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electrostatic interactions of DNA with
lipid–gemini surfactant monolayers for
gene delivery†

Robert D. E. Henderson, ‡ab Carina T. Filice, c Shawn Wettig bd and
Zoya Leonenko*abc

In novel gene therapy mechanisms utilising gemini surfactants, electrostatic interactions of the surfactant

molecules with the DNA strands is a primary mechanism by which the two components of the delivery

vehicle bind. In this work, we show for the first time direct evidence of electrostatic interactions of these

compounds visualised with Kelvin probe force microscopy (KPFM) and correlated to their topography from

atomic force microscopy (AFM). We construct monolayers of lipids and gemini surfactant to simulate

interactions on a cellular level, using lipids commonly found in cell membranes, and allow DNA to bind to

the monolayer as it is formed on a Langmuir–Blodgett trough. The difference in topography and electrical

surface potential between monolayers with and without DNA is striking. In fact, KPFM reveals a strongly

positive relative electrical surface potential in between where we identify a background lipid and the DNA

strands, evidenced by the height profiles of the domains. Such identification is not possible without KPFM.

We conclude that it is likely we are seeing cationic surfactant molecules surrounding DNA strands within a

sea of background lipid.

1 Introduction

One of the goals of medical nanotechnology is development
of novel gene delivery technologies to optimize gene load and
delivery. In this process it is particularly important to under-
stand the mechanism of interaction between carrier molecules
and therapeutic substances. In this work we show that Kelvin
Probe Force Microscopy (KPFM) in combination with Atomic
Force Microscopy (AFM) can be used to probe, at nanometre
resolution, the interactions of DNA with specialised carrier
molecules composed of lipids and gemini surfactant. Examin-
ing these gene delivery vectors from a novel electrostatic
perspective, in addition to morphology, provides important
information on this interaction process.

Gemini surfactants (GSs)1–4 have been studied as novel gene
delivery vectors as GS molecules can strongly interact with, and

entrap, DNA. Unlike conventional surfactants, which are composed
of a hydrophilic head group and a hydrophobic tail, GSs
contain two surfactant chains bound together at the head
groups by a spacer molecule. The unique advantage of synthetic
GSs is the versatility with which the molecules can be adapted.
Importantly, the GS head groups can be positively charged to
interact strongly with DNA. By altering the tail and spacer
lengths, or by introducing functionalised molecules, the prop-
erties of the GS can be customized to suit a specific purpose.5,6

The main goal is to optimize the load of the carrier with DNA
(for gene therapy). For this task, detailed molecular and nm
scale studies of the interactions of DNA with GSs are required.
Similarly to lipid molecules, GSs form a monolayer, which can
be used as a suitable model to study DNA–GS interactions as
we depict in Fig. 1. It has been shown that GSs and lipids, such
as DOPE, can be mixed to improve the properties of the gene
delivery.7,8 Lipids play an important role in improving the
transfection efficiency of these systems.8–11 The interactions
of DNA with lipid-GS monolayers can be probed by a variety
of experimental techniques. For example, monolayers of
various surfactants have been studied with methods such as
fluorescence12 and Brewster angle microscopy (BAM),13–15

as well as various methods of scanning probe microscopy.16,17

The unique suitability of monolayers allows the composition
of the GS-lipid carrier to be varied under experiment while
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monitoring changes in the structure of the monolayer itself, as well
as the DNA binding to this monolayer. In essence, a monolayer can
represent a ‘flattened’ perspective of a micelle or liposomal layer to
which DNA is attached in a gene delivery vehicle. AFM and KPFM
are uniquely suited to study this phenomenon.

Both electrostatic charge and hydrophobicity play important
roles in the interactions of DNA with these amphiphilic
molecules.12 An early example of DNA–lipid interactions was
reported in ref. 18, in which AFM was used to investigate
DNA binding with lipid bilayers. Studies using single-
molecule measurements have explored the forces of interaction
between DNA and surfactants and demonstrate the important
role of balance between electrostatic and hydrophobic interac-
tions in the configuration of DNA–surfactant complexes;
such balance could be heavily influenced by surfactant chain
length and concentration.19,20 This balance can in turn affect
condensation of the complexes, which is a reversible process.19

As DNA is a negatively charged molecule in solution, it binds
more favourably to lipids with positively charged head
groups.21 Neutral (zwitterionic) lipids, such as DPPC, DOPC
and DOPE do not readily interact with DNA on their own, but
their interaction with DNA can be enhanced in the presence of
divalent cations such as Ca2+, Mg2+ or Ba2+.14,22–28 In the case of
mixing GSs with lipids, electrostatic interactions with DNA
should be significantly enhanced due to the presence of posi-
tive charges on the GS headgroups. Requiring the use of ions to
mediate DNA–lipid interactions becomes redundant when
using cationic-neutral lipid mixtures, however this method
requires the appropriate choice of neutral co-lipid and charge
ratio so as to avoid unwanted phase separation in the
monolayers.29 Similarly, the use of a lipid system containing
cationic and neutral lipids can bind to DNA alone or with the
participation of a cationic surfactant sharing the positive
charge.30 The use of synthetic cationic GS that can be easily
optimized is an attractive goal in gene delivery systems

development. This also requires optimisation of DNA binding
to the GS-lipid monolayer. The goal of the present study is to
demonstrate that AFM and KPFM can be used in this process
enabling both a visualisation of the structure and electrical
properties of these films and their interactions with DNA at the
nanoscale and single-molecule level.

How exactly does the DNA associate, and what is the
morphology of such formations? What is the most promising
mixture of lipids and GS to optimize the DNA (gene) load?
Previously, the interaction of GSs and DNA was studied through
pressure-area isotherms complemented by AFM topographical
imaging.31–33 The 12-s-12 series of GS were studied in ref. 31,
while tail length variations were explored in ref. 32. In the
former case, GSs with spacers of mid-range length (6–10 carbon
atoms) had isotherms that were shifted to larger molecular
areas compared to very short or very long spacers, suggesting
that there is a ‘sweet spot’ for optimal association. The asym-
metric tail lengths (n � s � m surfactants where n + m = 24)
showed smaller molecular areas in isotherms compared to
more symmetric surfactants (e.g., n = m) (but see ref. 34). It
has also been demonstrated that DNA compaction occurs when
GSs (both 12-s-12 and 16-s-16) are at a low molar ratio but may
not behave this way at higher ratios.35 In fact, ref. 35 was the
first study to experimentally determine that at higher molar
ratios of surfactant, DNA undergoes decompaction. Of note,
surfactants in both series that contain a smaller spacer length
were capable of promoting a destabilized helix conformation
(elongation). Therefore, the choice of spacer and tail length of
these surfactants must be carefully considered at the desired
molar ratios to avoid these processes.

Many transfection studies show the merits of DNA–GS
combinations5,36 as well as using lipids to improve transfection
efficiency,9–11 however few have focused on the exact nature of
the molecular interactions between the DNA and surfactant.37,38

Investigations of surfactant monolayers containing DNA is not

Fig. 1 Schematic representation of a multi-layered micelle composed of lipid–gemini surfactant (L/GS) bilayers mixed with DNA to form a gene delivery
vehicle (left). In the middle section we show a detailed view of these lipid bilayer structures within the micelle. Finally, at the right, we show how a
monolayer constructed with these same components can represent a detailed view of a section of these bilayer structures bound to DNA. Lipids (L) are
shown in gold, GS in blue and DNA molecules in green. The chemical structures of lipid and gemini surfactant molecules are shown in ESI.†
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altogether a new concept,9–11 although no studies to date have
used KPFM. Pressure-area isotherms,39–41 BAM,13–15,27 fluores-
cence microscopy,12,42 AFM,43–45 infrared reflection–absorption
spectroscopy22,46 and neutron reflectivity47 have thus far been
the methods of choice.

Our group previously showed that KPFM enables measure-
ment of the electrical surface potential distribution in lipid
monolayers, resolving both topographical and electrostatic
domains formed by lipid clustering,48 thus providing important
biologically relevant information. While use of AFM and
KPFM is widespread on individual systems to map charge
distributions in biologically interesting molecules like DNA,49

proteins,50 or DNA mixed with proteins,51 no studies to date, of
which we are aware, have used the unique capabilities of KPFM
to probe the interactions between mixed lipid–GS systems and
DNA with a view to optimizing gene delivery systems.

The purpose of this work was to use a combination of AFM
and KPFM imaging to study the interactions of DNA with mixed
lipid–GS monolayers. We illustrate how recent advances in
specialised KPFM modes allow us to probe electrostatic inter-
actions of DNA with GS and lipids, which is of biological relevance
in their use as novel gene delivery vectors. Here we show, for the
first time, how KPFM reveals on nanometre scales what conven-
tional topographical imaging cannot: traces of electrostatic origin
yielding clues to the distribution of drug-carrying molecules in
gene delivery systems, providing important information on the
mechanism of interaction between carrier molecules and ther-
apeutic substances that may help optimize drug delivery.

2 Materials and methods
2.1 Lipids, gemini surfactant, and DNA

We used a mixture of two lipids: 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) and 1,2-dipalmitoyl-sn-3-phosphocholine
(DPPC), both of which were obtained from Avanti Polar Lipids.
DOPC and DPPC were chosen for their biological significance
as common cell membrane lipids, their characteristics in forming a
clear model under AFM, and their relevance in mixed gene delivery
systems.8,52 The GS we used was N,N-bis(dimethylhexadecyl)-a,o-
propanediammonium dibromide (16-3-16). Structures of these
three compounds are given in Fig. S1, ESI.†

Synthesis of the surfactant was accomplished by reflux of
1,3-dibromopropane and N,N-dimethylhexadecylamine in acet-
onitrile. The compound was filtered and purified by recrystalli-
zation, and the chemical stuctures were confirmed via a
combination of surface tensiometry and NMR spectroscopy.
See ref. 3 for full details. DNA, in the form of a sodium salt of
salmon testes DNA, was obtained from Sigma Aldrich and
dissolved in nanopure water. Stock solution was briefly soni-
cated to shear it into random strand lengths before dilution to a
final subphase concentration of 10 mM (see below).

2.2 Sample preparation for AFM/KPFM imaging

Sample preparation for AFM and KPFM imaging was performed
in the following way. Lipids and surfactant were dissolved in

chloroform at a concentration of 1 mg mL�1 and mixed at a
molar ratio of 3 : 3 : 2 (DOPC : DPPC : GS). Other studies have
used a 1 : 1 ratio of DOPC : DPPC to examine these monolayers
for biological importance.53 The ratio of 3 : 2 for lipid : GS was
chosen as an optimal value based on several prior studies of GS
used in gene transfection studies with helper lipids.11,36,54 For
control samples, the aliquot of approximately 15 microliters of
this mixture was spread at the air–water interface of a Nima
Langmuir microtrough filled with approximately 50 mL of
nanopure Milli-Q water as a subphase. Freshly cleaved mica
slides were placed just under the air/water interface before any
monolayer materials were introduced to the trough. Our mono-
layers reached their target surface pressure of 35 mN m�1 using
a compression rate of 12 mm min�1 before being held at
constant pressure. Deposition was accomplished by raising
the mica slides up perpendicularly through the air/liquid inter-
face once at a rate of 2 mm min�1. With this approach, only one
layer is deposited and the hydrophilic head groups deposit
against the slide surface. Mica slides with deposited mono-
layers were dried in air and afterward with a gentle stream of
nitrogen gas. To prepare the samples with DNA we replaced the
subphase with nanopure water containing our DNA solution;
after this, the monolayers with attached DNA fragments were
deposited on mica slides in the same manner as the control
monolayer samples. In both cases the monolayers were left to
rest for 10 minutes before the mica deposition sequence was
started to allow the chloroform solvent to evaporate and, in the
case for a DNA subphase, so that the DNA could bind to the
monolayer.

2.3 Imaging

AFM and KPFM imaging was performed with an AIST-NT Smart
SPM (Horiba) using MikroMasch NSC-14-Cr/Au cantilevers
(MikroMasch Inc.) of resonant frequency B130 kHz. While
AFM is a more common technique and allows one to obtain
high resolution topography images, KPFM enables a character-
isation of differences in work function in metallic samples and
also electrical surface potential distribution maps in biological
samples.55–67

However, the resolution of conventional KPFM is severely
limited due in part to the requirement that scanning occur in a
‘‘lift mode’’ with the tip raised several tens of nm above the
sample surface where forces not electrostatic in origin are
expected to vanish.66 Recent advances in KPFM techniques
have led to the development of various KPFM imaging modes
which considerably improve resolution and contrast. Two
such modes are amplitude modulation (AM) and frequency
modulation (FM).63 In the AM-KPFM mode, the amplitude of an
off-resonant cantilever frequency (usually the second harmo-
nic) is tracked and used to trace the signal created by the
surface contact potential difference. This signal is proportional
to the electrostatic force, and so the cantilever must still be
raised a few tens of nm above the surface; this limits the spatial
resolution. However, with FM mode, the oscillation of the shift
in the cantilever’s resonant frequency is tracked. This signal is
sensitive to the electrostatic force gradient, and is larger with
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the probe closer to the sample surface, which leads to greatly
improved spatial resolution. Combined with conventional
AFM, this is a powerful and unique method to image topogra-
phy and electrostatics simultaneously at high resolution.

Topography and surface potential data were obtained in two
sweeps per scan line to optimize image quality. For electrical
surface potential scans, we used both AM-KPFM and FM-
KPFM.63 At least 3 scans of each sample, with repeat experi-
ments scanned, were collected for both control and DNA
samples. Analysis of the images was performed with proprietary
AIST-NT image processing software, and Gwyddion for surface
roughness measurements.

3 Results

First, DOPC-DPPC-GS monolayers deposited on mica were
imaged with AFM and KPFM as a control without DNA, and
next with DNA present in the subphase. Fig. 2 shows a compar-
ison of topography and AM-KPFM images for the lipid–GS
monolayers without DNA (top row) and with bound DNA
(bottom row). The monolayer without DNA exhibits domain
formation which differs in both height (AFM topography –
right) and electrical surface potential (ESP – left). When DNA
is attached to the lipid–GS monolayer the topography and ESP
image are both substantially altered (Fig. 2 bottom row).

Fig. 3 shows images of smaller scan size (1 � 1 mm), for
the monolayer formed with DNA, to compare AFM topography,
phase, cantilever oscillation amplitude (Mag), and FM-KPFM
images. We note that the FM-KPFM image shows higher
resolution than the AM-KPFM image shown earlier in Fig. 2.
The phase image tracks the phase shift of the cantilever
oscillation, in which contrast typically indicates a change that

is chemical in nature or emphasizing differences between
domains. We see that there is an intricate web-like network
shown in the topography (top row, right), with three distinct
‘levels’ of features in terms of height. The phase and FM-KPFM
images correlate with each other and show interesting contrast.
Cross-sections of the topography and FM-KPFM images, show-
ing this correlation as well, are presented in Fig. 4. Perhaps
a more striking demonstration of this result is shown in
Fig. 5, which shows an overlay of the FM-KPFM signal on top

Fig. 2 AFM topography (top left and bottom left) and AM-KPFM images
(top right and bottom right) of DOPC-DPPC-GS monolayers without
DNA (top) and with DNA (bottom) present in the subphase at the time of
formation and deposition.

Fig. 3 Images of size 1 mm � 1 mm of the DOPC-DPPC-GS monolayer
formed in the presence of DNA: topography (top left), phase (top right),
FM-KPFM (bottom left), and cantilever oscillation magnitude (bottom
right). The white arrow points to a region of intermediate height, as
described in the text, which corresponds to a region of higher electrical
surface potential and contrasting phase. Thin gray lines overlayed on the
height and KPFM images correspond to the location of the cross-sections
shown in Fig. 4.

Fig. 4 Horizontal cross-sections of the topography (black line) and FM-
KPFM (blue dashed line) from images in Fig. 3 at the 0.5 mm mark on the
vertical axis (as indicated there). The areas of higher FM-KPFM signal
correlate with topographical regions of height a few tenths of a nm above
the baseline.
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of the topography image of Fig. 3, clearly indicating that the
FM-KPFM signal arises in the areas directly adjacent to those of
the greatest height. It is thus clear that there is a positive
electrical surface potential difference in the mid-range height
regime that surrounds the ‘web’. Both the lower and higher
height regions appear to have similar and less positive elec-
trical surface potential.

For statistical analysis, the values for the differences in height
between the three regions, and the magnitude of the FM-KPFM
signal, were calculated from 100 pooled measurements derived
from cross sections taken from multiple images across repeated
experiments. Table 1 shows the results of this analysis, with

uncertainties computed at a 95% confidence level. The middle
domains were found to be 0.446 � 0.014 nm higher than the
background, where the FM-KPFM signal was positive at 561 �
16 mV. This is a lower height than the control monolayer, and
also a slightly lower potential (for possible reasons, see the
discussion below). The highest region is 1.197 � 0.026 nm
higher than the middle region (or roughly 1.64 nm higher than
the background). We show in Fig. 6 a 3D rendering of the
height and FM-KPFM signal from an illustrative region, which
helps to visualise the sample’s morphology.

4 Discussion and conclusions

These data provide us with height and EPS images of DNA
binding to lipid–GS monolayers at a spatial resolution high
enough to indicate where DNA binds. In an attempt to analyse
and confirm the origin of these structures, we consider the
mechanism of DNA complexing with the GS and lipid. When
DNA is present in the subphase without the monolayer, DNA
does not deposit onto mica (data not shown). Similarly – and
verified by experiment though data not shown – monolayers
composed of pure lipid mixtures (in our case DOPC and DPPC)
showed identical topography and KPFM signal with and without

Fig. 5 Overlay of the topography image in Fig. 3 with the FM-KPFM
image. Only the bright (relatively high mV) regions of the FM-KPFM image
were included here, in light blue, with a small amount of Gaussian filtering
applied for clarity. The result shows the areas of higher surface potential
correlating well with the areas surrounding those of the highest height.

Table 1 Image analysis results for height and surface potential differences
between domains in lipid–gemini surfactant monolayers containing DNA
(DOPC + DPPC + 16-3-16 3 : 3 : 2). The control monolayer contains both
lipids plus GS, but no DNA. The cross section method was used to
calculate the final result for the height and electrical surface potential of
the domains relative to the background. See the text for further details.
Margins of error are calculated at a 95% confidence level

Region Height/(nm) FM-KPFM/(mV)

Control monolayer (no DNA)
Domainsa Dh 0.574 � 0.001 658 � 17

With DNA
Lowerb Dhl 0.446 � 0.014 561 � 16
Higherc Dhu 1.197 � 0.026 —d

a Differences between the domains and background. b Differences
between the mid-region and background. See Fig. 6. c Differences
between the highest region and the mid-region. See Fig. 6. d Only the
mid-region showed a positive KPFM signal, so there is only one value to
report relative to a ‘background’.

Fig. 6 This 3D rendering from an inset of the AFM topography image
from Fig. 3 shows the three regions, labelled A, B and C here, corres-
ponding to height difference values of Dhl and Dhu on a detail schematic
from Fig. 7. To the right is a 3D rendering of the FM-KPFM signal of the
same area, showing the signal DV (electrical potential difference) that is
generated by the mid-height (B) region. The lower schematic shows DNA
(green) bound to the monolayer comprised of lipids (gold) and gemini
surfactant (blue).
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DNA present in the water subphase, which demonstrates that
DNA does not bind to these monolayers. However, the addition of
GS to the lipid mixture results in a strong interaction with DNA.
This is not a surprise, since the positive charges on the cationic GS
would be attracted electrostatically to negatively charged DNA.
It was shown also in ref. 31 that GSs with sufficiently short
tail lengths (generally below 16 carbon atoms) in which surface
activity was reduced to zero suddenly become surface active when
DNA is present in the subphase. This is due to charge neutralisa-
tion increasing the hydrophobicity of the GS. As a result, the
hydrophobic interactions suddenly become more dominant than
the electrostatic forces. Therefore, it can be concluded that DNA
and GS interact very strongly. Here, the GS is already surface
active, and the DNA must bind up to the GS from the subphase.
Work presented in ref. 31 proposes an arrangement where the
negatively charged phosphate groups of the DNA bind to
the cationic ammonium head groups of the GS in chains, with
the spacer group lying flat against the water surface for smaller
spacers. This would assist in explaining the web-like connections
of the features we identify in the topography, especially consider-
ing the height difference between the lowest and highest regions
being on the order of 2 nm.

However, what is most interesting about this result is the
KPFM signal failing to correlate directly with the topography.
Here, we have a positive KPFM signal that envelops the web-like
features. We propose that the majority of net positive charge
likely resides in those regions of positive relative electrical
surface potential. Comparing these regions with the back-
ground, and considering that DPPC forms a thicker monolayer
than DOPC,53 we infer that the lower background may be
composed primarily of DOPC, with the positive electrical sur-
face potential regions being the DPPC-GS mixture. While the
height alone (B2 nm) of the web-like higher features would
lead us to expect them to contain the DNA. This increase in
height is comparable to the diameter of DNA. However, we note
that these regions are also of lower surface potential than the
lipid–GS region; thus we propose that they are DNA–GS com-
plexes of nearly unit charge ratio and so interact in naturally
equal proportions. Such strong interaction and binding of GS
with DNA is also supported by the recent work in ref. 38, where
it was found that a GS and DNA complex may behave as its
own polymeric amphiphile. In Fig. 7 we show a schematic of
what the monolayer might look like in a simplistic way at the
air–water interface with DNA dissolved in the subphase, and
how the topography would change upon deposition onto a solid
substrate for imaging. Single-molecule force measurements of
DNA with surfactants have demonstrated that surfactants with
longer tails (e.g., 16 carbon atoms) may configure themselves
differently around the DNA fragments such that their tail
groups point directly away, which is consistent with our model
shown in Fig. 6 and 7.19

It is unlikely that DNA fragments are penetrating the middle
and lower domains to an appreciable degree as we would expect
to see a greater surface height variability in the other lipid
layers if DNA fragments were present there. In addition, it is
noteworthy that the surface roughness of the lower and middle

height regions are similar, at around 0.11–0.12 nm, while the
higher, web-like regions have a much higher roughness at about
0.22 nm in this image. One can also visualise the roughness
qualitatively by observing the 3D rendering provided in Fig. 6;
despite smoothing, it is clear that the highest region is also the
least uniform. This provides further evidence that the DNA is
concentrated in these higher regions as the strands would naturally
have more variation than a uniform monolayer component. A
question yet to explore is the effect that the DNA fragment length
or configuration (such as a plasmid versus linear strand) might have
on the morphology of these monolayers and whether it affects the
amount of DNA that might bind. This will be the subject of future
work as the present study uses randomly sheared DNA lengths to
explore its general interaction with the model monolayers.

We have thus shown how KPFM can be used to characterise
the complexes formed by DNA and GS at the nanometre scale,
while resolving not only the morphology of the complex but
also resolving each component, and provide key hints into the
electrostatic interaction behaviour of these molecules. An
understanding of the distribution of charges in these com-
plexes cannot be revealed by topographical scanning alone, or
any other technique, and thus this work demonstrates an
important biological application of KPFM imaging.
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