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Résumé 

La détection de bactéries pathogènes par culture microbienne est lente, nécessite un milieu de 

culture spécifique pour garantir la croissance de certaines souches bactériennes fastidieuses 

telle que Legionella pneumophila (L. pneumophila) et en plus pourrait ne pas déceler les 

bactéries viables mais non cultivables mais restant dangereuse en termes de pathogénicité. Par 

conséquent, l’usage de biocapteurs pour la détection de L. pneumophila serait, 

potentiellement, une approche attrayante permettant une détection précise et rapide. 

Cependant, la sensibilité et la spécificité des biocapteurs dépendent fortement des molécules 

de bioreconnaissance utilisées. Jusqu'à présent, différents ligands tels que les anticorps, les 

enzymes, les acides nucléiques fonctionnels (aptamères) et les bactériophages ont été utilisés 

comme éléments de bioreconnaissance. En raison de leur haute spécificité, Les anticorps de 

mammifères ont été largement employés pour le développement de divers biocapteurs. 

Cependant, les anticorps sont connus pour souffrir de la variabilité des lots produits et d'une 

stabilité limitée, ce qui réduit l'usage et la constance des performances des biocapteurs à base 

d'anticorps. Au cours des  dernières années, les peptides antimicrobiens (PAM) ont été de plus 

en plus investigués pour des applications thérapeutiques en plus d’être considérés comme des 

ligands de bioreconnaissance prometteurs en raison de leur grande stabilité et leurs fortes 

réactivités aux bactéries. Dans le but d’améliorer les performances du biocapteur à DIP, notre 

hypothèse reposait sur l’usage de bioarchitectures à base de PAM à courte séquence pour une 

capture efficace des bactéries et une détection considérablement améliorée en raison du 

transfert de charge plus facilitée vers dans la biopuce à base de semiconducteur III-V. Dans la 

première phase du projet, nous avons évalué un biocapteur à DIP consistant en une puce 

d’arséniure de gallium/arséniure de gallium aluminium (GaAs/AlGaAs) fonctionnalisée par le 

warnericine RK pour la détection directe in situ de L. pneumophila dans l’eau. Nous avons 

démontré une détection linéaire de L. pneumophila pour des concentrations allant de 10
3
 à 10

6
 

CFU/mL. De plus, le nombre relativement important d'interfaces constituant la bioarchitecture 

d’un tel biocapteur pourrait affecter sa reproductibilité et sa sensibilité. Dans ce cas, la couche 

de bioreconnaissance est plus mince (~ 2 nm) permettant une distance plus courte entre les 

bactéries et la surface du biocapteur, ce qui pourrait jouer un rôle important dans la promotion 

du transfert de charge entre les bactéries et la biopuce, et ainsi nous avons pu démontrer une 
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détection efficace de L. pneumophila à une concentration de 2 x 10
2
 CFU/mL. Cette 

configuration a permis d’atteindre des LODs de 50 et 100 UFC/mL, respectivement pour de 

légionnelle dans du PBS et collectées d’échantillons d’eau de tour de refroidissement. Nous 

avons observé une détection sélective de L. pneumophila sérogroupe 1 (SG1) comparé au 

sérogroupe 5 (SG 5). Les biocapteurs à photocorrosion digitale (DIP) en configuration 

sandwich PAM et Ab pourraient être une approche prometteuse pour développer un biocapteur 

à faible coût, hautement sensible et spécifique pour la détection rapide de L. pneumophila dans 

l’eau. 

 

 

 

 

 

 

 

 

 

 

 

 



v 
 

Abstract 

Culture based detection of pathogenic bacteria is time consuming, and needs specific culture 

medium to identify bacterial strains such as Legionella pneumophila (L. pneumophila) which 

does not flourish in typical growth medium. Culture based methods cannot detect viable but 

unculturable bacteria. Therefore, the detection of L. pneumophila with biosensors potentially 

could be an attractive approach enabling accurate and rapid detection. The sensitivity and 

specificity of biosensors depend critically on the biorecognition probes employed for the 

detection. Until now, different elements such as antibodies, enzymes, functional nucleic acids 

(aptamers) and bacteriophages have been utilized as biorecognition elements. Due to high 

specificity of antibodies, and the advanced technology of their production, mammalian 

antibodies have been widely investigated for the development of various biosensors. However, 

mammalian antibodies are known to suffer from batch-to-batch variation, as well as limited 

stability, which could reduce the consistent utility of the proposed biosensors. In recent years, 

antimicrobial peptides (AMPs) have been increasingly investigated for their therapeutic 

applications. At the same time, AMPs are considered as promising biorecognition ligands due 

to their high stability and multiple niches for capturing bacteria. The hypothesis was that 

AMP-based bioarchitectures allows for highly efficient capturing of bacteria, and the short 

length of the AMP would significantly enhance detection due to limited obstructive charge 

transfer in the charge sensing biosensor. In the first phase of the project, we investigated a 

warnericin RK AMP functionalized gallium arsenide/aluminum gallium arsenide 

(GaAs/AlGaAs) photonic biosensor for direct detection of L. pneumophila in water 

environments. This approach allowed for detecting a low to high concentration of L. 

pneumophila (10
3
 to 10

6 
CFU/mL) with a 10

3
 CFU/mL limit of detection (LOD). In addition, a 

relatively large number of interfaces constituting the architecture of such biosensors could 

affect their reproducibility and sensitivity. A thinner biorecognition layer (~2 nm) resulted in a 

shorter distance between bacteria and the biosensor surface, which played important role in 

promoting charge transfer between bacteria and biochip.  L. pneumophila was detected at 

concentrations as low of 2 x 10
2
 CFU/mL. This configuration allowed the detection sensitivity 

of L. pneumophila as low as 50 CFU/mL and 100 CFU/mL in clean water  and water 

originated from cooling tower, respectively, along with the selective detection of whole cell L. 
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pneumophila serogroup 1 (SG1) and serogroup 5 (SG5). The proposed AMP and Ab 

conjugated sandwich architecture with digital photocorrosion (DIP) biosensors is a promising 

approach for developing low cost, highly sensitive and specific biosensors for rapid detection 

of L. pneumophila in water environments.  

Keywords: Legionella pneumophila, antimicrobial peptides, warnericin RK, polyclonal 

antibody, sandwich configuration, GaAs/AlGaAs biosensor, digital photocorrosion, 

photoluminescence 
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Chapter 1. Introduction 

1.1 Context and Issues 

Rapid detection of pathogenic bacteria in water environments is of primary importance to 

health organizations responsible for providing effective protection against diseases among 

humans exposed to industrial and surface waters (Ashbolt, 2004; Rose et al., 2001). Presently, 

culture-based methods are considered as the gold standard for detecting pathogenic bacteria 

(Dwivedi and Jaykus, 2011; Foddai and Grant, 2020). However, these techniques are both 

labour and time intensive (Lazcka et al., 2007; Velusamy et al., 2010). For instance, in typical 

culture-based methods, detection of Legionella pneumophila (L. pneumophila) requires up to 

~10 days, since test results are determined based on visible colonies (Behets et al., 2007). In 

contrast, some rapid tests such as polymerase chain reaction (PCR) and matrix-assisted laser 

desorption/ionization (MALDI-TOF) based rapid detection of bacteria have gained popularity 

as they provide accurate and fast detection (Quirino et al., 2014; Trevino et al., 2011). 

However, highly trained personnel and sophisticated lab requirements are the main constraints 

for these techniques (Dingle and Butler-Wu, 2013; Tran et al., 2021). Therefore, the 

biosensors of pathogenic bacteria have gained attention due to their potential to offer fast, 

portable, cost-effective and easy-to-handle detection (da Silva et al., 2017; Hoyos-Nogués et 

al., 2018).  

L. pneumophila is a pathogenic bacterium, commonly found in water environments and 

responsible for Legionnaire’s disease (Berjeaud et al., 2016; Marchand et al., 2011). 

Generally, L. pneumophila enters to the lungs and causes Legionnaire’s disease (Verdon et al., 

2008). The remarkable existence of L. pneumophila in man-made artificial water systems (i. 

e., spas, and cooling water towers) has been documented in numerous research reports (Leoni 

et al., 2018; Mazzotta et al., 2021). It is important to note that among the 60 reported 

Legionella species, the L. pneumophila serogroup 1 (SG1) has been found mostly associated 

(85-90%) with the Legionnaire’s disease (Gleason and Cohn, 2022; Verdon et al., 2008). In 

view of the continuously increasing outbreaks of Legionnaire’s diseases, the detection of L. 

pneumophila in water environments is important to protect the users of man-made artificial 
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water systems. Thus, there is a significant interest in developing a rapid, accurate, sensitive, 

and inexpensive biosensor for L. pneumophila. 

A variety of immunosensors have been investigated, such as those based on optical 

(Manera et al., 2013), piezoelectric (Lucarelli et al., 2008) and electrochemical effects (Arora 

et al., 2011; Hoyos-Nogués et al., 2018). However, many sensors are restricted to laboratory 

testing as they are highly sensitive to operational environments such as temperature and pH 

(Castle et al., 2021; Kim et al., 2019). Electrochemical impedance spectroscopy (EIS) 

biosensors have renewed attention due to highly sensitive detection approaching 1 CFU/mL 

(Castle et al., 2021; Jafari et al., 2019). However, it is hard to get reproducible results since the 

performance is highly influenced by the operational buffers conditions and chemistry (Castle 

et al., 2021; Vogiazi et al., 2019). Surface plasmon resonance (SPR) biosensors offer several 

advantages including high sensitivity, label-free detection, and real-time measurements (Lin et 

al., 2007; Ń pov  et al., 2010). SPR-based biosensors are highly influenced by temperature 

variations and require special temperature-stabilizing chambers (Huang et al., 2012; Ń pov  et 

al., 2010). Colorimetric paper-based biosensors have the ability to monitor the presence of 

bacteria by visually monitoring color changes without any complex and expensive transducers 

like other biosensors (Albalat et al., 2014; Nuthong et al., 2018). Nevertheless, this technique 

suffers from its low sensitivity and the high concentration of target needed to transform 

biochemical reactions into measurable color variations (Albalat et al., 2014).   

Recently, the opto-electronic properties of GaAs/AlGaAs semiconductors have been 

investigated for the operation of innovative photocorroding transducers (Aziziyan et al., 2016; 

Nazemi et al., 2015). They provide a highly sensitive response to environmental changes 

occurring in the vicinity of their surfaces (Aziziyan et al., 2020; Nazemi et al., 2017) that 

could be easily monitored through the photoluminescence (PL) emission. Thus, the 

GaAs/AlGaAs nano-heterostructures could be an attractive option for the detection and 

monitoring biological activities of pathogenic bacteria with the PL signal (Aziziyan et al., 

2020) that strongly depends on the presence of surface trapped electrically charged molecules 

(i.e. proteins, virus and bacteria) (Aziziyan et al., 2016; Nazemi et al., 2015). The formation of 

PL intensity maximum is observed with the transition from GaAs-electrolyte to AlGaAs-

electrolyte (Aziziyan et al., 2016). Once the semiconductor sample is exposed to light 



3 
 

(photons with the energy exceeding the GaAs bandgap), the built-in electric potential 

separates photo-excited electrons (e
-
) and holes (h

+
) in the depletion region of the 

semiconductor (Aziziyan et al., 2016). The holes (h
+
), driven by the electric surface potential, 

arrive at the electrolyte/semiconductor interface and induce the formation of surface oxides. 

Among those oxides, Ga2O3 is quite stable in water (Choi et al., 2002; Ruberto et al., 1991), 

but is easily dissolvable in ammonia environments (Aziziyan et al., 2016). Generally, the 

formation of Ga2O3 reduces the formation of surface states and thus decreases the electron-

hole surface recombination velocity (Aziziyan et al., 2016). This leads to the enhanced 

intensity of the PL signal emitted by the semiconductor (Nazemi et al., 2015; Passlack et al., 

1995). It is important to note that the rate of photocorrosion and the formation of PL 

maximum could be delayed or accelerated with the exposure to negatively charged molecules 

in the vicinity of GaAs/AlGaAs biochips (Aziziyan et al., 2016). We hypothesized that the 

length of bio-architecture or biorecognition ligands for trapping targeted analytes such as 

bacteria could also influence the sensitivity of such biosensors.  

A few recent studies accomplished by our group have shown that this sensor offers 

highly sensitive and rapid detection of bacteria like L. pneumophila at 10
3 

- 10
4
 CFU/mL 

within an hour (Aziziyan et al., 2016; Aziziyan et al., 2020), which is a relatively short time 

and sensitive compared to most available biosensing techniques. Moreover, this sensor is 

associated with low cost and can easily be miniaturized (Nazemi et al., 2018) compared to 

other biosensors.  

The selective bacterial capture efficiency of bio-recognition ligands and the charge 

transfer are crucial for obtaining a proper and accurate biosensing signal, especially in the case 

of charge sensitive biosensors (Elakkiya and Matheswaran, 2013; Ramanavičius et al., 2006). 

Several bio-recognition ligands such as antibody (Ab) (Skottrup et al., 2008), carbohydrate 

(Guo et al., 2012), aptamer (Yi-Xian et al., 2012), peptides (Etayash et al., 2014a) and 

combinations of these have been widely investigated in biosensing research. Among these, 

antibodies have been considered as an attractive option due to their highly specific reaction 

with the antigenic target sites (Pérez-López and Merkoçi, 2011; Skottrup et al., 2008). Some 

researchers have employed Ab-based biosensors for detection of L. pneumophila in the range 

of 10
3
 to 10

4
 CFU/mL (Aziziyan et al., 2016; Li et al., 2012). However, it has been known that 
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antibodies suffer from the lack of stability, especially while detecting pathogens under harsh 

environments (Iqbal et al., 2000; Templier et al., 2016). In some cases, additional binding 

agents (i.e., biotin and neutravidin) could enhance the surface coverage with Abs, which 

would increase the probability for the efficient trapping of bacteria (Estevez et al., 2014; 

Schiller, 2019). Also, the distance between the biochip surface and bacteria captured by Ab-

based bio-architecture is at least at ~15-18 nm, which could result a less sensitive response of 

biosensors due to the inefficient charge transfer between bacteria and sensor substrates.  

Recently, some studies have shown that antimicrobial peptides (AMPs) could be 

employed as bio-recognition elements in biosensing platforms (de Miranda et al., 2017; Dong 

and Zhao, 2015; Etayash et al., 2013). AMPs contain multiple niches that act as recognition 

elements, which is advantageous for an enhanced binding of bacteria and fungi (de Miranda et 

al., 2017; Mannoor et al., 2010). The increased stability of AMPs in comparison to typical 

globular proteins is also considered attractive for biosensing applications (Hoyos-Nogués et 

al., 2018; Mannoor et al., 2010). It has also been reported that some cationic AMPs show 

attractive binding abilities even under extreme environmental conditions, such as autoclaving 

and boiling (Mannoor et al., 2010; Qiao et al., 2020a). Therefore, the AMPs based biosensing 

could be considered as a potential replacement of typical antibody-based biosensing 

techniques. Some AMPs, such as Magainin I (Kulagina et al., 2005), Clavanin A (Andrade et 

al., 2015) and polymyxin B (Kulagina et al., 2006), have been employed as bio-recognition 

probes in biosensing devices. In related studies, some AMPs have shown a semi-selective 

binding nature to the target cells. Hence, the sensors suffered from a lack of specificity 

(Mannoor et al., 2010). Other AMPs have shown high specificity to the target cells. For 

instance, Mannoor et al. (2010) reported that the gold electrode functionalized with Magainin I 

AMP showed differential binding affinity to the pathogenic bacterial strains of E. coli and 

Salmonella spp. In another study, Hossein-Nejad-Ariani et al. (2018) reported that the gold 

microelectrode functioned with Leucocin A (Leu A) showed high binding specificity/affinity 

to the Listeria monocytogenes. Recently, the warnericin RK (WRK) AMP has been reported to 

be selective against L. pneumophila (Berjeaud et al., 2016; Corre et al., 2018; Marchand et al., 

2011; Verdon et al., 2008; Verdon et al., 2011). Thus, this peptide could be considered as a 

ligand for designing L. pneumophila sensors and alleviate limitations of traditional Ab based 
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immunosensors. However, the advantage of the specific interaction between WRK AMP and 

L. pneumophila has not been exploited in biosensing technology to date.  

1.2 Problem statement  

To date, results have indicated that the digital photocorrosion (DIP) biosensing technique 

allows direct detection of L. pneumophila down to 10
3 

- 10
4
 CFU/mL (Aziziyan et al., 2016; 

Aziziyan et al., 2020). As the sensitivity of DIP biosensors (and other biosensors) is associated 

with the efficiency of bacterial capture, identifying new immobilization architectures different 

than those based on mammalian antibodies (Ab) seems justifiable. This is particularly 

important in view that the mammalian antibodies are known to suffer from batch-to-batch 

inconsistencies, as well as having a limited stability that could reduce the consistency of 

biosensors (Byrne et al., 2009; Silva et al., 2020). Moreover, Ab based architectures maintain 

significantly longer distance (~10-12 nm) between biosensor substrate and target analytes 

which might not be advantageous for charge transfer in charge sensitive biosensors. Therefore, 

I propose to investigate the possibility of building short ligand biosensing architecture with 

minimized distance between the sensor substrate and a target analytes for enhancing the 

sensitivity of biosensors. In this context, AMPs are investigated for building an innovative 

GaAs/AlGaAs DIP biosensor for L. pneumophila.   

In general, the biorecognition ligands including AMPs are immobilized on biosensor 

surfaces by utilizing a covalent interaction between an alkanethiol self-assembled monolayer 

(SAM) and ligands (de Miranda et al., 2017; Li et al., 2015; Mannoor et al., 2010). In this 

context, sulphur containing long carbon chain molecules such as 16 mercaptohexadecanoic 

acid (MHDA), 11- mercaptoundecanoic acid (MUDA) etc. thiols are covalently immobilized 

on gold and Ga based surfaces and followed by the conjugation of AMP with thiols (Aziziyan 

et al., 2016; Etayash et al., 2014a). However, the entire process requires more than 20 hours 

plus detection time for employing a biosensor. This procedure is associated with several steps 

that might not be effective to obtain reproducible performance of biosensors. Furthermore, in 

the case of charge-sensitive biosensors, the short distance between the biochip surface and 

target analytes could substantially improve the process of charge transfer. Therefore, the 

ligand with short linker could significantly enhance charge transfer efficiency and reduce the 

time and steps of the biosensors functionalization process.  
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Despite the known inferior ability of AMP to selectively capture bacteria compared to 

antibodies, the AMP based biosensors showed an attractive sensitivity to targeted bacteria. 

Some AMPs have shown higher binding affinity against certain bacterial species (D'Souza et 

al., 2018; Qiao et al., 2017b). For instance, the warnericin RK has been found to have higher 

biding affinity against L. pneumophila compared to other Legionella species. However, the 

relatively broad specificity spectrum of AMP towards bacteria raises the question of selective 

detection of L. pneumophila, especially serogroup 1 (SG1) that is responsible for over 85% of 

L. pneumophila related disease outbreaks (Berjeaud et al., 2016). To address this problem, I 

proposed a hybrid sandwich based biosensing architecture consisting of AMP for capturing L. 

pneumophila and subsequent decoration of bacteria with antibody produced after rabbit 

immunisation L. pneumophila philadelphia (SG1 strain) which could be advantageous for 

selective detection of L. pneumophila SG1.  

1.3 Objectives and research hypothesis 

The major objective of this project was to investigate the functionalization of DIP biosensors 

with warnericin AMP for selective detection of L. pneumophila. In view of the unknown 

response of the proposed biosensing architecture for capturing and detecting L. pneumophila, 

the objective was also to determine if the proposed warnericin AMP architecture would allow 

detecting L. pneumophila with sensitivity comparable to that of the other L. pneumophila 

biosensors. Depending on the results of the preliminary research, the proposal was to continue 

the research of warnericin AMP based DIP biosensors, or execute a plan B, e.g., addressing 

the research of recombinant antibody-based DIP biosensors. In the frame of this project I also 

investigated the feasibility of an AMP DIP biosensor for selective detection of L. pneumophila 

at low concentration in samples originating from cooling tower water. 

1.3.1 Investigation of a direct (label free) detection of L. pneumophila with 

AMP functionalized GaAs/AlGaAs DIP biosensors 

Warnericin AMP can selectively interact with L. pneumophila through the 

phosphatidylcholines lipids present on the surface of bacteria. The hypothesis was that 

warnericin AMP based DIP biosensor would selectively capture L. pneumophila with a 

sensitivity at least comparable to that of a polyclonal Ab functionalized DIP biosensor. This 
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would justify undertaking follow-up research in view of the greater temperature and pH 

tolerance of AMPs compared to antibodies. 

1.3.2 Investigate sensitivity of GaAs/AlGaAs DIP biosensors with cysteine-

modified warnericin RK AMP for detecting L. pneumophila 

The attachment of warnericin AMP to the surface of a DIP biochip requires the attachment 

procedure similar to that of antibody. This involves deposition of MHDA SAM on the biochip 

surface and the 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide/N-hydroxysuccinimide 

(EDC/NHS) chemistry producing amine-reactive NHS-ester. In contrast, the use of a cysteine 

modified AMP would allow its capture directly on the GaAs/AlGaAs surface and eliminate 

the need of MHDA SAM. Furthermore, the shorter length of a cysteine-based ligand would 

address the question concerning potentially more efficient interaction between bacteria and the 

biochip sensitive to charge transfer from/to bacteria. The hypothesis was that a short-ligand 

DIP biochip would deliver sensitivity comparable to that of a biochip comprising a MHDA 

SAM. The advantage of such a solution would be a much simpler biofunctionalization 

procedure completed in a significantly shorter time. 

1.3.3 Investigate an antibody based sandwich method to provide a more 

specific (selective) detection of L. pneumophila with a warnericin AMP 

biosensor 

The specificity of the proposed sensor is a concern and might not be attractive compared to 

other reported ligands. Thus, the integration of another ligand highly selective to the L. 

pneumophila could enhance the specificity and, potentially, sensitivity of DIP biosensors. If L. 

pneumophila can be captured through AMP functionalized biosensors, as this peptide exhibits 

higher capture ability, the subsequent decoration with another specific ligands such as 

antibodies would allow alleviating the problem of insufficient specificity of warnericin AMP 

towards L. pneumophila. To investigate this effect, the selective detection of L. pneumophila 

serogroup-1 (SG1) and serogroup-5 (SG5) was attempted in water from cooling tower.  
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1.4 Thesis layout 

This thesis is designed with 6 chapters 

Chapter 1 deals with the current contexts and issues of biosensors for the detection of 

pathogenic microbes. The limitations of currently practiced culture and biosensors-based 

detection of pathogenic bacteria especially L. pneumophila are discussed in this chapter. 

Moreover, the influence of biorecognition ligands for detecting L. pneumophila is described in 

this section. The prospects of short ligands in biosensing techniques are also discussed in this 

chapter. Finally, the objectives of current thesis including research questions and hypothesis 

are presented. 

Chapter 2 reviews the different biosensing approaches for detecting pathogenic 

bacteria. The prospects and concerns, limit of detection (LOD), time of detection, and 

dynamic range of performances for these approaches are included in this chapter. Moreover, 

the structure and components of typical biosensors and common bioreceptors used to detect 

pathogens including their advantages and limitations are discussed in this section. The 

application of short ligand (e.g. AMP) in biosensing techniques is widely discussed in 

different aspects such as i) structure of AMP, ii) the interaction between AMPs and bacteria, 

iii) the tethering mechanism of AMP on biosensors surface, iv) the specificity of AMP 

towards bacteria and application of AMP as ligand of biosensors. The concept of a 

semiconductor optical biosensor and digital photocorrosion (DIP) biosensing is also discussed 

in the chapter. 

Chapter 3 presents the detection of L. pneumophila using AMP functionalized 

GaAs/AlGaAs DIP biosensor. This chapter describes the limitation of mammalian antibodies 

related to batch-to-batch variation, as well as their limited stability while used as 

biorecognition ligands in biosensors. In this context, an AMP warnericin RK functionalized 

GaAs/AlGaAs biosensors was developed to detect L. pneumophila. The binding affinity and 

specificity of designed sensors were investigated by exposing some of non-targeted bacteria 

such as E. coli, B. subtilis and P. fluorescens (which may be found in natural and industrial 

water environments). The advantages and limitations of such AMP functionalized biosensors 
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in terms of detection time, specificity, and LOD are discussed in this chapter. This chapter has 

been published in Biochemical Engineering Journal (Elsevier). 

Chapter 4 demonstrates the innovative concept of a short linker architecture (Cys-

AMP) for designing a GaAs/AlGaAs biosensor to detect low concentrated L. pneumophila in 

water environment. The optimum concentration of peptide for capturing L. pneumophila was 

determined using several techniques, such as Fourier-transform infrared (FTIR) absorption 

spectroscopy, atomic force microscopy (AFM), X-ray photoelectron spectroscopy (XPS), and 

water contact angle measurements. The specificity of developed biosensor was investigated 

against a number of bacteria abundantly found in samples of the environmental water (i. e., P. 

fluorescens, B. subtilis, and E. coli). Some important consequences of the designed biosensors 

including functionalization time, reproducibility, applicability in real water environment, 

LOD, total time of detection are discussed in this chapter. This chapter is published in ACS 

Omega (American Chemical Society journal).  

Chapter 5 focuses on selective detection of L. pneumophila SG1 and SG5 in water 

originated from cooling tower with a DIP sandwich strategy. The biochips were functionalized 

with Cys-WRK AMP for capturing bacteria and subsequently decorated with the anti-L. 

pneumophila polyclonal Ab (pAb). The influence of additional negatively charges molecules 

on response of charge sensitive DIP biosensors is investigated and discussed in this chapter. 

The specificity of the biosensor was rated against P. fluorescens, B. subtilis, and E. coli. The 

limitations of conventional biosensors particularly for selectively detecting L. pneumophila 

SG1 in harsh water environment (i.e., water originated from cooling tower) has been discussed 

in this chapter. This chapter is published in Biosensors (Molecular Diversity Preservation 

International journal). 

Chapter 6 summarizes and overviews the entire document. The perspectives and 

suggested future research are discussed in this chapter. 
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Chapter 2.  State of the art 

2.1 Detection of pathogenic bacteria 

The detection of pathogenic bacteria is crucial for preventing crises related to human health, 

safety and security (Hameed et al., 2018; Rajapaksha et al., 2019). A number of conventional 

approaches such as microscopic visualization, culture-based identification, biochemical tests 

or molecular analysis have been employed to detect pathogenic bacteria as presented in Table 

2.1. However, these techniques require either lengthy time, specialized laboratories, or 

expensive equipment (Burlage and Tillmann, 2017; Hameed et al., 2018). Although the 

microscopic analysis of bacteria is relatively quick and inexpensive, the identification of 

pathogenic bacteria is not accurate as it does not offer selective detection of bacteria 

(Beveridge et al., 2007). Moreover, the microbial staining for microscopic visualization of 

bacteria requires a proper bacterial smear that can be difficult to execute (Beveridge et al., 

2007). Improper bacterial smearing could result in over-staining, break bacterial membrane or 

destroy cells, or even loss of morphological characteristics of the bacteria (Jayan et al., 2019). 

The culture-based detection of pathogens is a time-consuming process required for the 

bacterial cell to develop a visually observable colonies on selective media (colony-forming 

units on agar media or turbid liquid media) that may require even several days (Hameed et al., 

2018; Roda et al., 2012) and not all bacteria can be grown in laboratory conditions using 

conventional culture media (Ahmed et al., 2014; Hameed et al., 2018). Immunological tests 

and biochemical assays such as enzyme-linked immunosorbent assay (ELISA) and matrix-

assisted laser desorption/ionization-time of flight (MALDI-TOF) are attractive methods for 

detecting specific bacteria (De Bruyne et al., 2011; Hameed et al., 2018). However, they are 

costly and time-consuming, requiring advanced technical skills and expertise for data 

interpretation (Burlage and Tillmann, 2017). The molecular analysis allows the detection of 

specific bacteria using the genetic material of bacteria; however, it is an expensive and 

sophisticated procedure (Gilbride et al., 2006; Jayan et al., 2019). Although the real-time 

polymerase chain reaction (PCR) technique requires short analytical time (a few hours), it is 

associated with trained users along with specialized equipment (Oblath et al., 2013; Valones et 

al., 2009). In addition, sample enrichment and DNA purification are needed for reverse  
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Table 2.1 An overview of conventional pathogenic bacteria detection techniques. 

Detection 

techniques 

Representative 

bacteria detected 

Sample pre-

concentration 

time 

Detection 

time 

Limit of detection References 

Lateral flow 

immunoassay 

S. typhimurium 12 h - 4.6 × 10
7
 CFU/mL (Shukla et al., 

2014) 

S.enterica  

serovar  typhi 

6 h 10 h 10
4
–10

5
 CFU/mL (Kumar et al., 

2008) 

Conventional 

PCR 

E. coli and 

Shigella spp. 

8 h  1–2 Cells/100 mL (Tsen et al., 

1998) 

 

Multiplex 

PCR 

S. enteritidis, 

Salmonella spp. 

24 h - 10
5
 CFU/mL (Shi et al., 

2010) 

Staphylococcus 

aureus,  

E. coli O157, 

Salmonella spp. 

L. 

monocytogenes,  

Yersinia 

enterocolitica 

24-48 h 15 min 10
1
-10

3
 CFU/mL (Guan et al., 

2013) 

Real-time 

PCR 

L. 

monocytogenes, 

Salmonella spp. 

24 h 1 h 5 CFU/25 g (Shi et al., 

2010) 

S. aureus, 

Salmonella, 

Shigella 

- - 9.6 CFU/g 

2.0 CFU/g 

6.8 CFU/g 

(Ma et al., 

2014) 

Conjugated E. 

coli DH5α 

 

Overnight 

<3 h Low (Nayak et al., 

2013) 

NABSA S. typhimurium 

S. enteritidis 

 

24 h <90 min 10 CFU/mL (Mollasalehi 

and 

Yazdanparast, 

2013) 

LAMP V. vulnificus 6 h 8 h 5.4 CFU per 

reaction 

(Han et al., 

2011; Singhal 

et al., 2015) 

V. 

parahaemolyticus 

Overnight 

 

1 h 10 CFU/ reaction (Wang et al., 

2013) 

V. 

parahaemolyticus 

12 h 1 h 7.2 copies/μL (Xia et al., 

2016) 

MALDI-TOF Leuconostoc spp., 

Fructobacillus 

spp., 

Lactococcus spp. 

24 h <1 h - (De Bruyne et 

al., 2011) 
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DGGE Bacillus pumilus, 

B. megaterium, B. 

thuringiensis, B. 

firmus 

48 h - 10 CFU/mL (Garbeva et al., 

2003) 

Metagenomics 

approach 

Borrelia spp., 

Rickettsia spp., 

Candidatus spp., 

Neoehrlichia spp. 

 

- 

<48 h - (Carpi et al., 

2011) 

ELISA E. coli O157 24 h 3 h 68 CFU/mL in 

PBS and 

6.8 × 10
3
 CFU/mL 

in food samples 

(Shen et al., 

2014) 

DNA 

microarray 

(Coupled with 

qPCR) 

E. coli  - - 5 ng of E. coli 

DNA 

(Deshmukh et 

al., 2016) 

FISH  

 

P.aeruginosa, S. 

aureus, 

Streptococcus 

spp., Micrococcus 

spp. 

24-28 h - - (Malic et al., 

2009) 

DGGE: denaturing gradient gel electrophoresis; PCR: polymerase chain reaction; qPCR: 

quantitive polymerase chain reaction; MALDI-TOF: matrix-assisted laser desorption 

ionization time-of-flight; NABSA: nucleic-acid sequence-based amplification; LAMP: loop-

mediated isothermal amplification; FISH: fluorescence in situ hybridization. 

transcriptase-polymerase chain reaction (RT-PCR) (Burlage and Tillmann, 2017; Oblath et al., 

2013). Therefore, it is necessary to develop a fast, sensitive, easy to handle and cost-effective 

method, to detect pathogenic bacteria.  

2.2 Biosensors for pathogens detection 

The biosensor can be defined as an analytical device, capable of converting biological 

responses into an electrical signals (Habimana et al., 2018; Kumar et al., 2016). A biosensor 

conventionally comprises two major elements, a bio-recognition element and a transducer (as 

shown in Figure 2.1) together with signal amplification, processing system and software 

(Hoyos-Nogués et al., 2018; Riedel and Lisdat, 2017). Bio-recognition elements are also 

known as bio-receptors, i.e., enzymes, antibodies, peptides, functional nucleic acids, 

bacteriophages and even whole cells that could specifically recognize as well as interact with a 

target analytes (Hoyos-Nogués et al., 2018; Pashazadeh et al., 2017). Generally, the 

https://www-sciencedirect-com.acces.bibl.ulaval.ca/topics/food-science/polymerase-chain-reaction
https://www-sciencedirect-com.acces.bibl.ulaval.ca/topics/food-science/polymerase-chain-reaction
https://www-sciencedirect-com.acces.bibl.ulaval.ca/topics/biochemistry-genetics-and-molecular-biology/nucleic-acid-sequence-based-amplification
https://www-sciencedirect-com.acces.bibl.ulaval.ca/topics/biochemistry-genetics-and-molecular-biology/loop-mediated-isothermal-amplification
https://www-sciencedirect-com.acces.bibl.ulaval.ca/topics/biochemistry-genetics-and-molecular-biology/loop-mediated-isothermal-amplification
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electrochemical, mechanical, and optical or combinations of them are considered as 

transducing elements (Hoyos-Nogués et al., 2018; Li et al., 2018).  

 

Figure 2.1 Schematic view of typical biosensor architecture. 

Biosensor-based detection of pathogenic bacteria has gained attention as it is advantageous 

compared to conventional methods and requires minimal pre-enrichment of samples 

(Hoyos-Nogués et al., 2018; Roda et al., 2012). Moreover, this technique addresses rapid, 

robust, cost-effective, and portable detection that could be advantageous compared to 

conventional methods (D'Souza et al., 2018; Wisuthiphaet et al., 2019). It is worthy to note 

that some viable but non-culturable bacteria can be detected through the biosensor (Leonard et 

al., 2003; Pienaar et al., 2016). The biosensors based detection of pathogenic bacteria is 

summarized in Table 2.2. Recent studies (Ahmed et al., 2014; Li et al., 2012) have shown that 

biosensors can successfully detect low concentrations of pathogenic bacteria, which is 

attractive for field level application. However, most of the biosensing techniques suffer from 

several limitations such as sensitivity, specificity, and reproducibility that make them 

practically inapplicable.  
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Table 2.2 An overview of biosensor based detection of pathogenic bacteria. 

Detection 

techniques 

Types Advantages Limitations Bacteria 

detected 

Sample pre-

concentration 

time 

Detection 

time 

Limit of 

detection 

References 

Optical 

biosensors 

SPR/SERS - Highly 

specific 

 

- Rapid 

 

- Real-time 

 

 

- High cost 

-Surface 

modification is 

challenging 

 

 

 

 

 

 

L. 

pneumophila 

 

- 30 min 1x10
3
 CFU/

mL 

(Manera et al., 

2013) 

E. coli 

O157 

9-12 h 16 min 5 CFU/25g 

of food 

samples 

(Mondani et 

al., 2016) 

S. enterica 

serovar 

Typhimurium 

24 h N. A 15 CFU/mL (Duan et al., 

2016) 

E. coli 

O157 

Overnight 1 h 1x10
2
 

CFU/mL 

(Najafi et al., 

2014) 

Colorimetric - Not require 

transducers 

 

- Low cost 

 

-Not 

quantitative 

 

-Low 

sensitivity 

 

 

V. 

Parahaemolyti

-cus 

18 h 45 min 2.4 

CFU/mL 

(Sadsri et al., 

2020) 

Electroche-

mical 

biosensors 

Amperometric - Simple 

 

- Low cost 

-Highly 

sensitive to the 

environment 

 

 

L. 

pneumophila 

5 days 3 h 

 

10
4
 

CFU/mL 

(Martín et al., 

2015) 

Potentiometric - Can analyze 

multiple 

samples 

-Highly 

sensitive to the 

environment 

S. aureus 48 h N. A 8x10
2
 

CFU/mL 

(Zelada-

Guillén et al., 

2012) 
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Impedimetric - Simple 

 

-Real-time 

detection 

 

-Highly 

sensitive to the 

environment 

 

 

L. 

monocytogenes 

19 h 3 h 10
4
-10

5
 

CFU/mL 

(Kanayeva et 

al., 2012) 

Mass-based 

biosensors 

Cantilever - Simple 

 

-Real-time 

detection 

 

-Low 

reproducibility 

 

S. 

typhimurium 

- N. A 1x10
3
 

CFU/mL 

(Shi et al., 

2017) 

 QCM 

 

B. anthracis - N. A 1x10
3
 

CFU/mL 

(Hao et al., 

2009) 

SPR; SERS (Surface enhanced Raman spectroscopy), and QCM (quartz crystal microbalance) techniques. 
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2.3 Bioreceptors used for pathogenic bacteria detection 

Bioreceptors play a crucial role in biosensing, as they recognize targeted analytes and also 

determine the efficiency of sensors through the specificity and sensitivity (Justino et al., 2015; 

Velusamy et al., 2010). Therefore, the performance of a sensor is associated with the 

selection of bioreceptors (Hoyos-Nogués et al., 2018; Qiao et al., 2020a). However, the 

stability of bioreceptors strongly influences the binding affinity and performance of 

biosensors (Templier et al., 2016; Vasilescu et al., 2016). Bioreceptors ranging from small 

molecules (i.e., enzymes, short peptides, sugars, and nucleic acid) to large molecules (i.e., 

proteins, viruses, and whole cells) are being widely used for detecting bacteria (Hoyos-Nogués 

et al., 2018; Qiao et al., 2020a). Several representative biomolecules used as bioreceptors are 

presented in Figure 2.2. 

 

Figure 2.2 Graphical representations of different biorecognition elements for bacterial 

detection.  

In general, large molecules, especially proteins and bacteriophages, have shown higher 

specificity compared to the smaller molecules (Justino et al., 2015; Templier et al., 2016). In 

contrast, synthetic and small molecules have found with higher stability and can easily be 

optimized (Cambray et al., 2018; Lazcka et al., 2007). However, none of them are considered 
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a perfect candidate to make the sensors practically applicable. The advantages and limitations 

of different biorecognition elements used in biosensing platforms are discussed in Table 2.3.   

In biosensing technology, antibodies are widely used for bacteria detection due to high 

specificity in pathogen seizing as well as recognition (Aziziyan et al., 2016; Habimana et al., 

2018; Wu et al., 2014). The polyclonal, monoclonal, and recombinant antibodies can be 

distinguished based on their selective natures and their production methods as shown in Table 

2.4. Among the three types of antibodies, monoclonal antibodies are more advantageous 

compared to others due to their high specificity (Mo and Drancourt, 2004). The antibody is 

preferred as a bio-receptor because it is simple and easy to handle during bio- 

functionalization of sensor substrates (Law et al., 2015). However, the differentiation between 

Table 2.3 An overview of different bio-recognition elements used for bacteria detection. 

Category Advantages Limitations Reference 

Antibody  Allows to detect 

different kinds of 

cells and cell 

metabolites 

 Allows highly 

specific reaction 

between antigen-

antibody conjugates 

 Allows direct 

recognition   

 Allows non-invasive 

interaction 

 

 They are not capable 

of distinguishing 

between live and 

dead bacterial cells 

 Batch-to-batch 

consistency is found, 

especially in the 

case of polyclonal 

antibody 

 Longer times and 

higher costs are 

required to produce 

them 

 Cannot recognize 

after slight 

modification in the 

target analytes 

 Lower stability in 

low or high pH, 

ionic solutions, and 

high temperature 

(Bazin et 

al., 2017; 

Liu et al., 

2018) 

Enzymes  Detecting target 

analytes based on 

catalytic activity  

 They are highly 

stable even for a 

year 

 Strongly bind with 

the target analytes 

 Require more than 

one assay steps  

 Show less stability 

under extreme 

environmental 

conditions (e.g., 

temperature, pH) 

 In some cases, 

(Habimana 

et al., 

2018; 

Hwang et 

al., 2016) 
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 interfere with 

endogenously 

produced enzymes 

by target analytes 

 Catalytic efficiency 

predominantly 

depends on the 

sequence of the 

DNA  

Nucleic acids  Determine target 

analytes based on 

complementary 

nucleic acid 

sequences, hence it 

allows highly 

specific detection 

 Nucleic acids could 

be promptly 

extracted and 

regenerated 

compared to typical 

antibody, enzymes, 

and proteins 

production 

 Costly methods 

 They are less soluble 

in the water 

environment 

 Not stable in harsh 

environment 

(sensitive to pH and 

temperature) and 

difficult to make 

portable and 

automated sensors 

using them 

(Habimana 

et al., 

2018) 

Aptamer  Recognition of 

analytes based on 

shape but not 

sequences  

 They are highly 

stable and easy to 

modify  

 Enhances 

interaction due to 

possession of 

multiple functional 

groups 

 Rigid backbone 

 Capacity to confer a 

cellular phenotype 

 False-positive 

results are seen 

while dealing with 

large molecules 

 Semi-selective 

binding 

(Habimana 

et al., 

2018; 

Mascini et 

al., 2012). 

 

Antimicrobial 

peptides 
 Highly stable and 

could be produced 

in a large quantity 

using synthetic 

methods 

 Multiple niches are 

advantageous to 

capture a significant 

number of target 

analytes 

 

 In most of the cases, 

they are semi-

selective or non-

selective 

 They are not 

considered as 

efficient for a long 

time incubation 

since they are 

invasive to the target 

analytes 

(Habimana 

et al., 2018) 
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Bacteriophages  Wide-range libraries 

 Allows to genetically 

modify after 

selection 

 Allows selection 

against a toxic or 

low immunogenic 

target 

 Unable to recognize 

gram-negative 

bacteria because of 

thick outer membrane 

 Targets are required 

to be immobilized 

for identifying the 

efficiency of pages 

 The immobilization 

of bacteriophage is 

considered 

challenging among 

biosensors substrate 

due to weak 

interactions. 

(Harada et 

al., 2018; 

Schmelcher 

and 

Loessner, 

2016) 

Molecular 

imprinted 

polymers 

 Detain original 

properties in an 

extreme thermal and 

chemical condition 

 Not easily degraded 

by enzyme 

 Can be handled both 

aqueous and organic 

solvents  

 

 Highly skilled 

personnel are 

required to produce 

them 

 The production 

process is time-

consuming  

 

(Dinc et al., 

2019) 

live and dead cells cannot be achieved through the antibody based techniques. In addition, 

several limitations such as batch-to-batch inconsistency, production challenges, and high cost, 

restrict their application in biosensing technology (Etayash et al., 2013; Silva et al., 2020). 

Table 2.4 Comparison of different types of antibodies. 

 Polyclonal Monoclonal Recombinant 

Production time 2-3 months 4-6 months 1 week 

Reproducibility Limited High (in the same batch) Very high 

Specificity Specific Highly specific Very high specificity 

Binding 

mechanism 

Multiple Single Single 

Stability Moderate High Moderate 

Cost Moderate High Very high 
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Nucleic acids (NA) allow quick and specific detection of pathogenic bacteria with 

low detection limit reaching a single bacterium (Bouguelia et al., 2013). The versatility of 

NA-based methods allows for designing a specific probe sequence typically in the length of 

10-20 base pairs to target a selective gene of bacteria (Lui et al., 2009; Simmel et al., 2019). 

In NA-based biorecognition elements, DNA is considered as an attractive signal transducer 

as it contains a negative charge, therefore, producing promising results through the electrical 

measurements over other typical biosensing detections (i.e., optical and mechanical 

measurements) (Lui et al., 2009; Riedel and Lisdat, 2017). NA-based detection techniques 

have shown higher sensitivity compared to others ligands(Bal et al., 2017; Simmel et al., 

2019). The inhibitors present in the sample, and the deteriorated DNA could lead to false-

negative/positive results (Maffert et al., 2017; Simmel et al., 2019). 

Aptamers are short, single-stranded, highly specific and sensitive synthetic 

oligonucleotides that, can specifically bind to target analytes (e.g., toxins, bacteria, proteins, 

and hormones) (Hong and Sooter, 2015; Kaur et al., 2018). Generally, aptamers are selected 

via systemic evolution of ligands by exponential enrichment (SELEX) technique; an efficient 

screening approach, where the desired aptamers could be successively determined from the 

oligo-nucleic acid library using repeated cycles of amplification (Habimana et al., 2018; Hong 

and Sooter, 2015). Aptamer functionalized aptasensors can detect pathogenic bacteria with 

several advantages, particularly due to the ease of modification and stability (Hoyos-Nogués et 

al., 2018; Majdinasab et al., 2018). However, aptasensors are not preferred to detect large 

molecules such as whole bacteria due to the capture inefficiency(Paniel et al., 2013; Saha et 

al., 2012).  

Bacteriophages are considered an efficient bio-recognition element as they allow 

fast and highly selective detection of bacteria (Richter et al., 2018; Singh et al., 2012). In 

the biosensors, the natural affinity of bacteriophages towards the host bacterial cells can be 

utilized to design highly specific biosensor substrates (Gervais et al., 2007; Richter et al., 

2018). In addition, bacteriophages can survive and retain their activity in high 

temperatures (up to 76 
○
C) and inorganic solvents (Ertürk and Lood, 2018; Richter et al., 

2018). Hence, they are considered as robust bioreceptors compared to others (Brigati and 

Petrenko, 2005; Ertürk and Lood, 2018). Unlike antibodies, a larger quantity of phages 
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could be easily and inexpensively produced. A significant number of phages can be 

generated by simply infecting a bacterium with a phage. Thus, the phages are considered 

as promising bio-recognition elements in biosensor-based detection of pathogens (Richter 

et al., 2018; Singh et al., 2012). Besides, the phage-based biosensors can distinguish live and 

dead cells as the phages can replicate solely within the viable bacteria (Richter et al., 2018; 

Singh et al., 2012). However, several limitations are involved with the use of phages in 

biosensing techniques, especially due to difficulty to immobilize on the sensor surface, and 

the lower stability (Aliakbar Ahovan et al., 2020; Hussain et al., 2021).  

Molecularly imprinted polymers (MIPs) are another bioreceptor applied in the form of 

matrices of polymers that target specificity of an analyte in several ways, such as size 

exclusion or inclusion (Cieplak and Kutner, 2016; Hebert, 2016). The turbidity of MIPs is 

regulated by several factors such as functional monomers, target bio-analytes, cross linkers, 

and solvents (Hebert, 2016; Wackerlig and Schirhagl, 2016). Generally, MIPs can capture 

target analytes as they can form synthetic bio-recognition between the polymer matrix and 

bio-analyte (Hebert, 2016). Unlike typical bio-recognition elements, MIPs are synthetically 

fabricated for an individual target bio-analyte (Hoyos-Nogués et al., 2018). Hence, the main 

advantage of MIPs is the specific interaction between bio-analyte and bio-recognition 

element. However, the stability of polymer is a major concern in designing MIP-based 

biosensors for bacterial pathogen detection. 

 

2.4 Antimicrobial peptides 

AMPs are small peptide fragments commonly found in several living organisms in the range 

of prokaryotes to multi-cellular organisms (Marshall and Arenas, 2003; Qiao et al., 2020b). 

AMPs are a vital part of native immune systems that attack pathogens for protect the hosts 

(Gomez et al., 2013; Zhang et al., 2019). Moreover, AMPs have been considered as potential 

therapeutic agents to treat infections because of their substantial performance against 

pathogens (Cruz et al., 2014; Mahlapuu et al., 2020). It has been reported that the AMP 

contains 6–50 amino acids (AAs) residue, which generally possess a net positive charge (in 

the range of +2 to +11 ) (Hancock and Sahl, 2006; Lai et al., 2019). Typically, more than 50% 

of AMPs are hydrophobic in nature (Cruz et al., 2014; Qiao et al., 2020b). They are commonly 
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divided into three categories such as i) α-helix, ii) β-helix, or iii) peptides based on their 

secondary structures (Li et al., 2017; Mahlapuu et al., 2016). Most AMPs are usually 

unstructured in aquatic solutions, however, they can easily be adopted and converted into the 

amphipathic helical structure while getting in contact with negatively charged bacterial 

membranes, which is crucial to demonstrate their activity against bacteria (Li et al., 2017; 

Qiao et al., 2020b).  To date, over 2500 AMPs have been reported in the literature (Geitani et 

al., 2020; Qiao et al., 2020b). A representative helical structure of a peptide is presented in 

Figure 2.3. 

 

Figure 2.3 The helical conformation of peptides, α-helix (a), 310 helical conformations based 

on a histidine/polyalanine 9-mer peptide displaying the positions of i residues (i + 3, and i + 4)  

(Puiu and Bala, 2018) (b). 

AMPs are highly stable molecules that could be produced in large quantities using 

several synthetic methods (Giuliani et al., 2007; Zasloff, 2002). It is interesting to note 

that these molecules have also been used as biorecognition elements for selectively capturing 

target analytes, particularly bacteria (Hoyos-Nogués et al., 2018; Mannoor et al., 2010). The 

interaction between AMPs and the phosphate group of  bacteria LPS has been exploited in 

biosensing technology addressing detection, quantification, and classification of bacteria 

(Etayash et al., 2013; Pavan and Berti, 2012). AMPs can be employed as spacers or chemo-

selective anchors to selectively functionalize a diverse range of surfaces (Li et al., 2020; Qiao et 

al., 2020a). These chemo-selective anchoring groups allows them to efficiently immobilize 

target analytes on the surface of sensor substrates (Hoyos-Nogués et al., 2018; Zhang et al., 

2019).  
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2.5 Interaction between AMP and bacteria 

Several mechanisms of interaction between bacteria and AMPs have been reported to date, 

however, the exact mechanism is not well known (Qiao et al., 2020b; Yeaman and Yount, 

2003). It has been suggested that the cationic AMPs at first bind with the surface of bacterial 

membrane through the hydrophobic and electrostatic interactions, and subsequently, alter the 

structure of cell membranes in several ways (i.e., Carpet model, Barrel-staves‖ model, and 

Toroidal-pore model) (Qiao et al., 2020b) as shown in Figure 2.4. The cationic AMPs attach to 

the outer cell membrane through the phosphate group present in lipopolysaccharides or the  

 

Figure 2.4 The interaction between AMPs and bacteria membrane (a); the schematic diagram 

of three predominant models such as Barrel-Stave (b), Torroidal (c), Carpet (d) model 

proposed for interaction between AMP and bacteria (Qiao et al., 2020b). 

teichoic acids (Puiu and Bala, 2018). It has been reported that the AMPs interact with the 

bacterial surfaces as an ―I state‖ or a ―S state‖, where I is denoted for insertion and S is 

denoted for surface (Huang, 2000; Qiao et al., 2020b). Notably, the AMPs adsorb on the 

microbial surfaces by following the ratio of low peptide to lipid. While the peptide-to-lipid 

ratio reaches a threshold concentration, the AMP orientation becomes perpendicular 

(Dennison et al., 2007). During this process, the linear AMPs tended to fold due to the creation 

of a hydrophobic environment on the cell membrane (Manzo et al., 2015). Subsequently, the 

peptides start interacting with the cytoplasmic membrane of microorganisms (Geitani et al., 

2020). 
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2.6 Specificity of AMP towards bacteria 

The selectivity or specificity of AMP towards bacteria plays an important role for the 

detection accuracy of pathogenic microbes. It is well known that AMPs can selectively 

interact with Gram positive and Gram negative bacteria (Etayash et al., 2014a; Malanovic and 

Lohner, 2016). Bacteria are broadly classified as either Gram-positive or Gram-negative, 

based on their cell envelopes. Generally, Gram-positive bacteria contain a crosslinked 

peptidoglycan layer (PGL) surrounded by various negatively charged molecules (i.e., teichoic 

acid, lipoteichoic acid) as illustrated in Figure 2.5  (Li et al., 2017). AMPs electrostatically 

interact with  

 

Figure 2.5 Several mechanisms of interaction between AMP and bacteria, the molecular 

interaction of an AMP and the phospholipid bilayer (a), different mechanisms of peptide 

attachment into the phospholipid bilayer (b-d), other non-invasive interactions  of AMP with 

lipid II (e), lipoteichoic acid (LTA) (f), maltose transporter (MLT) (g), undecaprenyl 

pyrophosphate phosphatase (UppP) (h), phosphotransferase system (Man-PTS) (i), and 

lipopolysaccharides (LPS) (j). PGN: peptidoglycan; OM: outer membrane (Ongey et al., 

2018). 

these negatively charged molecules and subsequently diffuse through the nano-sized pores 

present in PGLs (Li et al., 2017; Malanovic and Lohner, 2016). The PGL is less cross-linked 

and thinner in the case of Gram-negative bacteria. However, Gram-negative bacteria contain 

an additional membrane known as lipopolysaccharide (LPS) located on the outer part of PGL 
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(Malanovic and Lohner, 2016). The LPS molecules are decorated with a significant amount of 

negatively charged phosphate groups, resulting in the interaction between AMP and bacterial 

envelopes (Li et al., 2017). The reactivity of AMPs with Gram-negative and Gram-positive 

bacteria varies due to different atomistic interactions (Malanovic and Lohner, 2016). Thus, 

AMPs such as Lucocin A, C15G2cys were reported to have high activity against Gram-

positive bacteria, while negligible activity was observed against Gram-negative bacteria 

(Lillehoj et al., 2014).  

Several factors such as i) length of AMP sequence, ii) immobilization or orientation of 

AMPs, iii) expression level of man-PTS receptors by bacteria, iv) conformation and site-

specific orientation of peptides (as shown in Figure 2.5) can substantially influence the 

selectivity of AMPs (Bagheri et al., 2009; Hilpert et al., 2009). Among these factors, the 

length of the AMP sequence significantly influences the affinity towards bacteria in several 

ways. Soares et al. (2004) chemically immobilized 6 different lengths and tailored fragments 

of peptides (ceratotoxin A, pleurocidin, PGQ, cecropin P1, cecropin A, and SMAP-29) on a 

plate to observe the binding affinity against E. coli. They found that two tailored fragments 

obtained significantly higher binding efficiency compared to their complete length of 

peptides. Azmi et al. (2015) exposed L. monocytogenes to the different fragments of peptide 

functionalized gold substrates and found high capture affinity of Gram-positive bacteria 

towards the peptide Lue 10. In the case of leucocin A, both full-length peptide and fragmented 

peptide (Leu10) demonstrated similar binding affinity to L. monocytogenes whereas other 

fragments of Leu A displayed a lower affinity for the same bacteria. The authors postulated 

that the binding affinity of peptide fragments varied due to the helical conformation associated 

with the length of peptides. Therefore, the length of peptide sequences could substantially 

influence the affinity of AMPs for capturing bacteria.  

Etayash et al. (2013) reported that the peptide 24 AA Leu A immobilized on a gold 

surface exhibited differential binding affinities towards several Gram-positive bacteria while 

no binding variances were observed against a fragment of a similar 14 AA Leu A peptide as 

shown in Figure 2.6 (a-f). These binding variances could be attributed to the short length 

of peptide, which is not efficient for recognizing the targeted bacterial membrane-bound 

receptor. In another study conducted by this group (Etayash et al., 2014b), the gold surface 
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was conjugated with AMP 37 Leu A and incubated with 5 different Gram-positive bacteria 

(Carnobacterium divergens, Staphylococcus aureus, Enterococcus faecalis, L. monocytogenes 

19116 and  L. monocytogenes 43256)  as shown in Figure 2.6 (g-h). Interestingly, significant 

binding variances were observed for individual bacteria while pathogenic L. monocytogenes 

showed the highest binding affinity. In addition, they also observed that the C-terminal peptide  

 

Figure 2.6 The bacteria capture efficiency (average number) of peptide (24AA LeuA) coated 

and peptide free surfaces against different bacteria such as Listeria innocua, Escherichia coli, 

Listeria monocytogenes, and Carnobacterium divergens at 10
6  

CFU/mL (a-e), the different 

concentration L. monocytogenes (10
2
 - 10

6  
CFU/mL) against peptide 24AA LeuA (f), bacteria 

capture efficiency (average number) by AMP of LeuA, the Carnobacterium divergens (10
1
-

10
4
 CFU/mL) capture efficiency by the peptide (N or C terminal) coated and uncoated gold 

surfaces (g), the capture efficiency of C-terminal peptide against different bacteria 

(Staphylococcus aureus, Enterococcus faecalis Carnobacterium  divergens, Listeria. 

monocytogenes 191116, Listeria monocytogenes 43256) at 10
3
 CFU/mL (h) (Etayash et al., 

2013; Etayash et al., 2014b).  

obtained higher bacteria binding efficiency compared to the N-terminal peptide (LeuA). 

Besides, the long peptides obtained higher bacteria capture efficiency compared to the 

fragmented length of similar peptide sequences. 
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2.7 AMP used as ligands in biosensing 

AMPs have been tethered on the surface of biosensors for capturing bacteria for some time (de 

Miranda et al., 2017; Jiang et al., 2015). Furthermore, bacteria can be captured on the surface 

of biosensors using the AMP-bacteria premix technique as presented in Figure 2.7a (Pardoux 

et al., 2020). In this method, AMPs are captured on the surface of bacteria by electrostatic and 

hydrophobic interactions between peptides and bacterial envelopes. The surface tethering 

technique has been widely used to capture bacteria on the surface of a biosensor as shown in 

Figure 2.7b (Humblot et al., 2009; Mannoor et al., 2010). In this technique, several physical 

and chemical (i.e., covalent interaction) methods have been used to immobilize AMPs on the 

surface of a biosensor (Eddy et al., 2010; Jiang et al., 2015). In the case of physical methods, 

the number of AMP polymer layers can be designed flexibly, which allows for controlling 

peptide loading on the solid surface (Costa et al., 2018). However, the charge diffusion could  

 

Figure 2.7 Techniques for capturing bacteria on the surface of biosensors substrates, AMP-

bacteria pre-mix technique (a), surface tethering technique (b) (Pardoux et al., 2020).  

be interrupted due to the polymer surfaces (Sanchez-Gomez and Martinez-de-Tejada, 2017) 

and thus this technique is not efficient for charge sensitive biosensors. Alternatively, the 

covalent based immobilization of AMPs on biosensor surfaces is the most used technique to 

tether peptides on biosensor surfaces as it is more effective compared to physical 

immobilizations (Andrade et al., 2015; Bagheri et al., 2009). The covalent methods of peptide 
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immobilization on biosensors surface are summarized in Table 2.5. In the covalent method, 

the AMPs can be functionalized with several spacers (i.e., thiol) containing reactive groups 

to immobilize the peptides on the biosensor surface as 

Table 2.5 An overview of the covalent based AMP tethering techniques on the biosensor’s 

substrates. 

Name Immobilization technique Length Structure References 

Magainin I Cysteine terminated peptide was 

covalently (directly) 

immobilized on the gold 

electrode surface 

23 α-Helix (Mannoor et 

al., 2010) 

Clavanin A The peptide was covalently 

immobilized with EDC-NHS 

activated cysteine thiol 

37 α-Helix (de Miranda 

et al., 2017) 

Plantaracin 

17 C 

The peptide was covalently 

immobilized with EDC-NHS 

activated (3-mercaptoproyl) 

trimethoxy silane (MPTS) thiol  

17 α-Helix (Guralp et al., 

2015) 

Magainin I The peptide was covalently 

immobilized with EDC-NHS 

activated 11-

mercaptoundecanoic acid  

23 α-Helix (Humblot et 

al., 2009) 

Colicin V The peptide was covalently 

immobilized with EDC-NHS 

activated cysteine thiol 

- α-Helix (Jiang et al., 

2015) 

Magainin I The peptide was covalently 

immobilized with EDC-NHS 

activated 6-mercapto-1-hexanol 

23 α-Helix (Li et al., 

2015) 

Magainin I The peptide was covalently 

immobilized with EDC-NHS 

activated ferrocene 

23 α-Helix (Li et al., 

2014) 

Clavanin A The peptide was covalently 

immobilized with EDC-NHS 

activated cysteine thiol 

37 α-Helix (Andrade et 

al., 2015) 

presented in Figure 2.8.  In covalent based coupling, one of the most effective approaches is to 

immobilize peptides on the biosensor surfaces through the reactive groups present on the self- 
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Figure 2.8 An overview of the covalently immobilized peptide on biosensor surface; 1
st
, 

absorption of thiols on the electrode surface; 2
nd

, activation of -COOH group presence in 

thiols by EDC/NHS coupling reagents; 3
rd

, covalent immobilization of peptide on electrode 

surface through the activated thiols (Humblot et al., 2009). 

assembled monolayer (SAM). The SAM can be functionalized with several reactive coupling 

reagents (Sanchez-Gomez and Martinez-de-Tejada, 2017). The length of the carbon chain 

present in the SAM is more effective for reacting with AMPs (Stassen et al., 2017). 

Polymer resins, especially polyethylene glycol (PEG), containing reactive groups 

corresponding to several peptides is another common approach for covalently immobilizing 

AMPs (Abshar Hasan et al., 2020). In general, PEG allows faster immobilization, which can 

substantially increase peptide and bacteria interactions leading to the enhancement of the 

performance of biosensors (Karimzadeh et al., 2018). However, in the PEG-based peptide, 

there is a possibility of polymer degradation due to the chain cleavage reactions, hence AMPs 

can be designed from one to several carbons, by considering which disassociate from the 

sensor surfaces (Zoppe et al., 2017).  

2.8 Application of AMP for detecting pathogenic bacteria  

Several recent studies have shown that AMP could be used as bioreceptors for selectively 

detecting bacteria using biosensing techniques. For instance, Kulagina et al. (2005) detected 

pathogenic S. typhimurium and E. coli O157 using a fluorescence biosensor anchored with 

AMP Magainin I. In their subsequent study (Kulagina et al., 2006), they functionalized 

salinized glass surfaces using different AMPs such as cecropin A, magainin I, parasin, 

polymyxin B, and polymyxin E, and observed differential cell capture efficiencies for S. 
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typhimurium and E. coli O157. They also observed that the non-pathogenic E. coli did not 

interact with most of the peptides. Their results clearly show that AMPs could be used as bio-

recognition elements for selective detection of bacteria even at species level. Furthermore, 

they investigated the efficiency of AMPs for detecting several bacteria such as Brucella 

melitensis and Coxiella burnetii, where they observed maximum binding affinity of B. 

melitensis by the bactenecin, polymyxin B and polymyxin E functionalized surface, while no 

binding affinity was observed for magainin I functionalized surface (Kulagina et al., 2007). 

Therefore, this study further strengthens the selectivity of AMPs to distinguish pathogens 

closely related species. The application of AMPs in biosensors for pathogenic bacteria detection 

is summarized in Table 2.6.  

 Mannoor et al. (2010) designed an AMP (magainin I) based microelectrode 

impedimetric biosensor to detect Gram-negative bacteria. In their study, they successfully 

detected low concentrations of pathogenic E. coli (10
3
 CFU/mL). Interestingly, they observed 

that the pathogenic E. coli generated a higher signal compared to the non-pathogenic E. coli, 

which suggested the possibility of strain level bacteria detection using this technique. In 

another study, Etayash et al. (2014a) used leucocin A,  which is known as class IIa 

bacteriocins for detecting Gram-positive bacteria, and they successfully detected L. 

monocytogenes at a concentration of 10
3
 CFU/mL. Albanese et al. (2019) designed an AMP 

(nisin) anchored biosensor where they compared binding affinities between N and C terminal 

peptides, and subsequently, they investigated the detection efficiency of L. innocua, E. coli 

O157 by AMP-functionalized electrochemical sensor. In their study, the C-terminus peptide 

successfully detected low concentrations of L. innocua. Lillehoj et al. (2014) designed an 

AMP-anchored impedimetric micro-sensor for detecting pathogenic bacteria, where the sensor 

detected pathogenic P. aeruginosa and Streptococcus mutans at a concentration of 10
5
 

CFU/mL. In another study, Dong and Zhao (2015) developed an AMP-based impedimetric 

biosensor for detecting  E. coli O157. In their study, they effectively detected very low 

concentrations of pathogenic E. coli (4 × 10
2
 CFU/mL) in water samples. 
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Table 2.6 AMPs used as bio-recognition elements for bacterial detection.  

AMP Detected 

Bacteria 

LOD 

(CFU/mL) 

Sample 

type 

Transducer Detection 

time 

Reference 

Magainin I E. coli O157:H7;  

S. typhimurium 

1.6 x 10
5 

; 

6.5 x 10
4
 

PBS Fluorescens 

spectroscopy 

70 min (Kulagina et 

al., 2005) 

Ceropin A, 

Parasin I 

E. coli O157:H7;  

S. typhimurium 

1 x 10
5
;  

5 x 10
5 

PBS Fluorescens 

spectroscopy 

- (Kulagina et 

al., 2006) 

Magainin I E. coli O157:H7;  

S. typhimurium 

10
3 

PBS EIS 15 min (Mannoor et 

al., 2010) 

Leucocin A L. 

monocytogenes; 

S. aureus 

10
3
 10% milk 

spiked 

EIS 20 min (Etayash et 

al., 2014a) 

Clvanin A K. pneumoniae; 

E. fecalis; 

E. coli; 

B. subtilis 

10
2 

10
2 

10
3 

10
3
 

- EIS - (Andrade et 

al., 2015) 

Magainin I E. coli O157 10
3
 PBS EIS 90 min (Li et al., 

2014) 

Colicin V E. coli  10
3
 Water EIS 15 min (Jiang et al., 

2015) 

Leucocin A L. monocytogenes 10 Seawater EIS 60 min (Lv et al., 

2018) 

Bactenecin Brucella 

melitensis 

 

5 x 10
4
  - Fluorescens 

spectroscopy 

- (Kulagina et 

al., 2007) 

Magainin I E. coli O157 5.0 × 10
2
 Water, 

fruit and 

vegetable 

juice 

spiked 

SPR 40 min (Zhou et al., 

2018) 

Some studies have shown that very low LOD can be obtained by AMP-conjugated 

biosensors. For instance, D'Souza et al. (2018) detected 10 CFU/mL of L. monocytogenes 

using an AMP pair based sandwich technique. In an another study, Albanese et al. (2019) 

detected 1.5 CFU/mL of  Listeria innocua using an AMP (nisin) functionalized 

electrochemical sensor. It has also been reported that the AMP-based colorimetric biosensor 

can detect 13 CFU/mL of  E. coli O157 (Qiao et al., 2017b). These results are promising to 

apply the AMP-based biosensors in the practical field. However, in most cases, the LODs are 

reported by solely considering dilution factors rather than comparing with positive or negative 
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control samples such as other bacterial strains. Besides, in some studies (Li et al., 2015; 

Mannoor et al., 2010; Qiao et al., 2017a), the detection time is reported based on final read-out 

of biosensing results.  However, the detection time should recognize the whole process 

including sample preparation to final results or the time of individual stages to better assesses 

the LODs in the context of realistic conditions, where the target bacteria would exist with 

other bacterial strains. 

2.9 Semiconductor optical (photoluminescence) sensors 

In semiconductor materials, electrons can move from the valance (Ev) to the conduction band 

(Ec) due to the absorption of a photon with the energy equal or exceeding the band gap energy 

(Ahmad et al., 2017; Sharma et al., 2014). PL is a radiative recombination of excited valance 

band holes and conduction band electrons that happens once electrons migrate from 

conduction to the valance band (Pathak et al., 2016). The non-radiative recombination of 

electrons and holes occurs due to the diffusion exchange of minor carriers within the thin 

surface layer. The surface recombination velocity (SRV) is generally determined by the 

condition of surface which dominates the non-radiative recombination rate. The non-radiative 

and radiative recombination of holes and electrons are illustrated in Figure 2.9. The 

recombination rate is inversely proportional to the minority carrier lifetime (τ) which can be 

 

Figure 2.9 Schematic diagram of the surface recombination processes in GaAs. The 

absorption of photons at higher energy than band gap energy of GaAs stimulates electrons and 

elevates them into the conduction band. The diffusion movement of minority carriers leads to 

non-radiative recombination while radiative recombination is associated with the direct 

transition of electrons from the excited conduction band to the valance band (Marshall, 2011). 
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defined by the reciprocal terms of non-radiative and radiative recombination as expressed in 

Eq. 2.1. For n-type semiconductor, the radiative and non-radiative recombination rates can be 

expressed by the Eq. 2.2 and 2.3, respectively. In case of p-type semiconductors, the radiative 

and non-radiative recombination rates can be expressed using similar equations (Yacobi, 

2003), 

 

 
 

 

  
 

 

   
                                                                                                                             (2.1) 

     
      (     )                                                                                                 (2.2) 

       
                                                                                                                       (2.3) 

In Eq. 2.2, β represents the radiative recombination rate (Lambert et al., 1990),    represents 

the equilibrium majority carrier (i.e., electrons) concentration, and 𝛥  represents the photo-

generated excess concentration.  

The recombination theory given by Shockley-Read-Hall (Shockley and Read Jr, 1952) 

is expressed in equation 2.3, where the  𝑡ℎ 𝑝,  𝑝, and  𝑡 represent the minority carrier thermal 

velocity (cm/s), minority carrier (i.e., holes) capture cross section (cm
2
), and trap density 

(cm
-3

), respectively. The PL intensity can be computed through the internal quantum 

efficiency (𝛾𝑃𝐿) which can be defined in terms of non-radiative and radiative recombination 

rates (Yacobi, 2003). According to Eq. 2.4, the intensity of PL varies with the changes in non-

radiative or radiative recombination rates which are at crucial metric in PL-based 

semiconductor sensors: 

𝛾   
  

      
                                                                                                                           (2.4)               

The signal of PL based biosensors is associated with the variations of non-radiative and 

radiative electron-hole recombinations. Figure 2.10 illustrates the band bending occurring at  
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Figure 2.10 Schematic diagram of the near-surface band structure in n-type semiconductors. 

The photo-excited minority carriers (⊕) are moved towards the surface due to diffusion. This 

diagram indicates the built-in electric field (E), surface barrier height (qΦsb), space charge 

region (SCR), space charge density (qNd), surface charge density (Qss), depletion depth (Zd), 

ionized donors (+), surface trapped charge (-), Fermi level energy (FL), and 

conduction/valance bands (CB/VB) (Marshall, 2011).  

 N-type semiconductor surfaces. This diagram also represents the built-in electric field (E), 

surface barrier height (qΦsb), space charge region (SCR), space charge density (qNd), surface 

charge density (Qss), depletion depth (Zd), ionized donors (+), surface trapped charge (-), 

valance/conduction/bands (CB/VB) and Fermi level energy (FL). 

In PL-based sensors, analytes can be immobilized either on the surface directly, or on 

the surface coated with a transducer film. Transducer films are employed to functionalize the 

surface of semiconductors and to change the PL intensity by affecting surface conditions of the 

biosensing device. The behaviour of PL monitored DIP of GaAs/AlGaAs can be explained 

according to Aithal and Dubowski (2018) as presented in Figure 2.11a. In this study, 

GaAs/AlGaAs (wafer 10-150) was irradiated using a spatially homogenized beam of a 532 nm 

light emitting diode (LED) at a power density of 70 mWcm
-2

 and different duty cycles (DCs) 

to investigate the average photocorrosion rate of samples. The DC is defined as (time of light 

on)/ (time of light on + time of light off). Two prominent PL intensity maxima 
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Figure 2.11 Temporal PL plots for a GaAs/AlGaAs nanoheterostructures irradiated with a 532 

nm LED at 70 mW cm
-2

 using different duty cycles (a), the PL signal of GaAs/Al0.35Ga0.65As 

nanoheterostructures photocorroded with 625 nm and 25 mW/cm
2
 of power density (b) (Aithal 

and Dubowski, 2018; Aithal et al., 2017). 

appear at 80 and 275 min for DC=0.01 and at 15 and 50 min in the case of DC=0.1 while a 

single peak at 12 min was observed for DC=0.5. The number of PL maxima observed at low 

duty cycles (DC = 0.1 and 0.01) are correlated with the number of GaAs–Al0.35Ga0.65As 

interfaces revealed in the process of digital photocorrosion. Furthermore, the region of a 

slowed down PL decay is observed for DC = 0.01 at ~125–140 min, and for DC = 0.1 at ~25–

40 min which can be attributed to the reduced rate of photocorrosion for the 10 nm thick 

Al0.35Ga0.65As layer. For DC = 0.5, a single maximum occurred at ~12 min suggesting an 

accelerated photocorrosion rate with the inability of observing higher order PL maxima. An 

example of digital photocorrosion (DIP) monitored with PL signal in a similar 

GaAs/Al0.35Ga0.65As nanoheterostructure is shown in Figure 2.11b (Aithal et al., 2017). In this 

case, the GaAs/AlGaAs sample was irradiated with a 625 nm LED delivering power of 25 

mWcm
-2

. The intermittent photo-irradiation of the sample with DC=0.5 revealed the formation 

of three intense PL maxima (indicated as interfaces 1-3) due to the oxidation and dissociation 

of the oxidized material. Each individual maximum observed in this case corresponds to the 

photocorrosion front passing the GaAs-AlGaAs interface. Since the rate of photocorrosion 

depends on the number of minority carriers present and arriving at the surface of a 

semiconductor (holes in the case of n-type material), the immobilization of an electrically 

active biomolecule at the surface of a GaAs/AlGaAs sample could affect the photocorrosion 

rate of such a sample.    



36 
 

The PL monitored DIP process of GaAs/AlGaAs nanoheterostructure has been 

employed for detecting electrically charged analytes, such as bacteria (Aziziyan et al., 2016; 

Nazemi et al., 2017). A schematic illustration of the DIP process of an n-type GaAs/AlGaAs 

nanoheterostructure monitored with the PL signal is presented in Figure 2.12a. The formation 

of the PL maximum is associated with the transition from GaAs-electrolyte to AlGaAs-

electrolyte. According to the Figure 2.12b, once the semiconductor sample is exposed in a 

liquid environment to photons with the energy exceeding the GaAs bandgap, the built-in 

electric potential separates photo-excited electrons (e
-
) and holes (h

+
) in the depletion region 

of the semiconductor (Aziziyan et al., 2016; Nazemi et al., 2017). The holes (h
+
), driven by 

the electric surface potential, arrive at the electrolyte/semiconductor interface and induce 

formation of surface oxides. Among those oxides, Ga2O3 is relatively stable in water (Choi et 

al., 2002; Ruberto et al., 1991), but is easily dissolvable in an ammonia environment. The 

reaction of the photocorrosion process for GaAs can be expressed by Eq. 2.5: 

GaAs + 2H2O + 6h
+
    Ga

3+
 + HASO2 + 3H

+
                                                     (2.5) 

 

Figure 2.12 Cross sectional view of the GaAs/AlGaAs heterostructure, the inset represents the 

PL spectrum at 869 nm for GaAs/AlGaAs cap (a), a schematic diagram of the photocorrosion 

process (b) (Aziziyan et al., 2016). 

Generally, the formation of Ga2O3 reduces the number of surface defects responsible for 

non-radiative recombination of electron-hole pairs, thus this leads to the enhanced intensity of 

the PL signal emitted by the semiconductor (Aziziyan et al., 2020; Passlack et al., 1995). The 
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rate of photocorrosion and time to form PL intensity maxima can be delayed or accelerated 

with the exposure of GaAs/AlGaAs biochips to electrically charged molecules. In this way, 

the measurement of PL is an attractive option for in situ monitoring of the presence of charged 

molecules, such as bacteria immobilized at the semiconductor surface (Aziziyan et al., 2016). 

In general, the membrane of bacteria in pH higher than 4 is negatively charged, probably due 

to presence of excessive concentration of carboxyl and phosphate groups than the amino acids 

in their membranes (Aziziyan et al., 2016; Poortinga et al., 1999). Furthermore, the molecular 

interaction between bacteria and bioreceptors repels negative ions on the surface of 

semiconductors. Consequently, the formation of PL intensity maxima can be delayed due to 

the discharge of negative ions or electrostatic interaction between negatively charged bacteria 

and the semiconductor surface (Nazemi et al., 2015; Poortinga et al., 1999).  

In a recent study, Aziziyan et al. (2016) detected  L. pneumophila by utilizing a PL 

based DIP technique as presented in Figure 2.13. In this study, they observed that the 

enhancement in the PL intensity of GaAs semiconductor biochips is directly correlated with 

the concentration of negatively charged targeted analytes (L. pneumophila bacteria) as shown 

in Figure 2.13a. They monitored the position of PL intensity maxima for different 

concentrations of L. pneumophila exposed GaAs/AlGaAs nanoheterostructure biochips as  

 

Figure 2.13 The temporal behaviour of PL signals from antibody functionalized biochips 

(J0150) exposed to different concentrations of L. pneumophila (a), and the PL maxima vs time 

for repeated runs (b) (Aziziyan et al., 2016).  
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shown in Figure 2.13b. It was clearly observed that the increasing number of bacteria 

immobilized on the surface of GaAs/AlGaAs biochips reduced the photocorrosion rate and 

delayed formation of PL maxima related to the transition from the electrolyte-GaAs to the 

electrolyte-AlGaAs interface. The results suggest that the PL monitored DIP process could be 

considered a promising method for detecting other pathogens in a water environment.  

2.10 Methods applied to GaAs surface characterization and 

monitoring bacterial attachment 

2.10.1 Fourier-transform infrared spectroscopy analysis 

Fourier transform infrared spectroscopy (FTIR) is an analytical tool for characterizing various 

chemicals and materials especially surface functionalized samples as it is highly sensitive to 

the surface chemistry (Baer et al., 2010; Khan et al., 2018). A schematic diagram of FTIR 

(Bruker Vertex 70v) is presented in Figure 2.14. In transmission mode, IR radiation in a 

defined range of wavenumbers passes through a sample and some of the radiation is absorbed 

at specific wavenumbers by the sample while some reaches the detector (Haas and Mizaikoff, 

2016). The molecular fingerprint of the tested sample is created through the transmission and 

 

Figure 2.14 Schematic diagram of the Bruker Vertex 70v FTIR (a), and the optical path for 

transmission measurements (b); D1: standard detector; D2: optional detector; BMS: beam 

splitter; OPF: optical filter wheel. 
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absorption (Baer et al., 2010). As fingerprints are characteristic of chemical groups and atomic 

bindings, the analysis of FTIR spectra is a unique way of identifying the presence of specific 

chemicals on the surface of investigated samples (Haas and Mizaikoff, 2016). In addition, 

the intensity/area of peaks in the spectrum can be correlated with the amount of material 

present in the sample. The FTIR-based characterization technique is attractive due to its 

monolayer sensitivity and non-destructive character providing precise results without external 

calibration. In this project, a Bruker Vertex 70v FTIR system as presented in Figure 2.14 was 

used to evaluate functionalization of GaAs and GaAs/AlGaAs samples.  

2.10.2 Atomic force microscopy analysis 

AFM could also be applied to characterize the surface functionalized materials through the 

measurement of sample roughness as denoted by the root mean square (RMS). AFM is 

considered as one of the powerful techniques for nanoscale measurement and characterization 

of sample surface (Nguyen-Tri et al., 2020). A picture of the AFM instrument employed in 

this research is shown in Figure 2.15. The crucial point of AFM sample characterization is that 

the specimens must be immobilized to prevent potential displacement induced by the force of 

cantilever (Dufrêne, 2002). Furthermore, the sample characterization process with AFM is 

time consuming and thus the throughput is quite slow. AFM can be conducted in different 

modes, such as tapping, contact and non-contact as presented in Figure 2.16. In the contact 

mode, the tip of the cantilever is dragged across the surface of samples, and images are taken 

according to the deflections of cantilever. A number of sample surfaces such as insulators and 

semiconductors trap electrostatic charges which can contribute to the additional attractive 

forces between the sample and probe. In the non-contact mode, the sample surface is not 

touched by the cantilever tip that hovers very close (~50-150 Angstrom) over the surface 

and the images are taken based on the changes of frequency or amplitude of the oscillations 

(Eslami and Caputo, 2021). Unlike contact mode, the attractive forces from the samples are 

substantially weaker than the forces used by contact (Magonov et al., 1997). In the case of 

tapping mode, the tip oscillates up and down at the close distance of sample surfaces (Garcia, 

2020). However, the much higher amplitude of oscillations with higher risk of damaging the  
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Figure 2.15 A picture of the Veeco Dimension 3000 AFM. 

sample surface are observed for this technique compared to the non-contact mode 

(Eslami and Caputo, 2021; Magonov et al., 1997). Thus, the imaging of fragile and soft  

 

Figure 2.16 A schematic diagram for different modes of AFM operation: contact (a), tapping 

(b), non-contact (c) (Rana et al., 2016). 

such as delicate biological samples should be carried out in the non-contact mode (Yang et al., 

2007). In this project, a Veeco Dimension 3000 AFM system (Figure 2.15) was used to 

investigate the surface functionalization of GaAs samples.  
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2.10.3 Optical microscopy 

Optical microscopy provides a simple and inexpensive way of visualizing surface attached 

bacteria (Gopinath et al., 2014). This method is the fastest way to determine the number of 

bacteria attached on the solid surfaces. However, the surface should be optically clear and 

planar for properly visualizing or counting bacteria. Moreover, the viability of bacteria cannot 

be determined through this method. Very small pleomorphic bacteria and particles that 

resemble the bacteria are very difficult to differentiate with this method leading to the high 

error of bacteria counting. However, the application of some software, especially imageJ, can 

significantly reduce the counting error by subtracting particles that resemble the bacteria. In 

this project, Zeiss infinity 2 optical/light microscopy with a 10x wide-field eye piece and 

objective lenses of 5x - 100x was used to visualize bacteria on the GaAs surfaces.  

2.10.4 Scanning electron microscope analysis 

Scanning electron microscopy (SEM) allows generating highly magnified bacteria image for 

observing adhesion of bacteria on surfaces with good detail (Karcz et al., 2012). In this 

microscopic technique, the sample surface is scanned by electron beam and surface 

morphology is characterized based on interaction of electrons and sample. However, chemical 

fixation is required for imaging soft bodied organism such as bacteria. This technique is time 

consuming and unable to provide information related to the viability. Moreover, a number of 

sample treatment steps are required for visualizing bacteria through this technique, such as 

metallization. In this project, a Hitachi S-4700 (Japan) SEM microscopy with a magnification 

of 40k is used to visualize bacteria attached on the surface of GaAs. 
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pneumophila dans des échantillons d’eau faiblement concentrés (10
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détection est comparable ou même 10 fois inférieure à celle reportée en cas de détection 

directe de L. pneumophila en utilisant la même méthode de transduction (DIP GaAs/AlGaAs), 

des transducteurs optiques ou électrochimiques mais en utilisant des anticorps comme 

molécules de reconnaissances. Cette bioarchitecture basée sur le PAM ouvre la voie au 

remplacement des immunobiocapteurs qui pourraient souffrir d’une faible sensibilité et 

reproductibilité en raison que la production des anticorps de mammifères  est dépendante des 

animaux en plus de la possibilité de variation d’un lot à un autre. 

Résumé français: 

La détection de la bactérie pathogène Legionella pneumophila (L. pneumophila) par des 

méthodes de culture n'est pas efficace pour prévenir les épidémies de la maladie du 

légionnaire. Le principal problème est le délai relativement long pour l'obtention des résultats 

ainsi que dans certains cas l'incapacité d’assurer la croissance de bactéries viables mais non 

cultivable. L’une des stratégies pour pallier à ces problèmes consiste à développer des 

biocapteurs fonctionnalisés avec des anticorps de mammifères conçus pour capturer les 

bactéries. Cependant, les anticorps de mammifères sont connus pour souffrir de la variabilité 

des lots produits et d'une stabilité limitée, ce qui réduit l'usage et la constance des 

immunobiocapteurs. Pour tenter de résoudre ce problème, nous avons exploré l’usage des 

peptides antimicrobiens (PAM) pour la capture de L. pneumophila avec des biopuces de 

GaAs/AlGaAs. Des analyses de spectroscopie infrarouge à transformée de Fourier ont 

démontré que les peptides étaient bien immobilisés de manière covalente sur les terminaisons -

COOH du  l'acide mercaptohexadécanoïque (MHDA) formant une monocouche auto-

assemblée à la surface de la biopuce de GaAs/AlGaAs. Les groupements COOH ont été 

préalablement activées par le 1-éthyl-3-(-3-diméthylaminopropyl) et le carbodiimide/N-

hydroxysuccinimide (EDC/NHS) Les interactions entre le PAM  (warnericin RK) et L. 

pneumophila, E. coli, B. subtilis et P. fluorescens ont été évaluées en termes de couverture de 

surface (nombre de bactéries par unité de surface de biopuce), par microscopie à fluorescence 

et un biocapteur à photocorrosion digitale de GaAs/AlGaAs. Nous avons constaté que le 

peptide warnericin RK présentait une affinité ∼4 fois plus élevée envers L. pneumophila 

qu'aux autres bactéries étudiées. De plus, un niveau de détection aussi bas que 10
3
 UFC/mL 

était possible avec l'architecture proposée. Nous soutenons qu'un biocapteur basé sur le PAM 
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warnericin RK AMP offre une alternative intéressante aux dispositifs à base d'anticorps pour 

la détection de L. pneumophila. 
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Chapter 3. Antimicrobial warnericin RK peptide 

functionalized GaAs/AlGaAs biosensor for highly 

sensitive and selective detection of Legionella 

pneumophila 

 

3.1 Abstract 

Detection of pathogenic Legionella pneumophila (L. pneumophila) by culture-based methods 

is not efficient in predicting 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 antibodies 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 

antimicrobial peptides (AMPs) for capture of L. pneumophila with GaAs/AlGaAs biochips. 

Fourier-transform infrared spectroscopy measurements revealed that the peptides were 

covalently immobilized on the 1-ethyl-3- (-3-dimethylaminopropyl) carbodiimide/N-

hydroxysuccinimide (EDC/NHS) activated -COOH terminals of mercaptohexadecanoic acid 

(MHDA) 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 ∼4 times 

greater binding affinity towards L. pneumophila than to the other bacteria investigated. 

Furthermore, detection levels as low as 10
3
 CFU/mL were possible with the proposed 

biosensor architecture. We argue that a biosensor based on warnericin RK AMP peptides 

offers an attractive alternative solution to antibody-based devices towards detection of L. 

pneumophila. 
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Key words: Antimicrobial peptides, Warnericin RK, Legionella pneumophila, GaAs/AlGaAs 

biosensor, Binding affinity 

3.2 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 (Hoyos-Nogués et al., 2018). In the past few years, a variety of biosensing methods, 

such as optical (Manera et al., 2013), piezoelectric (Hoyos-Nogués et al., 2018) and 

electrochemical (Li et al., 2012) have been proposed to detect L. pneumophila. Recently,  

photoluminescence (PL) monitored using a GaAs/AlGaAs digital photocorrosion (DIP) 

biosensor has proven attractive for rapid and sensitive detection of E. coli (Nazemi et al., 

2015) and L. pneumophila (Aziziyan et al., 2016) bacteria. 

The efficiency of bio-recognition elements is crucial to the operation of biosensors 

(Elakkiya and Matheswaran, 2013). Several bio-recognition elements such as antibodies, 

carbohydrates, aptamers, peptides have been widely used for capturing bacteria on the 

biosensor surface (Hoyos-Nogués et al., 2018). Among these, antibodies are commonly used 

since they can be selected to be highly specific to the target (Etayash et al., 2013). However, 

antibody-based biosensors suffer from instability and non-specificity to pathogens under harsh 

environments (Mannoor et al., 2010). Furthermore, antibodies are prone to batch-to-batch 

variation (Voskuil, 2014), which may result in inconsistent biosensor calibration. Recently, 

studies have shown that antimicrobial peptides (AMPs) could be employed as bio-recognition 

elements as an alternative to antibodies (de Miranda et al., 2017; Etayash et al., 2013). AMPs 

have been extensively investigated for their antibacterial action towards Bacillus cereus, 

Pseudomonas aeruginosa, and Staphylococcus aureus (Geitani et al., 2019; Han et al., 2017) 

as well as for L. pneumophila (Birteksoz-Tan et al., 2019; Verdon et al., 2009). However, to 

the best of our knowledge, a dedicated study has not been conducted to detect L. pneumophila 

using AMP functionalized biosensors. AMPs contain multiple domains that bind with specific 

bacterial or fungal cell envelope moieties (Mannoor et al., 2010).  The stability of AMPs is 

considerably higher than that of typical globular proteins, especially antibodies (Etayash et al., 
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2014b; Mannoor et al., 2010). Therefore, AMPs could be considered as a replacement of 

typical polyclonal antibody-based biosensing architectures.  

The warnericin RK peptide is highly active against L. pneumophila (Verdon et al., 

2011). Although the exact interaction between peptide and bacteria is not clearly understood, 

it has been proposed that the peptide may attach to the target cell surface through electrostatic 

interaction between the positively charged peptide and the negatively charged bacteria, 

followed by the specific interactions of the peptide with a specific but as yet unknown surface 

membrane component. According to Verdon et al. (2008), warnericin RK and delta-lysin I 

display the same antibacterial spectra, which is largely restricted to the Legionella genus. In 

further analyses (Verdon et al., 2011), the authors observed that the warnericin RK range of 

antimicrobial activity is  due to the presence of phosphatidylcholines (30% content) lipid on 

the surface of Legionella membrane. However, in a different study, Marchand et al. (2011) 

found that the amino acid residues at position 14 for warnericin RK were of major importance 

for bactericidal as well as lytic activities to L. pneumophila.  

Prompted by the intriguing prospect of employing AMP for L. pneumophila 

biosensing, we functionalized a GaAs/AlGaAs DIP biosensor with this moiety and 

investigated its capacity to detect L. pneumophila. We demonstrate that the investigated 

biosensing architecture offers both sensitivity and selectivity to detect L. pneumophila in a 

water environment. 

3.3 Experimental section 

3.3. 1 Materials and reagents 

The undoped GaAs (001) chips (WV 23084) used for the FTIR measurements were obtained 

from Wafer Technology LTD (Washington, USA). GaAs chips (G108K21530237) used for 

the bacterial coverage study were obtained from AXT Inc. (Fremont, USA). The D3422 

GaAs/Al0.35Ga0.65As chips used for the digital photocorrosion (DIP) experiments were 

obtained from CPFC (Ottawa, ON, Canada). Semiconductor grade isopropanol, acetone and 

OptiClear were purchased from Fisher Scientific (Ottawa, Canada), ACP (Montréal, Canada) 

and, National Diagnostics (Mississauga, Canada), respectively. The ethanol (Anhydrous) was 
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purchased from Commercial Alcohols Inc. (Brampton, Canada). The 28% of NH4OH 

(ammonium hydroxide) used for removing oxide from the GaAs samples was obtained from 

Anachemia (Richmond, Canada). The MHDA (16-Mercaptohexadecanoic acid) thiol was 

purchased from Sigma-Aldrich (Oakville, Canada). The buffer (phosphate buffered saline, 

PBS) solution (10X, pH 7.4), polyclonal antibodies (Ab) specific to L. pneumophila were 

purchased from Sigma (Oakville, Canada) and ViroStat, Inc. (Portland, ME), respectively.  

Green fluorescent Legionella pneumophila JR32 was provided by the Faculty of Agricultural 

and Environmental Sciences, Department of Natural Resource Sciences, McGill University 

(Ste- Anne de Bellevue, Québec, Canada), E. coli ATCC 25922 and Bacillus subtilis ATCC 

60514 were obtained from the Department of Biology, Université de Sherbrooke (Quebec, 

Canada) and Pseudomonas fluorescens ATCC 13525 was purchased from Cedarlane 

(Burlington, ON, Canada). The intention behind this bacterial selection, in addition to L. 

pneumophila, was to investigate the response of warnericin RK AMP to microbial 

representatives that are abundantly found in natural and industrial water environments. The 

warnericin RK AMPs were purchased from GenScript (Piscataway, USA). 

3.3.2 Sample preparation 

The samples prepared for Fourier-transform infrared (FTIR) absorption and bacteria surface 

coverage measurements were cut from an undoped GaAs (100) bulk wafer (WV 23084). The 

DIP biochips were prepared using an undoped wafer comprising stack of GaAs/Al0.35Ga0.65As 

nanoheterostructures (Wafer D3422) for monitoring PL. The cross-sectional view of the wafer 

is presented in Figure 3.1 and the biofunctionalization process of the chip with attachment of 

L. pneumophila is presented in Figure 3.2. The 2 mm x 2 mm chips were cleaned following 

the previously established procedure (Aziziyan et al., 2016; Nazemi et al., 2015) in an 

ultrasonic bath using acetone, OptiClear, acetone, and isopropanol sequentially for 5 min each 

and blown dry with high purity compressed nitrogen gas. Thereafter, the samples were etched 

in NH4OH for 2 min at room temperature for removing native oxides from the surface of 

GaAs and immediately dipped in the degassed ethanol. Following this step, the etched samples 

were immersed in 1 mM of (mercaptohexadecanoic acid) MHDA thiol for 20 h. After the 

thiolation step, the biochips were sonicated in deoxygenated ethanol for 1 min and rinsed with  

https://www.sigmaaldrich.com/catalog/product/aldrich/448303?lang=en&region=US
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Figure 3.1 Schematic view of the GaAs/AlGaAs biochip cross-section (Wafer D3422). 

degassed ethanol to remove unbound molecules. Thereafter, the thiolated samples were 

incubated for 30 min in the 0.4 M EDC – 0.1 M NHS (1:1) solution 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 

functionalized samples were incubated with L. pneumophila, JR32 E. coli ATCC 25922, 

 

Figure 3.2 The bio-recognition mechanism of AMP, non-functionalized GaAs wafer (a), 

functionalized with MHDA SAM (b), AMP functionalized following the EDC/NHS step (c), 

globular structure of AMP (c’), MHDA-peptide hybrid (c’’), attachment of bacteria to peptide 

(d), interaction between peptide and bacterial cell membrane (d’) (Etayash et al., 2014b; 

Moghaddam et al., 2015).  
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Bacillus subtilis ATCC 60514 (B. subtilis) and Pseudomonas fluorescens ATCC 13525 (P. 

fluorescens) at 10
6
 CFU/mL, each, for 2h. 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.  

3.3.3 Optical microscopy analysis 

The density of immobilized bacteria on the surface of GaAs was evaluated under an Optical 

microscopy (Nikon Instruments, Inc.). The optical microscopy images were taken using 200X 

magnification. The images were taken from three different regions of each sample surface for 

statistical analysis purpose. The cell surface coverage was calculated using the ImageJ 

software. All experiments were repeated 3 times for statistical analysis of optical microscopy 

data. 

3.3.4 Field emission scanning electron microscopy analysis 

The GaAs surface immobilized L. pneumophila cells were visualized with a field emission 

scanning electron microscope (FE-SEM, Hitachi S-4700, Japan). The microbes attached to the 

GaAs/MHDA/EDC-NHS-AMP surface (see the bacteria attachment procedure in Section 3.2) 

were rinsed with increasing concentrations of ethanol 30%, 50% and 100% sequentially for 5 

min each and dried with nitrogen gas (Islam et al., 2017). Thereafter, the samples were coated 

with gold to a thickness of 10 nm. The bacteria were visualized by FE-SEM operating at 3 kV 

with 40k magnification.  

3.3.5 Fourier-transform infrared spectroscopy analysis 

The FTIR data were collected using a Bruker Optics Hyperion 2000 FTIR system. The spectra 

were recorded with resolution at 4 cm
-1

, and an individual spectrum was averaged over 1000 

scans. The FTIR data were recorded using a N2 chilled HgCdTe (mercury cadmium telluride) 

IR detector. The sample cleaned by the afore-mentioned method using organic solvents 

(acetone, Opti-Clear, acetone, isopropanol, and ethanol) followed by removing oxides (28% 

NH4OH) was used as a background reference. 
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3.3.6 Photoluminescence measurements 

The photonic detection of bacteria was based on PL monitor DIP of GaAs/AlGaAs biochips 

carried out at room temperature using a custom designed quantum semiconductor photonic 

biosensor (QSPB) reader as described by Nazemi et al. (2015). The biochips were irradiated at 

660 nm by a light emitting diode (LED). The PL signal was recorded by charged-couple 

device (CCD) camera. A power density of ~17 mW/cm
2 

was employed to observe the 

photocorrosion of the investigated biochips. All experiments were repeated 3 times for 

statistical analysis of PL data. The photocorrosion of an AMP functionalized biochip 

immersed in 0.1 x PBS without bacterial exposure was considered as a reference sample.   

3.4 Results and Discussion 

3.4.1 Fourier-transform infrared spectroscopy analysis 

The molecular conformation of the peptide binding architecture on the surface of GaAs was 

evaluated by collecting FTIR absorption spectroscopy spectra (Figure 3.3 and Table 3.1). The 

intense bands recorded at 2919 cm
-1

 and 2850 cm
-1

, as shown in Figure 3.3 (a-b), are assigned 

 

Figure 3.3 FTIR spectrum of a MHDA/EDC-NHS/AMP biofunctionalized GaAs (001) chip 

(a), FTIR spectrum of -CH2 asymmetric (2919 cm
-1

) and symmetric vibrations (2850 cm
-1

) for 

MHDA-SAM (b). 

to the -CH2 asymmetric and symmetric vibrations, respectively. The observed FTIR 

characteristics of these two vibrations suggest the formation of high quality MHDA SAMs 

(Huang et al., 2013). The absorbance bands at 1655 cm
-1

, 1587 cm
-1

, 1738 cm
-1

 and 3288 cm
-1
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are assigned to the amide I, amide II, amide III and amide A bands of AMP, respectively 

(Etayash et al., 2013; Etayash et al., 2014b; Forsting et al., 2017). Similarly, the peptide 

immobilized through the C-terminal with free N-terminal region shows a characteristic peak at 

1655 cm
-1

 (Ami et al., 2014; Barbosa et al., 2017). The band observed at 1738 cm
-1

 is the C=O 

stretching mode of lateral chain functions and of some hydrolysed ester functions 

(Humblot et al., 2009). 

Table 3.1 FTIR absorbance bands corresponding to the assigned functional groups. 

Absorbance 

bands (cm
-1

) 

Corresponding bonds Reference 

1587 Amide II (N-H banding) (Rai et al., 2016) 

1655 Amide I bond (C=O stretching) (Ami et al., 2014), (Barbosa 

et al., 2017) 

1738 
Amide II, C=O stretching lateral 

chain function (Humblot et al., 2009), 

(Doiron et al., 2018) 

2850 CH2 symmetric stretching   (Humblot et al., 2009), 

(Etayash et al., 2014b) 

2922 CH2 asymmetric stretching   (Humblot et al., 2009), 

(Etayash et al., 2014b) 

3288 Amide A (Forsting et al., 2017) 

The peaks at 1655 cm
-1

 and 1738 cm
-1

 suggest the presence of a characteristic helical 

conformation of the surface-conjugated peptide (Barbosa et al., 2017; Doiron et al., 2018). 

Furthermore, the peak at 1587 cm
-1 

is likely related to the presence of the N-H bending mode 

for Amide II (Rai et al., 2016).  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. 

3.4.2 Interaction of bacteria with the warnericin RK functionalized GaAs 

(001) surface 
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To evaluate the attachment/binding efficiency of warnericin RK, the AMP functionalized 

GaAs chips were incubated for 1h with 10
6
 CFU/mL of either L. pneumophila, E. coli, B. 

subtilis or P. fluorescens as presented in Figure 3.4. The non-functionalized GaAs surface 

(Figure 3.4a) captured a small number of L. pneumophila compared to the warnericin RK 

functionalized surface (Figure 3.4b). Furthermore, the low capture efficiency of E. coli, B.  

 

Figure 3.4 The attachment efficiency of L. pneumophila to the non-functionalized (a), antibody 

functionalized (b), AMP functionalized (c) surface of GaAs, and the attachment efficiency of 

the AMP functionalized GaAs surface for P. fluorescens (d), B. subtilis (e), and E. coli (f); 

averaged surface coverage for different bacteria (g). The asterisks indicate significantly 

different values compared to reference (p<0.05) as determined by the Students T-test (n=3). 

The scale bar corresponds to 100 µm. 

subtilis and P. fluorescens  by the warnericin RK AMP functionalized GaAs is well illustrated 

in Figs. 3.4c-f. The average number of quantified  bacteria, as summarized in Figure 3.4g, 

shows that the peptide-coated surface captured ~2261, ~394, ~373, and ~290 cells/mm
2
 of L. 

pneumonphila, E. coli, B. subtilis and P. fluorescens, respectively, while the peptide-free 

surface (i.e., background) exhibited ~207 cells/mm
2
. Thus, these results illustrate 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 

efficiency could be attributed to the specificity of peptide bacteria interactions (Berjeaud et al., 

2016; Etayash et al., 2014b). 

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 
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composition of the  L. pneumophila bacterial membrane (Marchand et al., 2011). An example 

of FE-SEM image for L. pneumophila is shown in Figure 3.5. Verdon et al. (2011) 

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 for the 

sensitivity of bacteria to these peptides. Furthermore, L. pneumophila contains high 

proportions (30%) of phosphatidylcholines (PCs) that are conventionally prevalent in  

 

Figure 3.5 An example of FESEM micrograph for determining L. pneumophila. 

eukaryotic cells (Verdon et al., 2011). As such, these lipids are very specific to the Legionella 

genus (Berjeaud et al., 2016), and may explain the strong interaction observed between 

warnericin RK and the Legionella bacterial membrane.  

3.4.3 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 10
3
 to 10

6
 CFU/mL at 0.1x PBS, and 

the calibration plot obtained from 3 repetitions are presented in Figure 3.6 (a-b) and Table 3.2, 

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 (Aziziyan et al. 2016; Nazemi 

et al. 2017). The limit of detection at 10
3
 CFU/mL has been estimated based on the time 

dependent positions of PL maxima determined for 3 independent runs with an error nearest to 
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Figure 3.6 Normalized PL intensity for MHDA/EDC-NHS/AMP functionalized 

GaAs/AlGaAs DIP biochips (wafer D3422) exposed at 0.1 x PBS to different concentrations 

of L. pneumophila (a), PL peak positions vs. different concentrations of L. pneumophila 

bacteria (b). 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). 

that of the positions of PL maxima for 3 independent reference runs in a 0.1x PBS solution. 

Although the specificity of this method warrants extensive future research, the results 

demonstrate that the sensitivity of a warnericin AMP-functionalized L. pneumophila biosensor 

is by one order of magnitude better than that reported for an antibody-based DIP biosensor 

(Aziziyan et al., 2016) while comparable to that of DIP detected L. pneumophila decorated 

with sodium dodecyl sulphates (SDS) (Aziziyan et al., 2020), as well to some other recently 

published results as shown in Table 3.3. 

Table 3.2 PL maxima obtained for different concentrations of L. pneumophila 

Bacteria Concentrations PL maxima (min) 

PBS 0.1 x 13 ± 15% 

L. pneumophila 10
3
 25 ± 12% 

L. pneumophila 10
4
 37 ± 8% 

L. pneumophila 10
5
 53 ± 8% 

L. pneumophila 10
6
 73 ± 7% 

P. fluorescens 10
5 

18 ± 16% 

It is important to note that antibodies have been widely used as bio-recognition 

elements for bacterial detection solely based on their specific interaction with bacterial 
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antigens. However, apart from the specificity, the design of the detection architecture should 

include other practical considerations. In electrochemical (Hoyos-Nogués et al., 2018) and PL 

based biosensors (Aziziyan et al., 2016), the excessive distance of the antibody from the 

sensing surface could decrease the detection performance due to reduced electrostatic 

interaction and/or inefficient charge transfer between the biosensor and analytes. Furthermore, 

antibodies might not demonstrate stable performance in harsh environments. In contrast, 

Table 3.3 Immunosensor based detection of L. pneumophila. 

Type of bioreceptors LOD  Linear range 

(CFU/mL)  

Reference 

 

Anti-L. pneumophila 

polyclonal antibodies 

10
4
 CFU/ mL 10

3
 - 10

6 
CFU/ mL (Aziziyan et 

al., 2016) 

Anti-L. pneumophila 

antibodies 

10
4
 CFU/9 mL 10

3
 - 10

4
 CFU/9 mL (Bedrina et 

al., 2013) 

Antibody (Ab) was linked to 

the poly (dopamine) 

10
4
 CFU/ mL - (Martín et al., 

2015) 

 L. pneumophila LPS specific 

Ab 

10
1
 CFU/ mL 10

1
 – 10

3
 CFU/9 mL (Lin et al., 

2007) 

SDS-decorated L. 

pneumophila 

10
3
 CFU/mL 10

2
 – 10

4
 CFU/mL (Aziziyan et 

al., 2020) 

AMP 10
3
 CFU/ mL 10

3
 – 10

6
 CFU/mL This study 

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 (Dong and Zhao, 2015; Wilson et al., 2019). Furthermore, AMPs can be 

manufactured with high reproducibility (Hoyos-Nogués et al., 2018). 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 selective nature of AMPs-based biosensors.  

For instance, Hossein-Nejad-Ariani et al. (2018) 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. (2010) observed that a gold 

electrode functionalized with magainin I (AMP) permitted ~4-fold higher binding affinities to 

the E. coli O157:H7 compared to other bacteria (i.e., E. coli ATCC 35218 and Listeria 

Monocytogenes).  To the best of our knowledge, the present study demonstrates for the first 
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time the attractive application of warnericin RK AMP for highly selective detection of L. 

pneumophila with a photonic biosensor. 

3.5 Conclusions 

The present study investigated the application of AMP for direct in situ detection of L. 

pneumophila in a water environment. The molecular orientation of the warnericin RK AMP on 

the GaAs (001) surface was examined using FTIR analysis, which 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 biosensor was demonstrated between 10
3
 – 10

6
 CFU/mL. The lower 

detection limit of 10
3
 CFU/mL was one order of magnitude better than that previously 

reported with an antibody-based GaAs/AlGaAs DIP biosensor (Aziziyan et al., 2016).  Our 

results provide evidence for the attractive application of a warnericin RK AMP 

biofunctionalized DIP biosensor for highly sensitive and specific detection of L. pneumophila 

in water samples, and pave the way towards the development of a robust biosensor operating 

in harsh environments. 
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avec succès la L. pneumophila à une concentration de 2 x 10
2
 UFC/mL avec une assez 

satisfaisante spécificité. L'application de Cys-WRK AMP pour la fonctionnalisation des 
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biocapteurs DIP à base de GaAs fournit un moyen alternatif permettant d’éliminer l'étape de 

20 heures requise pour la formation de la monocouche auto-assemblée (MAA) de MHDA et 

l'activation ultérieure du groupement -COOH du MHDA par l’EDC/NHS nécessaire pour 

attacher à la suite le PAM via sa terminaison amine. En optant vers l’usage du  Cys-WRK, 

nous avons pu avoir une bioarchitecture d'environ 2 nm comparé à 15 nm en cas d’usage du 

MHDA ainsi que réduire le temps  d’analyse à seulement 3h  (préparation d’échantillon 

comprise). Réduisant les étapes de fonctionnalisation, pourrait permettre l’obtention de 

résultats plus reproductibles ceci en plus qu’une couche de fonctionnalisation plus courte 

faciliterait le  transfert de charge entre les bactéries et la surface du biocapteur. Ainsi, les 

architectures à base de PAM à chaîne courte offrent une détection rapide, sensible et 

spécifique de L. pneumophila et serait mieux adaptées aux transducteurs sensibles aux charges 

électriques, tels que les biocapteurs DIP. 

Résumé français: Les méthodes basées sur la culture pour la détection de Legionella 

pneumophila sont excessivement lentes et souvent inadéquates. Le problème a été résolu avec 

diverses technologies de biodétection utilisant une variété de ligands pour la capture 

spécifique de bactéries. Cependant, le succès limité de l'application d'anticorps de 

mammifères, d'aptamères et de sondes à base d'acide nucléique pour la biodétection a suscité 

un intérêt croissant pour l'exploration d'architectures alternatives, telles que celles basées sur 

les peptides antimicrobiens (PAM) dèjà connus pour leurs propriétés thérapeutiques 

attrayantes. Nous rapportons en l'utilisation satisfaisante de la warnericin RK modifiée par la 

cystéine pour le développement d'un biocapteur hautement sensible à L. pneumophila basé sur 

la photocorrosion numérique de nanohétérostructures GaAs/AlGaAs. Le remplacement de la 

procédure relativement lourde couramment appliquée pour la fixation d'anticorps aux 

monocouches auto-assemblées (MAA) d'acide mercaptohexadécanoïque à terminaison COOH 

(MHDA) a permis une réduction significative de la distance entre les bactéries capturées et la 

surface du biocapteur. Une conséquence importante de cette approche est la limite de détection 

attractive de L. pneumophila estimée à 2 x 10
2
 UFC/mL. La bactérie cible ont été capturée 

quatre fois plus efficacement que P. fluorescens, B. subtilis et E. coli, ce qui rend un tel 

biocapteur prometteur pour la surveillance environnementale de Legionella pneumophila. 
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Chapter 4. Short ligand, cysteine modified 

warnericin RK antimicrobial peptides favor highly 

sensitive detection of Legionella pneumophila 

 

4.1 Abstract 

Culture-based methods for the detection of Legionella pneumophila (L. pneumophila) are 

prohibitively slow and frequently inadequate. The problem has been addressed with 

biosensing technology that employs a variety of ligands for the specific capture of bacteria. 

However, the limited success of the application of mammalian antibodies, aptamers, and 

nucleic acid-based probes for sensitive biosensing has generated growing interest in exploring 

alternative biosensing architectures, such as those based on antimicrobial peptides (AMP) that 

are known for their attractive therapeutic applications. We report on the successful 

employment of cysteine modified warnericin RK AMP for the operation of a highly sensitive 

biosensor of L. pneumophila based on digital photocorrosion of GaAs/AlGaAs 

nanoheterostructures. The replacement of the relatively cumbersome procedure commonly 

applied for the attachment of antibodies to COOH-terminated mercaptohexadecanoic acid 

(MHDA) self-assembled monolayers (SAM) has allowed for a significant reduction in the 

distance at which bacteria are immobilized above the biosensor surface. An important 

consequence of this approach is the attractive limit of detection of L. pneumophila estimated at 

2 x 10
2
 CFU/mL. The target bacteria were captured four times more efficiently than P. 

fluorescens, B. subtilis, and E. coli, which is highly promising for environmental monitoring. 

Keywords: Cysteine modified warnericin RK, Legionella pneumophila, Antimicrobial 

peptides, Digital photocorrosion biosensor, GaAs/AlGaAs nanoheterostructures, 

Photoluminescence  

4.2 Introduction 

Rapid detection of pathogenic bacteria in a water environment remains a challenging issue 

(Ashbolt, 2004; Etayash et al., 2014b). Of particular interest are rapid, portable, non-labor 

intensive, yet cost-attractive tools for detection of pathogens (Rodrigues Ribeiro Teles et al., 
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2010). The culture based, colony-counting methods have been widely used to detect bacteria 

(Hameed et al., 2018), but they are labour and time intensive (Hameed et al., 2018; Jayan et 

al., 2019). For instance, Legionella pneumophila (L. pneumophila) may require up to 10 days 

of incubation for visible detection of colonies (Keserue et al., 2012). Alternatively, polymerase 

chain reaction (PCR) based detection (Mothershed and Whitney, 2006) or matrix-assisted laser 

desorption ionization time-of-flight (MALDI-TOF) spectroscopy (Jeverica et al., 2018) could 

both provide relatively fast and accurate detection. However, the need for highly trained 

personnel and sophisticated lab requirements are the main constraints of these techniques 

(Buchan and Ledeboer, 2014; Singhal et al., 2015). The biosensor-based detection methods of 

pathogenic bacteria have gained attention due to their potential to offer relatively fast, portable 

and easy-to-handle solutions (Hoyos-Nogués et al., 2018). In that context, various types of L. 

pneumophila biosensors have been investigated ranging from optical (Meneghello et al., 2017; 

Yoo and Lee, 2016) and piezoelectric (Gupta and Kakkar, 2020; Miranda-Castro et al., 2007) 

to electrochemical (Laribi et al., 2020; Mobed et al., 2019). However, to the best of our 

knowledge, an economically attractive method for automated monitoring of water reservoirs 

for the presence of pathogenic bacteria has yet to be developed. Recently, photoluminescence 

(PL) based detection of E. coli has proven to be rapid and relatively sensitive (Nazemi et al., 

2015). In this technique, the sensitivity of PL varies with the presence of electrically charged 

molecules (i.e. proteins, viruses and bacteria) on the surface of semiconductor 

nanoheterostructures that have the potential for the realization of a regenerable system 

designed for automated data collection (Aziziyan et al., 2020; Nazemi et al., 2015).  

L. pneumophila is a pathogenic waterborne bacterium, predominantly found in man-

made artificial water reservoirs, i.e., spas and cooling towers (Berjeaud et al., 2016; Guyard 

and Low, 2011). Humans who are accidentally exposed may develop a pulmonary infection 

known as Legionnaire’s disease (Berjeaud et al., 2016; Marchand et al., 2011). In 2006, more 

than 6000 cases were reported in Europe, 400 of them fatal (Marchand et al., 2011). Of the 60 

reported Legionella species, 85-90% are associated with Legionnaire’s disease (Verdon et al., 

2008). Therefore, the detection of L. pneumophila in water reservoirs has emerged as a public 

health priority. Culture based methods have been commonly applied for the detection of L. 

pneumophila (Ballard et al., 2000; Dusserre et al., 2008), however, they are time consuming 

techniques. In addition to a multi-day delayed detection, some viable but non-culturable 
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bacteria could not be detected with these techniques. The PCR-based method can address most 

of the aforementioned problems, but the requirement of trained personnel and sophisticated 

laboratory facilities limit the application of this technique (Hameed et al., 2018). Biosensor-

based detection of L. pneumophila has the potential to alleviate these deficiencies. 

The efficiency of bio-recognition elements is crucial in order that biosensor technology 

be able to offer a selective, sensitive and accurate measurement of the target (Elakkiya and 

Matheswaran, 2013; Ramanavičius et al., 2006). Numerous bio-recognition elements, such as 

antibodies (Ab), carbohydrates, aptamers, peptides, as well as combinations of these, have 

been widely explored in different biosensing platforms (Hoyos-Nogués et al., 2018). Among 

them, Ab have been considered as an attractive option since they can be highly specific 

towards the antigenic target (Etayash et al., 2013; Mannoor et al., 2010). However, Ab suffer 

from lack of stability, especially under extreme environmental conditions, such as high/low 

pH and elevated temperatures (Mannoor et al., 2010), and they often require additional 

conjugating compounds, such as neutravidin, biotin or avidin (Aziziyan et al., 2016). These 

conjugations increase the number of interfaces which could affect the reproducible 

performance of a biosensor. Recently, some studies have shown that antimicrobial peptides 

(AMPs) could be reasonable candidates for bio-recognition in biosensing platforms (de 

Miranda et al., 2017; Dong and Zhao, 2015; Etayash et al., 2013). The multiple molecular 

niches of an AMP seem partially responsible for the strong interaction with bacteria and fungi 

surface moieties (Mannoor et al., 2010). Furthermore, it has been reported that some cationic 

AMPs could maintain their activity in harsh environments, even after boiling and autoclaving 

(Friedrich et al., 1999; Rydlo et al., 2006). The considerably superior stabilities of AMPs over 

those of typical globular proteins (Mannoor et al., 2010; Rydlo et al., 2006) justify the AMP 

research expected to lead to the replacement of typical Ab-based biorecognition elements. 

In the past few years, several AMPs such as magainin I (Kulagina et al., 2005), 

Clavanin A (Andrade et al., 2015) and polymyxin B (Kulagina et al., 2006)
40

 have been 

investigated as bio-recognition probes, with some AMPs demonstrating a highly specific 

recognition capacity. Mannoor et al. (2010) reported that a gold electrode functionalized with 

magainin I AMP showed differential binding affinity to the pathogenic bacterial strains of E. 

coli and Salmonella at 10
7
 CFU/mL. Another study reported that a gold microelectrode 

https://docs.google.com/document/d/1U8QhL0YZyvPclLBNhV3sZVegjWo1NiFXRxqoCxF9fgg/edit#heading=h.28h4qwu
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functionalized with Leucocin A (Leu A) exhibited high binding affinity to Listeria 

monocytogenes (Hossein-Nejad-Ariani et al., 2018). It has been reported that warnericin RK is 

a membrane active peptide which shows high specificity to L. pneumophila (Marchand et al., 

2015). However, the exact interaction between peptide and bacterium is not clearly 

understood. It has been proposed that initially, the peptide attaches to the target cell surface 

due to a general electrostatic interaction with negatively charged bacteria. This initial 

association is followed by a specific interaction of the peptide with a specific, yet unidentified, 

L. pneumophila membrane moiety (Verdon et al., 2011). It has also been reported that the 

selectivity of warnericin RK to L. pneumophila might be related to the fatty acid composition 

of the cell membrane (Verdon et al., 2011).  

In our recent study (Islam et al., 2020), we employed a digital photocorrosion (DIP) 

biosensor biofunctionalized with a 16-mercaptohexadecanoic acid (MHDA) linker for 

interfacing warnericin RK AMP, which allowed  detection of L. pneumophila at 10
3
 CFU/mL. 

Given that a DIP biosensor is sensitive to the flow of electric charge between the biosensor 

and immobilized bacteria, we hypothesized that a short-linker biosensor, consisting also of a 

reduced number of interfaces, could exhibit a significantly enhanced sensitivity. Thus, we 

report here on the operation of an innovative DIP biosensor comprising cysteine-modified RK 

AMP (Cys-AMP) designed for rapid detection of L. pneumophila. A successful investigation 

was also carried out by demonstrating a negligible specificity of the biosensor towards P. 

fluorescens, B. subtilis and E. coli.     

4.3 Experimental section 

4.3.1 Materials and reagents 

Undoped, double side-polished GaAs (001) chips (Wafer WV 23084, Wafer Technology Ltd, 

Washington, USA) were used for measuring bacteria capture efficiency. GaAs/Al0.35Ga0.65As 

nanoheterostructure wafers (Canadian Photonics Fabrication Centre, Ottawa, Ontario, Canada) 

were used for monitoring the DIP process of biofunctionalized chips. The details for 

employing GaAs/AlGaAs nanoheterostructures in DIP biochips have been reported elsewhere 

(Aziziyan et al., 2016; Nazemi et al., 2015). Semiconductor grade isopropanol, acetone and 
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OptiClear were purchased, respectively, from Fisher Scientific (Ottawa, Canada), National 

Diagnostics (Mississauga, Canada), and ACP (Montréal, Canada). Anhydrous ethanol was 

purchased from Commercial Alcohols Inc. (Brampton, Canada). Ammonium hydroxide (28% 

of NH4OH) used for removing oxides from the GaAs surface was purchased from Anachemia 

(Richmond, Canada). Phosphate buffered saline solution (PBS; 10X, pH 7.4) and 16-

Mercaptohexadecanoic acid (MHDA) thiol were purchased from Sigma-Aldrich (Oakville, 

Canada) and ViroStat, Inc. (Portland, ME), respectively. Anti-L. pneumophila polyclonal Ab 

were purchased from ViroStat, Inc. Green fluorescent L. pneumophila JR32 was obtained 

from the Faculty of Agricultural and Environmental Sciences, McGill University (Ste-Anne de 

Bellevue, Québec, Canada). Bacillus subtilis ATCC 60514 and Escherichia coli ATCC 25922 

were obtained from the Department of Biology, Université de Sherbrooke (Quebec, Canada), 

and Pseudomonas fluorescens ATCC 13525 was purchased from Cedarlane (Burlington, 

Ontario, Canada). Cys-AMPs (GenScript, Piscataway, USA) were employed to achieve robust 

functionalization of GaAs/AlGaAs chips thus taking advantage of the strong affinity of 

sulphur towards Ga and As (Voznyy and Dubowski, 2009).  

4.3.2 Biofunctionalization of Gallium Arsenide (GaAs) chip surface 

Bulk GaAs (001) chips, 2 mm x 2mm, were used for carrying out Fourier-transform infrared 

spectroscopy (FTIR), x-ray photoelectron spectroscopy (XPS), atomic force microscopy 

(AFM) and bacteria capture efficiency measurements. The samples of bulk GaAs and 

GaAs/AlGaAs nanoheterostructures were cleaned in ultrasonic baths of acetone, OptiClear 

and isopropanol for 5 min each, and then dried with high purity nitrogen gas (Lacour et al., 

2016; Sharma et al., 2016). Thereafter, native oxides present on the surface of the samples 

were removed with 28% NH4OH (2 min at room temperature), followed by immediate dipping 

of the samples in degassed ethanol, and rinsing with copious amounts of degassed DI water. 

Different concentrations of peptide solutions (2-100 μg/mL) were prepared for functionalizing 

the GaAs and GaAs/AlGaAs chips. To investigate the stability of the proposed biosensor, 

aliquots of peptide solution (50 μg/mL) were stored at room temperature for up to 30 days. 

Functionalization was achieved by immersing cleaned samples in peptide solution for 1h.  The 

functionalized chips were sonicated in degassed DI water for 1 min, and immediately rinsed 

with degassed DI water in order to remove non-immobilized peptides.  



65 
 

4.3.3 Preparation of bacteria 

E. coli, P. fluorescens and B. subtilis were obtained from fresh cultures in a Luria-Bertani 

(LB) medium. L. pneumophila serogroup 1 (SG1) was cultured in a buffered charcoal yeast 

extract agar (BCYE), supplemented with isopropyl thio-β-galactoside (IPTG) and L-cysteine. 

Subsequently, several colonies of L. pneumophila were transferred to 0.1x PBS, and 

concentration of bacteria was determined by OD600nm measurement (0.1 OD 600nm corresponds 

to 6.4 x 10
7
 L. pneumophila/mL). Serial dilutions were carried out in 0.1x PBS to achieve the 

test concentrations. 

4.3.4 Biosensor architecture 

Following the removal of native oxides from the surface of GaAs/AlGaAs chips, the samples 

were immersed for 1 hour in Cys-AMPs suspended in DI water. Subsequently, a 1 min 

sonication in degassed DI water was applied to remove non-immobilized peptides. However, it 

was found that light rinsing with DI water was sufficient to remove weakly bonded 

(physisorbed) peptides, which may be important for the future development of a procedure for 

automated biofunctionalization. The biofunctionalized chips, typically less than 60 min from 

their fabrication, were exposed to different suspensions of bacteria. Figure 4.1 illustrates the 

process of a biosensor fabrication. Notice that the strong interaction of warnericin RK AMP 

with L. pneumophila is expected to result in the rapid breaking of the bacterial outer  

 

Figure 4.1 Cysteine-modified warnericin RK antimicrobial peptide-based architecture of a L. 

pneumophila biosensor employing GaAs/AlGaAs nanoheterostructure chips. The inset 

illustrates the proximity of interaction between bacterial cell membrane and peptides. 
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membrane as illustrated by the inset in Figure 4.1. It is important to note that the entire 

detection procedure of this biosensor could be completed within ~2 hours, including the 

biofunctionalization step, as compared to the more than 20 hours required by a biosensor 

employing an alkanethiol self-assembled monolayer (as shown in Figure 4.2). Furthermore, of 

potential importance to the operation of charge sensitive sensors (DIP, electrochemical or 

field-effect devices) is the remarkably short, 2 nm distances between the biochip surface and 

bacteria immobilized with the Cys-AMP architecture, which could affect the process of charge 

 

Figure 4.2 Schematic representation of antibody and AMP based bio-functionalization 

architectures for capturing L. pneumophila on GaAs/AlGaAs surface, GaAs/AlGaAs-MHDA-

Ab (a), GaAs/AlGaAs-MHDA-AMP (b). 

transfer. In the case of anti-L. pneumophila Ab functionalization, the etched samples (after 

being treated with 28% NH4OH) was immersed in 1mM of MHDA thiol in 10 mL of 

deoxygenated ethanol for 20h. After the thiolation, the functionalized chips were sonicated in 

degassed ethanol for 1 min and immediately rinsed with degassed ethanol in order to remove 

non-immobilized thiols. Thereafter, the -COOH terminals of thiolated samples were activated 

using 0.4 M EDC: 0.1 M NHS (1:1) solution for 30 min and immediately rinsed with DI 

water. Then, the samples were incubated in 100 µg/mL of anti-L. pneumophila polyclonal Ab 

for 1h. Finally, both AMP and Ab functionalized samples were incubated with heat killed L. 

pneumophila at 10
6
 CFU/mL for 1h. The GaAs/Al0.35Ga0.65As nanoheterostructures were used 
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for the fabrication of 2 mm x 2 mm DIP biochips functionalized by following the 

aforementioned protocols.  

4.3.5 Fourier-transform infrared spectroscopy analysis 

The FTIR absorption spectroscopy measurements were collected using a Bruker Optics 

Hyperion 2000 FTIR system. The spectra were collected with a resolution at 4 cm
-1

, and 

individual spectra were averaged over 1000 scans. All FTIR data were recorded with a liquid 

N2 chilled HgCdTe (mercury cadmium telluride) IR detector. A reference GaAs sample was 

obtained by consecutive cleanings in ultrasound baths with OptiClear, acetone, isopropanol, 

acetone, and ethanol (5 min each), and then etched with a 28% NH4OH solution.  

4.3.6 Atomic force microscopy analysis 

Topographic images of functionalized GaAs samples were taken with an atomic force 

microscope (AFM, Shimadzu Instruments, SPM - 9700, Japan) operating at room temperature 

(~25±2 
o
C). The root mean square (σRMS) surface roughness was calculated based on scans 

collected from 5 µm × 5 μm surface areas of the investigated samples. Images were analyzed 

using AFM Gwyddion software (version 2.53).  

4.3.7 X-ray photoelectron spectroscopy analysis 

XPS spectra were recorded with a Kratos Analytical AXIS (Ultra DLD XPS) spectrometer 

employing an Al Kα source (1486.6 eV) operating at 150 W. The XPS data were obtained 

with a 60° take-off angle with respect to the surface normal. The carbon signals were 

measured and fitted using Casa XPS software for both bulk GaAs and GaAs/AlGaAs biochip 

samples. The binding energy reference to adventitious C 1s peak at 284.8 eV positioned the 

As 3d5/2 peak at 40.8 eV, which was subsequently used as a nominal calibration.  

4.3.8 Contact angle measurements 

The water hydrophilicity of the peptide functionalized GaAs surface was determined at room 

temperature using commercial static water contact angle measurement equipment (KR SS 

DSA30). The GaAs surface was exposed to a 10-µL droplet of Milli-Q water and after 5 s, the 

contact angle of the GaAs-water interface was calculated. 
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4.3.9 Optical microscopy analysis 

Optical microscopy (Nikon Instruments, Inc.) was used to determine the density of 

immobilized bacteria on the biochip surface. The images were taken at 200X magnification in 

three different regions of each sample surface. All experiments were repeated at least three 

times. The bacteria surface coverage was calculated using ImageJ software (Grishagin, 2015).  

4.3.10 Photoluminescence measurements 

The detection of bacteria was carried out at room temperature with a DIP GaAs/AlGaAs 

biosensor whose PL was measured with a quantum semiconductor photonic biosensing 

(QSPB) reader described elsewhere (Aithal et al., 2017; Aziziyan et al., 2016). Reference 

measurements and bacteria coated biochips were irradiated with 5-s pulses delivering 17 

mW/cm
2 

each, in every 20-s period, using a light emitting diode (LED) operating at a 

wavelength of 660 nm. The PL signal and images of the biochips collected in situ were 

recorded with a charge-coupled device (CCD) camera. Experiments were carried out in a 0.1X 

PBS solution, and runs without bacteria were used to obtain reference signal. All experiments 

were repeated at least 3 times. 

4.4 Results and discussion 

4.4.1 Functionalization of GaAs/AlGaAs biosensors 

The immobilization of peptides on the surface of GaAs was evaluated by FTIR analysis as 

presented in Figure 4.3 (for a detailed list of peak positions see Table 4.1). The FTIR 

absorbance spectra have been normalized as presented in Figure 4.3 (a-b). The absorbance 

band at 1235 cm
-1

 was assigned to amide III, while the band at 1519 cm
-1

 could be assigned to 

amide II (de Campos Vidal and Mello, 2016; Munje et al., 2017). The absorbance at 1540 cm
-1

 

and 1655 cm
-1

 is characteristic for C=O stretching of amide I (Akrami et al., 2016; Ami et al., 

2014).  The intense bands at 2922 cm
-1

 and 2850 cm
-1

 observed in Figure 4.3a are typical of 

CH2  asymmetric and symmetric vibrations, and are related  to the thiol groups of peptides 

reported in the literature (Etayash et al., 2013; Etayash et al., 2014b). The absorbance bands at 

1653 cm
-1

 and 1587/1734 cm
-1

 were assigned to amide I and amide II, respectively  
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Figure 4.3 Representative FTIR absorbance spectra of thiol and peptide related peaks (a), and 

amide A absorbance spectra collected for different peptide concentrations (b). 

(Forsting et al., 2017; Humblot et al., 2009). Similarly, the peptide immobilized at the C-

terminal with a free N-terminal region shows a characteristic peak at 1653 cm
-1 

(Ami et al., 

2014; Barbosa et al., 2017). Furthermore, the band observed at 1734 cm
-1

 corresponds to C=O 

stretching of lateral chain functions and some hydrolysed ester functions (Doiron et al., 2018; 

Humblot et al., 2009). The intense peaks at 1653 cm
-1

 and 1734 cm
-1

 suggest a helical 

conformation (Ami et al., 2014; Barbosa et al., 2017; Doiron et al., 2018). Furthermore, the 

band at 1587 cm
-1 

suggests the presence of an N-H bond for amide II (Rai et al., 2016), while 

the band at 3324 cm
-1 

could be assigned to amide A (Dinesh et al., 2015; Jeevithan et al., 

2014). Therefore, the amide related peaks in the FTIR spectra (1235, 1519, 1587, 1653, 1734, 

3324 cm
-1

) confirm the successful immobilization of peptides on the surface of GaAs via 

cysteine linker of peptide. It is noticeable that the peaks of a similar intensity were observed in 

Figure 4.3a for amide I, II, III of different concentration peptides, while the amide A intensity 

varied with the increasing concentration of peptide as presented in Figure 4.3b. The peak 

intensity increased with the increasing concentrations of peptide until 50 µg/mL, thereafter the 

peak intensity did not correlate with higher peptide concentrations. Hence, the 50 µg/mL could 

be considered as the optimum peptide concentration for GaAs functionalization. 
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Table 4.1 FTIR absorbance bands corresponding to the assigned functional groups. 

Absorbance 

bands (cm
-1

) 

Corresponding bonds Reference 

1235 Amide III (de Campos Vidal and Mello, 

2016) 

1519 – 1738 Amide II (Munje et al., 2017), (Rai et 

al., 2016) 

1655 - 1670 Amide I (Ami et al., 2014), (Barbosa et 

al., 2017) 

2850 - 3070 CH2 symmetric and asymmetric 

stretching   

(Humblot et al., 2009), (de 

Campos Vidal and Mello, 

2016) 

1519 Amide II (Munje et al., 2017) 

1540 N-H bending (Akrami et al., 2016) 

1587 Amide II (N-H banding) (Rai et al., 2016) 

1655 Amide I bond (C=O stretching) (Ami et al., 2014), (Barbosa et 

al., 2017) 

1738 Amide II, C=O stretching lateral 

chain function 

(Humblot et al., 2009), 

(Doiron et al., 2018) 

1750 Ester C=O stretching 
(Munje et al., 2017) 

1770, 1828 C=O stretching (Guler and Sarac, 2016) 

2850 CH2 symmetric stretching   (Humblot et al., 2009), (de 

Campos Vidal and Mello, 

2016)  

2922 CH2 asymmetric stretching   (Humblot et al., 2009), (de 

Campos Vidal and Mello, 

2016)  

3324 Amide A (Dinesh et al., 2015), 

(Jeevithan et al., 2014) 
 

The AFM evaluation of Cys-AMP functionalized GaAs surface topography is 

illustrated in Figure 4.4, while the corresponding σRMS values are plotted in Figure 4.5. The 

micrograph in Figure 4.4a presents a freshly etched GaAs surface, and Figure 4.4 (b-h) 

demonstrate the roughness of the GaAs surface functionalized with peptides of different  
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Figure 4.4 Representative AFM micrographs of GaAs reference surface (a), and peptide-

coated GaAs at 2 µg/mL (b), 5 µg/mL (c), 10 µg/mL (d), 25 µg/mL (e), 50 µg/mL (f), 75 

µg/mL (g), and 100 µg/mL (h). 

concentrations. As shown in Figure 4.4a, the freshly etched GaAs surface is characterized by 

σRMS = 0.54 nm, which is consistent with the previously published results (Aziziyan et al., 

2019). Following exposure to peptides at concentrations of 2, 5, 10, 25, 50, 75 and 100 µg/mL, 

the GaAs surface was characterized by σRMS of 0.73, 0.78, 1.02, 1.16, 1.45, 1.49 and 1.49 nm, 

 

Figure 4.5 The root-mean-square roughness (σRMS) values of the GaAs surface exposed to 

peptide solutions of different concentrations. 

respectively (Figure 4.4b-h). A comparable surface roughness is observed for GaAs exposed 

to 50 and 100 µg/mL of peptides, which is consistent with the saturation effect, also recorded 

with the FTIR measurements (Figure 4.3b). Clearly, the concentration of peptides at 50 µg/mL 

appears optimal for the functionalization of the GaAs surface. Figure 4.6a illustrates the 

dependence of the water contact angle of the GaAs surface on the concentration of peptides  
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Figure 4.6 Water contact angle of the GaAs surface exposed to different concentrations of 

cysteine-modified peptides (a), and representative XPS spectra in the C1s absorption region 

for the uncoated GaAs (b), and exposed to 50 µg/mL of a peptide solution (c). The error bars 

in Figure 4a represent standard deviations of 3 repetitions.  

employed for functionalization. The contact angle values decreasing from 83 to 66° were 

observed for surfaces functionalized with peptides at 2, 5, 10, 25, 50, 75 and 100 µg/mL. Note 

that the oxidized surface of GaAs is characterized by contact angles exceeding 90° 

(Gocalinska et al., 2011). The increased hydrophilicity of GaAs following the deposition of 

peptides is consistent with the results of Date et al. (2013) who showed that the air bubble 

angles decreased substantially with increasing concentrations of peptides on the gold surface. 

XPS data for bare and peptide functionalized (50 µg/mL) GaAs surfaces are presented 

in Figure 4.6 (b-c).  The C1s spectra for both functionalized and non-functionalized samples 

were observed at 284.8 eV, ascribed to C–H and C–C bonds (Wang et al., 2016). The peak at 

286.3 eV could be assigned to the carbon atoms of the C=O or C–N (Fears et al., 2013; Oger 

et al., 2019) or to the O=C–N (Soylemez et al., 2016; Wang et al., 2016). The amide related 

peak at 288.08 eV (Corrales-Ureña et al., 2020; Soylemez et al., 2016), observed only for the 

functionalized sample, confirms the presence of peptide. 

4.4.2 Surface coverage with bacteria  

Representative optical micrographs of the GaAs surface functionalized with different 

concentrations of Cys-AMP and exposed to an L. pneumophila suspension at 10
6
 CFU/mL are 
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shown in Figure 4.7 (a-h), while the capture efficiencies are summarized in Figure 4.7i. The 

uncoated (reference) surface of GaAs was able to capture ~72 bacteria/mm
2
, whereas peptides 

at 2, 5, 10, 25, 50, 75 and 100 µg/mL yielded 217, 301, 394, 1009, 1868, 1920, and 2011 

average bacteria/mm
2
, respectively. The captured bacteria steadily increased with the 

concentration of peptide to 50 µg/mL, thereafter demonstrating a tendency towards saturation. 

 

Figure 4.7 Representative optical micrographs of L. pneumophila captured on the GaAs 

surface using several concentrations of peptides: reference (a), 2 µg/mL (b), 5 µg/mL (c), 10 

µg/mL (d), 25 µg/mL (e), 50 µg/mL(f), 75 µg/mL (g), 100 µg/mL (h), and density of captured 

L. pneumophila on the reference (R) and peptide functionalized GaAs surfaces (i). The 

asterisks indicate significantly different values compared to the reference (p<0.05) as 

determined by the Students T-test (n=3). The scale bar corresponds to 100 µm. 

To evaluate the specificity of peptide towards L. pneumophila, a series of tests were 

carried out against the non-target P. fluorescens, B. subtilis, and E. coli bacteria at 10
6
 

CFU/mL with the GaAs chips functionalized with either peptides cysteine modified 

warnericin RK (Cys-WRK) AMP or anti-L. pneumophila Ab. The representative micrographs 

of the biochip surfaces are shown in Figure 4.8 and resulting bacterial capture efficiencies are 

illustrated in the Figure 4.9. The Cys-WRK AMP functionalized biochips captured L. 

pneumophila, B. subtilis, P. fluorescens, and E. coli, on average, at 2018, 477, 331 and 216 

bacteria/mm
2
, respectively. This compared with the ability of anti-L. pneumophila Ab 

functionalized biochips to capture the same bacteria, on average, at 742, 217, 186, 165 

bacteria/mm
2
, respectively. These results clearly demonstrate that RK AMP peptide and, as 

expected, anti-L. pneumophila Ab-coated GaAs surfaces captured L. pneumophila more  
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Figure 4.8 Representative optical micrographs of different bacteria on GaAs surfaces 

functionalized with AMP at 50 µg/mL (a-f), and Ab at 50 µg/mL (g-l). The scale bar 

corresponds to 100 µm. 

efficiently compared to other bacteria. Notably, the cysteine-modified RK AMP functionalized 

GaAs biochips captured L. pneumophila at least 4 times more efficiently than the other 

investigated bacteria. 

A number of studies have evaluated binding affinity, as well as interaction between 

peptide and bacteria on the surface of biosensor substrates. For instance, Etayash et al. (2013) 

observed that 24AA LeuA-conjugated gold substrate exhibited high binding specificity 

towards gram-positive bacteria, while lower specificity was observed for short length peptide 

14AA LeuA. In another study (Etayash et al., 2014b), gold substrates functionalized with 

37AA LeuA were incubated with four different bacteria (i.e., E. coli, Listeria innocua, 

Coronabacterium divergens, Listeria monocytogenes) and it was found that the Listeria 

monocytogenes demonstrated the highest binding efficiency compared to other bacteria. 

Recent studies have reported that L. pneumophila sensitivity towards warnericin could be due 

to the lipid composition of the bacterial membrane. Verdon et al. (2011) investigated the 

sensitivity of L. pneumophila to warnericin RK and found that the presence of branched-chain 

fatty acids on the surface of the bacteria play a crucial role in the sensitivity of the bacteria to 

the peptide. Legionella contains unusually high amounts of phosphatidylcholine (30%), which 

are predominantly present in eukaryotic cells only (Conover et al., 2008). Furthermore,  
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Figure 4.9 Summary of the results indicating that a cysteine-modified warnericin AMP 

biosensor captured L. pneumophila 4 times more efficiently than the other investigated 

bacteria. The asterisks indicate significantly different values compared to reference (p<0.05) 

as determined by the Students T-test (n=3). The scale bars correspond to 10 µm. 

phosphatidylcholine is not typically present in other bacterial cell membranes (Berjeaud et al., 

2016; Conover et al., 2008). A number of Legionella -specific peptides have been reported 

(Berjeaud et al., 2016; Verdon et al., 2011). Of these, only 3 peptides, warnericin RK being 

one of them, were found to be specific towards L. pneumophila serogroups 1, 3, 5 and 6 

(Berjeaud et al., 2016). Therefore, the results obtained here, in agreement with previous 

reports, suggest that the innovative warnericin RK-conjugated GaAs-based biosensor could be 

an attractive system for specific detection of L. pneumophila.  

4.4.3 Detection of L. pneumophila 

Detection of L. pneumophila was carried out with the PL effect employed for monitoring DIP 

of GaAs/AlGaAs nanoheterostructures. The PL scans of the Cys-AMP functionalized biochips 

exposed to different concentrations of L. pneumophila are shown in Figure 4.10. The PL 

maxima were observed at 15, 20, 27, 34, 46, 57 and 76 min for 0, 10
2
, 5 x 10

2
, 10

3
, 10

4
, 10

5
 

and 10
6
 CFU/mL of L. pneumophila, respectively. The details of this experiment are 

summarized in Table 4.2. Under optimized conditions, the PL maximum at 20 min obtained  
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Figure 4.10 Normalized PL intensity of AMP functionalized GaAs/AlGaAs DIP biochips 

(wafer D3422) exposed to different concentrations of L. pneumophila in 0.1 x PBS (a), PL 

peak positions vs. different concentrations of L. pneumophila (b). The PL peak positions 

obtained for L. pneumophila are statistically different compared to either 0.1x PBS 

(reference), 10
2
 CFU/mL of L. pneumophila or the negative control test for B. subtilis + L. 

pneumophila exposed surfaces (p<0.05), as determined by the Student’s t-test (n=3). The 

dashed line highlights the biosensing resolution of the device against peak positions of the 

negative test and the results obtained for L. pneumophila suspension at 10
2
 CFU/mL. 

for a bacterial suspension at 10
2
 CFU/mL is slightly delayed from the 15-min maximum 

observed for the reference sample. At the same time, the 21-min PL maximum observed for 

the mixed suspension of B. subtilis at 10
5
 CFU/mL and L. pneumophila at 10

2
 CFU/mL 

suggests that the limit of detection of the biosensor is at ~2 x 10
2
 CFU/mL. The delayed 

positions of PL maxima revealed for the growing concentrations of L. pneumophila are 

consistent with the sensitivity of DIP GaAs/AlGaAs nanoheterostructures to the presence of 

bacteria immobilized on the biosensor surface. In this system, the rate of photocorrosion of 

GaAs/AlGaAs nanoheterostructures is delayed due to the charge transfer between bacteria and 

the semiconductor, as reported previously (Aziziyan et al., 2020; Nazemi et al., 2017). A 

mixed suspension of B. subtilis at 10
5
 CFU/mL with L. pneumophila at 10

2
 CFU/mL was used 

as a negative control to demonstrate the specificity of a proposed biosensor. When mixed 

together, the bacteria showed a PL maximum at 21 min, whereas L. pneumophila alone at 10
5
 

CFU/mL yielded a PL maximum at 57 min, which suggests that the PL maxima were not  
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Table 4.2 PL maxima obtained for the reference (PBS) run and different concentrations of L. 

pneumophila (all experiments repeated for at least 3 times). 

Bacteria Concentrations 

(CFU/mL) 

PL maxima (min) 

PBS 0.1 x 15 ± 13% 

L. pneumophila 10
2
 20 ± 10% 

L. pneumophila 5 x 10
2
 27 ± 11% 

L. pneumophila 5 x 10
2
(S) 27 ± 9% 

L. pneumophila 10
3
 34 ± 9% 

L. pneumophila 10
4
 46 ± 9% 

L. pneumophila 10
5
 57 ± 7% 

L. pneumophila 10
6
 76 ± 7% 

B. subtilis + L. pneumophila  10
5 

+ 10
2
 21 ± 13% 

affected in a measurable manner by the presence of non-target bacteria. We also observed that 

inter-experimental (different biochips) errors for determining PL maxima varied less than 

13%, which indicated a relatively highly reproducible detection. Furthermore, the reproducible 

response of the biosensor was demonstrated for GaAs/AlGaAs chips functionalized with 

Table 4.3 Immunosensor based detection of L. pneumophila. 

Type of bioreceptors LOD  Linear range 

(CFU/mL)  

Reference 

 

Anti-L. pneumophila 

polyclonal antibodies 

10
4
 CFU/ mL 10

3
 - 10

6 
CFU/ mL (Aziziyan et al., 

2016) 

Anti-L. pneumophila 

antibodies 

10
4
 CFU/9 mL 10

3
 - 10

4
 CFU/9 

mL 

(Bedrina et al., 2013) 

Antibody (Ab) was 

linked to 

the poly (dopamine) 

10
4
 CFU/ mL - (Martín et al., 2015) 

Lipopolysaccharide 

(LPS) specific Ab 

10
1
 CFU/ mL 

 

10
1
 – 10

3
 CFU/9 

mL 

(Lin et al., 2007) 

 

SDS-decorated L. 

pneumophila 

10
3
 CFU/mL 10

2
 – 10

4
 CFU/mL (Aziziyan et al., 

2020) 

AMP 10
3
 CFU/mL 10

3
 – 10

6
 CFU/mL (Islam et al., 2020) 

Cys-AMP 2x10
2
 CFU/ mL 10

2
 – 10

6
 CFU/mL This study 

peptide solutions stored at room temperature for 30 days. The related PL scan, collected for L. 

pneumophila at 5 x 10
2
 CFU/mL (sample S), revealed the PL maximum position at 27 min, 

which is similar to that obtained for the fresh peptide solution.   A summary of several recent 

studies reporting on biosensing of L. pneumophila has been provided in Table 4.3. Aziziyan et 
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al. (2016)  detected 10
4
 CFU/mL of L. pneumophila using an Ab functionalized GaAs/AlGaAs 

DIP biosensor. In their subsequent study,
21

 they improved the detection limit to 10
3
 CFU/mL 

by decorating bacteria with sodium dodecyl sulphate (SDS). However, a decoration step of 

bacteria with SDS increases the complexity of a detection protocol and, thus, it may not be 

entirely advantageous in comparison to the simple process of detecting L. pneumophila with a 

Cys-AMP based biosensor.  

4.5 Conclusions 

This study has demonstrated the innovative concept of a cysteine-modified warnericin RK 

antimicrobial peptide (Cys-AMP) architecture for construction of a biosensor for rapid 

detection of L. pneumophila in an aqueous environment. The biosensing architecture was 

employed for functionalization of GaAs/AlGaAs nanoheterostructure biosensors operating on 

the principle of a digital photocorrosion. The role of peptide concentration on the efficiency of 

capturing L. pneumophila was investigated with FTIR, AFM, XPS, and water contact angle 

measurements. The absorbance band peaks related to peptide, observed at 1653 cm
-1

 (amide I), 

1734 cm
-1

/1538 cm
-1 

(amide II) and 3324 cm
-1 

(amide A), confirmed the chemisorption of 

peptide on the GaAs surface. Our results showed that 50 µg/mL of Cys-AMP was the 

optimum concentration as determined by maximum capture of L. pneumophila visualized with 

optical microscopy. The detection sensitivity of the developed biosensor was investigated in 

the range of 10
2
 to 10

6 
CFU/mL of L. pneumophila, with the limit of detection estimated at 2 x 

10
2
 CFU/mL. Thus, the investigated GaAs/AlGaAs nanoheterostructure DIP biosensors 

demonstrate functionality which is attractive for the rapid and direct detection of L. 

pneumophila present in a water environment at a relatively low concentration. The specificity 

of the biosensor was rated against P. fluorescens, B. subtilis, and E. coli abundantly found in 

samples of the environmental water. The Cys-AMP functionalized GaAs biochips showed a 

capture efficiency of over 4 times greater for L. pneumophila compared to the other 

investigated bacteria. The important consequence of the proposed Cys-AMP biosensing 

architecture is that it requires a relatively short time for completion, which may be found 

attractive for the operation of other biosensors of L. pneumophila compatible with the 

thiolation procedure. Furthermore, the short length of the employed ligand could potentially 

https://docs.google.com/document/d/1U8QhL0YZyvPclLBNhV3sZVegjWo1NiFXRxqoCxF9fgg/edit#heading=h.3as4poj
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result in an enhanced charge transfer between bacteria and the biochip surface, thus leading to 

an enhanced performance of charge sensing biosensors.  
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Contribution au document: Dans ce chapitre, une architecture de biodétection hybride est 

construite impliquant la warnericin RK AMP pour capturer L. pneumophila et la décoration 

des bactéries capturées avec des anticorps pour augmenter la sensibilité et la sélectivité du 

biocapteurs. Le biocapteur proposé a permis une détection sensible et sélective des L. 

pneumophila SG1 et 5 dans des échantillons d'eau à raison de  50 UFC/mL sans pré-

concentration. De plus, le biocapteur conçu a détecté sélectivement 100 UFC/mL de L. 

pneumophila SG1 (responsable de plus de 85 % des épidémies de maladies liées à L. 

pneumophila) et 5 à partir d’échantillons qui simulent l'eau de tour de refroidissement. Le 

capteur proposé est prometteur pour résoudre le possible problème concernant les spectres de 

spécificités relativement larges des PAMs envers les bactéries. Par cette configuration de 

détection, une charge négative supplémentaire provenant d'anticorps qui décorent les bactéries 

a considérablement amélioré la sensibilité de notre biocapteur DIP et cette configuration 

pourrait être mise en œuvre pour les autres capteurs sensibles à la charge des cibles. Cette 

méthode a le potentiel d'offrir une détection hautement spécifique et sensible de L. 

pneumophila ainsi que d'autres bactéries et virus pathogènes. 

Résumé français: 

La détection rapide de Legionella pneumophila (L. pneumophila) est d’une importance 

majeure pour un suivi en continue de ses concentrations dans les sources d’eau et prévenir 

ainsi des possibles éclosions de la maladie du Légionnaire. Dans ce but, nous avons amélioré 

la biodétection de L. pneumophila par le biais de la photocorrosion digitale d’une biopuce 

fonctionnalisée par le warnericin RK, un peptide antimicrobien (PAM) qui va capturer les 

bactéries qui seront à la suite exposée à des anticorps polyclonaux (pAb) anti-Légionnelle. En 

effet, la warnericin permet une efficacité de capture des Légionnelles supérieure à celles des 

anticorps ou aptamères. L’usage des anticorps pour la détection en sandwich de L. 

pneumophila a permis à la fois d’améliorer la sensibilité de notre capteur à base de DIP grâce 

aux charges négatives des IgG ainsi que de permettre une détection sélective de L. 

pneumophila SG1 validée par une faible réponse du biocapteur au SG5. 
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Chapter 5. Selective detection of Legionella 

pneumophila serogroup 1 and 5 with a digital 

photocorrosion biosensor using antimicrobial 

peptide-antibody sandwich strategy 

 

5.1 Abstract 

Rapid detection of Legionella pneumophila (L. pneumophila) is important for monitoring the 

presence of these bacteria in water sources and prevents transmission of the Legionnaires’ 

disease. We report improved biosensing of L. pneumophila with a digital photocorrosion (DIP) 

biosensor functionalized with an innovative structure of cysteine-modified warnericin 

antimicrobial peptides for capturing bacteria that are subsequently decorated with anti-L. 

pneumophila polyclonal antibodies (pAb). The application of peptides for operation of a 

biosensing device has been dictated by the peptides higher capture efficiency of bacteria 

compared to the capture of the other traditional ligands, such as those based on antibodies or 

aptamers. At the same time, the significantly stronger affinity of pAb decorating L. 

pneumophila serogroup-1 (SG-1) compared to serogroup-5 (SG-5) allowed selective detection 

of L. pneumophila SG-1 at 50 CFU/mL. The results suggest that the attractive sensitivity of 

the investigated sandwich method is related to the flow of extra electric charge between pAb 

and a charge sensing DIP biosensor. The method has the potential to offer highly specific and 

sensitive detection of L. pneumophila as well as other pathogenic bacteria and viruses.     

Keywords: Cysteine modified warnericin RK; Antimicrobial peptides; Anti-Legionella 

pneumophila polyclonal antibody; Digital photocorrosion biosensor; GaAs/AlGaAs 

nanoheterostructures.  

5.2 Introduction 

Rapid detection of pathogenic Legionella pneumophila (L. pneumophila) in water 

environments is a key challenge in preventing related illness outbreaks (Pinel et al., 2021; 

Reuter et al., 2020). Presently, culture based methods are widely used and considered gold 

standard techniques for detecting pathogenic L. pneumophila (Nocker et al., 2020). However, 
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these approaches are both labour intensive and time consuming (Kim and Choi, 2020), 

typically taking up to ~10 days to quantify growing bacterial colonies (Fricke et al., 2020). 

Other techniques, such as polymerase chain reaction (PCR) and matrix-assisted laser 

desorption/ionization time-of-flight (MALDI-TOF) spectroscopy provide accurate and 

relatively fast detection (Váradi et al., 2017). However, the requirement of highly trained 

personnel and sophisticated laboratory equipment are the main constraints for wide application 

of these techniques (Rajapaksha et al., 2019). Therefore, research interests have been directed 

to avail cost effective, fast, portable, and less labor-intensive tools for detecting L. 

pneumophila (Chambers et al., 2021; Mobed et al., 2019; Reuter et al., 2020).  

Numerous immunosensors investigated for the detection of L. pneumophila are listed in 

Table 5.1. These sensors undoubtedly offer specific and rapid detection of bacteria; however 

operation of most of them is restricted to laboratory settings due to the need for 

instrumentation that is not suitable for field applications and sophisticated stepwise 

biochemical protocols. For instance, Park et al. (2010) have reported a DNA biosensor for 

specific detection of L. pneumophila, but the extraction of DNA from bacteria is associated 

with a number of processing steps, resulting in laborious and costly analysis. Whole cell L. 

pneumophila biosensors have frequently been investigated based on electrochemical 

impedance spectroscopy (EIS) (Laribi et al., 2020; Li et al., 2012), surface plasmon resonance 

(SPR) (Manera et al., 2013) and colorimetric detection (Albalat et al., 2014; Nuthong et al., 

2018) as presented in Table 5.1. EIS biosensors have received significant attention due to their 

sensitivity and cost-effectiveness (Jafari et al., 2019). However, the drifting of the 

electrochemical signal related to changes of buffer chemistry affects the performance and 

reproducibility of such devices (Vogiazi et al., 2019). SPR biosensors have some advantages 

related to label-free detection, sensitivity, and applicability to real-time kinetic measurements 

(Lin et al., 2007). However, SPR biosensors are also sensitive to temperature variations and 

require special temperature-stabilized chambers (Huang et al., 2012). Colorimetric paper-

based biosensors (Nuthong et al., 2018; Sadsri et al., 2020) are potentially attractive due to 

their ability to monitor the presence of specific pathogens by detecting change in colors 

distinguishable with the naked eye. However, the major limitation of colorimetric assays is 

their low sensitivity since it is often difficult to transform biochemical reactions into 

measurable color changes (Sadsri et al., 2020).  An innovative biosensing method based on  
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Table 5.1 Immunosensors proposed for the detection of L. pneumophila. 

Detection 

technique 

Substrate for 

immobilization 

Bioreceptors Detection 

Source 

Time 

for 

Result 

Limit of 

detection 

(CFU/mL) 

Reference 

SPR Au mAb PBS 2h 20 

min 

10
2
 (Oh et al., 2003) 

EIS Au  mAb PBS - 10
1
 (Laribi et al., 

2020) 

Microelectrode 

array 

Si Antibody PBS - 10
5
 (Lei and Leung, 

2012) 

EIS Au Antibody PBS - 2 x 10
2
 (Li et al., 2012) 

Amperometric 

sensor 

Carbon pAb PBS 3h 10
4 

(Martín et al., 

2015) 

SPR Au mAb PBS - 10
1
 (Lin et al., 2007) 

SPR Au pAb PBS 30 min 10
3
 (Manera et al., 

2013) 

Colorimetric Gold 

nanoparticles 

Nucleic Acid DI water 60 min 124 (Nuthong et al., 

2018) 

DIP GaAs/AlGaAs pAb PBS 42 min 10
4
 (Aziziyan et al., 

2016) 

DIP GaAs/AlGaAs pAb/SDS PBS 70 min 10
3
 (Aziziyan et al., 

2020) 

mAb: Monoclonal antibody, pAb: Polyclonal antibody 

digital photocorrosion (DIP) of GaAs/AlGaAs semiconductor nanoheterostructures has been 

recently introduced for rapid detection of L. pneumophila (Aziziyan et al., 2016; Hassen et al., 

2016). The method is sensitive to charge transfer between semiconductors and immobilized 

biomolecules, and  decorating L. pneumophila with negatively charged sodium dodecyl 

sulphate (SDS) permitted detection at 10
3
 CFU/mL with polyclonal antibody (pAb) 

functionalized DIP biochips (Aziziyan et al., 2020). 

The functioning of L. pneumophila biosensors have frequently been based on the 

application of Ab as bacteria recognizing ligands (Li et al., 2012; Wunderlich et al., 2016). 

The limitation of this approach is largely related to the dependency on animal-based 

production, which is prone to batch-to-batch variations (Byrne et al., 2009). Furthermore, the 

interaction of bacteria with Ab favours free liquid space (3D method) compared to the 

interaction with Ab immobilized on a biochip surface (2D method) (Choinière et al., 2019), 

while the orientation of Ab immobilized on the surface might also influence the capture of 
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bacteria (Hiep et al., 2010; Shen et al., 2017), There also has been growing interest in 

exploring antimicrobial peptides (AMP) as binding moieties designed for capturing bacteria 

on biosensor surfaces (Hoyos-Nogués et al., 2016; Mannoor et al., 2010). The AMP ligands 

can be obtained by employing synthetic processes (de Miranda et al., 2017; Dong and Zhao, 

2015; Etayash et al., 2013), some cationic AMPs maintain strong affinity even after exposure 

to extreme environmental conditions, such as autoclaving and boiling (Etayash et al., 2014a; 

Mannoor et al., 2010). Thus, the increased stability of AMP in comparison to that of typical 

globular proteins, such as Ab, is potentially advantageous for biosensing applications (Etayash 

et al., 2014b; Mannoor et al., 2010). We have explored warnericin RK AMP for application in 

a DIP biosensor and demonstrated rapid detection of L. pneumophila at 10
3
 CFU/mL (Islam et 

al., 2020). In a follow up to publication (Islam et al., 2021), we reported that a cysteine-

modified warnericin RK AMP (Cys RK AMP) biosensing architecture increased limit of 

detection to 200 CFU/mL.  

However, the relatively broad specificity spectrum of AMP towards different bacteria 

raised the question about specificity of the proposed biosensor, especially for detection of L. 

pneumophila serogroup 1 (SG1) that is responsible for over 85% of L. pneumophila related 

disease outbreaks (Berjeaud et al., 2016). To address this question, we have investigated the 

sandwich approach involving pAb for decorating captured L. pneumophila. We have also 

verified that the applied pAb exhibited four times greater capture efficiency of L. pneumophila 

SG1 than that of L. pneumophila SG5, and confirmed with the DIP biosensing results reported 

in this work.  

5.3 Experimental section 

5.3.1 Materials and reagents 

The chips (2 mm x 2 mm) were cut from a 5 cm diameter wafer comprising a stack of GaAs 

and Al0.35Ga0.65As layers grown on the GaAs (001) substrate (CMC Microelectronics, 

Kingston, Canada). More details about this wafer and the mechanisms of digital 

photocorrosion of GaAs/AlGaAs nanoheterostructures were published somewhere else (Aithal 

et al., 2017; Aziziyan et al., 2019). The application of a GaAs/Al0.35Ga0.65As 

nanoheterostructure for building DIP biosensors was discussed earlier (Aithal and Dubowski, 
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2018; Aziziyan et al., 2016; Aziziyan et al., 2019; Nazemi et al., 2015). The results reported in 

this paper were obtained by recording DIP of the topmost pair of GaAs (12 nm thick) and 

AlGaAs (10 nm thick) layers. Undoped double-sided polished GaAs (001) wafer (WV 23084) 

purchased from Wafer Technology Ltd. (Washington, USA) was used to investigate 

biofunctionalization and evaluate bacteria capture efficiency. High quality (semiconductor 

grade) acetone, isopropanol, anhydrous ethanol and OptiClear were purchased, from National 

Diagnostics (Mississauga, Canada), Fisher Scientific (Ottawa, Canada), and ACP (Montréal, 

Canada), respectively. The 28% ammonium hydroxide (NH4OH) was purchased from 

Anachemia (Richmond, Canada). Phosphate buffered saline (PBS; pH 7.4) at 10X, Luria-

Bertani (LB) medium, isopropyl thio-β-galactoside (IPTG) and chloramphenicol were all 

purchased from Sigma-Aldrich (Oakville, Canada). BCYE agar medium was obtained from 

VWR (Ontario, Canada). Polyclonal Abs (anti-L. pneumophila) were purchased from 

ViroStat, Inc., catalog number 6051 prepared against the L. pneumophila SG1, ATCC 33152. 

The green fluorescent (GFP) L. pneumophila JR32 was kindly donated by Pr. Faucher from 

the Faculty of Agricultural and Environmental Sciences, McGill University (Ste-Anne de 

Bellevue, Québec, Canada). Green fluorescent Escherichia coli K12 BW25113 (GFP E. coli) 

was obtained from the Department of Microbiology and Infectiology of the Université de 

Sherbrooke (UdeS) Faculty of Medicine (Sherbrooke, QC, Canada), Bacillus subtilis ATCC 

6051 (B. subtilis) was obtained from the Department of Biology of the UdeS Faculty of 

Sciences (Sherbrooke, QC, Canada), and Pseudomonas fluorescens ATCC 13525 (P. 

fluorescens) was purchased from Cedarlane (Burlington, ON, Canada). The following, 

cysteine modified AMPs: Cysteine-warnericin (Cys-WRK), Cysteine phenol-soluble modulins 

(Cys-PSM) and Cysteine-H2U (Cys-H2U) were synthesized by GenScript, Piscataway, USA 

and employed for the functionalization of GaAs or GaAs/AlGaAs chips targeting L. 

pneumophila. 

5.3.2 Biofunctionalization of GaAs chips  

The procedure of biochip preparation is schematically illustrated in Figure 5.1. The 2 mm x 2 

mm GaAs chips (bulk or GaAs/AlGaAs nanoheterostructures) were cleaned by successive 

dipping in acetone, OptiClear and isopropanol for 5 min under ultra-sonication and then dried 

with highly pure compressed nitrogen gas (Lacour et al., 2016; Sharma et al., 2016). 
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Thereafter, native oxides present on the surface of samples were removed by immersion in 

28% NH4OH for 2 min at room temperature, followed by rinsing with degassed ethanol and 

subsequently degassed de-ionized (DI) water. Then, individual samples were incubated in 

 

Figure 5.1 Schematic diagram of biosensor development, freshly etched GaAs/AlGaAs 

nanoheterostructures (a), adsorption of thiolated AMPs on GaAs/AlGaAs (b), immobilization 

of bacteria on AMP functionalized GaAs/AlGaAs (c), immobilization of anti-L. pneumophila 

pAb on the surface of bacteria (d). 

each thiolated AMP solutions (50 µg/mL) for 1h to allow the Cys-AMPs attachment to the 

GaAs surface through the formation of covalent bound between Ga or As atoms and the 

cysteine sulphur (S). The functionalized chips were sonicated in degassed DI water for 1 min, 

and immediately rinsed with degassed DI water to remove non-covalently bonds peptides, and 

subsequently incubated in bacterial suspensions for 1h. Bacterial-bound chips were rinsed with 

DI water to remove unbound or loosely bound bacteria. The bacteria decoration step with anti-

L. pneumophila pAb was completed by incubation with 100 g/mL anti-L. pneumophila pAb 

for 30 min. This concentration of pAb is considered sufficient to saturate bacteria in a 

reproducible fashion.  

5.3.3 Preparation of bacteria 

Cultures of P. fluorescens, E. coli, and B. subtilis were grown in Luria-Bertani (LB) medium. 

Cultures of green fluorescent L. pneumophila SG1 and non-fluorescent SG5 were grown in 

buffered charcoal yeast extract agar (BCYE) medium with L-Cysteine. For the SG1 strain, the 

medium was supplemented with isopropyl thio-β-galactoside (IPTG) to induce the production 

of the green fluorescent protein (GFP) and chloramphenicol to maintain the plasmid encoding 
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for the GFP. After growth, a few colonies were placed in 0.1x PBS and concentrations were 

determined by optical density measurements at 600 nm (OD600 nm). 

5.3.4 Capture Efficiency of L. pneumophila SG1 and SG5 with pAb 

functionalized GaAs  

The pAb were prepared against whole cells of a L. pneumophila SG1 strain (Yamaguchi et al., 

2017). However, the cross-reactivity is expected for various L. pneumophila serogroups due to 

the polyclonal character of these Ab. To evaluate the affinity of the used pAb against the L. 

pneumophila SG1 and SG5, freshly cleaned and oxide-etched GaAs chips were functionalized 

for 20 h using a 1mM of mercaptohexadecanoic acid (MHDA) solution in degassed ethanol. 

To capture Abs, the samples were incubated for 30 min in 1-ethyl-3-(-3-dimethylaminopropyl) 

and carbodiimide/N-hydroxysuccinimide (EDC-NHS) solution (0.4 M-0.1 M). This allowed 

for activation of the -COOH terminal group of MHDA. Following washing with DI water, the 

samples were exposed for 1h to the anti-L. pneumophila pAb at 100 g/mL in 1x PBS that 

bind through their amine group to the activated -COOH. To saturate the unreacted -COOH 

groups, the chips were exposed for 1 h at pH 8 in a 1M of ethanolamine solution. Following 3-

times washing with 1x PBS, the samples were exposed for 1 h to either L. pneumophila SG1 

or SG5 suspensions in 1x PBS at 10
6
 CFU/mL. Finally, the samples were washed with DI 

water and imaged by optical microscopy to determine bacterial surface coverage. 

5.3.5 Processing of cooling tower water for biosensing experiments 

For biosensing experiments, 10 mL of cooling tower (CT) water from the Université de 

Sherbrooke was filtered through a 0.22 µm syringe filter. The retained matter was washed in 

triplicate with 10 mL of DI water. Finally, the filter was backwashed using 10 mL of 0.1x PBS 

to collect the CT suspended matter. The backwashed samples were spiked with L. 

pneumophila SG1 or SG5 employed for the exposure of AMP functionalized GaAs/AlGaAs 

chips designed for capturing bacteria. 
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5.3.6 Optical microscopy analysis 

The surface density of bacteria immobilized on GaAs bulk samples was determined by optical 

microscopy imaging (Zeiss Instruments, Inc.). The images were captured under 200X 

magnification from at least three different regions of individual samples to show the 

distribution bacteria. The experiments were repeated three times for statistical analysis. 

ImageJ software was used to subtract particles and enumerate bacterial surface coverage.  

5.3.7 PCR measurements 

DNA of L. pneumophila SG1 and SG5 were extracted from the AMP-functionalized GaAs 

biochip for conducting PCR experiments. AMP coated GaAs wafers were exposed to 10
6
 

CFU/mL of L. pneumophila SG1 and SG5 for 1h. The bacteria captured by GaAs were heated 

for 80 °C for 30 min with the quick DNA extract solution kit. Thereafter, the DNA containing 

supernatants were centrifuged for 5 min at 10000 RPM and 5 µL of solution was taken for the 

PCR reaction. Standard real time PCR protocol was followed for conducting PCR reactions 

(35 cycles) using qPCR Illumina machine (Bookout and Mangelsdorf, 2003). The mip gene 

specific forward primer (5’-TTGTCTTATAGCATTGGTGCCG-3’) and reverse primer (5’-

CCAATTGAGCGCCACTCATAG-3’) were used for the reactions. The PCR fluorescence 

values at 35 cycles were considered to compare the variation.   

5.3.8 Photoluminescence measurements 

The detection of bacteria was carried out at room temperature using a quantum semiconductor 

photonic biosensing reader (QSPB-1) described previously (Aithal and Dubowski, 2018). The 

reference and bacteria-coated biochips were irradiated with a light emitting diode (LED) at 

660 nm. Photocorrosion was monitored by measuring photoluminescence (PL) of 

intermittently irradiated biochips (5 s irradiation in 20 s total period) with an intensity 

homogenized beam delivering power density of ~17 mW/cm
2
 to the biochip surface. All 

experiments were repeated at least 3 times for statistical analysis. The experiments carried out 

in a 0.1x PBS solution (without bacteria) were used to obtain the reference measurements.   
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5.3.9 Statistical Analysis 

Statistical analyses were performed using Graphpad Prism
TM

 (Graphpad Software, San Diego, 

CA, USA). Bacterial capture and RT-PCR data were evaluated by two-way analysis of 

variance (ANOVA) followed by post-hoc analysis using Tukey’s Multiple Comparison Test. 

For Bacterial capture, bacteria and AMP coating were independent variables. Serogroup and 

AMP coating were independent variables for quantitative measurement of the mip gene by 

RT-PCR. Capture efficiency of L. pneumophila SG1 versus SG5 was tested using an unpaired 

Student’s T-test.  For biosensor experiments, peak PL values were compared to no-bacteria 

controls using 1-way ANOVA followed by Tukey’s (pristine water) or Dunnett’s (water 

originated from cooling tower) multiple comparison tests. In all analyses, a p<0.05 was 

considered statistically different. 

5.4 Results and discussion 

5.4.1 Bacteria capture efficiency by peptide coated surfaces 

To evaluate the specificity of the AMPs used for L. pneumophila capture, a series of 

experiments were conducted by exposing GaAs bulk samples functionalized with Cys-WRK, 

Cys-PSM or Cys-H2U to L. pneumophila, while negative control runs were collected for B. 

subtilis, P. fluorescens and E. coli suspensions at 10
6
 CFU/mL. The background signal was 

measured by exposing bare GaAs to the investigated bacteria. The bacterial capture 

efficiencies (bacteria/mm
2
) are presented in Figure 5.2 (examples of optical microscopy 
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Figure 5.2 Bacterial capture efficiency enumerated by optical microscopy following 

conjugation of different peptides with GaAs chips. Cysteine-modified warnericin AMP 

biosensor captured L. pneumophila 4 times more efficiently than the other investigated 

bacteria. Error bars represent standard error of the mean for five separate experiments. 

Statistical differences were measured by 2-way ANOVA followed by Tukey’s multiple 

comparison test with different bacteria and coatings as variables affecting capture efficiency.  

The asterisk (*) indicates significantly different values of L. pneumophila compared to 

reference bacteria (p<0.0001). The hash (#) indicates significantly different values for L. 

pneumophila on Cys-WRK compared to other coatings (p<0.05).   

images for each case are shown in Figure 5.3 while the size of bacteria was confirmed by 

500X magnification as presented in Figure 5.4). The average density of bacteria captured by 

the Cys-WRK peptide functionalized GaAs were 2021, 338, 512 and 211 bacteria/mm
2 

for L. 

pneumophila, P. fluorescens, B. subtilis, and E. coli, respectively. Furthermore, it can also be 

Figure 5.3 Representative optical micrographs (200x magnification) of different bacteria on 

uncoated and different AMP (50 µg/mL) functionalized surfaces of GaAs. The scale bar 

corresponds to 100 µm. 

seen that Cys-WRK captured 1.5 to 2 times more L. pneumophila (2021 bacteria/mm
2
) 

compared to the Cys-H2U and Cys-PSM based biosensor architectures. These results illustrate 

that the investigated peptides bind L. pneumophila more efficiently than the other investigated 

bacteria, consistent with earlier reports (Marchand et al., 2015; Marchand et al., 2011; Verdon 

et al., 2008). Furthermore, the Cys-WRK AMP has a significantly higher binding affinity 
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towards L. pneumophila than the other investigated peptides. This superior performance in 

capturing L. pneumophila could be related to the lipid composition of the L. pneumophila 

membrane. For instance, it has been reported Verdon et al. (2011) that the presence of 

branched-chain fatty acids, such as C15:0, C 16:0 and C 17:0 on the surface of L. pneumophila  

 

Figure 5.4 An example of optical micrograph at 500x magnification for determining L. 

pneumophila. The scale bar corresponds 15 µm. 

is associated with bacterial specificity of warnericin RK AMP. Another study has suggested 

that the large presence (30%) of phosphatidylcholine, also known as lecithin, on the outer 

membrane of Legionella leads to a specific interaction with the Cys-WRK peptide (Conover et 

al., 2008; Hindahl and Iglewski, 1984). Marchand et al. (2015) reported that two specific 

amino acids present in Cys-WRK sequence at the 4
th

 and 17
th

 position are also associated with 

the specific interaction between peptide and L. pneumophila. Nevertheless, more study is 

required to elucidate further the reasons for enhanced specific interaction between Cys-WRK 

peptide and L. pneumophila bacteria. 

5.4.2 Reactivity of L. pneumophila pAb against L. pneumophila SG1 and 

SG5 

Figure 5.5 represents the surface coverage of the pAb functionalized GaAs chips showing the 

number of captured Legionella at 785/mm
2
 (dense pattern) and 192/mm

2
 (light pattern) in the 

case of SG1 and SG5, respectively. Thus, for the same tested concentrations (10
6 

CFU/mL) of  
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Figure 5.5 The capture efficiency of L. pneumophila SG1 and SG5 with pAb functionalized 

GaAs surface. Error bars represent standard error of the mean from three separate 

experiments. The asterisk indicates significantly different values compared to the reference as 

determined by the Student’s t test (n = 3, p < 0.05). 

both Legionella serogroups, the binding efficiency of the pAb was around 4 times greater for 

SG1 compared to SG5 serogroup. The higher affinity of pAb towards L. pneumophila SG1 

could be attributed due to the fact that the preparation of these ligands was based on the 

interaction with the whole cell of that strain (Yamaguchi et al., 2017). However, it is important 

to note that the L. pneumophila strains used here were isolated from different environments 

showing distinct genetic backgrounds (Sousa et al., 2018). The lipopolysaccharide (LPS) 

characteristic and the phenotype of the used strains to produce these pAb could explain why 

more capture was observed in the case of the L. pneumophila SG1 strains. It is worth 

mentioning that working with large concentrations of bacteria allowed statistically validation 

of results by conducting microscopic enumeration of bacteria. In the case of weakly 

concentrated bacterial suspensions, the enumeration of bacteria would carry excessively large 

errors as the capture efficiency of the biofunctionalized chips is below 1%. Thus, we have not 

attempted to conduct macroscopic enumeration of bacteria for suspension at  100 CFU/mL 

discussed later in this report. 

5.4.3 Reactivity of L. pneumophila SG1 and SG5 against Different Peptides 

The reactivity of L. pneumophila SG1 and SG5 against AMP coated GaAs surface was tested 

using the PCR technique. The related PCR fluorescence data presented in Figure 5.6a (real- 

time amplification plots) and 5.6b (maximum fluorescence value) show a significant  
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Figure 5.6 The real-time PCR amplification curves (relative fluorescence units, RFU) for L. 

pneumophila SG1 and L. pneumophila SG5 captured by different peptide-functionalized GaAs 

(a), quantitative PCR results (relative fluorescence units, RFU) for L. pneumophila SG1 and L. 

pneumophila SG5 captured by peptide-functionalized biosensors (b). Error bars represent 

standard error of the mean from three separate experiments. Statistical differences were 

measured by 2-way ANOVA followed by Tukey’s multiple comparison test with L. 

pneumophila serogroups and coatings as variables affecting amplification of the mip gene. The 

horizontal lines between bars indicate significantly different values between serogroups 

(p<0.05). 

difference between fluorescence intensities corresponding to L. pneumophila SG1 and SG5 for 

the Cys-WRK coated surface while insignificant differences were observed for other peptides. 

The results suggest that the Cys-WRK coated GaAs offers certain levels of specificity for 

selective capture of L. pneumophila SG1. However, as can be seen Figure 5.2, some other 

microbes also could be bound by this peptide. Therefore, the selectivity offered by Cys-WRK 

AMP is not sufficient for designing a biosensor highly specific to L. pneumophila SG1. 

5.4.4 Selective detection of L. pneumophila SG1 and SG5 using AMP-Ab 

sandwich technique 

The utilization of DIP GaAs/AlGaAs biosensors functionalized with Cys‐WRK AMP peptides 

to capture L. pneumophila SG1 and SG5 and use of pAb to detect them is summarized in 

Figure 5.7 and Table 5.2. We show examples of the biosensing runs for L. pneumophila SG1 

(red full circles) and SG5 (green full squares) bacterial suspensions at 100 CFU/mL. The 

reference runs in this figure were collected for GaAs/AlGaAs functionalized withCys-WRK  
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Figure 5.7 Normalized PL intensity of AMP functionalized GaAs/AlGaAs DIP biochips 

(wafer D3422) exposed to bacteria in 1x PBS. The open circles (R1) and semi-circles (R2) 

plots represent reference without exposing to bacteria. The red full circle and green square 

plots represent the exposure to 100 CFU/mL of L. pneumophila SG1 and SG5, respectively. 

The black open square and cyan semi-square plots represent the exposure to 100 CFU/mL of 

pAb decorated L. pneumophila SG1 and SG5, respectively.  

(plot R1, purple open circles) and after the exposure of GaAs/AlGaAs functionalized with 

Cys-WRK to anti L. pneumophila SG1 pAb (plot R2, blue semi-circles). As discussed in 

(Aziziyan et al., 2016), the time-dependent positions of PL intensity maxima correspond to the 

front passing through the GaAs/AlGaAs interface and, thus, it is a measure of the rate of 

photocorrosion. The identical positions of PL maxima (~20 min) revealed for SG1 and SG5 

illustrate the inability of a biosensor to distinguish the investigated strains. However, the 

capture of bacteria from 100 CFU/mL suspensions of L. pneumophila SG1 and SG5, followed 

by the incubation in pAb showed PL maxima occurring at 36 min (cyan semi-squares) and 25 

min (black open squares), respectively. This significant delay of the PL maximum for pAb 

decorated L. pneumophila SG1 (~16 min) demonstrates that the sensitivity of DIP PL 

biosensors is enhanced after decorating bacteria with pAb. We attribute this to the interaction 

of pAb with AMP-captured L. pneumophila SG1 and transfer of additional charge from the 

negatively charged pAb (Yadav et al., 2011) to the biochip surface.  

The influence of pAb on the photocorrosion rate of GaAs/AlGaAs chips was 

investigated in separate experiments concerning DIP runs (see Figure 5.8) collected for a 

biochip functionalized with MHDA self-assembled monolayer, and for a biochip 
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functionalized with pAb after the -COOH group of MHDA was activated with the EDC/NHS 

procedure. A significantly delayed the PL maximum was observed for the MHDA-pAb  

 

Figure 5.8 Examples of DIP runs for MHDA thiolated GaAs/AlGaAs biochip before (black 

square) and after (red circle) pAb attachment. The figure presents example of PL data for the 

GaAs/AlGaAs biochips following a 20-hours functionalization with 1mM 

mercaptohexadecanoic acid (MHDA) thiol (black square) and after Ab attachment (incubation 

in 100 g/mL Ab solution for 1-hour, red circle). We note that this architecture 

(GaAs/MHDA/EDC-NHS/pAb) was designed to conduct control experiment; however, the 

other PL data were collected using different architecture as described in section 5.3.2. 

architecture compared to the PL maximum observed for the MHDA only functionalized 

biochip. This behaviour is consistent with the flow of a negative charge to the biochip surface 

observed also for other GaAs/AlGaAs nanoheterostructures (Aithal and Dubowski, 2018; 

Aithal et al., 2017; Aziziyan et al., 2020; Aziziyan et al., 2019).  

A greater delay of the PL maximum observed in Figure 5.7 for L. pneumophila SG1 

compared to SG5 (~11 min) is consistent with the relatively greater selectivity of pAb towards 

L. pneumophila SG1 (see Figure 5.5). Furthermore, the exposure of a reference sample to pAb 

alone did not show a significant change in the delay of a PL intensity maximum (blue semi-

circles), which is related to the weak pAb-AMP interaction (Olsson et al., 2012).  We also 

observed similar response of the GaAs/AlGaAs biochips to 50 CFU/mL of L. pneumophila 

SG1 and SG5 decorated with pAb as shown in Table 5.2 and Figure 5.9. These results are 

consistent with the observation that decorating L. pneumophila SG1 with negatively charged 
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sodium dodecyl sulphate (SDS) molecules significantly enhanced the sensitivity of DIP 

biosensors as reported in (Aziziyan et al., 2020).  

 

Figure 5.9 Normalized PL intensity of AMP functionalized GaAs/AlGaAs DIP biochips 

(wafer D3422) exposed L. pneumophila (SG1 and SG5) at 50 CFU/mL and decorated with 

pAb. 

Examples of biosensing runs of DIP GaAs/AlGaAs biosensors responding to L. 

pneumophila captured from CTW suspensions with L. pneumophila SG1 and SG5 at 100 

CFU/mL (see Section 5.3.5) are presented in Figure 5.10 and Table 5.2. It can be seen that PL 

maxima for L. pneumophila SG5 (red full circles) and SG1 (brown open squares) occur at 22 
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Figure 5.10 Normalized PL intensity of AMP functionalized GaAs/AlGaAs DIP biochips 

(wafer D3422) exposed to CTW spiked with L. pneumophila at 100 CFU/mL. The purple open 

circle (R1) and blue semi-circle (R2) plots represent reference without exposing to bacteria. 

The red full circle and brown square plots represent the biochip response to pAb decorated L. 

pneumophila SG5 and SG1, respectively.  

min and 31 min, respectively. The significantly greater delayed PL maximum for L. 

pneumophila SG1 compared to L. pneumophila SG5 could be attributed to the selectivity 

generated through pAb conjugation. We note that the weaker delay of PL maxima observed  

Table 5.2 PL maxima obtained for the reference (PBS) run and after the exposure of L. 

pneumophila (all experiments repeated for at least 3 times). 

for L. pneumophila SG1 and SG5 in CTW compared to pristine conditions (Figure 5.7) might 

be related to the presence of ionic species in CTW that affect the capture efficiency of bacteria 

by AMP functionalized GaAs/AlGaAs chips. Under these conditions, we were not able to 

Bacteria and reference PL maxima 

(minutes) 

Significantly 

Different vs. 

Control 

(p value) 

Pristine condition  

GaAs+Cys-WRK 16±1.12 Control 

GaAs+Cys-WRK + Anti Lp pAb  17.50±1.18 No  

GaAs+Cys-WRK + 100 CFU/mL of LpSG1 21.05±1.5 No 

GaAs+Cys-WRK + 100 CFU/mL of LpSG5 19.23±1.2 No 

GaAs+Cys-WRK + 50 CFU/mL of LpSG1 + 

Anti LpSG1 pAb decorated bacteria 

27.83±2 Yes (p<0.0001)  

GaAs+Cys-WRK + 50 CFU/mL of LpSG5 + 

Anti LpSG1 pAb decorated bacteria 

21±1.14 No 

GaAs+Cys-WRK+100 CFU/mL of LpSG1 + 

Anti LpSG1 pAb decorated bacteria 

36.2±2.1 Yes (p<0.0001) 

GaAs+Cys-WRK+100 CFU/mL of LpSG5 + 

Anti LpSG1 pAb decorated bacteria 

25.75±1.16 Yes (p<0.0019) 

Cooling tower condition  

Cooling tower water (3IT) 18.37±1.5 Control 

GaAs+Cys-WRK+ water originated from 

cooling tower +100 CFU/mL of LpSG5+Anti 

LpSG1 pAb 

22.20±2 No 

GaAs+Cys-WRK+ water originated from 

cooling tower+100 CFU/mL of LpSG1+Anti 

LpSG1 pAb 

31.5±2 Yes (p<0.0043) 
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detect L. pneumophila SG1 at 50 CFU/mL and, thus, detection at 100 CFU/mL determines the 

current limit of detection (LOD). The DIP biosensor technology has been investigated for 

detection of a number of bacteria including E. coli, Bacillus sp., and L. pneumophila (Islam et 

al., 2020; Nazemi et al., 2015), with typical LOD at 10
3
 CFU/mL. Therefore, detection of L. 

pneumophila SG1 at 100 CFU/mL represents a significant step towards development of a field 

operating DIP biosensor that is expected to deliver enhanced biosensing based on the 

introduction of filtration and pre-concentration techniques of water samples originating from 

different sources.  

The application of Cys-WRK AMP for functionalization of GaAs-based DIP biosensors 

allowed us to eliminate the 20-hour step required for a) formation of MHDA SAM, and b) 

EDC/NHS activation of the -COOH group for binding with pAb through their amine group. 

Consequently, the ~15 nm long bacteria binding architecture was replaced with a significantly 

shorter, ~2 nm long ligand fabricated within less than 3 hours. While the elimination of the 

extra EDC/NHS biofunctionalization step contributes to the more consistent data collection, 

the short chain ligands support more efficient charge transfer between pAb decorated bacteria 

and the surface of a biosensor. Thus, the short-chain AMP architectures supplemented with the 

sandwich biosensing step is highly attractive for rapid, sensitive, and specific detection of 

pathogenic bacteria at least with the charge sensing devices, such as DIP biosensors. 

5.5 Conclusions 

We have investigated an innovative concept of an AMP-pAb sandwich architecture for the 

construction of a DIP GaAs/AlGaAs biosensor and selective detection of L. pneumophila SG1 

and SG5. The biosensor was first functionalized with Cys-AMPs and incubated with L. 

pneumophila. This was followed by decorating bacteria with anti-L. pneumophila pAb. Our 

results demonstrate the detection sensitivity as low as 50 CFU/mL for bacterial suspensions in 

pristine conditions, and 100 CFU/mL in samples originating from cooling tower water. The 

proposed method enhanced the sensitivity and specificity of biosensor and allowed selective 

detection of L. pneumophila SG1 in both pristine and industrial water conditions. These results 

are attractive for the development of quasi-continuous monitoring of the water environment 

for the presence of bacteria with DIP biosensors comprising stacks of GaAs/AlGaAs bilayers 
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designed to deliver a series of data with a single device. The results have potential to be 

applied to the development of other biosensing devices.  
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Chapter 6 Conclusion and future recommendations 

In this study, we investigated an AMP based DIP biosensing technique to detect L. 

pneumophila. AMP attracted our attention due to their high affinity towards bacteria. We 

designed a prototype of the warnericin RK AMP GaAs/AlGaAs biosensors for detecting L. 

pneumophila. The performance of warnericin RK AMP biosensors was investigated, 

primarily, for their sensitivity and specificity versus selected bacteria. We verified biosensors 

functionalization efficiency using FTIR. The FTIR measurement confirmed the peptide 

immobilization on the biosensor surface. The L. pneumophila capture efficiency by the 

warnericin RK functionalized GaAs biochip was compared to anti-L. pneumophila polyclonal 

antibody. The specificity of the biosensor was tested by exposing it to several non-targeted 

bacteria. It was observed that L. pneumophila was captured with ~5-fold greater binding 

efficiency than other non-targeted bacteria (E. coli ATCC 25922, Bacillus subtilis ATCC 

60514, and Pseudomonas fluorescens ATCC 13525). Thus, the warnericin RK conjugated 

GaAs/AlGaAs sensor demonstrated reasonable specificity against L. pneumophila. The 10
3
 

CFU/mL LOD achieved with this biosensor is comparable to what was previously reported for 

an Ab-based GaAs/AlGaAs DIP biosensor but in that case the negative charge carried by the 

L. pneumophila cells was increased by the use of low concentration of SDS.  This detection 

limit is comparable or even one order of magnitude better than the direct detection of L. 

pneumophila previously reported antibody-based GaAs/AlGaAs DIP biosensor and other 

biosensors based on optical and electrochemical signals. The proposed AMP based 

bioarchitecture paves the way towards the replacement of mammalian antibody-based 

biosensors that suffer by the low sensitivity and reproducibility due to the issues concerning 

animal dependent production of antibodies related to batch-to-batch variations.  

One of the inconveniences of the Ab-based or AMP-based DIP biosensors investigated 

thus far was the relatively long preparation time (more than 20 hours) required for completing 

the biofunctionalization steps. To address this problem, we designed a DIP biosensor 

employing cysteine modified warnericin RK AMP (Cys-WRK). The overall length of the 

bacteria immobilizing ligand in this case was ~2 nm, compared to the previous ~12 nm 

achieved with COOH-based architectures activated with the EDC/NHS process. The new 

biosensor could be functionalized within ~1h, and detection of L. pneumophila was 
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demonstrated with LOD at 2 x 10
2
 CFU/mL. In addition to the more reliable 

biofunctionalization procedure involving reduced number of steps, this result seems related to 

the more efficient charge transfer between bacteria and the digitally photocorroded 

GaAs/AlGaAs biochip although this conclusion requires further study. The results suggest the 

short length ligand could potentially enhance charge transfer between biochip surface and 

bacteria leading to an increased performance of charge sensing based DIP biosensors. In 

addition, the application of Cys-WRK AMP for functionalization of GaAs-based DIP 

biosensors provide an alternative way to eliminate the 20-hour step required for the formation 

of MHDA SAM and subsequent EDC/NHS activation of the -COOH group for binding with 

pAb through the amine group. In addition, the ~15 nm bacteria binding bioarchitecture could 

be replaced with a significantly shorter, ~2 nm ligand with this technique and the biosensors 

fabrication process including detection of L. pneumophila can be completed within 3 hours. 

The elimination of extra EDC/NHS biofunctionalization step contributes to the more 

consistent reproducible data collection, while the short chain interface allows more efficient 

charge transfer between the bacteria and surface of biosensor. Thus, the short-chain AMP 

architecture offers rapid, sensitive, and specific detection of L. pneumophila with charge 

sensing DIP biosensors. 

The third challenge of this project was to overcome possible specificity limitation of 

warnericin RK AMP ligands when used for L. pneumophila DIP detection. For that we 

decided to use the sandwich-type biosensor configuration consists of an AMP sandwiched 

with polyclonal antibodies for specific detection of L. pneumophila SG1 and SG5 antibodies. 

The biosensing protocol was based on the verified ~4-fold greater specificity of commercially 

available polyclonal antibody against L. pneumophila SG1 than SG5. The biochips were 

functionalized with Cys-WRK AMP for capturing bacteria decorated with anti-L. 

pneumophila  polyclonal antibodies for enhanced specificity of biosensing. This configuration 

allowed rapid detection of L. pneumophila SG1 at 50 CFU/mL. The 2-fold improved LOD of 

L. pneumophila SG1 suggests that additional negative charge was transferred from bacteria 

decorated with antibodies to the surface of charge-sensitive DIP GaAs/AlGaAs biosensor 

response. The influence of the environment for detection of bacteria was investigated for water 

samples originating from a cooling tower spiked with L. pneumophila. The designed biosensor 

selectively detected 100 CFU/mL of L. pneumophila SG1 and SG5 in samples originating 
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from cooling tower water. The results suggest the AMP-Ab sandwich DIP biosensor is a 

potential approach to detect low concentrated L. pneumophila in CTW conditions. Moreover, 

the proposed sensor is promising to solve the problem concerning relatively broad specificity 

spectrum of AMP for detecting selective bacteria. In this sensing technique, additional 

negative charge from antibodies decorated with bacteria significantly enhanced sensitivity of 

DIP biosensors and this configuration could be implemented to the other charge-sensitive 

sensors. This method has the potential to offer highly specific and sensitive detection of L. 

pneumophila as well as other pathogenic bacteria and viruses.   

The specificity of AMP is one of the significant concerns for selectively detecting 

targeted bacteria since most AMPs show broad-spectrum reactivity against bacteria. Although 

few reports have shown that an individual bacterium, even at the strain level, could be 

detected by AMP conjugated biosensors, it is still hard to determine the performance of such 

sensors for specific bacterium detection in the real samples with the interference of similar 

species. Now-a-days, the bioinformatics techniques are commonly used for screening bacteria 

specific peptides with low cost and time. The tertiary structures, thermo-dynamic 

characteristics, binding affinity and, target-relevant interactions of AMPs could be predicted 

using computational in-silico docking strategies. Some other techniques such as molecular 

docking, molecular dynamics simulations study, machine learning and artificial intelligence 

could also be applied for designing or screening bacteria specific AMPs. Few of pre-screening 

techniques such as rational design, and high-throughput screening are recommended to apply 

for identifying highly specific peptides against L. pneumophila. 

The sensitivity of AMP conjugated biosensors is another challenge for developing 

practically applicable L. pneumophila biosensors. In general, the sensitivity of biosensors is 

associated with the bacteria capture efficiency of the biorecognition ligands and signal 

transmitting efficiency between target analytes and transducers. In both contexts, AMPs have 

been reported as potential biorecognition ligands since they can capture higher numbers of 

bacteria than other ligands and efficiently transmit signals by maintaining a lower distance 

between target analytes and transducers. The sensitivity of AMP functionalized DIP 

biosensors could be enhanced by integrating highly conductive nanomaterials (i. e. carbon 
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nano-tubes) through the enhancement of signal transduction between target analytes and 

transducers.  

Specific recommendations are suggested for designing future experiments: 

i) The role of short ligands for improving the LOD of GaAs/AlGaAs biosensors 

could be investigated in futures studies. For this purpose, the Cys-AMP could be 

replaced with short chain thiolated antibodies, and nucleic acids to evaluate the 

influence of short linker thiol in charge sensitive DIP biosensors.  

ii) In this study, pAb are used for making a sandwich configuration. Future studies 

can be designed with monoclonal or recombinant Ab for decorating AMP captured 

L. pneumophila to investigate the influence of these antibodies on specificity and 

sensitivity of the biosensors.  

iii) Future experiments are recommended to verify the influence of additional 

negatively charge molecules (i.e. Ab, aptamers, and nucleic acids) on the biochip. 

In this context, a series of DIP runs could be performed involving some negatively 

and positively charged molecules immobilized on the functionalized surface of 

biochip 

Conclusions et recommandations futures  

La présence de L. pneumophila dans les systèmes d’eaux anthropogéniques (SPA, piscine, 

tour d’eau, etc.), dans les lacs et rivières a été bien démontré dans la littérature. Vue le nombre 

grandissant d’éclosions de la maladie du Légionnaire, le contrôle de la présence de L. 

pneumophila est devenu un enjeu critique pour assurer la protection des populations. Divers 

appareils de biosensure ont été développé pour répondre à cette problématique. Parmi eux, on 

peut citer la technologie de la photocorrosion digitale de nanohéterostructures de 

GaAs/AlGaAs utilisée pour le développement de biocapteur de L. pneumophila à un bas coût. 

L’efficacité de cette technologie a été déjà démontré pour la détection de la Légionnelle dans 

les travaux de recherche antérieurs menés par les membres du QS-group. Mon projet de thèse 

consistait à investiguer les stratégies permettant d’améliorer les performances du biocapteur 

DIP pour la détection de L. pneumophila dans l’eau. 
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La première stratégie était de substituer l’architecture de reconnaissance à base 

d’anticorps par d’autres molécules. En effet, l’usage d’anticorps pourrait affecter la 

reproductibilité des résultats de notre biocapteur au simple fait que les anticorps polyclonaux 

utilisés peuvent varier d’un batch à un autre. Pour trouver notre substitut, nous avions le choix 

entre plusieurs molécules disponibles dans la littérature comme les acides nucléiques, les 

enzymes, les bactériophages et les peptides antimicrobiens (PAMs). Les PAMs présentait 

plusieurs avantages tels que; une certaine affinité pour des groupes de bactéries, disponibles 

naturellement, facilement manipulable pour améliorer leurs spécificités, flexibles, stables et 

pouvant être synthétisés à relativement bas coût sans risque de variabilité dans les batchs. 

Tous ces avantages font des PAMs un bon choix pour le développement d’un biocateur DIP 

pour la détection de la légionnelle dans l'eau. 

Nous avons donc développé en premier lieu un biocapteur DIP en utilisant des puces 

de GaAs/AlGaAs fonctionnalisées par de la warnericine RK (un PAM reporté à être spécifique 

à la légionnelle). Cette architecture a tout d’abord été évaluée pour sa capacité d’interaction 

avec notre bactérie cible ainsi que pour l’efficacité de la fonctionnalisation de surface par des 

mesures FTIR. Par le biais de cette dernière, nous avons identifié des pics d’absorbance reliés 

à la présence du peptide sur la surface du GaAs/AlGaAs et par microscopie optique nous 

avons pu démontrer que la warnericine Rk permettait d’attacher 5 fois plus de L. pneumophila 

que d’ E. coli, Bacillus subtilis, et Pseudomonas fluorescens. En utilisant notre technologie 

DIP nous avons pu démontrer une détection de L. pneumophila à une concentration de 10
3
 

UFC/mL, comparable à la meilleure performance obtenue avec des architectures à base 

d’anticorps dans le cas d’utilisation de bactéries dont leurs charges négative a été boosté par le 

greffage molécules  de SDS. 

En un second lieu nous avons décidé de baisser le temps de préparation des puces 

fonctionnalisées (environ 20 heures) en utilisant de la warnericin taguée avec de la cystéine 

(cys-warnericin) permettant ainsi sa directe immobilisation sur la surface du GaAs/AlGaAs. 

Dans ce cas la bactérie une fois attachée sera à seulement ~ 2 nm de la surface comparé à ~ 12 

nm pour une architecture impliquant l’usage des thiols à terminaison COOH activé par l’EDC-

NHS pour attacher la warnericin. En utilisant l’attachement direct de la cys-warnericin, le 

temps de préparation de la puce est d'environ 1h. Nous avons pu démontrer une détection à 2 x 
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10
2
 UFC/mL. Nous pensons que cette configuration avec un fonctionnalisation en une seule 

étape permet un meilleur transfert de charge entre les bactéries et la biopuce de GaAs/AlGaAs 

en cours de photocorrosion digitale. 

Le troisième point de mon projet est de palier la possible problématique de manque de 

spécificité de la warnericin, pour cela nous avons investigué l’utilisation d’une configuration 

de détection de la Légionnelle en sandwich (PAM-Legionella-Anticorps polyclonaux). Les 

anticoprs utilisés ont été produit en réponse à une souche de Légionnelle du sérogroupe (SG1) 

avec lesquels nous avons observé 4-fois plus d’interactions avec le SG1 comparé au SG5. 

Dans ce cas, la biopuce préalablement fonctionnalisée par la warnericin a été utilisé pour la 

capture des Légionnelles qui ont à la suite été décorées par les anticorps.  Nous avons 

démontré une limite de détection (LDD) de 50 UFC/ml. L’amélioration de la LDD peut être 

associée au charges négatives que les anticorps ont ramené en s’attachant sur les bactéries et 

transmises à la surface du GaAs/AlGaAs et ralentissant encore plus la vitesse de sa 

photocorrosion. Nous avons observé que la configuration en sandwich permet une LDD de 

100 CFU/ml de Legionella pneumophila SG1 et 5 collectées d’échantillons de tour d’eau. 

Le premier est la spécificité du PAM qui va déterminer la sélectivité de détection, en 

effet, la majorité des PAMs ont un spectre de réactivité large incluant plusieurs bactéries. Bien 

que certains biocapteurs décrit en littérature aient démontré une sélectivité des PAMs utilisés 

envers certaines souches bactériennes et cela même entre sérogroupes, affirmer leurs 

efficacités en cas de tests sur des échantillons réels restent à vérifier vue la complexité des 

flores microbiennes pouvant coexister avec notre bactérie cible. De nos jours, les outils de la 

bio-informatiques ont permis de prédire les interactions possible entre bactéries et PAMs 

réduisant fortement le temps de validation et pouvant même venir améliorer la spécifié des 

PAMs en introduisant des substitutions positives   

Certaines autres techniques telles que l'amarrage moléculaire, l'étude des simulations de 

dynamique moléculaire, l'apprentissage automatique et l'intelligence artificielle pourraient 

également être appliquées pour concevoir ou cribler des AMP spécifiques aux bactéries. 

Cependant, jusqu’à date peu de techniques de pré-criblage telles que la conception rationnelle 

et le criblage à haut débit sont recommandées pour identifier des peptides hautement 

spécifiques contre L. pneumophila. 
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Le second point est la sensibilité du biocapteur à base de PAM. D’une manière 

générale la sensibilité d’un biocapteur dépend de la capacité du ligand utilisé à capturer la 

bactérie cible en grand nombre et l’efficacité de transférer le signal amené par les bactéries au 

transducteur. Pour ces deux paramètres, les PAMs seront favorables puisqu’ils permettent un 

attachement de bactérie élevé ainsi un transfert facilité des charges vue leurs courtes 

longueurs. Intégrer des nanotubes de carbone dans la couche de PAM fonctionnalisant la 

surface du GaAs/AlGaAs permettrait aussi de promouvoir le transfert de charge. 

En troisième point vient la régénération de la surface des biocapteurs qui sera 

indispensable pour assurer des opérations de détection à faible coût. Il est crucial de disposer 

de méthodes de régénération des surfaces GaAs/AlGaAs qui préservent la structure cristalline 

initiale et la morphologie de GaAs en plus de l'intégrité de la molécule de reconnaissance. Un 

des avantages des puces GaAs par rapport aux autres surfaces de biodétection est qu’elles 

comprennent plusieurs interfaces de GaAs/AlGaAs pouvant être utilisées pour plusieurs 

mesures en utilisant une seule puce. Les PAMs modifiés par la cystéine sont très avantageux 

pour régénérer chacune des interfaces de GaAs/AlGaAs puisque les peptides peuvent être 

attachés en une seule étape d’une durée de 1h. Ainsi, un biocapteur DIP régénératif à base de 

PAM comprenant un empilement d’interfaces de GaAs/AlGaAs peut être conçu/étudié pour 

faire fonctionner un biocapteur régénérable capable de faire plusieurs cycles de biodétection 

avec la même puce.  

Comme recommandations pour les futures directions de recherche, nous proposons 

d’étudier : 

i) Le rôle des ligands courts pour améliorer la limite de détection des biocapteurs 

GaAs/AlGaAs pourrait être étudié. À cette fin, le Cys-PAM pourrait être remplacé par des 

anticorps thiolés ou des apatmères. 

ii) Des anticorps monoclonaux ou recombinants pour décorer la L. pneumophila 

capturée par le PAM et ainsi ramener une meilleure spécifié comparée aux anticorps 

polyclonaux. 
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iii) Des expériences futures sont recommandées pour vérifier l'influence d’autres 

molécules chargées négativement (Ab et acides nucléiques) sur la sensibilité du capteur DIP.  
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