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Abstract: Drug delivery vehicles composed of lipids and gemini surfactants (GS) are promising
in gene therapy. Tuning the composition and properties of the delivery vehicle is important for
the efficient load and delivery of DNA fragments (genes). In this paper, we studied novel gene
delivery systems composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dipalmitoyl-
sn-3-phosphocholine (DPPC), and GS of the type N,N-bis(dimethylalkyl)-«, w-alkanediammonium
dibromide at different ratios. The nanoscale properties of the mixed DOPC-DPPC-GS monolayers
on the surface of the gene delivery system were studied using atomic force microscopy (AFM) and
Kelvin probe force microscopy (KPFM). We demonstrate that lipid-GS mixed monolayers result in
the formation of nanoscale domains that vary in size, height, and electrical surface potential. We
show that the presence of GS can impart significant changes to the domain topography and electrical
surface potential compared to monolayers composed of lipids alone.

Keywords: atomic force microscopy; Kelvin probe force microscopy; gemini surfactant; lipid monolayer;
gene delivery system

1. Introduction

Gemini surfactants (GSs) are a special class of synthetic amphiphilic molecules that
are actively studied as candidates for gene delivery vectors. GS molecules possess two tails
and heads, bound by a spacer group between their head groups [1,2]. These surfactants
usually carry charges among their head groups, which allows them to interact with charged
molecules or particles. Cationic GSs carry two positive charges, allowing them to interact
with negatively charged DNA through electrostatic attractions [3-10].

With a judicious choice of spacers, heads, and tails, these systems can be very versatile
with virtually no limit to their carrying capacity [7]. These systems have the potential to
wrap and deliver packages of nanomaterials, with low toxicity, and are inexpensive to
manufacture [7,11]. Currently, they are being studied as a means of efficiently packag-
ing and transporting DNA, with a view to many biomedical applications, such as gene
therapy [6,10,12-16].

In order to stabilize charged GSs and make them more compatible with cellular
membranes, it is now common practice to add a ‘helper’ lipid to mixtures of GSs to facili-
tate cellular uptake [17-20], for example, 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE) [12,20] and (DPPC) [21]. Electrostatic interactions between DNA and GSs are im-
portant for packaging DNA in nano-carriers and are dependent on the nanoscale properties
of GS-lipid films. Thus, it is important to characterize the structure of these mixed GS-lipid

Nanomaterials 2024, 14, 572. https:/ /doi.org/10.3390/nano14070572

https:/ /www.mdpi.com/journal /nanomaterials


https://doi.org/10.3390/nano14070572
https://doi.org/10.3390/nano14070572
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com
https://orcid.org/0000-0003-2909-5384
https://orcid.org/0009-0001-7874-7994
https://doi.org/10.3390/nano14070572
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com/article/10.3390/nano14070572?type=check_update&version=1

Nanomaterials 2024, 14, 572

20f13

films at the nanoscale to determine the most effective combination to construct the most
efficient delivery carrier.

The two commonly used helper lipids DOPC and DPPC are the most studied in the
phospholipid family [22-26]. These lipids, when mixed, are known to phase separate and
form nanoscale domains, which differ by height and can be resolved using high resolution
microscopy in bilayer or monolayer films [23,24,27]. These domains differ in shape and
size, which depends on many factors: the ratios and the nature of the mixed phospholipids,
their tail lengths [23,24], and the degree of saturation of the tails and the nature of the
head groups. For example, DPPC is more ordered at 22 °C due to its higher melting
temperature and is found in higher (more ordered) domains, while DOPC is in the fluid
phase and is found in lower domains at this temperature [28]. These domains are important
when the lipid membrane interacts with other biomolecules [29] and specifically when
GS-lipid mixtures interact with DNA or other drug molecules to form a drug delivery
system. While lipid model membranes or bilayers compose gene delivery vehicles, we used
supported GS-lipid monolayers in this study, as lipid monolayers are widely accepted as
excellent models to mimic complex model membranes and allow high-resolution imaging
of nanoscale domains with AFM and KPFM [10,25,26,30-35].

GS monolayers suspended at air/water interfaces have been examined alone [36], as
well as in the presence of fatty acids [37-39], DNA [4,10], or lipids [40]. Pure GS monolayers
do show the formation of small domains at the air/water interface, suggesting some cluster-
ing in this environment [36]. When helper lipids are mixed with GS, the domains they form
on the gene delivery systems are important for packing the DNA. In this work, we study
nanoscale domains formed in mixed lipid (DOPC-DPPC) monolayers deposited on mica
and how these domains are affected by the presence of GS molecules using AFM and KPFM
imaging methods. Monolayer models serving as an analogue to the surface of a micelle or
liposome drug delivery system were studied with microscopy methods when supported on

a solid substrate (see Figure 1).
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Figure 1. Schematic showing the spherical surface of the lipid—GS gene delivery system; the nanoscale
domains formed in the monolayer due to phase separation in the DOPC-DPPC-GS mixture, shown in
the upper surface of the sphere and in the supported monolayer set up for AFM and KPFM imaging.

2. Materials and Methods
2.1. Overview of AFM and KPFM Methods

Atomic force microscopy (AFM) is a high-resolution imaging technique that has been
widely used in biology and biophysics, specifically in membrane and protein studies [41-43].
In addition to AFM, which produces nanoscale resolution topography images, we used
advanced Kelvin Probe Force Microscopy (KPEM) [44,45]. It combines the non-contact
AFM with the Kelvin probe method, which allows the direct measurement of electrostatic
properties at nanometer resolution in direct correlation to AFM topography images. While
AFM is well established for biological applications, KPFM is commonly applied to study
metallic and inorganic surfaces, but advanced modes of KPFM, such as amplitude mod-
ulation (AM) and frequency modulation (FM) [10,44,46,47], have been demonstrated to
be useful for biological applications [29,30,41,48]. The operation principles of the ampli-
tude modulation (AM) and frequency modulation (FM) [44,46], as well as details of the
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KPFM/AFM system used in this work are described in detail in Moores et al., 2010 [30],
and in the Supplementary Materials.

In the present work, we used AFM and FM-KPFM to study the electrostatic and
topographical domains in lipid—GS monolayers. The cationic nature of GSs is an ideal
subject to advance the biological applications of KPFM in combined electrical surface
potential topographical imaging. Surfactant molecules (lipid, GS, and other amphiphiles)
all have dipole moments due to their inherent structure. When these dipole moments
become aligned, as in a dry monolayer, they effectively become a sheet of dipoles, which
gives rise to an electrostatic surface potential V, and the addition of charged molecules has
a similar effect (see Equation (1)). KPFM is well suited to probe these features. We aim to
show how GS behavior can be captured with these imaging techniques and thus used to
assist the development of drug delivery research.

2.2. Lipids and Gemini Surfactants

For this study, we used a combination of 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) and 1,2-dipalmitoyl-sn-3-phosphocholine (DPPC), which is widely used as a simple
model for cellular membranes (see the structure in the Supplementary Materials). DOPC
and DPPC lipids were purchased from Avanti Polar Lipids Inc., https://avantilipids.com/.
They were dissolved in stock 1 mg/mL solutions of chloroform that were kept in a freezer
until use.

We used GSs of the type N,N-bis(dimethylalkyl)-«,w-alkanediammonium dibromide,
designated for simplicity as m-s-m, in which m is the length of the alkyl tails and s is the
length of the spacer group in carbon atoms. We used GSs of two types: m-s-m = 12-3-
12 and 16-3-16 in this work (see the structure in the Supplementary Materials). These
were synthesized by reflux in acetone of the corresponding a,w-dibromoalkane and N,N-
dimethylalkylamine. After filtering and purifying by recrystallization, the chemical struc-
tures and purities were confirmed with NMR spectroscopy and surface tensiometry. For
full details, see Wettig et al., 2007 [12]. The GS in powder form was stored in a desiccator
and then dissolved in chloroform (at stock 1 mg/mL) before mixing with lipids. Lipids and
GSs stock solutions were mixed at the ratio DOPC-DPPC-GS = 3:3:2 before spreading into
an LB trough.

2.3. Langmuir-Blodgett Monolayer Deposition

The GS-lipids monolayer is a useful model, as it forms the surface of the drug delivery
system that interacts with the genetic material and is responsible for fusing with the cellular
membrane. For AFM/KPFM imaging, monolayers were created using a Langmuir-Blodgett
(LB) trough deposition as follows [49]. The LB trough was filled with water as the subphase,
and the air/water interface was thoroughly cleaned so that compression yielded an increase
in pressure of no more than 0.2 mN/m. Freshly-cleaved mica slides were suspended in the
dipping well to rest just below the surface. The lipid-surfactant solution was deposited in
several drops at the air/water interface to form a monolayer. The monolayer was left to
equilibrate (and the chloroform was allowed to evaporate) for 10 min before compressing
at 12mm/min to a target pressure of 35mN/m. This pressure was chosen to roughly
correspond to cell membrane specifications and to allow phase contrast between the DOPC
and DPPC lipids [50]. As shown in Figure 2, at the target surface pressure, the curve was in
a smooth increasing region before reaching the left-end plateau, proving lipid monolayer
formation at that surface pressure. The monolayer was deposited on the mica by raising
the dipping arm slowly at a rate of 2mm/min, while keeping the surface compressed at a
constant pressure. The formed monolayer on mica is illustrated in Figure 1.
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Figure 2. The averaged isotherm curve for DOPC-DPPC = 1:1 based on three repeated measurements.
The dashed line indicates the position of 35 mN/m, which is the target pressure to deposit the lipid
monolayer on mica. For more details, see the Supplementary Material Part III

2.4. Imaging and Analysis

The AFM imaging was performed in contact mode using a JPK Nanowizard II and
NCH-PPP cantilever tips with a resonant frequency near 150 kHz. FM-KPFM images were
taken with an AIST-NT Smart SPM, using MikroMasch NSC-14-Cr/Au probes, with a
resonant frequency of 130 kHz. In both cases, monolayer samples were deposited on mica
slides and imaged in air. For resolving the electrical surface potential distribution in FM-
KPFM mode, the supported monolayers on mica slides were placed onto conductive tape
and connected to the KPFM electrode (Figure 1). Both AFM topography images and KPFM
images were collected from the same sample area to allow a direct comparison between the
topography and the electrical surface potential. Image analysis was performed using cross-
section analysis and histogram methods with JPK image processing software (the details are
described in the Supplementary Materials). For cross-section analysis, 100 measurements
were collected from each sample to enable statistical analysis, and the surface coverage
was analyzed using SPIP software. Analysis of the domain height difference (Ah) was
performed using cross-section analysis and histogram methods. Analysis of the electrical
surface potential distribution as contact potential difference (CPD = AV) was performed
via analyzing cross sections of the raw unfiltered FM-KPFM images.

3. Results and Discussion
3.1. Results
3.1.1. Monolayer Composition

A number of previous studies have shown that, when mixed, different phosphatidyl-
choline lipids (especially those with widely differing phase transition temperatures) form a
monolayer composed of domains that exhibit a topographical contrast that is clearly shown
in AFM images [50,51]. For this study, we used a DOPC-DPPC mixture, which is widely
used as a simple model for cellular eukaryote membranes. In the mixed DOPC-DPPC
bilayer, these lipids phase separate and form domains that differ in height [52]. The unsatu-
rated acyl chains of the DOPC are more disordered (see the structures in the Supplementary
Materials) and form domains that are approximately 1nm shorter than DPPC domains,
which yields a topographical contrast in AFM (higher and lower domains) [50]. The GSs
are charged long-chain molecules (see the structures in the Supplementary Materials), and
when they are mixed with DOPC-DPPC monolayers, we expect that they induce morpho-
logical changes in the domains that can be resolved by AFM topographical imaging. Next,
we looked for changes in the electrostatic properties of the domains.
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To identify the domains of DOPC and DPPC in our AFM images, we prepared control
(no GS) monolayers composed of different ratios of DOPC to DPPC. As DPPC-enriched
domains should be higher than DOPC [50], with the increase in the DPPC content, we
should see a larger amount of area occupied by higher domains. For the effects of the GS,
we added two different GSs to our lipid mixtures: m-s-m = 12-3-12 (GS-12) and 16-3-16
(GS-16), in a DPPC-GS molar ratio of 3:2, which has been found to be an appropriate
ratio for effective gene transfection studies when helper lipids are used [53]. For more
information about the experimental protocols and additional results, see the Supplementary
Materials and the Ph.D. dissertation of Robert D. E. Henderson (see Ref. [49]).

3.1.2. AFM Topography of the DOPC-DPPC Control Monolayer

Figure 3 shows the AFM topography images of the control monolayers (no GSs)
containing different ratios of DOPC to DPPC. These lipid mixtures show a characteristic
set of domains, with higher domains present in a series of circular or polygonal shapes
in a matrix of lower domains. Frequently, there are notable streaks and striations aligned
along a particular reference axis in the monolayer topography. This phenomenon has
been reported previously [50,54] and is an artifact of the deposition that does not affect
our results.

Figure 3. AFM topography images of control monolayers composed of lipids only: DOPC and DPPC
in molar ratios of DOPC-DPPC 3:7 (left) and 1:1 (right) imaged in the air with the JPK NanoWizard
instrument in contact mode.

To confirm the identity of each lipid in higher or lower domains, we performed a
surface analysis on a series of these images from random locations of each of the samples
using the program Scanning Probe Image Processing (SPIP). We calculated the fraction of
the surface that was covered by the higher domains (they appear lighter in the images)
with two separate methods, and we show the results in Table 1. The first method used a
histogram of pixel values, which takes advantage of the fact that our images were composed
of domains at different heights. This appears in practice as two peaks in the histogram; the
minimum between the two peaks roughly separated the domains, and we then calculated
the fraction of the image occupied by the higher-height pixels (which thus calculated
the surface coverage fraction of the higher domains). The second method employed an
algorithm to identify particles (shapes) in the image, which were then summed to determine
their surface coverage.

The results show that the surface coverage of the higher domains increased with
the increasing DPPC proportion in the monolayer, indicating the higher domains were
dominantly DPPC. From the nature of the structure of DPPC, at our deposition pressure
(35 mN/m), it was in a gel-like phase, while the DOPC was in a fluid phase [55,56], suggest-
ing the higher domains were enriched with DPPC, and the lower domains were enriched
with DOPC (See details in the Experimental Section and the Supplementary Material Part
III). These control samples were further characterized by cross-section analysis of the im-
ages shown in Figure 3. We found that, indeed, there was a strong correlation between
the lipid ratio and the fraction of the surface occupied by the higher domains, with the
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details listed in Table 1. Specifically, at a 1:1 ratio of the lipids (by mol), 27(£4)% of the
surface was covered by DPPC (higher domains), while 54(£4)% was covered at a ratio
of 3:7 DOPC-DPPC. The compression isotherm of 1:1 DOPC-DPPC can be found in the
Supplementary Materials.

Table 1. Surface coverage analysis for higher domains in the control samples at two ratios of DOPC-
DPPC. The results are shown for both the histogram and particle detection surface coverage analysis
of higher domains, averaged over four experiments, which are described in the Supplementary
Materials. All numerical values in this table are expressed as percentages.

DOPC-DPPC Higher Domain Surface Coverage Model Average
(mol) (Histogram) (Particle)
1:1 2943 2543 27+ 4
37 55.6 £ 0.6 53+4 54+4

3.1.3. AFM/KPFM Images of DOPC-DPPC Monolayers with Gemini Surfactant

Figures 4 and 5 show AFM and FM-KPEFM images of the samples containing DOPC—
DPPC with the GS-12 and GS-16 and a control (DOPC-DPPC with no GS) sample. The
addition of GS-12 had little or no effect on the DPPC domain structures. However, when
GS-16 was added, an intricate domain formation was observed, which indicates the incor-
poration of GS5-16 into the lipid monolayer.

A combined cross-section analysis was performed to determine the height difference
between domains (Ah) and the electrical surface potential difference (AV) (see the Supple-
mentary Materials for details). The results of this analysis are shown in Table 2. For the
DOPC-DPPC control monolayer, the Al between the domains (DPPC and DOPC) was
0.33 &= 0.01 nm, and AV was 336 £ 7mV. The Ah in our results was somewhat lower than
other studies near our deposition pressure (35 mIN/m) [50]. With the addition of GS-16,
the height difference (Ah) increased to 0.57 nm (0.57 £ 0.01 nm), with a AV increase to
658 + 17 mV. This indicates that GS-16 interacted with the DPPC and DOPC lipids differ-
ently, and the increased positive AV between the domains was consistent with adding
cationic molecules to the higher DPPC domains. The addition of GS-12 resulted in very
small changes with a height difference (Ah) decrease to 0.28 = 0.02nm and a AV decrease
to 304+ 13 mV.

Table 2. Results of the image analysis collected from the FM-KPFM electrical surface potential
images and AFM topography images, where differences between the domains were calculated
and denoted as AV and Ah using the cross-section method. The lipid monolayers were the
control (DOPC-DPPC = 1:1), with GS-12 (DOPC-DPPC-GS-12 = 3:3:2), and with GS-16 (DOPC-
DPPC-GS-16 = 3:3:2). See the text and Supplementary Material for further details.

FM-KPFM (AV) AFM (Ah)
DOPC-DPPC (Control) 336 £ 7mV 0.33 £ 0.01 nm
DOPC-DPPC-GS-12 304 £ 13 mV 0.28 + 0.02 nm
DOPC-DPPC-GS-16 658 £ 17 mV 0.57 £ 0.01 nm

Margins of error calculated at a 95% confidence level.

Figures 4 and 5 show that the control monolayer and the monolayer with GS-12 had
similar domain widths in the x—y plane. Both samples possessed a large domain with
regular margins surrounded by sporadic smaller domains. In contrast, the GS-16-lipid
monolayer exhibited wider irregular domains, which look like a large amount of smaller
domains and joint coagulation of smaller domains in a larger structure. Moreover, the
sporadic smaller domains in this monolayer existed in a higher frequency, resulting in
increased overall surface coverage. This observation is consistent with the previous report
that suggested the GS-12 does not incorporate well into lipid monolayers, likely due to its
high preference for dissolving in the subphase solution, whereas the GS-16 exhibits higher
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affinity with phospholipids [57,58]. Another contributing factor could be the shorter chain
length and higher solubility in water of the GS-12 compared to the longer-chain GS-16 [59].

GS 16-3-16

Figure 4. AFM and KPFM images of the DOPC-DPPC supported monolayers with and without GS:
first raw AFM topography images, second AFM phase images, and third KPFM electrical surface
potential images.
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Figure 5. Cross-section plots showing the height variation and electrical surface potential variations
along the line shown in the AFM and KPFM images in Figure 4.
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3.2. Discussion

The maps of the electrical surface potential revealed by the KPFM images in our sam-
ples can be explained by considering the dipole nature of the lipids. As the simple uniform
monolayer has an electrical surface potential V, given by Brockman and Howard [60] as

K

V= 127T7, (1)
in which p | is the normal component of the dipole moment of each molecule in MDebye, A
is the area per molecule in A2, and V is measured in mV. This is valid with the assumption
that the sheet of dipoles is infinite in area. However, real monolayers, and especially
monolayers composed of mixed lipids, have a finite total area and form domains of different
molecules or similar molecules at different orientations or densities; thus, this equation
would only be a reasonable approximation for either small scanning heights (i.e., near
contact) and/or for large domains. Many factors contribute to the resulting dipole moments
of the DOPC and DPPC monolayers: the dipole of a single lipid molecule; packing density
of the lipids; lipid orientation with respect to the surface (tilt); as well as the scanning probe
itself. Due to the last factor (scanning probe), KPFM analysis can in principle only lead
to knowledge of the relative electrical surface potentials (AV), and a determination of an
absolute potential can only be performed by other methods [61] that are beyond the scope
of this work. In our experiments, the same scanning probe was used; thus, the differences
in height and V' can be reliably measured and compared.

It is not straightforward to illustrate the precise relationship between an experiment
and theory; however, here, a simplified analysis guided by previous publications is pro-
vided [33,60,62-65]. Given that the hydrophilic mica slides are pulled out of the aqueous
subphase during the deposition process, the lipid and surfactant molecules will have their
head groups oriented toward the substrate, with the hydrophobic tails on the visible surface
of the samples. Previous studies have shown that the total dipole moments of phospho-
lipids are positive toward the air [60,66—68]. A literature review on this topic shows the
dependence of properties such as the dipole moment or electrical surface potential on
conditions such as the surface pressure, molecular area, and subphase composition for
DOPC and DPPC. Table 3 presents the results of this review. While the picture is by no
means complete, we can glean useful quantities from these data and relate them to our
present measurements.

Given the surface analysis results and the values for the molecular areas shown in
Table 3, it is obvious that the molecular density of DPPC is higher than DOPC; thus, DPPC
will have a boost to higher values for the electrical surface potential relative to DOPC. This
is because the area per molecule is smaller for DPPC than DOPC at the same pressure
(shown in Table 3). This is in fact what is shown for the monolayers in Figures 4 and 5. In
addition, noting that DPPC was measured to be higher than DOPC, despite DPPC having
a similar carbon chain length [28], we must conclude that the fluid-like nature of DOPC
causes it to be more disordered and oriented non-perpendicularly to the substrate surface.
Therefore, the component of the dipoles of DOPC that is normal to the mica substrate will
be smaller than DPPC (at a similar density). A combination of these two factors (density
and orientation) must therefore contribute to the difference in the electrical surface potential
between the two lipid domains. Ultimately, the AV between DOPC and DPPC is in line
with the values presented in the studies shown in Table 3, in which, for example, at a
pressure of 30 mN/m the difference was given to be 271 mV. The trend that is observed
for the pressure dependence of the potential suggests that the result would be slightly
higher for a higher pressure (35 mN/m in our experiments), which is consistent with our
results, AV =336 mV.
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Table 3. A summary of the literature values for the area per lipid (A), dipole moments (3| ), and the
electrical surface potential (V) of pure DOPC and DPPC monolayers at various surface pressures
(7r). The calculated theoretical differences in the electrical surface potential (AV) between DPPC and
DOPC, based on the literature values, are shown at the bottom of this table, in comparison with the
experimental value obtained in this work.

T A \%4 78 Subphase References
(mN/m) (A?) (mV) (mD)
DOPC
20 78 306 632 H,O [66]
30 70 329 610 H,0 [66]
35 70 no data 850 NaCl*“, pH6 [68]
45 59 311°¢ 486 H,O [67]
45 58 no data 463 PBSY, pH6.6 [67]
nodata® nodata 384 nodata KCl4 [69]
DPPC
10 69 no data 469  PBSY, pH6.6 [67]
20 46 400 488°¢ H,O [63]
30 44 600 700 ¢ H,0 [63]
35 42 700 780 ¢ H,0 [63]
35 45 no data 700 NaCl“?, pH6 [68]
nodata® nodata 460 nodata KCl4 [69]
23 no data 640 nodata  Simulation [34]

Differences in Electrical Surface Potential: AV = Vpppc — Vpoprc

20 94 H,O Calculated from data above
30 271 H,O Calculated from data above
35 336 H,Of This work

“ Subphase 0.1 M NaCl. ¥ Subphase 0.01 M phosphate buffer with 0.1 M NaCl. ¢ Lipids added until V stopped
changing. See Ref. [69] for details. d Subphase 1 mM KCl. ¢ Computed from Equation (1). f Supported monolayer

on mica prepared with LB deposition using a pure water subphase.

When GS-16 was added to the DOPC-DPPC monolayer, the electrical surface potential
difference was 658 mV and was much larger compared to the control monolayer (336 mV).
Given the lack of analogous potential and dipole data for these GSs compared with the
common lipids, for the present purpose, if we make the simplifying assumption that the
only new contribution to the surface potential is due to the 2+ charges on the surfactant
molecules (that is, to assume that the dipole moments of DPPC are the same as the dipole
moments of GS5-16 without the 2+ charge), the molecular density of GS that has integrated
into the DPPC domains can be computed. Assuming also that the sizes of the domains
are much larger than the tip-sample separation during the scan so that we may take the
distribution of surfactant molecules to be an infinite sheet of charge, we have

zo
Ve~ sheet = 2en’ ()

€0
in which z is the height of the tip during the measurement and ¢ is the surface charge
density. The density of the GS molecules is then

€ Ve — sheet

Ogemini = ——————, 3
gemml z ( )
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since there is a charge of 2+ on each molecule. Making the further assumption that the
area per molecule is the same within the DPPC domains infused with GS, as with the
DPPC alone (45 A2), this calculates to about one GS molecule per four molecules of DPPC,
as shown by Drolle et al. in 2017 [41]. This is a plausible result (consistent by order of
magnitude), given the assumptions and our starting relative concentrations of 3:2 for
DPPC-GS.

4. Conclusions

We studied the effects of GS on DOPC-DPPC monolayers using AFM and KPFM
imaging. We resolved topographical and electrostatic domains in mixed DOPC-DPPC
monolayers that were little affected by the inclusion of GS-12, as both the differences in
the domain heights and the electrical surface potential were statistically consistent with
the DOPC-DPPC monolayer. With the use of GS-16, we observed a stronger interaction
between the GS and DPPC, with more intricate domain formation, and a much more
positive electrical surface potential difference (AV changed from 336 mV in the DOPC-
DPPC monolayer to 658 mV in the GS-DOPC-DPPC monolayer. Mixing GS with DOPC-
DPPC lipid produced a stable monolayer with nanoscale domains and more positive
electrical surface potential than the control monolayer without GS.

While the morphology of these domains in the monolayer mixtures can be determined
via AFM, the unique capabilities of KPFM provide valuable information on electrostatic
properties and are especially useful in studying the properties of the lipid monolayers in
the presence of the cationic GS. Future development of efficient molecular delivery vehicles
based on these mixtures requires a detailed nanoscale characterization of the monolayers they
form and how they behave in different environments. Characterization of electrostatics, com-
position, and morphology on the nanoscale will help to develop a theoretical and biophysical
framework for these new systems. Future work by our group will explore a wider variety of
these systems containing an array of GSs and phospholipids.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/nano14070572/s1. Molecular structure of the lipids and GSs; compression
isotherm of 1:1 DOPC and DPPC; principle of AFM and FM-KPFM methods; histogram and cross-
section analysis of AFM and FM-KPFM images. References [10,30,41,44,46,49,70-78] are cited in the
Supplementary Materials.

Author Contributions: Conceptualization, S.W. and Z.L.; Methodology, RD.E.H., Y.X. and R.G;
Validation, R.D.E.H., N.M,, Y.X. and R.G.; Formal analysis, R.D.E.H. and N.M.; Investigation, R.D.E.H.
and R.G.; Resources, SSW. and Z.L.; Data curation, R.D.E.H.; Writing—original draft, RD.E.H.;
Writing—review & editing, N.M.; Visualization, R.D.E.H.; Supervision, S.W. and Z.L.; Project admin-
istration, Z.L.; Funding acquisition, S.W. and Z.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Natural Sciences and Engineering Research Council of
Canada (NSERC) grant number [50503-11497], Canadian Foundation for Innovation (CFI) - Ontario
Research Fund (ORF) grant number [3400-112617]. R.D.E.H. received an Ontario Graduate Scholar-
ship from the Government of Ontario, and received Waterloo Institute for Nanotechnology (WIN)
Graduate Fellowship. N.M. received the WIN Graduate Fellowship.

Data Availability Statement: Data are contained within the article.
Acknowledgments: The authors thank A. Krayev and the AIST-NT team for technical support.

Conflicts of Interest: The authors declare no conflict of interest.

1. Menger, F; Littau, C. Gemini surfactants: A new class of self-assembling molecules. J. Am. Chem. Soc. 1993, 115, 10083-10090.

[CrossRef]

2. Menger, EM.; Keiper, ].S. Gemini surfactants. Angew. Chem. Int. Ed. 2000, 39, 1906-1920. [CrossRef]
3. Ahmed, T,; Kamel, A.O.; Wettig, S.D. Interactions between DNA and Gemini surfactant: Impact on gene therapy: Part L.
Nanomedicine 2016, 11, 289-306. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/nano14070572/s1
https://www.mdpi.com/article/10.3390/nano14070572/s1
http://doi.org/10.1021/ja00075a025
http://dx.doi.org/10.1002/1521-3773(20000602)39:11<1906::AID-ANIE1906>3.0.CO;2-Q
http://dx.doi.org/10.2217/nnm.15.203
http://www.ncbi.nlm.nih.gov/pubmed/26785905

Nanomaterials 2024, 14, 572 11 of 13

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

Chen, Q.; Kang, X,; Li, R.; Du, X; Shang, Y.; Liu, H.; Hu, Y. Structure of the complex monolayer of gemini surfactant and DNA at
the air/water interface. Langmuir 2012, 28, 3429-3438. [CrossRef] [PubMed]

Bell, P.C.; Bergsma, M.; Dolbnya, I.P.; Bras, W.; Stuart, M.C.; Rowan, A.E.; Feiters, M.C.; Engberts, ].B. Transfection mediated by
gemini surfactants: Engineered escape from the endosomal compartment. J. Am. Chem. Soc. 2003, 125, 1551-1558. [CrossRef]
Kirby, A.J.; Camilleri, P.; Engberts, ].B.; Feiters, M.C.; Nolte, R.J.; Soderman, O.; Bergsma, M.; Bell, P.C.; Fielden, M.L.; Garcfa Ro-
driguez, C.L.; et al. Gemini surfactants: New synthetic vectors for gene transfection. Angew. Chem. Int. Ed. 2003, 42, 1448-1457.
[CrossRef]

Wettig, S.D.; Verrall, R.E.; Foldvari, M. Gemini surfactants: A new family of building blocks for non-viral gene delivery systems.
Curr. Gene Ther. 2008, 8, 9-23. [CrossRef] [PubMed]

Bombelli, C.; Giansanti, L.; Luciani, P.; Mancini, G. Gemini surfactant based carriers in gene and drug delivery. Curr. Med. Chem.
2009, 16, 171-183. [CrossRef]

Cai, K,; Cheng, R.; Wang, C.; Xia, Y.; Xu, T.; Gan, C. Interactions with ctDNA of novel sugar-based gemini cationic surfactants.
Int. J. Biol. Macromol. 2020, 156, 805-811. [CrossRef]

Henderson, R.D.; Filice, C.T.; Wettig, S.; Leonenko, Z. Kelvin probe force microscopy to study electrostatic interactions of DNA
with lipid—gemini surfactant monolayers for gene delivery. Soft Matter 2021, 17, 826-833. [CrossRef]

Menger, EM.; Littau, C. Gemini-surfactants: Synthesis and properties. J. Am. Chem. Soc. 1991, 113, 1451-1452. [CrossRef]
Wettig, S.D.; Badea, L.; Donkuru, M.; Verrall, R.E.; Foldvari, M. Structural and transfection properties of amine-substituted gemini
surfactant-based nanoparticles. J. Gene Med. 2007, 9, 649-658. [CrossRef]

Wang, H.; Kaur, T.; Tavakoli, N.; Joseph, J.; Wettig, S. Transfection and structural properties of phytanyl substituted gemini
surfactant-based vectors for gene delivery. Phys. Chem. Chem. Phys. 2013, 15, 20510-20516. [CrossRef] [PubMed]

Fisicaro, E.; Compari, C.; Bacciottini, F; Contardi, L.; Barbero, N.; Viscardi, G.; Quagliotto, P.; Donofrio, G.; Rézycka-Roszak, B.;
Misiak, P; et al. Nonviral gene delivery: Gemini bispyridinium surfactant-based DNA nanoparticles. J. Phys. Chem. B 2014,
118,13183-13191. [CrossRef]

Jin, W,; Al-Dulaymi, M.; Badea, I; Leary, S.C.; Rehman, ]J.; El-Aneed, A. Cellular Uptake and Distribution of Gemini Surfactant
Nanoparticles Used as Gene Delivery Agents. AAPS J. 2019, 21, 98. [CrossRef]

Acosta-Martinez, D.R.; Rodriguez-Velazquez, E.; Araiza-Verduzco, F; Taboada, P.; Prieto, G.; Rivero, I.A.; Pina-Luis, G.; Alatorre-
Meda, M. Bis-quaternary ammonium gemini surfactants for gene therapy: Effects of the spacer hydrophobicity on the DNA
complexation and biological activity. Colloids Surf. B Biointerfaces 2020, 189, 110817. [CrossRef] [PubMed]

Hui, S.W,; Langner, M.; Zhao, Y.L.; Ross, P.; Hurley, E.; Chan, K. The role of helper lipids in cationic liposome-mediated gene
transfer. Biophys. J. 1996, 71, 590-599. [CrossRef]

Chesnoy, S.; Huang, L. Structure and function of lipid-DNA complexes for gene delivery. Annu. Rev. Biophys. Biomol. Struct. 2000,
29,27-47. [CrossRef] [PubMed]

Hirsch-Lerner, D.; Zhang, M.; Eliyahu, H.; Ferrari, M.E.; Wheeler, C.J.; Barenholz, Y. Effect of ‘helper lipid” on lipoplex
electrostatics. Biochim. Biophys. Acta (BBA)-Biomembr. 2005, 1714, 71-84. [CrossRef]

Cardoso, A.M.; Faneca, H.; Almeida, J.A ; Pais, A.A.; Marques, E.F,; de Lima, M.C.P;; Jurado, A.S. Gemini surfactant dimethylene-
1,2-bis (tetradecyldimethylammonium bromide)-based gene vectors: A biophysical approach to transfection efficiency. Biochim.
Biophys. Acta (BBA)-Biomembr. 2011, 1808, 341-351. [CrossRef]

Taheri-Araghi, S.; Chen, D.W.; Kohandel, M.; Sivaloganathan, S.; Foldvari, M. Tuning optimum transfection of gemini surfactant—
phospholipid-DNA nanoparticles by validated theoretical modeling. Nanoscale 2019, 11, 1037-1046. [CrossRef] [PubMed]

Vie, V.; Van Mau, N.; Lesniewska, E.; Goudonnet, J.; Heitz, F; Le Grimellec, C. Distribution of ganglioside GM1 between
two-component, two-phase phosphatidylcholine monolayers. Langmuir 1998, 14, 4574-4583. [CrossRef]

Kubo, I.; Adachi, S.; Maeda, H.; Seki, A. Phosphatidylcholine monolayers observed with Brewster angle microscopy and 7-A
isotherms. Thin Solid Films 2001, 393, 80-85. [CrossRef]

Sanchez, J.; Badia, A. Atomic force microscopy studies of lateral phase separation in mixed monolayers of dipalmitoylphos-
phatidylcholine and dilauroylphosphatidylcholine. Thin Solid Films 2003, 440, 223-239. [CrossRef]

Guzman, E.; Liggieri, L.; Santini, E.; Ferrari, M.; Ravera, F. DPPC-DOPC Langmuir monolayers modified by hydrophilic silica
nanoparticles: Phase behaviour, structure and rheology. Colloids Surf. A Physicochem. Eng. Asp. 2012, 413, 174-183. [CrossRef]
Qiao, L.; Ge, A.; Osawa, M; Ye, S. Structure and stability studies of mixed monolayers of saturated and unsaturated phospholipids
under low-level ozone. Phys. Chem. Chem. Phys. 2013, 15, 17775-17785. [CrossRef]

Hao, C; Sun, R.; Zhang, ]. Mixed monolayers of DOPC and palmitic acid at the liquid—air interface. Colloids Surf. B Biointerfaces
2013, 112, 441-445. [CrossRef] [PubMed]

Gunstone, ED.; Harwood, ].L. The Lipid Handbook with CD-ROM; CRC Press: Boca Raton, FL, USA, 2007.

Drolle, E.; Gaikwad, R.M.; Leonenko, Z. Nanoscale electrostatic domains in cholesterol-laden lipid membranes create a target for
amyloid binding. Biophys. J. 2012, 103, L27-L29. [CrossRef] [PubMed]

Moores, B.; Hane, F,; Eng, L.; Leonenko, Z. Kelvin probe force microscopy in application to biomolecular films: Frequency
modulation, amplitude modulation, and lift mode. Ultramicroscopy 2010, 110, 708-711. [CrossRef]

Sugimura, H.; Hayashi, K.; Saito, N.; Nakagiri, N.; Takai, O. Surface potential microscopy for organized molecular systems. Appl.
Surf. Sci. 2002, 188, 403-410. [CrossRef]


http://dx.doi.org/10.1021/la204089u
http://www.ncbi.nlm.nih.gov/pubmed/22260723
http://dx.doi.org/10.1021/ja020707g
http://dx.doi.org/10.1002/anie.200201597
http://dx.doi.org/10.2174/156652308783688491
http://www.ncbi.nlm.nih.gov/pubmed/18336246
http://dx.doi.org/10.2174/092986709787002808
http://dx.doi.org/10.1016/j.ijbiomac.2020.03.254
http://dx.doi.org/10.1039/D0SM01926G
http://dx.doi.org/10.1021/ja00004a077
http://dx.doi.org/10.1002/jgm.1060
http://dx.doi.org/10.1039/c3cp52621f
http://www.ncbi.nlm.nih.gov/pubmed/24177354
http://dx.doi.org/10.1021/jp507999g
http://dx.doi.org/10.1208/s12248-019-0367-1
http://dx.doi.org/10.1016/j.colsurfb.2020.110817
http://www.ncbi.nlm.nih.gov/pubmed/32045842
http://dx.doi.org/10.1016/S0006-3495(96)79309-8
http://dx.doi.org/10.1146/annurev.biophys.29.1.27
http://www.ncbi.nlm.nih.gov/pubmed/10940242
http://dx.doi.org/10.1016/j.bbamem.2005.04.008
http://dx.doi.org/10.1016/j.bbamem.2010.09.026
http://dx.doi.org/10.1039/C8NR06442C
http://www.ncbi.nlm.nih.gov/pubmed/30569915
http://dx.doi.org/10.1021/la980203p
http://dx.doi.org/10.1016/S0040-6090(01)01101-4
http://dx.doi.org/10.1016/S0040-6090(03)00584-4
http://dx.doi.org/10.1016/j.colsurfa.2011.12.059
http://dx.doi.org/10.1039/c3cp52484a
http://dx.doi.org/10.1016/j.colsurfb.2013.07.062
http://www.ncbi.nlm.nih.gov/pubmed/24045147
http://dx.doi.org/10.1016/j.bpj.2012.06.053
http://www.ncbi.nlm.nih.gov/pubmed/22947946
http://dx.doi.org/10.1016/j.ultramic.2010.02.036
http://dx.doi.org/10.1016/S0169-4332(01)00958-8

Nanomaterials 2024, 14, 572 12 of 13

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.
61.

Ichii, T.; Fukuma, T.; Kobayashi, K.; Yamada, H.; Matsushige, K. Surface potential measurements of phase-separated alkanethiol
self-assembled monolayers by non-contact atomic force microscopy. Nanotechnology 2004, 15, S30. [CrossRef]

Finot, E.; Leonenko, Y.; Moores, B.; Eng, L.; Amrein, M.; Leonenko, Z. Effect of Cholesterol on Electrostatics in Lipid- Protein
Films of a Pulmonary Surfactant. Langmuir 2010, 26, 1929-1935. [CrossRef] [PubMed]

Lucas, T.R,; Bauer, B.A.; Davis, J.E.; Patel, S. Molecular dynamics simulation of hydrated DPPC monolayers using charge
equilibration force fields. |. Comput. Chem. 2012, 33, 141-152. [CrossRef] [PubMed]

Bohinc, K.; Giner-Casares, ]J.J.; May, S. Analytic Model for the Dipole Potential of a Lipid Layer. J. Phys. Chem. B 2014,
118, 7568-7576. [CrossRef] [PubMed]

Qibin, C.; Xiaodong, L.; Shaolei, W.; Shouhong, X.; Honglai, L.; Ying, H. Cationic Gemini surfactant at the air/water interface. J.
Colloid Interface Sci. 2007, 314, 651-658. [CrossRef] [PubMed]

Li, R;; Chen, Q.; Zhang, D.; Liu, H.; Hu, Y. Mixed monolayers of Gemini surfactants and stearic acid at the air/water interface. J.
Colloid Interface Sci. 2008, 327, 162-168. [CrossRef] [PubMed]

Li, R,; Chen, Q.; Liu, H.; Hu, Y. Influence of spacer of gemini on the interactions between cationic gemini surfactant and stearic
acid in mixed monolayers. Langmuir 2010, 26, 9342-9350. [CrossRef] [PubMed]

Rehman, J.; Sowah-Kuma, D.; Stevens, A.L.; Bu, W.; Paige, M.F. Mixing Behavior in Binary Anionic Gemini Surfactant—
Perfluorinated Fatty Acid Langmuir Monolayers. Langmuir 2017, 33, 10205-10215. [PubMed]

Castillo, J.A.; Pinazo, A.; Carilla, J.; Infante, M.R.; Alsina, M.A.; Haro, I.; Clapés, P. Interaction of antimicrobial arginine-based
cationic surfactants with liposomes and lipid monolayers. Langmuir 2004, 20, 3379-3387. [CrossRef]

Drolle, E.; Bennett, W.; Hammond, K.; Lyman, E.; Karttunen, M.; Leonenko, Z. Molecular dynamics simulations and Kelvin
probe force microscopy to study of cholesterol-induced electrostatic nanodomains in complex lipid mixtures. Soft Matter 2017,
13, 355-362. [CrossRef]

Lee, B.Y.; Attwood, S.J.; Turnbull, S.; Leonenko, Z. Effect of Varying Concentrations of Docosahexaenoic Acid on Amyloid Beta
(1-42) Aggregation: An Atomic Force Microscopy Study. Molecules 2018, 23, 3089. [CrossRef]

Drolle, E.; Negoda, A.; Hammond, K.; Pavlov, E.; Leonenko, Z. Changes in lipid membranes may trigger amyloid toxicity in
Alzheimer’s disease. PLoS ONE 2017, 12, €0182194. [CrossRef] [PubMed]

Sadewasser, S.; Glatzel, T. Kelvin Probe Force Microscopy; Springer: Berlin/Heidelberg, Germany, 2012.

Glatzel, T.; Gysin, U.; Meyer, E. Kelvin probe force microscopy for material characterization. Microscopy 2022, 71, i165-i173.
[CrossRef] [PubMed]

Zerweck, U.; Loppacher, C.; Otto, T.; Grafstrom, S.; Eng, L.M. Accuracy and resolution limits of Kelvin probe force microscopy.
Phys. Rev. B 2005, 71, 125424. [CrossRef]

Lee, H.; Lee, W,; Lee, ].H.; Yoon, D.S. Surface potential analysis of nanoscale biomaterials and devices using kelvin probe force
microscopy. J. Nanomater. 2016, 2016, 4209130. [CrossRef]

Leonenko, Z.; Rodenstein, M.; Déhner, J.; Eng, L.M.; Amrein, M. Electrical surface potential of pulmonary surfactant. Langmuir
2006, 22, 10135-10139. [CrossRef] [PubMed]

Henderson, R.D.E. Nanoscale Physics of Surfactant Gene Delivery. Ph.D. Dissertation, University of Waterloo, Waterloo, ON,
Canada, 2016.

Coban, O.; Popov, J.; Burger, M.; Vobornik, D.; Johnston, L.J. Transition from nanodomains to microdomains induced by exposure
of lipid monolayers to air. Biophys. |. 2007, 92, 2842-2853. [CrossRef] [PubMed]

Stottrup, B.L.; Veatch, S.L.; Keller, S.L. Nonequilibrium behavior in supported lipid membranes containing cholesterol. Biophys. ].
2004, 86, 2942-2950. [CrossRef] [PubMed]

Johnston, L.J. Nanoscale imaging of domains in supported lipid membranes. Langmuir 2007, 23, 5886-5895. [CrossRef]

Wang, C.; Li, X.; Wettig, S.D.; Badea, L; Foldvari, M.; Verrall, R.E. Investigation of complexes formed by interaction of cationic
gemini surfactants with deoxyribonucleic acid. Phys. Chem. Chem. Phys. 2007, 9, 1616-1628. [CrossRef]

Moraille, P.; Badia, A. Highly parallel, nanoscale stripe morphology in mixed phospholipid monolayers formed by Langmuir-
Blodgett transfer. Langmuir 2002, 18, 4414-4419. [CrossRef]

Schmidt, M.L.; Ziani, L.; Boudreau, M.; Davis, ].H. Phase equilibria in DOPC/DPPC: Conversion from gel to subgel in two
component mixtures. J. Chem. Phys. 2009, 131, 175103. [CrossRef] [PubMed]

Giocondi, M.C.; Yamamoto, D.; Lesniewska, E.; Milhiet, PE.; Ando, T.; Le Grimellec, C. Surface topography of membrane
domains. Biochim. Biophys. Acta (BBA)-Biomembr. 2010, 1798, 703-718. [CrossRef] [PubMed]

Wettig, S.; Verrall, R. Thermodynamic Studies of Aqueous m-s-m Gemini Surfactant Systems. ]. Colloid Interface Sci. 2001,
235,310-316. [CrossRef] [PubMed]

Akbar, J.; Tavakoli, N.; Gerrard Marangoni, D.; Wettig, S.D. Mixed aggregate formation in gemini surfactant/1, 2-dialkyl-sn-
glycero-3-phosphoethanolamine systems. . Colloid Interface Sci. 2012, 377, 237-243. [CrossRef] [PubMed]

Foldvari, M.; Badea, I.; Wettig, S.; Verrall, R.; Bagonluri, M. Structural characterization of novel gemini non-viral DNA delivery
systems for cutaneous gene therapy. J. Exp. Nanosci. 2006, 1, 165-176. [CrossRef]

Brockman, H. Dipole potential of lipid membranes. Chem. Phys. Lipids 1994, 73, 57-79. [CrossRef] [PubMed]

Elias, G.; Glatzel, T.; Meyer, E.; Schwarzman, A.; Boag, A.; Rosenwaks, Y. The role of the cantilever in Kelvin probe force
microscopy measurements. Beilstein |. Nanotechnol. 2011, 2, 252-260. [CrossRef]


http://dx.doi.org/10.1088/0957-4484/15/2/007
http://dx.doi.org/10.1021/la904335m
http://www.ncbi.nlm.nih.gov/pubmed/20050607
http://dx.doi.org/10.1002/jcc.21927
http://www.ncbi.nlm.nih.gov/pubmed/21997857
http://dx.doi.org/10.1021/jp5050173
http://www.ncbi.nlm.nih.gov/pubmed/24912019
http://dx.doi.org/10.1016/j.jcis.2007.05.063
http://www.ncbi.nlm.nih.gov/pubmed/17631889
http://dx.doi.org/10.1016/j.jcis.2008.07.038
http://www.ncbi.nlm.nih.gov/pubmed/18755473
http://dx.doi.org/10.1021/la1003287
http://www.ncbi.nlm.nih.gov/pubmed/20394381
http://www.ncbi.nlm.nih.gov/pubmed/28873306
http://dx.doi.org/10.1021/la036452h
http://dx.doi.org/10.1039/C6SM01350C
http://dx.doi.org/10.3390/molecules23123089
http://dx.doi.org/10.1371/journal.pone.0182194
http://www.ncbi.nlm.nih.gov/pubmed/28767712
http://dx.doi.org/10.1093/jmicro/dfab040
http://www.ncbi.nlm.nih.gov/pubmed/35275187
http://dx.doi.org/10.1103/PhysRevB.71.125424
http://dx.doi.org/10.1155/2016/4209130
http://dx.doi.org/10.1021/la061718g
http://www.ncbi.nlm.nih.gov/pubmed/17107011
http://dx.doi.org/10.1529/biophysj.106.088419
http://www.ncbi.nlm.nih.gov/pubmed/17237193
http://dx.doi.org/10.1016/S0006-3495(04)74345-3
http://www.ncbi.nlm.nih.gov/pubmed/15111410
http://dx.doi.org/10.1021/la070108t
http://dx.doi.org/10.1039/b618579g
http://dx.doi.org/10.1021/la020129h
http://dx.doi.org/10.1063/1.3258077
http://www.ncbi.nlm.nih.gov/pubmed/19895044
http://dx.doi.org/10.1016/j.bbamem.2009.09.015
http://www.ncbi.nlm.nih.gov/pubmed/19796628
http://dx.doi.org/10.1006/jcis.2000.7348
http://www.ncbi.nlm.nih.gov/pubmed/11254307
http://dx.doi.org/10.1016/j.jcis.2012.03.048
http://www.ncbi.nlm.nih.gov/pubmed/22515995
http://dx.doi.org/10.1080/17458080500411965
http://dx.doi.org/10.1016/0009-3084(94)90174-0
http://www.ncbi.nlm.nih.gov/pubmed/8001185
http://dx.doi.org/10.3762/bjnano.2.29

Nanomaterials 2024, 14, 572 13 of 13

62.

63.

64.
65.

66.

67.

68.

69.

70.

71.

72.
73.

74.
75.
76.
77.

78.

Vogel, V.; Mébius, D. Hydrated polar groups in lipid monolayers: Effective local dipole moments and dielectric properties. Thin
Solid Films 1988, 159, 73-81. [CrossRef]

Vogel, V.; Mobius, D. Local surface potentials and electric dipole moments of lipid monolayers: Contributions of the water/lipid
and the lipid/air interfaces. J. Colloid Interface Sci. 1988, 126, 408-420. [CrossRef]

Benvegnu, D.J.; McConnell, H-M. Surface dipole densities in lipid monolayers. J. Phys. Chem. 1993, 97, 6686—6691. [CrossRef]
Dynarowicz-Latka, P.; Dhanabalan, A.; Oliveira, O.N., Jr. Modern physicochemical research on Langmuir monolayers. Adv.
Colloid Interface Sci. 2001, 91, 221-293. [CrossRef] [PubMed]

Beitinger, H.; Vogel, V.; Mobius, D.; Rahmann, H. Surface potentials and electric dipole moments of ganglioside and phospholipid
monolayers: Contribution of the polar headgroup at the water/lipid interface. Biochim. Biophys. Acta (BBA)-Biomembr. 1989,
984, 293-300. [CrossRef]

Smaby, J.; Brockman, H. Surface dipole moments of lipids at the argon-water interface. Similarities among glycerol-ester-based
lipids. Biophys. J. 1990, 58, 195-204. [CrossRef] [PubMed]

Mozaffary, H. On the sign and origin of the surface potential of phospholipid monolayers. Chem. Phys. Lipids 1991, 59, 39-47.
[CrossRef]

Luzardo, M.d.C.; Peltzer, G.; Disalvo, E.A. Surface Potential of Lipid Interfaces Formed by Mixtures of Phosphatidylcholine of
Different Chain Lengths. Langmuir 1998, 14, 5858-5862. [CrossRef]

Martin, Y.; Williams, C.C.; Wickramasinghe, H.K. Atomic force microscope—force mapping and profiling on a sub 100-A scale. J.
Appl. Phys. 1987, 61, 10135-10139. [CrossRef]

Jalili, N.; Laxminarayana, K. A review of atomic force microscopy imaging systems: Application to molecular metrology and
biological sciences. Mechatronics 2004, 14, 907-945. [CrossRef]

Kelvin, L.V. Contact electricity of metals. Lond. Edinb. Philos. Mag. ]. Sci. 1898, 46, 82-120. [CrossRef]

Melitz, W.; Shen, J.; Kummel, A.C.; Lee, S. Kelvin probe force microscopy and its application. Surf. Sci. Rep. 2011, 66, 1-27.
[CrossRef]

Janmey, P.A.; Kinnunen, PK.J. Biophysical properties of lipids and dynamic membranes. Trends Cell Biol. 2006, 16, 538-546.
[CrossRef] [PubMed]

Nagle, ].F. heory of monolayer and bilayer phase transition: Effect of headgroup interaction. |. Membr. Biol 1976, 148, 997-1007.
Marsh, D. Lateral pressure in membranes. Biochim. Biophys. Acta (BBA)-Rev. Biomembr. 1996, 1286, 183-223. [CrossRef]
Zaborowska, M.; Dziubak, D.; Matyszewska, D.; Sek, S.; Bilewicz, R. Designing a Useful Lipid Raft Model Membrane for
Electrochemical and Surface Analytical Studies. Molecules 2021, 26, 5483. [CrossRef] [PubMed]

Necas, D.; Klapetek, P. Gwyddion—Free SPM (AFM, SNOM/NSOM, STM, MB}, ...) Data Analysis Software. Available online:
http:/ /gwyddion.net (accessed on 30 December 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1016/0040-6090(88)90618-9
http://dx.doi.org/10.1016/0021-9797(88)90140-3
http://dx.doi.org/10.1021/j100127a019
http://dx.doi.org/10.1016/S0001-8686(99)00034-2
http://www.ncbi.nlm.nih.gov/pubmed/11392357
http://dx.doi.org/10.1016/0005-2736(89)90296-4
http://dx.doi.org/10.1016/S0006-3495(90)82365-1
http://www.ncbi.nlm.nih.gov/pubmed/2383632
http://dx.doi.org/10.1016/0009-3084(91)90061-F
http://dx.doi.org/10.1021/la971273j
http://dx.doi.org/10.1063/1.338807
http://dx.doi.org/10.1016/j.mechatronics.2004.04.005
http://dx.doi.org/10.1080/14786449808621172
http://dx.doi.org/10.1016/j.surfrep.2010.10.001
http://dx.doi.org/10.1016/j.tcb.2006.08.009
http://www.ncbi.nlm.nih.gov/pubmed/16962778
http://dx.doi.org/10.1016/S0304-4157(96)00009-3
http://dx.doi.org/10.3390/molecules26185483
http://www.ncbi.nlm.nih.gov/pubmed/34576954
http://gwyddion.net

	Introduction
	Materials and Methods
	Overview of AFM and KPFM Methods
	Lipids and Gemini Surfactants
	Langmuir–Blodgett Monolayer Deposition
	Imaging and Analysis

	Results and Discussion
	Results
	Monolayer Composition
	AFM Topography of the DOPC–DPPC Control Monolayer
	AFM/KPFM Images of DOPC–DPPC Monolayers with Gemini Surfactant

	Discussion

	Conclusions
	References

