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Abstract

LL-37 is an «-helical antimicrobial peptide of human origin. It is a 37 residue cathelicidin peptide. This paper explores the use of
electrochemical methods to investigate the interaction of LL-37 with phospholipid and lipid A monolayers on a mercury drop electrode.
Experiments were carried out in Dulbecco’s phosphate buffered saline at pH ~7.6. The capacity-potential curves of the coated electrode in the
presence and absence of LL-37 were measured using out-of-phase ac voltammetry. The frequency dependence of the complex impedance of the
coated electrode in the presence and absence of LL-37 was estimated at —0.4 V versus Ag/AgCl 3.5 mol dm > KCI. The monolayer permeability
to ions was studied by following the reduction of TI(I) to TI(Hg) at the coated electrode. LL-37 shows no significant interaction with DOPC.
However, LL-37 shows a small interaction with DOPG and lipid A within a DOPC monolayer where the monolayer permeability is marginally
increased and the zero frequency capacitance (ZFC) is marginally decreased in both cases. LL-37 shows a significant interaction with a lipid A
monolayer thereby decreasing the ZFC by 30%. The results concur with the known membrane active properties of LL-37 and establish this

electrochemical approach as a key technique for screening peptides.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Antimicrobial defence systems are required on a daily basis
in nature as animals and plants are constantly under attack by
harmful agents such as bacteria and viruses. There are fewer
numbers of bacterial infections that can be treated by prescribed
antibiotic medicines as a result of the number of multi-drug
resistant bacteria increasing worldwide [1-7]. The development
of a new class of antibiotic is of prevalent need today. Antimi-
crobial peptides are part of the innate immune system and have
the ability to fight infection [8,9]. It has been demonstrated that
some antimicrobial peptides are able to differentiate between
types of cells due the membranes being of different lipid
compositions [10—12]. This property allows antimicrobial pep-
tides to disrupt bacterial membranes whilst leaving eukaryotic
plasma membranes unaltered. These properties make antimi-
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crobial peptides and their mimics great potential therapeutic
agents and viable alternatives to conventional antibiotic drugs.
However, one of the major drawbacks in designing pharma-
ceutical antimicrobial peptides and peptide mimics is the lack of
a molecular level understanding of their interactions with mem-
brane lipids and mechanism of action.

Eukaryotic and bacterial membranes are composed of dif-
ferent lipid components, with the former comprising mainly of
phosphatidylcholine (PC), sphingomyelin and cholesterol,
whereas the latter contains substantial amounts of negatively
charged phospholipids, such as phosphatidylglycerol (PG), car-
diolipin or lipopolysaccharides (LPS). This work models the
outer leaflet of the human red blood cell (RBC) membrane and
different layers of the Gram-positive and Gram-negative bac-
terial outer cell membranes with a monolayer composed of
phospholipid molecules at the mercury solution interface.
Zwitterionic dioleoyl phophatidylcholine (DOPC) is used to
simulate the RBC and negatively charged dioleoyl phosphati-
dylglycerol (DOPG) and lipid A are used to imitate the external
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layer of the bacterial membrane. Lipid A is a major component
of lipopolysaccharides isolated from the E. coli outer cell mem-
brane. In this paper, membrane interactions of LL-37, the only
human «-helical antimicrobial peptide from the cathelicidin
family, are studied. LL-37 (LLGDFFRKSKEKIGKEFKRIVQ
RIKDFLRNLVPRTES [13]) is composed of 37 amino acid
residues and was originally isolated from neutrophil-specific
granules but is also found at the mucosal linings in the body and
skin [14,15]. LL-37 has been found to have antimicrobial
properties [16—18] as well as having other abilities relating to
the innate immune system such as induction or modulation of
chemokine and cytokine production and inhibition of proin-
flammatory responses of host cells to bacterial components [19].

This study was carried out to specifically look at the ap-
plicability of electrochemical techniques including electro-
chemical impedance spectroscopy to investigate the interaction
of LL-37 with phospholipid monolayer coated electrodes. Elec-
trochemical techniques have been applied to study lipid—pep-
tide interactions only relatively recently [20—24]. Research has
mainly been carried out on the phospholipid dioleyl phospha-
tidylcholine (DOPC) and the pore-forming peptide gramicidin
A [20,21,23-25]. The aim of this study is to probe the question
of LL-37 selectivity between prokaryotic and eukaryotic cells
and to assess whether these techniques form a scientific basis
for the development of routine screening systems for membrane
active peptides.

2. Experimental
2.1. Apparatus and materials

Two distinct measurements were carried out using the elec-
trochemical apparatus. The first series of measurements focused
on impedance measurements in which no Faradaic process is
involved. These experiments concentrated on capacitive ele-
ments [21,25,26]. The second series investigated the transport
of TI" ions in which a Faradaic process is involved [20]. The
rationale for using T1" as a probe is the following: (1) TI" is
isoelectronic with K and thus is an effective probe for this ion’s
behaviour and the alkali metal ions in general [23]. (2) TI"
undergoes a rapid reversible redox reaction on the mercury
surface with a reduction potential at about —0.42 V vs Ag/AgCl,
3.5 mol dm™ > KCI, which is in the potential domain of the low
capacity and ion impermeable region of the DOPC monolayer
[23]. As a consequence, in the presence of the DOPC monolayer
the electrochemical reduction of T1" is suppressed because TI is
denied access to the mercury surface. When the DOPC mono-
layer becomes permeable a reduction current of TI" is observed.
The results of both impedance and voltammetric measurements
are considered in the analysis of the properties of the phos-
pholipid and peptide modified phospholipid monolayer.

An Autolab PGSTAT 30 interface (Ecochemie, Utrecht, Nether-
lands) was used to measure capacitance—potential curves of the
coated electrodes. An Autolab system, FRA and PGSTAT 30,
controlled with Autolab software, was used in all the impedance
versus frequency measurements of the coated electrodes. The
PGSTAT 30 connected to a MacLab acquisition board and soft-

ware (AD Instruments Ltd) was used in the sampled current
voltammetry experiments to measure the reduction of TI". The
experiments were performed in a standard three electrode cell. An
Ag/AgCl, 3.5 mol dm * KCI reference electrode, with a porous
sintered glass frit separating the 3.5 mol dm > KCl solution from
the electrolyte served as reference, and a platinum bar served as a
counter electrode. The electrodes were located on either side of the
working electrode respectively. All potentials are quoted in this
paper versus the Ag/AgCl, 3.5 mol dm™ > KCl reference electrode.
In the impedance—frequency measurements, a solution resistance
of around 280-300 ) was recorded for the cell [25,26]. Diagnostic
plots of the impedance data showed it to be that of an RC series
circuit as before [25,26]. There was a distinct absence of instability
at high frequencies and for this reason, the use of a fourth pseudo
reference electrode was not considered necessary at this stage.

The electrolyte was Dulbecco’s phosphate buffered saline
(Invitrogen Life Technologies) and was used as supplied (1X
solution). A blanket of argon gas was maintained above the
fully deaerated electrolyte during all experiments. Monolayers
of DOPC, DOPC+DOPG, DOPC+lipid A and lipid A were
prepared as described earlier [25,26]. DOPC monolayers were
formed after initially spreading 13 pdm® ofa 2 g dm™* solution
of DOPC in pentane (HPLC grade, Fisher Scientific Chemicals
Ltd) at the argon-electrolyte interface in the electrochemical cell
[25-27]. The working solution of DOPC was obtained by
dilution of the 50 g dm™ > stock solution (Avanti Lipids). A 2 g
dm™? solution of DOPG (Avanti Lipids) in chloroform (HPLC
grade) was prepared. The DOPC+DOPG monolayer was ob-
tained using a 1:1 v/v mixture of 2 g dm > DOPC in pentane
and 2 g dm™? DOPG in chloroform. Lipid A ((diphosphoryl,
from E.coli F583), Sigma—Aldrich) was prepared in a 74:23:3
v/v% solvent of chloroform, methanol and water respectively.
High grade solvents and 18.2 MQ MilliQ water (Millipore)
were used. The concentration of the lipid A working solution
was 0.2 g dm ™ and 300 pdm® was spread onto the surface of
the electrolyte in order to obtain a fivefold excess as is the case
with all the lipids used. A 70:30 mol:mol DOPC+lipid A
solution was prepared using the stock solutions of lipid A and
DOPC. 15 pdm® of this solution was spread onto the electrolyte
surface. A fresh mercury drop (area, 4=8.8x10"7 m?) was
coated with the spread phospholipid layer [25,26] at the argon-
electrolyte interface prior to each series of experiments to give a
monolayer coated electrode.

The LL-37 peptide (Pepceuticals Ltd) solution was made
up in 0.01% v/v acetic acid using 18.2 M) MilliQ water and
99% pure acetic acid (Sigma—Aldrich). A stock solution of
4.5%10° mol dm > LL-37 in acetic acid was further diluted
to give a working solution of 2.2x10"® mol dm * and this
was used for injection under the lipid layer in the electro-
chemical cell. The final concentration of LL-37 peptide used
was 8.9 nmol dm ™ for all experiments. Aliquots of the LL-37
peptide working solution were injected below the layer into
the electrolyte. The solution was then gently stirred for 5 min.
Following this the phospholipid monolayer was deposited on
the electrode. Such layers in this study are referred to as
peptide modified layers regardless of the extent of interaction.
In the experiments studying the TI(I)/TI(Hg) reduction, TINO3
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(Sigma Products) was employed to prepare the stock solution
(0.1 mol dm ™) from which aliquots were added to the electrolyte.

2.2. Electrochemical impedance

Measurements of capacity versus potential for the coated
electrode were carried out by measuring the out-of-phase
current () at potentials between —0.2 and —1.3 V vs Ag/AgCl
at a frequency ( /') of 75 Hz with 0.005 V rms (A V') using the
ac voltammetric method. Capacitance (Cyq) was calculated from
the 7” value using the equation Cq=(I"/A AVw) where o is
the angular frequency (=27f") assuming RC series behaviour of
the cell [26]. The capacitance—potential curve of the lipid coated
electrode was recorded prior to each experiment. At least two
capacitance—potential curves following respective depositions
on a fresh electrode surface were recorded for the individual
peptide—phospholipid interactions.

Measurements of the impedance (Z) versus frequency of the
electrode systems using frequencies logarithmically distributed
from 65,000 to 0.1 Hz, 0.005 V rms at potentials of —0.4 V vs
Ag/AgCl were carried out on the coated electrode systems. The
impedance versus frequency plot of the lipid coated electrode
was recorded prior to each experiment. At least three impedance
versus frequency plots were recorded following respective de-
positions on the fresh electrode surface for the individual pep-
tide—phospholipid interactions. The experimental conditions for
the measurement of impedance are listed in the following. For
one measurement, 1 cycle was used except when the cycle was
less than 1 s, in which case, the measurement time was 1 s In
order to reach steady state, 10 cycles were used except when
10 cycles lasted more than 3 s, in which case, 3 s were used.
Each frequency scan took 5 min with the potential continually
applied commencing with the highest frequency. These time
intervals are a compromise in providing sufficient time to carry
out the measurement and reaching steady state, whilst still
enabling all the experiments to be done within a specified time
period on one phospholipid layer without altering the structure
of the layer. No significant difference in the spectra was noted
when longer equilibration periods were used before each ex-
periment. The impedance data were transformed to the complex
capacitance plane and the complex capacitance axes were ex-
pressed as ReY @~ ' and ImY ™' respectively. This was done
using an EXCEL (Microsoft) spreadsheet.

For a series RC circuit, the ReY o ' versus ImY @ ' plot
gives a single semi-circle for the RC element, where the capac-
itor has no frequency dispersion. The extrapolation of this semi-
circle to the ImY ™ ' axis at low frequency gives the zero
frequency capacitance (ZFC) [28—30] of the RC circuit which is
therefore an empirical quantity and is the monolayer capaci-
tance (C). Any additional elements to the RC semi-circle at
lower frequencies will correspond to properties of the mono-
layer. Furthermore, if the semi-circle representing the RC ele-
ment is not perfect [29], the non-ideality of the capacitor is
indicated. This can be due to dielectric relaxations coupled to
the RC charging process and to additional circuit elements at the
interface between the capacitor and the solution resistance
[29,31]. Inhomogeneities in the monolayer give rise to a low

frequency relaxation of the capacitor [25,26]. This is seen as an
additional capacitative element which appears to the right of the
RC semi-circle in the complex capacitance plane plot [25,26]. The
ZFC of the monolayer relates to the thickness of the monolayer, d,
and the dielectric constant,e, by the equation [32]:

C =¢e/d

where £,=8.84x10 ' F m ! and is the vacuum permittivity.
The dielectric constant or number of the vacuum, ¢=1. An
increase in the capacitance of the monolayer relates either to a
decrease in its thickness or an increase in its relative dielectric
constant. In either case the capacitance of a monolayer is very
sensitive to its structure.

In addition, the model of Whitehouse et al. [25,26] was
employed, which combined dielectric theory with electrochem-
ical circuit theory, where the data are fitted to the equation:

Y= ! (1)

R+ 1
(iw)ﬂ ol [Cscinf +Cint‘:|

1+ (iwt)*

In Eq. (1), Y is the admittance, R is equivalent to the
uncompensated solution resistance (R,,), Ci,ris equivalent to the
zero frequency capacitance (C) of the monolayer, Cs— Cj,ris the
additional low frequency capacitative element with relaxation
time constant (1), and o is the coefficient which represents the
distribution of time constants around the most probable value of
7. B is the coefficient which characterises non-idealities at the
interface between R and C and is equivalent to a surface
roughness. The physical meanings of o and f are quite different
since o is related to the time constant of relaxation of the
additional capacitative element Cs— Cj,g, a bulk dielectric pro-
perty and f relates to the flow of charge from solution into both
capacitative elements, Cj,rand Cs— Cj,p, which is an interfacial
property. @y is a dummy constant which corrects for units and is
always set at unity. The relationship between o and S and how
they affect the plots in the complex capacitance plane is very
clearly explained in Figure 6 of Ref [26]. Curve fitting of the
data was carried out using IGOR (wavemetrics) in the same way
as described previously [25,26]. In the fitting procedure the
experimental R, which is equivalent to R in Eq. (1) was put in
as an experimental parameter and R, was determined by extra-
polating the Im Z versus Re Z plot to the Re Z axis [33].

2.3. Electrochemistry of TI"/TI(Hg)

The following procedure [20,23] was taken to measure the
peptide permeabilising activity to TI" of the monolayer. Sub-
sequent to deaeration of the electrolyte, 10~* mol dm™> TI(I)
was added from the stock solution. The lipid layer was then
spread on the electrolyte and transferred to the electrode. A
cyclic voltammogram was recorded to check the impermeability
of the deposited layer. Following addition of peptide to the
electrolyte and stirring, the phospholipid layer was deposited on
the electrode surface. A series of voltage pulses from —0.2 V to
potentials from —0.3 to —0.7 V vs Ag/AgCl and back were
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Fig. 1. (a) Capacitance—potential plots and (b) impedance plots in the complex
capacity plane of, and (c) sampled current voltammetry plots of the TI"/TI(Hg)
reduction at: — DOPC coated mercury electrodes in Dulbecco’s phosphate
buffered saline in the absence (a, dashed line and b, c, solid triangles) and
presence (a, solid line and b, ¢, open squares) of 9 nmol dm > LL-37 peptide.

initiated and the current transients recorded. The pulses were
40 ms long and the currents were sampled at 40 kHz with a
20 kHz low pass filter. A delay period of 15 s between each
pulse enabled the establishment of initial concentration
conditions. After the pulsing programme had been performed,
an ac out-of-phase voltammogram was recorded to ensure that
the phospholipid layer had not degraded during the experiment.
Pulse transients were analysed by sampling the current transient
after a time interval of 25 ms from the beginning of the pulse
and plotting this current value against potential as a sampled
current voltammogram. The currents were measured for the
cathodic train of pulses and the anodic train of pulses. The mean
current value and the range between the two values expressed as
an error bar were recorded at each potential.

In the case of T1" reduction at the DOPC +DOPG and DOPC +
lipid A coated electrodes, the entire current transient was fitted to

the model describing a homogeneous chemical reaction preceding
a rapid electron transfer (C.E, mechanism). The equation charac-
terising this model is written as [34]:

1/2 _
ip) FAD "o <[K(e kK

B 1/2
(1-K?) /212 + "' {(K(k + B)

2)
xerf [(k+B)1/Qt‘/z}>—Bl/2erf(31/2tl/2)}>

In Eq. (2), F is Faraday’s constant, D is the diffusion coefficient
and ¢, is the bulk concentration of TI” and k=k; +k_ ; and &; and
k_ | are the forward and reverse homogeneous rate constants
respectively of the chemical step of which K(=k;/k- ) is the

70 — (a)
60 —
50 <
40 —

30—

C, 1102 Fm?

20
10

0 T l L} l L] l L] l 1
0.4 0.6 0.8 Lo 1.2
-E/V vs Ag/AgCl

(b)

1.0 T T T T T T T

0.8 —

0.6 | A -
oA

04 I:I‘ -

0.2 - —

ReY @’ /107 F m™

0.0 0.4 0.8 12 L6 2.0

ImYe' /107 Fm?
1.6

(c)

1.2 —

0.8 -~

i /A

0.4 —

0.0 — %

0.3 0.4 0.5 0.6 0.7
-E/V vs Ag/AgCl

Fig. 2. (a) Capacitance—potential plots and (b) impedance plots in the complex
capacity plane of, and (c) sampled current voltammetry plots of the TI"/TI(Hg)
reduction at: —50% DOPC+50% DOPG coated mercury electrodes in
Dulbecco’s phosphate buffered saline in the absence (a, dashed line and b, c,
solid triangles) and presence (a, solid line and b, c, open squares) of 9 nmol
dm? LL-37 peptide.
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equilibrium constant. k is a rate constant which represents the rate
of attainment of chemical equilibrium prior to the charge transfer.
B=K?k/(1—K?). The important feature of Eq. (2) is that it is valid
for all values of K provided k_ ; >k; and for current data obtained
over all real time. This equation simplifies to the following
equation at longer time scales where &}'=Kk"?D"? [35] and &}
is a heterogeneous rate constant describing the intrinsic mono-
layer permeability to T1" at a specified potential.

) khet2 Jehet1 /2
i = FAcok™exp 1D erfc( 1Dl/2 ) (3)

Expressed in this way, Eq. (3) is referred to as the approximate
equation describing the potential step current transient resulting
from the C,E, mechanism [36]. When Eq. (2) is fitted to the
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Fig. 3. (a) Capacitance—potential plots and (b) impedance plots in the complex
capacity plane of, and (c) sampled current voltammetry plots of the TI'/TI(Hg)
reduction at: 70% DOPC+30% lipid A coated mercury electrodes in Dulbecco’s
phosphate buffered saline in the absence (a, dashed line and b, c, solid triangles) and
presence (a, solid line and b, ¢, open squares) of 9 nmol dm™* LL-37 peptide.
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Fig. 4. (a) Capacitance—potential plots and (b) impedance plots in the complex
capacity plane of, and (c) sampled current voltammetry plots of the TI"/TI(Hg)
reduction at: lipid A coated mercury electrodes in Dulbecco’s phosphate
buffered saline in the absence (a, dashed line and b, c, solid triangles) and
presence (a, solid line and b, ¢, open squares) of 9 nmol dm > LL-37 peptide.

current transients, the time constant (7) of the initial exponential
decay corresponds to k' [20,35]. Curve fitting of the data was
carried out using the IGOR programme as before [20,35].

3. Results

3.1. Electrochemical characteristics of phospholipids

The capacitance—potential curves, the impedance—frequency
plots in the complex capacity plane and the sampled current
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voltammograms of the TI'/TI(Hg) process at DOPC mono-
layer coated mercury electrodes have been previously decribed
in detail [26,27] and are presented as control measurements in
Fig. 1.

Monolayers of DOPC+DOPG show characteristics similar
to those of DOPC and are displayed in Fig. 2.

A significant difference in the capacitance—potential curves
is the shift of the capacitance peaks 1 and 2 by 0.05 V to more
negative potentials. In addition, the monolayer does not sup-
press the TI"/TI(Hg) redox process to the same extent as DOPC.
The appearance of the voltammogram exhibits a voltage depen-
dence of the T1" reduction current which attains the diffusion
controlled value at —0.7 V vs Ag/AgCl which is 1.3 pA under
these experimental conditions where the diffusion coefficient
for TI" in 0.1 NaCl is 1.8x10"° m? s~ ' [37].

The electrochemical measurements of DOPC+lipid A
coated electrodes are displayed in Fig. 3.

Capacity-potential plots of monolayers of DOPC+lipid A
display the capacitance peaks 1 and 2 characteristic of DOPC
coated electrodes (Fig. 3(a)). The impedance—frequency plots
transformed to the complex capacity plane show no significant
extra capacitative element and the ZFC is about 0.019 F m™?
(Fig. 3(b)). The DOPC+lipid A layer allows the TI"/Tl(Hg)
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Fig. 5. Current transients due to TI" reduction following voltage pulse from —0.2
to —0.55 Vat (a) DOPC +lipid A and (b) DOPC +DOPG coated electrode. Bottom
and top transients without and with 9 nmol dm > LL-37 in Dulbecco’s phosphate
buffered saline electrolyte respectively. Thick line: data, thin solid line: fit of Eq.
(2) and lowest thin solid line current generated from Eq. (3) where B =Kk, nD .
Values of coefficients from the Eq. (3) fit as follows: (a) bottom: K=0.048,
k=685 s, top: K=0.069, k=416 s~ ' (b) bottom: K=0.18, k=100 s ', top:
K=022, k=138 s . Initial relaxation time (t=1/k) of transient indicated by
double arrow.

redox process to take place but with a limiting current half of
that for a diffusion controlled reduction of T1" at the uncoated
mercury electrode (Fig. 3(c)).

In contrast to the DOPC mixed layers, lipid A monolayers
coated on mercury show substantially different electrochemical
characteristics displayed in Fig. 4 and are described in the
following: (i) The capacity—potential plots show two unre-
solved peaks at potentials —1.05 and —1.1 V vs Ag/AgCl. At
more negative potentials the capacitance of the coated electrode
begins to assume that of an uncoated electrode (0.17 F m™ %)
indicating the desorption of the lipid (Fig. 4(a)). (ii) impedance—
frequency plots transformed to the complex capacity plane
show a significant extra capacitative element in addition to the
RC semi-circle and a ZFC value of ~0.0325 F m ™2 (Fig. 4(b)).
Fitting of Eq. (1) to this data showed that the values of f3
(0.995-0.997) were lower than those observed for a DOPC
monolayer on mercury (0.998) [26]. (iii)) Sampled current
voltammograms show no inhibition of the TI"/Tl(Hg) redox
process and the current is equivalent to the diffusion controlled
reduction of TI" at an uncoated mercury electrode (Fig. 4(c)).

Where there is limited but significant TI" reduction at the coated
electrode, the TI™ reduction current transients have been fitted to
Eq. (2). The transients generally conform to those expected for a
C.E, mechanism preceding the reduction as has previously been
shown for TI" reduction following transfer through gramicidin
channels [20]. An example of the reduction transients at the coated
electrodes is shown in Fig. 5. The transients of TI" reduction at the
DOPC+DOPG coated electrode are different to those at the
DOPC+lipid A coated electrode as shown by a higher value of
coefficient k. These transients display a shorter relaxation time (7)
prior to coinciding with the transient generated by the
approximate C,E, Eq. (3), constructed from Ai'=Kk"2D"? [35].

3.2. Effect of LL-37 interaction with phospholipid on the
impedance and permeability properties of the monolayer

Fig. 1 shows that addition of the LL-37 peptide to the
electrolyte solution has no significant effect on the electro-
chemical characteristics of DOPC coated mercury electrodes. In
comparison, Fig. 2 shows some influence on the electrochem-
ical characteristics of the DOPC+DOPG coated electrode
caused by the addition of LL-37 peptide to the electrolyte
described in the following: (i) Capacitance peak 2 and the lipid
desorption capacitance peak of DOPC+DOPG coated mercury
are depressed to a small extent. (ii) In the impedance data plotted
in the complex capacity plane, a barely significant decrease in
the ZFC of DOPC+DOPG coated mercury and no introduction
of an extra capacitive element is observed. (iii) The interaction of
LL-37 with the DOPC+DOPG coated mercury causes a mar-
ginal increase in the TI" reduction current.

Fig. 3 shows the following effects on the electrochemical
characteristics of the DOPC+lipid A coated electrode caused by
the addition of LL-37 peptide to the electrolyte: (i) Capacitance
peak 1 in the capacity-potential curve is markedly suppressed. (ii)
In the impedance data plotted in the complex capacity plane, a
small decrease in the ZFC and no introduction of an extra
capacitive element is seen. (iii) There is an increase in the TI"
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to impedance data from lipid A coated electrodes in electrolyte (solid triangles) and
lipid A coated electrodes with 9 nmol dm > LL-37 in electrolyte (open squares).
Errors within symbol size.

reduction current in the sampled-current voltammogram of the
TI(I)/TI(Hg) redox process especially at more negative potentials.
Finally Fig. 4 shows the following effects on the electrochemical
characteristics of the lipid A coated eclectrode caused by the
addition of LL-37 peptide to the electrolyte: (i) The capacitance
peaks of the capacity-potential curve are suppressed. (ii) In the
impedance data plotted in the complex capacity plane, a
significant decrease in the ZFC by 30% is observed. In the series
of experiments carried out, some variation in the ZFC value
(0.022-0.026 F m™ %) was seen. (iii) No significant influence of
LL-37 on the sampled-current voltammogram of the TI(I)/TI(Hg)
redox process is observed which remains diffusion limited.

The current transients of TI" reduction at the DOPC + DOPG
and the DOPC+lipid A coated electrodes (see Fig. 5) show no
significant difference when LL-37 is added to the electrolyte
except that the currents are increased. A comparison of the
relationship of o and S respectively with C;,¢ following the fitting
of Eq. (1) to the impedance data shows that some correlation
between these variables is found when applied to the experiments
of the lipid A coated electrodes in the presence of LL-37 in the
electrolyte. No significant correlation is seen in the absence of LL-
37 in the electrolyte (see Fig. 6).

4. Discussion
4.1. Monolayer configuration

The mixed monolayers of DOPC+DOPG and DOPC+lipid
A have similar properties to those of DOPC. The most impor-

tant difference is the decreased suppression of the TI(1)/TI(Hg)
redox process compared to that effected by DOPC which indi-
cates increased permeability to TI". This can be attributed to the
presence of negative charge on the monolayer [39,40] and some
mismatch between the DOPG and DOPC molecules in the
monolayers of DOPC+DOPG. The absence of an extra capaci-
tative element in the complex capacitance plots of DOPC+
DOPG and DOPC +lipid A mixed monolayer coated electrodes
indicates an absence of any structural inhomogeneity [25,26].

The lipid A properties on mercury show considerable depar-
ture from those of DOPC. A significant extra capacitative ele-
ment indicates a structured inhomogeneous layer [25,26] and
the increased value of the ZFC indicates that the layer is thinner
than the DOPC layer. The decreased value of 3 concurs with an
increased surface roughness associated with the structured in-
homogeneity [25,26]. The absence of any suppression by lipid
A of the TI(I)/TI(Hg) redox process shows that it is permeable to
TI". The observed electrochemical data for the lipid A coated
electrode concurs with the properties of lipid A [38]. Lipid A
has six saturated alkyl chains four of which have 14 carbons and
two with 12 carbons. This is shorter than the two alkyl chains of
DOPC which have 18 carbons and accounts for the thinner
layer. In addition the layer will not be fluid leading to the
structured inhomogeneity. The bulky head group and overall
negative charge will render the lipid A layers permeable to TI"
similar to phosphatidyl serine (PS) layers [39,40]. The lack of
structural inhomogeneity in the DOPC+lipid A monolayers is
also interesting and shows that the fluidity of the DOPC is
dominating the monolayer.

The voltammograms of TI" reduction at the DOPC +lipid A
coated electrode are different to those at the DOPC+DOPG
coated electrodes and resemble those of the gramicidin channel
facilitated reduction of TI" [20]. The lipid A could be a facili-
tating transport of T1" across the mixed layer. The difference
between the TI™ current transient shape characterising TI" re-
duction at the DOPC+DOPG and DOPC+lipid A coated
electrode is also significant (see Fig. 5). At the DOPC+lipid A
coated electrode the longer relaxation time is characteristic of
channel or facilitated transport by lipid A [20]. The reduction
transient at the DOPC+DOPG coated electrode more nearly
resembles a non specific permeability of T1" through the layer.

4.2. LL-37 interaction

The small effect of the LL-37 interaction on the ZFC of the
monolayers of DOPC+DOPG, DOPC+lipid A and lipid A
shows that the peptide interacts selectively with the negatively
charged lipids, DOPG and lipid A respectively. The significant
influence of the peptide on the ZFC of a lipid A monolayer
confirms this. This result is interesting since previous phos-
pholipid interactions with peptide have shown increases in
capacitance as well as the introduction of an extra capacitative
element. In this instance it appears that the peptide renders the
monolayer thicker shown as a decrease in capacitance. The 30%
decrease in capacitance corresponds to a similar order of in-
crease in thickness. Such an increase can only be correlated with
a marked change in conformation of the layer associated with



212 F. Neville et al. / Bioelectrochemistry 70 (2007) 205-213

peptide interaction. In spite of this, there is no effect on the T1"
permeability through the lipid A layer. The LL-37 interaction
with the mixed DOPC+DOPG and DOPC+lipid A layers
introduces no significant extra capacitative element.

The physical meaning of the correlations between the ex-
tracted parameters of the Eq. (1) fit to the impedance data from
lipid A coated electrodes in electrolyte with added LL-37 (see
Fig. 6) can only be speculated at this stage. If it is assumed that
the decrease in Cj,¢ is directly related to the extent of peptide
interaction with the lipid A layer, the decreased value of 3 with
decreased Cj,r implies that with more peptide in the layer, the
layer becomes rougher. The increased value of o with decreased
Cinrimplies that with more peptide in the layer the less diffuse is
the time constant of the extra capacitative element.

These results have to be seen in context with other results
obtained for LL-37 interaction with dipalmitoyl phosphatidyl-
choline (DPPC) monolayers at the air—water interface. Pre-
liminary studies [41] of these interactions at the air—aqueous
interface using a Langmuir trough corroborate the electrochem-
ical findings. When lipid monolayers were held at constant
pressure and LL-37 was injected under the monolayer, little
interaction was seen with monolayers of DPPC shown as an
insignificant increase in area per molecule. However, when LL-
37 was injected under monolayers of dipalmitoyl phosphati-
dylglycerol (DPPG) and lipid A, a large increase in area per
molecule was observed, clearly displaying interaction of the
negatively charged lipids with the peptide [41].

Other work [42] has recently been published and investigates
the interactions of LL-37 with simple phospholipid layers by
using epifluorescence microscopy and the X-ray scattering tech-
niques of grazing incidence X-ray diffraction and X-ray re-
flectivity. Epifluorescence data shows that there is very little
difference in DPPC monolayer morphology after LL-37 injection,
but that there are significant differences in the DPPG monolayer
morphology with a large increase in disordered phase domain area
after LL-37 injection. X-ray data suggests that LL-37 completely
disrupts DPPG monolayers with a slight overall thinning of the
monolayer most likely due to lipid reorientation. Work has also
been carried out using the same X-ray techniques to observe lipid
A monolayers and it appears that lipid A [43] monolayers become
thicker when LL-37 is injected underneath the lipid A mono-
layers. This is thought to be due to the fact that the hydrocarbon
chains of the lipid A molecules are quite rigid and so it is much
more difficult for the peptide to penetrate the tail regions of the
lipid. Therefore, the LL-37 peptide simply reaches the head region
of the lipid and binds to it. This gives an overall thickening effect
of the lipid A monolayer which is consistent with the impedance
spectroscopy results presented in this paper.

5. Conclusions

The most significant finding from this study is that the LL-37
antimicrobial peptide selectively interacts with negatively
charged phospholipids in particular lipid A and this interaction
can be monitored using electrochemical techniques. This inter-
action is different from those observed previously between
gramicidin [20] and synthetic self assembled peptides [44] and

phospholipids in that the dielectric becomes apparently thicker
associated with a significant capacitance decrease.
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