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ABSTRACT: Real-time, label-free detection of Gram-positive
bacteria with high selectivity and sensitivity is demonstrated
using an interdigitated impedimetric array functionalized with
naturally produced antimicrobial peptide from class Ila
bacteriocins. The antimicrobial peptide, leucocin A, was
chemically synthesized and covalently immobilized on
interdigitated gold microelectrodes via the interaction between
the C-terminal carboxylic acid of the peptide and free amines
of a preattached thiolated linker. Exposing the peptide sensor
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to various concentrations of Gram-positive bacteria generated reproducible impedance spectra that detected peptide—bacteria
interactions at a concentration of 1 cell/uL. The peptide sensor also selectively detected Listeria monocytogenes from other Gram-
positive strains at a concentration of 10° cfu mL™". The study highlights that short peptide ligands from bacteriocin class offer
high selectivity in bacterial detection and can be used in developing a robust, portable biosensor device to efficiently detect

pathogenic Gram-positive bacteria in food samples.

F ood contaminations and emergence of resistant bacteria
remain as the critical concerns in developed and
developing nations due to the lack of hand-held or portable
devices for fast detection of pathogenic bacteria with high
sensitivity and selectivity."”> For nearly a century, the
conventional approaches for bacterial testing have relied and
“continue to rely” almost exclusively on specific microbiologic
media to segregate and enumerate the existing viable bacterial
cells.’ The steps involved in these detection techniques are
labor-intensive, time-consuming, and require trained personal
in a laboratory setting. Therefore, conventional methods are
inadequate for making timely assessments on microbiological
safety of food and pharmaceutical products. Over the years,
many biological procedures have been simplified and faster
methods for detection with significantly reduced assay time and
enhanced sensitivity have been developed.* Most importantly,
these advanced biotechnological assays, referred to as “rapid
detection techniques” have spawned a new generation of
analytical methods that no longer rely exclusively on agar
media.>® These techniques encompass a large and diverse
group of systems and devices including miniaturized bio-
chemical assays,> physicochemical tests based on bacterial
metabolites, antibody—antigen interactions,”® DNA- and
enzyme-based tools,”” "' and even fully automated diagnostic
systems. The majority of these advanced detection approaches
rely on antibody and nucleic acid probes for recognition,
identification, and quantification of the target bacterial cells.
These techniques include immunoassays® and polymerase chain
reaction (PCR),> as well as biosensor-based platforms with
immobilized receptors.>~"*
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Immunoassays for detecting bacteria typically use mono-
clonal antibodies (Mab) that recognize the antigens unique to
specific bacteria. In this method, microplate wells precoated
with polyclonal antibodies to bacteria are used to capture
antigens from the test samples. Subsequently, the antigens are
detected with horseradish peroxidase-labeled Mab followed by
reaction with a chromogenic substrate.” PCR-based methods
require extraction of DNA by rupturing the cells followed by
precipitation of nucleic acids. DNA is then amplified by PCR,
and unique DNA sequences such as 16SrDNA are analyzed as
target genes for specific detection of bacteria. These techniques
are widely accepted and used as standard protocols for
detection and quantification of numerous foodborne and
waterborne pathogenic bacteria.

Despite the fact that these methods are very powerful and
versatile tools for detecting, monitoring, and clinical diagnosis
of pathogen infections with specificity and sensitivity, they still
suffer from a number of constraints that limit their widespread
applications. Antibody-based platforms, for instance, lack ample
stability at harsh environmental conditions, and there is a high
cost of monoclonal antibody developments and the need for a
well-trained microbiologist to perform the tests."> Similarly,
nucleic acid probes based techniques are very costly, labor-
intensive, and require pretreatments to extract the DNA."" In
contrast to antibody and DNA probes, antimicrobial peptides
(AMPs) are intrinsically more stable in harsh environments,
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easier to synthesize, and exhibit broad activities and affinities
against wide range of Gram-positive and Gram-negative strains
of bacteria.'®

Several recent studies have explored the viability of using the
AMPs as molecular recognition elements in biosensor platforms
and have demonstrated the ability of naturally occurring AMPs
to serve as robust biorecognition probes in electronic
biosensors."’ ' For example, Mannoor et al. reported the
use of gold microelectrodes with AMP magainin I immobilized
from the C-terminal cysteine residue to detect pathogenic
strains of Escherichia coli and Salmonella."® They also showed
that antimicrobial peptides self-assembling onto a wireless
graphene nanosensor can be used for bioselective detection of
bacteria at single-cell levels.”> We recently showed that surface-
anchored peptide segment of a class Ila bacteriocin is able to
bind selectively only to Gram-positive bacteria.”® Although
AMP-based platforms are gaining popularity, some limitations
remain to be worked out before this technology becomes
widely used. Methods for peptide immobilization to deliver
constant peptide density over different surfaces and false
positive signal from nonspecific binding of other biomolecules
present in test samples such as milk, ready-to-eat meat, and
pharmaceutical products, remain as key challenges in this field.

Here we report on utilizing the antimicrobial peptides as
selective probes for label-free, real-time detection of foodborne
pathogens using a new generation of impedance array analyzer
that works at very low frequencies. We have functionalized the
arrays with an antilisterial antimicrobial peptide from class Ila
bacteriocins for selectivity.”* The functionalized electrode array
is a promising sensor platform to be analyzed using impedance
spectroscopy due to its simplicity, high sensitivity, miniature
size, ease of assembly, and flexibility for multiplexed lab-on-a-
chip applications.”™* Tt has lately been proven to be a very
effectual tool for studies including detection of DNA
hybridization,” antigen—antibody interactions, and most
recently in detection of cancer biomarkers.”®*” Leucocin A
(LeuA) is a well-known, naturally occurring AMP from class Ila
bacteriocins.”®?° It consists of 37 amino acid residues, and
similar to other class Ila bacteriocins, it is characterized by a
conserved disulfide bond and a YGNGYV sequence near the N-
terminus and a C-terminal domain with an amphiphilic a-helix
ending with a hairpin-like structure at the C-terminal tail.”
Unlike most AMPs that are usually broad spectrum and act via
nonspecific mechanisms, class IIa bacteriocins possess narrow
activity spectrum with high potency (typically active in the
nanomolar range) and act by receptor-mediated mechanism on
the target bacterial cells. Class Ila bacteriocins exhibit high
potency against various strains of Gram-positive Listeria
monocytogenes and are therefore also known as antilisterial
antimicrobial peptides.”>** LeuA, a representative class Ila
bacteriocin, exhibits activity against Listeria in the nanomolar
range with a minimum inhibitory concentration (MIC) of ~37
nM.*® These peptides achieve such potent activity most likely
by specific binding interaction with membrane-located proteins
of the mannose phosphotransferase system (man-PTS).*'™**
Different expression levels of the mannose receptor on surface
of the bacterial cells, from one to another strain, lead to various
sensitivities and activities of bacteriocins.>> An antimicrobial
peptide from class Ila bacteriocins immobilized on electrode
arrays for impedance spectroscopy offers an ideal sensor
platform for real-time detection of L. monocytogenes in
solutions. We used the multiplexing capabilities of our
custom-designed antimicrobial peptide impedance microelectr-
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odes (Figure 1) for demonstrating the detection of different
types of foodborne pathogens in contaminated milk samples.
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Figure 1. Graphic depiction of the AMP-based biosensor showing (A)
a simulated cartoon denoting the interdigitated microelectrode, (B)
AMP immobilized on the microelectrode array, and (C) bacterial
detection achieved via binding of the target cells to the immobilized
AMP. Also shown are (b) the NMR solution structure of the AMP
leucocin A** and (b’) the chemistry of surface functionalization.

B MATERIALS AND METHODS

Antimicrobial Peptide and Cell Culture. Leucocin A is a
37 residue class ITa bacteriocin that contains one disulfide bond
between Cys9 and Cysl4 in the N-terminal region. LeuA
(NH,—-KYYGNGVHCTKSGCSVNWGEAFSAGVHRLA-
NGGNGFW—-COOH) was chemically synthesized using solid-
phase peptide synthesis as described previously.® Stocks of
bacterial cells, L. monocytogenes ATCC 43256 (grown in
TSBYE, 37 °C), Listeria innocua ATCC 33090 (grown in
TSBYE, 37 °C), Enterococcus faecalis ATTC 19433 (APT broth,
37 °C), and Staphylococcus aureus ATCC 13565 (APT broth,
37 °C), were obtained from CanBiocin Edmonton Inc. All
experiments related to the pathogenic bacterial subculture,
maintenance, and treatments were carried out in a level II
biosafety cabinet.

Impedance Spectroscopy. An impedance spectroscopic
analyzer SHARP IA-2 (Sharp Laboratory, U.S.A.) was used to
measure impedance response. The instrument is capable of
measuring up to 15 channels simultaneously at a fixed
frequency in the range of 10—1000 Hz and a stimulation
voltage of 10—212 mV. The sensor array consists of 15
interdigitated gold electrodes enclosed in three separate
reaction chambers. The individual impedimetric sensor
electrode has a typical dimension of 3350 ym X 100 ym X
150 nm, and the spacing between the sensor electrode and the
common electrode is 40 um. The size of each die of fabricated
impedimetric microarray was 20 mm X 18.5 mm. The
impedance analyzer is also equipped with a sensor for
temperature control which was set at 25 °C.

Impedance Array Functionalization. Surface functional-
ization with antimicrobial peptide was based on covalent
interaction between the accessible carboxylic group of the
peptide and a free amine group of a thiol linker preattached to
the electrode’s surface. Figure 1 shows schematic of the sensing
platform revealing the immobilization approach. First, the gold
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interdigitated electrodes were functionalized with a cysteamine
linker (HSCH,CH,NH,) by treatment with cysteamine
hydrochloride (0.01 M) in concentrated buffer solution (8x
PBS, pH 8.1) for 6 h.*® The electrodes were then rinsed with
1X PBS (pH 7.4) to remove any unbound thiol linker. Stock
solution of AMP (800 yg/mL) in 1X PBS (pH 7.4) containing
EDC (0.2 M) as activating agent was injected into the sensing
chambers and incubated overnight at room temperature. The
functionalized electrodes were then rigorously washed with 1X
PBS to remove any unbound AMP, rinsed with deionized
water, and dried in liquid nitrogen.

Impedance Setup and Measurements. The IA-2
analyzer operation is based on electrochemical impedance
spectroscopy.37 When the AMP captures its specific target
biomolecules from the surrounding medium, the molecular
interactions lead to changes in the sensor’s impedance that are
correlated to the type and amount of the bound analytes. The
changes thereby are detected, measured, and analyzed by
monitoring impedimetric parameters. The data presented in
this study were performed at 10—120 Hz and 100 mV
stimulation signal for bacterial detection in both PBS and milk
samples. Initially, to optimize an adequate frequency for the
detection, bacterial cells (L. monocytogenes and E. faecalis) at 10°
cfu mL™" were exclusively incubated with the peptide sensor
arrays and the impedance readings were taken at different
frequencies ranging from 10 to 100 Hz. In each study, prior to
measurements of the peptide—bacteria interactions, the sensor
array fluidic chambers were filled with target-free sample (no
bacteria) and subjected to impedance reading for 400 s to
establish the baseline. Target-containing sample was then
incubated in the sensor chamber and subjected to another
impedance reading for ~800 s.

For sensitivity measurements, pathogenic Gram-positive L.
monocytogenes at serial concentrations of 10% 10% 10* 10° and
10° cfu mL™" were individually injected into the sensor array
fluidic chambers, incubated with the immobilized peptide, and
subjected to impedance reading for ~800 s at 100 Hz.

Impedance Measurements with Different Bacterial
Strains and Contaminated Milk. Selectivity in detection was
performed with various bacterial strains (10° cfu mL™" each) at
a 100 Hz and 25 °C. For the real-time measurements, the
impedance versus time data were recorded for the bacterial
solutions incubated in the microfluidic channels. All experi-
ments were repeated at least three times. Contaminated milk
samples were prepared by mixing milk (100—1000 pL, 2.0%
homogenized milk) with PBS (900—0 uL) followed by addition
of L. monocytogenes, 10> cfu mL™". Milk samples with and
without bacteria were then independently incubated in the
microfluidic chambers, and impedance reading were recorded at
100 Hz at 25 °C. Finally, the sensor device was regenerated by
cleaning the microfluidic chambers (to remove all adhered
bacterial cells) with a 70% absolute ethanolic solution, followed
by rinsing with DI water and drying under nitrogen.

Data Analysis. Data analysis software is based on a
previously described algorithm,”** which is incorporated into
the IA-2 instrument user interface. The interaction chemistry
suggests that the immobilized antimicrobial peptide captures
the target cells (bacteria) at a rate that follows an exponential
function. This rate changes with time after introduction of the
target cells into the fluidic chamber. Therefore, the binding
curve at a fixed frequency is analyzed as an exponentially
varying impedance signal Z over time ¢ according to eq 1.
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1Z(t)l = B + A[1 — exp(—st)] (1)
where s, A, and B are independent constants. B is the offset at
which the exponential begins and denotes the array impedance
baseline of the target-free buffer solution. Both s and A hold
important biochemical parameters. The first is the amplitude of
the impedance signal response, and the latter is correlated to
the rate of exponential time constant associated with target
binding. The algorithm automatically extracts the kinetic
parameters from eq 1 and computes the amplitude of
impedance response corresponding to the peptide—bacteria
interactions. The curve was analyzed as an exponentially
varying impedance signal, and the parameters calculations
reflect the target concentration, sensor surface coverage, and
target binding kinetics. The analysis window was set manually
onto 1 min after sample injection in order to prevent the
mechanical disturbance caused by emptying and refilling the
microfluidic chambers from affecting the calculations. The
integrated impedance signal response (integrated area) was
calculated as the area under the binding curve starting at the
point of sample injection and ending at 1200 s.

B RESULTS AND DISCUSSION

The objective of our investigation was to explore the feasibility
of employing an antimicrobial peptide from class Ila
bacteriocins in an impedance analyzer for selective and sensitive
detection of harmful microorganisms and, in particular, L.
monocytogenes. Optimum impedance frequency range for the
detection was determined by exposing the peptide sensor to
various samples with and without target cells at different
frequencies (10—120 Hz). Figure 2A illustrates the optimum
frequency for using the AMP designed sensor in detecting
spoilage bacterial species. Although all the investigated
frequencies exhibited clear impedimetric responses to bacterial
cells, 100 Hz appeared to be the optimum frequency within the
constraints of our experimental setup.

Sensitivity. The sensitivity of microbial detection is a very
critical parameter in determining the practical applicability of
the functionalized sensor.'** To this end, the sensitivity of the
LeuA-functionalized sensor (peptide sensor) in detecting
microbial cells was probed by exposing the sensor to various
concentrations of bacteria. Figure 2B shows the results of
measurements performed after incubation of the peptide sensor
with pathogenic L. monocytogenes in concentrations ranging
from 10? to 10° cfu mL™". A “control sensor” with cysteamine-
functionalized microelectrode array treated with the same
concentrations of bacteria and a “blank” peptide sensor treated
with target-free (no bacteria) samples were also subjected to
impedance readings for comparisons. The results revealed that
varjation in the impedance signal response is directly
proportional to the number of bacterial cells bound to the
peptide sensor (LeuA-immobilized array) and that variation is
expressed in a logarithmic increase with respect to serially
diluted bacterial cells. The lowest limit of detection of this
peptide microelectrode device to L. monocytogenes was found to
be 10° cfu mL7), ie, 1 bacterium/uL, which is a clinically
significant value,** and it compares well with other detection
assays such as antibody-based impedance and AMP-based
fluorescence tests.'”*!

In order to simulate the applicability of this peptide sensor in
everyday applications and in on-site detection, the detection
was performed in a real time, without any extrinsic labels. The
dynamic parameters of the peptide—bacteria interactions were
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Figure 2. (A) Impedance spectra of the peptide sensor response to L.
monocytogenes (red) and E. faecalis (blue) at concentrations of 10° cfu
mL™" as well as its response to a PBS solution (black) at multiple
frequencies. (B) Impedance spectra of the peptide sensor response to
various concentrations of L. monocytogenes at a fixed frequency (100
Hz). A control sensor (cysteamine-functionalized sensor) was used for
comparison. Error bars show the standard deviations.

further estimated accordingly. As shown in Figure 3, impedance
microelectrodes (Figure 3A) were first functionalized with
LeuA as described in the Materials and Methods section. A
microfluidic chamber with three separate cells was then
attached to the functionalized microelectrodes, where each
cell is hosting five microelectrodes (Figure 3B). The fluidic
chambers were initially filled with buffer solution (target-free
sample, without bacteria) and subjected to impedance reading
for 400 s to determine the baseline. Subsequently, L.
monocytogenes solution (20 uL, 10° cfu mL™") was incubated
with the functionalized microelectrodes and the impedance was
measured for 800 s. The impedance response was continuously
monitored before and after injection of the bacterial samples.
As it is seen in Figure 3C, the peptide sensor produces a
measurable response to bacterial sample relative to the blank
and the control sensors. A clear signal and strong response
starts immediately after sample injection, indicating adhesion of
the bacterial cells to the immobilized peptide on the sensor
surface. The impedance shows large changes that are clearly
attributed to the binding of the immobilized AMP to the target
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Figure 3. Real-time measurements of binding of bacteria to the
peptide sensor. Panel A shows the die or impedimetric sensor
microarray with the interdigitated gold microelectrodes, whereas panel
B shows a photograph of the impedance array attached to a
microfluidic chamber. (C) Binding curves for the normalized
impedance signals from specific binding of L. monocytogenes (10° cfu
mL™") to a peptide sensor (red line) and a control sensor (green line).
The peptide sensor response to PBS was used as a blank (black dashed
line). (D) The binding curve parameter (integrated area under the
curve) for the response to L. monocytogenes binding to the peptide
sensor (red), control sensor (green), and response of PBS binding to
the peptide sensor (black). Each impedance response and calculated
area are an average calculation of five replicates; error bars indicate
corresponding standard deviations.

bacterial cells. The results are in agreement with a similar study
done by Mannoor et al,'® where they revealed that peptide
microcapacitive hybrid impedance was able to demonstrate
both Gram-selective detection and interbacterial strain differ-
entiation, while maintaining recognition capabilities toward
pathogenic strains of E. coli and Salmonella.'® The same study
was also able to reveal a detection limit of approximately 1
bacterium/uL."®

Further insight on the selectivity of the immobilized AMP
toward L. monocytogenes was achieved by analyzing the kinetic
parameters of the peptide—bacteria interactions. The integrated
area under the binding curve was algorithmically calculated for
each sensor, and a representative graph is plotted in Figure 3D.
Clearly, the integrated areas show a strong correlation between
specific binding of the peptide sensor to L. monocytogenes and
the physical adsorption to the control sensors.

Selectivity. We investigated the selectivity in binding of the
AMP-functionalized sensor toward various bacterial species and
determined the binding kinetics of each strain. In particular,
binding affinity of the peptide sensor was explored against four
Gram-positive strains, namely, L. monocytogenes, L. innocua, E.
faecalis, and S. aureus. In a previous study, we have shown the
capability of surface immobilized with a short segment of class
Ila bacteriocin (LeuA) to bind selectively to Gram-positive
strains at high concentrations using fluorescence microscopy
methods.”> The method, however, did not demonstrate high
sensitivity, nor did it show capability for label-free multiplexed
detection of different strains in real time.”® This study on the
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other hand demonstrates that combining the antimicrobial
peptide with the impedance spectroscopy allows discrimination
between various bacterial species at a concentration of 10° cfu
mL™". Figure 4A reveals a real-time impedimetric response of
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Figure 4. (A) Real-time impedimetric response of the peptide sensor
to various bacterial species ( 10° cfu mL™") at 100 Hz. The red, blue,
green, and orange signals correspond to the peptide sensor response to
L. monocytogenes (LM 43256), E. faecalis, L. innocua, and S. aureus,
respectively. The pink-colored signal is the control sensor response to
L. monocytogenes, and the dashed black line is the peptide sensor signal
against the PBS solution. (B) The binding curve parameter (integrated
area under the curve) for impedance sensor responses to the
corresponding strains. Note that each impedance response is an
average calculation of five replicates and error bars indicate
corresponding standard deviations.

the peptide sensor to various bacterial species at 100 Hz. The
red signal corresponds to peptide sensor response to L.
monocytogenes, while the blue, green, and orange represent the
peptide sensor interactions for E. faecalis, L. innocua, and S.
aureus, respectively. The peptide sensor clearly displays the
highest impedimetric signal response against L. monocytogenes,
where the amplitude is increased from 500 € at the baseline to
reach ~2.4 x 10* Q. The next uppermost impedance signal was
observed for E. faecalis, where impedance shifted to nearly 1.8 X
10* Q from its starting point after the sample injection. Finally,
impedance reached 1.43 X 10* and 1.35 X 10* Q due to peptide
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sensor responses to both L. innocua and S. aureus, respectively.
The variation in the impedimetric responses between bacterial
strains is attributed to a number of potential factors. For
instance, differential expression level of the man-PTS receptors
on the surface of the target cells from one strain to another
would give rise to different binding sensitivity of the
immobilized AMP to bacterial strains, which thereby lead to
distinctive impedance sensor responses. Indeed, few studies
have recently shown that number of the molecular receptors at
the cellular membrane of the bacterial cells play crucial role in
peptide—bacteria interactions and that biological activity of the
AMP depends on the level of the expressed receptors at the
bacterial cell membrane.*>**** Likewise, Kjos et al. showed that
the level of bacteriocin susceptibility of the bacterial cell was
predominantly dictated by differences in expression of man-
PTS proteins and that bacteriocin sensitivity can vary within the
same species, due to differential expression levels of the same
man-PTS receptor.’” Class Ila bacteriocins bind the man-PTS
receptor; therefore, these AMPs can be used mainly for
detecting Gram-positive strains that express man-PTS on their
surface. Class Ila bacteriocins are inactive against Gram-
negative bacteria, and man-PTSs are not found in eukaryotes;
therefore, these peptides are highly specific for Gram-positive
strains. However, this class of AMPs may not differentiate
between strains that express same number and type of man-
PTS receptors.

The algorithm®® we used allowed obtaining further insight of
the peptide—bacteria interactions by extracting the kinetic
parameters of the peptide sensor responses to bacterial species.
The integrated areas under the binding curve of each strain that
interacts with the immobilized AMP were calculated and
graphically plotted in Figure 4B. In agreement with the real-
time measurements, the integrated areas showed that the
highest area accounted for peptide sensor response to binding
of L. monocytogenes to the immobilized AMP.

For a comparative quantification of binding of the different
species to the peptide sensor, the parameters A, s, and A X s
were algorithmically calculated for the different bacterial species
(Supporting Information Figure S1). The intended parameters
revealed the target concentration, sensor surface coverage, as
well as the binding kinetics. While the amplitude A is
proportional with the sensor surface converge of the target
cells and indicative to the affinity of the analytes—receptor
interactions, the time constant (s value) is relative to the
binding rate constant, which is in fact independent of the
amplitude A. The A X s value represents the initial rate of
binding. We can infer that a combination of both parameters A
and s provided a signature of the binding event and allowed one
to obtain further comprehensive characteristic of peptide—
target binding behavior.

Real-Time Detection in Milk Samples. In order to
investigate the applicability of the present AMP-based sensor
array in real-life applications, we have used it for detection of
bacteria in artificially contaminated milk sample. First, we
optimized the milk concentration for the impedimetric
detection. Unlike the PBS, the milk has a very high molecular
density due to its components from fats, sugars, enzymes, and
proteins. Those components, unfortunately, could cross-react
and interfere with the target cells in the detection and lead to
false positive or negative results.”> For these reasons, a
concentration of 10° cfu mL™" of L. monocytogenes was
artificially incubated with a number of serially diluted milk
samples ranging from 10% to 100% in PBS solution. An aliquot
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(20 pL) from each sample was incubated with the AMP-
fabricated microelectrodes in the impedance microfluidic
chamber, and the impedance measurements were carried out
for 800 s at 100 Hz. The optimization of the assay was
performed through the analysis of the amplitude of specific
binding versus nonspecific (controls) signals (Figure SA). The
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Figure S. (A) Signal response ratios of specific targets (peptide—
bacteria) vs controls (cysteamine—bacteria and peptide—PBS). The
red curve corresponds to the ratio of amplitude of peptide—bacteria
interaction (peptide sensor) and cysteamine—bacteria (control sensor)
interaction, whereas the blue signal correlates to the ratio of amplitude
of peptide—bacteria interaction (peptide sensor) and peptide—PBS
(blank) interaction. Ratios were calculated at different milk
concentrations (10—100% milk in PBS). (B) Real-time label-free
detection of L. monocytogenes (10° cfu mL™") in 10% milk at 100 Hz.
Impedance response was recorded for the peptide sensor when
exposed to contaminated milk (red) or pure milk (green, no bacteria),
as well as for the control sensor (cysteamine) when exposed to
contaminated milk (dashed cyan). Each impedance response is an
average calculation of five replicates, and error bars indicate
corresponding standard deviations.

calculated ratio of specific and nonspecific signal amplitude
shows an optimum at 10% milk in PBS (1:9). In contrast, plain
milk with 100% concentration shows a very different pattern
and depraved signal response indicating interference. Milk
proteins and fats beside other components seem to interact
nonspecifically with the peptide sensor and lead to strong
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impedance changes. In fact, it has been previously shown that
milk components nonspecifically interact with the impedance
response of the interdigitated electrodes giving rise to an
increase in the resistance.*>~*° Furthermore, high density of fats
and proteins could raise the possibility of peptide—protein and/
or peptide—lipid interactions that could lead to false positive
results.***

Figure SB depicts a real-time label-free detection of L.
monocytogenes (10° cfu mL™") in 10% milk sample at 100 Hz.
The curves showed sufficient resolution on impedance
responses between milk and contaminated milk. Also, the
control sensor displayed much less response compared to the
peptide sensor when subjected to contaminated milk sample.
Analysis of the binding curve parameters, such as integrated
area (Supporting Information Figure S2A), amplitude A
(Supporting Information Figure S2B), time constant s
(Supporting Information Figure S2C) as well as the initial
rate of binding A X s (Supporting Information Figure S2D),
revealed further substantial resolutions with approximately 3—
4-fold difference between the peptide senor responses to
bacterial samples and the controls. The experiment establishes
that the sensor responses show significant nonspecific
adsorption of the fats, proteins, and carbohydrates present in
the milk with no clear detection of bacteria at high density of
the milk. On the other hand, at a concentration of 10% milk/
PBS, the peptide sensor was able to provide excellent specific/
nonspecific resolution and detect L. monocytogenes at very low
level of concentration.

Sensor Array Regeneration. The microelectrode array
was regenerated through vigorously washing the microfluidic
chamber with 70% ethanol solution in order to completely
remove all adhered bacterial cells and making the functionalized
array accessible for the next detection process. The array
performance after regeneration was evaluated against L.
monocytogenes at a concentration of 10° cfu mL™" in 1X PBS
solution at a fixed frequency. Supporting Information Figure S3
shows the dependence of assay parameters A, s, and A X s on
the number of array reuses. The amplitude A declined rapidly
after the third reuse to approximately 50% of the initial value.
The time constant and the initial binding have also changed
erratically from the first time use. It may be that the excessive
use of ethanol for washing the cells from the sensor surface
damaged the sensor array electrical properties and led to
improper integration of the results. These results suggest that
the steps for regeneration of the peptide-immobilized micro-
electrode array need optimization. Milder conditions such as
use of 40% ethanol twice could preserve array performance.

Owing to the selective nature of the interaction of class Ila
bacteriocins with pathogenic bacteria, specifically L. mono-
cytogenes,”*® the discrimination of multiple species of
pathogenic Gram-positive bacteria has been achieved in buffer
solutions. However, it has been very challenging to detect
bacteria in pure milk samples. Future work will focus on
obtaining a well-defined discrimination pattern between
bacterial species in milk samples and other food products.
The approach will involve exploring different strategies to
improve sensitivity and selectivity via employing alternative
techniques for covalent immobilization of the AMPs,
investigating multiligands, and using other sensor platforms in
parallel to achieve better detection limit with relevant selectivity
using a multimodal approach.
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Bl CONCLUSION

An impedimetric biosensor platform for bioaffinity assay was
developed based on a real-time, label-free detection using
antimicrobial peptide from class Ila bacteriocins. The biosensor
was capable of distinguishing between closely related bacterial
strains and was able to detect very low concentration of L.
monocytogenes with limits of detection as low as 10° cfu mL™,
or 1 bacterium/puL—a clinically relevant limit. The data analysis
algorithm extracted multiple parameters of binding curve
kinetics, all of which were essential for analysis of target—
peptide interactions in real time. This fully integrated AMP-
based sensor array can be potentially used for detection of a
wide range of analytes of practical significance and has the
prospective of use as a robust, portable biosensor device to
efficiently detect pathogenic strains in food samples.
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