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H I G H L I G H T S

• Warnericin RK antimicrobial peptide (AMP) biosensor developed for L. pneumophila (Lp).

• Warnericin RK AMP captures Lp more efficiently than polyclonal antibodies.

• Detection of Lp at 103 CFU/mL demonstrates the potential of AMP-functionalized biosensors.
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A B S T R A C T

Detection of pathogenic Legionella pneumophila by culture-based methods is not efficient in predicting outbreaks
of the Legionnaires’ disease. The main problem is the relatively slow time-to-result and the inability of some
culture media to support the growth of viable bacteria. One strategy to alleviate these issues is developing
biosensors functionalized with mammalian antibodies designed to capture bacteria. However, mammalian an-
tibodies are known to suffer from batch-to-batch variations, as well as limited stability, which reduce the
consistent utility of antibody-based biosensors. In an attempt to address this problem, we investigated anti-
microbial peptides (AMPs) for capture of L. pneumophila with GaAs/AlGaAs biochips. The Fourier-transform
infrared spectroscopy measurements revealed that the peptides were covalently immobilized on the 1-ethyl-3-
(-3-dimethylaminopropyl) carbodiimide/N-hydroxysuccinimide activated −COOH terminals of mercaptohex-
adecanoic acid self-assembled monolayer functionalized GaAs surface. The efficiency of the specific interaction
between the peptide and L. pneumophila, E. coli, B. subtilis and P. fluorescens was investigated with fluorescence
microscopy and a digital photocorrosion GaAs/AlGaAs biosensor. We found that the warnericin RK peptides
exhibited ∼5 times greater binding affinity towards L. pneumophila than to the other bacteria investigated.
Furthermore, detection level as low as 103 CFU/mL was possible with the proposed biosensor architecture. We
argue that a biosensor based on warnericin RK AMP peptides offers an attractive alternative solution in com-
parison to antibody-based devices towards detection of L. pneumophila.

1. Introduction

Biosensor-based detection of Legionella pneumophila (L. pneumophila)
is relatively fast, requires minimal technical knowledge for the user,
and can be adapted as potentially portable devices [1]. In the past few
years, a variety of biosensing methods, such as optical [2], piezoelectric
[1] and electrochemical [3] have been proposed to detect L. pneumo-
phila. Recently, a photoluminescence (PL) monitored digital photo-
corrosion (DIP) biosensor using GaAs/AlGaAs nanoheterostructures has

proven attractive for rapid and sensitive detection of E. coli [4] and L.
pneumophila [5] bacteria.

The efficiency of bio-recognition elements is crucial to the operation
of biosensors [6]. Several bio-recognition elements such as antibodies,
carbohydrates, aptamers, peptides have been widely used for capturing
bacteria on the biosensor surface [1]. Among these, antibodies are
commonly used since they can be selected to be highly specific to the
target [7]. However, antibody-based biosensors suffer from instability
and non-specificity to pathogens under harsh environments [8].
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Furthermore, antibodies are prone to batch-to-batch variation [9],
which may result in inconsistent biosensor calibration. Recently, stu-
dies have shown that antimicrobial peptides (AMPs) could be employed
as bio-recognition elements as an alternative to antibodies [7,10].
AMPs have been extensively investigated for their antibacterial action
towards Bacillus cereus, Pseudomonas aeruginosa, and Staphylococcus
aureus [11,12] as well as for L. pneumophila [13,14]. However, to the
best of our knowledge, AMPs have not been used as bioreceptors to
detect L. pneumophila in biosensing platforms. AMPs contain multiple
domains that bind with specific bacterial or fungal cell envelope moi-
eties [8]. The stability of AMPs is considerably higher than that of ty-
pical globular proteins, especially antibodies [8,15]. Therefore, AMPs
could be considered as a replacement of typical polyclonal antibody-
based biosensing architectures. The bio-recognition mechanism of an
AMP based GaAs biosensor has been schematically illustrated in Fig. S1.

The warnericin RK peptide is highly active against L. pneumophila
[16]. Although the exact interaction between peptide and bacteria is
not clearly understood, it has been proposed that the peptide may at-
tach to the target cell surface through electrostatic interaction between
the positively charged peptide and the negatively charged bacteria,
followed by the specific interactions of peptide with a specific but as yet
unknown surface membrane component. According to Verdon et al.
[17], warnericin RK and delta-lysin I display the same antibacterial
spectra, which is largely restricted to the Legionella genus. In further
analyses [16], these authors observed that the warnericin RK range of
antimicrobial activity is due to the presence of phosphatidylcholines
(30 % content) lipid on the surface of Legionellamembrane. However, in
a different study, Marchand et al. [18] found that the amino acid re-
sidues at the position 14 for warnericin RK were of the major im-
portance for bactericidal as well as lytic activities to L. pneumophila.

Prompted by the intriguing prospect of employing AMP for L.
pneumophila biosensing, we have functionalized a GaAs/AlGaAs DIP
biosensor with this moiety and investigated its capacity to detect L.
pneumophila. We demonstrate that the investigated biosensing archi-
tecture offers attractive both sensitivity and selectivity to detect L.
pneumophila in water environment.

2. Methodology

2.1. Sample preparation

The samples prepared for Fourier-transform infrared (FTIR) ab-
sorption measurements were cut from an undoped GaAs (100) bulk
wafer (WV 23084). The 2mm×2mm chips were cleaned following the
previously established procedure [4,19] in an ultrasonic bath using
acetone, OptiClear, acetone, and isopropanol sequentially for 5min
each and blown dry with high purity compressed nitrogen gas. There-
after, the samples were etched in 28% NH4OH for 2min at room tem-
perature for removing native oxides from the surface of GaAs and im-
mediately dipped in the degassed ethanol. Following this step, the
etched samples were immersed in 1mM of 16-mercaptohexadecanoic
acid (MHDA) thiol for 20 h. After the thiolation step, the biochips were
sonicated in deoxygenated ethanol for 1min and rinsed with degassed
ethanol to remove unbound molecules. Thereafter, the thiolated sam-
ples were incubated for 30min in the 0.4M EDC (1-Ethyl-3-(3-Di-
methylaminopropyl)Carbodiimnide) – 0.1M NHS (N-Hydro-
xySuccinimide) solution (1:1) to activate −COOH terminals. Following
this procedure, the samples were immerged for 1 h in 0.1 mg/mL of
warnericin RK AMP synthesized by GenScript Corporation, Piscataway,
USA. The concentration of a peptide solution was chosen to match that
of the L. pneumophila antibody solution (0.1 mg/mL). However, it is
understood that a more comprehensive investigation will be necessary
to optimize the biosensor performance. The functionalized samples
were incubated with L. pneumophila, JR32 E. coli ATCC 25922, Bacillus
subtilis ATCC 60514 (B. subtilis) and Pseudomonas fluorescens ATCC
13525 (P. fluorescens) at 106 CFU/mL, each, for 2 h.

The DIP biochips were prepared using an undoped wafer comprising
stack of GaAs/Al0.35Ga0.65As nanoheterostructures (Wafer D3422). The
cross-sectional view of the wafer has been presented in Fig. S2. The
biofunctionalization procedure of the biochip GaAs surface was carried
out in the same manner as that employed for the biofunctionalization of
the bulk GaAs (001) samples described above.

The sources of materials and reagents used for this study, sample
preparation and measurement techniques for optical microscopy, FTIR
and PL measurement have been conducted according to Sharma et al.
[20]. A brief description of these procedures, has been provided in the
Supplementary data section.

3. Results and discussions

3.1. FTIR analysis

The molecular conformation of the peptide binding architecture on
the surface of GaAs was evaluated by collecting FTIR absorption spec-
troscopy spectra (Fig. 1 and Table S1). The intense bands recorded at
2919 cm−1 and 2850 cm−1, as shown in Figs. 1 and S3, are assigned to
the −CH2 asymmetric and symmetric vibrations, respectively. The
observed FTIR characteristics of these vibrations suggest formation of a
high quality MHDA self-assembled monolayer (SAM) [21]. The absor-
bance bands at 1655 cm−1, 1587/1738 cm−1 and 3288 cm−1 are as-
signed to the amide I, amide II, amide III and amide A bands of AMP,
respectively [7,15,22]. Similarly, the peptide immobilized through the
C-terminal and with free N-terminal region shows a characteristic peak
at 1655 cm−1 [23,24]. The band observed at 1738 cm−1 is the C]O
stretching mode of lateral chain functions and of some hydrolysed ester
functions [25]. The peaks at 1655 cm−1 and 1738 cm−1 suggest the
presence of a characteristic helical conformation of the surface-con-
jugated peptide [24,26].

Furthermore, the peak at 1587 cm−1 is likely related to the presence
of NeH bending mode for Amide II [27]. These results suggest that the
investigated peptide bound covalently on the EDC-NHS activated
MHDA SAM. We note that, as expected, the peptide related absorbance
peaks have not been observed for the MHDA/EDC-NHS modified GaAs
unexposed to AMP as presented in Fig. S4.

3.2. Interaction of bacteria with the warnericin RK functionalized GaAs
(001) surface

To evaluate the attachment/binding efficiency of warnericin RK, the
AMP functionalized GaAs chips were incubated for 2 h in either L.
pneumophila, E. coli, B. subtilis or P. fluorescens at 106 CFU/mL. As
presented in Fig. 2, the non-functionalized GaAs surface (Fig. 2a)

Fig. 1. FTIR spectrum of a MHDA/EDC-NHS/AMP biofunctionalized GaAs
(001) chip.
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captured a small number of L. pneumophila compared to the antibody
and warnericin RK functionalized surfaces (Fig. 2c and 2c, respec-
tively). Furthermore, the low capture efficiency of E. coli, B. subtilis and
P. fluorescens by the warnericin RK AMP functionalized GaAs is well
illustrated in Fig. 2d–f. The average number of quantified bacteria, as
summarized in Fig. 2g, shows that the peptide-coated surface captured
∼2261, ∼394, ∼373, and ∼290 cells/mm2 of L. pneumonphila, E. coli,
B. subtilis and P. fluorescens, respectively, while the peptide-free surface
(i.e., background) exhibited ∼207 cells/mm2. Thus, these results il-
lustrate a 5–6 times greater capture efficiency of the warnericin RK
functionalized GaAs surface of the biochip towards L. pneumophila than
to E. coli, B. subtilis and P. fluorescens. The variation of binding effi-
ciency could be attributed to the specificity of peptide bacteria inter-
actions [15,28].

In the present study, the warnericin RK functionalized surface of
GaAs was found to be highly specific to L. pneumophila probably due to
the presence of the unique lipid composition of the L.pneumophila
bacterial membrane [18]. Verdon et al. [16] investigated the sensitivity
of the warnericin RK to L. pneumophila and found that the presence of
branched-chain fatty acids on the surface of bacteria play a crucial role
in the sensitivity of bacteria to these peptides. Furthermore, L. pneu-
mophila contains a high proportion (30 %) of phosphatidylcholines that
are conventionally prevalent in eukaryotic cells [16]. As such, these
lipids are very specific to the Legionella genus [28], and may explain the
strong interaction observed between warnericin RK and the Legionella
bacterial membrane.

3.3. Detection of L. pneumophila with DIP GaAs/AlGaAs biosensor

An example of a series of temporal PL plots collected for the GaAs/
AlGaAs DIP biochips exposed to L. pneumophila solutions in the range
from 103 to 106 CFU/mL at 0.1x PBS, and the calibration plot obtained
from 3 repetitions are presented in Fig. 3a and b, respectively. Delayed
positions of PL maxima were observed with increasing concentrations
of bacteria, which is consistent with the response of a DIP GaAs/AlGaAs
biochip exposed to negatively charged bacteria suspended in a water
environment [4,5,19]. The limit of detection at 103 CFU/mL has been
estimated based on the time dependent positions of PL maxima de-
termined for 3 independent runs with an error nearest to that of the

positions of PL maxima for 3 independent reference runs in a 0.1XPBS
solution. Although the specificity of this method warrants an extensive
future research, the results demonstrate that the sensitivity of a war-
nericin AMP-functionalized L. pneumophila biosensor is by one order of
magnitude better than that reported by an antibody-based DIP bio-
sensor [5], while comparable to that of DIP detected L. pneumophila
decorated with sodium dodecyl sulfate [29], as well to some other re-
cently published results (Table S2).

It is important to note that antibodies have been widely used as bio-
recognition elements for bacterial detection solely based on their spe-
cific interaction with bacterial antigens. However, apart from the spe-
cificity, the design of the detection architecture should include other
practical considerations. In electrochemical [1] and DIP biosensors [5],
the excessive distance of the antibody from the sensing surface could
decrease the detection performance due to reduced electrostatic inter-
action and/or inefficient charge transfer between the biosensor and an
analyte. Furthermore, antibodies might not demonstrate stable perfor-
mance in harsh environments. In contrast, AMPs could offer attractive
biosensing solutions, as their small molecular size allows for efficient
charge transfer, and they exhibit high stability compared to typical
mammalian antibodies [30,31]. Furthermore, AMPs can be manu-
factured with high reproducibility [1]. The specific detection of L.
pneumophila with a warnericin RK biosensor as reported here should not
be surprising in view of some recent studies claiming the highly se-
lective nature of AMPs-based biosensors. For instance, Hossein-Nejad-
Ariani et al. [32] reported the high binding affinity of a Leucocin A (Leu
A) functionalized gold microelectrode to Listeria monocytogenes in
comparison to 4 other bacteria. In another study, Mannoor et al. [8]
observed that a gold electrode functionalized with magainin I AMP
permitted ∼4-fold higher binding affinities to the E. coli O157:H7
compared to E. coli ATCC 35218 and Listeria Monocytogenes. To the best
of our knowledge, the present study demonstrates for the first time the
attractive application of warnericin RK AMP for highly selective de-
tection of L. pneumophila with a photonic biosensor.

4. Conclusions

The present study demonstrates the application of AMP for direct in
situ detection of L. pneumophila in a water environment. The molecular

Fig. 2. (a) The attachment efficiency of L. pneumophila to the non-functionalized surface of GaAs, (b) antibody functionalized surface of GaAs, (c) AMP functionalized
surface of GaAs, and the attachment efficiency of the AMP functionalized surface of GaAs for (d) P. fluorescens, (e) B. subtilis, and (f) E. coli. Averaged surface coverage
for different bacteria is shown in (g). The asterisks indicate significantly different values compared to reference (p < 0.05) as determined by the Students t-test
(n=3).
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orientation of the warnericin RK AMP on the GaAs (001) surface, ex-
amined using FTIR analysis, indicated covalent interaction of AMP with
the GaAs surface. The specificity experiments demonstrated that L.
pneumophila was captured with ∼5-fold greater binding affinity than
JR32 E. coli ATCC 25922, Bacillus subtilis ATCC 60514, and
Pseudomonas fluorescens ATCC 13525. Detection sensitivity of the bio-
sensor was demonstrated between 103 – 106 CFU/mL. The detection
limit at 103 CFU/mL is one order of magnitude better than the pre-
viously reported direct detection with an antibody-based GaAs/AlGaAs
DIP biosensor [5]. Further investigations are still required to address
the specificity, sensitivity, reliability, as well as shelf lifetime of the
proposed warnericin RK AMP biosensor. Nevertheless, our results pro-
vide the evidence for a potentially attractive application of a warnericin
RK AMP biofunctionalized DIP biosensor for highly sensitive and spe-
cific detection of L. pneumophila in water samples, and pave the way
towards the development of a robust biosensor operating in harsh en-
vironments.

CRediT authorship contribution statement

M. Amirul Islam: Conceptualization, Investigation, Methodology,
Writing - original draft. Walid M. Hassen: Investigation, Methodology.
Azam F. Tayabali: Formal analysis, Writing - review & editing. Jan J.
Dubowski: Conceptualization, Funding acquisition, Supervision,
Writing - review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

This research was supported by the Natural Sciences and
Engineering Research Council of Canada Strategic Partnership Grant
(NSERC SPG-2016-494057) and the NSERC Discovery Grant (RGPIN-
2015-04448). The fabrication of GaAs/AlGaAs wafers was subsidized

by CMC Microsystems (Kingston, Canada). The authors are indebted to
Prof. E.H. Frost for helpful discussions and Dr. K. Moumanis for tech-
nical assistance.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.bej.2019.107435.

References

[1] M. Hoyos-Nogués, F. Gil, C. Mas-Moruno, Antimicrobial peptides: powerful bior-
ecognition elements to detect bacteria in biosensing technologies, Molecules 23
(2018) 1683.

[2] M.G. Manera, G. Montagna, F. Cimaglia, M. Chiesa, P. Poltronieri, A. Santino,
R. Rella, SPR based immunosensor for detection of Legionella pneumophila in water
samples, Opt. Commun. 294 (2013) 420–426.

[3] N. Li, A. Brahmendra, A.J. Veloso, A. Prashar, X.R. Cheng, V.W. Hung, C. Guyard,
M. Terebiznik, K. Kerman, Disposable immunochips for the detection of Legionella
pneumophila using electrochemical impedance spectroscopy, Anal. Chem. 84
(2012) 3485–3488.

[4] E. Nazemi, S. Aithal, W.M. Hassen, E.H. Frost, J.J. Dubowski, GaAs/AlGaAs het-
erostructure based photonic biosensor for rapid detection of Escherichia coli in
phosphate buffered saline solution, Sensor Actuat B-Chem 207 (2015) 556–562.

[5] M.R. Aziziyan, W.M. Hassen, D. Morris, E.H. Frost, J.J. Dubowski, Photonic bio-
sensor based on photocorrosion of GaAs/AlGaAs quantum heterostructures for de-
tection of Legionella pneumophila, Biointerphases 11 (2016) 019301.

[6] E. Elakkiya, M. Matheswaran, Comparison of anodic metabolisms in bioelectricity
production during treatment of dairy wastewater in microbial fuel cell, Bioresour.
Technol. 136 (2013) 407–412.

[7] H. Etayash, L. Norman, T. Thundat, K. Kaur, Peptide-bacteria interactions using
engineered surface-immobilized peptides from class IIa bacteriocins, Langmuir 29
(2013) 4048–4056.

[8] M.S. Mannoor, S. Zhang, A.J. Link, M.C. McAlpine, Electrical detection of patho-
genic bacteria via immobilized antimicrobial peptides, Proc. Natl. Acad. Sci. U. S. A.
107 (2010) 19207–19212.

[9] J.L.A. Voskuil, Commercial antibodies and their validation, F1000Research 3
(2014) 232.

[10] J.L. de Miranda, M.D. Oliveira, I.S. Oliveira, I.A. Frias, O.L. Franco, C.A. Andrade, A
simple nanostructured biosensor based on clavanin A antimicrobial peptide for
gram-negative bacteria detection, Biochem. Eng. J. 124 (2017) 108–114.

[11] R. Geitani, C. Ayoub Moubareck, L. Touqui, D. Karam Sarkis, Cationic antimicrobial
peptides: alternatives and/or adjuvants to antibiotics active against methicillin-re-
sistant Staphylococcus aureus and multidrug-resistant Pseudomonas aeruginosa,
BMC Microbiol 19 (2019) 54.

[12] H.M. Han, S. Ko, M.J. Cheong, J.K. Bang, C.H. Seo, T. Luchian, Y. Park, Myxinidin2
and myxinidin3 suppress inflammatory responses through STAT3 and MAPKs to

Fig. 3. (a) Normalized PL intensity for MHDA/EDC-NHS/AMP functionalized GaAs/AlGaAs DIP biochips (wafer D3422) exposed at 0.1 x PBS to different con-
centrations of L. pneumophila. (b) PL peak positions vs. different concentrations of L. pneumophila bacteria. The PL peak positions obtained for L. pneumophila were
statistically different compared to either 0.1x PBS and P. fluorescens treated surface (p < 0.05) as determined by the Students t-test (n=3).

M.A. Islam, et al. Biochemical Engineering Journal 154 (2020) 107435

4

https://doi.org/10.1016/j.bej.2019.107435
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0005
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0005
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0005
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0010
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0010
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0010
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0015
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0015
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0015
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0015
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0020
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0020
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0020
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0025
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0025
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0025
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0030
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0030
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0030
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0035
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0035
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0035
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0040
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0040
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0040
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0045
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0045
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0050
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0050
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0050
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0055
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0055
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0055
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0055
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0060
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0060


promote wound healing, Oncotarget 8 (2017) 87582–87597.
[13] J. Verdon, M. Falge, E. Maier, H. Bruhn, M. Steinert, C. Faber, R. Benz, Y. Hechard,

Detergent-like activity and alpha-helical structure of warnericin RK, an anti-
Legionella peptide, Biophys. J. 97 (2009) 1933–1940.

[14] A.S. Birteksoz-Tan, Z. Zeybek, M. Hacioglu, P.B. Savage, C. Bozkurt-Guzel, In vitro
activities of antimicrobial peptides and ceragenins against Legionella pneumophila,
J. Antibiot. 72 (2019) 291–297.

[15] H. Etayash, L. Norman, T. Thundat, M. Stiles, K. Kaur, Surface-conjugated anti-
microbial peptide leucocin a displays high binding to pathogenic gram-positive
bacteria, ACS Appl. Mater. Interfaces 6 (2014) 1131–1138.

[16] J. Verdon, J. Labanowski, T. Sahr, T. Ferreira, C. Lacombe, C. Buchrieser, J.-
M. Berjeaud, Y. Héchard, Fatty acid composition modulates sensitivity of Legionella
pneumophila to warnericin RK, an antimicrobial peptide, Biochimica et Biophysica
Acta (BBA)-Biomembranes 1808 (2011) 1146–1153.

[17] J. Verdon, J.-M. Berjeaud, C. Lacombe, Y. Héchard, Characterization of anti-
Legionella activity of warnericin RK and delta-lysin I from Staphylococcus warneri,
Peptides 29 (2008) 978–984.

[18] A. Marchand, J. Verdon, C. Lacombe, S. Crapart, Y. Hechard, J. Berjeaud, Anti-
Legionella activity of staphylococcal hemolytic peptides, Peptides 32 (2011)
845–851.

[19] E. Nazemi, W.M. Hassen, E.H. Frost, J.J. Dubowski, Monitoring growth and anti-
biotic susceptibility of Escherichia coli with photoluminescence of GaAs/AlGaAs
quantum well microstructures, Biosens. Bioelectron. 93 (2017) 234–240.

[20] H. Sharma, K. Moumanis, J.J. Dubowski, pH-dependent photocorrosion of GaAs/
AlGaAs quantum well microstructures, J. Phys. Chem. C 120 (2016) 26129–26137.

[21] X.H. Huang, N. Liu, K. Moumanis, J.J. Dubowski, Water-mediated self-assembly of
16-Mercaptohexadecanoic acid on GaAs (001), J Phys Chem C 117 (2013)
15090–15097.

[22] T. Forsting, H.C. Gottschalk, B. Hartwig, M. Mons, M.A. Suhm, Correcting the re-
cord: the dimers and trimers of trans-N-methylacetamide, Phys. Chem. Chem. Phys.
19 (2017) 10727–10737.

[23] D. Ami, R. Posteri, P. Mereghetti, D. Porro, S.M. Doglia, P. Branduardi, Fourier

transform infrared spectroscopy as a method to study lipid accumulation in olea-
ginous yeasts, Biotechnol. Biofuels 7 (2014) 12.

[24] M. Barbosa, N. Vale, F.M. Costa, M.C.L. Martins, P. Gomes, Tethering antimicrobial
peptides onto chitosan: optimization of azide-alkyne “click” reaction conditions,
Carbohydr. Polym. 165 (2017) 384–393.

[25] V. Humblot, J.-F. Yala, P. Thebault, K. Boukerma, A. Héquet, J.-M. Berjeaud, C.-
M. Pradier, The antibacterial activity of magainin I immobilized onto mixed thiols
self-assembled monolayers, Biomaterials 30 (2009) 3503–3512.

[26] K. Doiron, L. Beaulieu, R. St-Louis, K. Lemarchand, Reduction of bacterial biofilm
formation using marine natural antimicrobial peptides, Colloids Surf. B
Biointerfaces 167 (2018) 524–530.

[27] A. Rai, S. Pinto, M.B. Evangelista, H. Gil, S. Kallip, M.G. Ferreira, L. Ferreira, High-
density antimicrobial peptide coating with broad activity and low cytotoxicity
against human cells, Acta Biomater. 33 (2016) 64–77.

[28] J.-M. Berjeaud, S. Chevalier, M. Schlusselhuber, E. Portier, C. Loiseau, W. Aucher,
O. Lesouhaitier, J. Verdon, Legionella pneumophila: the paradox of a highly sen-
sitive opportunistic waterborne pathogen able to persist in the environment, Front.
Microbiol. 7 (2016) 486.

[29] M.R. Aziziyan, W.M. Hassen, H. Sharma, E. Shirzaei Sani, N. Annabi, E.H. Frost,
J.J. Dubowski, Sodium dodecyl sulfate decorated Legionella pneumophila for en-
hanced detection with a GaAs/AlGaAs nanoheterostructure biosensor, Sensor
Actuat B-Chem 1 (2019) 019301.

[30] Z.-M. Dong, G.-C. Zhao, Label-free detection of pathogenic bacteria via immobilized
antimicrobial peptides, Talanta 137 (2015) 55–61.

[31] D. Wilson, E.M. Materón, G. Ibáñez-Redín, R.C. Faria, D.S. Correa, O.N. Oliveira Jr.,
Electrical detection of pathogenic bacteria in food samples using information vi-
sualization methods with a sensor based on magnetic nanoparticles functionalized
with antimicrobial peptides, Talanta 194 (2019) 611–618.

[32] H. Hossein-Nejad-Ariani, T. Kim, K. Kaur, Peptide-based biosensor utilizing fluor-
escent gold nanoclusters for detection of Listeria monocytogenes, Acs Appl. Nano
Mater. (2018).

M.A. Islam, et al. Biochemical Engineering Journal 154 (2020) 107435

5

http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0060
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0065
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0065
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0065
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0070
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0070
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0070
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0075
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0075
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0075
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0080
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0080
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0080
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0080
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0085
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0085
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0085
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0090
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0090
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0090
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0095
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0095
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0095
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0100
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0100
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0105
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0105
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0105
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0110
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0110
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0110
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0115
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0115
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0115
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0120
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0120
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0120
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0125
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0125
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0125
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0130
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0130
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0130
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0135
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0135
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0135
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0140
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0140
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0140
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0140
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0145
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0145
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0145
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0145
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0150
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0150
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0155
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0155
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0155
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0155
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0160
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0160
http://refhub.elsevier.com/S1369-703X(19)30374-2/sbref0160

	Antimicrobial warnericin RK peptide functionalized GaAs/AlGaAs biosensor for highly sensitive and selective detection of Legionella pneumophila
	Introduction
	Methodology
	Sample preparation

	Results and discussions
	FTIR analysis
	Interaction of bacteria with the warnericin RK functionalized GaAs (001) surface
	Detection of L. pneumophila with DIP GaAs/AlGaAs biosensor

	Conclusions
	CRediT authorship contribution statement
	mk:H1_10
	Acknowledgements
	Supplementary data
	References




