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Antimicrobial peptide interactions with
silica bead supported bilayers and E. coli:
buforin II, magainin II, and arenicin‡
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Using the unique quantitative capabilities of hyperspectral confocal microscopy combined with multivariate curve resolution,
a comparative approach was employed to gain a deeper understanding of the different types of interactions of antimicrobial
peptides (AMPs) with biological membranes and cellular compartments. This approach allowed direct comparison of the
dynamics and local effects of buforin II, magainin II, and arenicin with nanoporous silica bead supported bilayers and living E.
coli. Correlating between experiments and comparing these responses have yielded several important discoveries for pursuing
the underlying biophysics of bacteriocidal specificity and the connection between structure and function in various cellular
environments. First, a novel fluorescence method for direct comparison of a model and living system is demonstrated by
utilizing the membrane partitioning and environmental sensitivity of propidium iodide. Second, measurements are presented
comparing the temporal dynamics and local equilibrium concentrations of the different antimicrobial agents in the membrane
and internal matrix of the described systems. Finally, we discuss how the data lead to a deeper understanding of the roles of
membrane penetration and permeabilization in the action of these AMPs. Copyright c© 2009 European Peptide Society and
John Wiley & Sons, Ltd.
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Introduction

Widespread resistance of bacterial pathogens to existing antibi-
otics has resulted in increased interest in non-traditional microbial
inhibitors and antimicrobial peptides (AMPs) [1–4]. AMPs are gen-
erally short chain, polycationic and amphiphilic peptides (∼15–30
residues), which interact with microbes in various ways. To date,
some elucidated mechanisms of antimicrobial function include in-
hibition of cell wall formation, disruption of membrane potential
by pore formation or carpet model-like disintegration, alteration
of gene expression, and inhibition of nuclease activity [3–5]. In
general, AMPs are stable over a wide range of pH values and
have broad spectrum activity in vivo as well as synergy with other
antimicrobial agents [6–9]. Although this growing class of pep-
tides presents an exciting model for combating infection and
pathogenic resistance, several challenges must be overcome to
produce safe and effective AMP-based therapeutic agents. Gaining
a detailed understanding of the chemical basis for the observed
cytotoxic specificity and the connection between the structure
and function of these peptides in myriad cellular environments
are paramount among these challenges. In order to effectively
address these issues, new methods and experimental platforms
are needed to characterize AMP interactions with different mi-
croscopic physiological structures. In this work, two well-studied
examples, magainin II and buforin II, as well as a recently dis-
covered example, arenicin, are probed for activity in model silica
bead supported bilayers (SBSBs) and E. coli. By comparing the

response of these markedly distinct antimicrobial agents in the
reductionist and natural system, a more cohesive understanding
of the chemical partitioning, structural variation, and biophysi-
cal mechanism of these agents can be used for designing next
generation therapies.
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Antimicrobial Peptides

Recent computer-aided efforts for generation of pharmaceutical
lead compounds have yielded a generalized set of 890 previously
described AMPs [10], and the prospects are good for this number
to increase significantly in the near future. In spite of the large
numbers of potential AMP drug candidates, structural analysis
suggests that four major classes including β-sheet, α-helical,
loop, and extended peptides dominate the bulk of known
AMP sequences [11]. In this work, we focused on three AMPs
with variable structure and function: magainin II, buforin II, and
arenicin.

Magainin II, a 23 amino acid amphiphilic and cationic peptide
isolated from the skin of the African clawed frog, Xenopus
laevis, is believed to preferentially bind to anionic membranes,
generating a pore that dissipates ionic gradients, thus killing the
cell [12–14]. Following binding to the membrane, the commonly
accepted mechanism of antimicrobial activity involves insertion
and aggregation of the alpha helix structure to form a dynamic
peptide–lipid supermolecular pore in gram-negative bacterial
membranes. This toroidal membrane spanning pore is unique
in that the resulting peptide pentamer integrates phospholipids
curved perpendicular to the plane of the membrane, thus lining
the pore with hydrophilic residues [14,15].

Buforin II, a 21 amino acid cationic peptide expressed
by amphibians, is believed to penetrate the cell membrane
without permeabilization and kill the cell instead by disrupting
RNase/DNase activity [16–19]. In a hydrophobic medium, the
protein’s secondary structure includes an N-terminal random
coil region, an extended helical region, a proline hinge, and a
C-terminal alpha helical region [20,21]. Antimicrobial activity in
this structure is dictated by several factors to varying degrees.
The most pronounced change occurs under disruption of the
C-terminal region in which all antimicrobial activity is removed.
In deletion of the N-terminal region, an increase in antimicrobial
activity is observed; however, truncation of this region results
in decreased overall activity. Finally, substitution of the proline
hinge with a leucine residue results in loss of the peptide’s ability
to penetrate the membrane, thus eliminating all antimicrobial
activity [21].

Arenicin, a 21 amino acid cationic peptide discovered in
2004 in coelomocytes of the lugworm Arenicola marina [22],
has been found to be toxic to both gram-negative and gram-
positive bacteria in low concentrations. Structurally, this peptide
contains a disulfide bond that results in the formation of an
18 residue loop unique among AMPs. Several recent studies
show that one potential mechanism of action involves cell
permeation resembling barrel-stave pore formation, although
additional mechanisms have also been suggested [23–25].

Materials and Methods

Bacterial Culture

E. coli cultures were prepared by streaking the K-12 ATCC 10 798
strain from glycerol stock onto a Luria-Bertaini (LB) agar plate.
After 24 h of incubation at 37 ◦C, single colonies were inoculated in
1–5 ml LB media and incubated in a S-500 orbital shaker (VWR) on
setting 4 at 37 ◦C for 16 h. Finally, optical density measurements
were performed by monitoring the absorbance at 640 nm to
confirm log-phase growth.

Liposome Preparation

Fluorescent and non-fluorescent phospholipids were purchased
from Invitrogen Corp., Carlsbad, CA, USA and Avanti Polar Lipids,
respectively (Lissamine rhodamine 1,2-dihexadecanoyl-sn-
glycero-3-phosphoethoanoamine, triethylammonium salt: Rhod-
DHPE; E. coli L-α-phosphatidylethanolamine: PE; E. coli L-α-
phosphatidylglycerol: PG). Before use, each was dissolved in
chloroform and stored at −80 ◦C. E. coli lipopolysaccheride (LPS)
was purchased from Sigma-Aldrich, St Louis, MO, USA and dis-
solved in methanol prior to use. For the assays described below,
equal molar ratios of PE and PG were combined in a round bottom
flask. Where fluorescent phospholipids were desired, Rhod-DHPE
was also added as a chloroform solution to achieve 1% mol/mol flu-
orescent component. In assays meant to mimic the gram-negative
outer membrane, liposomes incorporating LPS were produced by
adding this component to the other lipids as a methanol solution
at a relative concentration of 10% mol/mol. Once all of the desired
components had been combined, the solvent was removed by
drying under a stream of nitrogen. The resulting phospholipid
cakes were then further dried under vacuum for a minimum of
20 min. The phospholipid cake was then reconstituted in 1× phos-
phate buffered saline (PBS) containing 10 mM CaCl2 (pH 7.2) to
achieve a total PE/PG concentration of 2.4 mM. Once the lipid
cake was fully dissolved, the resulting liposome suspension was
transferred to a Falcon tube and subject to sonication using a
Branson 250 Ultrasonicator (microtip setting = 6, duty cycle 20%)
for 10 min at 4 ◦C, at which time turbidity was no longer observed.

SBSB Self-Assembly

Monodispersed nanoporous silica microspheres (Nucleosil, 10 µm
in diameter, 10 nm pores, GFS Chemicals, Inc., Powell, OH, USA)
were employed as the substrate for SBSB self-assembly. Silica
beads were weighed and treated in a 4% peroxide/4% ammonium
hydroxide solution at 80–90 ◦C for 10 min. The beads were then
centrifuged and washed three times with Nanopure water and
suspended in 1× PBS containing 10 mM CaCl2 (pH 7.2). The desired
number of beads was then pipetted with stirring from a stock
suspension (1.25 × 108 beads/ml) and the supernatant removed.
Freshly prepared PE/PG liposome solution was then added to
the suspension and vortexed on the lowest setting for 45 min to
promote supported bilayer formation. The suspension was then
allowed to sit undisturbed for 5 min. The SBSB samples were then
centrifuged and washed with PBS to remove free phospholipids
in solution. Fluorescence titration measurements of SBSBs
containing 1% mol/mol Rhod-DHPE were used to determine
the number of washes necessary for removal of phospoholipids
unincorporated into the supported bilayer. In parallel with
these titration measurements, bilayer stacking was probed by
fluorescence intensity measurements on samples containing 1%
mol/mol Rhod-DHPE before and following 20 min exposure to
0.3 M KI quencher. In each of these assays, fluorescence intensity
values were attainted by integrating over a 10 nm spectral region
centered at 610 nm with an excitation wavelength of 535 ± 5 nm.

Fluorescence Labeling

Covalent fluorescent conjugation of fluorescein isothiocyanate
(FITC) to the N-terminal region of these AMPs was performed
by two external providers, GenScript, Piscataway, NJ, USA and
BioSynthesis, Inc., Lewisville, TX, USA. Optical density measure-
ments were performed on AMP exposed (0.1 mg/ml) log-phase E.
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coli grown in LB medium by monitoring the absorbance at 640 nm.
Compared with controls, all unlabeled AMPs showed bacterial
kill rates of >90%, whereas labeled AMPs killed between 75 and
89% of the cells. In cases where the activity of the labeled AMP
differed between the two providers’ samples, the sample with
the greater ability to kill E. coli was chosen for future use. In order
to monitor the lysis statistics of E. coli following exposure to the
different AMPs in hyperspectral imaging applications, propidium
iodide (PI) was added to the culture at a rate of 0.125 mg/ml.

Several methods of membrane labeling were performed and
compared for investigations of AMP interactions with SBSBs
and the cell envelopes of E. coli. The first method, which was
previously demonstrated for labeling E. coli membrane proteins
nonspecifically [26], was direct conjugation of an amine-reactive
Alexafluor 594, succinimydl ester fluorescent label (Invitrogen,
Inc.). This was performed by combining log-phase E. coli in 1×
PBS (pH 8.5) and the fluorescent probe (2.5 mg/ml), followed
by incubation at 4 ◦C for 16 h, purification via centrifugation,
and hyperspectral fluorescence imaging. The second method
sought to introduce a Rhod-DHPE phospholipid label into
E. coli membranes by way of liposome or micelle exchange.
For liposome exchange, Rhod-DHPE containing PE/PG liposomes
were combined with log-phase E. coli at ratios corresponding to
phospholipid concentrations between 10 and 5 mM. For micelle
exchange, dodecyl nonaoxyethylene ether (C12E9) [Fluka, critical
micelle concentration (CMC) = 0.9 mM] and 1% mol/mol Rhod-
DHPE were co-dissolved in 1× PBS and combined with log-phase
E. coli at ratios corresponding C12E9 concentrations between
0.1 and 10× (CMC). E. coli suspensions containing fluorescent
liposomes or micelles were then subjected to hourly optical
density measurements by monitoring the absorbance at 640 nm,
and hyperspectral fluorescence imaging to determine the degree
of localization of Rhod-DHPE in the sample. The final method
sought to introduce an E. coli membrane label using a fluorescent
conjugate of ethylenediaminetetraacetic acid (EDTA), Rhod-5N
(Invitrogen, Inc.). For this method, Rhod-5N was added to log-
phase E. coli at concentrations ranging between 1 and 10 µM, after
which the cells were subjected to optical density measurements
and hyperspectral fluorescence imaging as performed above.

Comparison of AMP predicated rupture of SBSBs was performed
by a Tb3+ release assay. This was achieved by adding 10 mM

TbCl3·(H2O)6 (99.999%, Sigma-Aldrich) to the internal SBSB buffer
solution prior to PE/PG liposome exposure and washing, and
followed by addition of dipicholinic acid to adjust the external
buffer concentration to 10 mM. After 5 min of equilibration,
0.1 mg/ml AMP was added to the SBSB sample, and fluorescence
emission measurements were taken by integrating over a 10 nm
spectral band centered at 545 nm (λex = 275 nm) at regular
intervals over 1 h.

Hyperspectral Fluorescence Imaging and Multivariate
Analysis

Observation of the dynamics of AMPs with SBSBs and living
bacteria required both standard microscopic techniques and
flow cell control. The flow cell constructed for these experiments
employed aluminum housing with a center perforation through
which buffer was routed from the top of the sample through
a 1 µm pore size polycarbonate filter (Whatman, Inc., Sanford,
ME, USA). Flow was controlled using dedicated syringe pumps
(Harvard Apparatus, Inc., Holliston, MA, USA) for buffer and
analyte delivery, and the total flow cell volume was calibrated to

1 ml. Cellular immobilization was accomplished using poly-l-lysine
coated coverslips (BD Biosciences, San Jose, CA, USA).

High spectral resolution time series imaging and confocal sec-
tioning was performed using Sandia National Laboratories’ unique
3D hyperspectral confocal fluorescence imaging capabilities [27].
In this system, a 488 nm continuous wave laser is used for raster
illumination covering a 25 × 25 µm field of view using a 60×, 1.4
NA Plan Apo objective (Nikon Instruments, Melville, NY, USA), cor-
responding to an excitation power of ∼5 kW/cm2 at the sample.
At each imaging voxel, a spectrum is collected with resolution of
1–3 nm over a 500–800 nm wavelength region at a rate of 4160
spectra/s. This spectral imaging rate is achieved using a high per-
formance galvanometer (Cambridge Tech, Inc., Cambridge, MA,
USA) synchronized with a push-broom custom readout from an
EMCCD camera (Andor, Inc., Belfast, IRE, UK), with computer syn-
chronization using an object-oriented graphical interface. Spatial
resolution under these conditions is 235 nm in the XY plane (2–3
pixels), and ∼600 nm in the Z direction. Emission wavelength cali-
bration was performed using a hollow-cathode Kr+ lamp, and dark
images were collected at regular intervals during data collection
to correct for instrument offset and background signals.

Spectral imaging data provide a two-way data set for mul-
tivariate curve resolution (MCR) analysis [28]. MCR uses the
heterogeneous spatial and spectral information of two-way data it-
eratively to extract the least-squares pure-component spectra and
the associated relative quantitative concentrations from hyper-
spectral images. The theory behind MCR algorithms are not within
the scope of this paper and are described elsewhere [29–33].
In this work, MCR was implemented using a nonnegative con-
strained alternating least-squares algorithm [30]. Nonnegativity
constraints were employed for the pure spectral components and
the corresponding concentrations, reflecting the lack of negative
spectral features in real fluorescence data. The MCR software con-
sists of custom C++ code (AXSIA) that is called by a custom Matlab
GUI program (runAXSIA). AXSIA [34] performs the MCR analyses,
whereas runAXSIA is used to preprocess the spectral image data,
set up the MCR parameters, and display the results from the MCR
analyses (spectral components, images, and diagnostics). In order
to deal with several noise sources inherent to hyperspectral image
collection (Poisson distributed, structured, and read noise) which
complicate the ability to extract the pure-component spectra and
their associated concentrations, rigorous characterization of the
instrument noise has been performed and the data weighted
appropriately [35,36].

Results

SBSB Characterization

Figure 1 illustrates the self-assembly of SBSBs on nanoporous
silica microspheres. Confocal Z-sectioning was used to verify the
formation of supported bilayers via emission from the fluorescent
membrane component, Rhod-DHPE. It was found, however, that
PE/PG liposomes do not form on clean silica microspheres without
the addition of a cationic counter-ion, which in this case was Ca2+.
Alteration of the overall concentration of Ca2+ concentration in
the liposome buffer resulted in highly homogenous SBSBs over a
concentration range restricted to ∼2–10 mM. Following successful
self-assembly, characterization of the resulting supported bilayers
was performed by two bulk fluorescence assays in addition to
spectral fluorescence imaging. The first of these assays monitored
the fluorescence intensity of Rhod-DHPE doped PE/PG SBSBs
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Figure 1. Formation of a SBSB. (a) Scanning electron microscope image of a 10 µm in diameter nanoporous silica microsphere, combined with
(b) fluorescently labeled unilamellar PE/PG liposome solution produces (c) supported bilayer encapsulating a nanoporous silica microsphere following
6× centrifuge/buffer wash cycles, as seen in the hemispherical confocal fluorescence section of the isolated Rhod-DHPE (1% mol/mol) MCR emission
component with color-coded intensities.

between subsequent centrifuge/wash cycles to characterize the
degree of loosely adsorbed bilayers. In this assay, a large decrease
in SBSB fluorescence is observed within the first three to four
wash cycles, and single supported bilayer coverage is achieved
after six wash cycles. The ratio of the starting to final fluorescence
intensity is ∼6×, suggesting the initial presence of a multilamellar
stack of supported bilayers. The second fluorescence assay used
for characterization of the SBSBs used iodide quenching of
bilayer integrated Rhod-DHPE to establish the percentage of
the membrane surface accessible to the external solvent. Control
studies employing non-phospholipid conjugated Rhodamine dye
in solution exhibit quenching rates in excess of 97% in the
presence of 0.3 M KI. In the experimental system, decay of the
fluorescence intensity with increasing washes was observed,
finally achieving ∼45% compared with controls following six
wash cycles. Assuming a random orientation of quenchable
Rhod-DHPE in the SBSBs, ∼50% quenching would be expected
in a unilamellar bilayer. Combining the observations from these
two assays and the spectral imaging data suggest that SBSB self-
assembly with anionic bilayers and divalent cationic counter-ions
initially produces a highly stacked multilamellar membrane, which
can be delaminated to a single unilamellar bilayer by repeated
centrifuge/wash cycles with low ionic strength buffer.

Fluorescent Membrane Labeling

Several methods to produce a stable and membrane selective
fluorescence label for E. coli were attempted and the results
are depicted in Figure 2. The conventional covalent membrane
attachment protocol of Bradburne et al. [26] resulted in weakly
emitting membrane-localized fluorescence that dissipated after
∼15 min in a flow cell running at 0.1 ml/min, as well as general
altered morphology of the E. coli characterized by elongation
and swelling. Exchange between fluorescent amphiphilic lipid
phases and E. coli membranes was similarly unsatisfactory; in the
case of liposomes, no fluorescence exchange was observed, and
in the case of C12E9 micelles, all concentrations proved to be
destructive to E. coli. Additionally, introduction of a fluorescent
analogue of EDTA, Rhod-5N, displayed inhomogenous labeling

at low concentrations (1 µM) and cell lysis at concentrations
exceeding 10 µM.

The solution that was ultimately employed to alleviate the
observed membrane labeling issues came as an unexpected
observation from spectral imaging of E. coli in the presence of
the cell lysis indicator, PI [37]. As shown in Figure 3, this intensity-
based indicator undergoes a fluorescence red-shift of 10 nm at
the membrane edge of the bacterium. MCR analysis of images
collected in this manner show the presence of two distinct spectral
components with high spatial orthogonality (in addition to a
cellular autofluorescence component). The fact that the red-shifted
PI fluorescent component corresponds to 2–3 pixels in width
suggests that this component correlates to a diffraction limited
(≤235 nm) spatial region coincident with the expected membrane
location. Fluorescence spectra of control experiments employing
PE/PG liposomes show a similar fluorescence shift of PI only when
LPS is included as a constituent, suggesting that this red-shifted
component corresponds to partitioning of PI in the gram-negative
outer membrane of E. coli. In order to test the specificity of this
effect, an identical concentration of PI was added to a culture
of the gram-positive bacterium, Micrococcus lysodeikticus, and
no similar red-shifted PI fluorescent component was observed,
supporting the hypothesis that PI can be employed as a specific
indicator for the gram-negative outer membrane. This property
of PI thus adds to its single experiment functionality, reporting
simultaneously on the lysis state of the cell and the localization of
an important membrane component. Building on this result, MCR
spectral separation of the red-shifted PI component was selected
for subsequent equilibrium and fluorescence resonant energy
transfer (FRET) studies involving fluorescent AMP conjugates and
the E. coli bacterial membrane.

Comparative Local AMP Concentrations

Measuring the relative equilibria of AMP partitioning in SBSBs and
E. coli was performed in order to gain a deeper understanding
of the physiological localization of bacteriocidal action (Figure 4).
This was achieved by exposing the system under study to a
functionally active concentration of fluorescent AMP (0.1 mg/ml)
in the presence of membrane specific fluorescent probes and
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Figure 2. E. coli membrane labeling. The gram-negative cellular envelope is composed of three primary biochemical regions: the outer membrane,
the periplasmic space, and the cytoplasmic membrane. The results of four fluorescence labeling schemes are depicted below the label of each
region: 1, covalent conjugation of fluorophores via succinimidyl ester reactions with amino groups on membrane-bound proteins (circle); 2, micelle-
or liposome-mediated exchange of fluorescent phospholipids (square); 3, EDTA-modified fluorophore for metal binding site conjugation (triangle); 4,
PI chemical partitioning (star). Labeling schemes categorized as producing no fluorescence were designated with a minus sign (‘−’), those producing
region-specific fluorescence were designated with a plus sign (‘+’), and those producing some detectable fluorescence, but with ambiguous region
specificity were designated as blank (‘ ’).

autofluorescence, followed by imaging and spectral separation
with MCR. This method allows quantification of the local relative
concentrations by spatially demarking the membrane, internal
matrix, and external solution, and eliminates spectral cross talk
intrinsic to multilabel imaging experiments with commercial
filter-based microscopes.

A comparison of the relative AMP concentrations between
SBSBs and E. coli is seen in Figure 3. Close trend similarities
are apparent for the two membrane localizations, but there
are considerable differences for the internal matrix. These data
suggest that although SBSBs seem to mimic the bulk of the
important interactions of AMPs with the gram-negative cellular
envelope, the silica subsurface poses a significant perturbation to
the whole cell partitioning of buforin II and arenicin. This effect
is hypothesized to result from the combination of the significant
anionic charge of the silica matrix and the AMPs’ polycationic
nature, although this is not consistent among all of the AMPs.
Large error bars in the arenicin results were attributed to the
tendency of this AMP to form heterogeneous aggregation states
in these systems.

Membrane Penetration and Permeabilization

Perhaps the most dominant of the hypothesized mechanisms
of bacteriocidal activity of AMPs is the ability to selectively
permeabilize or otherwise disrupt microbial membranes [38–41].
In general, membrane disruption is exemplified by the membrane
solubilizing properties of detergent micelles, which is broadly
employed throughout the world for sanitation purposes [42]. Other
methods for disrupting microbial membranes include electrostatic
permeation via metal binding at elevated concentrations (e.g.
Ca2+) and EDTA chelation. Thus, the chemical structure of a
specific and highly effective AMP may combine these properties
to varying degrees.

AMP predicated ion release from SBSBs

As a basis for comparison to spectral imaging data, SBSBs were used
for ensemble lanthanide release assays to establish the membrane
disruptive properties of each AMP. In this assay, terbium (III) ion
was introduced and encapsulated by the supported bilayer in the
nanoporous silica matrix. The fluorescence emission intensity of
the external solution was measured at 545 nm (λex = 275 nm)
periodically to monitor chelation of released Tb3+ by dipicolinic
acid [43]. Using a standard calibration, Tb3+ release was quantified
and correlated to AMP exposure. In these experiments, several
differences were noted among the AMPs. First, Buforin II resulted
in slight Tb3+ extrusion, reaching 9 ± 7% greater than controls
after 1 h. Magainin II showed a measured release of Tb3+, finally
reaching 48 ± 10% greater than controls after 1 h. Finally, arenicin
demonstrated high extrusion of Tb3+ from the bacterial model
supported bilayer system which reached 66 ± 11% greater than
controls over the course of 1 h.

AMP–membrane binding and cell lysis

The correlation of permeabilization of the bacterial cell envelope
and the localization of magainin II, buforin II, and arenicin were
studied via a combination of two time-dependent spectral imaging
assays. The first assay employed PI to measure cell lysis statistics
and is summarized in Figure 5. The second assay tracing FRET ratios
between the AMPs and the fluorescently labeled membranes for
monitoring binding dynamics of the AMP to the membrane is
summarized in Figure 6. The FRET results were then compared
between SBSBs and those from E. coli.

Cell lysis statistics were measured by exposing E.coli in a
flow cell containing 0.125 mg/ml PI to a 0.1 mg/ml pulse of
fluorescently labeled AMP solution. The ratio of cells exhibiting
≥3× PI fluorescence intensity relative to the average intensity of
all other cells collected during the time point was designated as
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Figure 3. Outer membrane partitioning of PI. Top: False color confocal section generated from MCR fluorescence data showing the red-shifted PI
component in the E. coli outer membrane. Middle: Bulk fluorescence spectra of PI in PE/PG liposomes (blue-shifted) and PI in PE/PG liposomes containing
10% mol/mol E. coli LPS (red-shifted). Bottom: MCR spectra of membrane-localized PI (red-shifted) and internal matrix-localized PI (blue-shifted). The
additional vertical line in the spectral plots indicates the spectral location of the 488 nm laser excitation wavelength.

the percent lysed [37]. The average number of cells per time point
was 64 ± 9, and the total exposure time was 1.5 h. Compared
with controls, buforin II showed no significant increase in lysis
of E. coli, which is consistent with previous reports [16–19] of
the direct effect of buforin II on the bacterial envelope. However,
it is important to note that transcription-mediated lysis may be
inhibited by competitive binding between PI and buforin II to
DNA targets. Magainin II exhibited a 6% increase versus controls
within 3 min after exposure, followed by a linear increase with
a baseline subtracted slope fitted to +0.14% lysis events per
minute (R2 = 0.96). In the case of arenicin, the statistical rate of
lysis only slightly exceeded controls that were not exposed to
AMP. However, subsequent analysis of the subpopulation of cells
exhibiting punctuate distributions of AMP on the cellular envelope
yielded a factor of ∼3× increase in lysis events compared controls

over the course of the assay. These punctuate distributions of
arenicin suggest aggregation of this AMP that is coincident with
membrane binding and cell lysis.

FRET, a powerful assay in fluorescence microscopy for mon-
itoring binding between biological molecular structures, was
implemented by ratiometric comparison of the emission of the
AMP donor spectral component (FITC) to the emission of the
membrane acceptor spectral component. In both SBSBs, where
the acceptor was Rhod-DHPE, and E. coli, where the acceptor was
the membrane component of PI, the ratio of the acceptor to donor
intensity should increase approximately linearly when these two
components are within ∼1 and 5 nm of one another, according to
a Förster-type process [44].

Time series FRET experiments were performed on SBSBs in
a flow cell by first flowing buffer for 1 min, then introducing a

www.interscience.com/journal/psc Copyright c© 2009 European Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2009; 15: 511–522
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Figure 4. Relative equilibrium concentrations of each AMP in the membrane and internal matrix of SBSBs (model) and E. coli following 15 min exposure
to 0.3 mg/ml of the specified AMP. The intensities shown are averages over pixel masks and normalized as a multiple of the background AMP intensity.
For SBSBs, the membrane and internal matrix data were accumulated from 1310 and 2127 MCR pixels, respectively. For E. coli, the membrane and internal
matrix data were accumulated from 364 and 283 MCR pixels, respectively. Error bars represent one standard deviation of averaged data. Stars represent
data showing statistically significant differences between the E. coli and SBSB equilibrium concentrations in the specified environment.

Figure 5. Lysis of E. coli by AMPs. (a) Low magnification fluorescence image (20×) of log phase, untreated E. coli exposed to PI: dim bacteria are alive
and bright bacteria are dead. (b) High magnification hyperspectral image of arenicin aggregates (blue) interacting with log-phase E. coli exposed to PI
(membrane component = red, cytosolic component = yellow-green). (c) Time course of E. coli lysis rate following exposure to each AMP as indicated by
fraction of cells with PI signals in excess of 3× of the average PI signal.

J. Pept. Sci. 2009; 15: 511–522 Copyright c© 2009 European Peptide Society and John Wiley & Sons, Ltd. www.interscience.com/journal/psc
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Figure 6. Temporal FRET interaction between the AMPs and membrane in a flow cell, measured by the ratio of MCR generated spectral component
intensities in membrane mask pixels of the image. (a) Representative emission spectra of the fluorescent AMP conjugates and the SB cell membrane;
(b) membrane masks of SBSBs and E. coli, respectively; (c) time series FRET signal from SBSBs, normalized to the membrane acceptor (rhod-DHPE) emission
prior to exposure to AMP; and (d) time series FRET signal from E. coli, normalized to the membrane acceptor (PI) emission prior to exposure to AMP.

10 min pulse of 0.1 mg/ml fluorescent AMP solution, followed by
flushing the system with 1× PBS for the remainder of the assay.
During the exposure, confocal spectral images were collected at
regular intervals and the images were analyzed using MCR. FRET
analysis was then performed by masking the membrane regions
and finding the average ratio of Rhod-DHPE membrane acceptor
to FITC-AMP donor intensities.

Corresponding time series FRET measurements were performed
for monitoring AMP interactions with the E. coli outer membrane.

This was accomplished by briefly equilibrating a log-phase LB
media suspended culture aliquot containing 0.125 mg/ml PI in
1× PBS, introducing a 10 min pulse of 0.1 mg/ml fluorescent AMP
solution, and flushing the system with 1× PBS for the remainder
of the assay. Confocal spectral images for MCR and subsequent
FRET analysis were collected at regular intervals throughout this
procedure. FRET analysis was performed as above, with masking
of the membrane regions and finding the average ratio of PI
membrane acceptor to FITC-AMP donor intensities.
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Figure 7. Flow cell time course of FITC-buforin II (green) breach of the SBSBs (red), and adsorption to the nanoporous silica matrix. Note in the 2 min time
slice that the areas of the beads that are breached more quickly correspond to the outer surfaces of the SBSBs where FRET, and therefore AMP-membrane
interaction, is the greatest (see Figure 6b with FRET masks outlined for these same SBSBs).

In comparing the FRET results with SBSBs and E. coli,
similar trends in the overall dynamics are observed; however,
discrepancies in the binding intensities and kinetics are also
observed. In order to directly compare the binding intensities
and kinetics from the FRET results, the relative spectral overlap
between the emission of FITC-AMP and the absorption of Rhod-
DHPE and PI were calculated in concentration-matched controls
with 488 nm excitation. Specifically, this calculation was performed
by finding the ratio of the integrated spectral overlap between
the MCR generated Rhod-DHPE spectrum and each of the
concentration-matched fluorescence acceptor spectra. The results
of this calculation suggest that the membrane component of PI
has spectral overlap with FITC-AMP that is 81% of the spectral
overlap between FITC-AMP and Rhod-DHPE. Using this correction,
the maximum FRET ratios observed between the AMPs and the
PI outer membrane label in E. coli were approximately equal to
the model system with magainin II and arenicin, but only 80%
of the model system with buforin II. Comparison of the FRET
kinetics of the membrane interactions between E. coli and SBSBs
exhibit more significant differences. In the case of magainin II,
although similar immediate associations are observed, the grow-
in of the highest intensity membrane-bound state(s) in E. coli is
not observed until ∼17 min after the flow of the AMP is stopped,
whereas this is observed at ∼4 min in the model system. For
buforin II, accumulation in the bacterial membrane is slower,
peaking ∼2 min after the model system, with the binding plateau
and release occurring on a similar, but slower time scale. We
suggest that both results can be ascribed in various degrees to the
availability of the additional membrane components of the E. coli
cellular envelope into which the AMPs partition. For arenicin, the
large initial association with the membrane is nearly identical to
the model system, but the peak occurs in E. coli faster than in the
model system by ∼1 min with a very similar decay, suggesting the
possibility of high outer membrane-specific activity of this peptide.

Membrane breach

In the experiments with SBSBs, all arenicin that entered the
bilayer was retained, whereas with magainin II and buforin

II, the membrane was breached and the AMP adsorbed to
the nanoporous silica matrix encapsulated by the supported
bilayer, as shown in Figure 7. This observation is consistent
with the observed FRET kinetics of buforin II, where there is an
initial increase in bilayer-AMP association, which then decreases.
Although magainin II also breaches the supported bilayer, there
is no evidence of decrease in the FRET signal over the course
of the time series. This observation highlights the mechanistic
differences of membrane translocation between buforin and
magainin. One possible interpretation of this result is that as
magainin accumulates in the membrane, transport of additional
peptides through the membrane is facilitated. In the case of
arenicin, there is an initial increase in interactions with the
supported bilayer, followed by a decrease. When combined with
the fact that arenicin does not breach the membrane, this is
suggestive of either structural rearrangement of the peptide, which
shields or quenches the N-terminal fluorescent conjugate or the
formation of a multimeric state that excludes direct interactions of
peptide monomers with the membrane. It is also important to note
that although arenicin is a cationic peptide, like magainin II and
buforin II, it is unlike the others in that arenicin’s interactions with
the bilayer greatly exceed the electrostatic attraction of the silica
matrix. This result is especially relevant in showcasing the gross
effects of physiologically dependent peptide folding distortions of
bulk properties, which would otherwise be homogenous among
these peptides.

Discussion

In order to generate a reductionist system for which to compare
data collected on living bacteria, the previously described sup-
ported bilayer system [45,46], which employed phosphocholine
(PC) membranes for ion and fluorophore release assays, was mod-
ified to mimic membranes present in bacterial systems. To mimic
the charge and common constituents of typical bacterial inner
membranes, the bacterial phospholipids E. coli PG and E. coli PE
were employed in equal molar ratios. Unlike zwitterionic PC mem-
branes, however, anionic liposomes are electrostatically inhibited
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from supported bilayer formation on the mutually anionic silica
particles. This was overcome by introducing Ca2+ to the buffer
used during supported bilayer formation. Using bulk fluorescence
assays and fluorescence spectral imaging, we observed that be-
tween 5 and 10 mM Ca2+ ion produces consistent multilamellar
supported bilayers, which can be delaminated down to a single
supported bilayer within six wash cycles with low ionic strength
buffer. Although the complexity intrinsic to even a simple bacte-
rial cellular envelope is impossible to produce synthetically, the
PE/PG bilayer membrane provides a simple model for the largely
homogenous and symmetric inner membrane in solubility, thick-
ness, and electrostatics [47]. Other minimal components that must
be considered are the mesh-like peptidoglycan layer, periplas-
mic spaces, and structural proteins in gram-positive bacteria; and
the additional asymmetric outer membrane of gram-negative
bacteria [48].

In addition to studies of model membrane systems, hyperspec-
tral fluorescence images can provide further understanding of
the interaction of AMPs with both model membrane systems and
actual bacterial systems. MCR is a powerful technique for data
analysis of the hyperspectral fluorescence images of these biolog-
ically representative systems because it can provide quantitative
analysis of the image data without the need for standards and can
discover all the emitting species present in an image, even those
about which there is no a priori information. A primary research ad-
vantage of hyperspectral imaging with the use of MCR algorithms
is that it allows separation of many overlapping fluorophores and
thus generates quantitatively interpretable images without cross
talk between fluorophores [28,49]. In order to leverage and extend
these capabilities, much of the experimental work presented here
was aimed at developing comparative interfaces between the
biological systems under investigation and the existing optical
infrastructure. These interfaces consisted of fluorescence labeling
schemes, sample and flow cells, time series imaging with confocal
sectioning modalities, and spectral image processing with our fast,
robust MCR algorithms.

Of particular interest during hyperspectral imaging was the
capability of tracking the time course of interactions of various
AMPs with model and bacterial membranes and comparing these
interactions with non-membrane localized activity. In order to
realize this goal, several membrane and cytosolic fluorescence
labeling schemes were developed and compared. For monitoring
AMP localization in SBSBs, Rhod-DHPE was introduced in the
starting phospholipid solution and was found to produce stable
and uniformly labeled supported bilayers at mole fractions of
1% mol/mol. For monitoring AMP localization in E. coli, several
labeling methods were found to be unsatisfactory, including
covalent fluorescence modification of nonspecific membrane
proteins, fluorescence exchange between liposomes and micelles,
and electrostatic fluorescence binding. However, using the
high spectral resolution of the confocal fluorescence spectral
microscope coupled with MCR analysis demonstrated that PI, a
commonly used intensity-based indicator of cell lysis [37], exhibits
a ∼10 nm fluorescence red-shift when partitioned in the LPS-
containing gram-negative outer membrane relative to the peak
fluorescence emission of PI in the cytoplasm. With the use of
MCR, these two PI fluorescence components were spectrally and
spatially separated, allowing unambiguous demarcation of the
E. coli cellular envelope and subsequent FRET analysis.

Parallel comparison of the interaction dynamics and equilibria
of AMPs with SBSBs and E. coli provides a unique perspective that
can be used for both peptide characterization and assessment of

biomimetic systems for biomedical research. Several important
insights were gained by comparing the supported bilayer and
bacterial interactions of the AMP, arenicin to that of two well-
studied examples: magainin II and buforin II. First, like magainin
II, arenicin results in membrane disruption leading to lysis and
bacterial death, although multimeric aggregation of arenicin
appears to play an important role in this process, suggestive of a
carpet model-like membrane disruption mechanism [4,50]. FRET
data, which provided sub-diffraction limited spatial resolution
of membrane–AMP binding interactions, suggest that diverse
time-dependent mechanisms exist among the three AMPs.
Consistent with other previously cited studies, buforin II appears
to accumulate in the membrane to some degree, followed by
membrane penetration without permeabilization. In the case of
magainin II, combining the FRET results and the observation
of membrane breach suggest that the AMP accumulates in the
membrane, facilitating the passage of additional peptides through
the membrane and into the internal cellular matrix. This result is
consistent with previous work which suggests that magainin II
forms multimeric channel structures characterized by large pore
diameters and strong interactions with phospholipid components
of the membrane [14]. Although somewhat similar to magainin II,
arenicin shows an even higher degree of initial accumulation in
the membrane, accompanied by the formation of heterogeneous
multimeric aggregates [51]. It is important to note, however, that
in all cases, the AMPs were observed in significant concentrations
in the cytosolic region of E. coli, suggesting the possibility of
additional membrane penetration enabled bacteriocidal activity
like those observed previously with buforin II [52].

Conclusion

Several important observations were made in comparing the
interactions of buforin II, magainin II, and arenicin with SBSBs
and E. coli. These observations were derived from three primary
categories of experimental approaches and data: (i) fluorescence
imaging to obtain a direct comparison of model and living
systems; (ii) the experimental measurement of comparative local
equilibrium concentrations of the different antimicrobial agents’
partitioning in the described systems; and (iii) collection of data
leading to a deeper understanding of the roles of membrane
penetration and permeabilization in the action of AMPs.

Interfacing hyperspectral confocal microscopy with MCR was
key to solving several challenges in this effort. For example, using
the high spectral resolution of the confocal hyperspectral micro-
scope with the spectral separation and quantitative capabilities
of MCR spectral image analysis allowed the discovery of a unique
environmental sensitivity property of a commonly used cell death
indicator, PI, which was then applied as a membrane label and
FRET acceptor in multiple comparative studies.

The observation of membrane breach of magainin II and bu-
forin II into the nanoporous silica matrix of SBSBs is consistent
with multiple reports in the literature of interactions with these
AMPs and living systems [4,5,17,18,53]. The additional similari-
ties between the membrane interactions of the model and living
system identified using time series FRET yield further confidence
in the importance of reductionist reference systems for under-
standing the biophysics of molecular interactions usually found
in more complicated environments. However, discrepancies in
membrane-binding intensities and kinetics, and the disagreement
of the local equilibrium concentrations of arenicin between the
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model system and E. coli suggest several difficulties in general
application of such model systems for therapeutic development
efforts. To address these difficulties, future work in this area will
require rational biomimetic modification of the silica substrate to
minimize the perturbations observed. Several strategies have been
described to minimize these unnatural and sometimes denaturing
effects [54–56] and should be amenable to the encapsulation
strategies described in this work. For other applications, however,
the observation of adsorption of buforin II and magainin II to
the internal silica matrix may serve as an important example of
a method of controlled release of AMPs for integrated microbial
control applications [57].
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