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Rapid and sensitive detection of bacterial pathogens is critical for assessing public health, food and
environmental safety. We report the use of modularly designed and site-specifically oriented synthetic
antimicrobial peptides (sAMPs) as novel recognition agents enabling detection and quantification of
bacterial pathogens. The oriented assembly of the synthetic peptides on electrode surfaces through an
engineered cysteine residue coupled with impedimetric detection facilitated rapid and sensitive detec-
tion of bacterial pathogens with a detection limit of 10 CFU/mL for four bacterial strains including Es-
cherichia coli (E. coli), Pseudomonas aeruginosa (P. aeruginosa), Staphylococcus aureus (S. aureus) and
Staphylococcus epidermidis (S. epidermidis). The approach enabled differentiation between live and dead
bacteria. The fabrication of the sAMPs functionalized surface and the importance of the sAMPs or-
ientation for providing optimum recognition and detection ability against pathogens are discussed. The
proposed methodology provides a universal platform for the detection of bacterial pathogens based on
engineered peptides, as alternative to the most commonly used immunological and gene based assays.
The method can also be used to fabricate antimicrobial coatings and surfaces for inactivation and
screening of viable bacteria.

© 2016 Published by Elsevier B.V.

1. Introduction

Bacterial infection is one of the most threatening public health
problems of significant social and economic impact. According to
recent Centers for Disease Control and Prevention (CDC) reports,
from 2009 to 2013, the number of illness cases caused by food-
borne bacterial infection is 29,337. Salmonella spp., Campylobacter
spp. and Escherichia coli (E. coli) are the primary pathogens re-
sponsible for the major foodborne bacterial pathogen outbreaks in
US (Centers for Disease Control and Prevention, 2013, 2014a,
2014b, 2015). The large number of reported outbreaks requires
rapid and sensitive detection methods that can provide fast
screening of samples for microbial contamination.

The most commonly used methods to detect bacteria are the
colony counting assays with analysis of colony forming units
(CFU), immunological assays and polymerase chain reaction (PCR).
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The CFU assay is labor intensive and time-consuming with some
standardized procedures requiring up to 7 days (de Boer and
Beumer, 1999). Immunological assays require expensive materials
and involve labeling and multiple washing steps (Beumer and
Brinkman, 1989; Palumbo et al., 2003). The nucleic acid probe-
based technique is expensive and requires specialized facilities
(Cai et al.,, 2014). Moreover, nonviable cells and single naked DNA,
extraction and degradation of nucleic acids, and/or the direct in-
hibition of the PCR may lead to false positive/negative responses
(Wilson, 1997). Except for the CFU assay, most methods cannot
differentiate live/dead bacteria.

In this work, we report a rapid, sensitive and label free detec-
tion of pathogenic bacteria, using synthetic antimicrobial peptides
(sAMPs) as novel biorecognition elements for the detection and
differentiation of live/dead bacteria. The method provides a sim-
plified and cost effective alternative to the most commonly used
immunological and DNA based procedures. As compared to other
biorecognition entities, modularly designed sAMPs provide several
advantages including: facile, low cost and large scale production,
high stability even in harsh environments (Friedrich et al., 1999;
Rydlo et al., 2006), ease of functionalization enabling design of
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specific binding sites and sequences with improved recognition
function. We took advantage of these unique characteristics to
develop a biosensor using sSAMPs with site specifically engineered
amino acids for the detection of bacterial pathogens. To our
knowledge, this is the first platform for bacteria detection based
on site specifically oriented attachment of synthetic SAMPs with
selective microbial recognition ability.

To design the sensor, we use previously reported cationic Mul-
tidomain Peptides (MDPs) which can be modularly designed to
form various protein secondary structures and demonstrate tun-
able, structure-dependent antimicrobial activities (Dong et al.,
2007; Xu et al., 2015; Yang et al.,, 2014). MDPs have a general for-
mula of K(QL),K, where the middle domain contains variable
number (y) of alternating hydrophilic (glutamine, Q)-hydrophobic
(leucine, L) repeating units terminated with two oligolysine
(K) domains. The relative ratio of the repeating number (i.e. x, y, z)
of each domain dictates the molecular secondary structures of
MDPs and further their antimicrobial activity (Xu et al., 2015; Yang
et al., 2014). In this work, WK3(QL)gK> was primarily used for bac-
terial detection to validate the designed sensor platform. In the
sequences, tryptophan (W) was appended at the N-terminus to
allow an accurate concentration measurement. The peptide forming
mixed secondary structures of beta sheets and random coils
(Fig. 1A) has been tested for its antimicrobial activity against E. coli,
Pseudomonas aeruginosa, Staphylococcus aureus and Staphylococcus
epidermidis in broth medium with minimum inhibitory concentra-
tion (MIC) value in the range of 5-20 uM (Xu et al., 2015; Yang et al.,
2014). In this work, we will demonstrate the use of these peptides
as recognition sites for bacterial detection. To design the sensor, the
peptides were modified with an external cysteine (C) residue that
allows targeted attachment and site-specific orientation to a gold
surface using the affinity of cysteine for gold (Fig. 1). We use elec-
trochemical impedance spectroscopy (EIS) as transduction techni-
que to quantify the interaction between the synthetic sSAMPs and
bacteria. The effect of the orientation of peptides on the electrode
surface was investigated by comparing the impedimetric responses
of the sensors modified with the engineered sAMPs with and
without cysteine. Sensors modified with peptides without sig-
nificant antimicrobial activity were also tested to link the peptide
sequence with the antimicrobial activity and establish the re-
cognition ability against E. coli, P. aeruginosa, S. aureus and S. epi-
dermidis. The method was employed to quantify four bacterial
strains (both gram-positive and gram negative) and to differentiate
between live and dead bacteria.

This work demonstrates the potential of engineered sAMPs for
rapid and sensitive detection of bacteria. This study also lays the
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foundation for a new technology of using designed peptides for
fabricating functionalized surfaces with antimicrobial activity for
biodetection and potential therapeutic applications (e.g. anti-
microbial coatings).

2. Materials and methods
2.1. Reagents and equipment

Potassium ferricyanide, ACS grade was purchased from Fisher
Scientific (Hampton, NH, USA), 20 mM Tris-HCl buffer, pH=7.5
was prepared from Trizma™ hydrochloride purchased from Sigma
(St Louis, MO, USA). Glutaraldehyde, 50% in water, reagent grade
was purchased from Spectrum Chemical (Brunswick, NJ, USA).
Deionized (DI) water from Direct-Q system (Millipore, Billerica,
MA) with a resistivity of 18.2 M€2 cm was used to prepare all so-
lutions. All electrochemical experiments were conducted using a
CHI 920C analyzer (CH Instruments, Austin, TX, USA). FMOC-
amino acids and resin were purchased from NovaBiochem. Peptide
synthesis grade solvents, deprotection reagent and piperidine
were purchased from Sigma. Trifluoroacetic acids and diethyl
ether were from Fisher.

2.2. Preparation of the engineered peptides

The preparation of the engineered peptides followed the same
procedure as previously described (Xu et al., 2015). For this study,
we have used the WK5(QL)gK> peptide unit at which we have
added a cysteine residue. Briefly, WK3(QL)sK>G3C was synthesized
on a PS3 peptide synthesizer (Protein Technologies Inc., Tucson,
AZ) using standard FMOC (fluorenylmethyloxycarbonyl)-solid
phase peptide synthesis method. The sequence without significant
antimicrobial activity, WK;(QL)gK>G3C, was used as control pep-
tide. WK3(QL)gK> was used as a negative control to determine the
role of the cysteine residue in the immobilization process. The
sequences WK(QL)sK, and CEx(QL)gE> (glutamic acid, E) were
used to demonstrate the role of antimicrobial activity in bacteria-
SAMP recognition process. The sequence and the design char-
acteristics of all peptides used in this study are listed in Table S1.

2.3. Fabrication and characterization of the AMP based biosensor
The biosensor was developed on a gold disk electrode (1.6 mm

diameter, MF-2014, Bioanalytical Systems, Inc., West Lafayette, IN).
Prior to use, the gold disk electrode was polished using 0.3 pm
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Fig. 1. A. Design and sensing principle of the cysteine modified SAMP impedimetric biosensor. B. Sequence and orientation of the active WK5(QL)sK,G3C peptide on the gold

surface.
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alumina slurry, sonicated for at least 10 min in distilled water and
then incubated in Piranha solution for 15 min and washed with DI
water. Before modification, the gold disk electrode was sonicated
in acetone and ethanol for 15 min consecutively, and dried under
nitrogen gas flow. To immobilize the sAMP, the cleaned gold
electrode was immersed in Tris—HCl buffer (20 mM), containing
the peptide (0.5 mg/mL or 1 mg/mL) for 1 h. Afterward, the elec-
trode was washed using Tris-HCI buffer and then immersed into
the same buffer for 20 min to remove the weakly attached pep-
tides. The surface of the electrode prior to and after deposition of
peptides and after the binding of bacteria was characterized by
cyclic voltammetry (CV) using the model reversible redox couple
Fe''(CN)g* ~/Fe™(CN)¢>~ (10 mM) in phosphate buffer saline (PBS)
buffer, pH=7. The potential was scanned between —0.6 and 0.6 V
at a scan rate of 100 mV/sec. Evaluation of non-specific adsorption
was performed with a peptide lacking cysteine with the sequence
WIK;3(QL)6Ks. In experiments comparing the sensing responses of
antimicrobial active sSAMP and control peptides (WK,(QL)gK,G5C
and WK3(QL)sKz), a washing buffer containing 20 mM Tris-HCI at
pH=7.5 with 0.1% Tween 20 and 0.2 M NaCl was used to minimize
non-specific adsorption.

To detect bacteria, 100 pL bacteria dilutions with different
concentrations prepared in Tris-HCl buffer was dropped on the
sAMP modified gold electrode surface, incubated for 30 min. The
electrode was then washed twice using Tris—-HCI buffer. Detection
was accomplished by probing the Faradaic electron impedance of
the potassium ferricyanide redox pair at the sAMP modified
electrode before and after incubation with bacteria, as described in
supplementary information (SI). Unless otherwise noted, all
characterization experiments were performed with the cysteine
modified peptide, WK5(QL)sK2G3C. All electrochemical measure-
ments were carried out in sterile buffer and inside a Faraday cage.
The impedance variation percentages (Alog Z (%)) registered at
12.12 Hz were used to show the surface change of the sensor
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surface at different conditions (Bayoudh et al., 2008; Mejri et al.,
2010) (Eq. (1) in SI and Fig. S1). Control experiments using
WK3(QL)eK> and WK3(QL)sK>G3C were performed as described
above. The bare gold electrode (without peptides) incubated with
10?-10° CFU/mL P. aeruginosa was also tested as control. JSM-
7400F field emission scanning electron microscope (JEOL Ltd.,
Tokyo, Japan) was used to characterize the gold slide surface be-
fore and after modification with sSAMP and visualize the presence
of bacteria as described in the SI section.

3. Results

3.1. Study of the binding and recognition behavior of the site speci-
fically immobilized sSAMPs

One of the challenges on the use of immobilized biomolecular
receptors is to conserve the conformation flexibility and activity
for optimum recognition ability. The sAMP (sequence:
WIK;3(QL)gK>G3C where three glycine (G) residues act as a spacer to
impart chain flexibility) used in this work is engineered to attach
to gold via an external cysteine tag leaving the antimicrobial site
exposed for providing enhanced activity against its target bacteria.
This specific binding, combined with the use of impedance spec-
troscopy was employed in this work for the construction of an
impedimetric biosensor for the detection of bacteria. The sche-
matic of this concept is illustrated in Fig. 1A.

CV and EIS were used to demonstrate the attachment of the
sAMP and bacteria onto the surface of the gold electrode. Fig. 2a
shows CVs of the bare and sAMP modified gold electrodes re-
corded in 10 mM potassium ferricyanide. After immobilization of
SAMP, a decrease in the current intensity is observed. This in-
dicates partial insulation of the electrochemically active area due
to peptide binding. It is expected that the cysteine modified
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Fig. 2. (a) Cyclic voltammogram (CV) and (b) Nyquist plot of the SAMP impedimetric sensor at different stages, (c) impedimetric responses of gold electrode modified with
different concentrations (0.5 and 1 mg/mL) of SAMP after incubation with E. coli at various concentrations in terms of impedance variation percentages (Alog Z (%)) registered

at 12.12 Hz.
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peptide will attach to the gold surface through the formation of S-
Au bond, which will hamper the electron transfer of the redox
probe. In the presence of bacteria, a greater decrease in intensity is
observed further blocking the electron transfer rate. This can be
due to the binding of bacteria through the immobilized sAMP. The
same trend is observed by EIS (Fig. 2b).

EIS was further used to investigate the concentration de-
pendency of the SAMP-cysteine biosensor against bacteria using E.
coli as a model. Fig. 2c shows the impedance variation percentages
(Alog Z (%)) of gold electrodes modified with two different con-
centrations of SAMP (0.5 and 1 mg/mL) against E. coli. For both
sAMP concentrations, the change in Alog Z (%) increases with the
increase of bacterial concentration. This demonstrates the cap-
ability of this method to be used as a quantitative tool for the
detection of bacterial pathogens.

3.2. Comparing biosensor responses against varying pathogens

To further establish the sensitivity and detection capability of
the sAMP bacterial sensor, the sensor was exposed to varying
concentrations of bacteria. Fig. 3a illustrates the Nyquist plot
showing a mixed electron transfer and diffusion resistance process
that varies gradually with increasing the concentration of E. coli. As
it showed in Fig. S1, in the Bode plots, the impedance of the sensor
increased from incubation with bacteria in the low frequency
range. The Nyquist plots (Fig. 3a) shows that the difference in the
real and imaginary impedance values at a given frequency be-
tween the spectra after immobilization of peptides and after in-
cubation of bacteria can be clearly observed at low frequencies.
Additionally, at higher frequencies in Bode plot, no significant
difference is found between the impedance spectra, indicating that
the detection of bacteria is more sensitive in the low frequency
range (Fig. S1). Therefore, 12.12 Hz was used for the calculation of
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the impedance variation percentages (Bayoudh et al., 2008). This
trend corresponds to the increase of Alog Z (%) obtained from
Bode plots. Beyond a concentration of 10° CFU/mL E. coli there is
no significant increase of Alog Z (%) (data not shown) indicating
that the sensor surface reached a saturation point at concentra-
tions higher than 10° CFU/mL bacteria. Fig. 3b showed cyclic vol-
tammograms of the biosensor after each addition of bacteria. With
increasing bacteria concentrations, a decrease in the direct current
is observed due to the insulating properties of the bacteria at-
tached on the biosensor surface. A similar trend and saturation
conditions were observed for the other three bacterial strains, but
with different sensitivities (Fig. 3¢). A notable increase of Alog Z
(%) was observed after incubation of the sensor with 10 CFU/mL
bacteria. Therefore, this AMP based impedimetric biosensor can
detect bacteria at concentrations as low as 102 CFU/mL.
Subsequently, we tested the ability of the sAMP biosensor to
detect different gram-negative (E. coli and P. aeruginosa) and gram-
positive (S. aureus and S. epidermidis) bacterial species. Fig. 3c il-
lustrates the variation of the Alog Z (%) as a function of bacteria
concentration for the four types of bacteria. It can be seen that all
bacteria induced changes in the dielectric properties of the sSAMP
functionalized electrode but with different levels of sensitivity: the
highest Alog Z (%) was observed with P. aeruginosa, followed by S.
aureus and S. epidermidis, which showed almost the same re-
sponse, and the least Alog Z (%) was observed with E. coli. The
efficacy of the engineered sAMP to recognize the four bacteria and
the different selectivity behavior is largely unknown, however it
may be attributed to the different interactions between the sAMP
and bacterial membrane which vary among bacterial types (Bev-
eridge, 1999; Schneewind et al., 1995). The difference of mem-
brane structure of gram-positive and gram-negative bacteria can
also influence the recognition ability and the electron transfer
process. For the gram-negative bacteria, the periplasmic space is

-0.2 0 0.2
Potential vs. Ag/AgCI (V)

(b)

0.4 0.6

Fig. 3. (a) Nyquist plot and (b) CV of the SAMP impedimetric sensor incubated with sAMP and different E. coli concentrations in terms of CFU/mL, (¢) impedimetric responses
of the SAMP impedimetric sensor incubated with different bacteria at various concentrations in terms of impedance variation percentages (Alog Z (%)) registered at 12.12 Hz.
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located between the inner surface of the outer membrane and the
outer surface of the plasma membrane. In gram-positive bacteria,
the periplasmic space is confined to a region between the lower
surface of the peptidoglycan/teichoic acid structure and the outer
surface of the plasma membrane (Beveridge, 1999). The periplasm
of gram-positive and gram-negative bacteria contains enzymes
and certain proteins which can be involved in the electron transfer.
In gram-negative bacteria, the electron transfer could be facilitated
through the periplasmic space by the naturally present electron
carriers, including rusticyanin, soluble c-type cytochrome Cycl
and cytochrome oxidase aa3. Such enzymes and carriers are not
present in the periplasm of gram-positive cells (Ehrlich, 2008;
Matias and Beveridge, 2005; Zuber et al., 2006). The amphiphili-
city and molecular structures are the key parameters to tuning the
membrane activity of SAMPs (Eckert et al., 2006; Zasloff, 2002).
The ability to modularly design and engineer a library of sAMPs
with tunable amphiphilicity and molecular secondary structures
will offer opportunity to systematically investigate and understand
the interaction between sAMPs and bacterial membranes. The
different level of sensitivity observed could also be related to the
size of bacteria. For example, the bulkier P. aeruginosa showed
larger change in the impedimetric response as compared to S.
aureus and S. epidermidis that are spherical and have a smaller size.
To confirm the binding of bacteria, we have performed scanning
electron microscopy (SEM) experiments to probe the presence of
bacteria on a sAMP functionalized gold surface (Fig. 4). P. aerugi-
nosa, which provided the higher impedance change in the EIS
measurements formed high density bacterial “clusters” on the
sAMP gold surface, while the other three bacteria showed lower
coverage. This differential binding and the varying bacterial sizes

may explain the in the EIS

measurements.

sensitivity trend observed

3.3. Differential responses to live and dead bacteria

One of the challenges in the development of bacteria detection
is to discriminate between live and dead bacteria. Since the me-
chanism of antimicrobial activity of AMPs involves disruption of
the bacterial cell envelope (Hartmann et al., 2010), we sought to
investigate whether different binding of sAMPs to live/dead cell
membranes can be used to differentiate between dead and live
cells. Fig. 5 shows the impedimetric responses of the SAMP bio-
sensor to the four bacteria in live and dead conditions. Bacteria
grown to mid-log phase were used as live bacteria sample. Dead
bacteria samples were prepared by incubating bacterial culture
grown to mid-log phase at 100 °C for 1 h. The sensor shows sig-
nificantly different responses to live and dead bacteria. Exposure
to dead bacteria resulted in lower Alog Z (%) for all four bacteria
species, as compared to sensors exposed to live bacteria. The re-
sults indicate a different recognition behavior of the dead bacteria
for the immobilized SAMP layer. This phenomenon indicates that
the sSAMP impedimetric biosensor is not only able to detect bac-
teria but also to differentiate dead bacteria from live ones. The
reason of the discriminative responses may be attributed to a
different interaction and membrane permealizing action (e.g. dif-
ferential changes in the lipid layer) between the sAMP and the
dead bacteria, with an already compromised membrane, and
therefore reduced recognition and surface binding ability. Ad-
ditionally, SEM images of the sSAMP modified gold exposed to dead
bacteria show the presence of a significantly lower number of

Fig. 4. SEM graphs of sSAMP modified gold surface after incubation with (a) E. coli, (b) P. aeruginosa, (c) S. aureus and (d) S. epidermidis at 5000 x magnification.
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Fig. 5. Impedimetric responses (represented in terms of Alog Z (%) registered at 12.12 Hz) of the SAMP biosensor incubated with live and dead (a) E. coli, (b) P. aeruginosa, (c)

S. aureus and (d) S. epidermidis at various concentrations.

bacteria onto the gold surface, compared to that exposed to live
bacteria under identical exposure conditions (Fig. S2 in SI).

3.4. Peptides specificity

To demonstrate that the binding between the bacteria and the
synthetic peptide is due to the antimicrobial activity, a peptide
with a similar sequence but without significant antimicrobial ac-
tivity, WK5(QL)sK>G3C, was tested against P. aeruginosa (Fig. 6).
Design of peptides with different antimicrobial activity has been
realized by synthetic engineering. The lack of antimicrobial activ-
ity of this sequence was determined previously (Xu et al., 2015).
An active peptide without cysteine, WK3(QL)gK>, was also used in
this experiment to probe the importance of orientation on the gold
surface (Di Felice et al., 2003; Vallee et al., 2010). The sensors
modified with WK;(QL)gK,G3C showed lower impedance variation
upon exposure to bacteria as compared to the antimicrobial active
WIK;3(QL)sK>G3C peptide. This trend agrees with the potency of the
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antimicrobial activity of these two peptides, WK3(QL)sK>G3C and
WIK>(QL)eK>G3C, and further confirms that their antimicrobial ac-
tivity is a dominant factor in the bacteria-sAMP recognition. The
impedance change recorded with WK3(QL)gK; is smaller than that
of the WK3(QL)gK>G3C demonstrating lower binding ability of
bacteria to peptides attached non-specifically through physical
interactions. In the absence of cysteine, carboxyl or amino groups
of the peptide can attach to the gold surface in a less controlled
pattern (Vallee et al., 2010). The lack of orientation might restrict
the interaction between the immobilized peptides and bacteria,
limiting the binding of bacteria. The response of a bare gold
electrode exposed to the same amount of bacteria was also tested
to assess the effect of nonspecific attachment of bacteria (Fig. 6).
No significant change in impedance was observed, indicating
negligible attachment of bacteria in the absence of SAMP.

SEM images of the gold surface functionalized with the four
sAMPs show significantly higher numbers of P. aeruginosa ob-
tained with the active cysteine modified WK5(QL)sK,G3C peptide
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Fig. 6. (a) Impedimetric responses of SAMP modified impedimetric sensor comparing to bare gold electrode and (b) different peptides modified gold electrode incubated
with P. aeruginosa at various concentrations in terms of impedance variation percentages (Alog Z (%)) registered at 12.12 Hz.
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as compared to the corresponding control peptides, WK3(QL)gK5,
WK5(QL)sK> and CE;(QL)6E, (Fig. S3). Additionally, a sensor mod-
ified with a different control peptide lacking both cysteine and
antimicrobial activity, CE2(QL)6E2 showed no impedance change
upon exposure to bacteria (Fig. S4). The binding of bacteria to bare
gold was negligible. These results demonstrate that both the cy-
steine residue and the antimicrobial activity are essential features of
the engineered sAMPs for providing sufficient binding and detec-
tion sensitivity for impedimetric detection of bacterial pathogens.

4. Discussion

This study demonstrates the utility of synthetic SAMP peptides
as a biorecognition element for label free quantitative detection of
bacterial pathogens using EIS impedance spectroscopy. We used a
site specific immobilization of sAMPs, which provided enhanced
detection sensitivity of the EIS sensor. This was achieved by en-
gineering a cysteine anchor at the C-terminus of the peptide chain.
The peptide will then attach to a gold electrode surface by virtue of
the cysteine affinity for gold, providing flexibility for binding and
an enhanced recognition behavior for bacterial pathogens. The
sensor showed response to both gram-negative and gram-positive
bacteria, with higher sensitivity for P. aeruginosa, followed by S.
epidermis, S. aureus and E. coli. The difference of the bacterial size
and the membrane structure might contribute to these different
responses. The sSAMP modified electrode before and after exposure
to bacterial pathogens showed a mixed electron transfer resistance
and a diffusion resistance process in EIS. Attachment of bacteria to
gold through the cysteine site was also demonstrated by SEM,
which showed preferential attachment of bacteria on the cysteine-
sAMP functionalized gold surface. By comparison, the sAMPs
without cysteine and/or antimicrobial activity showed significantly
lower number of attached bacteria and lower impedimetric re-
sponses. Oriented sSAMP might provide a favorable interaction be-
tween peptide assemblies and the bacterial cell membrane on the
electrode surface. The experiments demonstrate that the bacteria
bind to the gold surface via the immobilized cysteine containing
SAMP. The results show different binding profile of the four bacteria
and the capability of the SAMP impedimetric sensor to differentiate
live/dead bacteria. In addition to the detection capability, such
measurements can also facilitate study and fundamental under-
standing of the mechanism of action of antimicrobial peptides. For
example, the method could be useful for screening large libraries of
sAMPs with varying antimicrobial activities before such peptides
are being used in more advanced applications including anti-
microbial coatings and sensing. With further development of pep-
tide engineering, it may be possible to engineer peptides that have
selective binding abilities against particular bacteria and enable
differentiation between bacterial types.

Current methods for monitoring bacterial pathogens include
plating and colony counting assays, immunological techniques
such as enzyme-linked immunosorbent assay (ELISA) and PCR
methods. Electrochemical immunosensors, genosensors, phago-
sensors and AMP sensors have also been used for pathogen de-
tection (Li et al., 2014; Liebana et al., 2014). As compared to pre-
vious methods, the method described here has a number of ad-
vantages including: i) label-free detection, ii) low cost and high
production capabilities of SAMPs, and iii) detection limit down to
102 CFU/mL. Table S2 shows a comparison of the performance of
this sensor versus other bacteria detection methods reported in
literature. The customized sequence of the sAMP enables a
straightforward one-step fabrication procedure through the cy-
steine affinity tag. The total fabrication and analysis time is short,
with 1 h for sensor fabrication and 0.5 h for sample testing. Sam-
ple analysis requires no further concentration, amplification,

labeling or multistep procedures, providing additional advantages
of this design. An attractive feature of the sAMP sensor is the
ability to differentiate between live and dead bacteria. Viable
bacteria are the direct cause of bacterial infections. The culturing
and colony forming assay is the main technique able to dis-
criminate live from dead bacteria, without sample pretreatment
but the method requires several days. Live/dead assays using
fluorescence labels use costly fluorescence dyes and involve ex-
tensive sample preparation and data processing time, which limit
the broad applicability of this method for screening purposes.
Other methods, such as PCR, although sensitive, are unable to
differentiate live and dead bacteria. The method described in this
work provides a new pathway for the development of devices for
detecting viable bacterial pathogens. The preparation and assay
time of the sAMP sensor are significantly lower than current
bacteria detection methods. Furthermore, the method could be
extended to measure other species such as fungus and viruses,
based on the engineered sequence targeting the characteristic
components of these microbes.

5. Conclusion

The current study demonstrated the utilization of SAMPs in the
development of a biosensing platform for label-free detection of
bacterial pathogens. Integration of an engineered cysteine modified
sAMP in an EIS sensor design provided a pathway to ultrasensitive
detection of bacterial pathogens with a simple, single step and in-
expensive procedure, with a detection limit of 10> CFU/mL for E.
coli, P. aeruginosa, S. aureus and S. epidermidis. Since various SAMPs
with different bacterial selectivity can be produced by engineered
synthesis, this method can be expanded to fabricate automated
multiarray sensors for the detection and classification of pathogens,
based on different recognition patterns to the immobilized sAMPs.
Another discovery reported here is that synthetic SAMPs can dif-
ferentiate live and dead bacteria. This discovery opens up the door
for multiple applications of sAMPs in the diagnostics, food mon-
itoring and clinical fields as receptors for viable bacteria detection.
The system can be implemented in the design of low cost screening
devices of a large number of samples that require increased de-
tection sensitivity and a rapid response time.
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