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ABSTRACT

We demonstrated the formation of oligodeoxynucleotide

(ODN) nanoparticles in the presence of polypropylenimine

(PPI) dendrimers using total intensity light scattering (TILS)

and atomic force microscopy (AFM). Based on the

interesting observations during the ODN condensation, two 

competitive condensation mechanisms were proposed,

which are very different from the condensation pathways of 

high molecular weight DNA polymers. Confocal

microscopic analysis showed that the nanoparticles formed

with G4 and G5 dendrimers could undergo facile cellular

uptake in a breast cancer cell line, MDA-MB-231, whereas

particles formed with G1-G3 dendrimers lacked this ability.

Nanoparticles formed with G1-G3 dendrimers showed

significantly lower zeta potentials (5.2-6.5 mV) than those

(12-18 mV) of particles formed with G4 and G5 dendrimers.

These results indicate an important effect of both the size

and surface charge density of the dendrimers on ODN

nanoparticle formation and cellular transport. Finally, we

report a novel condensing approach to reach a goal of high

efficiency and low/nontoxic transport of high concentration 

DNAs to cancer cells by using low-generation PPI

dendrimers with gold nanoparticles as labile catalyst.

Keywords: gene delivery, gold nanoparticles,

oligodeoxynucleotide condensation, DNA condensation,

polypropylenimine dendrimers. 

1. INTRODUCTION

Non-viral gene therapy relies on the transport of high

concentration therapeutic ODNs or plasmid DNA

selectively into cancer cells without causing toxic effects. A 

pre-requisite for DNA transport is the compaction of DNA

to nanoparticles. There has been considerable literature on

the condensation of plasmid and linear double stranded

DNA to nanoparticles. However, investigations on the

condensation of ODNs to nanoparticles are scant and the

mechanism involved is not clear yet. It is important to

understand the mechanism in order to develop more

efficient strategies for ODN nanoparticle formation. We

therefore undertook a detailed study of the efficacy and the 

mechanism of 5 generations (G1 to G5) of PPI dendrimers

to provoke nanoparticles from a 21-nt antisense ODN,

which is commonly used to inhibit the translation of the c-

myc oncogene by hybridizing at the AUG translational

region of the c-myc mRNA.

We demonstrate the formation of predominantly spheroidal

nanoparticles of the ODN. Nanoparticles formed with G4

and G5 dendrimers could undergo facile transport to a

breast cancer cell line. Using AFM to monitor the

condensation process, we found extended nanofibers and

aggregated nanoclusters in the initial states of ODN

condensation with all five generations of dendrimers. With

higher generations, more aggregates of the nanofibers were

found. With longer periods of condensation, they all

became more compacted nanoparticles. Based on these

results, we propose two competitive condensation pathways 

of the ODNs in the presence of PPI dendrimers. One

pathway is that the PPI dendrimers first “zipped” the ODN

molecules by electrostatic interaction to form extended

nanofibers, followed by secondary folding and compaction

into spheroid and toroid-like nanoparticles often seen in

high molecular weight linear and plasmid DNAs; the other

is that the condensed nanoclusters were formed first and

then acted as nucleation cores to extend in two dimensional

x-y plane by recruiting more ODNs and dendrimer

molecules, and finally condensed to spheroid and toroid-

like nanoparticles. Understanding the unique condensation

pathways will greatly help the rational design of more

effective vectors specifically for short therapeutic ODNs.

Finally we report a novel condensing approach to reach the 

goal of high efficiency and low/nontoxic transport of high

concentration DNAs to cancer cells. In this method, gold

nanoparticles modified with PPI G3 dendrimers efficiently

condensed the plasmid DNA into nanoparticles, and then

upon condensation, the gold nanoparticles themselves left

the condensates. This result is very different from

previously reported condensation by using Au nanoparticles 

as condensing agents. The gold nanoparticles here acted as

a labile condensation catalyst to help the low generation

dendrimers to effectively condense DNA while maintaining 

their non-toxic property. 

2. MATERIALS AND METHODS

The 21-nt antisense ODN with the sequence of 5’-

GAAGTTCACGTTGAGGGGCAT-3’ was purchased from

Oligos, Etc. (Wilsonville, OR). The PGL-3 luciferase

control vector (5256 bp), which contains the SV40

promoter and enhancer sequences, was purchased from

Promega (Madison, WI). Breast cancer cell line, MDA-
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MB-231 was obtained from ATCC (Manassas, VA). PPI

Dendrimers (generation-1 (G1), G2, G3, G4 and G5) and

other chemicals used in this study were purchased from

Aldrich (Milwaukee, WI), and used without further

purification.

ODN and Plasmid DNA Condensation. Condensation

experiments were conducted in 10 mM Na cacodylate

buffer (10 mM Na cacodylate, pH 7.4, 0.5 mM EDTA) or

in 10 mM Na cacodylate buffer containing the approximate

physiological concentration of cations (120 mM KCl, 10

mM NaCl, 2 mM MgCl2, and 0.1 mM CaCl2).

Gold nanoparticles modified with PPI G3 dendrimers.

32.8 mg of PPI G3 dendrimer was mixed with 8.8 ml of

2.45 mM HAuCl4 solution with a molar ratio of 0.9:1 and

then heated at 80° C for 1 hour with continuous stirring.

The clear solution thus obtained was cooled to 22 °C and

dialyzed (3.5-kDa cutoff) against 200 ml of double-distilled

water twice. The dialyzate was appropriately diluted for

study.

3. RESULTS AND DISCUSSION

3.1 Condensation of ODN with PPI

dendrimers and their uptake in breast cancer

cells

The efficiency of each dendrimer to condense ODN was

quantified by calculating the concentration of dendrimer at

the midpoint (50%) of ODN condensation (EC50) based on

plots of total scattered light intensity against the

concentrations of different generations of dendrimers

(Fluoromax-2 spectrofluorometer, Jobin Yvon-Spex

Instruments, NJ). It was found that in 10 mM Na cacodylate 

buffer, the EC50 values were 1.7, 1.7, 1.0, 0.5, and 0.1 µM,

respectively, for G1, G2, G3, G4 and G5 dendrimers. The

decrease in EC50 might be due to the increase in the number 

of primary amino groups in higher generation dendrimers,

with consequent increase in the positive charges per

molecule. In 10 mM Na cacodylate buffer containing the

approximate physiological concentration of cations, the

ODN condensation was found to occur at lower

concentrations of dendrimer than that in 10 mM Na

cacodylate buffer. The EC50 values were 0.42, 0.15, 0.095,

0.045 and 0.035 µM, respectively, for G1, G2, G3, G4 and

G5 dendrimers. This suggests that cations and dendrimers

had additive/synergistic effect on condensing the ODN.

AFM (Nanoscope IIIA, Digital Instruments, CA) was used

to monitor ODN condensation process. As shown in Figure 

1, extended nanofiber-like structures as well as aggregates

of nanowires were formed in the presence of the dendrimers 

from G1 to G5 dendrimers after 10 minutes of condensation. 

With lower generations, we found more isolated wires

(Panel A). The height of the isolated wires was about 0.4-

0.5 nm and length of about 200-600 nm. Occasionally,

these isolated fiber-shaped structures were also found in

higher generations, but the height of the wires is slightly

higher than those found in G1 and G2. Panel F shows

several isolated nanofibers formed from G5 with an average 

height of 0.7-0.8 nm. The isolated nanofibers may

correspond to the first stage of condensation. Then they

interact with each other in parallel to form ribbon- and rod-

like structures. In Panel F and the inset of Panel C, we can

clearly see that nanofibers lie in parallel. The isolated

nanofibers, the ribbon- and rod-like structures could also

interconnect to each other in a “head to tail” style to form

extended fibers, which then form curved and looped

structures (Panel B, D and E). It was noticed that with

higher generations, more ribbon and looped structures were 

formed and they were more aggregated to each other.

Figure 1. AFM images of condensates formed by the 21-nt ODN in the
presence of PPI dendrimers after 10-minute condensation. ODN had a

concentration of 0.4 µM and dendrimer was 2.5 µM in a 10mM Na

cacodylate buffer solution containing the approximate physiological
concentration of cations. Panels are (A) G1, (B) G2, (C) G3, (inset) Phase 

image with same scale.  (D) G4, (E) G5, (F) G5. Bar represents 250 nm in

all panels.

Occasionally other intermediate structures were also found

after 10 minutes of condensation. Typical intermediate

structures formed with G5 dendrimer are shown in Figure 2. 

Panels A and B show loosely condensed clusters of ODN

and dendrimer molecules. The height of the condensed core 

in the center is ~2-3 nm and the height of the surrounding

region is about 0.8-1.0 nm. These condensed nanoparticles

appear to recruit additional ODN and dendrimer molecules

by electrostatic interaction to form rod-like (Panel C) or

dumbbell-shaped (Panel D) nanoparticles or directly form

spheroid-shaped particles. It appears that the

rods/dumbbells could fuse into toroids, as observed in Panel 

E. In addition, rods/dumbbells could become spheroids,

depending on the strength and extent of folding and coiling.

After 1 h of condensation, spheroid-like nanoparticles were 

predominant for ODN condensates formed with all five

generations of dendrimers. Figure 2(F) is an AFM image of 

typical spheroids formed with G5 dendrimers. ODN

nanoparticles formed with G1 dendrimer are significantly

larger (diameter=210±40 nm, height=54±11 nm) than those 

formed with other 4 generations of dendrimers. The height

of these particles was also 2- to 3- fold higher than that of

other particles. The diameter and height of the nanoparticles 

formed with G2 to G5 dendrimers were comparable

(diameters are 74±18 nm, 98±20 nm, 42±11 nm, 71±21 nm 

and heights are 17±5 nm, 21±4 nm, 14±4 nm, 20±6 nm for
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the nanoparticles formed with G2, G3, G4 and G5

dendrimers respectively) although nanoparticles formed

with G4 dendrimer are the smallest. 

Figure 2. Typical intermediate structures formed during the condensation

of the ODN with G5 dendrimers (A-E) and typical spheroids formed after

1 hour condensation of ODN with G5 dendrimers (F). (A) Loosely
condensed clusters of ODN and G5 dendrimer; (B) Relatively small

nanoparticles; (C) rod; (D) dumbbell shaped structure; (E) toroid; (F)

spheroids. Bar represents 400 nm in panel A-E and 1 um in panel F. 

These data suggest that the initial steps in the compaction of 

ODN to nanoparticles occur by mechanism(s) different

from those observed during condensation of a long DNA

polymer. It is possible that PPI dendrimers first “zipped”

the ODN molecules by electrostatic interaction to form

extended chains. During the formation of nanofibers the

dendrimers provide a template as well as counter-ions for

charge neutralization. The extended chains may aggregate

or wrap around to form condensed spheroid or toroid-like

nanoparticles, similar to the condensation mechanism

observed for high molecular weight linear and plasmid

DNAs. A schematic model for the “zipping” mechanism of

the ODN with dendrimers, and its subsequent condensation

to nanoparticles is proposed in reference [1].

Occasionally, we also found small clusters, cluster

aggregates, and interconnections of aggregated nanoclusters 

and nanofibers on the AFM images (Figure 2). Therefore,

we propose that a competitive pathway for ODN

condensation co-existed. At the initial condensation state,

small nanoclusters may act as nucleation sites to fuse more

ODNs and dendrimer molecules or to aggregate more small 

condensates together, and finally form the discrete

nanoparticles. A tendency to decrease the surface area

seems to be a plausible explanation for the formation of

larger ODN nanoparticles. A schematic model for this

competitive pathway is also proposed [1].

The compacted nanoparticles formed from ODNs and

dendrimers are expected to pass through the cell membrane 

more efficiently compared to the naked ODN. We next

examined the cellular uptake of the 21-nt antisense ODN

(fluorescein-tagged) by MDA-MB 231 cells in the presence 

of G1-G5 dendrimers using confocal microscopy (Zeiss

LSM-510 laser scanning microscope, Carl Zeiss, NY).

Control consisted of cells that were treated with

fluorescein-tagged ODN alone. It was found that in the

absence of dendrimer (control), there was no green

fluorescence in the cells, indicating lack of uptake of ODN. 

With G3, ODN was seen as a mild green fluorescence

staining in the cytoplasm. With G4 and G5 dendrimers,

presence of ODN was evident in both cytoplasm and nuclei 

of cells as green fluorescence. The cellular uptake of ODN

was highest in the presence of G5 and absent in the

presence of G1 and G2. Figure 4 shows the confocal images 

of control and G4 dendrimer-treated cells.

Figure 3. Representative images of cellular uptake of fluorescein-labled
ODN by MDA-MB 231cells by confocal microscopy. ODN uptake in the

absence of (A-D) or the presence (E-H) of G4 dendrimer is shown.

Differential interference contrast images of cells are shown in panels A
and E. Nuclei was stained with 4’6’-diamidino-2-phenylindole (B and F). 

Dendrimer and ODN were mixed and incubated for 10 minutes at room

temperature before dosed in the cells. Final concentrations of ODN and
dendrimer in the cell culture medium are 0.2 µM and 0.2 µM respectively.

Even though dendrimer concentrations used for confocal

microscopy were higher than the EC50 values required for

DNA condensation, G1 and G2 dendrimers were

completely inefficient in facilitating cellular uptake of ODN.

This result is similar to our recent studies using PPI

dendrimers in delivering triplex-ODNs in different cancer

cell lines [2]. This difference in efficacy could be partially

attributed to the smaller size of the nanoparticles formed

with higher generations of dendrimers. However, the G2

condensed DNA nanoparticles (diameter, 74±18 nm and

height, 17±5 nm) have approximately the same size as G5

condensed DNA nanoparticles (diameter 71±21 nm and

height 20±6 nm), but G2 was unable to transport the ODN

to cells. Our data on ζ-potential provide clues on an

essential requirement for cellular uptake. The nanoparticles

produced with G1, G2 and G3 dendrimers had significantly 

lower ζ-potential (5.6, 5.2 and 6.5 mV respectively)

compared to those produced with G4 and G5 (12.1 and 17.7 

mV respectively) dendrimers. It suggested that a

sufficiently positive charge might be necessary for cellular

uptake of ODN nanoparticles and the size and surface

properties of the nanoparticles are both important in their

cellular uptake. 

In summary, this study shows that amine terminated PPI

dendrimers are capable of inducing nanoparticle formation. 

Nanoparticles formed were predominantly spheroids, with

occasional toroids, similar to the particles formed from high 

molecular weight DNA; however, they experienced very

different condensation pathways.  Although all five

generation PPI dendrimers were able to provoke ODN

nanoparticle formation, only the particles formed from G4

and G5 could undergo facile cellular uptake in MDA-MB-

231 cells. This study demonstrated both the size and the

surface charge density of the ODN nanoparticles are

important in cellular transport. 
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Prompted by these results, we started exploring a novel

condensing approach to reach a goal of high condensation

efficiency using the low-generation dendrimers with the

gold nanoparticles as labile catalyst.

3.2 Condensation of plasmid DNA by gold 

nanoparticles modified with PPI G3 

dendrimer

PPI G3 dendrimer-modified gold nanoparticles were

synthesized by reducing hydrogen tetrachloroaurate with

PPI G3 dendrimers according to a procedure described by

Wang and et al. [3]. The PPI G3 dendrimer acted both as

the reducing agent and protecting agent. As a result, each

gold nanoparticle physically anchored several G3

dendrimers [3-5], which efficiently increased the positive

charges on each of the condensing agents to effectively

condense DNA. The resulting solution was clear with

reddish color and exhibited a plasmon band at ~ 529 nm by 

UV-visible spectroscopy (Cary 300 UV-Vis

Spectrophotometer, Varian Inc., CA). The after-dialyzed

gold nanoparticles have size of 8.3±2 nm from EM

measurement and ζ-potential of 34.1 mV (pH~8.1). 

Next, we studied the efficiency of the Au nanoparticles to

condense PGL-3 plasmid DNA in double-distilled water.

The topographical image and phase image of the

condensates was concurrently obtained by tapping mode

AFM and shown in Figure 4A and 4B. From Figure 4A, we 

Figure 4. AFM images (panel A and B) and EM images (panel C and D)

of condensates formed by plasmid DNA in the presence of PPI G3
dendrimer modified gold nanoparticles (1-hour condensation). (A) Height

image, z range = 18.0 nm; (B) phase image, z range=10 degree. (C) One
DNA nanoparticle imaged by EM. (D). The same nanoparticle imaged by

EM in the electron filtering mode. Scale bar represents 500 nm in panel A 

and B and 50 nm in C and D.

can see two sets of nanoparticles, one set with an average

height 3.9±0.7 nm and diameter of 81±36 nm, which are

believed to be the condensed DNA arbitrated from their

daisy flower-shaped peripheral and the other set of

nanoparticles with an average height of 6.4±2.3 nm, and

diameter of 23±4 nm. In AFM, height instead of diameter is 

commonly used to characterize the size of nanoparticles due 

to the tip convolution effects. The height of the

nanoparticles from AFM is very close to the size of the gold 

nanoparticles in EM measurement, so we assign this set of

nanoparticles as the gold nanoparticles, which left the

dendrimers upon DNA condensation. The phase imaging

displayed in Figure 4(B) shows that the two sets of

nanoparticles have different phase shift. The phase of the

small nanoparticles shifted 6.1±1.1 degree and that of the

larger ones only shifted 0.8-1.7 degree. These results

further suggest that these two sets of nanoparticles were

composed of different materials. The arrow in Figure 4B

indicates that a gold nanoparticle is leaving the condensates.

To further confirm that the gold nanoparticles left the

dendrimers upon DNA condensation, the same solution was 

imaged by EM (LEO 922 electron microscope). If gold

nanoparticles were included in the condensates, they should 

be detected by EM due to the natively high contrast of gold 

in EM. One drop (5 µl) of this solution was deposited on a

carbon coated 200 mesh copper grid that was glow

discharged for 1 minute. After 3 minutes, the sample was

drained off with a filter paper and further dried with a flow

of N2 gas. The sample was not stained with 1% uranyl

acetate solution to find out if any gold nanoparticles were

left inside the condensates. Figure 4C shows a typical EM

picture of the DNA condensates. The diameter of the

condensate is around 100±30 nm. The size and shape of the 

condensates was similar to the larger flower-shaped

nanoparticles in the AFM images. By imaging the same

condensates in the energy filtering EM mode [6], setting the 

energy slit to 2386 eV, which is the energy edge of Au

element, we performed Au elemental analysis of the

condensates. As shown in Figure 4D, the image was totally

blank with no Au signal from the condensate, indicating

that the gold nanoparticles left the products upon

condensation. The result demonstrated here is very different 

from previous reported condensation “catalyst” by using Au 

and other nanoparticles as condensing agents [7]. The Au

nanoparticles here acted as a “labile” condensation catalyst

to help the low generation dendrimers to effectively

condense DNA while maintaining their non-toxic property. 

4. CONCLUSION

We systematically studied the condensation of short ODNs

with PPI dendrimers. Two competitive condensation

mechanisms were proposed which are different from those

of the high molecular weight DNA. Confocal microscopy

study demonstrates that only G4 and G5 could facilitate the 

ODN uptake into cancer cells although all five generations

were able to provoke ODN nanoparticle formation. With an 

aim to deliver DNA to cancer cells with high efficiency and 

low toxicity, we developed a novel delivery approach in

which gold nanoparticles were used as “labile catalyst” to

help the low generation dendrimers to effectively condense 

DNA while maintaining their non-toxic property.
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