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ABSTRACT: The adsorption of a DNA fluorescent probe
belonging to the thiazole orange family at the dodecane/water
and dodecane/phospholipid/water interfaces has been inves-
tigated using a combination of surface second harmonic
generation (SSHG) and all-atomistic molecular dynamics
(MD) simulations. Both approaches point to a high affinity
of the cationic dye for the dodecane/water interface with a
Gibbs free energy of adsorption on the order of —45 kJ/mol.
Similar affinity was observed with a monolayer of negatively
charged DPPG (1,2-dipalmitoyl-sn-glycero-3-phospho-rac-(1-
glycerol)) lipids. On the other hand, no significant adsorption
could be found with the zwitterionic DPPC (1,2-dipalmitoyl-

Dodecane/Water

sn-glycero-3-phosphocholine) lipids. This was rationalized in terms of Coulombic interactions between the monolayer surface
and the cationic dye. The similar affinity for the interface with and without DPPG, despite the favorable Coulombic attraction in
the latter case, could be explained after investigating the interfacial orientation of the dye. In the absence of a monolayer, the dye
adsorbs with its molecular plane almost flat at the interface, whereas in the presence of DPPG it has to intercalate into the
monolayer and adopt a significantly different orientation to benefit from the electrostatic stabilization.

B INTRODUCTION

Liquid/water interfaces are ubiquitous in nature and also play
key roles in many technological processes.' > Because of the
asymmetry of forces they experience, molecules in the
interfacial region tend to adopt an orientation that is no longer
isotropic, contrary to those in the bulk phase. This confers to
these interfaces properties that substantially depart from those
of the two constituting bulk liquids.*”"" As a consequence,
chemical reactivity in such an environment may substantially
differ from that in the solution phase.'” This is exploited in the
so-called on-water organic synthesis, where reactions of
hydrophobic reactants are strongly accelerated in the presence
of water."”~'® The latter effect is due to not only the specific
properties of the interface itself but also the anisotropic
orientation of the adsorbed molecules, which can strongly
facilitate intermolecular reactions with low steric factors.
Similarly, the interfacial orientation of the adsorbates can
enhance or prevent their aggregation relative to bulk
solutions.'”*°

This orientation strongly depends on the structure of the
adsorbate, on the presence of hydrophilic and lipophilic groups
as well as on their location on the molecule. The presence and
the nature of these groups also significantly affect the affinity of
the molecule toward the interface. The adsorption of charged
molecules at the interface can be influenced by the addition of
salts to the aqueous phase.”' ~** For example, the concentration
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of cationic dye malachite green at the alkane/water interface
increases remarkably upon adding a salting-in anion such as
thiocyanate.”* This is due to the excess concentration of these
anions in the interfacial region relative to the bulk”>~*’ and
thus to the Coulombic attraction of the oppositely charged dye.
A similar effect was reported with anionic surfactant sodium
dodecyl sulfate (SDS) but only at concentrations lower than
that required to form a monolayer.”® Indeed, at higher SDS
concentrations, this enhancement effect totally vanished and
the population of absorbed dye was apparently similar to that
without any surfactant. This was explained in terms of the
competition for adsorption between the dye and SDS, which is
strongly in favor of the latter given its strong amphiphilic
nature. However, the effect of the presence of a surfactant
monolayer at the interface on the adsorption of the dye was not
further investigated. Such knowledge is particularly useful for
our understanding of the interactions between the surfaces of
membranes and molecules dissolved in the subphase.

We report here on our investigation of the adsorption
properties of a dye in the presence of phospholipid monolayers
at the dodecane/water interface. Because phospholipids are the
main constituents of cell membranes, such a dodecane/
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phospholipid/water combination can be considered to be a
simple but valuable model for investigating the interactions
between the surfaces of biological membranes and water-
soluble molecules. As a dye, we chose cyanine dye 1 (Chart
1),”° which belongs to the thiazole orange (TO) family of

Chart 1. Structures of Dye and Phospholipids®
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“(Left) Structure of dye 1 and of the DPPC and DPPG phospholipids.
(Right) Three-dimensional representation of dye 1, with the S; « S,
transition dipole moment (red arrow) and the Euler angles, & and y.
(See the text.) The Z axis is normal to the interfacial plane.

fluorescent DNA probes. This dye is also closely related to the
yellow oxazole (YO) DNA-probe family,’>*" several of which
have recently been shown to have a high affinity for the
dodecane/water interface.*>** This affinity can be understood
by considering that these DNA probes are soluble in water but
have a high binding constant to DNA upon intercalation into
the hydrophobic base-pair stack. The selected phospholipids
are DPPC and DPPG (Chart 1), which have zwitterionic and
anionic heads, respectively, whereas 1 bears a single positive
charge. This allows the influence of Coulombic effects in the
adsorption of the dye to be studied.

For this investigation, we combined surface second harmonic
generation (SSHG) and molecular dynamics (MD) simu-
lations. SSHG is intrinsically surface-selective because the signal
is directly proportional to the square modulus of the second-
order susceptibility, ¥, which vanishes in centrosymmetric
media, within the dipolar approximation.”*** Moreover, the
SSHG signal is significantly resonantly enhanced when the
probing wavelength coincides with one- or two-photon
electronic transitions. This allows the selective detection of
adsorbates at low concentrations without interference due to
the nonresonant signal originating from the interface itself.*
Furthermore, information on the orientation of the adsorbed
molecules can be inferred from the analysis of polarization-
resolved SSHG measurements.”” >’ Previous SSHG studies of
liquid-supported surfactant monolayers have been mostly
performed at air/liquid interfaces and were often directly
probing the monolayer itself.””~** Similar direct probing of
phospholipid monolayers at liquid interfaces was performed by
vibrational sum-frequency generation (SEG).""*~>* The study
presented here differs substantially from the previous ones
because probing is done on the adsorbate, i.e., 1, and not on the
monolayer.

The absolute orientation of the dyes and the distribution of
their orientation at the interface cannot be deduced from the
SSHG data. This information was obtained here by performing
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atomistic MD simulations of 1 at the different interfaces. The
aim of these simulations was also to rationalize the SSHG data
and to obtain a microscopic picture of the interactions between
the dye and these interfaces. Such a combination of SSHG
spectroscogy and MD simulations is relatively well estab-
lished.>*®° However, to the best of our knowledge, it has never
been applied to interfaces with phospholipid monolayers.

B METHODS

Samples. Dye 1, 1-benzyl-4-[(3-(3-acetylsulfanylpropyl)-2(3H)-
benzothiazol-2-ylidene )methyl]quinolinium iodide, was obtained from
T. Deligeorgiev (Faculty of Chemistry, University of Sofia) and used as
received. It was synthesized as described in ref 29 and recrystallized
from ethanol. Its purity was checked by comparing its absorption and
fluorescence excitation spectra. The samples were freshly prepared
from a 2 mM stock solution of dye in dimethyl sulfoxide (Acros
Organics, spectroscopic grade). Dodecane (99+%) was purchased
from Alfa Aesar. DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine)
and DPPG (1,2-dipalmitoyl-sn-glycero-3-phospho-rac-(1-glycerol) so-
dium salt) were purchased from Sigma-Aldrich.

The SSHG samples for the dodecane/water interface experiments
were prepared by (a) pouring 10 mL of an aqueous dye solution into a
4 X 4 X 4 cm® quartz cell and then (b) slowly adding 12 mL of
dodecane. For the experiments with phospholipids, a specific amount
of phospholipid was slowly deposited onto the lower aqueous phase
with a syringe after step (a). The phospholipids were previously
solubilized at 1 mM in a CHCl;/methanol mixture (9/1 by volume).
The area per lipid was estimated from the surface pressure—area
isotherms grovided in the literature and recorded at air/buffer solution
interfaces.”’ The pressure—area isotherms of phospholipids at air/
water and oil/water interfaces were recently shown to be similar.”>
However, the area per lipid is only approximate because the total area
of the sample in the quartz cell could not be determined precisely as a
result of the meniscus.

For concentration-dependent SSHG measurements, the concen-
tration was changed in situ by adding varying amounts of dye to the
sample with a syringe, and the final concentration was corrected for
the dilution. The sample was stirred with a tiny magnetic stirrer for
about S min after each dye addition. Because the number of adsorbed
molecules is proportional to the amplitude of the second-harmonic
field, then the square root of the SSHG intensity was taken and the
maximum of the resulting signal vs concentration curve was
normalized to 1, the maximum surface coverage. All experiments
were performed at 294 + 2 K.

Surface Second Harmonic Generation. The SSHG setup has
been described in detail previously.””** The probe pulses (~100 fs,
~0.7 uJ) centered at 1020 nm were generated by a collinear optical
parametric amplifier (TOPAS-C, Light Conversion) pumped by the
output of a Ti:sapphire amplifier (Solstice, Spectra-Physics). This
wavelength is close to the maximum in a SSHG band of 1, which
originates from two-photon resonance with the S; < S, transition.>
The probe pulses were focused on the sample by a 400 mm lens and
hit the sample under the total internal reflection condition with an
angle of incidence of about 70°. The quadratic dependence of the
signal was checked to ensure the absence of higher-order processes
(Figure S13, Supporting Information). No signal coming from the
pure dodecane/water or dodecane/phospholipids/water interfaces
could be detected in the absence of dye. The polarization of the probe
beam was controlled with a half-wave plate, whereas the p (0°), s
(90°), or m (45°) polarization components of the second-harmonic
signal were selected using a wire-grid polarizer. An analysis of the
polarization-resolved SSHG data was done as discussed previously*®
and is described in detail in the Supporting Information.

Molecular Dynamics Simulations. Classical MD simulations
were performed using the GROMACS 5.1.2 software.”” The fully
atomistic AMBER99SB-ILDN force field (FF) was employed.”* The
standard TIP3P model was used for water,6 whereas the
phospholipids were described with the SLipids parameter set.’”®®
Initial GROMACS topology files for dodecane and 1 based on the
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AMBER force field were automatically generated by the Antechamber
tool,” providing the Merz—Singh—Kollman electrostatic potential”’
used to obtain the partial charges in the restricted electrostatic
potential approach (RESP).”" The force field parameters of 1 were
further refined using electronic structure calculations (SI). For
dodecane, Antechamber generated by default only two atom types,
one for carbon and one for hydrogen. Because the default value of the
Lennard-Jones potential depth & was too large, dodecane was freezing
at room temperature within 100 ns. Therefore, the dodecane atom
types were changed to have parameters € and ¢ matching those from
the work by Jambeck and Lyubartsev,”® where two different sets of
carbon and hydrogen types were used for the CH; and CH, groups.

A periodic rectangular box containing two distinct interfaces was
used for the simulations (Figure 1). The exact number of molecules in

Figure 1. Examples of unit cells used for the MD simulations:
dodecane/water (left) and dodecane/phospholipid/water (right).
Each simulation box contains two distinct interfaces (blue, water;
orange, dodecane; magenta, phospholipid tails; green, phospholipid
heads; and tan, partially visible counterions).

each simulation can be found in the Supporting Information (Table
S2) together with other details about the isothermal—isobaric
ensembles used in the simulations. Nonbonded interactions were
evaluated with a cutoff of 1.4 nm, and long—ran%e interactions were
accounted for by the particle mesh Ewald method,”” with 0.12 nm grid
spacing and forth-order interpolation. A long-range dispersion
correction for energy was also included. The LINCS algorithm”
was used to constrain the bonds of all system components with the
exception of water, for which the SETTLE algorithm was applied.”*
The time step was set to 2 fs. Simulations were run for 200—600 ns,
and the first 100 ns was always considered to be an equilibration
period. The equilibration of the system was ensured by inspecting the
total energy drift, the dye contacts with the interface, and the density
profiles at the two distinct interfaces of the box.

The Gibbs free energies of adsorption and of dimerization of 1 were
deduced from one-dimensional potentials of mean force (PMF)”
obtained using the umbrella sampling technique.”*””® The reaction
coordinate for the binding of the dye at the interface was the Z axis of
the simulation box. The reference species were the center of mass
(COM) of dodecane and DPPG, whose positions were already
restrained with respect to the Z axis because neither dodecane nor
DPPG is soluble in water. Each COM pull simulation was started after
an equilibration MD, which terminated with the dye adsorbed at the
interface. In the case of the dodecane/DPPG/water system, the area
per DPPG was fixed to 70 A% and 1 was found to intercalate into the
DPPG monolayer, as discussed below.

In the case of the dimerization of 1, a preliminary MD simulation
was performed in pure water with two separate dye molecules. After a
few nanoseconds, a stable dimer of 1 was formed and a suitable
snapshot was selected as a starting point for the pull simulation. Thus,
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one dye molecule was constrained to its position to serve as an
immobile reference, and the second dye molecule was pulled out of
the dimer along the Z direction.

In all cases, the freely moving dye was pulled for hundreds of
picoseconds using a spring constant of 1000 kJ mol™ nm™ and a pull
rate of 0.01 nm ps~.”” From the pull simulations, snapshots with a
COM separation of about 0.1 nm between the two species were
extracted and used as the starting point for the umbrella sampling. In
each umbrella window, an MD simulation of 8 ns (for dodecane/
DPPG/water) and S ns (for the other two systems) was performed,
and the bootstrapping procedure was repeated 200 times during the
weighted histogram analysis method (WHAM) analysis. The PMF
path was extracted from the probability distribution along the reaction
coordinate obtained by umbrella sampling using WHAM.”>** The
statistical error was estimated using the bootstrap method, as also
implemented in the GROMACS software. The error in the Gibbs free
energies was retrieved from the errors at the maximum and minimum
in the PMFs considering a confidence interval of two standard
deviations.

Electronic Structure Calculations. Density functional theory
(DFT) calculations were performed using Gaussian 09 (revision D)®'
to refine several parameters of the force field of 1 as described in detail
in the SI. The optimized structure for the force field refinement was
obtained at the B3LYP/6-311+G(d,p) level of theory®” using the
implicég polarized continuum model (PCM) representation for

The vertical transition energies of 1 for the spectral simulations
were calculated from time-dependent DFT (TD-DFT)**™ usin,
either B3LYP or the long-range-corrected CAM-B3LYP functional®
with 2t3he following functional parameters: y# = 0.33, & = 0.15, and f§ =
0.37.

B RESULTS AND DISCUSSION

Affinity of the Dye for the Interfaces. In previous
studies,**>* the high interfacial affinity of YO DNA probes was
mostly inferred from the high intensity of the SSHG signal as
well as from various observations, such as the disruption of
aggregates upon adsorption at the interface. Direct information
is obtained here by measuring the adsorption isotherm of 1 at
liquid/liquid interfaces by SSHG. Such measurements are
usually performed at air/liquid interfaces,”>**™"° but the liquid/
liquid interface is a better model of the membrane environ-
ment.

The strong adsorption of 1 at both dodecane/water and
dodecane/DPPG/water interfaces is demonstrated by the
adsorption isotherms depicted in Figure 2. In both cases, a
significant SSHG signal could already be measured at ~0.1 uM
bulk concentration of dye, with full dye coverage being
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Figure 2. Adsorption isotherms of 1 at the dodecane/water and
dodecane/DPPG/water interfaces measured by SSHG (66 A?/DPPG,
296 + 0.5 K, m-probe polarization, s-signal polarization component).
The solid lines are the best fits of the Langmuir isotherm.
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achieved at around 2 yM only. By contrast, the SSHG signal
measured at the dodecane/DPPC/water interface with the
same area/lipid (66 A%>/DPPC) was too weak and unstable to
construct an adsorption isotherm, pointing to a much lower
affinity of 1 toward this interface.

The shape of the two isotherms su§gests that the simple
Langmuir model can be applied here.**”" This model assumes
that the interface is composed of identical and independent
adsorption sites, which are all occupied at a surface coverage, ©,
of 1. The adsorption isotherms in Figure 2 can be safely used to
determine the relative surface coverage because the orientation
of the dye at both interfaces is independent of concentration as
discussed below. This insures that the increase in the SSHG
signal shown in Figure 2 reflects the increasing surface coverage
and does not originate from changes in the second-order
response due to different dye orientations.”” The free energies
of adsorption at the interfaces without and with DPPG
extracted from the isotherms amount to —46.4 + 0.3 and —48.2
+ 0.7 kJ/mol, respectively. This points to a large affinity of 1 for
both interfaces. Indeed, these values are substantially larger
than that reported for the adsorption of indole at the air/
DPPC/water interface (—34 kJ/mol)** or phenol and nitro-
phenol at the hexane/water interfaces (around —16 kJ/mol)*’
but are comparable to that measured with p-decylaniline at the
air/water interface (—47 kJ/mol).*® The affinity of 1 is not
strongly affected by the presence of the DPPG monolayer at
the interface and increases only very modestly relative to the
bare dodecane/water interface. This small difference most
probably results from counteracting effects. In principle, the
Coulombic attraction of cationic dye 1 toward the interface by
the negatively charged heads of the DPPG monolayer should
strongly favor adsorption.”'~** However, access of 1 to the
dodecane phase is largely prevented by the presence of the
DPPG molecules. Moreover, the highly packed glycerol heads
of DPPG may also introduce steric hindrance into the approach
of 1 toward the phosphate group. The result of all of these
effects is a similar affinity of 1 for both dodecane/water and
dodecane/DPPG/interfaces. By contrast, the presence of
DPPC at the interface has a detrimental effect on the
adsorption of 1. Compared to DPPG, DPPC has a zwitterionic
head with an ammonium end group that should lead to
substantial Coulombic repulsion of the cationic dye from the
interface. A qualitatively similar effect of the charge of the
surfactant head on the SSHG signal from ionic dyes has
recently been observed.””

The free energy of adsorption of 1 at the dodecane/water
and dodecane/DPPG/water interfaces obtained from the PMF
profiles shown in Figure 3 amounts to —43.8 + 6.6 and —48.6
+ 4.4 kJ/mol, respectively. This excellent agreement between
the SSHG results and the MD simulations supports the validity
of both the model and the applied force field. The MD
simulations also suggest that the interfacial affinity of 1
increases slightly in the presence of DPPG, although the free-
energy difference is close to the statistical error.

Figure 3 also depicts the PMF profile for the formation of
dimeric aggregates of 1 in water. The resulting free energy
amounts to —31.1 + 2.4 kJ/mol, a value close to those found
experimentally for similar cyanine dyes.%_95 Therefore, even
though this large free energy of dimerization points to a strong
propensity toward aggregation, this process is still energetically
less favorable than adsorption at the interface. This preference
for adsorption over aggregation does not preclude the
formation of aggregates at sufficiently high concentration, as
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Figure 3. Potential of mean force (PMF) profiles for the adsorption of
1 at the dodecane/water and dodecane/DPPG/water interfaces (70
A%/DPPG) and for the aggregation of 1 into a dimer in bulk water. For
better visualization, the PMF curves were arbitrarily shifted along the
reaction coordinate to match the PMF minima.

shown by the MD simulations discussed below and as found
experimentally with the YO equivalent of dye 1.

Besides the Gibbs free energies, the simulations also provide
insight into the interactions between the dye and the interfaces.
They clearly reveal that 1 either interacts with the polar
phospholipid heads from the water phase or intercalates into
the phospholipid monolayer. This is illustrated in Figure 4,

o 47 A*/DPPG 1 4200 47 A*DPPC

P 1 1000

- water Y, ¢

Area Normalized Density
Area Normalized Density

—
Relative Z axis / nm

i) o

4.0
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Figure 4. Density profiles obtained from simulations with a single
molecule of dye 1 (red) at dodecane(solid)/phospholipid(dashed)/
water(dotted) interfaces, using different areas/lipid. Left, DPPG; right,
DPPC. Only one of the two interfaces of the box is shown for clarity.

where the density profiles of the individual constituents are
shown for DPPG and DPPC monolayers with varying areas per
phospholipid. Besides the normalized density of 1, this figure
also reports on the mass density of water, phospholipids, and
dodecane along the Z axis of the unit cell. The Z = 0 value
coincides with the center of the unit cell, and only half of the
simulation box is shown for clarity. At high surface pressure,
corresponding to a small area per lipid (47 A?), the dye cannot
penetrate the monolayer on the time scale of the simulations. In
the case of DPPG, the dye experiences an electrostatic
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attraction toward the interface that favors a small accumulation
at the interface relative to the bulk. It is worth noting that a
fraction of dodecane molecules intercalate between the
hydrophobic tails of the phospholipids and keep them in an
ordered state. At lower surface pressure, i.e., at 60 A?/lipid, the
dye starts to penetrate the DPPG monolayer but not the DPPC
monolayer. The amount of dodecane intercalated between the
phospholipid tails also increases. Finally, at the lowest surface
pressure simulated, i.e., at 70 A?/lipid, the dye is fully located in
the DPPG monolayer. However, with DPPC, the dye remains
almost entirely in the aqueous phase and exhibits a little excess
concentration close to the water/DPPC interfacial region. The
orientational analysis of these dyes close to the interface points
to an almost random orientation, in agreement with a weak
SSHG signal (Figure S9). These results reveal that the upper
dodecane phase has a significant effect on the structure of the
lipid monolayer, especially at a high area per lipid. Previous MD
simulations indicated that SDS tends to form aggregates at the
air/water interface but not at the decane/water interface.”® This
confirms that the dodecane/phospholipid/water system is a
better model of biological membranes than the air/
phospholipid/water system.

The effect of surface pressure on the adsorption of 1 has also
been investigated by SSHG, upon varying the area/lipid from
66 to 47 A In the case of DPPG, an intense SSHG signal from
1 was measured within this whole area/lipid range. By contrast
with DPPC, an SSHG signal could be detected only at the
largest area/lipid. However, as mentioned above, this signal was
too weak and unstable for any reliable data to be recorded.
Thus, both experiments and simulations give a very congruent
picture of the adsorption behavior of 1 in the presence of a
phospholipid monolayer.

Molecular Orientation at the Interfaces. Insight into the
orientation of the adsorbed dye at the interfaces was obtained
from polarization-resolved SSHG measurements. In these
experiments, different polarization components of the SSHG
signal, usually the s and p components, are recorded as a
function of the polarization of the probe field, y. As discussed in
detail in the SI and in refs 35, 37, and 38, an analysis of the
resulting polarization profiles allows the relative magnitude of
the ) tensor elements to be determined. The latter depends
on the hyperpolarizability tensor, f3, of the species responsible
for the SSHG signal (dye 1 in this case) and on its orientation

1P < N(B) (1)

where N is the surface density, and the angle brackets indicate
an average over the molecular orientations. Quantum-chemical
calculations revealed that the hyperpolarizability tensor of a YO
dye is dominated by a single element, /3., where z is along the
S; « Sy transition dipole moment, itself parallel to the main
molecular axis.”> We assume the same here for the structurally
very similar dye 1. In this case, the orientation parameter, D,
can be calculated as

_(eos'0) 4

(cosO) 12 + 2

@)

where 6 is the tilt angle, ie, the angle between the S; « S
transition dipole moment of 1 and the normal to the interface
(Chart 1). 712, and y$y are two tensor elements defined in the
laboratory frame, with X and Z being in the interfacial plane
and normal to the interface, respectively. In the case of a very
narrow distribution of orientations, for instance, a Dirac &

3377

distribution, D simplifies to cos® 6, and the tilt angle can be
readily obtained from the experiment. However, such a
situation where all of the molecules adsorbed at the interface
adopt an identical orientation is unlikely. Therefore, a
distribution has to be assumed in order to have a more
realistic estimate of the mean tilt angle.

Because of the weakness of the SSHG signal with the DPPC
monolayer, the polarization-resolved measurements were
carried out at the dodecane/water and dodecane/DPPG/
water interfaces only. An area/DPPG of 66 A? was used for all
measurements. As showed by the pressure—area isotherm at
air/buffer interface,’" both liquid-expanded (LE) and liquid-
condensed (LC) phases coexist in the monolayer at this area/
lipid, corresponding to a surface pressure of ~10 mN/m.
Because a monolayer in a highly compressed state is difficult to
produce in our experiment, we chose to work in the LE/LC
range.

An example of polarization-resolved data is presented in
Figure S. The ensemble of data recorded at three output
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Figure S. Polarization-resolved SSHG data recorded at two output
polarizations with 2 yM dye 1 at (A) dodecane/water and (B)
dodecane/DPPG/water interfaces. The solid lines are the best-fit
curves of eq SS. Each set of data was normalized to the maximum of
the s polarization fit curve for better comparison.

polarizations and six different dye concentrations (from 0.1 to 4
uM) is shown in Figure S11. It can immediately be seen that
the polarization curves change markedly upon addition of
DPPG, pointing to a different interfacial orientation of 1 in the
presence of the lipid monolayer. The ¥ tensor elements
extracted from these data were inserted into eq 2 to calculate
the D parameter at the different concentrations (Table SS). As
shown in Figure 6, D and hence the interfacial orientation of
the dye at both interfaces remain constant within the whole
concentration range.

The D parameters, averaged over the measurements at
different concentrations, are listed in Table 1. Assuming a Dirac
0 distribution of orientations, these values give tilt angles @ of
approximately 60 and 50° for 1 at the dodecane/water and
dodecane/DPPG/water interfaces, respectively (Table 1). The
absolute direction of the dye at the interface, i.e., which of the
two ends of the dye point away from the aqueous phase, cannot
be inferred from the SSHG data unless heterodyne detection is
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Figure 6. Orientation parameter D as a function of the bulk
concentration of 1 for the dodecane/water (black) and dodecane/
DPPG/water (red) interfaces. The horizontal lines pass through the
average values.

Table 1. Comparison of the Experimental and Simulated
Interfacial Orientations of Dye 1

dodecane/water dodecane/DPPG/water

experimental

D 0.24 £ 0.01 0.40 + 0.01

0 (8)° 60.5 or 119.5 + 0.7° 50.8 or 129.2 + 0.5°

0 (AO)* 742 or 105.8 + 1.4° 54.5 or 125.5 + 0.7°
simulated

4 88.7 + 0.2° 110.6 + 0.1°

AO 38.0 + 0.5° 27.3 + 0.3°

W 87.6 + 0.2° 75.7 £ 0.2°

Ay 484 + 0.6° 407 + 0.6°

“D parameter averaged over concentration-dependent SSHG.
bCalculated assuming a Dirac ¢ distribution. “Calculated assuming
the simulated A@ distribution.

performed.”””® Therefore, the tilt angles could also be equal to
120 and 130° without and with DPPG, respectively. The
absolute orientation of 1 is difficult to predict on the basis of
chemical intuition because 1 does not contain strongly
hydrophilic or hydrophobic groups that could lead to a clear
preferential orientation at the interface.

The smaller tilt angle with DPPG indicates that the
phospholipid monolayer induces a more perpendicular
orientation of the dye long axis relative to the interface.
However, a Dirac ¢ distribution is probably not realistic.
Unfortunately, the distribution of dye orientations cannot be
deduced from steady-state SSHG measurements.’””” There-
fore, we resorted to MD simulations to estimate the
orientational distribution and the absolute orientation of the
dye.

We present first the MD results with 1 at the dodecane/
water interface. These simulations were performed at different
dye concentrations to mimic the SSHG experiments. For this,
the number of dye molecules initially placed in the water phase
was varied between 1 and 60. After equilibration, all dye
molecules were adsorbed at one of the two interfaces of the
simulation box. The surface concentration was then determined
from the number of molecules adsorbed at each interface and
varied from 0.025 to 0.57 dye/ nm? As a comparison, the lowest
surface concentration used for the SSHG experiments was
estimated to be about 0.3 dye/nm” using the free energy of
adsorption obtained experimentally. Because the van der Waals
area of the molecular plane of 1 is on the order of 1.4 nm?, the

surface concentration at full coverage should be lower than
~0.7 dye/nm”.

Two Euler angles, namely, the tilt angle 6 and the rotational
angle y (Chart 1), were extracted from the simulations. The
rotational angle y is the angle between the Z laboratory axis
and a vector located in the molecular plane of 1 and
perpendicular to its transition dipole moment. Therefore, i =
0° corresponds to the molecular plane being parallel to Z. The
distributions of 8 and y were analyzed using a symmetric and a
skewed Gaussian function,'®° with both functions giving similar
results as discussed in the SI (Figures SS and S6). These two
angles and the full width at half-maximum of their distribution,
A8 and Ay, are plotted as a function of surface concentration
in Figure 7.
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Figure 7. Orientation angles 6 and y and corresponding distribution
widths, Af and Ay, at the dodecane/water interface for different
surface concentrations of 1 extracted from the MD simulations.

According to the simulations, the tilt angle @ is close to 90°,
and because the S; « S, transition dipole is essentially along
the long molecular axis, 1 is lying almost flat at the interface
(Figure 8A), with the benzothiazole end pointing on average
slightly toward the aqueous phase. The tilt angle does not vary
with concentration, in full agreement with the SSHG
experiments. However, its distribution broadens from around
28 to 41° upon increasing the dye concentration. This result
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Figure 8. MD snapshots illustrating typical interfacial orientations of
the dye: (A) 1 and (B) 40 dye molecules at the dodecane/water
interface and (C) 1 dye molecule at the dodecane/DPPG/water
interface (same color code as in Figure 1). (B) Example of transient
aggregation, with a pink-colored dye molecule interacting through 7-
stacking with an adsorbed dye.
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indicates that simulations using only one dye molecule could
lead to an inaccurate description of a real system. This
broadening of the distribution is due to the increased number
of interactions between nearby dye molecules and the
formation of transient aggregates that are in equilibrium with
adsorbed monomers. These transient aggregates consist of H-
type dimers with a parallel 7-stacked conformation, with one
constituent adsorbed at the interface as illustrated in Figure 8B.
A similar concentration dependence was obtained for the
distribution of the rotational angle y, whose width increases by
almost 15° along the concentration range. The main value of y
stabilizes at around 87° after a small initial rise from 82° upon
going from one to two dye molecules. This implies that the
molecular plane remains almost parallel to the interface at all
concentrations.

The increase in A@ with concentration deduced from the
MD simulations should lead to an ~15% increase in the D
parameter, in the range of concentrations used in the
experiments.””** Such a change is close to the experimental
limit of error on D and cannot be resolved here (Figure 6).
However, an increase in D with increasing dye concentration
was reported previously for YO derivatives.>® There, the tilt
angle was calculated from D assuming a Dirac & distribution
and was found to decrease with increasing concentration.
However, the MD simulations performed here indicate that this
increasing D could actually be due to an increase in Af and not
to a variation of the average tilt angle.

To obtain better statistics, an MD simulation over 500 ns was
performed with 40 dyes. The resulting 6 and y values and the
width of their distributions are listed in Table 1. These values
are close to those extracted from the shorter simulations at a
similar surface concentration. The distribution of the tilt angle
obtained from this longer simulation was used to calculate the
mean tilt angle from the experimentally measured D parameter.
As shown in Table 1, the resulting angle amounts to 74 vs 60°
as obtained by assuming a Dirac ¢ distribution. This angle is
also closer to that found by the MD simulations (Figure 9).
However, given that the tilt angle obtained from the simulation
is essentially distributed around 90 °, the determination of the
absolute orientation of 1 at the interface from D is not really
possible. Therefore, a tilt angle distributed around 106° cannot
be excluded.

The discrepancy between the experimental and MD values
can be ascribed to imperfect parametrization of the dihedral
angles of 1 (only three angles were refined) and/or of the force
field of dodecane, both of which could lead to too flat an
orientation of the dye. Nevertheless, the agreement is
satisfactory, and the MD model can now be used to rationalize
the orientation of the dye. The normalized densities along the
Z axis of dodecane, water, and dye 1 and two of its carbon
atoms, C22 and C24 (Chart 1) are reported in Figure 10A. The
density profile of the C22 atom, located at the end of the long
side chain of 1, is similar to that of the center of mass of the
whole dye. This indicates that the side chain does not penetrate
the dodecane, although it is predominantly hydrophobic. By
contrast, the density profile of C24 reveals that the benzyl is
able to penetrate the dodecane phase and is most probably
responsible for the slight departure of the tilt angle from 90°.
This effect is observed with both 1 and 40 dye molecules in the
simulation box. However, at high concentration, the density
profiles associated with the dye exhibit a shoulder on the water
side that is caused by the formation of transient aggregates
(Figure S10).
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Figure 9. Comparison of the simulated (filled) and the two possible
tilt angle distributions deduced from experiments (solid or dashed) of
1 at (A) dodecane/water and (B) dodecane/DPPG/water interfaces.
The experimental distribution is assumed to be Gaussian, with the
same width as that obtained from the simulations.
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Figure 10. (A) Density profiles of water and dodecane (right axis) and
normalized density of 1 and two of its atoms (left axis) for the
dodecane/water system. The production MD goes from 100 to 200 ns.
(B) The same as for A but for the dodecane/DPPG/water system with
the density of DPPG (right axis) and the normalized density of the
polar head of DPPG (left axis). The production MD goes from 100 to
300 ns. In both cases, the simulations were performed with one dye
molecule. Only one interface of the box is shown for clarity.

Similar orientation analysis was carried out with the
dodecane/DPPG/water interface but at only one dye
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concentration because of the longer time required for the
simulation. A 70 A% area/DPPG, close to the experimental
conditions, was used, and the production simulation was
extended to a total time of 600 ns. In this case again, the angle
distributions could be well reproduced using Gaussian
functions (Figure S8). Table 1 reveals that the tilt angle of 1
in the presence of DPPG is almost 20° smaller than that
predicted for the dodecane/water interface. A very similar
difference is observed for the € values determined exper-
imentally from D. Consequently, 1 orients more perpendicular
to the interface in the presence of the DPPG monolayer
(Figure 8C). In this case, however, the absolute orientation of
the dye is unambiguous, with the benzothiazole end clearly
pointing away from the aqueous phase. The MD distribution of
0 is shown in Figure 9B together with the experimental one
derived from the average D parameter of 0.40 assuming a
Gaussian distribution with a width of 27.3°.

The difference between the simulated and the experimental 6
values is around 15° at both interfaces, suggesting a systematic
error arising most probably from the parametrization of the
force field. Two other effects could be at the origin of this
discrepancy in the case of the dodecane/DPPG/water interface:
(1) the concentration of the K* counterions of DPPG close to
the interface is unrealistically larger in the simulations because
of the very small volume of the aqueous phase in the box and
(2) the estimation of the experimental surface pressure of the
monolayer is only approximate. Because the dye intercalates
into the monolayer, a small difference in the surface pressure
could lead to a significant change in the orientation of the
molecule.

The calculated normalized density profiles of 1, C22, and
C24 at the dodecane/DPPG/water interface are depicted in
Figure 10B. The density profile of the polar head of DPPG is
also reported for better visualization of the position of the dye
in the monolayer. It appears that 1 intercalates into the
monolayer and is localized just above the polar head of DPPG.
This can be explained by the above-discussed Coulombic
attraction of the cationic dye by the anionic polar head. In this
case as well, the benzyl ring (C24) is pulled up toward the
hydrophobic phase, consisting of the DPPG tails and dodecane.
Despite this, the chromophoric part of the dye is oriented with
the benzothiazole toward the lipophilic phase, as shown in
Figure 8C. The density profile of C22 exhibits two peaks, one
at 1.3 A from the average center of mass of 1 similar to the
dodecane/water interface and a second at —4.8 A, indicating
that the thioester group can also extend toward the aqueous
phase and orient perpendicularly to the molecular plane of 1.
The intercalation of the dye in the monolayer should prevent
the formation of transient aggregates that are observed at high
dye concentration at the dodecane/water interface and that are
responsible for the increase in Af. Therefore, one can expect
the width of the tilt angle distribution to be independent of
concentration in the range used for the SSHG measurements.

Therefore, both the SSHG measurements and the MD
simulations point to substantial differences in the adsorption of
1 between the two interfaces, despite very similar affinities. The
MD simulations confirm that the attractive Coulombic
interaction exerted by the anionic head of DPPG is somehow
compensated for by the steric hindrance introduced by the
lipids themselves. Therefore, the dye molecules have to
intercalate into the monolayer to interact with the phosphate
group of DPPG.
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B CONCLUSIONS

SSHG gives access to rich information on the adsorption of
dyes at liquid interfaces and becomes particularly insightful
when used in conjunction with MD simulations. This was
shown here with DNA probe 1, belonging to the well-known
thiazole orange (TO) family, at three different interfaces. SSHG
allows direct and specific probing of the dye at the interface,
whereas fully atomistic MD simulations not only help to
rationalize the experimental results but also provide a detailed
molecular picture of the interface. Here two dodecane/
phospholipid/water interfaces were used as a simple model of
biological membranes and more specifically of their surface and
were compared to the simple dodecane/water interface. The
MD simulations reveal the important role of the dodecane
molecules, which intercalate into the hydrophobic tails of the
lipids and keep them in an ordered state even at a high area/
lipid. Our results evidence the crucial role of the Coulombic
interactions between the polar head of the lipids and the
charged dye. The zwitterionic polar head of DPPC with the
positive charge more exposed to the aqueous phase prevents
the adsorption of the cationic dye. The opposite effect is
observed with the negatively charged DPPG, with a high affinity
of the dye toward the interface, although it is not much larger
that that for the interface without phospholipid. Both
polarization-resolved SSHG measurements and MD simula-
tions point to a significant effect of DPPG on the orientation of
the adsorbed dye molecules. Without phospholipid, the dye lies
almost parallel to the dodecane/water interface. In the presence
of DPPG, it adopts a more perpendicular orientation.
Additionally, the distribution of orientations is narrower,
pointing to some ordering effect. Because the latter information
cannot be extracted from the SSHG measurements, the MD
simulations prove to be pivotal in this respect. The modest
increase in the interfacial affinity in the presence of DPPG,
despite favorable Coulombic interactions, and the different
orientations of the dye can be explained by the fact that in
order to adsorb, the dye has to intercalate inside the monolayer,
whereas it just adsorbs almost parallel to the dodecane/water
interface. Consequently, the phospholipid monolayer introdu-
ces steric hindrance, which counterbalances the Coulombic
attraction, and constrains the orientation of the dye.

Given the high interfacial affinity of this dye and its high
binding constant to DNA, it will be particularly interesting to
investigate the same systems in the presence of DNA in the
aqueous phase. This could prove to be a peculiarly insightful
approach toward a better understanding of membrane—DNA
interactions, such as in the case of membrane-associated
DNA,"*"'% whose role is still not fully understood.
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