.51 (m, 18H), 2.65 (m, 
12H), 2.32 (m, 4H), 1.60 (m, 4H), 1.25 (m, 40H), 0.88 (t, 
6H). 13C NMR  (CDCl3) δ ppm: 172.73, 171.98, 171.23, 
171.03, 170.72, 69.09, 68.73, 61.76, 61.35, 51.34, 33.50, 
32.07, 31.41, 30.26, 29.14, 28.98, 28.85, 28.84, 28.76, 
28.62, 28.39, 28.26, 24.36, 22.18, 13.61. Repeated attempts 
to obtain the mass spectrum of the quaternized dendrimer 
were unsuccessful.

2.2.2  Synthesis of Dendrimer 2

2.2.2.1 Compound 12; (Scheme 2) Compound 11 was 
prepared following a published protocol [54]. Compound 
11 (0.45 g, 0.58 mmol) was then dissolved in 75 mL of 
 CH2Cl2 with 0.63 g (2.77 mmol) of myristic acid, 0.34 g 
(1.16 mmol) of DPTS, and 0.72 g (3.47 mmol) of DCC. 
The reaction was stirred for 16 h. Next, the DCU precipitate 
was filtered and the solution was evaporated. The residue 
was re-suspended in 50 mL of ethanol, cooled to 0 °C for 
6 h and filtered. The precipitate was re-suspended in 75 mL 
of  CH2Cl2, washed with 75 mL of  H2O, dried over  Na2SO4, 
and the solvent evaporated to yield 0.84 g of product (89% 
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Scheme 1  Synthesis of dendrimer 1. Reagents and conditions: a pyridine, 40 °C, 18 h, 92% yield; b DCC, DMAP, DCM, RT, 24 h, 72% yield; 
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yield). 1H NMR  (CDCl3): δ ppm: 0.80–0.89 (t, 12H, –CH3), 
1.08 (s, 9H, t-butyl), 1.14–1.34 (m, 80H, myristic –CH2–), 
1.50–1.64 (m, 8H, C(=O)–CH2–CH2–CH2–), 2.22–2.33 
(t, 8H, C(=O)–CH2–CH2–), 2.53–2.83 (m, 12H, suc-
cinic –CH2–CH2), 4.08–4.34 (m, 12H, –CH2–CH–CH2–), 
5.18–5.30 (m, 3H, –CH2–CH–CH2–), 7.32–7.44, 7.61–7.67 
(m, 10H, phenyl CH) ppm. 13C NMR  (CDCl3): δ ppm 14.25, 
22.67, 24.81, 26.85, 28.81, 28.79, 29.12, 29.24, 29.36, 
29.53, 29.64, 31.97, 34.05, 61.88, 62.34, 69.17, 127.66, 
130.13, 135.28, 138.77, 171.34, 171.69, 173.32 ppm. FAB-
MS: 1620.1 m/z  (MH+) [theory: 1620.29 m/z  (M+)]. Ele-
mental analysis: C, 68.84%; H, 9.69% (theory: C, 68.94%; 
H, 9.58%).

The product (0.81 g, 0.50 mmol) was then dissolved in 
100 mL of THF. Next, 0.55 g (1.75 mmol) of tetrabutylam-
monium fluoride trihydrate was added to the solution. The 
mixture was stirred for 1 h. After 1 hour the reaction was 
complete as indicated by TLC. The solution was diluted with 
25 mL of  H2O and acidified with 1N HCl to a pH of 3. The 
product was extracted into EtOAc, dried over  Na2SO4, roto-
evaporated and dried on the vacuum line. The product, 12, 
was purified by column chromatography (0–3% MeOH in 
 CH2Cl2) to afford 0.60 g of product (87% yield).  Rf = 0.23 
(3% MeOH in  CH2Cl2). 1H NMR  (CDCl3): δ ppm 0.82–0.88 
(t, 12H, –CH3), 1.20–1.31 (m, 80H, myristic –CH2–), 
1.53–1.64 (m, 8H, –C(=O)–CH2–CH2–CH2–), 2.26–2.33 (t, 
8H, –C(=O)–CH2–CH2–), 2.60–2.68 (m, 12H, –CH2–CH2–), 
4.11–4.34 (m, 12H, –CH2–CH–CH2–), 5.19–5.35 (m, 3H, 
–CH2–CH–CH2–) ppm. 13C NMR  (CDCl3): δ ppm 14.16, 
22.78, 24.98, 28.56, 28.87, 29.07, 29.24, 29.47, 29.63, 
29.87, 32.01, 34.04, 62.02, 62.64, 69.16, 69.93, 171.47, 

171.68, 173.51 ppm. FAB-MS: 1382.9 m/z (M-H+) [theory: 
1381.9 m/z  (M+)]. Elemental analysis: C, 66.72%; H, 9.91% 
(theory: C, 66.92%; H, 9.92%).

2.2.2.2 Compound 13 (Scheme 2) Compound 12 (0.71 g, 
0.52 mmol) was dissolved in 50 mL of  CH2Cl2 with 0.11 g 
(0.62  mmol) of cis-1,3-O-benzylidene glycerol, 7, 0.08  g 
(0.26  mmol) of DPTS, and 0.16  g (0.78  mmol) of DCC. 
The reaction was stirred for 48 h. The DCU precipitate was 
filtered and the solution was evaporated. The residue was re-
suspended in a minimum of EtOH and then cooled to 0 °C 
for 24  h. The resulting precipitate was collected via suc-
tion filtration and placed under vacuum to afford 0.73 g of 
compound 13 (92% yield). 1H NMR  (CDCl3): δ ppm 0.81–
0.92 (t, 12H, –CH3), 1.21–1.38 (m, 80H, myristic –CH2–), 
1.51–1.69 (m, 8H, C(=O)–CH2–CH2–CH2–), 2.24–2.35 
(t, 8H, C(=O)–CH2–CH2–), 2.58–2.80 (m, 12H, succinic 
–CH2–CH2), 4.06–4.35 (m, 16H, –CH2–CH–CH2–), 4.72 
(s, 1H, –CH2–CH–CH2–), 5.18–5.32 (m, 3H, –CH2–CH–
CH2–), 5.54 (s, 1H, CH), 7.30–7.41 (m, 3H, arom. CH), 
7.45–7.51 (m, 2H, arom. CH) ppm. 13C NMR  (CDCl3): δ 
ppm 14.00, 22.57, 24.73, 24.85, 28.56, 28.72, 28.88, 29.03, 
29.18, 29.26, 29.38, 29.53, 29.56, 29.59, 31.83, 33.91, 
61.79, 62.36, 66.31, 68.95, 69.53, 72.27, 101.163, 125.91, 
128.31, 128.36, 129.14, 137.84, 171.40, 171.51, 171.71, 
172.17, 173.40 ppm. MALDI-MS: 1566.13 m/z (M + Na+) 
[theory: 1544.08 m/z  (M+)]. Elemental analysis: C, 67.55%; 
H, 9.73% (theory: C, 67.67%; H, 9.53%).

2.2.2.3 Compound 14 (Scheme 2) Compound 13 (0.71 g, 
0.46 mmol) was dissolved in THF (30 mL) and 10% Pd/C 
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(0.7 g) was added. The solution was then placed in a Parr 
tube on a hydrogenator and shaken under 60 psi.  H2 for 16 h. 
The solution was then filtered over wet Celite, concentrated, 
and placed on a high vacuum line to yield 0.65 g of com-
pound 14 (98% yield). 1H NMR  (CDCl3): δ ppm 0.81–0.89 
(t, 12H, –CH3), 1.17–1.35 (m, 80H, alkyl –CH2–), 1.52–
1.63 (m, 8H, C(=O)–CH2–CH2–CH2–), 2.26–2.33 (t, 8H, 
C(=O)–CH2–CH2–), 2.58–2.71 (m, 12H, succinic –CH2–
CH2), 3.70–3.88 (m, 4H, –CH2–CH–CH2–), 4.08–4.38 
(m, 12H, –CH2–CH–CH2–), 4.90–4.97 (q, 1H, –CH2–CH–
CH2–), 5.17–5.30 (m, 3H, –CH2–CH–CH2–) ppm. 13C NMR 
 (CDCl3): δ ppm 14.00, 22.59, 24.74, 28.59, 28.74, 29.03, 
29.18, 29.26, 29.39, 29.57, 30.23, 31.83, 33.93, 61.79, 
62.13, 62.34, 69.59, 75.72, 171.65, 171.81, 173.52  ppm. 
MALDI-MS: 1479.69 m/z (M + Na+) [theory: 1455.97 m/z 
 (M+)]. Elemental analysis: C, 66.18%; H, 9.86% (theory: C, 
65.99%; H, 9.83%).

2.2.2.4 Compound 2; (Scheme 2) Compound 10 (0.13 g, 
0.46 mmol), compound 14 (0.3 g, 0.21 mmol), and DMAP 
(catalytic amount) were dissolved in DMF. EDCI (0.09 g, 
0.46 mmol) was added to the mixture and the reaction was 
stirred for 16 h. Upon completion of the reaction, the solvent 
was evaporated. The crude mixture was purified through 
LH20, eluting with  CH2Cl2/MeOH 1:1 to afford the prod-
uct in 81% yield. 1H NMR  (CDCl3) δ ppm: 5.22 (m, 4H), 
4.33–4.14 (m, 20H), 3.71 (m, 10H), 2.66 (m, 24H), 2.37–
2.20 (m, 8H), 1.61 (m, 8H), 1.26 (m, 80H), 0.88 (t, 12H). 
13C NMR  (CDCl3) δ ppm: 173.34, 171.89, 171.68, 171.38, 
69.74, 69.48, 62.47, 61.98, 57.77, 45.67, 34.14, 32.06, 
29.79, 29.63, 29.50, 29.41, 29.28, 29.00, 28.91, 28.84, 
25.00, 22.83, 14.25. MS (MALDI): 1798.3 (M-H+) (the-
ory: 1797.18  (M+)). HRMS calcd. for  [C96H168N2O28Na]+ 
1820.1681, found 1820.1469.

The resulting product (0.1 g, 0.05 mmol) was dissolved 
in  CH2Cl2 and methyl iodide was added (0.07 g, 0.5 mmol). 
The reaction mixture was stirred for 12 h. The solvent was 
evaporated to afford compound 2 in quantitative yield. 1H 
NMR  (CDCl3) δ ppm: 5.26 (m, 4H), 4.62 (m, 4H), 4.33–4.25 
(m, 20H), 4.17–4.07 (m, 4H), 3.48 (m, 10H), 2.68 (m, 18H), 
2.31 (t, 8H), 1.62 (m, 8H), 1.25 (m, 80H), 0.88 (t, 12H). 13C 
NMR  (CDCl3) δ ppm: 173.33, 171.70, 171.39, 69.68, 69.40, 
62.40, 61.89, 54.93, 34.11, 32.00, 29.75, 29.57, 29.44, 
29.37, 29.22, 28.96, 28.82, 24.94, 22.77, 14.20. Repeated 
attempts to obtain the mass spectrum of the quaternized den-
drimer were unsuccessful.

2.2.3  Synthesis of Dendrimer 3

2.2.3.1 Compound 16; (Scheme 3) cis-1,3-O-Benzylidene 
glycerol succinic acid monoester, 15, was prepared accord-
ing to the literature [55]. Compound 14 (0.5 g, 0.34 mmol) 
was dissolved in 50  mL of  CH2Cl2 with 15 (0.14  g, 
0.75 mmol), DPTS (0.09 g, 0.31 mmol), and DCC (0.19 g, 
0.94 mmol). The reaction was stirred for 16 h. The DCU 
precipitate was filtered and the solution was evaporated. 
The residue was re-suspended in a minimum of EtOH and 
then cooled to 0 °C for 24 h. The resulting precipitate was 
collected via suction filtration and placed under vacuum to 
afford 0.437 g of product in 65% yield. 1H NMR  (CDCl3) 
δ ppm: 7.42 (m, 5H), 7.29 (m, 5H), 5.49 (m, 2H), 5.18 (m, 
4H), 4.16 (m, 28H), 2.61 (m, 24H), 2.24 (t, 8H), 1.55 (m, 
8H), 1.18 (m, 80H), 0.80 (t, 12H). 13C NMR  (CDCl3) δ ppm: 
172.86, 171.79, 171.38, 171.07, 137.86, 128.76, 128.00, 
125.89, 100.84, 69.46, 68.71, 66.22, 62.18, 61.65, 33.79, 
31.77, 29.51, 29.32, 29.20, 28.72, 24.69, 22.54, 13.97. Ele-
mental analysis: C, 65.28%; H, 8.49%; (theory: C, 65.50%; 
H, 8.65%).
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Scheme 3  Synthesis of dendrimer 3. Reagents and conditions: a DCC, DCM, DTPS, RT, 16 h, 65% yield; b 10% Pd/C, 60 psi.  H2, THF, RT, 
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2.2.3.2 Compound 17; (Scheme 3) Compound 17 (0.35 g, 
0.17 mmol) was dissolved in THF (30 mL) and 10% Pd/C 
(0.1 g) was added. The solution was then placed in a Parr 
tube on a hydrogenator and shaken under 60 psi of  H2 for 
16 h. The solution was then filtered over wet Celite, concen-
trated, and placed on a high vacuum line to yield 0.3 g of 
product in quantitative yield. 1H NMR  (CDCl3) δ ppm: 5.35 
(m, 2H), 5.05 (m, 4H), 4.33 (m, 28H), 2.76 (m, 24H), 2.41 
(t, 8H), 1.70 (m, 8H), 1.52 (m, 8H), 1.35 (m, 80H), 0.97 (t, 
12H). 13C NMR  (CDCl3) δ ppm: 173.39, 172.38, 171.75, 
171.56, 171.41, 125.56, 76.98, 76.80, 75.78, 69.72, 69.48, 
62.44, 61.93, 34.11, 32.02, 30.43, 29.75, 29.57, 29.44, 
29.36, 29.22, 28.95, 28.79, 24.94, 22.77, 14.20.

2.2.3.3 Compound 3; (Scheme  3) Compound 17 (0.2  g, 
0.11 mmol), compound 10 (0.07 g, 0.24 mmol), and DMAP 
(catalytic amount) were dissolved in DMF. EDCI (0.022 g, 
0.11 mmol) was added to the mixture and the reaction was 
stirred for 24 h. Upon completion of the reaction, the solvent 
was evaporated. The crude mixture was purified through 
LH20, eluting with  CH2Cl2/MeOH 1:1 to afford the prod-
uct in 60% yield. 1H NMR  (CDCl3) δ ppm: 5.27 (m, 6H), 
4.32–4.13 (m, 32H), 2.67–2.62 (m, 40H), 2.34 (t, 8H), 1.60 
(m, 8H), 1.25 (m, 80H), 0.88 (t, 12H). 13C NMR  (CDCl3) 
δ ppm: 173.39, 172.38, 171.75, 171.56, 171.41, 125.56, 
76.98, 76.80, 75.78, 69.72, 69.48, 62.44, 61.93, 61.73, 
43.56, 34.11, 32.02, 30.43, 29.75, 29.57, 29.44, 29.36, 
29.22, 28.95, 28.79, 24.94, 22.77, 14.20.

The resulting product (0.1 g, 0.04 mmol) was dissolved in 
 CH2Cl2 and methyl iodide was added (0.056 g, 0.4 mmol). 
The reaction mixture was stirred for 12 h. The solvent was 
evaporated to afford compound 3 in quantitative yield. 1H 
NMR  (CDCl3) δ ppm: 5.24 (m, 1H), 4.64 (m, 6H), 4.29–4.08 
(m, 30H), 3.70 (m, 6H), 3.41 (m, 14H), 3.32 (m, 4H), 2.67 

(m, 16H), 2.34 (t, 8H), 1.60 (m, 10H), 1.25 (m, 80H), 0.88 
(t, 12H). 13C NMR  (CDCl3) δ ppm: 173.69, 172.04, 171.70, 
69.70, 69.44, 65.55, 62.22, 61.95, 54.97, 34.12, 32.04, 
29.78, 29.60, 29.48, 29.40, 29.24, 28.92, 24.94, 22.81, 
14.24. Repeated attempts to obtain the mass spectrum of 
the quaternized dendrimer were unsuccessful.

2.2.4  Synthesis of Dendrimer 4

2.2.4.1 Compound 19; (Scheme 4) Compound 10 (3.2 g, 
16.9 mmol), compound 18 (1.4 g, 7.6 mmol), and DMAP 
(catalytic amount) were dissolved in THF. EDCI (3.3 g, 
16.9 mmol) was added to the mixture and the reaction was 
stirred for 24 h. Upon completion of the reaction, the solvent 
was evaporated. The crude mixture was purified by silica gel 
chromatography, eluting with EtOAc to afford compound 
20 in 76% yield. 1H NMR  (CDCl3) δ ppm: 7.31 (m, 5H), 
4.64 (s, 2H), 4.24 (m, 8 H), 3.83 (m, 1H), 2.60 (s, 6H), 
2.58 (m, 12H). 13C NMR  (CDCl3) δ ppm: 172.60, 172.24, 
171.99, 137.78, 128.44, 127.88, 74.26, 72.10, 63.30, 62.31, 
57.58, 51.87, 45.54, 28.96, 28.78. MS (FAB+): 525.29 
(MH+) (theory: 525.28). HRMS calcd. for  [C26H41N2O9]+ 
525.2812, found 525.2891.

2.2.4.2 Compound 20; (Scheme  4, reaction ‘b’) Com-
pound 19 (2 g, 3.8 mmol) was dissolved in THF (20 mL) and 
10% Pd/C (0.1 g) was added. The solution was then placed 
in a Parr tube on a hydrogenator and shaken under 60 psi of 
 H2 for 12 h. The solution was then filtered over wet Celite, 
concentrated, and placed on a high vacuum line to afford 
compound 21 in 97% yield. 1H NMR  (CD3OD) δ ppm: 4.52 
(m, 1H), 4.14 (m, 8H), 2.85 (s, 12H), 2.69 (m, 12H). 13C 
NMR  (CD3OD) δ ppm: 173.05, 172.59, 172.43, 172.38, 
72.57, 67.56, 65.30, 62.67, 60.93, 52.01, 43.56, 43.34, 
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29.15, 29.02, 28.89 MS (FAB+): 435.24 (MH+) (theory: 
435.23). HRMS calcd. for  [C19H35N2O9]+ 435.2343, found 
435.2392.

2.2.4.3 Compound 21; (Scheme 4) Compound 20 (1.5 g, 
3.4  mmol) was dissolved in pyridine (20  mL) followed 
by the addition of succinic anhydride (0.4  g, 4.1  mmol). 
The mixture was stirred for 18  h before the pyridine was 
removed under vacuum at 40 °C. The residue was purified 
by silica gel chromatography, eluting with EtOAc to afford 
compound 22 in 46% yield. 1H NMR  (CD3OD) δ ppm: 
5.31 (m, 1H), 4.25 (m, 8H), 2.27–2.71 (m, 28H). 13C NMR 
 (CD3OD) δ ppm: 175.55, 173.42, 172.81, 172.66, 172.48, 
172.28, 69.29, 66.89, 64.99, 62.17, 60.70, 51.97, 51.50, 
42.82, 28.83, 28.63. MS (FAB+): 535.25 (MH+) (theory: 
535.25). HRMS calcd. for  [C19H35N2O9]+ 535.2503, found 
535.2520.

2.2.4.4 Compound 22; (Scheme 4) Compound 21 (0.7 g, 
1.3  mmol), compound 18 (0.1  g, 0.6  mmol), and DMAP 
(catalytic amount) were dissolved in DMF. EDCI (0.26 g, 
1.3 mmol) was added to the mixture and the reaction was 
stirred for 24 h. Upon completion of the reaction, the solvent 
was evaporated. The crude mixture was purified by silica gel 
chromatography, eluting with EtOAc to afford compound 22 
in 80% yield. 1H NMR  (CDCl3) δ ppm: 7.31 (m, 5H), 5.28 
(m, 2H), 4.64 (s, 2H), 4.24 (m, 20H), 3.83 (m, 1H), 2.60 (m, 
56H). 13C NMR  (CDCl3) δ ppm: 172.79, 172.15, 171.98, 
171.65, 135.89, 128.33, 125.62, 69.42, 67.65, 65.56, 62.40, 
52.07, 45.65, 34.0, 30.41, 29.08, 28.96, 28.83, 25.71. MS 
(FAB+): 1015.54 (MH+) (theory: 1015.53). HRMS calcd. 
for  [C48H79N4O19]+ 1015.5339, found 1015.5364.

2.2.4.5 Compound 23; (Scheme 4) Compound 22 (0.45 g, 
0.37 mmol) was dissolved in THF (20 mL) and 10% Pd/C 
(0.1 g) was added. The solution was then placed in a Parr 
tube on a hydrogenator and shaken under 60 psi of  H2 for 
12 h. The solution was then filtered over wet Celite, con-
centrated, and placed on a high vacuum line to afford 
compound 23 in 97% yield. 1H NMR  (CD3OD) δ ppm: 
4.52 (m, 1H), 4.14 (m, 8H), 2.85 (s, 12H), 2.69 (m, 12H). 
13C NMR  (CD3OD) δ ppm: 172.75, 171.97, 69.23, 68.01, 
67.63, 65.56, 62.42, 57.65, 52.06, 45.67, 34.31, 29.00, 
28.97, 28.74, 25.75. MS (FAB+): 925.49. HRMS calcd. for 
 [C41H73N4O19]+ 925.4809, found 925.4906.

2.2.4.6 Compound 24; (Scheme 4) Compound 23 (0.3 g, 
0.27 mmol) was dissolved in pyridine (20 mL) followed by 
the addition of succinic anhydride (0.032  g, 0.32  mmol). 
The mixture was stirred for 18  h before the pyridine was 
removed under vacuum at 40 °C. The residue was purified 
by silica gel chromatography, eluting with EtOAc to afford 
compound 24 in 90% yield. 1H NMR  (CDCl3) δ ppm: 5.31 

(m, 3H), 4.30 (m, 16H), 2.58–2.67 (m, 46H). 13C NMR 
 (CDCl3) δ ppm: 176.91, 173.02, 172.16, 69.33, 67.02, 65.25, 
62.30, 59.49, 55.83, 51.88, 51.77, 43.01, 29.57, 29.02, 
28.94, 28.78, 28.67. MS (FAB+): 1225.52 (MH+) (theory: 
1225.50). HRMS calcd. for  [C45H77N4O19]+ 1225.5030, 
found 1225.5272.
2.2.4.7 Compound 26; (Scheme 5) Compound 25 was pre-
pared according to the literature [56]. Compound 13 (0.80 g, 
0.58 mmol) was dissolved in 75 mL of  CH2Cl2 with com-
pound 27 (0.10 g, 0.24 mmol), DPTS (0.07 g, 0.24 mmol), 
and DCC (0.15 g, 0.72 mmol). The reaction was stirred for 
24 h. The DCU precipitate was filtered and the solution was 
evaporated. The residue was purified by column chromatog-
raphy, eluting with 35% EtOAc in hexanes to afford com-
pound 26 in 58% yield. 1H NMR  (CDCl3) δ ppm: 7.64 (m, 
3Η), 7.36 ((m, 6H), 5.23 (m, 7H), 4.20 (m, 28H), 2.60 (m, 
28H), 2.29 (t, 16H), 1.58 (m, 16H), 1.25 (m, 160H), 1.07 (s, 
9H), 0.85 (t, 24H) ppm. 13C NMR  (CDCl3) δ ppm: 173.41, 
171.74, 171.43, 140.08, 135.34, 130.16, 127.79, 69.54, 
69.20, 62.30, 61.79, 53.38, 33.92, 31.84, 29.60, 29.57, 
29.55, 29.40, 29.27, 29.19, 29.04, 28.71, 28.54, 26.75, 
24.74, 22.59, 14.02 ppm. MS (MALDI): 3181.32 (M + Na+) 
(theory: 3158.32 (M+)). Elemental analysis: C, 67.39%; H, 
9.50% (theory: C, 67.31%; H, 9.51%).

2.2.4.8 Compound 27; (Scheme 5) Compound 26 (0.37 g, 
0.12 mmol) was dissolved in 50 mL of THF. Next, 0.11 g 
(0.41 mmol) of tetrabutylammonium fluoride trihydrate was 
added to the solution. The mixture was stirred for 1 h, until 
the reaction was complete as indicated by TLC. The solution 
was diluted with 10 mL of  H2O and acidified with 1N HCl 
to a pH of 3. The product was extracted into DCM, dried 
over  Na2SO4, and rotoevaporated to dryness. The resulting 
residue was dissolved in ethanol and placed in a freezer at 
-20 °C. The precipitate was isolated by suction filtration to 
afford compound 27 in 53% yield. 1H NMR  (CDCl3) δ ppm: 
5.24 (m, 7H), 4.20 (m, 28H), 2.62 (bs, 28H), 2.29 (t, 16H), 
1.57 (m, 16H), 1.24 (m, 160H), 0.85 (t, 24H) ppm. 13C 
NMR  (CDCl3) δ ppm: 173.48, 171.86, 69.57, 62.34, 61.80, 
33.93, 31.84, 29.57, 29.40, 29.27, 29.19, 29.04, 28.73, 
28.56, 24.74, 22.59, 14.02 ppm. MS (MALDI): 2942.90 
(M + Na+) (theory: 2919.92 m/z (M+)). Elemental analy-
sis: C, 65.98%; H, 9.61% (theory: C, 66.23%; H, 9.67%).

2.2.4.9 Compound 28; (Scheme 5) Compound 27 (0.14 g, 
0.05 mmol) was dissolved in 20 mL of  CH2Cl2 with com-
pound 7 (0.01 g, 0.06 mmol), DPTS (0.01 g, 0.04 mmol), 
and DCC (0.02 g, 0.07 mmol). The reaction was stirred for 
4 days. The DCU precipitate was filtered and the solution 
was evaporated. The residue was re-suspended in DCM, fil-
tered, and precipitated in cold ethanol to afford compound 
28 in 83% yield. 1H NMR  (CDCl3) δ ppm: 7.48 (m, 2H), 
7.34 (m, 3H), 5.54 (s, 1H), 5.23 (m, 7H), 4.72 (s, 1H), 4.21 
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(m, 32H), 2.69 (m, 28H), 2.30 (t, 16H), 1.59 (m, 16H), 1.25 
(m, 160H), 0.86 (t, 24H) ppm. 13C NMR  (CDCl3) δ ppm: 
173.30, 171.63, 171.31, 129.04, 128.26, 125.97, 101.11, 
69.51, 69.22, 68.97, 66.55, 62.33, 61.79, 33.97, 31.90, 
29.67, 29.64, 29.61, 29.47, 29.35, 29.26, 29.10, 28.76, 
28.59, 24.81, 22.68, 14.12 ppm. MS (MALDI): 3105.10 m/z 
(M + Na+) [theory: 3082.10 m/z  (M+)].

2.2.4.10 Compound 29; (Scheme  5) Compound 28 
(0.12 g, 0.04 mmol) was dissolved in THF (20 mL) and 10% 
Pd/C (0.1 g) was added. The solution was then placed in a 
Parr tube on a hydrogenator and shaken under 60 psi of  H2 
for 16 h. The solution was then filtered over wet Celite, con-
centrated, and placed on a high vacuum line to yield 0.11 g 
of product (95% yield). 1H NMR  (CDCl3) δ ppm: 5.23 (m, 
7H), 4.21 (m, 32H), 3.78 (m, 1H), 2.62 (m, 28H), 2.28 (t, 
16H), 1.57 (m, 16H), 1.24 (m, 160H), 0.85 (t, 24H) ppm. 
13C NMR  (CDCl3) δ ppm: 173.34, 171.68, 171.36, 69.53, 
69.25, 62.36, 61.79, 33.97, 31.90, 29.67, 29.64, 29.47, 
29.35, 29.26, 29.10, 28.76, 28.61, 24.81, 22.68, 14.12 ppm. 
MS (MALDI): 3018.77 (M + Na+) [theory: 2994.00  (M+)].
2.2.4.11 Compound 30; (Scheme  6) Compound 24 
(0.023 g, 18.4 µmol), compound 29 (0.025 g, 8.4 µmol), and 

DMAP in a catalytic amount were dissolved in DMF. EDCI 
(1 mg, 18.4 µmol) was added to the mixture and the reaction 
was stirred for 24 h. Upon completion of the reaction, the 
solvent was evaporated. The crude mixture was purified by 
LH-20 chromatography, eluting with DCM/MeOH 1:1 to 
afford compound 30 in 41% yield. 1H NMR  (CDCl3) δ ppm: 
5.30 (m, 15H), 4.31–4.14 (m, 64H), 3.70 (m, 10H), 3.32 (m, 
22H), 3.21 (m, 32H), 3.05 (m, 22H), 2.74 (m, 116H), 2.33 
(m, 20H), 1.94 (m, 14H), 1.60 (m, 20H), 1.25 (m, 176H), 
0.88 (m, 24H). 13C NMR  (CDCl3) δ ppm: 173.45, 172.74, 
171.99, 171.86, 171.54, 69.78, 69.52, 62.53, 62.46, 62.01, 
57.90, 52.07, 45.84, 34.19, 32.11, 29.87, 29.84, 29.67, 
29.54, 29.47, 29.32, 29.08, 29.03, 28.95, 28.87, 25.03, 
22.88, 14.30.

2.2.4.12 Compound 4; (Scheme 6) Compound 30 (0.02 g, 
3  µmol) was dissolved in  CH2Cl2 and methyl iodide was 
added (0.04 g, 0.3 mmol). The reaction mixture was stirred 
for 3 h. The solvent was evaporated to afford compound 4 in 
quantitative yield. 1H NMR  (CDCl3) δ ppm: 5.25 (m, 24H), 
4.28–4.17 (m, 82 H), 3.71 (m, 27H), 3.35 (m, 30H), 3.26 (s, 
70H), 3.17 (m, 30H), 2.87 (m, 16H), 2.68 (m, 60H), 2.31 
(m, 20H), 2.02 (m, 20H), 1.62 (m, 20H), 1.25 (m, 200H), 
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0.88 (t, 24H). 13C NMR  (CDCl3) δ ppm: 173.59, 172.15, 
69.80, 69.52, 62.57, 62.04, 55.06, 52.24, 34.27, 32.19, 
29.93, 29.76, 29.64, 29.55, 29.39, 29.02, 25.10, 22.97, 
14.41. Repeated attempts to obtain the mass spectrum of the 
quaternized dendrimer were unsuccessful.

2.3  Liposome Preparation

Chloroform solutions of the amphiphiles were mixed and 
dried to a thin film by rotary evaporation. The residual sol-
vent was removed under vacuum for 4 h. Dried lipids were 
dispersed with 100 mM Tris buffer, 100 mM NaCl, pH 7.4, 
and sonicated for 10 min. The concentration of each lipid 
was 3 mM in 1 mL.

2.4  Modulated Differential Scanning Calorimetry

0.5 mg of amphiphile in 5 µL of water was hermetically 
sealed in an aluminum pan. The modulation was set to 
±1.00 °C every 40 s, and the pan was equilibrated at −15 °C. 
The temperature was increased at 0.5 °C/min to 70 °C where 
it has held for 2 min. The temperature was then reduced to 
−10 °C and held at this temperature for 2 min. This heat-
ing–cooling cycle was repeated two more times before the 

sample was held isothermal at −10 °C for 20 min. The data 
collected on the third cycle were analyzed.

2.5  DNA Binding Affinities

DNA binding studies were carried out by competitive dis-
placement fluorometric assay using ethidium bromide. This 
assay involved the addition of aliquots of the compound to 
a 3 mL solution of EthBr (1.3 µM) and calfus thymus DNA 
(3 µM) in buffer (100 mM NaCl, 100 mM Tris, pH 7.4) with 
the decrease of fluorescence (λexc = 546 nm, λem = 600 nm; 
1 cm path length glass cuvette, slit width 3 nm) recorded 
after 5 min of equilibrium time following each addition.

2.6  X-ray Diffraction

The liposomes were centrifugated to give a hydrated pellet 
of multilamellar bilayers. The pellet was transferred then to 
a sealed quartz-glass X-ray capillary which was mounted in 
a temperature controllable chamber on a point-focus colli-
mator. A stationary anode Jerrel-Ash generator (Jerrel-Ash 
Div., Fisher Scientific Co., Waltham, MA) was used to pro-
duce Cu Kα X-radiation.4 Diffraction patterns were obtained 
using a flat plate film cassette loaded with Kodak DEF X-ray 
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film. The specimen to film distance was 10 cm with exposure 
times of 2–6 h. The low angle reflections were determined 
in accordance with Bragg’s law 2d sinθ = hλ, where λ is the 
wavelength (1.54 Å), d is the repeat period, h is the number 
of the diffraction order, and θ is the Bragg angle.

2.7  Cell Culture and Gene Transfection Experiment

Chinese hamster ovarian cells (CHO, ATCC, Manassas, VA) 
were cultured in complete F12K media (ATCC) containing 
10% fetal calf serum (Sigma) and 1% penicillin and strep-
tomycin (500 IU/mL and 5000 µg/mL, respectively, Medi-
atech, Herndon, VA) at 37 °C in 5%  CO2 with humidity. 
When the CHO cells reached about 90% confluence, they 
were split into 48-well plates with a 1:4 ratio using a stand-
ard trypsin-based technique. Transfections were performed 
24 h later. Briefly, plasmid DNA coding for a reporter gene, 
β-galactosidase (β-gal, pSV-galactosidase control vector, 
Promega) was first mixed with lipids in potassium phosphate 
buffer (PBS) at room temperature. Depending on the experi-
mental design, the ratio of DNA and amphiphile, the pH of 
the buffer used, and incubation time was varied. The mixture 
was incubated for 15 min at room temperature before adding 
to the cells. The amount of DNA used was the same as used 
in naked DNA control and positive control (commercially 
available transfection reagents). After incubation at 37 °C 
and 5%  CO2 for 2 h, medium containing the mixtures was 
gently removed and fresh growth medium was added. Trans-
fection efficiencies were assessed 24–48 h post transfection 
depending on the experimental design. Negative controls 
were constructed with 1.0 mL of serum-free F12 K medium 
and naked DNA controls were using 1.0 mL of serum-free 
F12 K medium with 10.0 µL (1 µg) of reporter gene. P osi-
tive controls were performed according to the manufactur-
er’s protocol. Briefly stated, 2.0 µL of  escort® transfection 
reagent (1 mg/mL) (Sigma) was mixed with 10.0 µL (1 µg) 
of reporter gene in 1.0 mL of serum free F12 K medium for 
15 min at room temperature before transfecting cells.

2.7.1  Reporter Gene Transfection Efficiency Assay

Reporter gene (β-gal) assay was performed with a 
β-galactosidase enzyme assay system (Promega, Madison, 
WI) following the manufacturer protocol. Briefly cells were 
first lysed using M-PER buffer (Pierce, Rockford, Illinois) 
and enzyme activities were determined.A standard curve was 
constructed for each experiment using dilutions of purified 
β-gal protein.The β-gal activities from experimental sam-
ples were determined by comparison to the standard curve 
(enzyme activity vs. enzyme concentration). Efficiency of 
each transfection was calculated as β-gal activity normalized 
to total protein.

2.8  Cytotoxicity

Cytotoxicity was assessed using a formazan-based prolifera-
tion assay (CellTiter 96 AQueous One Solution Cell Prolif-
eration Assay kit, Promega) and a total protein-based assay 
(Pierce). Briefly cells were seeded onto a 96-well microtiter 
plate with an appropriate density of 1 × 104 cells per well. 
A predetermined amount of test chemical was added onto 
the cells 24 h later. After 24, 48, or 72 h, MTS (substrate) 
was added to each well and the plate was incubated for 4 h 
at 37 °C in a humidified, 5%  CO2 incubator. The amount of 
soluble formazan produced by cellular reduction of the sub-
strates MTS was recorded at 490 nm using a multi-well plate 
reader. For the total protein-based proliferation assay, cells 
were lysed at the same time when transfection efficiency 
was assayed. A 5 µL of lysates were transferred to a sepa-
rate multi-well plate. The total protein content was assessed 
using the Coomassie Blue protein kit (Pierce, Rockford, IL) 
following the manufacturer protocol. Negative and positive 
controls were non-treated cells and commercial lipid treated 
cells, respectively. The proliferation results were expressed 
as percentages of non-treated cells.

3  Results and Discussion

For this intended application, we established a set of five 
chemical design requirements to guide our studies. First, 
the building blocks used for the four amphiphilic surface-
block dendritic macromolecules, shown in Fig. 1, are to be 
either natural metabolites or recognized as safe to minimize 
cytotoxicity. Thus, we selected glycerol, succinic acid, 
myristic acid, and choline. The Grinstaff group has pub-
lished extensively on dendritic macromolecules composed 
of either natural metabolites or other monomers known to 
be non-toxic [54, 57–61]. These dendritic structures are bio-
compatible, with many of the compositions used in vivo for 
applications in wound repair,[57, 62–65] drug delivery,[66, 
67] and cartilage tissue regeneration [68]. Second, to bind 
DNA a cationic charge was installed on the periphery of 
the dendrimer. The quaternized amine of choline group was 
chosen because it provides a cationic charge, which is unaf-
fected by solution pH, for electrostatically complexing the 
negatively charged phosphate groups present in DNA. Third, 
to facilitate compaction with DNA an amphiphilic surface-
block structure was used where myristic acid was linked to 
one-half of the periphery end groups. The 14 carbon chains 
of myristic acid provide hydrophobicity, an important fea-
ture known for compaction of the amphiphile/DNA structure 
and cellular uptake across the biological membrane. Fourth, 
the dendrimer structure should possess degradable linkages 
so that it can be a temporary scaffold for DNA complexation. 
Thus, the building blocks of the surface-block dendrimers 



394 J Inorg Organomet Polym (2018) 28:383–398

1 3

were linked through ester bonds that are susceptible to deg-
radation via hydrolysis or enzymatic cleavage. Finally the 
synthetic approach to prepare the four amphiphilic surface-
block dendrimers relies on both multi-step divergent and 
convergent approaches to maximize efficiency, and subse-
quent use of various intermediate chemical structures.

These poly(glycerol–succinic acid) (PGLSA) dendrim-
ers derivatives display different numbers of quaternized 
amines and alkyl chains on the periphery of the dendrimer 
(Fig. 1). Compound 1 has two alkyl chains of 14 carbons 
and two quaternary amines. It was synthesized in six reac-
tions following a divergent route (Scheme 1). Compound 
2 has two cationic charges and four alkyl chains, and was 
similarly prepared via a divergent approach in six reactions 
(Scheme 2). Dendrimer 3 has four quaternary amines and 
four alkyl chains and is synthesized in 8 reactions (Schemes 
2, 3; compilation Scheme 7). Compound 4 has eight alkyl 
chains and eight quaternary amines. Its synthesis relied on 
using a combination of a divergent and convergent approach 
(Schemes 4, 5, 6). The two halves of dendrimer 4 are pre-
pared separately in Schemes 4 and 5, respectively, and then 
coupled together to afford dendrimer 4.

The synthesis of dendrimer 3, as shown in Scheme 7, 
is discussed in detail as a representative example of the 
approach and methods used to prepare dendrimers 1 through 
4. Myristic acid was coupled to 11 [56] in the presence of 

N,N-dicyclohexylcarbodiimide (DCC) and 4-(dimethyl-
amino)pyridinium p-toluenesulfoxide (DPTS) in 89% yield 
followed by removal of the silyl protecting group with TBAF 
in THF in 87% yield. Compound 12 was then coupled to 
7 using DCC and DTPS in 92% yield to give 13. Subse-
quent hydrogenolysis to cleave the benzylidene acetals of 
13 afforded 14 in quantitative yield. Compound 14 was 
coupled with two equivalents of benzylidene glycerol suc-
cinic acid monoester, 15,[55] in the presence of DCC and 
DPTS to give compound 16 in 60% yield. Compound 16 
was then subjected to hydrogenolysis conditions to cleave 
the benzylidene acetals and afford compound 17 in quantita-
tive yield. Separately, dimethylethanolamine succinic acid 
monoester, 10, was prepared by reacting choline with suc-
cinic anhydride in the presence of pyridine in 90% yield. 
Next, compound 17 was coupled to 10 in the presence of 
DCC and DPTS in 50% yield. Finally, quaternization of the 
amines of the dendrimer with methyl iodide afforded com-
pound 3 in quantitative yield. Key to the synthesis of all 
the dendrimers was the use of step-wise esterification and 
hydrogenolysis reactions.

Several experiments were performed to characterize the 
physical properties of this family of surface-block den-
drimers, and the results are displayed in Table 1. Given 
the amphiphilic structures of these dendrimers, it seemed 
likely that these amphiphiles would form supramolecular 
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structures in aqueous solution. The critical aggregation con-
centration (cac) for compounds 1–4 were measured using 
a pyrene probe [69] and determined to be 17, 13, 5, and 
18 mM, respectively. Interestingly, these values are higher 
than those observed for carboxylic acid terminated surface-
block dendrimers [56]. The milky aqueous suspensions of 
1, 2, 3 or 4 were then extruded through a 100 nm polycar-
bonate membrane using a mini-extruder. All of the samples 
gave aggregates except for dendrimer 2. Dendrimer 2 formed 
supramolecular structures of 260 nm in diameter. When the 
dendrimers were extruded in the presence of DNA, large 
aggregates were observed with 1, 3, and 4, whereas 2 formed 
dendrimer/DNA assemblies of 280 nm in diameter. Differ-
ential scanning calorimeter (DSC) traces of the hydrated 
amphiphiles in aqueous solution showed a phase transition 
temperature of 32, 14, 23, and 14 °C for compounds 1–4, 
respectively. The structures of the assemblies formed by the 
dendrimers were next investigated by X-ray diffraction at 
25 °C. The diffraction patterns of oriented multilayers of 1 
in the presence or absence of DNA showed lamellar struc-
tures with d spacings of 6.3 nm. For dendrimer 3, we were 
unable to obtain a satisfactory pellet for analysis except in 
the presence of DNA where the d spacing was 5.5 nm. We 
were unable to obtain patterns from pellets of 2 and 4 with 
or without DNA.

To determine the interactions between the cationic amphi-
liphilic dendrimers and DNA, a standard ethidium bromide 
displacement fluorescence assay was performed. Ethidium 
bromide (EtBr) fluoresces intensely when intercalated within 
a DNA duplex. As shown in Fig. 2, the fluorescence inten-
sity decreased rapidly upon addition of the cationic den-
drimers corresponding to the formation of a dendrimer/DNA 
complex and displacement of EtBr. The binding curves for 
1–4 indicated that a charge complex of approximately 6:1, 
4:1, 10:1, 11:1 was formed between the dendrimers and the 
DNA, respectively. For compounds 1–4 the data suggested 
that the number of alkyl chains and charge of the dendrimers 
have an important influence on binding affinity. Compound 2 

showed the lowest dendrimer/DNA charge ratio of 2:1. This 
may be a result of the larger alkyl chain to amine ratio (2:1) 
for compound 2 compared to the other dendrimers (1, 3, and 
4 had an alkyl chain to amine ratio of 1:1).

Transfections experiments using the reporter gene, 
β-galactosidase (pSV-β galactosidase control gene, Pro-
mega) were performed next with Chinese hamster ovarian 
(CHO) cells. Gene transfection results were determined 
after 48 h as a function of both dendritic amphiphile and 
cation:anion ratio. As shown in Fig. 3, dendrimer 2 was the 
most effective synthetic vector. The transfection efficiency 
of dendrimer 2 was significantly greater than that of uncom-
plexed DNA, but less than that of the commercially available 
amphiphilic synthetic vectors Dotap or Escort. The transfec-
tion rates of dendrimers 1, 3, and 4 were significantly less 
than that of 2. Preparing formulations of the dendrimer 2 and 
DOPE with the DNA did not increase the transfection effi-
ciency. Cytotoxity experiments performed with CHO cells 

Table 1  Critical aggregation concentration (cac), dynamic light scat-
tering data, thermal transition temperature  (TM), transition enthalpy 
(ΔH), and cation:anion charge ratio for compounds 1–4 

Com-
pound 
no.

cac 
(mmol/L)

DLS (nm) DLS (nm)
w/DNA

TM (oC) ΔH (kJ/mol)

1 17 Aggre-
gates

1283 32 0.3

2 13 260 284 14 2.5
3 5 Aggre-

gates
1776 23 1.1

4 18 Aggre-
gates

Aggre-
gates

14 1.4
0

10

20

30

40

50

60

70

80

90

100

0 5 10 15

Charge ratio

Fl
uo

re
sc

en
ce

 (a
.u

)

1
2
3
4
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and all of the cationic amphiphilic dendrimers showed no 
significant cytotoxicity as the treated samples were similar 
to non-treated samples.

Following the seminal paper on the use of dendrimers as 
gene transfection vehicles by Szoka, there has been intense 
activity in this area. These activities have centered around 
three major research efforts—dendrimer composition and 
structure, attachment of functionalities such as peptides and 
carbohydrates, and directed biological applications (e.g., 
plasmids, RNA, cell lines, in vivo studies). We will limit 
our discussion to the first, where synthesis and evaluation 
of gene transfection activity were the primary outcomes and 
have selected several representative publications for discus-
sion. The forthcoming comparisons have several caveats as 
the cell lines and reporter genes (β-galactosidase vs. lucif-
erase) used vary between the published reports, and thus 
an approximation is necessary to facilitate the discussion. 
Symmetrical PAMAM dendrimers of generation 0–10 have 
been explored by the groups of Szoka [42, 70], Tomalia 
and Baker [43, 44], Shirkoohi [71], Sadeghpour [72], and 
such dendrimers show high transfection activity. Transfec-
tion efficiency was dependent on generation number with 
larger sized dendrimers (e.g., G6+) performing better, DNA/
cation charge ratio with an excess of PAMAM amines to the 
anionic phosphates of DNA affording greater activity, and 
structurally incomplete or fragmented dendrimers perform-
ing best. Significant transfection activity was observed with 
poly(phosphorus) based dendrimers reported by the Majo-
ral group [46] and poly(lysine) dendrimers by the Okuda 
and Park groups [47]. Spermine-based dendritic structures, 
possessing a high density of amines, which tightly complex 
DNA have also been described [73]. Building upon these 
results, synthetic efforts were directed at preparing asym-
metric dendrimers that possessed both cationic groups and 
hydrophophobic chains. These macromolecular amphiphi-
les mimic the structural characteristics of conventional gene 
transfection agents such as DOTAP and Lipofectamine. Such 
asymmetric amphiphilic dendrimers were first reported by 
Diederich [48] and Kono [49, 50]. In the study by Dieder-
ich, the amphiphilic surface-block dendrimers possessing a 
rigid diphenylethyne core and various primary amines and 
C12 chains showed activity of about twice that of Dotap. 
In comparison, amphiphile 2 has about only 50% of the 
activity of Dotap. Our results, in combination with others 
studying amphiphilic dendrimers, for gene delivery indicate 
that: (1) structures possessing both cations and alkyl chains 
complex DNA; (2) decreased aqueous solubility is observed 
when the number of alkyl chains surpasses the number of 
cationic charges; (3) the supramolecular structures with 
DNA are dependent on dendrimer composition with those 
structures possessing a smaller number of alkyl chains and 
cationic head groups forming discrete 100 s of nm struc-
tures as opposed to larger aggregates; (4) incorporation of a 

flexible core linker or increasing the length of the core linker 
decreases transfection efficacy, and amphiphiles possessing a 
relatively short and rigid core linker perform better; and (5) 
increased transfection activity is observed when the number 
of cationic head groups is two or three on the amphiphilic 
structure.

4  Conclusion

In summary, a series of poly(glycerol-succinate) amphiphilic 
dendrimers were synthesized and characterized that possess 
an outer layer of quaternary amines and alkyl chains. The 
approach described for synthesizing these dendrimers is 
applicable to the preparation of a variety of monodisperse 
macromolecules with a range of molecular weights, polari-
ties, and surface groups. By varying the number of cationic 
charges and alkyl chains, it was possible to modify impor-
tant structural features with respect to DNA binding and 
transfection. All four dendrimers bind DNA, and dendrimer 
2 bound DNA with the smallest charge ratio. As the den-
drimer generation increased, the charge ratio also increased. 
In general, these dendrimers did not form well-defined struc-
tures alone or with DNA in solution, and gave aggregates. 
Only dendrimer 2 gave small vesicular structures of sev-
eral 100 nanometers with and without DNA. Dendrimer 2 
was the best transfection agent consistent with its ability 
to bind DNA and form compact polyplexes, both of which 
facilitate the entry into the cell for subsequent transfection. 
From our studies, it is clear that charge, hydrophobicity, 
size, and compaction ability play important roles in binding 
and formation of DNA-dendrimer complexes and transfec-
tion efficiency. Continued research in this area will provide 
additional insights into the roles amphiphile composition 
and structure play in the optimization of effective synthetic 
vectors for the delivery of DNA, siRNA or oligonucleotides.
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