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Abstract: The rapid and reliable detection of pathogenic bacteria remains a significant chal-
lenge in clinical microbiology. Consequently, the demand for simple and rapid techniques,
such as antimicrobial peptide (AMP)-based sensors, has recently increased as an alternative
to traditional methods. Melittin, a broad-spectrum AMP, rapidly associates with the cell
membranes of various gram-positive and gram-negative bacteria. It also inhibits bacterial
biofilm formation in blood culture media. In our study, bacterial growth was measured
using electrical vertical-capacitance sensors with interdigitated electrodes functionalized
with melittin, a widely studied AMP. The melittin-immobilized vertical-capacitance sen-
sors demonstrated real-time detection of both standard and clinically isolated bacteria
in media. Furthermore, these sensors successfully detected clinically isolated bacteria in
blood culture media while inhibiting bacterial biofilm formation. Melittin-immobilized
vertical-capacitance sensors provide a rapid and sensitive pathogen detection platform,
with significant potential for improving patient care.

Keywords: antimicrobial peptides; melittin; clinical bacteria detection; vertical-capacitance
sensor; anti-biofilm formation

1. Introduction

Pathogenic bacterial infections are associated with various issues that affect human
quality of life and cause serious diseases such as sepsis [1]. Traditional methods for detecting
these pathogenic bacteria rely on the analysis of colony-forming units after bacterial culture
and nucleic acid detection using polymerase chain reaction (PCR) and mass spectrometry.
However, these techniques are often labor-intensive, time-consuming, and challenging to
integrate into comprehensive evaluation methods. To address these limitations, various
biosensors with enhanced specificity and sensitivity have been developed for the detec-
tion and identification of pathogenic bacteria [2]. The principle of biosensors involves
converting the interactions between pathogenic bacteria and corresponding biorecognition
elements such as antibodies [3], aptamers [4], clustered regularly interspaced short palin-
dromic repeats (CRISPR)/CRISPR-associated nucleases [5], and antimicrobial peptides
(AMPs) [6] into electrochemical signals (e.g., impedance, capacitance) [7,8] or optical signals
(e.g., fluorescence, surface-enhanced Raman scattering) [9,10]. Antibody- or aptamer-based
detection biosensors offer high selectivity owing to specific interactions, such as antigen-
antibody interactions, thus demonstrating versatility and utility in molecular and cellular
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analyses and in selective ligand binding by aptamers [11]. However, antibody-based de-
tection sensors have several limitations challenging in situ use, including the high cost of
monoclonal ligands and their instability in harsh environments [12]. In contrast, aptamer-
based detection sensors exhibit remarkable tolerance to extreme environmental conditions
because of their relatively rigid nucleic acid backbones [13]. Nevertheless, isolating ap-
tamers with high affinity and specificity is often costly, and all pathogenic bacteria may
not be targetable by the isolated aptamers because of the diverse array of potential targets,
reflecting the complexity of bacterial cell surfaces [14].

Recently, AMPs have been immobilized on interdigitated electrodes or magnetic
nanoparticles to capture and detect pathogenic bacteria such as Escherichia coli [15],
Pseudomonas aeruginosa [16], and Listeria monocytogenes [17] in biosensing systems [18,19].
AMPs offer several advantages as cost-effective components in biosensor development
because of their broad-spectrum interactions with diverse pathogens, including bacteria,
fungi, and viruses that possess lipoprotein envelopes [15]. The application of AMPs in
biosensors relies on their ability to interact with bacterial cell-membrane components via
hydrogen bonding, hydrophobic interactions, and electrostatic forces [20].

AMPs are highly stable under extreme environmental conditions and can semi-
selectively bind to the cell surface of gram-negative species [21]. Certain AMPs have
shown efficacy against pathogenic bacteria even under harsh autoclaving conditions and
in the presence of chemical denaturants [22,23]. Additionally, AMPs provide a significant
advantage as recognition elements for the detection of pathogenic bacteria because of
their broad-spectrum activity [24]. Melittin, a cationic amphipathic molecule consisting
of 26 amino acids, is known for its antibacterial activity and the ability to inhibit biofilm
formation. Its structure includes polar and positively charged groups and hydrophobic
regions, which facilitate interactions with negatively charged phospholipids in bacterial
lipid bilayers [25,26]. Consequently, melittin exhibits exceptional broad-spectrum activity
against both gram-positive and gram-negative bacteria [18].

The biorecognition layer in vertical-capacitance biosensors faces challenges related
to the non-specific binding of small molecules in culture media. In blood culture media,
non-specifically precipitated blood cells can interact with the recognition layer and form
biofilms on the surface. To address this issue, vertical-capacitance sensors have been
designed with a reduced gap between the glass substrate and gold electrode, thereby
minimizing the recognition layer [7]. However, the total area of the recognition layer in the
vertical-capacitance biosensor remains unchanged.

In this study, the enhanced bacterial-capture capability of melittin was incorporated
into the recognition layer of a vertical-capacitance biosensor. Biofilm formation poses a
substantial challenge during bacterial detection in blood culture media using biosensors
by creating a protective barrier on the surface [27-29]. Therefore, we hypothesized that
a vertical-capacitance biosensor functionalized with melittin could effectively capture
clinical bacteria. To test this hypothesis, we prepared a vertical-capacitance biosensor with
melittin immobilized on the sensor surface between the electrodes (Figure 1). The melittin-
immobilized vertical-capacitance sensor effectively captured both standard and pathogenic
bacteria, as evidenced by real-time capacitance changes and bacterial growth measurements
at different concentrations in the media. Additionally, the bacterial capture capabilities of
the sensor were confirmed through real-time bacterial growth measurements in blood.
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Figure 1. (a) Schematic of 10 um wide gold electrodes with interdigitated with 10 pm glass sub-
strate immobilized with melittin. The optical image shows bacteria captured on the glass substrate.
(b) A vertical-capacitance sensor attached vertically to a 2 mL bottle. The inset shows a vertical-
capacitance sensor.

2. Methods
2.1. Reagents, Bacterial Cells, and Sensor Fabrication

3-(Aminopropyl)triethoxysilane (APTES), succinic anhydride (54),
N-hydroxysulfosuccinimide sodium salt (Sulfo-NHS), 1-(3-dimethyl-aminopropyl)-3-ethyl-
carbodiimide (EDC), 2-(N-morpholino)ethanesulfonic acid solution (MES), and melittin
were purchased from Sigma-Aldrich® (St. Louis, MO, USA). The bacterial species used are
presented in Table 1. Standard bacterial cell strains were obtained from the American Type
Culture Collection (Manassas, VA, USA). Clinically isolated bacterial cells were provided
by Yonsei University Severance Hospital (Seoul, Republic of Korea). Before measurement,
all bacterial strains were sub-cultured on blood agar plates (KOMED Life Science Co.,
Ltd., Seoul, Republic of Korea) for 24 h. Mueller-Hinton broth (BD Biosciences, CA, USA)
was used as the growth medium. For bacterial cell cultivation and growth, blood culture
medium was prepared by mixing sheep blood (Synergy Innovation Co., Ltd., Gyeonggi-Do
Republic of Korea) and distilled water with 0.8% bacto supplement (Difco & BBL). This
study was approved by the Institutional Review Board of Severance Hospital (Yonsei
University Health System; IRB No. 4-2017-1179).

Table 1. Bacterial strains used in the study.

Species of Bacteria Standard Bacteria Clinically Isolated Bacteria
Gram-negative bacteria
E. coli ATCC 25922 B12327, U6267, U556, U5307
P. aeruginoa ATCC 27853 PAEI1, PAE2, PAE3
Gram-positive bacteria
S. aureus ATCC 29213 182, C970, P101

E. faecalis ATCC 29212 U5176, U4879, U5064, B12138, U5554
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A vertical-capacitance sensor array was fabricated on a glass substrate. Interdigitated
Au electrodes of 10 um width and 10 um spacing were patterned using photolithography
(Figure 1a), followed by the physical vapor deposition of a Cr/Au layer (5 nm/50 nm) and
lift-off techniques. For bacterial culture, the lid of 2 ml vial was attached to the array sensor
and sealed using epoxy. Before bacterial inoculation, the vertical-capacitance sensor array
was cleaned with 70% ethyl alcohol.

For melittin immobilization on the surface of the biosensor, self-assembled mono-
layer carboxylated sensors were bioconjugated with melittin as described before, with
suitable modifications [7,8,11]. Melittin was covalently immobilized on the capacitance
biosensor surface by carbodiimide/N-hydroxysuccinimide coupling. Briefly, the prepared
self-assembled monolayer carboxylated sensors were treated with a series of 0.4 mM APTES
and 0.4 mM SA in ethanol for 12 h to activate carboxylic groups. Subsequently, the ca-
pacitance sensors were washed several times with distilled water, to which a solution of
melittin (100 uL, 1 mg/mL) with 0.3 mM EDC and 0.3 mM Sulfo-NHS in 1 M MES was
added and incubated for 24 h at room temperature. The uncoupled melittin was washed
thoroughly with distilled water.

2.2. Data Collection

To induce bacterial growth, the bacterial solution (1 mL each of 109, 101, 102, and
103 CFU/mL) was added to the 2 mL vials in the vertical-capacitance sensor array con-
taining blood culture solution (sheep blood:growth medium = 1:4, Figure 1b). The array
was subsequently mounted onto an impedance analyzer (Cantis Co., Seoul, Republic of
Korea) (Figure S1), which could simultaneously measure the capacitances of 16 sensors.
The capacitance, impedance, and conductance were assessed using an LCR meter (Agi-
lent 4284A, Santa Clara, CA, USA) with a peak-to-peak alternating current (AC) signal
of 10 mV, across a frequency range from 0.5 to 200 kHz. The capacitance sensors were
maintained inside an incubator, and the LCR meter was placed outside the incubator; they
were connected via electrical connectors mounted on the incubator side and maintained
at 37 °C. The capacitance, impedance, and conductance were measured simultaneously
across the sensors using a data acquisition/switching unit (Agilent 34970A) connected to
the LCR meter. The data were collected from each sensor every 990 s.

3. Results and Discussion
3.1. Vertical-Capacitance Sensor Characteristics

We evaluated the frequency dependence of the capacitance before and after the im-
mobilization of melittin onto the surface of the vertical-capacitance sensor in bacteria-free
culture medium and in standard bacterial solutions applied to the biosensor surface fol-
lowing melittin immobilization. Consistent with the findings of previous studies, the
immobilization of melittin on the sensor surface increased the capacitance (Figure 2a).
The capacitance decreased as the frequency increased. These results suggest that melittin
was successfully immobilized on the sensor surface, enabling the recognition of bacteria
through its interaction with bacterial cell surfaces. The binding of both melittin and bacteria
to the sensor enhanced its overall capacitance.

During bacterial growth, the changes in capacitance over time were monitored at
a frequency of 0.5 kHz. The difference in the capacitance values between the bacteria-
free medium and bacterial solutions increased following the addition of various bacterial
solutions in the melittin-immobilized vertical-capacitance sensor at a concentration of
103 CFU/mL (Figure S2) and 10° CFU/mL (Figure 2b), which is the concentration frequently
used for bacterial detection [30,31]. In this context, Cy represents the initial capacitance
value. At the beginning of the measurements, the capacitance remained almost constant.
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However, it increased rapidly after approximately 4 h and then stabilized. The normalized
capacitance (C/Cp) curves, corresponding to the characteristic three phases of bacterial
growth, were clearly observed. The lag and exponential phases of the bacterial growth
curves were distinct, whereas the start of the stationary phase was dependent on the
bacterial species. At this stage, the C/Cy value indicated that most of the melittin on
the sensor surface was bound to bacteria. Once the sensor surface was fully occupied by
bacteria, the capacitance was expected to remain relatively constant despite additional
bacterial growth.
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Figure 2. (a) Frequency—dependent capacitance measurements of the vertical —capacitance sensor in
bacteria—free medium. Hollow black squares represent the values before melittin immobilization
and solid black squares represent those after immobilization. The color symbols indicate the data
collected from the melittin-immobilized vertical —capacitance sensor and 1 x 10° CFU/mL bacterial
solutions. Black symbols indicate the data collected from bacteria—free medium in the sensor
immobilized with melittin. Red circles, E. coli; blue upward —pointing triangle: P. aeruginosa; Magenta
downward —pointing triangle: S. aureus; Green diamond: E. faecalis. (b) Real—time capacitance
measured for the melittin-immobilized capacitance array cultured with 1 x 10° CFU/mL of different
bacterial species. (c) Real—time capacitance measured for the melittin—immobilized capacitance array
during the cultivation of E. coli at varying concentrations. (d) Real-time capacitance measured for the
melittin—immobilized capacitance array during the cultivation of S. aureus at varying concentrations.
The data are presented as the mean =+ standard deviation, with a sample size of n > 3.

For practical applications, bacterial detection should achieve limits ranging from 10
to 10° CFU/mL [32,33]. To explore the relationship between real-time capacitance and
bacterial concentration, measurements were conducted using melittin-immobilized sensors
with E. coli and S. aureus at concentrations ranging from 10 to 10> CFU/mL. Figure 2c
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shows that higher bacterial concentrations yielded a more rapid increase in C/Cy values
during the early stages of measurement and overall higher C/Cy values. When the sensor
surface was fully occupied by E. coli, the capacitance stabilized despite the continued
bacterial growth. Additionally, the real-time capacitance data collected at a concentration of
10 CFU/mL were distinguishable from those of the bacteria-free medium. These findings
suggest that the melittin-immobilized capacitance sensor is capable of detecting very low
bacterial concentrations (potentially less than 10 CFU/mL).

Similar measurements were performed with S. aureus (Figure 2d). Capacitance in-
creased more slowly for S. aureus than for E. coli, likely because of its smaller size and
lower affinity for melittin. Although the C/Cj ratio gradually increased during the sta-
tionary phase, real-time capacitance measured at a concentration of 10 CFU/mL was
distinguishable from that of the bacteria-free medium. These results indicate that the
melittin-immobilized vertical-capacitance sensor is suitable for real-time monitoring of
bacterial growth.

3.2. Real-Time Pathogenic Bacterial Detection in Media

Pathogenic bacteria of some species have complex cell surface structures. However, as
reported by Terwilliger et al., melittin interacts with phospholipid molecules in the bilayer
of both gram-positive and gram-negative bacterial cell membranes [28]. Therefore, we
further investigated the selectivity of the melittin-immobilized vertical-capacitance sensor
by conducting additional measurements using clinically isolated bacterial solutions of
E. coli, S. aureus, P. aeruginosa, and E. faecalis at f = 0.5 kHz, as shown in Figure 3.
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Figure 3. Real-time capacitance changes observed in a melittin-immobilized vertical-capacitance
sensor treated with 1 x 10> CFU/mL with standard bacteria (dot line) and 1 x 10° CFU/mL of
clinically isolated bacteria (solid line) of (a) E. coli, (b) P. aeruginosa, (c) S. aureus, and (d) E. faecalis in
media at f = 0.5 kHz. The data are presented as the mean = standard deviation, with a sample size
ofn>3.
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For the gram-negative bacteria E. coli and P. aeruginosa, the selectivity of the clinically
isolated bacteria was similar to that of the standard bacteria at 4-8 h, except for E. coli U556
(Figure 3a,b). In contrast, for the clinically isolated gram-positive bacteria S. aureus and
E. faecalis, selectivity was observed later than for standard bacteria (Figure 3c,d).

Our results align with those of Wilson et al., who demonstrated greater sensitivity
of gram-negative bacteria (e.g., E. coli) to melittin than gram-positive bacteria (e.g., S. au-
reus) [28]. However, because of the high affinity of melittin, clinically isolated bacteria can
be detected within 14 h through real-time capacitance changes. These results support the
potential of the melittin-immobilized vertical-capacitance sensor for detecting pathogenic
bacteria, regardless of the species.

3.3. Real-Time Detection of Pathogenic Bacteria in Blood

We prepared an aptamer-immobilized vertical-capacitance sensor using previously
reported methods [7,8] and measured real-time capacitance changes in both aptamer- and
melittin-immobilized capacitance sensors using a 10> CFU/mL E. coli ATCC 25922 solution
in blood culture media at a frequency of 0.5 kHz. As shown in Figure 4a, no capacitance
difference was observed during the initial period; however, the sensitivity of the melittin-
immobilized sensor became higher than that of the aptamer-immobilized sensor over time.
Biofilm formation on both aptamer- and melittin-immobilized capacitance sensors was

demonstrated using a staining method.

1.20 T . . T T (b) Aptamer Melittin
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Figure 4. (a) Real-time capacitance changes measured for the aptamer or melittin-immobilized
vertical-capacitance sensor treated with 1 x 10> CFU/mL standard E. coli. The data are presented
as the mean + standard deviation, with a sample size of n > 3. (b) Images of biofilm formation
on aptamer- or melittin-immobilized sensors stained with crystal violet after 18 h. (c) Schematic of
biofilm formation on aptamer- or melittin-immobilized sensors.

Less biofilm formation was observed on the melittin-immobilized capacitance sensor
than on the aptamer-immobilized capacitance sensor (Figure 4b). Based on these results, we
considered that bacterial detection in blood culture media using the melittin-immobilized
vertical-capacitance sensor might be advantageous because of the enhanced bacterial mo-
bility in blood culture media and reduced interference from biofilm formation (Figure 4c).

Before incubating clinically isolated bacteria in blood culture media, we assessed the
frequency dependence of capacitance, impedance, and conductance in bacteria-free culture
medium and blood culture media with different blood-to-broth ratios (1:50 and 1:100),
both before and after melittin immobilization on the vertical sensor surface (Figure 5).
Consistent with the findings of previous studies, we observed that as frequency increased,
capacitance and impedance decreased whereas conductance increased [7,8,11]. Following
melittin immobilization, both the capacitance and conductance increased in the bacteria-free
medium and blood culture media, whereas the impedance decreased.



Sensors 2025, 25,12

8of11

(@)

(b)

. : : (€)  so00 : :
7E84 | —=—w/o MLT media | 1.2E.3.] —%— W/o MLT media ] —=— w/o MLT media
\ —=—w/o MLT 1:50 —=— w/o MLT 1:50 —=—w/o MLT 1:50 |
—=—w/oMLT 1:100 —=— w/o MLT 1:100 ﬁ 1 —a—w/o MLT 1:100
6E-8 -| —o— W/ MLT media | 1.0E.3] —°— W/ MLT media f | —o—w/ MLT media
—O—W/MLT 1:50 : —o—w/ MLT 1:50 6000 4 —o— W/ MLT 1:50 |
-~ —o—W/MLT 1:100 a —o—w/ MLT 1:100 —o—w/MLT 1:100
= 1 ~= 8.0E4- 1 QG
3 3 o
O 4e8- .
c C 6084 1 ©Q 40004 J
© 1] c
b T4 ']
'O 3ES 1 9 o]
'l .g 4.0E-4 - . ]
o = o
8 2E-8 ) £ 2000 1
O 2.0E-4- {4 -
1E-8 1
0.0 _
0 T T T T 0 T T
1 10 1 10 1 10
Frequency (kHz) Frequency (kHz) Frequency (kHz)
Figure 5. Frequency —dependence behavior of (a) capacitance, (b) conductance, and (c) impedance in
bacteria—free medium and blood culture media of different blood:broth ratios (1:50 and 1:100) before
and after immobilizing melittin on the vertical —capacitance sensor surface.
The standard procedure for culturing blood involved inoculating 5 mL of blood into
50 mL of broth, resulting in a blood-to-broth ratio of 1:10. Previous reports indicated that
common pediatric pathogens can be recovered without delay from blood volumes as low as
0.5 mL cultured in media with blood-to-broth ratios of up to 1:100 [31]. We monitored the
real-time capacitance at a frequency of 0.5 kHz while culturing clinically isolated S. aureus
bacteria at a concentration of 102 CFU/mL in blood culture media. Figure 6, Figures S3
and 54 show the frequency dependence of capacitance, impedance, and conductance of the
melittin-immobilized vertical sensor at 0 and 18 h after culturing S. aureus in medium and
blood culture media (blood-to-broth ratios of 1:50 and 1:100, respectively).
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Figure 6. Frequency-dependence behavior of the capacitance in a melittin-immobilized vertical-
capacitance sensor with (a) standard and (b—d) clinically isolated S. aureus strain (1 x 10° CFU/mL)
in culture media of different blood:broth ratios (1:50 and 1:100).

After 18 h of incubation, the capacitance and conductance increased, whereas the
impedance decreased in both the medium and blood culture media (blood-to-broth ratios
of 1:50 and 1:100). The capacitance, impedance, and conductance in the blood culture
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medium (1:50) exhibited large differences after 18 h of incubation at a low frequency.
Additionally, significant differences in the capacitance, impedance, and conductance values
were observed in the blood culture medium at a 1:100 ratio.

Figure 7 illustrates the changes in real-time capacitance measured at a frequency of
0.5 kHz while culturing standard and clinically isolated strains of E. coli and S. aureus in
blood culture media (blood-to-broth ratios of 1:50 and 1:100) at 10> CFU/mL. The capaci-
tance values changed more rapidly in the blood culture medium with a 1:50 ratio than in
that with a 1:100 ratio, likely because of the higher availability of nutrients for bacterial
growth. Additionally, Figure 7a,b demonstrates the capability of the vertical-capacitance
biosensor immobilized with melittin to measure very small blood samples directly.
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Figure 7. Real-time capacitance measured in a melittin-immobilized vertical-capacitance sensor
with 1 x 103 CFU/mL of E. coli or S. aureus in varying ratios of blood culture media (a,c) 1:50 and
(b,d) 1:100. The real-time capacitance was measured at f = 0.5 kHz. The data are presented as the
mean =+ standard deviation, with a sample size of n > 3.

4. Conclusions

In this study, we demonstrate the effectiveness of the AMP melittin as a potent capture
ligand for clinical bacteria in vertical-capacitance biosensors. We demonstrated melittin to
be a powerful ligand for clinical bacteria in detection-sensing applications. They are not
only well suited for detecting pathogenic bacteria in standard culture media but also enable
bacterial detection in blood without any loss of activity during the process. In addition,
considering the challenge posed by biofilm formation on the surface of bacterial biosensors,
using a melittin-immobilized capacitance biosensor quickly and selectively detects the pres-
ence of bacteria with high sensitivity in blood. Therefore, a vertical-capacitance biosensor
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immobilized with melittin holds great promise for medical diagnostic applications aimed
at preventing the spread of highly infectious diseases.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/s25010012 /51, Figure S1: Photograph of the vertical-capacitance
sensor measurement system. A 16-channel array was mounted on the incubator and maintained at
37 °C; Figure S2: Frequency-dependence behavior of capacitance in melittin-immobilized vertical-
capacitance sensor with (a) standard and (b—d) clinical isolates of S. aureus (1 x 103 CFU/mL) in
blood media with different blood:broth ratios (1:50 and 1:100). Figure S3: Frequency-dependence
behavior of capacitance in melittin-immobilized vertical-capacitance sensor with (a) standard and
(b—d) clinical isolates of S. aureus (1 x 103 CFU/mL) in blood media with different blood:broth ratios
(1:50 and 1:100). Figure S4: Frequency-dependence behavior of impedance in melittin-immobilized
vertical-capacitance sensor with (a) standard and (b—d) clinical isolates of S. aureus (1 x 10° CFU/mL)
in blood media with different blood:broth ratios (1:50 and 1:100).

Author Contributions: Conceptualization, S.-M.L.; writing-original draft preparation, S.-M.L.;
writing-review and editing, S.-M.L.; formal analysis, K.-S.L. and J.-H.S.; writing-review, K.-H.Y.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Advanced Technology Center Program funded by the
Ministry of Trade, Industry, and Energy of the Republic of Korea, grant number 20008864, and the
Basic Science Research Program through the National Research Foundation of Korea funded by the
Ministry of Science, grant numbers 2020R1A202011942 and 2020R1A2C1006092.

Institutional Review Board Statement: This study was approved by the Institutional Review Board
of Severance Hospital (Yonsei University Health System; IRB No. 4-2017-1179).

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Materials.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

Deng, H.; Kong, Y.; Zhu, J; Jiao, X.; Tong, Y.; Wan, M.; Zhao, Y.; Lin, S.; Ma, Y.; Meng, X. Proteomic analyses revealed the
antibacterial mechanism of Aronia melanocarpa isolated anthocyanins against Escherichia coli O157: H7. Curr. Res. Food Sci.
2022, 5, 1559-1569. [CrossRef]

Law, ] WE,; Mutalib, N.S.A.; Chan, K.G.; Lee, L.H. Rapid methods for the detection of foodborne bacterial pathogens: Principles,
applications, advantages and limitations. Front. Micobiol. 2015, 12, 770. [CrossRef]

Mamun, M.A.; Wahab, Y.A.; Hossain, M.A.M.; Hashem, A.; Johan, M.R. Electrochemical biosensors with Aptamer recognition
layer for the diagnosis of pathogenic bacteria: Barriers to commercialization and remediation. Trends Anal. Chem. 2021, 145, 116458.
[CrossRef]

Techakasikornpanich, M.; Jangpatarapongsa, K.; Polpanich, D.; Zine, N.; Errachid, A.; Elaissari, A. Biosensor technologies:
DNA-based approaches for foodborne pathogen detection. TrAC Trends Anal. Chem. 2024, 180, 117925. [CrossRef]

Lu, Y;; Yang, H.; Bai, J.; He, Q.; Deng, R. CRISPR-Cas based molecular diagnostics for foodborne pathogens. Crit. Rev. Food.
Sci. Nutr. 2024, 64, 5269-5289. [CrossRef]

Cuntin-Abal, C.; Jurado-Sanchez, B.; Escarpa, A. Playing with biological selectivity: Antimicrobial peptides and bacteriophages-
based optical biosensors for pathogenic bacteria detection. TrAC Trends Anal. Chem. 2024, 172, 117925. [CrossRef]

Song, ].H.; Lee, S.M.; Park, L.H.; Yong, D.; Lee, K.S.; Shin, ].S.; Yoo, K.H. Vertical capacitance aptasensors for real-time monitoring
of bacterial growth and antibiotic susceptibility in blood. Biosens. Bioelectron. 2019, 143, 111623. [CrossRef]

Lee, K.S.; Lee, SM.; Oh, J.; Park, L.H.; Han, M.; Yong, D.; Lim, K.J.; Shin, J.S.; Yoo, K.H. Electrical antimicrobial susceptibility
testing based on aptamer-functionalized capacitance sensor array for clinical isolates. Sci. Rep. 2020, 10, 13709. [CrossRef]

Liu, S;; Lu, E; Chen, S.; Ning, Y. Graphene oxide-based fluorescent biosensors for pathogenic bacteria detection: A review.
In Analytica Chimica Acta; Elsevier: Amsterdam, The Netherlands, 2024; p. 343428.

Zhang, B.; Asad Rahman, M,; Liu, J.; Huang, J.; Yang, Q. Real-time detection and analysis of foodborne pathogens via machine
learning based fiber-optic Raman sensor. Measurement 2023, 217, 113121. [CrossRef]


https://www.mdpi.com/article/10.3390/s25010012/s1
https://www.mdpi.com/article/10.3390/s25010012/s1
https://doi.org/10.1016/j.crfs.2022.09.017
https://doi.org/10.3389/fmicb.2014.00770
https://doi.org/10.1016/j.trac.2021.116458
https://doi.org/10.1016/j.trac.2024.117925
https://doi.org/10.1080/10408398.2022.2153792
https://doi.org/10.1016/j.trac.2024.117565
https://doi.org/10.1016/j.bios.2019.111623
https://doi.org/10.1038/s41598-020-70459-3
https://doi.org/10.1016/j.measurement.2023.113121

Sensors 2025, 25, 12 11 of 11

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

Jo, N.; Kim, B.; Lee, S.M.; Oh, J.; Park, L.H.; Lim, K.J.; Shin, ].S.; Yoo, K.H. Aptamer-functionalized capacitance sensors for real
real-time monitoring of bacterial growth and antibiotic susceptibitility. Biosens. Bioelectron. 2018, 102, 164-170. [CrossRef]

Li, Y,; Afrasiabi, R.; Fathi, F.; Wang, N.; Xiang, C.; Love, R.; She, Z.; Kraatz, H.B. Impedance based detection of pathogenic E. coli
0157:H7 using a ferrocene-antimicrobial peptide modified biosensor. Biosens. Bioelectron. 2014, 58, 193-199. [CrossRef] [PubMed]
Eaton, B.E.; Gold, L.; Zichi, D.A. Let’s get specific: The relationship between specificity and affinity. Chem. Biol. 1995, 2, 633-638.
[CrossRef] [PubMed]

Kim, Y.S.; Chung, J.; Song, M.Y; Jurng, ].; Kim, B.C. Aptamer cocktails: Enhancement of sensing signals compared to single use of
aptamers for detection of bacteria. Biosens. Bioelectron. 2014, 54, 195-198. [CrossRef] [PubMed]

Mannoor, M.S.; Zhang, S.; Link, A.].; McAlpine, M.C. Electrical detection of pathogenic bacteria via immobilized antimicrobial
peptides. Proc. Natl. Acad. Sci. USA 2010, 107, 19207-19212. [CrossRef]

Lillehoj, P.B.; Kaplan, C.W.; He, K.J.; Shi, W.; Ho, C. Rapid electrical impedance detection of bacterial pathogens using immobilized
antimicrobial peptides. J. Lab. Autom. 2014, 19, 42-49. [CrossRef]

Etayash, H.; Jiang, K.; Thundat, T.; Kaur, K. Impedimetric Detection of Pathogenic Gram-Positive Bacteria Using an Antimicrobial
Peptide from Class Ila Bacteriocins. Anal. Chem. 2014, 86, 1693-1700. [CrossRef]

Wilson, D.; Materén, E.M.; Ibafiez-Redin, G.; Faria, R.C.; Correa, D.; Oliveira, O.N., Jr. Electrical detection of pathogenic bacteria
in food samples using information visualization methods with a sensor based on magnetic nanoparticles functionalized with
antimicrobial peptides. Talanta 2019, 194, 611-618. [CrossRef]

Pardoux, E.; Boturyn, D.; Roupioz, Y. Antimicrobial peptides as probes in biosensors detecting whole bacteria: A review. Molecules
2020, 25, 1998. [CrossRef]

Kulagina, N.V.; Lassman, M.E.; Ligler, F.S,; Taitt, C.R. Antimicrobial peptides for detection of bacteria in biosensor assays. Anal.
Chem. 2005, 77, 6504-6508. [CrossRef]

Zasloff, M. Antimicrobial peptides of multicellular organisms. Nature 2002, 415, 389-395. [CrossRef]

Rydlo, T.; Rotem, S.; Mor, A. Antibacterial properties of dermaseptin S4 derivatives under extreme incubation conditions.
Antimicrob. Agents Chemother. 2006, 50, 490-497. [CrossRef] [PubMed]

Friedrich, C.; Scott, M.G.; Karunaratne, N.; Yan, H.; Hancock, R.E.W. Salt-resistant alpha helical cationic antimicrobial peptides.
Antimicrob. Agents Chemother. 1999, 43, 1542-1548. [CrossRef] [PubMed]

Kulagina, N.V.; Shaffer, K.M; Ligler, ES.; Taitt, C.R. Antimicrobial peptides as new recognition molecules for screening challenging
species. Sens. Actuators B Chem. 2007, 121, 150-157. [CrossRef]

Terwilliger, T.C.; Eisenberg, D. The structure of melittin: II. Interpretation of the structure. J. Biol. Chem. 1982, 257, 6016-6022.
Dosler, S.; Karaaslan, E.; Alev Gerceker, A. Antibacterial and anti-biofilm activities of melittin and colistin, alone and in
combination with antibiotics against Gram-negative bacteria. J. Chemother. 2016, 28, 95-103. [CrossRef]

Mirzaei, R.; Alikhani, M.Y.; Arciola, C.R.; Sedighi, I.; Yousefimashouf, R.; Bagheri, K.P. Prevention, inhibition, degradation effects
of melittin alone and in combination with vancomycin and rifampin against strong biofilm producer strains of methicillin-resistant
Staphylococcus epidermidis. Biomed. Pharm. 2022, 144, 112670. [CrossRef]

Kostakioti, M.; Hadjifrangiskou, M.; Hultgren, S.J. Bacterial biofilm: Development, dispersal, and therapeutic strategies in the
dawn of the post antibiotic era. Cold Spring Harb. Perspect. Med. 2013, 3, 1-23. [CrossRef]

Galdiero, G.; Lombardji, L.; Falanga, A.; Libralato, G.; Guida, M.; Carotenuto, R. Biofilms: Novel strategies based on antibiomicor-
bial peptides. Pharmaceuties 2019, 11, 322. [CrossRef]

Guidelines for the Validation of Analytical Methods for the Detection of Microbial Pathogens in Foods and Feeds; Food and Drug
Administration: Silver Spring, MD, USA, 2023.

USDA. Microbiology Laboratory Guidebook; USDA: Washington, DC, USA, 2020.

Wellinghausen, N.; Kochem, A.].; Disqué, C.; Miihl, H.; Gebert, S.; Winter, ].; Matten, J.; Sakka, S.G. Diagnosis of bacteremia in
whole-blood samples by use of a commercial universal 165 rRNA gene-based PCR and sequence analysis. ]. Clin. Microbiol. 2009,
47,2759-2765. [CrossRef]

Kennaugh, ].K.; Gregory, W.W.; Powell, K.R.; Hendley, J.O. The effect of dilution during culture on detection of low concentrations
of bacteria in blood. Pediatr. Infect. Dis. 1984, 3, 317-318. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.bios.2017.11.010
https://doi.org/10.1016/j.bios.2014.02.045
https://www.ncbi.nlm.nih.gov/pubmed/24637168
https://doi.org/10.1016/1074-5521(95)90023-3
https://www.ncbi.nlm.nih.gov/pubmed/9383468
https://doi.org/10.1016/j.bios.2013.11.003
https://www.ncbi.nlm.nih.gov/pubmed/24280049
https://doi.org/10.1073/pnas.1008768107
https://doi.org/10.1177/2211068213495207
https://doi.org/10.1021/ac4034938
https://doi.org/10.1016/j.talanta.2018.10.089
https://doi.org/10.3390/molecules25081998
https://doi.org/10.1021/ac050639r
https://doi.org/10.1038/415389a
https://doi.org/10.1128/AAC.50.2.490-497.2006
https://www.ncbi.nlm.nih.gov/pubmed/16436701
https://doi.org/10.1128/AAC.43.7.1542
https://www.ncbi.nlm.nih.gov/pubmed/10390200
https://doi.org/10.1016/j.snb.2006.09.044
https://doi.org/10.1179/1973947815Y.0000000004
https://doi.org/10.1016/j.biopha.2022.112670
https://doi.org/10.1101/cshperspect.a010306
https://doi.org/10.3390/pharmaceutics11070322
https://doi.org/10.1128/JCM.00567-09
https://doi.org/10.1097/00006454-198407000-00008

	Introduction 
	Methods 
	Reagents, Bacterial Cells, and Sensor Fabrication 
	Data Collection 

	Results and Discussion 
	Vertical-Capacitance Sensor Characteristics 
	Real-Time Pathogenic Bacterial Detection in Media 
	Real-Time Detection of Pathogenic Bacteria in Blood 

	Conclusions 
	References

