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Interfacial assembly of lipopeptide surfactants on
octyltrimethoxysilane-modified silica surface†

Jiqian Wang,‡*a Donghui Jia,‡ab Kai Tao,a Chengdong Wang,a Xiubo Zhao,c

Mohammed Yaseen,b Hai Xu,a Guohe Que,a John R. P. Websterd and Jian R. Lu*b

The adsorption of a series of cationic lipopeptide surfactants, C14Kn (where C14 denotes the myristic acyl

chain and Kn represents n number of lysine residues) at the hydrophobic solid/water interface has been

studied using spectroscopic ellipsometry (SE) and neutron reflection (NR). The hydrophobic C8 surface

was prepared by grafting a monolayer of octyltrimethoxysilane on the silicon surface. SE was used to

follow the dynamic adsorption from these lipopeptide surfactants and the amount was found to

undergo a fast increase within the first 2–3 min, followed by a much slower process tending

to equilibration in the subsequent 15–20 min. Lipopetide surfactants with n ¼ 1–4 showed similar

dynamic features, indicating that the interaction between the acyl chain and the C8 surface is the main

driving force for adsorption. The saturation adsorption amount of C14Kn at the C8/water interface was

found to be inversely related to the increasing number of Lys residues in the head group due to the

increase of steric hindrance and electrostatic repulsion between the head groups. Solution

concentration had a significant effect on the initial adsorption rate, similar to the feature observed from

nonionic surfactants CmEn. The structure of the adsorbed layers was studied by NR in conjunction with

isotopic contrasts. The layer formed by the head groups of C14K1 was 10 Å thick, and those formed by

C14K2, C14K3 and C14K4 head groups were all about 13 Å thick. In contrast, the thicknesses of the layers

formed by hydrophobic tails of C14K1, C14K2 C14K3, and C14K4 were found to be 17, 13, 10, and 10 Å,

respectively, resulting in the steady increase of area per molecule at the interface from 29 � 2 Å2 for

C14K1 to 65 � 2 Å2 for C14K4. Thus, with an increase in the head group length, the molecules in the

adsorbed layer tended to lie down upon adsorption.
1 Introduction

Lipopeptides are comprised of an acyl chain and a short peptide
head. They are an important group of biomolecules expressed
by microorganisms with distinct physical and biological func-
tions, including unusual physical, antibacterial and antifungal
properties.1–5 Bacteria such as the Gram-positive genus Bacillus
oen produce more than twenty different amphiphilic mole-
cules with antibiotic activity, many of which are lipopeptides.
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One aspect of their attractive physical properties is the
reduction of surface and interfacial tension and provision of
effective emulsifying and stabilizing power. A particular interest
lies in identifying surface and interfacial structures that
underline these important properties. Surfactin is one of the
most frequently studied lipopeptides that is oen linked with
exceptional interfacial characteristics. It is easily expressed
from different strains of Bacillus. Its peptide part is a loop of
seven amino acids with the sequence of Glu-Leu-DLeu-Ala-
Asp-DLeu-Leu starting from the carboxyl terminal, and the other
end is linked to the b-hydroxy group on the same fatty acid
chain via a lactone bond. In addition to its antibiotic properties,
surfactin is one of the most powerful biosurfactants known so
far. It has a low CMC (critical micellar concentration) around
1 � 10�5 M (ref. 6) and can lower the surface tension of water
from 72 to some 25 mN m�1 at concentrations as low as 20 mM.
Its attractive properties have now led to the rst round of effort
to unravel its structural features using leading physical tech-
niques such as neutron reection (NR) and small angle neutron
scattering (SANS). The NR and SANS results showed that sur-
factin adopts a ball-like structure with a thickness of 15 Å and
an area per molecule of 145 Å2 at both hydrophobic
This journal is ª The Royal Society of Chemistry 2013
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octadecyltrichlorosilane-coated silicon/water interface and
air/water interface.7–10 The low surface tension must thus arise
from the unique packing of the molecular nanoparticles.

Because of their biological origin, lipopeptide surfactants
oen possess good biocompatibility to mammalian hosts.
These features make them attractive as biomaterials and
ingredients for biomedical and personal care formulations.5,11,12

However, the development of technological applications hinges
heavily on the understanding of their fundamental physical and
biological properties in a systematic manner and more impor-
tantly, their behavior upon mixing with other molecules such as
surfactants. Because natural lipopeptides are expressed from
microorganisms, they are highly mixed and difficult to purify. In
contrast, synthetic lipopeptides can be made very pure and are
thus the better model systems for basic characterisation.

We have demonstrated that spectroscopic ellipsometry (SE)
and neutron reection (NR) are powerful techniques for
unraveling complementary information about surfactant
adsorption at different interfaces. SE allows fast and convenient
monitoring of adsorption dynamics and surface adsorbed
amount.13–15 However, the structure of adsorbed layers can only
be derived from neutron reection that can not only determine
surface adsorbed amount but also interfacial mixing.16 Flat
silicon surface has been widely used as a model in NR and SE
experiments for the adsorption of many surfactants. Moreover,
it can be modied conveniently to provide a hydrophobic
surface by graing a layer of hydrocarbon chains on the
oxidized silicon surface with organosilanes17–20 through siloxy
bonds formed between the head group of organosilane and
hydroxyls on the substrate surface. The self-assembled mono-
layer (SAM) of closely packed alkyl chains provides a model
substrate with well dened chemical nature. The SAM layer is
extraordinarily stable and can be characterized by infrared
absorbance and reectance,21–23 X-ray reectivity,24 and atomic
force microscopy.25 Meanwhile, neutron reection also has
particular benets for studying the relatively complex systems
that are created when a surfactant adsorbs onto a hydrophobic
SAM layer.26–29

We designed a series of linear lipopeptide surfactants C14Kn

(n ¼ 1–4) as shown in Fig. 1, where C14 denotes a straight acyl
hydrocarbon chain with 14 carbons, and Kn is n number of
lysine residues. The C terminus of the peptides was amidated to
make the head group only carry positive charges at lysine's side
amino group. The adsorption of C14Kn has recently been
investigated at the hydrophilic silica/water interface.30,31 All the
lipopeptides formed interfacial bilayers with little intermixing
Fig. 1 Molecular structure of lipopeptide surfactants C14Kn (n ¼ 1–4), where C
stands for the C14 acyl chain and K stands for lysine residue.

This journal is ª The Royal Society of Chemistry 2013
between tails and heads. It is necessary to study the adsorption
of these lipopeptide surfactants on hydrophobic surface as well.
In this work, we prepared the hydrophobic SAM layer on oxide
silica surface with octyl trimethoxysilane (C8). Adsorption of
C14Kn at the hydrophobic SAM C8/water interface was studied to
understand the dynamic adsorption process and the adsorbed
layer structure by a combination of SE and NR. This work thus
constitutes an important effort of understanding the basic
adsorption characteristics of lipopeptides and will contribute to
the development of their structure–function relations.
2 Experimental
2.1 Chemicals

Fmoc-Lys(Boc)-OH, O-benzotriazole-N,N,N0,N0-tetramethyl-uro-
nium hexauoro phosphate (HBTU), 1-hydroxybenzotriazole
anhydrous (HOBt anhydrous), diisopropyl ethylamine (DIEA),
and Rink-amide MBHA resin were purchased from GL Biochem
(Shanghai) Ltd. Tetradecanoic acid (myristic acid, $99%) was
purchased from Sigma-Aldrich, and deuterated tetradecanoic-
d27 acid (>98% D in the acyl chain) was supplied by the Oxford
Deuteration Laboratory. Triuoroacetic acid (TFA, $99.0%),
N,N-dimethylformamide (DMF, $ 99.98%), and dichloro-
methane (DCM,$ 99.98%) were obtained from BMJ Technology
(Beijing) Co. Ltd. All the chemicals are used without further
purication unless otherwise stated.
2.2 Preparation of the surface

Silicon wafers were purchased from Compart Technology Ltd,
UK. Prior to each experiment the silicon wafers were cut
approximately into 1� 1 cm squares (to t into the SE liquid
measuring cell) and cleaned with 5% Decon 90 solution, fol-
lowed by copious rinsing with ultrahigh quality (UHQ) water.

Silicon block used for neutron reection was polished by
Crystran Ltd. UK with diamond particles of varying sizes, fol-
lowed by ne polishing with 1/10 mm alumina colloids.32,33 The
freshly polished surface was then rinsed with water, wiped with
5% Decon 90 solution repeatedly, and followed by further water
and ethanol rinsing. The block was then immersed in an acid
peroxide mixture (560 ml of 98%H2SO4 and 28 ml of 35% H2O2)
for 1 min at 90 �C. It was then lied out and rinsed with copious
UHQwater. The silicon dioxide layer thickness of the wafers and
blocks were 12 � 1.5 Å as determined by SE. Silicon wafer and
the oxidized blocks were immersed into 100 mM octyl trime-
thoxysilane in chloroform solvent for 12 h, and annealed at
150 �C overnight in a vacuum oven. The coated surfaces were
then rinsed with ethanol and UHQ successively and denoted as
C8 surfaces.
2.3 Synthesis of lipopeptide surfactants

The lipopeptides were synthesized using the standard Fmoc
solid-phase synthesis technique on CEM Liberty microwave
peptide synthesizer. The carboxyl terminal was amidated by
Rink-amide resin in the synthesis. The C14 acyl chain was
coupled onto the N terminal of the peptide backbone through
the same procedure of coupling between amino acids to form
Soft Matter, 2013, 9, 9684–9691 | 9685
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amide bonding. Themethods of synthesis and purication were
described in detail in our previous papers.30,31 The nal prod-
ucts were analyzed by HPLC and ESI-MS and the purities were
over 98%. The CMC values of C14Kn were determined through
surface tension measurements, with the CMC values of 0.55,
0.75, 2.0, and 2.7 mM being obtained for C14K1 to C14K4,
respectively.
2.4 Spectroscopic ellipsometry (SE)

SE measurements of lipopeptide adsorption on the C8 surface
were carried out on a Jobin–Yvon UVISEL spectroscopic ellips-
ometer over the wavelength range of 300–600 nm. Silicon wafer
was put at the bottom of a liquid cell specially constructed. The
adsorption at the solid/liquid interface was measured with an
incident angle of 70� with respect to the wafer surface. The
experimental data were analyzed to give the thickness and the
optical constant (the refractive index) of the layer involved,
using the soware DeltaPsi2. The amount of surfactant adsor-
bed was calculated using the following equation as proposed by
De Feijter et al.:34

G ¼ sðn� nbÞ
a

(1)

where n is the refractive index of the layer with thickness s, nb is

the refractive index of the surfactant solution, and a ¼ dnb
dc

,

indicating the change in the refractive index of the surfactant
solution with increasing concentration. The value of a is close to
0.18 cm3 g�1 for a variety of proteins and surfactants.
Fig. 2 Adsorbed amount of lipopeptide surfactant C14K1 versus time at the
concentration of 1 mmol L�1 (>), 0.5 mmol L�1 (�), 0.4 mmol L�1 (O), 0.125
mmol L�1 (,), 0.01 mmol L�1 (B) and 0.005 mmol L�1 (*) at the hydrophobic
solid/water interface, pH 6 and 22–23 �C. The continuous line is drawn to guide
the eyes.
2.5 Neutron reection (NR)

Neutron reection experiments were carried out on a SURF
reectometer at Rutherford Appleton Laboratory (RAL), UK,
with the wavelength of the neutron beam ranging from 0.5 to
6.5 Å. The silicon h111i block with one side of the large surface
polished (dimensions of 6 � 5 � 1.2 cm) along with a Perspex
trough of the same size was clamped by a stainless-steel frame
to form a sample cell with the volume about 2 ml. The neutron
beam entered one end of the small face of the silicon block, was
reected from the solid/solution interface, and exited from the
other end. The typical beam illuminated area is around 3 � 4
cm aer the beam was dened by a series of slits. Each reec-
tivity was carried out at three incidence angles of 0.35, 0.8 and
1.8�, and the reectivity proles were combined to cover the
wave vector (k) range between 0.012 and 0.5 Å�1. Reectivity
proles below the critical angle were theoretically equal to unity
and all the data measured were scaled accordingly. The average
reectivity between 0.3 and 0.5 Å�1 (around 2 � 10�6 in D2O)
was subtracted as a constant background.

The theory of neutron reection has been described in our
previous papers30,31 and also in the ESI† of this paper. The
measured neutron reectivity proles were analyzed using
models based on the optical matrix formula. The tting usually
started with an assumed interfacial structure, followed by the
calculation of the reectivity. The calculated reectivity was
then compared with the measured one. The process was
9686 | Soft Matter, 2013, 9, 9684–9691
iterated until the calculated one tted the measured one well on
a visual basis.
3 Results and discussion
3.1 Interfacial adsorption of lipopeptide surfactants

SE was used to follow the dynamic adsorption of lipopeptide
surfactants at the hydrophobic C8/water interface. As an
example, Fig. 2 shows changes in the amount of C14K1 adsorbed
onto the C8 surface at pH 6 plotted as a function of time. The
time dependent adsorption proles show the initial rapid
increase of adsorbed amount in the rst 2–3 min, with the
majority of the lipopeptide adsorbed onto the interface. The
adsorption rates then level off dramatically and the adsorbed
amounts tend to equilibration over the subsequent 15–20 min
when the bulk solution concentration was around and above
CMC. Under the low concentrations studied, the adsorbed
amount didn't reach equilibration within the rst 30 min.
Under these conditions, lipopeptide molecules were adsorbed
in single molecules during the early stage and they might lie
rather at on the surface. As the adsorption amount increased
with time, the molecules would become erect. Such molecular
readjustment and rearrangement would take more time. This
feature is in good agreement with the results obtained from
nonionic surfactants CmE6 (m ¼ 12, 14, 16) adsorbed onto
hydrophilic surfaces.35

Further SE measurements of adsorption of C14Kn with n ¼ 2,
3 and 4 at the hydrophobic C8/water interface were undertaken
to examine the effect of the molecular structure of the head on
adsorption process. As evident from Fig. S1,† lipopetide
surfactants with greater sizes of the head group have similar
dynamic features to C14K1. Although the initial rates (the slopes
of the early linear parts in the curves) are very close between the
four surfactants, differences are still visible. The adsorption
rates decrease with increasing head group length, indicating
that the steric hindrance and static repulsion among peptide
head groups cause retardation or depression. It is useful to note
that the slope of C14K4 is slightly larger than that of C14K3, but
when the adsorbed amount is changed from mg m�2 to mmol
m�2, the dynamic adsorption curve of C14K3 coincides with that
This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 Interfacial adsorption of lipopeptide surfactants plotted as surface
adsorbed amount expressed in mmol m�2 versus time at the hydrophobic solid/
water interface at the concentrations above CMC, pH 6 and 22–23 �C: C14K1(B, 1
mM), C14K2 (,, 1 mM), C14K3 (O, 3 mM), and C14K4 (>, 4 mM). The continuous
lines are drawn to guide the eyes.
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of C14K4 as shown in Fig. 3. This observation indicates that the
effect of peptide chain length on adsorption is not linear when
it is long enough, implying subtle conformational changes. The
steric hindrance and static repulsion might affect the spatial
conformation and vice versa. The exibility of lipopeptide
molecules increases with the number of positively charged
lysine residues. The molecules may well adopt a more exible
conformation to minimize the electrostatic repulsion. There-
fore, the adsorption rates of C14K3 and C14K4 can end up almost
the same.
Fig. 4 Adsorption isotherms for C14Kn at the hydrophobic C8/water interface,
pH 6 and 22–23 �C: C14K1 (B), C14K2 (O), C14K3 (,), and C14K4 (*). The CMC of
the different surfactants are indicated with arrows. The continuous lines are
drawn to guide the eyes. The surface excess is expressed in mg m�2 (A) and in
mmol m�2 (B).

This journal is ª The Royal Society of Chemistry 2013
Fig. 4 shows Langmuir adsorption isotherms of lipopeptide
surfactants C14K1–C14K4 on the hydrophobic C8 surface. At low
concentrations, the adsorbed amount of C14Kn was as high as
0.4–0.8 mg m�2. At middle concentrations, the adsorbed
amount rose quickly toward its plateau value. Lateral interac-
tions among surfactants, including hydrophobic interaction of
acyl chains and electrostatic repulsion of head groups led to a
packed surfactant monolayer at the interface. For C14K1 and
C14K2, the adsorbed amount increases linearly with the bulk
concentration. The slope of the C14K1 isotherm is steeper than
that of C14K2. It is suggested that the hydrophobic interaction
between the C8 surface and acyl chains of surfactant dominates
the adsorption process. However, for C14K3 and C14K4, the
slopes and the adsorbed amounts over comparable bulk solu-
tion concentration range become smaller than those of C14K1

and C14K2. This result indicates that a different type of inter-
action among the head groups starts to overwhelm the hydro-
phobic interactions. At high concentrations equal to or above
CMC, the adsorbed amounts from all lipopeptides reached their
saturation levels and no further increase in adsorption
occurred. Furthermore, Fig. 4a shows that the saturation
adsorbed amounts of C14Kn at the C8/water interface decrease as
the number of lysine residues increases. This follows the same
trend as nonionic surfactants C12En (n ¼ 5, 6, 8) (ref. 33) and
conrms the importance of lateral molecular interactions for
the adsorption of these surfactants at the hydrophobic surface.

The plateau values of the adsorbed amount for C14Kn

surfactants are also plotted versus the number of lysine residues
in the head group (Fig. 5). When shown in mg m�2, the
adsorbed amount of C14K4 is higher than that of C14K3, but as
shown in the inset of Fig. 5 the values are almost the same in
mmol m�2, suggesting that the same limiting surface area is
occupied by a single C14K3 and C14K4, although the volume of
C14K4 is 701.6 Å3 larger than that of C14K3 (525.9 Å3 due to an
extra K residue). A reasonable explanation is that the confor-
mation of K3 at the surface is not tightly packed with some room
available for the fourth lysine. The adsorbed amounts from NR
are also shown in Fig. 5 with those from SE for comparison. The
Fig. 5 Interfacial adsorption of C14K1–4 measured by ellipsometry (B) and
neutron reflection (,) plotted as surface adsorbed amount versus the number of
the head group K at the hydrophobic C8/water interface above CMC, at pH 6 and
22–23 �C. The continuous lines are drawn to guide the eyes. The inset shows the
corresponding surface excess expressed in mmol m�2.

Soft Matter, 2013, 9, 9684–9691 | 9687
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two sets of data are in excellent agreement apart from a minor
deviation for C14K2.
3.2 Layer structure from lipopeptide adsorption

Before starting the characterization of adsorbed surfactant
layers, the thickness and mean composition of the hydrophobic
C8 SAM layer was determined by NR in D2O. This reectivity
prole (shown in Fig. 6) was then used as a reference and any
difference from it as a result of lipopeptide adsorption served as
a useful indication of changes in amount and layer structure. A
uniform single-layer model was used to t the neutron reec-
tivity prole and the best t is shown as a continuous line with a
thickness of 10 � 3 Å and a scattering length density 1.4 � 10�6

Å�2. The thickness is close to the a fully extended C8 (L ¼
11.6 Å), indicating that the hydrocarbon chain is nearly
perpendicular to the surface. The volume fraction of the SAM
derived from equation S5† is 73%, indicting the formation of a
well packed hydrophobic C8 layer. This C8 structure was used
for the subsequent NR study of surfactant adsorption.

Fig. 6 also shows a set of neutron reectivity proles
measured from different C14Kn adsorptions at the hydrophobic
C8/D2O interface above their respective CMCs in D2O. Reec-
tivity proles from different C14Kn deviate strongly from that of
the C8/D2O prole, indicating that surfactants C14Kn adsorbed
on the C8 surface resulted in different layer thicknesses and
scattering length densities.

It can be seen from Fig. 6 that a single layer model can t the
four measured data from the C14Kn (all in the form of hC14hKn,
h means the lipopeptide is hydrogenated), and the tting
parameters are summarized in Table S2.† The tted thicknesses
are 22 Å for C14K1, 21 Å for C14K2, 19 Å for C14K3 and 19 Å for
C14K4, which are shorter than the extended length of these
molecules (see Table S1†). This indicates that molecules within
the layers are tiltedmore andmore with respect to the surface as
the number of lysine residues in the head group increases.

The interfacial assembly of the lipopeptide monolayers leads
to the alignment of acyl tails to the C8 surface and the projection
Fig. 6 Uniform layer model fitting to the C14K1–4 lipopeptide layers adsorbed at
the C8/D2O interface (>): C14K1(O, 1 cmc), C14K2 (B, 1 cmc), C14K3 (,, 1.5 cmc)
and C14K4 (*, 1.5 cmc). All the measurements were made at pH 6 and an ambient
temperature of 22–23 �C. Symbols represent the measured data; continuous lines
represent the best fit for one layer model. (Profiles of C8, C14K3 (,) and C14K4 (*)
have been shifted down for 1 to 3 magnitudes for clarity).

9688 | Soft Matter, 2013, 9, 9684–9691
of peptide heads towards the aqueous solution. This unsym-
metrical lipopeptide assembly discriminates water association
across the interface; whilst water hydration is strongly favored
with the lysine based head group region it can only penetrate
the tail region via voids and defects, as the hydrophobic chains
would disfavor any direct exposure to water. The unsymmetrical
water association would lead to highly different values of scat-
tering length density between tail and head regions, but the
ability to t into uniform layer distributions implies that under
these conditions we are unable to comment on any further
structural distributions. It is nevertheless worth mentioning
that some of the structural parameters arising from the uniform
layer modeling are not physically sound. For example, the tted
scattering length densities from C14K1 and C14K2 led to the
converted lipopeptide volume fractions of 0.92 and 0.98,
implying little structural defects for this kind of self-assembled
monolayers and unusually low levels of water hydration.

For better determination of the adsorbed surfactant layer
structures, partially deuterated surfactants such as acyl chain
deuterated ones (dC14hKn, d means the acyl chain is deuterated)
were deployed. For each lipopeptide, four isotopic contrasts
were adopted including hC14hKn in D2O, dC14hKn in D2O, H2O
and CMSi (contrast matched to Si, r ¼ 2.07 � 106 Å�2). These
proles provide the thickness of the adsorbed layer and the
surface excess at different isotopic contrasts. The partial
labeling of the lipopeptide surfactant also highlights the tail
region in H2O and CMSi. Comparison of these data gives better
structural sensitivity and improves the understanding of the
layer structure, as shown below.

Unlike the case of hC14hKn in D2O as discussed above, tting
the proles from dC14hKn in D2O with a single uniform layer
model was not possible. A two-layer model as schematically
shown in Fig. 7 has to be adopted because the deuterated acyl
chains have a higher scattering length density than the hydro-
genated head group region and the C8 layer. In this set of
Fig. 7 Schematic model to indicate the formation of the monolayer structure of
C14K1–4 at the hydrophobic C8/water interface. The thicknesses marked for the
chain and head group regions refer to the structure measured at the above CMC.

This journal is ª The Royal Society of Chemistry 2013
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modeling involving clearly dened head and tail regions (sub-
layers), all the C14Kn adsorbed reectivity proles obtained from
different isotopic contrasts resulted in the formation of a
monolayer structure consisting of an inner hydrophobic region
adjacent to the C8 surface and an outer head group region
projecting into the bulk solution. In addition, the adsorbed
layers of lipopeptide surfactants were not necessarily uniform
because of different conformations of chains and heads and
chains incorporating into defects on the SAM layer resulting in
different degrees of head–chain intermixing and water
association.

The reectivity proles in Fig. 6 (involving all hC14hKn in
D2O) and those in Fig. 8, and Fig. S2–S4† (involving other
combinations of isotopic contrasts) were tted using the two-
layer model as described above, with the best tted structural
parameters summarized in Table 1 and also those tted to the
hC14hKn set (in D2O) shown in Table S3† and to other contrast
combinations with different n in Tables S4–S7.† The continuous
lines represent the best ts showing the excellent agreement to
the measured neutron reectivity proles. In general, the
results from hydrogenated and deuterated samples are in good
agreement within experimental errors despite that slight lower
values were found for hC14hK3. All other hC14hKn samples have
slightly higher values than dC14hKn. The total thicknesses of the
adsorbed monolayers on the hydrophobic C8/water interface
were found to be 26 Å for C14K1, 25 Å for C14K2, 21 Å for C14K3

and 21 for Å C14K4, which were 2–4 Å higher than the respective
values obtained from the uniform layer model tting of the
hydrogenated samples and which gave more physically mean-
ingful volume fractions of lipopeptide surfactants and fractions
of water association. The surface excesses from the different
model ttings were however in good agreement with each other
within experimental errors, indicating that the derived surface
excess is independent of the tting models, consistent with our
previous observations.

The thicknesses of the acyl chain regions for C14K1, C14K2 and
C14K3 were 17, 13 and 10 Å, respectively, decreasing with
increasing head group size, but C14K4 has the same thickness of
Fig. 8 2-Layer model fitting to C14K1 monolayer adsorbed at the C8/water
interface: hC14hK1 in D2O (�) dC14hK1 in D2O (B); and dC14hK1 in D2O–H2O
mixture (r ¼ 2.07 � 10�6 Å�2) (O). All the measurements were made at 1 cmc,
pH 6 and at 22–23 �C. Symbols represent the measured data; continuous lines
represent the best fits.

This journal is ª The Royal Society of Chemistry 2013
the chain layer as C14K3 10 Å. These values suggest that as the
number of the head group lysines increases, the extent of the
hydrocarbon chains tilts further away from the surface normal.
The reasonable explanation is that the space occupied by every
surfactantmolecule becomesmuch larger when the number of K
residues in the head group increases from 1 to 3, forcing the tails
to project further away from the surface normal. The space of
C14K4 is as large as that of C14K3 although C14K4 has one more K.

The head group region of C14K1 has a thickness of 10 Å and is
shorter than that of C14K2 (13 Å). These two values are higher
than the length of the backbone for K1 (3 Å) and K2 (6 Å),
respectively, indicating that the side R group of lysine at the end
partly contributes to the thickness of the head groups through
different projection. Given the length of the R group is 8 Å, the
fully extended lengths of the head group are 11 and 14 Å for K1

and K2, respectively—close to the tted thicknesses, suggesting
that the head groups within the adsorbed layers were nearly
perpendicular to the surface. However, the thicknesses of the
head group for C14K2, C14K3 and C14K4 remain almost
unchanged at 13 Å. This observation must imply that the head
groups heavily tilt away from the surface normal as the length of
the peptide chain is further increased. The adoption of these
head group conformations must however inuence the area per
molecule.

As expected, the areas per molecule are 28.6� 2 Å2 for C14K1,
36.1 � 2 Å2 for C14K2, 59.5 � 2 Å2 for C14K3 and 64.5 � 2 Å2 for
C14K4, following a clear trend of increasing with the size of the
head group. This tendency is similar to nonionic surfactants
C12Em with m ¼ 1–8 adsorbed at the air/liquid interface. The
values of the areas per molecule of C14K1, C14K2, C14K3 and
C14K4 are in good agreement with 29 Å2 of C12E1, 34 Å2 of C12E2

and C12E3, 55 Å2 of C12E6 and 63 Å2 of C12E8, respectively.36–39

However, the areas per molecule of cationic surfactants, such as
C12TAB,40 C14TAB41 and C16TAB42,43 are all about 44 Å2, larger
than that of C14K1 and C14K2, but smaller than that of C14K3 and
C14K4, again showing the impact of the different sizes of the
head groups in the latter series.

The detailed structural changes within the lipopeptide
surfactant monolayers show that for n ¼ 1 and 2, hydrophobic
interactions dominate, resulting in high density packing and
ordered monolayers. As a result, the side chain amino acid
residues within the head group region of C14K1 are forced into
rather vertical projections, giving a head group thickness of
10 Å. In contrast, hydrophobic interactions are weakened in
C14K2 by the substantially increased inuence arising from the
size doubling of the peptide head group, evident from
the increase of the head group region thickness to 13 Å and the
steady decline of the acyl chain region thickness from 17 to
13 Å. The reduced increase in the head group layer thickness is
consistent with the increase in the area per molecule from some
29 to 36 Å2, showing that the head groups start to dominate the
area per molecule. A further increase in n to 3 leads to further
dominance of the head groups. By now, the head groups adopt
the in-plane growth with their polypeptide backbone lying
almost at on the surface. This trend is consistent with the
almost constant thickness of the head group region and
the slight decline of the thickness of the acyl tail region due to
Soft Matter, 2013, 9, 9684–9691 | 9689

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c3sm51271a


Table 1 C14K1–4 structural parameters obtained from 2-layer model fitting to neutron reflectivity profiles measured at the C8/water interfacea

Sample (concentration) Layer s � 2 Å fp � 0.05
G � 0.15
mg m�2

Gtotal � 0.15
mg m�2 A � 2 Å2

C14K1 (1 cmc) C14 17 0.85 1.26 2.06 28.6
K1 10 0.59 0.80

C14K2 (1 cmc) C14 13 0.91 1.03 2.23 36.1
K2 13 0.71 1.20

C14K3 (1.5 cmc) C14 10 0.73 0.63 1.71 59.5
K3 12 0.71 1.08

C14K4 (1.5 cmc) C14 9 0.71 0.55 1.91 64.5
K4 14 0.77 1.36

a The C8 layer was determined from pure D2O with s ¼ 11 � 2 Å and r ¼ 1.4 � 10�6 Å�2. All the lipopeptide measurements were made above CMC,
pH 6 and at 22–23 �C. Symbols: s, thickness of each layer; fp, chain and Lys head volume fractions derived from layer tting; G, interfacial adsorbed
amount calculated from respective layers; Gtotal, total adsorbed amount for each lipopeptide surfactant; A, area per molecule.
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the greater free space available. The behavior of C14K4 largely
conrms the structural features as determined for C14K3 and as
expected, the increase of n from 3 to 4 led to the mere increase
of the area per molecule with little changes in the thicknesses
for head and tail regions.

The adsorbed layer structures of natural lipopeptides, such
as surfactin and bacillomycin D, at air/water, hydrophobic
solid/water and oil/water interfaces have been studied by
NR,7–10,44 infrared reection absorption spectroscopy (IRRAS),45

and molecular dynamics simulation.46–49 As already indicated,
surfactin forms a ball-like structure at air/water and hydro-
phobic solid/water interfaces with thicknesses of about 15 Å and
molecular areas of about 145 Å2. The ball-like structure mainly
originates from the interaction between the hydrocarbon and
the hydrophobic amino acid residues such as leucine residues.
Although the adsorption is pH sensitive and also affected by
cation binding, the ball-like structure persists in all conditions
in spite of the changes in area per molecule. The adsorption of
surfactin at interfaces is mainly dominated by hydrophobic
interactions although electrostatic interaction also plays a
crucial role.7,10,44 Molecular dynamics simulation indicated the
formation of intermolecular hydrogen bonds, b-turn structures
and also b-sheet domains of the peptide rings when surfactin
molecules were packed at the air/water interface.46,47 The
adsorbed layer structures of surfactin and surfactin mono-
methyl ester at the oil (organic solvent)/water interface were also
studied using molecular dynamics simulation. The results
showed that the molecules stood vertically at the interface with
acyl chains extending into the organic phase and the peptide
rings tilted slightly at the interface.48,49 Unlike surfactins, the
designed lipopeptides C14Kn adopted sandwich-like bilayers at
the hydrophilic silica oxide/water interface and the process was
driven by both electrostatic and hydrophobic interactions.
Because there was no hydrophobic amino acid reside in the
peptide chain, the hydrocarbon tails must be mixed back-to-
back at the center of the bilayer, with one lysine head layer
adsorbed on the silica surface through electrostatic interaction
and the other lysine head layer pointed to the solution.30,31 In
the present study, the adsorption on the hydrophobic C8/water
interface was dominated by hydrophobic interactions. Thus,
C14Kn formed monolayer structures with tails anchored on the
9690 | Soft Matter, 2013, 9, 9684–9691
hydrophobic C8 surface and the heads pointing to the bulk
solution. Although the molecules tend to lie down with the
number of lysine residues increasing, the main feature of
monolayer adsorption still persists.
4 Conclusions

The adsorption of lipopeptide surfactants C14Kn at the hydro-
phobic C8/water interface is driven by the hydrophobic attrac-
tion between the acyl chain of the surfactant and the C8 surface.
SE study revealed that the dynamic process is characterized by a
fast initial step over the rst 2–3 min in which the mass of
adsorption substantially increases, followed by a slow step over
the subsequent 15–20 min. The main structural feature is
characterized by the anchoring of the hydrophobic acyl chain of
the lipopeptide surfactant onto the hydrophobic surface,
resulting in the formation of surfactant monolayer with the
head groups pointing to the aqueous solution. This feature of
lipopeptide monolayer is distinctly different from the bilayer
formed at the hydrophilic silica/water interface as reported in
our previous studies.30,31 Further NR studies in conjunction with
deuterium labeling showed that the thicknesses of the hydro-
philic head layers for C14K1, C14K2, C14K3 and C14K4 are 10, 13,
12 and 14 � 2 Å, respectively, and the corresponding thick-
nesses for the hydrophobic layers are 17 Å, 13 Å 10 Å, and 10 �
2 Å. These changes in regional thickness together with the
steady increase in area per molecule suggest the steady increase
in the extent of molecular tilting with n for the whole lip-
opeptides. The detailed NR structural analysis enabled us to
ascertain that whilst the acyl chains tilt away from the surface
normal, the head groups underwent far more substantial
changes in their projection and conformational orientation
with an increase in n due to the unique peptide backbone
conguration.
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