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Although various cationic polymers have been used to condense anionically charged DNA to improve their
transfection efficiency, there is still a lack of fundamental understanding about how to control the nanostructure
and charge of the polyplexes formed and how to relate such information to cell transfection efficiency. In this
work, we have synthesized a weak cationic and phosphorylcholine-containing diblock copolymer and used it as
a model vector to deliver an antisense oligodeoxynucleotide (ODN) into HeLa cells. Small angle neutron scattering
(SANS) was used to determine the copolymer/ODN polyplex structure. The SANS data revealed the formation
of polyplex nanocylinders at high copolymer (N)/ODN (P) charge ratios, where N symbolizes the amine groups
on the copolymer and P symbolizes the phosphate groups. However, the cylindrical lengths remained constant,
indicating that the ODN binding over this region did not alter the cylindrical shape of the copolymer in solution.
As the N/P ratio decreased and became close to unity the polyplex diameters remained constant, but their lengths
increased substantially, suggesting the end-to-end bridging by ODN binding between copolymer cylinders. As
the N/P ratios went below unity (with ODN in excess), the polyplex diameters increased substantially, indicating
different ODN bridging to bundle the small polyplexes together. Transfection studies from HeLa cells indicated
a steady increase in transfection efficiency with increasing cationic charge and decreasing polyplex size. Cell
growth inhibition assay showed significant growth inhibition by the polyplexes coupled with weak cytotoxicity,
indicating effective ODN delivery. While this study has confirmed the overall charge effect, it has also revealed
progressive structural changes of the polyplexes against varying charge ratio, thereby providing useful insight
into the mechanistic process behind the ODN delivery.

Introduction

Gene delivery has great potential to cure many genetic and
acquired diseases. Non-viral gene delivery is especially advanta-
geous because it could avoid unacceptable immune responses
and other adverse events as recently reported for viral gene
delivery.1-4 However, the main obstacle to non-viral gene
delivery is its low gene transfection efficiency, caused by the
poor transport of DNA across cell membranes2 and the
subsequent decomplexation of the transfecting vector from DNA
after internalization. Various cationic polymers have shown
promising effects in facilitating gene delivery as they readily
complex with DNA to form polyplexes by neutralizing the
negatively charged anionic phosphate groups and hence improve
transfection.5-16 Cationic polymers such as poly-L-lysine (PLL),
poly(ethyleneimine) (PEI), and polyamidoamine dendrimers all
readily form complexes with DNA through electrostatic interac-
tion. Modified natural polymers such as chitosan and its
derivatives are also widely used, but they are usually polydis-
perse and require careful control of charge density, making it
difficult to link their structural properties to gene transfection.

The polymers used to date for complexation are diverse and
vary in size, molecular architecture, and chemical nature, so
there is still a lack of understanding to guide the design of
polymer structure to match a given DNA and cell type for
optimal performance.

However, research in non-viral gene delivery has advanced
so drastically over the past few years that a number of polymer-
based cell transfection reagents have become commercially
available. Further research is needed to rationalize the relation-
ship between polymeric molecular architecture, the structure of
polymer/DNA complexes formed, and their physiochemical
properties such as solubility and charge character. This work
will then help develop a useful knowledge base for linking our
molecular understanding to cell transfection efficiency and
cytotoxicity, with due consideration of differences arising from
different cells.1,15,17-19

Diblock copolymers, especially those containing cationic and
hydrophilic segments, offer the benefit of electrostatic com-
plexation while enhancing the solubility and stability of the
polyplexes.1,10,20Insertion of hydrophilic segments such as PEO
(poly(ethylene) oxide) into diblock copolymers provides a
hydrophilic corona that creates a steric barrier against self-
aggregation, shielding of cationic charged groups, and inhibits
the association with plasma proteins and other cellular
components.17-19 In contrast to the work on PEO copolymer
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vectors, we have designed a weak cationic diblock copolymer,
MPC30-DEA70 (where MPC refers to 2-(methacryloyloxy)-
ethyl phosphorylcholine and DEA refers to 2-(diethylamino)-
ethyl methacrylates; 30 and 70 refer to the mean degrees of
polymerization of each block), to highlight the main structural
features of solution complexation between the copolymers and
antisense oligodeoxynucleotides (ODNs). The molecular struc-
ture of the copolymer is shown in Scheme 1. MPC segments
are zwitterionic and strongly hydrated, and they provide
hydrophilic affinity for the polyplexes to remain soluble while
the charge density is varied over a wide range. Unlike PEO
segments, however, the extent of hydration of PC groups shows
little response to temperature or ionic strength. MPC-based
polymers have shown excellent bio- and hemo-compatibility
and have been used as coating materials for various medical
implants such as contact lenses, guidewires, ear grommets, and
coronary stents.20-23 Their application as gene transfecting
vectors represents a novel exploitation of their advantageous
biocompatibility in non-viral gene delivery. The incorporation
of cationic DEA segments provides uniform tertiary charges
and a simpler molecular architecture than the widely used PEI
segments (containing different charge types and often more
complex molecular structures).

ODNs are normally 12-25 nucleotides in length.5,24 They
could either hybridize with specific mRNA through the Wat-
son-Crick base pair complementarity to form duplexes, which
would inhibit the transcription of genetic information into protein
synthesis, or activate the RNase H that can digest the mRNA,
thus resulting in the blockade of the pathway.5,24-28 As ODNs
can significantly inhibit cell proliferation by sequence-specific
down-regulation of gene expression, they have applications in
cancer therapy, coronary in-stent restenosis, and other types of
gene functionalization.10,24,25,29-31 Antisense technology has been
widely studied in the past decade with extensive effort devoted
to the modification of the antisense ODN’s chemical structure
such as methylphosphonate and phosphorothioate ODNs and
sequence design.5,7,26 However, their benefits can only be
realized when viable approaches for efficient delivery of the
ODNs into cells have been developed.4,6,8,11,27,28

For transgenic expression to occur, therapeutic DNA mol-
ecules have to overcome a set of intracellular barriers.1,32,33A
simple addition of ODNs into tissue culture or a bodily system
does not transfer a sufficient amount of ODNs into most cell
types.27 Because of the poor internalization and ineffective
antisense action of naked ODNs,5,7,27,28extensive research has
been devoted to the identification and assessment of suitable
vectors and mechanistic interactions.4-6,8,27These studies have
revealed a wide range of transfection efficiencies from different
vectors, but further understanding from these studies is hindered
by the complexity in structure and composition of the vectors
and the lack of direct information of solution nanostructure of
ODN polyplexes. Powerful techniques such as scanning probe
microscopy (SPM) and X-ray scattering and diffraction are often
performed on polyplex powders, and the information may bear
little relevance to interactions under physiological conditions.

In this study, the small angle neutron scattering (SANS)
experiments have been undertaken from the same solutions as
used in cell transfection, focusing on the assessment of the effect
of charge ratios between cationic amine groups and anionic
phosphate groups in ODN (the N/P ratios) on the size and shape
of the polyplexes formed. The SANS results have revealed a
fascinating evolution of the cylindrical polyplexes with their
initial diameters close to that of the single diblock copolymer
at the high N/P ratio, indicating the binding of ODN to
individual copolymers. As the copolymer content decreased and
the N/P ratio approaches unity, the polyplex diameters remained
constant, but their lengths showed substantial increases, indicat-
ing end-to-end bridging. Further decreases in copolymer con-
centration led to an increase in polyplex diameters, indicating
the occurrence of cross-bundling between small polyplexes to
form large ones. The size increase was concurrent with the
decline of net positive charge density of these complexes. These
variations have led to a steady decline in cell transfection
efficiency.

Experimental Section

Materials. The synthesis of the diblock copolymer MPC30-DEA70
has been described previously.34 The MPC block was first synthesized
using atom transfer radical polymerization (ATRP) in methanol at 20
°C, and the 2-(diethylamino)ethyl methacrylate (DEA) monomer was
then added to produce further chain growth. Stock MPC30-DEA70
copolymer solution was made by dissolving 0.1 g of copolymer in 10
mL of UHQ water (Purelab UHQ, Vivendi Water Systems Ltd.) or
D2O (SIGMA, UK, 99+ %D). The sample was then stirred overnight
and subsequently diluted to the desired concentrations before use. The
samples were filtered with 0.20µm syringe filters. Single-stranded
human c-myc antisense oligodeoxynucleotides (ODNs) (5′-AAC-GTT-
GAG-GGG-CAT-3′, with and without 5′-FAM (carboxyfluorescein-
5-succimidyl ester) labeled) were purchased from Eurogentec Ltd. (UK)
and were HPLC purified. Oligofectamine transfection reagent was
purchased from Invitrogen, UK.

Complex Fabrication. Copolymer/ODN complexes were made by
adding the ODN solution to the copolymer solution. ODNs were
dissolved in UHQ or D2O and diluted to 1 mg/mL. The copolymer
solution was diluted to the desired concentrations to achieve different
cationic/anionic charge ratios (N/P ratios). Next, 300µL of ODN
solution was added to 300µL of copolymer solution with mild shaking,
and the sample was left to equilibrate for at least 30 min at room
temperature before use. Thus, in all of the mixed solutions prepared,
the ODN concentration was fixed at 0.5 mg/mL and the copolymer
concentrations were varied between 0.3 (ca. 0.03 wt %) and 5 mg/mL
(ca. 0.5 wt %) to achieve all of the N/P ratios required. All of the
polyplexes were prepared at pH 7 and were studied by different physical
methods under the same pH at 23-25 °C.

Agarose Gel Electrophoresis.Copolymer/ODN (without FAM
labeling) complexes were prepared as described above. 2µL complexes
(1 µg DNA equivalence) for each sample were mixed with 1µL of
DNA loading buffer. They were then loaded into 1% agarose gel
containing 0.50µg/mL ethidium bromide (Sigma, UK). Electrophoresis
was carried out at 100 V in 1× TBE buffer (Tris-Borate-EDTA, Sigma,
UK) for roughly 30 min. The ODN band was visualized under UV
transillumination (Fisher, UK). Copolymers were stained by immersing
the gel in coomassie blue staining solution consisting of 10% glacial
acetic acid, 45% methanol, 45% UHQ, and 0.1% w/v coomassie bright
blue G250 (Sigma, UK) for 30 min in a shaker followed by washing
with destaining solution consisting of 10% glacial acetic acid, 10%
methanol, and 80% UHQ overnight. Both of the pictures were captured
by use of a Sony DSC T1 digital camera.

Dynamic Light Scattering (DLS). The principle of DLS is outlined
by Berne et al.35 DLS measures the intensity correlation function of

Scheme 1. Representative Chemical Structure of the
MPC-Tertiary Amine Methacrylate Diblock Copolymers, Where R
Denotes Ethyl Groups
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light scattered from a polymeric solution. Analysis of the intensity
correlation profiles provides the decay rate distribution from which the
diffusion coefficient is determined. The Stokes-Einstein equation is
then used to calculate the hydrodynamic radii of the pure copolymer
and the polyplexes. All DLS measurements were performed using a
Malvern Instruments NanoS Nanosizer. The instrument was fitted with
a helium-neon laser (633 nm) with a size detection range from 0.6
nm to 6µm. The detection angle was 173° with respect to the incoming
beam. Samples analyzed were contained in a 1 cmpath length quartz
cell, and the data were analyzed using Malvern Instruments Dispersion
Technology Software. The polymer refractive index was taken to be
1.45 with an absorbance of 0.001. The viscosity and refractive index
of water were taken as 0.8872 cPa and 1.330, respectively. Six
measurements were performed on each sample, with an average of 10
runs taken for each measurement, each within 1 min.

Small Angle Neutron Scattering (SANS).SANS has the required
sensitivity to the size and shape of nanoparticles (pure polymer or the
complexes) in solution. It has become a widely used technique in the
characterization of polymers and proteins. The working principle of
SANS and the outline of data treatment have been described by King.36

The scattered intensity is due to the interaction of the neutron beam
with a large number of nanoparticles and is sensitive to their volume,
morphology (form factor), and distribution (interparticle structure
factor). As the copolymer concentration used in this work was very
low (typically <0.2 wt %), the interparticle factor was taken to be 1 in
data analysis. D2O was used as a solvent to provide the isotopic contrast.
Otherwise, solutions were prepared in exactly the same way as for all
other studies. SANS experiments were carried out at LOQ, ISIS Neutron
Facility, Rutherford Appleton Laboratory (RAL), Oxford, UK, using
neutron wavelengths ranging from 2.2 to 10 Å. The 64 cm square
detector was at a distance of 4.1 m, giving a wave vector (κ) range of
0.006-0.28 Å-1. Samples were contained in 2.0 mm path length fused
silica cells. Data were corrected for the wavelength dependence of the
incident spectrum, the measured sample transmission, and relative
detector efficiencies, prior to subtraction of the respective D2O buffer
backgrounds. Absolute scaling was obtained by comparison with the
scattering from a partially deuterated polystyrene standard. The data
were fitted using the Fish2 program provided by RAL.

Atomic Force Microscopy (AFM). Complex solutions were de-
posited onto mica surfaces and dried in a vacuum oven for 2 min. The
images were observed by Tapping Mode in isopropanol using the AFM
microscope (Dimensions 3100 with a NanoScope IV controller from
Veeco, Santa Barbara, CA) with 10 nm silicon nitride tips.

Cell Culture. HeLa cells (human cervical carcinoma cell line) were
products from ATCC and were a gift from Dr. John Garland,
Manchester Medical School, the University of Manchester, UK. The
cells were cultured at 37°C, 5% CO2 in Dulbecco’s Modified Eagle
Medium (DMEM, Sigma, UK) supplemented with 10% heat-inactivated

Fetal Bovine Serum (FBS, Sigma, UK), and 100 U/mL penicillin/50
mg/L streptomycin (Sigma, UK).

Cell Transfection and CLSM. Cells were seeded on cover glasses
in 24-well plates at a density of 2× 104 per well (in 1 mL of cell
culture medium) and grown overnight at 37°C, 5% CO2. The cell
culture medium was removed and then replaced (with and without 10%
FBS). Copolymer/ODN complexes (0.5µg ODN equivalence) formed
at pH 7 and different N/P ratios were added into each well. Commercial
Oligofectamine was used as positive controls following the instruction
by the supplier. The ratio used was 3µL of Oligofectamine to 1µg of
ODN. Also, ODN itself was used as negative controls. After 24 h
incubation, the cells were washed with PBS (Sigma, UK) three times,
then fixed with 4% paraformaldehyde (in PBS) for 5-10 min. They
were then stained with 1µM DAPI (4′,6-diamidino-2-phenylindole)
for 10 min. ProLong Antifade reagent (Molecular Probes, UK) was
used, and samples were analyzed using a fluorescent microscope (Leica,
DM2500 M) and Leica SP2 CLSM (Leica, Germany). The number of
both FAM-positive and DAPI-positive cells (representative for total
cells) was recorded. The transfection efficiency was defined as the
percentage of FAM-positive cells to the DAPI-stained total cell
number.37

Cytotoxicity and Cell Growth Inhibition (MTT Assay). HeLa cells
were seeded into 96-well cell culture plates at a density of 5× 103 per
well (in 200 µL of cell culture medium) and grown overnight at
37 °C, 5% CO2, after which the medium was replaced as described
above. Copolymer/ODN complexes at different N/P ratios (the amount
of ODN was fixed at 0.1µg/well) were added into each well, and the
cells were incubated for 20 h. Different amounts of copolymer solutions
(20 µL) equivalent to the dosages used for ODN complexes were also
studied as parallel copolymer toxicity references. Oligofectamine was
used as a positive control with ODN itself as a negative control. MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) reagent
(5 mg/mL, 20µL/well) was then added into each well, and the cells
were cultured for a further 4 h until the purple precipitate was visible.
Purple precipitates in each well were then fully dissolved using 200
µL of DMSO (Sigma, UK) and measured at a wavelength of 570 nm
with background subtraction at 650 nm by microplate reader (Sunrise
Tecan, UK).

Results and Discussion

Agarose Gel Electrophoresis.The polyplexes formed through
complexation between copolymer (N) and ODN (P) at different
N/P ratios were first examined by agarose gel electrophoresis,
and the main results are shown in Figure 1. All of the polyplexes
formed were entirely soluble due to the presence of MPC blocks.
As the copolymer and ODN carry opposite charges, the pure
copolymer (lane 1) migrates to the opposite direction from the

Figure 1. Agarose gel electrophoresis of MPC30-DEA70/ODN complexes. Lane 1 and lane 8 are copolymer and ODN controls. Lanes 2-7
correspond to 10:1, 5:1, 2:1, 1:1, 0.8:1, and 0.6:1 (N/P ratios), respectively. Left image shows the ODN migration by ethidium bromide stain;
right image shows the copolymer migration by coomassie bright blue G250 stain.
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ODN (lane 8). However, the copolymer/ODN polyplexes
migrate in both directions, depending on exact N/P ratios. The
materials placed in lanes 2-4 correspond to high N/P ratios,
and it can be clearly seen that some polyplexes are positively
charged due to copolymer excess and move in the same direction
as the pure copolymer. The sample wells are bright, indicating
that some polyplexes are neutralized and stay in the wells. Lanes
5-7 show that, instead of a distinct DNA band of migration, a
continuous retardation of the polyplexes is observed, indicating
that the net charge density of the complexes is polydisperse.
At N/P ) 1 (lane 5), most polyplexes stay in the well due to
the predominant charge neutrality, but a small fraction moves
out, again indicating the polydispersity of the charge density.
As the ODN is in excess (lanes 6 and 7), some polyplexes
migrate to the same direction as the net ODN, indicating the
net negative charges on these complexes. In addition, neat DNA
bands are clearly visible in lanes 6 and 7, and, as the dosage of
ODN was fixed at 1µg/well, the more intensive ODN band in
lane 7 indicates that fewer polyplexes were formed due to the
lower amount of copolymer in sample 7. The gel plate study
thus shows that the polyplexes formed bear a range of charge
distribution. As the N/P ratio decreases, the charges on poly-
plexes show an overall trend of decrease and some of them
become negatively charged. In all cases, a large fraction of
polyplexes appears to stay charge-neutral.

Dynamic Light Scattering (DLS). DLS detects the mean
dimension of nanoparticles in aqueous solution based on the
Stocks-Einstein equation. The measurements were made on
both pure copolymer and polyplexes using samples prepared
under the same conditions as for gel electrophoresis. Figure 2
shows the representative volume intensity distribution profiles
plotted against the hydrodynamic diameters, a measure of the
mean dimension of the nanoparticles in solution. It can be seen
from Figure 2 that the size from the pure copolymer has the
peak around 10 nm. Mixing of ODN leads to the increase in
the diameter, and as the concentration of copolymer decreases
(a decrease in N/P ratio) the peaks move up and the distributions
become broader. Thus, with ODN, the diameters being some
20 Å greater than that of the copolymer itself, the hydrodynamic
diameter is similar to that of the pure copolymer. But at low
N/P ratios (<2), the hydrodynamic diameter shows a substantial
increase. There is also a substantial polydispersity in the
hydrodynamic diameter from both pure copolymer and poly-
plexes. The polydispersity increases with decreasing N/P ratio,
a trend broadly consistent with the charge distribution observed
from gel electrophoresis.

DLS has been used extensively to probe the size changes
from different DNA binding and complexation processes. For

example, Hodrien et al.38 have studied the binding of double-
stranded herring testes DNAs (100 and 250 base pairs) onto
amidine-functionalized polystyrene (PS) micro- and nanospheres
and observed strong precipitation around charge neutrality. This
is because in their systems solubilization was rendered by strong
affinity of the charge groups to aqueous environment and when
charge groups were neutralized precipitates formed. In our
systems, the attachment of the zwitterionic block to the DEA
block increased solubility and no precipitation was observed.
In the work by Hodrien et al.,38 there was an overall size increase
with decreasing N/P ratio when DNA was bound to the small
10 nm PS particles. A similar trend can be seen from Figure 2.
This observation shows that the same trend of size increase could
be achieved by different sizes of DNA and that DNA charge
excess must be the key factor.

Small Angle Neutron Scattering (SANS).SANS is sensitive
to smaller length scales than DLS and is capable of revealing
the shape of nanoparticles.36 The polyplex solutions for SANS
were again formed under the same conditions as used for
electrophoresis and DLS, except in D2O. The representative
scattering profiles are shown in Figure 3 where a large change
in the shape and level of the scattering profile against the N/P
ratio can be seen. This trend of the shift of the scattering profile
indicates the increase in aggregate size with decreasing copoly-
mer concentration, consistent with the DLS observation shown
in Figure 2.

SANS data analysis was started by testing different shapes
such as sphere, disc, and cylinder with varying size. It was found
that cylindrical shape was the only one appropriate to fitting
all data measured, from both pure copolymer and polyplex
solutions. The continuous lines shown in Figure 3 represent the
best cylinder model fits, with different structural parameters
listed in Table 1.

For the pure copolymer in 0.5 wt % solution, the best-fit
cylinder corresponded to the diameter of 30( 2 Å and the
length of 180( 30 Å. The fitting was more sensitive to changes
in diameter but less so to the length variation. The errors quoted
represented the ranges within which acceptable fits were
produced. Thus, taking the experimental errors also from DLS,
the hydrodynamic diameters obtained from DLS were close to
the cylindrical lengths from SANS, showing good consistency
between the two methods. Because the cross-sectional diameter
for an average copolymer was around 30 Å, the diameters of
the cylinders fitted were equivalent to the width of a single
copolymer. As expected, the length of 180( 30 Å was shorter
than the full extended length of 250 Å due to the flexibility of
the methacrylate backbone.39 The rigidity (B ) contour length/
end-to-end length) 1.38) is slightly lower than that expected
for a standard polyelectrolyte such as poly(styrene sulfonate)
(B ≈ 2-3). Yet the increased rigidity as observed for the diblock
copolymer might arise from the steric hindrance of the bulky
pendant side groups in addition to the unscreened charges
(extended electrostatic blobs).

Further SANS studies were made using copolymers at higher
concentrations up to 2 wt % (data not shown). The same
diameters of ca. 30 Å were observed, but the lengths showed a
steady decrease against increasing copolymer concentration due
to possible backbone bending. This part of the study shows that
the MPC copolymer did not aggregate under the conditions
studied. Instead, they existed in the form of free and stretched
molecules.

Further SANS data analysis revealed that ODN binding at
the N/P ratios of 10/1 and 5/1 resulted in the increase of the
diameters of the polyplex cylinders from some 30 to 50 Å while

Figure 2. Dynamic light scattering (DLS) profiles of MPC30-DEA70
(5 mg/mL) and MPC30-DEA70/ODN (N/P) complexes at 10:1, 2:1,
0.8:1, and 0.6:1. ODN was fixed at 0.5 mg/mL for the complexes.
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its length did not change much, indicating that ODN molecules
bound onto the copolymer molecules. As ODN was flexible
(single stranded) and was much shorter than the copolymer, it
must have bound around the copolymer to adopt its preferable
helical configuration. The structural implication is schematically
depicted in Figure 4A and B. Because the width of a single-
stranded ODN was around 10 Å40 and binding around the
copolymer led to spiral pitches, the schematic description would

account for some 20 Å increase in the cylindrical diameters of
the complexes formed, consistent with the diameter increase.
The persistence length of ODN is 2-3 nm,41 so the elastic
penalty for binding is not too large.

The N/P ratio of 10/1 is equivalent to the molar ratio of 2/1
with excess copolymer (for this copolymer the unit charge
weight is about 310 g/mol and is almost the same as that for an
average charge unit of ODN assuming that each amine group
carries one cationic charge while each phosphate group carries
one anionic charge21). This means that on average one-half of
the copolymer molecules could be left free while the other one-
half complexed with ODNs (note that ODN was much smaller).
It was indeed found that the scattering profile from the polyplex
solution at N/P) 10/1 could be well fitted to the coexistence
of both types of cylinders in a 1:1 ratio, equivalent to polyplexes
and excess copolymers with the same length but with different
diameters (Table 1). For the polyplexes formed at N/P) 5/1
(molar ratio) 1/1), however, the neutron scattering profile could
only be fitted to the polyplex cylinder model. It must be borne
in mind that charge neutralization would produce polyplexes
with a range of charge distribution at a given N/P ratio as
revealed from DLS and gel electrophoresis. The good fits
produced from the SANS models suggested that the extent of
distributions was insufficient for SANS to detect any existence
of free copolymers or the size distribution arising from different
ODN binding.

Each ODN has 15 bases and is around 50 Å long.40 In
contrast, the full length of the DEA block is some 180 Å and
is about 4 times longer. Taking into account the spiral

Figure 3. SANS scattering intensity (I) plotted against wave vector (q) from 5 mg/mL pure copolymer (MPC30-DEA70) solution (]); and
polyplexes (MPC30-DEA70/ODN) solution at the N/P ratios (amine/phosphate) of 10:1 (4), 5:1 (0), 2:1 (+), and 0.8:1 (O). ODN concentrations
were fixed at 0.5 mg/mL for each sample at pH 7. Symbols represent the scattering signals, while continuous lines represent the fitted curves.

Table 1. Best-Fit Parameters for the SANS Curves Shown in Figure 3a

N/P
ratios

molecular ratios
(copolymer:ODN)

scale
factor

diameter
(Å)

length
(Å)

copolymer itself at 0.5 wt % 6.29 × 10-6 30 ( 2 180 ( 30
10:1 2:1 1.32 × 10-6 30 ( 2 180 ( 30

1.47 × 10-6 52 ( 2 180 ( 30
5:1 1:1 1.34 × 10-6 52 ( 2 200 ( 30
2:1 1:2.5 5.15 × 10-6 46 ( 2 1000 ( 100 or higher
1:1 1:5 2.80 × 10-6 46 ( 2 1000 ( 100 or higher

0.8:1 1:6.3 2.01 × 10-6 360 ( 15 1000 ( 100 or higher
0.6:1 1:8.3 1.52 × 10-6 370 ( 15 1000 ( 100 or higher

a The scale factor was derived from the quantitative model fitting and had no obvious physical meaning.

Figure 4. Schematic models to indicate the progressive binding of
ODN onto copolymer to form polyplexes at different N/P ratios (gray
cylinders for DEA blocks; green tails for MPC blocks). (A) ODN
molecule and copolymer cylinder; (B) small polyplex at N/P ratios
between 10/1 and 5/1; (C) small but long polyplex at N/P ratios
between 2/1 and 1/1; (D) large polyplex at N/P ratios around 0.6/1.
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configuration, each DEA could accommodate 4 ODN molecules,
assuming that ODN adopted the end-to-end binding surrounding
the DEA in a single layer. However, local conformational
restriction and mismatch in unit charge size and geometrical
configuration would make this process less regular, and the
situation would become worse as the ODN concentration was
increased. Because electrostatic repulsion may prevent the
overlapping of ODNs when wrapping around the copolymer,
the single layer ODN binding was a reasonable assumption.
Residual positive charges could remain due to incomplete
neutralization. Our interfacial binding study has indicated that
ODN molecules had no affinity to MPC blocks when the
copolymers were preadsorbed at the silicon oxide/water interface
(unpublished work). This was due to the zwitterionic character
and strong hydration. It is thus assumed in this work that MPC
did not interact with ODN.

The N/P ratios of 2/1 and 1/1 (lanes 4 and 5 in Figure 1) are
equivalent to the molar ratios of 1/2.5 and 1/5 with ODN in
excess. The SANS measurements revealed that, over this region,
the cylindrical length increased substantially but their diameters
changed little. This suggested that ODN binding helped to bridge
the small polyplexes mainly through the end-to-end connection,
resulting in extending their length as schematically shown in
Figure 4C. Thus, all of the ODN molecules bound to copolymer
backbones without causing cross-bundling, resulting in diameter
increase. As already discussed, although SANS was less
sensitive to the length change, its increase was well justified
from the changes in scattering profiles measured.

As the N/P ratios were decreased to 0.8/1 and 0.6/1, the
equivalent molar ratios became 1/6.3 and 1/8.3. The negatively
charged ODNs were in further excess. Some of the excess ODN
molecules appeared to bind across different polyplex cylinders
under these conditions, forming new copolymer/ODN poly-
plexes with much larger diameters (Figure 4D) as evident from
the SANS measurements. As this process of binding could
hardly guarantee the full neutralization of the bound ODNs,
some of the negative charges remained. Thus, the large
polyplexes now carried net negative charges.

We have also undertaken AFM measurements by dropping
a small amount of pure copolymer and polyplex solutions onto
mica and bare hydrophilic silicon oxide, followed by rinsing
with buffer and drying. The AFM imaging was carried out in
isopropanol. Pure copolymers and polyplexes formed at high
N/P ratios could not be visualized because they were too small,
but large ones formed at N/P) 0.8/1 and 0.6/1 were easily
identified (unpublished results). The shape and dimensions of
these polyplexes were similar to those obtained from SANS
under the same solution conditions. The AFM images thereby
provided important verification to SANS data when large
polyplexes were formed. Vinogradov et al.9 have speculated that
a number of initial smaller polyplexes could contribute to the
formation of larger micelle-like aggregates. This hypothesis has
been confirmed in our work. We note that many authors have
examined structural changes relating to the complexation with
large plasmid DNAs; for example, Chim et al.20 have used AFM
to examine the polyplexes formed between MPC30-DMA x

(wherex is the mean degree of polymerization of the DMA
block) and gWiz luc plasmid DNA and observed a range of
sizes and shapes depending on the copolymer structure, N/P
ratio, etc. However, complexation between polymer and plasmid,
where the latter is significantly larger, proceeds by a different
mechanism. We defer the discussion to a later stage. It is
nevertheless useful to note that Chim et al.20 observed rod and
rectangular block-like structures forx ) 60 under excess DNA

charges, consistent with the finding from our system. Wittmar
et al.42 also showed rod-like condensed DMA/plasmid DNA
(pBR322) polyplexes from AFM imaging. As indicated previ-
ously, Hodrien et al.38 also observed a hydrodynamic size
increase when excess double-stranded DNAs bound onto the
cationically charged polystyrene particles. While the SANS
measurement is consistent with most literature findings under
excess DNA, its high sensitivity has revealed that ODN binding
underwent two stages, the initial binding around the copolymer
backbone chain and the end-to-end bridging to the charge ratio
close to 1:1, and the subsequent cross-bundling when ODN is
in excess. Measurement of hydrodynamic diameter by DLS
alone could not reveal this process of structural transition.

Cell Transfection by Copolymer/ODN Polyplexes.Cell
transfection experiments were carried out in parallel with the
physical characterization using different polyplexes formed, and
typical micrographs are shown in Figure 5. Transfection
efficiencies relative to the total number of cells in each culture
condition are shown in Figure 6. The positive control by
Oligofectamine achieved a high transfection efficiency (over
95%), while the negative control (ODN alone) resulted in almost
no transfection. Transfection efficiencies at N/P ratio) 10/1
and 5/1 appeared to be similar, and more than 95% of cells
were transfected. In both cases, strong fluorescence from each
cell was observed. The transfection efficiency decreased to 60-
90%. Lowering the N/P ratio to below 1 resulted in even lower
transfection efficiency.

These results correlated well with the widely reported charge
effect: transfection efficiency decreases with decreasing positive
charge density on the polyplexes. This decreasing trend of
transfection also follows the size increase for the polyplexes,
making it difficult to ascertain if size change has any role at
all. Over the low N/P ratio range where ODN charges were in
excess, the excess ODNs were not complexed. This together
with increasing polyplex size meant that the number of
complexes was also significantly reduced. Thus, all three factors
(net charge, size, and number) were in fact related, and they
together contributed to the observed drop in transfection
efficiency with decreasing N/P ratio.

The transfection efficiency shown in Figure 6 illustrates strong
transfection in the presence of FBS, indicating the stability of
the polyplexes in serum. In the absence of FBS, toxicities
became high with copolymer concentration. The transfection
efficiency was also slightly lower in the absence of 10% FBS.
These findings are in contrast to the data obtained for ODN
intracellular delivery by most cationic lipid vectors where the
presence of serum tends to reduce the transfection.7,8,13Another
interesting observation from Figure 6 is that when the N/P ratio
is below 5, there is an approximate but clear trend of linear
decline of transfection efficiency against decreasing copolymer
concentration. This is broadly true with and without the FBS
given the large range of experimental errors. This observation
would seem to indicate that it is the free copolymer concentra-
tion that matters. However, the charge initiated complexation
and the associated structural changes of the polyplexes mean
that such behavior is only nominal and that the actual mecha-
nistic process is more complex.

To locate the ODN molecules inside the cell, a confocal laser
scanning microscopy (CLSM) study of intracellular uptake and
distribution of the ODNs in the transfected HeLa cells was
performed, with select images displayed in Figure 7. Blue and
green colors represent the respective DAPI stained nuclei and
FAM fluorescence of ODNs scanned from the cells placed on
a glass slide. From these images, we speculate that most of the
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ODN molecules engulfed by cells are located in and around
the cell nuclei. In a parallel experiment using green fluorophore
Hostasol tagged to the MPC block of the copolymer, it was
found that there was a relatively high concentration of the
copolymer surrounding the cell nuclei (Figure 5F). This
observation did not rule out the presence of the copolymer in
other regions of the cell, but if it was there, its concentration
was relatively low. These experiments thus revealed the presence
of ODN inside nuclei while the copolymers remained at the
boundary region and were largely outside. From a similar CLSM
study, Sirsi et al.11 have also shown the translocation of their
ODNmolecules intomyonuclei,while thecopolymers(rhodamine-
labeled PEI tagged with PEO) were almost completely excluded
from entering the nuclei. Lucas et al.12 have shown that, unlike
low molar mass Cy5-labeled poly(L-lysine) (Cy5-pLL), high
molar mass Cy5-graft-PDMA (1700 kDa) cannot enter the

nuclei after microinjection in the cytoplasm. These authors
further suggested that Cy5-pLL and ODNs were dissociated
when the ODNs were internalized, although the precise location
and timing of this dissociation were uncertain. Although delivery
of ODNs to the nuclei has been emphasized in many reports, it
might be unnecessary because the ODNs could bind to the target
mRNA either in the nucleus as it is being formed and processed
or in the cytoplasm when it is mature.43

The advantage of SANS is that it reveals the detailed
structural progression of binding of ODN molecules to the much
larger MPC30-DEA70 copolymers. The SANS results indicate
that the initial binding of ODNs into the copolymers did not
cause any association between copolymers. As the copolymer
concentration was reduced, the ODN concentration effectively
became high. Bridging occurred through end-to-end binding
between copolymers, evident from the increase in the length of
the small complexes but not in the diameter.44 The substantial

Figure 5. Images of HeLa transfection by copolymer/ODN polyplexes at different N/P ratios (A, 10:1; B, 2:1; C, 1:1; D, ODNs only; E,
Oligofectamine/ODN ) 3:1 as positive control; F, 5:1 using Hostasol-labeled copolymer and ODN (without any labeling)). Images were taken
after 24 h transfection with 10% FBS. Blue color represents the cell nucleus by DAPI stain; green represents FAM fluorescence of ODN (green
in (F) represents Hostasol-labeled copolymer).

Figure 6. Transfection efficiency by ODN itself, copolymer/ODN
polyplexes at different N/P ratios, and Oligofectamine/ODN complexes
(positive control) with 10% FBS (white column) and without 10% FBS
(black column).

Figure 7. Confocal laser scanning microscopy (CLSM) study of
intracellular uptake and distribution of the copolymer/ODN polyplexes
in transfected HeLa cells. The blue color represents the cell nucleus
stained by DAPI, while the green color represents the FAM fluores-
cence of ODNs.
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length increase happened over the molar ratio between 1/2.5
and 1/5 with ODN in excess (the corresponding charge ratio
dropped from net positive to overall neutral), overlapping with
the full single layer binding predicted from the simple length
argument as depicted previously. A further decrease in copoly-
mer concentration led to the overall negative charges in the
system, and the excess ODNs started forming physical cross-
links that bundled the small polyplexes together to form larger
ones. Thus, with increasing size of the polyplexes, the number
of polyplexes dropped sharply and the charge density went from
positive to negative.45 In this regard, polyplex number and size
must make important contributions to the changing transfection
efficiency observed even if the apparent and crude linear
relationship holds between transfection efficiency and copolymer
concentration as depicted in Figure 6.

It is important to realize that the observed polyplex size and
the number changes with N/P ratio should occur for systems
where DNA is very small. A different mechanistic process is
expected to occur with the complexation of long DNA chains.
DNA plasmids normally contain some 5000 double-stranded
base pairs and are significantly greater than the condensing
cationic polymers. Although binding helps neutralize the charge
and condense the DNA, its overall size after condensation is
still substantial. Changes in charge sign and density are expected
to play the dominant role, while size and shape changes are
likely to be less significant. Thus, the two binding mechanistic
processes are different. Design of the molecular size and
architecture of the polymer vector for short DNA complexation
should aim at achieving high proportion of positively charged
polyplexes while keeping the size and number of the polyplexes
under control.

Figure 8 shows the MTT assay that reveals the effect of cell
growth inhibition by copolymer/ODN polyplexes. Simple ODN
addition resulted in negligible cell growth inhibition as expected.
Oligofectamine/ODN complexes showed no inhibition effect
under 10% FBS, but 50% of cell growth inhibition was observed
without FBS. In contrast, copolymer/ODN polyplexes show a
clear trend of increasing inhibition with increasing N/P ratios,
with and without FBS, confirming the serum stability of the

copolymer/ODN polyplexes. At N/P ratio) 10/1, the inhibition
reached some 30% and was clearly more effective than
Oligofectamine in the presence of FBS. In the absence of FBS,
Oligofectamine appeared to be slightly better. Serum stability
and the cell growth inhibition observed indicated the hydrophilic
shielding and stabilizing effect from the PC blocks in resem-
blance to that widely reported for cationic copolymers containing
PEO blocks, showing the promising benefit of cationic MPC
copolymers as non-viral gene transfecting vectors.

Cationic methacrylate-based copolymers such as those con-
taining poly(2-dimethylamino ethyl) methacrylate (DMA) have
also been used as transfecting vectors for different genes.5-16,46,47

Most of these vectors contain hydrophilic PEO blocks. As in
the case of PEI, the high transfecting efficiencies observed have
been attributed to the strong buffering capacity under the
physiological pH conditions. The buffering inside the endosomes
due to the transfected polycations pumps protons into the
endosomes (proton sponge effect) together with influx of anions
to retain electroneutrality,5-16 causing an increase in the local
ionic strength. This process destabilizes the endosome, resulting
in the escape of the gene complexes from the degradation inside
the lysosomal environment. While the same proton sponge effect
is expected to work in the case of MPC30-DEA70, the use of
well-defined DMA or DEA copolymers avoids the complication
from the chemical structures as often encountered in PEI
copolymers and enables an easier establishment of the relation-
ship between the nanostructure and charge density of the
polyplexes formed and the subsequent transfection efficiency
and cytotoxicity.

Gebhart et al.48 and Ochietti et al.49,50 have reported that, in
addition to the attachment of a hydrophilic block to a cationic
polymeric block to form polymeric vectors, grafting of a
hydrophobic polymeric block such as poly(propylene) (PPO)
in the form of PEO-PPO-PEO (Pluronic) to cationic PEI block
can lead to the enhancement of transfection efficiency and
control of favorable biodistribution of the complexes in animal
models. They have further demonstrated that similar improve-
ments can also be achieved by adding non-grafted Pluronic
triblock copolymers. They suggested that by tuning the am-
phiphilicity of copolymers the binding with gene molecules can
be made more effective, resulting in a favorable size range of
the nanopolyplexes. A change of the ethyl group in a DEA block
to methyl (DMA) and isopropyl group (DPA) represents a more
effective control of amphiphilicity in the MPC copolymers.51

This together with the variation of block size will enable us to
examine the effect of hydrophobic interaction on the nanostruc-
ture and net charge density of the ODN polyplexes. The link
of such information with cell transfection and cytotoxicity will
be studied in future work.

Conclusions

We have combined electrophoresis, DLS, and SANS to
characterize the size, shape, and charge characteristics of diblock
copolymer/ODN polyplexes formed at different N/P ratios and
found that changes in cell transfection efficiency resulted from
a combined effect of polyplex charge, size, and number over
the N/P range studied. In the systems reported here, ODN is
significantly smaller than the polymeric vector, and the binding
occurs in a different mechanistic process from the more widely
studied systems where DNAs are much larger than the condens-
ing vectors and the relative size changes during complexation
are small.

SANS study revealed that the pure copolymer adopted a
cylindrical conformation in the dilute aqueous solution, con-

Figure 8. MTT assay of HeLa cell growth inhibition by copolymer/
ODN polyplexes after 24 h incubation. The cell only and ODN only
are used as references and negative controls with Oligofectamine/
ODN ) 3:1 as positive controls. Black (with 10% FBS) and gray
(without FBS) columns are the cell viabilities references under different
amounts of copolymer or Oligofectamine reagent equivalent to the
dosages used for ODN complexes. White (with 10% FBS) and light
gray (without FBS) columns are the cell viabilities under different N/P
ratios of copolymer/ODN or Oligofectamine/ODN complexes (Ctrl).
The dosages of ODN were all fixed at 0.1 µg/well in a 96-well plate
with variable amount of copolymer.
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sistent with a relatively rigid poly(methyl methacrylate) back-
bone with charged and zwitterionic side chains. The results
indicated the existence of molecular solution of the copolymer
with no indication of self-aggregation. The precise dimensions
fitted indicated that the individual copolymers were fairly
stretched and were not in the form of randomly coiled globule.

The ODN binding was driven by electrostatic interaction. It
was found that, at high N/P ratios (with net positive charges),
a few ODNs bound to each copolymer and there was no sign
of polymer-polymer association caused by ODN binding. The
nanocylindrical polyplexes carried net positive charges and had
a similar size and shape to the free copolymers. While the strong
cell transfection from these small nanocylinders benefited
primarily from the charge, the absence of polymer association
meant that the number of polyplexes was at the highest possible.
As the N/P ratio approached unity, the SANS study revealed
that the diameters of the polyplexes remained unchanged but
that their lengths were increased substantially, suggesting that
binding primarily occurred around individual copolymers lead-
ing to end-to-end bridging between copolymers. A further
decrease in N/P ratio below 1 (with ODN in excess) initiated
cross-bundling to form larger cylindrical polyplexes with
increased diameters. As some of the ODN molecules bound were
not fully neutralized, the large polyplexes carried net negative
charges. Cross-bundling reduced the polyplex numbers. This
together with the increasing net negative charges was consistent
with the reduced transfection efficiency and fluorescence signal
observed.

Cell growth inhibition assays showed that the MPC-based
copolymers had low cytotoxicity to HeLa cells over the effective
transfection dosage range and that ODN complexes formed from
the copolymer outperformed those formed from commercial
Oligofectamine in the presence of FBS. CLSM studies provided
strong evidence for internalization of the ODNs into the cell
nuclei. This study shows that the diblock copolymer MPC30-
DEA70 can work as an effective, water-based ODN transfecting
vector.
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