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The development of a robust and portable biosensor for the detec-
tion of pathogenic bacteria could impact areas ranging fromwater-
quality monitoring to testing of pharmaceutical products for
bacterial contamination. Of particular interest are detectors that
combine the natural specificity of biological recognition with
sensitive, label-free sensors providing electronic readout. Evolution
has tailored antimicrobial peptides to exhibit broad-spectrum
activity against pathogenic bacteria, while retaining a high degree
of robustness. Here, we report selective and sensitive detection of
infectious agents via electronic detection based on antimicrobial
peptide-functionalized microcapacitive electrode arrays. The semi-
selective antimicrobial peptide magainin I—which occurs naturally
on the skin of African clawed frogs—was immobilized on gold mi-
croelectrodes via a C-terminal cysteine residue. Significantly, expos-
ing the sensor to various concentrations of pathogenic Escherichia
coli revealed detection limits of approximately 1 bacterium∕μL, a
clinically useful detection range. The peptide-microcapacitive
hybrid devicewas further able to demonstrate both Gram-selective
detection as well as interbacterial strain differentiation, while
maintaining recognition capabilities toward pathogenic strains of
E. coli and Salmonella. Finally, we report a simulated “water-
sampling” chip, consisting of a microfluidic flow cell integrated
onto the hybrid sensor, which demonstrates real-time on-chipmon-
itoring of the interaction of E. coli cells with the antimicrobial pep-
tides. The combination of robust, evolutionarily tailored peptides
with electronic read-out monitoring electrodes may open exciting
avenues in both fundamental studies of the interactions of bacteria
with antimicrobial peptides, as well as the practical use of these
devices as portable pathogen detectors.
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Bacterial infections remain the leading cause of death in devel-
oping nations, accounting for an estimated 40% of deaths (1).

For instance, the strain O157∶H7 of Escherichia coli is considered
to be one of the most dangerous food-borne pathogens (2, 3). In
developed countries, bacterial contamination is also of critical
concern, particularly in the pharmaceutical industry. Indeed,
the most reliable test for contamination is the limulus amebocyte
lysate (LAL) test, based on the detection of endotoxins via
coagulation of horseshoe crab blood (4, 5). Microbial infections
and drug-resistant supergerms are also a leading cause of military
deaths, particularly in soldiers with burn injuries, and are consid-
ered potential biowarfare agents (6–8). Although containment
strategies—such as vaccination and “broadband” antibiotic usage
in hospitals—have helped reduce the severity of bacterial infec-
tions, these strategies have also inadvertently promoted the emer-
gence of antibiotic resistance. Thus, the development of a sensor
that can detect the presence of an infectious outbreak from a
broad spectrum of pathogenic species would be highly desirable.

Current methods for detecting pathogenic bacteria include
ELISA and PCR (9, 10). In the former case, the assays exploit
antibodies as molecular recognition elements due to their highly
specific targeting of antigenic sites. However, antibodies lack the
stability needed to detect pathogenic species under harsh envir-

onments, reducing the shelf life of antibody functionalized
sensors. The high specificity of antibody–antigen interactions also
requires a one-to-one pairing of antibody-based sensors for each
target to be detected. Nucleic acid probe-based techniques such
as PCR can reach single-cell detection limits, yet require the
extraction of nucleic acids and are limited in portability.

By contrast, the ease of synthesis and intrinsic stability of anti-
microbial peptides (AMPs) render them particularly interesting
candidates for use as molecular recognition elements in electro-
nic biosensing platforms (11, 12). AMPs appear in multiple niches
in nature including the skin of higher organisms and the extracel-
lular milieu of bacteria as the primary line of defense against
bacteria and fungi (13). AMPs are much more stable than typical
globular proteins—explaining how they can be continually
exposed to the natural environment—and are exceptionally effi-
cient at fending off bacterial infection (14). Indeed, some cationic
antimicrobial peptides have shown activity toward pathogenic
bacteria under harsh environmental conditions such as thermal
(boiling/autoclaving) and chemical denaturants (15, 16). The
replacement of current antibody-based affinity probes with more
stable and durable AMPs in biological sensors may thus help
to increase the shelf life of current diagnostic platforms. Finally,
a major potential advantage of AMPs as recognition elements
stems from their semiselective binding nature to target cells,
affording each peptide the ability to bind a variety of pathogens.

The bioactivity of AMPs toward microbial cells is classified
into groups according to their secondary structures (13). Many
AMPs adopt amphipathic conformations that spatially cluster
hydrophobic from cationic amino acids, thereby targeting the
negatively charged head groups of lipids in the bacterial mem-
brane. In contrast, the membranes of plants and animals seclude
negative charges to the inner leaflet and contain cholesterols that
reduce AMP activity (12). By aiming at the very foundation of
the bacterial cell membrane, and remaining generically unrecog-
nizable to proteases (17), AMPs as antibiotics have remained
remarkably free of acquired resistance. Among AMPs, linear
cationic peptides such as magainins are particularly attractive
for microbial sensing applications because of their small molecu-
lar size and intrinsic stability (18, 19). In particular, the positively
charged AMP magainin I (GIGKFLHSAGKFGKAFVGEIM-
KS) binds most selectively to the bacterial cell E. coli O157∶H7
as a precursor to bactericidal activity (20). Magainin I also
displays broad-spectrum activity toward other Gram-negative
bacteria, which comprise the majority of pathogenic infection
in humans.

A number of methods have been successful at detecting
bacteria, including nanomechanical cantilever sensing (21, 22),
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surface-enhanced Raman spectroscopy (23), and quartz crystal
microbalance-based sensors (24). Similarly, recent attempts
have utilized AMPs as biorecognition elements in fluorescent-
based microbial detection with achievable detection limits of 5 ×
104 cells∕mL (25, 26). Yet, the development of an “all-in-one”
solution that combines a high degree of portability, robustness,
sensitivity, and selectivity toward pathogenic strains remains
challenging. Among the various label-free signal transduction
platforms that have been investigated, impedance spectroscopy
is promising due to its simple instrumentation, ease of device
assembly, and adaptability to multiplexed lab-on-a-chip applica-
tions (27, 28). A microcapacitive sensor detects impedance
changes in the dielectric properties of an electrode surface upon
analyte binding, where the variation in the impedance is directly
proportional to the activity of analyte binding (29). Here, we
report a label-free electronic biosensor based on the hybridiza-
tion of the antimicrobial peptide magainin I with interdigitated
microelectrode arrays for the sensitive and selective detection
of pathogenic bacteria via impedance spectroscopy. We antici-
pate that the combination of compact, naturally bioselective
AMPs with microcapacitive sensors may represent a highly robust
and portable platform for fundamental studies of AMP-bacteria
interactions, and for portable infectious disease threat agent
signaling.

Results and Discussion
Sensitivity Measurements. As a first step toward the development
of an AMP-based, label-free electronic biosensor, the targeting of
microbial cells by magainin I was investigated using impedance
spectroscopy. Fig. 1 schematically outlines our sensing platform.
AMPs are first immobilized on microfabricated interdigitated
gold electrodes (Fig. 1A; see Materials and Methods). Magainin
I was acquired with an additional cysteine residue at the C
terminus (Fig. 1B), allowing for facile and site-specific covalent
attachment to the gold electrodes. Next, heat-killed bacterial cells
were injected and incubated with the AMP-modified electrodes.
If the bacteria are recognized by the AMPs, binding will occur
(Fig. 1C), leading to dielectric property changes that can be
monitored by a spectrum analyzer (see Fig. S1). The impedance
wasmeasured over a frequency range of 10Hz to 100 kHz. Fig. 1D
shows an optical micrograph of the device, which is made using
standard microfabrication techniques.

Sensitivity of microbial detection is a key determinant for
utility of sensors. To this end, the sensitivity of the magainin-
functionalized microelectrode array in detecting bacterial cells
was first investigated using impedance spectroscopy. Fig. 2 shows
the results of measurements performed after incubation of the
immobilized AMPs with pathogenic E. coli O157∶H7 cells in

concentrations ranging from 103 to 107 cfu∕mL. A“blank” device
with no immobilized AMPs was also tested for comparison; the
impedance of the blank device without immobilized AMPs is
found to change negligibly upon exposure to various bacterial
concentrations (see Fig. S2). Fig. 2A shows that at low frequen-
cies, the different concentrations of bacterial cells have the
effect of increasing the impedance in proportion to the number
of cells present in the sample for concentrations greater than
102 cfu∕mL. As the frequency increases, the contribution to
the impedance from the bacterial cells decreases, leaving only
the dielectric relaxation of small dipoles including water mole-
cules in the buffer solution to affect the measured impedance.
Fig. 2B thus depicts the impedance change at a fixed frequency
of 10 Hz. The variation in the impedance is directly proportional
to the number of bacterial cells bound to the immobilized AMPs
and manifested in a logarithmic increase with respect to serially
diluted bacterial concentrations. Significantly, the detection limit
of response of the hybrid AMP-microelectrode device to E. coli
was found to be 103 cfu∕mL (1 bacterium∕μL). This lowest
limit of detection appears to be limited by the presence of impe-
dance due to the electrical double layer resulting from the
electrode polarization effect at low frequencies. Importantly, this
sensitivity limit is clinically relevant (30) and compares favorably
to AMP-based fluorescent assays (26), antibody-based impedance
sensors (27), and to the LAL test (5).

To gain further insight into the activity of magainin I toward
E. coli, AMPs were immobilized “upside down” via incorporation
of a cysteine residue at the N terminus. The binding affinities of
magainin I immobilized via cysteine residues at the C terminus
and N terminus were compared and coplotted in Fig. 2 A and
B. Considerably reduced binding activity was observed for magai-
nin immobilized via the N-terminus compared to C-terminal
immobilization. This reduction in the binding affinity is likely
due to the diminished exposure of the target bacteria to the
amine-containing residues near the N terminus. This observation
supports the hypothesis that the initial interaction of α-helical
AMPs with the membranes of the target bacteria occurs via elec-
trostatic attraction of positively charged amino acids on the AMP
with negatively charged phospholipids in the bacterial membrane
(20, 31, 32). Indeed, it has been previously shown that amino acid
omissions in the N-terminal region of magainin result in the
complete loss of antimicrobial activity, whereas analogs with
omissions in the C-terminal region exhibited equal or increased
activity (33). Finally, the effect of varying the surface density of
the immobilized AMPs on the detection of bacterial cells was in-
vestigated (see Fig. S3). The response of the biosensor toward
target cells was found to increase monotonically with increasing
concentration of immobilized magainin.

Fig. 1. AMP-based electrical detection of bacteria. (A) Schematic of AMPs immobilized on an interdigitated microelectrode array. (B) Magnified image of the
AMPmagainin I in helical form, modified with a terminal cysteine residue, andwith clearly defined hydrophobic and hydrophilic faces. (C) Detection of bacteria
is achieved via binding of target cells to the immobilized AMPs. (D) Optical image of the interdigitated microelectrode array (scale bar: 50 μm).
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Selectivity Measurements. As a next step, we investigated the
selectivity of the AMP-functionalized biosensors toward various
bacterial species. Specifically, the binding behavior of AMPs was
probed toward (i) Gram-negative pathogenic E. coli O157∶H7,
(ii) the nonpathogenic E. coli strain American Type Cell Culture
(ATCC) 35218, (iii) Gram-negative pathogenic Salmonella typhi-
murium, and (iv) Listeria monocytogenes, a Gram-positive patho-
gen. Collectively, these studies elucidate the matrix of selectivity
as it depends on Gram-negative vs. Gram-positive species, and
pathogenic vs. nonpathogenic strains. The selectivity was first
investigated using fluorescent microscopy methods, by staining
bacterial cells and optically mapping their binding density to
gold films hybridized with AMPs. Fig. 3 shows the discriminative
binding pattern of immobilized magainin I to various bacterial
cells (all 107 cfu∕mL) stained with propidium iodide (PI) nucleic
acid stain (see Materials and Methods), as well as the surface
density of the bound bacterial cells. Likewise, Fig. 4A plots the
electrical response of the AMP biosensor against these various
species as a function of the interrogating frequency, and Fig. 4B
plots the response at 10 Hz.

Intriguingly, inspection of the fluorescent images and surface
density plots agree qualitatively with the response of the AMP
electrical biosensor and reveal the following insights. First,
magainin I exhibits clear preferential binding toward the patho-
genic, Gram-negative species E. coli and Salmonella, relative to
the Gram-positive species Listeria, with a 2 order of magnitude
impedance difference at 10 Hz (Fig. 4B) (34). This selectivity was
particularly enhanced for pathogenic E. coli, which showed a
slightly larger response relative to Salmonella. The response of

the sensor to a mixture of pathogenic E. coli and Listeria with
a total cellular concentration of 107 cfu∕mL similarly revealed
dominant E. coli binding (see Fig. S4). Next, interbacteria strain
differentiation between pathogenic and nonpathogenic bacteria
is demonstrated by the ability of the sensor to selectively detect
pathogenic E. coli relative to the nonpathogenic strain, again with
a nearly 2 order of magnitude impedance difference at 10 Hz.
Interestingly, this preferential binding is mitigated in a highly
basic medium (see Fig. S5) (12, 35, 36). Finally, the response
of the sensor to all microbial species was larger than the response
of the blank biosensor that was not functionalized with AMP.

The observed specificity differences can be explained by noting
that a balance between electrostatic and hydrophobic interactions

Fig. 2. Sensitivity of the AMP electronic biosensor. (A) Impedance spectra of
various concentrations of E. coli O157∶H7 cells (red), of a nonlabeled
sensor (blue), and of a sensor with an N-terminal immobilized AMP (purple).
(B) Impedance spectra of various concentrations of E. coli with the AMP
sensor at 10 Hz. Error bars show standard deviation (N ¼ 3).

Fig. 3. Optical microscopy of the selectivity of AMPs. (Left) Demonstration
of selective binding of the immobilized AMP to various stained bacterial cells
(107 cfu∕mL), including (A) E. coli O157∶H7, (B) S. typhimurium, (C) E. coli
ATCC 35218, and (D) L. monocytogenes. (Right) The corresponding surface
density of the bound cells. Scale bars are 10 μm.
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is believed to underlie the mechanism of bacterial cell binding by
AMPs (31, 37). In the case of magainin I, the difference in the
membrane structures of Gram-negative vs. Gram-positive bacter-
ia may account for the differential selectivity (38). Gram-negative
bacteria possess an outer membrane with negatively charged LPS
—the first site of encounter for AMPs—and a thin peptidoglycan
layer. In contrast, Gram-positive bacteria lack the LPS-contain-
ing outer membrane, instead possessing a thick peptidoglycan
layer and teichoic acids. Further, although both pathogenic
and nonpathogenic E. coli cell walls contain LPS, the LPS of
the pathogenic strain includes O antigens, which are hydrophilic
branched sugar side chains. These O antigens form the outermost
portion of the polysaccharide chain and are thought to enhance
electrostatic and hydrogen bonding (39–41). This ability of
magainin I to selectively prefer Gram-negative species, and
pathogenic vs. nonpathogenic strains of E. coli, agrees with other
bacteria adhesion studies (20, 35, 42, 43).

Real-Time Detection. To simulate the use of the AMP microelec-
trodes in everyday applications, such as direct water sampling, the
biosensor response was investigated in real time, as shown in
Fig. 5. First, a microfluidic cell was bonded to the interdigitated
biosensor chip (Fig. 5A), such that the electrodes were perpen-
dicular to the direction of the sample flow (Fig. 5B) (44). Next,
fluid was injected using a syringe pump connected to the inlet
port and allowed to flow through to the outlet port at a flow
rate of 100 μL∕min. The flow cell was first flushed with buffer
to establish a baseline. Various dilutions (104–107 cfu∕mL) of

pathogenic E. coli cells in PBS were then injected to the channel
at a reduced flow rate of 5 μL∕min for 30 min. For example,
Fig. 5C shows the microelectrode array after exposure to
107 cfu∕mL bacterial cells. Simultaneously, the impedance
response was continuously monitored during the sample flow-
through process (Fig. 5D). All samples produced a measurable
response relative to the control sample within 5 min, with the
highest concentration sample yielding a response within 30 s;
the responses saturated after ca. 20 min. These results bode well
for the implementation of this sensor in continuous monitoring of
flowing water supplies. Yet, it should be noted that for the same
concentration of bacterial cells, the response of the sensor under
flow-through conditions was found to be comparatively lower
than the response after static incubation. We attribute this to
the opposing effects of shear and mixing on the binding kinetics,
as reduced binding of AMPs to target cells under flow-through
conditions has also been reported in fluorescent-based
assays (25).

Conclusion
In summary, coupling of AMPs with microcapacitive biosensors
has resulted in the implementation of a portable, label-free
sensing platform for the detection of infectious agents. The
achievable sensitivity approached 1 bacterium∕μL—a clinically
relevant limit—and the AMPs allowed for sufficient selectivity
to distinguish pathogenic and Gram-negative bacteria, while
retaining broadband detection capabilities. Finally, real-time

Fig. 4. Impedance spectroscopy of the selectivity of AMPs. (A) Impedance
spectra of the AMP-functionalized microelectrode array after interaction
with various bacterial samples (107 cfu∕mL). (B) Impedance changes
associated with various bacterial species at 10 Hz. Error bars show standard
deviation (N ¼ 3).

Fig. 5. Real-time binding of bacteria to AMP biosensors. (A) Digital
photograph of the microfluidic flow cell. (B) Optical micrograph of the mi-
crofluidic channel with an embedded interdigitated microelectrode array
chip. (C) Optical image of the embedded microelectrode array after exposure
to 107 cfu∕mL bacterial cells for 30 min. (D) Real-time monitoring of the
interaction of the AMP-functionalized sensor (and an unlabeled control chip)
with various concentrations of E. coli cells.
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sensing results demonstrated the capability of the relatively
simple impedance-based transduction architecture to directly de-
tect bacteria, suggesting a promising alternative to traditional
antibody-based immunoassays. We anticipate these results could
provide a significant positive impact on the use of pathogenic sen-
sors to test and monitor bacteria in reservoir water, or for use as
biological threat agent detection systems. Yet, a number of key
challenges remain. First, the detection of bacteria in real water
samples has not yet been studied. Second, as confirmed with
detection of E. coli in the presence of Listeria, the broadband se-
lectivity of magainin-functionalized sensors complicates scenarios
in which there are multiple infectious agents present, or when the
concentrations of the target species are unknown. Finally, based
on our previous work in coupling peptides to silicon nanowire
sensors (45, 46), significantly enhanced sensitivity may be achiev-
able by reducing the sensors down to the nanometer scale.

Materials and Methods
Antimicrobial Peptides and Bacterial Cells. Antimicrobial peptide magainin I
(GIGKFLHSAGKFGKAFVGEIMKS), chemically synthesized to contain a C-term-
inal cysteine residue via standard N-Fmoc solid phase peptide synthesis, was
obtained from Anaspec. Magainin I was also synthesized with an N-terminal
cysteine to compare the bacterial binding activity. Heat-killed pathogenic
bacterial cells of E. coli O157∶H7, S. typhimurium, and L. monocytogenes
were purchased from KPL. Heat-killed cells of a nonpathogenic strain of
E. coli (ATCC 35218) was obtained from ATCC for control experiments. The
stock solution of AMP was prepared by the reconstitution of the lyophilized
product in phosphate buffered saline (Sigma-Aldrich) consisting of 137 mM
NaCl, 2.7 mM KCl, 4.4 mM Na2HPO4, and 1.4 mM KH2PO4 (pH 7.4) (35, 36).
The heat-killed bacterial cells were rehydrated in PBS, according to manufac-
turer recommendations.

Interdigitated Microelectrode Array (IMA) and Microfluidic Flow Cell. Interdigi-
tated capacitive electrodes were microfabricated on 4″ p-type silicon
wafers (boron-doped, h100i, 10–16 Ω-cm, 550 μm thick). A 1-μm thick silicon
dioxide layer was deposited on the wafer by plasma enhanced chemical
vapor deposition to form electrical insulation between the Si substrate
and the capacitive electrodes. S1813 photoresist was patterned using photo-
lithography, followed by electron-beam evaporation of 10 nm Ti and 300 nm
Au. The IMA was then finally developed by liftoff patterning of the metallic
layer in acetone with ultrasonic activation. The electrode array consisted
of 50 pairs of interdigitated capacitive electrodes with an electrode width
and separation of 5 μm. A polydimethylsiloxane (PDMS) microfluidic flow cell
consisting of a detection microchamber with an embedded microelectrode
array and inlet and outlet ports was formed by bonding the IMA chip to
the PDMS channel. The PDMS microchannel formed on the master mold
was partially cured, aligned with the microelectrode array, and bonded by
permanently curing at 80 ºC for 2–3 h. Microfluidic connectors were fixed
onto the inlet and outlet ports through drilled holes.

Sensor Surface Functionalization with Magainin. A simple technique for the
immobilization of peptides to a gold surface is through the utilization of
native thiol groups present in cysteine residues (47–50), and cysteine residues
can be synthetically introduced at a specific site of the peptide to form a
properly oriented recognition layer (49, 51–53). Previous studies have re-
vealed that the covalent immobilization of AMPs on gold surfaces via C-term-
inal cysteine leads to adsorption at an angle to the surface (43, 54). Prior to

the immobilization procedure, the gold IMA electrodes were cleaned using
acetone, isopropanol, and deionized (DI) water. Stock solutions of the AMPs
were prepared in PBS, pH 7.4, consisting of 137mMNaCl, 2.7 mMKCl, 4.4 mM
Na2HPO4, and 1.4 mM KH2PO4 (35, 36). For the immobilization of the AMPs,
800 μg∕mL (unless otherwise mentioned) of magainin I in PBS buffer was
injected into the sensing chamber and incubated for 60 min under static
conditions. The functionalized electrodes were then rigorously washed with
1 × PBS to remove any unbound AMPs, rinsed with deionized water and dried
in liquid nitrogen. Gold surfaces covalently functionalized with magainins
have shown antimicrobial binding activity persisting for at least 6 mo (54).

Fluorescent Microscopy. Stock solutions of PI, nucleic acid stain (Molecular
Probes) was made from solid form by dissolving PI (molecular weight ¼
668.4) in deionized water at 1 mg∕mL (1.5 mM) and stored at 4 ºC, protected
from light. Heat-killed bacterial cells rehydrated in PBS were then incubated
with 3 μM solution of PI (made by diluting the 1 mg∕mL stock solution 1∶500
in buffer) for 10–15 min (55). After incubation, the cells were pelleted
by centrifugation and removal of the supernatant and were resuspended
in fresh 1 × PBS buffer. The samples of stained bacterial cells (E. coli
O157∶H7, Salmonella, nonpathogenic E. coli, and Listeria, all 107 cfu∕mL)
were then allowed to incubate with the immobilized magainin for 15–20 min
in the dark. After incubation, the Au surfaces were washed with PBS buffer
and dried under liquid nitrogen. The binding pattern of the different bacter-
ial cells was imaged using a Zeiss axiovert inverted microscope and recorded
with a Zeiss axiocam digital camera. Surface density of the bound bacterial
cells was analyzed and plotted using the ImageJ software package.

Impedance Spectroscopy. Dielectric property changes due to AMP-bacteria
interactions were probed using a fast-Fourier transform spectrum analyzer.
The dielectric properties were investigated over a frequency range of 10 Hz
to 100 kHz, with 0-V dc bias and 50-mV ac signals using a SRS 785, two-chan-
nel dynamic signal analyzer. An in-house LabView program routine was used
to collect and record the data through a general purpose interface bus inter-
face. An external op-amp amplifier circuit was used to minimize the noise,
and a MATLAB program was used to plot the impedance spectra from the
analyzer output (see Fig. S1). For sensitivity measurements, pathogenic
Gram-negative E. coli O157∶H7 bacterial cells were injected into the micro-
fluidic flow channel at various dilutions and incubated with the immobilized
magainins for 12–15 min, under static conditions. To ensure the response of
the sensor toward bound bacterial cells, the impedance spectrum was taken
after the removal of unbound cells by thoroughwashing in PBS. For real-time
measurements, the impedance vs. time data were recorded while buffer
solutions or different dilutions of bacterial solutions flowed through the
microfluidic channel. The flow cell was first flushed with 1 × PBS buffer at
a flow rate of 100 μL∕min to establish a baseline. Bacterial detection mea-
surements were performed with the sample flowing at a rate of 5 μL∕min.
The sensor device was regenerated via a cleaning solution containing 1 M
NaCl, 100 mM HCl, and 200 mM CHAPS followed by 1 × PBS buffer. The elec-
trodes were then thoroughly flushed with DI water to remove any salts. The
effect of bacterial cells binding to immobilized magainins on the impedance
signal is due to the dielectric property of the cell membrane. All experiments
were repeated three times.

ACKNOWLEDGMENTS. We thank Ann Mularz and Kellye Cung for valuable
discussions and illustrations. M.C.M. acknowledges support of this work by
the Air Force Office of Scientific Research via a Young Investigator Grant
(FA9550-09-1-0096) and as a fellow of the American Asthma Foundation
(09-0038). A.J.L. acknowledges support from the National Science Founda-
tion (CBET-0952875).

1. Ivnitski D, Abdel-Hamid I, Atanasov P, Wilkins E (1999) Biosensors for detection of

pathogenic bacteria. Biosens Bioelectron 14:599–624.

2. Buchanan RL, Doyle MP (1997) Foodborne disease significance of Escherichia coli

O157∶H7 and other enterohemorrhagic E. coli. Food Technol-Chicago 51:69–76.

3. Jay JM, ed. (1992) Modern Food Microbiology (Van Nostrand Reinhold, New York),
4 Ed.

4. Walls EA, Berkson J, Smith SA (2002) The horseshoe crab, Limulus polyphemus:

200 million years of existence, 100 years of study. Rev Fish Sci 10:39–73.

5. Jarvis WR, Highsmith AK (1984) Bacterial-growth and endotoxin production in lipid

emulsion. J Clin Microbiol 19:17–20.
6. Compton JAF (1987) Military Chemical and Biological Agents: Chemical and Toxicolo-

gical Properties (Telford Press, Caldwell, NJ) p 458.

7. DandoMR, ed. (1994) Biological Warfare in the 21st Century (Brassey’s, London) p 258.

8. D’Avignon LC, et al. (2010) Contribution of bacterial and viral infections to

attributable mortality in patients with severe burns: An autopsy series. Burns

36:773–779.

9. Daly P, Collier T, Doyle S (2002) PCR-ELISA detection of Escherichia coli in milk. Lett

Appl Microbiol 34:222–226.

10. Johnson RP, et al. (1995) Detection of Escherichia coli O157∶H7 in meat by an enzyme-

linked immunosorbent assay, EHEC-tek. Appl Environ Microbiol 61:386–388.

11. Nicolas P, Mor A (1995) Peptides as weapons against microorganisms in the chemical
defense system of vertebrates. Annu Rev Microbiol 49:277–304.

12. Zasloff M (2002) Antimicrobial peptides of multicellular organisms. Nature

415:389–395.

13. Boman HG (1995) Peptide antibiotics and their role in innate immunity. Annu Rev

Immunol 13:61–92.
14. Tamerler C, Sarikaya M (2009) Genetically designed peptide-based molecular materi-

als. ACS Nano 3:1606–1615.

15. Friedrich C, Scott MG, Karunaratne N, Yan H, Hancock REW (1999) Salt-resistant alpha-

helical cationic antimicrobial peptides. Antimicrob Agents Chemother 43:1542–1548.

16. Rydlo T, Rotem S, Mor A (2006) Antibacterial properties of dermaseptin S4 derivatives

under extreme incubation conditions. Antimicrob Agents Chemother 50:490–497.

Mannoor et al. PNAS ∣ November 9, 2010 ∣ vol. 107 ∣ no. 45 ∣ 19211

A
PP

LI
ED

BI
O
LO

G
IC
A
L

SC
IE
N
CE

S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1008768107/-/DCSupplemental/pnas.1008768107_SI.pdf?targetid=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1008768107/-/DCSupplemental/pnas.1008768107_SI.pdf?targetid=SF1


17. Meng H, Kumar K (2007) Antimicrobial activity and protease stability of peptides
containing fluorinated amino acids. J Am Chem Soc 129:15615–15622.

18. Zasloff M, Martin B, Chen HC (1988) Antimicrobial activity of synthetic magainin
peptides and several analogues. Proc Natl Acad Sci USA 85:910–913.

19. Zasloff M (1987) Magainins, a class of antimicrobial peptides from Xenopus skin: Iso-
lation, characterization of two active forms, and partial cDNA sequence of a precursor.
Proc Natl Acad Sci USA 84:5449–5453.

20. Matsuzaki K, Sugishita KI, HaradaM, Fujii N, Miyajima K (1997) Interactions of an anti-
microbial peptide, magainin 2, with outer and inner membranes of Gram-negative
bacteria. BBA-Biomembranes 1327:119–130.

21. Ndieyira JW, et al. (2008) Nanomechanical detection of antibiotic-mucopeptide
binding in a model for superbug drug resistance. Nat Nanotechnol 3:691–696.

22. Burg TP, et al. (2007) Weighing of biomolecules, single cells and single nanoparticles in
fluid. Nature 446:1066–1069.

23. Premasiri WR, et al. (2005) Characterization of the surface enhanced raman scattering
(SERS) of bacteria. J Phys Chem B 109:312–320.

24. Bao L, Deng L, Nie L, Yao S, Wei W (1996) Determination of microorganisms with a
quartz crystal microbalance sensor. Anal Chim Acta 319:97–101.

25. Kulagina NV, Shaffer KM, Anderson GP, Ligler FS, Taitt CR (2006) Antimicrobial
peptide-based array for Escherichia coli and Salmonella screening. Anal Chim Acta
575:9–15.

26. Kulagina NV, Lassman ME, Ligler FS, Taitt CR (2005) Antimicrobial peptides for
detection of bacteria in biosensor assays. Anal Chem 77:6504–6508.

27. Boehm DA, Gottlieb PA, Hua SZ (2007) On-chip microfluidic biosensor for bacterial
detection and identification. Sensor Actuat B-Chem 126:508–514.

28. Gibson DM, Coombs P, Pimbley DW (1992) Automated conductance method for
the detection of Salmonella in foods: Collaborative study. J Assoc Off Anal Chem
75:293–302.

29. Berggren C, Bjarnason B, Johansson G (2001) Capacitive biosensors. Electroanalysis
13:173–180.

30. Li Y, Karlin A, Loike JD, Silverstein SC (2002) A critical concentration of neutrophils
is required for effective bacterial killing in suspension. Proc Natl Acad Sci USA
99:8289–8294.

31. Matsuzaki K, Murase O, Miyajima K (1995) Kinetics of pore formation by an antimi-
crobial peptide, magainin 2, in phospholipid bilayers. Biochemistry 34:12553–12559.

32. Wenk MR, Seelig J (1998) Magainin 2 amide interaction with lipid membranes: Calori-
metric detection of peptide binding and pore formation. Biochemistry 37:3909–3916.

33. Cuervo JH, Rodriguez B, Houghten RA (1988) The magainins: Sequence factors
relevant to increased antimicrobial activity and decreased hemolytic activity. Pept
Res 1:81–86.

34. Lopez-Solanilla E, Gonzalez-Zorn B, Novella S, Vazquez-Boland JA, Rodriguez-
Palenzuela P (2003) Susceptibility of Listeria monocytogenes to antimicrobial
peptides. FEMS Microbiol Lett 226:101–105.

35. Lee IH, Cho Y, Lehrer RI (1997) Effects of pH and salinity on the antimicrobial properties
of clavanins. Infect Immun 65:2898–2903.

36. Soares JW, Kirby R, Morin KM, Mello CM (2008) Antimicrobial peptide preferential
binding of E. coli O157∶H7. Protein Peptide Lett 15:1086–1093.

37. Lad MD, et al. (2007) Antimicrobial peptide-lipid binding interactions and binding
selectivity. Biophys J 92:3575–3586.

38. Wieprecht T, et al. (1997) Peptide hydrophobicity controls the activity and selectivity of
magainin 2 amide in interaction with membranes. Biochemistry 36:6124–6132.

39. Jucker BA, Harms H, Hug SJ, Zehnder AJB (1997) Adsorption of bacterial surface
polysaccharides on mineral oxides is mediated by hydrogen bonds. Colloid Surface
B 9:331–343.

40. Lugtenberg B, Van Alphen L (1983) Molecular architecture and functioning of the
outer membrane of Escherichia coli and other Gram-negative bacteria. Biochim
Biophys Acta 737:51–115.

41. Makin SA, Beveridge TJ (1996) The influence of A-band and B-band lipopolysaccharide
on the surface characteristics and adhesion of Pseudomonas aeruginosa to surfaces.
Microbiology 142:299–307.

42. Gregory K, Mello CM (2005) Immobilization of Escherichia coli cells by use of the
antimicrobial peptide cecropin P1. Appl Environ Microbiol 71:1130–1134.

43. Strauss J, Kadilak A, Cronin C, Mello CM, Camesano TA (2010) Binding, inactivation,
and adhesion forces between antimicrobial peptide cecropin P1 and pathogenic
E. coli. Colloid Surface B 75:156–164.

44. Kim DR, Zheng X (2008) Numerical characterization and optimization of the microflui-
dics for nanowire biosensors. Nano Lett 8:3233–3237.

45. McAlpine MC, Ahmad H, Wang D, Heath JR (2007) Highly ordered nanowire arrays on
plastic substrates for ultrasensitive flexible chemical sensors. Nat Mater 6:379–384.

46. McAlpine MC, et al. (2008) Peptide-nanowire hybrid materials for selective sensing of
small molecules. J Am Chem Soc 130:9583–9589.

47. Lee W, Oh BK, Lee WH, Choi JW (2005) Immobilization of antibody fragment for
immunosensor application based on surface plasmon resonance. Colloid Surface B
40:143–148.

48. Shen Z, et al. (2005) Single-chain fragment variable antibody piezoimmunosensors.
Anal Chem 77:797–805.

49. Ihs A, Liedberg B (1991) Chemisorption of l-cysteine and 3-mercaptopropionic acid on
gold and copper surfaces: An infrared reflection-absorption study. J Colloid Interface
Sci 144:282–292.

50. Dickerson MB, Sandhage KH, Naik RR (2008) Protein- and peptide-directed syntheses
of inorganic materials. Chem Rev 108:4935–4978.

51. Baas T, Gamble L, Hauch KD, Castner DG, Sasaki T (2002) Characterization of a cysteine-
containing peptide tether immobilized onto a gold surface. Langmuir 18:4898–4902.

52. Kallwass HKW, Parris W, Macfarlane ELA, Gold M, Jones JB (1993) Site-specific immo-
bilization of an L-lactate dehydrogenase via an engineered surface cysteine residue.
Biotechnol Lett 15:29–34.

53. Dubois LH, Nuzzo RG (1992) Synthesis, structure, and properties of model organic
surfaces. Annu Rev Phys Chem 43:437–463.

54. Humblot V, et al. (2009) The antibacterial activity of magainin I immobilized onto
mixed thiols Self-Assembled Monolayers. Biomaterials 30:3503–3512.

55. Jepras RI, Carter J, Pearson SC, Paul FE, Wilkinson MJ (1995) Development of a robust
flow cytometric assay for determining numbers of viable bacteria. Appl Environ
Microbiol 61:2696–2701.

19212 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1008768107 Mannoor et al.


