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1. Motivation 
 

Infectious diseases are the leading cause of mortality and morbidity in most developing countries 

and rank between the second and the sixth position as a cause of concern in other parts of the world. 

Human history has witnessed many pandemics leading to mass death. For instance, the outbreaks of the 

Black Death (bubonic plague), cholera, smallpox, and, recently, COVID-19, resulted in millions of 

demises. The COVID-19 pandemic emphasizes the importance of developing point-of-care (POC) 

diagnostics test. 

 Over time, clinical microbiology played a key role in helping clinicians diagnose such diseases. 

Anton van Leeuwenhoek invented the microscope in 1683, and since then, a new world of living 

organisms has been unveiled [1]. Subsequently, the Gram staining assisted in dividing the enormous 

collection of bacteria into different groups based on stain interaction, the shape of the organism, and their 

source. Furthermore, the acid-fast stain facilitated recognizing mycobacteria, while the Albert stain 

supported the presence of Corynebacterium diphtheriae. These developments helped in administering 

specific antiserums and developing particular treatments at the beginning of the 20th century [2].   

The consolidation of the germ theory of diseases by Louis Pasteur and Robert Koch in the late 

1870s was one of the most remarkable turning points in biological and medical history. Moreover, the 

advent of electron microscopy in the 1930s made it possible to detect the anatomy of microorganisms, 

enabling the visualization of nucleoids, ribosomes, cell walls and membranes, and flagella to provide a 

specific diagnosis of pathogens. In 1928, Frederick Griffith, a British physician, started the molecular 

diagnosis of bacteria through DNA. From the second half of the 20th century, major breakthroughs and 

significant developments took place in diagnostic medical microbiology, which reflected broadly on 

medical practices and saved millions of lives.  

In medical practice, identifying the disease-causing pathogens as early as possible is crucial in 

fighting the infection and saving lives. Infectious pathogens are present everywhere around us, in food, 

water, soil, air, etc. The old-fashioned microbiology techniques (plating, culturing, and biochemical 

assays) are time-consuming and need highly trained personnel, who may not be available in developing 

countries or even in rural areas of the developed world. Conversely, although being sensitive and precise, 

modern microbiology relies on high-tech, costly equipment that requires heavy investments and may not 

be affordable in many parts of the world. Hence, the ideal microbiology diagnostic tool should be highly 

sensitive, specific, easy to operate, and affordable to provide a point-of-care (POC) diagnosis technique. 

Moreover, any such device should have a short turnaround time to give results promptly. Since specific 
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environments are the primary source of particular virulent pathogens, a portable diagnostic tool that 

provides on-site, accurate, and quick diagnosis will have a major role in preventing and curing severe 

diseases and outbreaks. Recognizing a source of infection and aborting an outbreak is vital for public 

health. 

Bacterial diseases have caused devastating health issues in human history. Until the mid-20th 

century, pneumonia, caused by a bacterial infection, was probably the leading cause of death among 

older people. Improved hygiene, disinfectants, clean food handling, vaccines, and antibiotics have 

substantially reduced the mortality rates from bacterial infections. On the other hand, several novel 

bacterial infections have emerged in the recent past, including toxic shock syndrome, Lyme disease, 

campylobacteriosis, Legionnaires' disease, and new infections of Escherichia coli 0157:H7, 

Helicobacter, and Bartonella [3]. Thus, the virulence and pathogenicity of bacteria are changing rapidly 

[4]. Consequently, bacterial infections still cause numerous community health issues, hospital-acquired 

diseases, and foodborne ailments. 

The United States reported data on foodborne diseases in 2019. Since 2015, a total of 25,606 

infections were reported that together led to 5,893 hospitalizations and 120 deaths. The organisms 

associated with the infections were found to be Campylobacter, Cyclospora, Listeria, Salmonella, Shiga 

toxin-producing Escherichia coli (STEC), Shigella, Vibrio, and Yersinia [5]. Likewise, periodontitis 

affected 5–15% of the global adult population [6].  

Since the 1970s, around 40 infectious diseases have been reported as endemic, such as the Middle 

East respiratory syndrome (MERS), severe acute respiratory syndrome (SARS), Ebola, chikungunya, 

swine flu, avian flu, Zika, and recently, novel coronavirus disease (COVID-19) most happened in low-

income countries with poor resources and lack of technology skills. Providing rapid, low cost, highly 

sensitive and specific and easy to conduct diagnostic test will be of great benefit to the humanity. 
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2. State of the art  
 

Various bacterial detection methods have been developed to date. Bacterial culturing and 

plating are the oldest and gold-standard methods for the recognition of bacteria and pathogens. 

However, cultural isolation is labor-intensive, relatively expensive, time-consuming to perform, and 

has constraints such as contamination by the overgrowth of undesired, rapidly multiplying 

microorganisms. Moreover, microbial identification by culture methods followed by biochemical 

analysis may take up to 10 days to confirm positive samples of certain pathogens [7] [8]. 

Because of the limitations of culture-based techniques of bacterial identification, other 

methods, such as immuno-based techniques, were adopted. Among these approaches, the enzyme-

linked immunosorbent assay (ELISA) is the most commonly used technique. ELISA is a quick, 

convenient, and safe test that can detect a very low concentration of an antigen through a highly specific 

antibody. Multiplex ELISA can be used to identify multiple antigens/antibodies simultaneously [9]. The 

sandwich enzyme-linked immunosorbent assay (sELISA) has a detection limit of 102 cfu/mL of 

Salmonella typhi (S. typhi) following enrichment [10].  For quantifying a component or structure of 

cells by optical means, flow cytometry (FCM) is also a potential technique. FCM is a costly and 

sophisticated technique that requires highly trained personal and ongoing maintenance with warm-up 

laser calibration[11]. 

 Nucleic acid analysis methods are advanced techniques that are widely used for the clinical 

diagnosis of infectious diseases.  In all amplification methods, a purification step is required to purify 

and concentrate the genetic material from the raw sample because certain components in the clinical 

sample can inhibit amplification [12] [13]. 

Polymerase chain reaction (PCR) has been widely used for diagnosis due to its incredible 

sensitivity and specificity. Nevertheless, some of its limitations include the need for high-quality DNA, 

nonspecific binding of the primer to other similar sequences on the template DNA, the requirement of 

an electrically powered thermocycler, and an optimized experimental setup [14]. 

Isothermal amplification-based techniques are methods of great interest to researchers. Nucleic 

acid sequence-based amplification (NASBA) is used to amplify RNA, such as messenger RNA 

(mRNA), ribosomal RNA (rRNA), transferase messenger RNA (tmRNA), and single-stranded DNA 

(ssDNA), using isothermal conditions, i.e., a constant temperature from 37 to 42 °C.  

NASBA can produce up to 10⁹ copies within 90 min. Therefore, it is a sensitive diagnostic tool 

that can determine gene expression and cell viability [15]. Moreover, on-chip real-time NASBA 
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commercial kits that do not require sample preparation are also available. Hepatitis B virus has been 

detected with NASBA at 0.4 ng. Moreover, its use has also been approved by the Food and Drug 

Administration (FDA) for the molecular detection of hepatitis C and HIV-1 [16] [17].  
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2.1 Nanosensors in medical diagnostics 

 
For the effective treatment of a disease, diagnosis is the first step that helps in reducing 

complications and disease mortality  [18]. Traditional biosensors, which detect structural and 

compositional deficiencies in human secretions, are made of microparticles. They usually have 

limitations, such as time-consuming, lack of precision, and the requirement of a large number of 

samples [19] [20] [21]. To overcome these problems, nanomaterials can be utilized as an alternative for 

the rapid and accurate diagnosis of certain diseases.  

  Nanosensors have a wide range of advantages, the main one being their high penetration 

ability [22]. Nanoparticles have a large surface-to-volume ratio due to their extremely small size, which 

enhances the detection sensitivity even at femto, atto, and zepto scales [23]. Nanoparticles have several 

properties that make them ideal candidates to be utilized as rapid diagnostic tools. These properties 

include an enhanced surface reactivity, specific electrical and magnetic characteristics, and a flexible 

structure and shape, which can easily be transformed to enhance their function [24] [25]. Their surface 

can also be tailored to enhance their affinity and binding patterns with specific analytes [26]. 

Furthermore, nanoparticles can be molded into a variety of shapes, such as nanotubes, nanowires, 

nanocantilevers, and thin films, positively affecting the sensitivity and stability of these sensors [27] 

[23]. 

A variety of nanoparticles can be used as biosensors, which provide advantages over 

conventional methods. These nanoparticles include (1) metals and metal oxides [28] [29], (2) carbon-

based materials such as nanotubes [30], (3) photonic crystal materials [31], (4) nano/microgels [32], 

and (5) nanomagnetic particles [33]. 

  Metal and metal oxide nanoparticles are widely used for different purposes. The most 

commonly used metal particles include Au, Ag, Cu, Co, Pd, and Pt [34]. They provide advantages such 

as high sensitivity, improved selection, and high-end stability. These particles have various applications, 

ranging from the diagnosis of different diseases and the detection of pathogens in different media to the 

detection of toxic chemicals in environmental samples and the detection of hazardous gases  [35]. 

Carbon-based nanoparticles, such as carbon nanotubes (CNTs), graphene, and nano/mesoporous 

carbon, have a wide range of applications in environmental control and biomedicine. CNTs are most 

commonly used for medical diagnosis as they have high sensitivity, specificity, and affinity for different 

biomolecules, thus providing excellent and quick diagnosis [36] [37]. 



State of the art 

 

6 

 

Photonic crystals consist of materials with different dielectric constants, allowing them to 

control the movement of photons, resulting in the reflection of specific wavelengths. They have a wide 

range of applications in biosensing, biomarker detection, displays, bioconductors, and solar cells [38] 

[31]. They are favored over other biosensors due to their high sensitivity, specificity, and real-time 

monitoring [39]. They can be coupled to other sensing techniques for improved diagnosis, better drug 

delivery, and tumor screening [40] [31]. Nanogels are a special type of material with biomedical 

applications. They come with several advantages, such as high sensitivity, improved stability and 

solubility of the injected drug, target identification, intracellular delivery of drugs, protection from 

enzymatic and chemical degradation of drugs, low cytotoxicity, a large surface area, and a large amount 

of drug encapsulation [41] [42]. 

Magnetic nanoparticles are a special type of particle with numerous applications in biomedicine 

and medical diagnostics. They have unique properties, such as a large surface area, binding affinity with 

ligands, stability and resistance to different body fluids, and easy access to the target site [43]. They 

have a range of applications, such as drug delivery, immunoassays, biosensor development, cellular 

labeling, and, most importantly, magnetic resonance imaging (MRI) [33]. The challenges with these 

particles include their agglomeration, toxicity, blood circulation time, stability under different 

physiological conditions, surface charges, and resistance to oxidation [44] [33]           

Biosensors have three structural components: (a) a bioreceptor (b), a transducer, and (c) a signal 

processor [45]. The bioreceptor binds to the target compound associated with a specific disease, 

generating a specific type of signal. The bioreceptor can be an antibody, a protein, an enzyme, a cell, a 

nucleic acid, or a whole organism [46]. These signals are modified by the transducer and transmitted to 

the signal processor, which gives an actual report about the number and nature of biomolecules present 

[47]. Nanoparticles can be used for the enhancement of the sensitivity of all these components. A variety 

of nanomaterials can be used for designing nanobiosensors. These materials include (1) metals and 

metal oxides [48] [29] [49], (2) carbon-based materials such as nanotubes [50] [30], (3) nanocomposites 

[51], (4) magnetic nanoparticles [52], and  (5) nanochannels [53].  

Sensors can be classified either on the basis of signal production (bioreceptor) or on the basis 

of the different methods employed for signal transduction (transducer) [54]. 

The signal production of a bioreceptor is an important element of a biosensor that must be 

specific and sensitive to the target analyte [55]. Biosensors can be classified into five groups: enzyme-

based sensors, immunosensors, DNA/nucleic acid sensors, cell-based sensors, and biomimetic sensors. 

Enzyme-based sensors were the very first type of sensor to be developed. These sensors work 

on the principle of binding to and catalyzing the analyte. An enzyme is capable of detecting a specific 
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analyte from a mixture [56]. These biosensors have high sensitivity due to enzyme–substrate specificity, 

which makes them ideal candidates for applications [57]. Enzyme-based sensors have few limitations, 

such as sensitivity to pH, temperature, the presence of inhibitors, and substrate concentration [58]. 

Immunosensors are antibody-based sensors with high specificity. Every antibody has two heavy 

chains (H) and two light chains (L). Each chain has a constant and a variable region. The variable 

portion is antigen-specific. Immunosensors are composed of antigens and use the binding ability of 

antibodies. These sensors are stable and versatile [59] [54]. Immunosensors play a significant role in 

various areas, such as clinical chemistry, food quality, and environmental monitoring [60]. These 

sensors can be utilized for the early detection of different diseases, especially cancer [61].  

DNA/nucleic acid sensors utilize ssDNA sequences to bind to target sequences, thereby 

forming dsDNA. This reaction results in a biochemical reaction that makes it easy for the transducer to 

amplify the signal, resulting in rapid detection [54]. The working principle of these sensors is binding 

to complementary sequences present in a sample. They have high specificity and can be regenerated by 

denaturation to reverse the binding [62]. An optical biochip was designed for the detection of bacteria 

with a detection limit of 8.25 ng/ml [63]. The major advantage of DNA-based sensors is specificity.  

Cell-based sensors contain whole cells that are utilized as sensing elements. These elements 

detect changes in internal and external cellular conditions and produce a specific type of response. They 

can also monitor different growth parameters [64]. Microorganisms can also be used as a biosensor. In 

contrast to other types of sensors, these sensors are resistant to various harsh conditions. As evident 

from previous studies, these types of sensors can be used for different purposes, such as clinical 

chemistry, food quality, environmental control, drug detection, and pharmaceutics [65] [66] [67].  

Biomimetic sensors are synthetic compounds that function as natural biosensors. These include 

aptasensors, which have aptamers as sensing elements [56]. Aptamers are considered artificial nucleic 

acid ligands. They act like antibodies and can detect a larger range of targets than other types of sensors 

[68].  

 Bioreceptors based on transduction can be classified into four types: electrochemical, optical, 

piezoelectric, and colorimetric bioreceptors. 

Electrochemical biosensors are gradually becoming more popular due to the rapid improvement 

in sensitivity and design [69]. These sensors provide some advantages over other types of sensors, such 

as high sensitivity, rapid detection, low price, simple design, and less complex instrumentation [70]. 

Electrochemical sensors are subdivided into four major groups: amperometric, potentiometric, 

impedance, and conductometric sensors. 
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Optical-based sensors are widely used in different fields. The most commonly used optical 

sensors include surface plasmon resonance, chemiluminescence, fluorescence, and optical fiber sensors. 

The advantages of these sensors include flexible detection, in vivo detection, and easy signal reading. 

The common limitations associated with them are signal bleaching, a high probe concentration, and less 

scattering ability [71] [72]. 

Piezoelectric sensors work on the principle that a vibrating crystal resonates at a natural 

frequency. The transducer is made of piezoelectric material, such as quartz coated on the surface of the 

bioreceptor [73]. Calorimetric-based sensors have been used in the clinical field, the food industry, and 

environmental monitoring [74] [75]. This method is favored due to its high stability, enhanced 

sensitivity, and possibility of miniaturization.  

Smart nanobiosensors have personalized health wellness management. This type of diagnosis, 

which can detect analytes at low concentrations, is extremely useful in evaluating the effectiveness of 

a treatment. Thus, affordable, intelligent diagnostic tools are required, especially for outbreaks and 

epidemic states. Smartphones with advanced nanotechnology in conjunction with microfluids have been 

developed for viral detection. Such smartphones have been developed for Zika virus, hepatitis B, and 

hepatitis C, with high sensitivity [76]. One of the most common oncogenic viruses, the human papilloma 

virus, has been detected using a smartphone with DNA-based target hybridization without the 

amplification steps [77]. Nanosensors can provide rapid medical diagnosis, with higher sensitivity and 

specificity than conventional methods. Due to their many advantages and spectacular properties that 

simplify the design, these sensors use a smaller sample volume.    
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2.2 Paper-based detection methods  

 

Paper-based sensors have been used in a variety of analyses for a long time. They have been 

studied for various applications as early as the 1800s [78]. Over time, they have emerged as one of the 

core subjects in medical research as scientists strived to manufacture sensing platforms using paper-

based materials [79].  

Paper-based biosensors can be categorized into three subgroups: dipstick assays, microfluidic 

paper-based analytical devices (also termed microPADS or μPADs), and lateral flow assays (LFAs). 

Among these, the dipstick assays exhibit a remarkably simple design [80]. This biosensor category is 

based on the principle of blotting the test substance onto a paper that already contains pre-stored 

reagents. Well-known examples of this group are pH strips for measuring the pH value and urinalysis 

dipsticks for detecting metabolic products. Nevertheless, these biosensors do not offer a wide range of 

compatibility with different biological substances. Moreover, another downside of this strategy is that 

it is not possible to develop highly sophisticated assays, which are often required in diagnostic 

applications. 

Microfluidics technology was developed to overcome the limitations of the relatively simple 

paper-based biosensors. The μPAD biosensors have brought about a plethora of developments in paper-

based biosensor applications [81]. Several modifications to μPAD technology have been introduced to 

detect target samples using electrochemical- [82], optical- [83], chemiluminescence-, and fluorescence-

based approaches. 

Paper-based analytical devices (PADs) use cellulose as the primary substrate for the point-of-

care diagnosis. The PADs make extensive use of polydimethylsiloxane (PDMS) as a structural 

component. PDMS offers several advantages, such as flexibility, easy handling, and low cost, and 

therefore PDMS plotting is considered a promising method of constructing µPADs [84]. Most μPADs 

target different body fluids, such as uric acid, lactate, glucose, and choline, as biomarkers [85]. Enzyme-

based μPAD biosensors provide rapid, accurate, and robust diagnosis for clinical purposes. However, 

because of the use of enzymes as constituents, these biosensors are heat sensitive and require special 

storage conditions to avoid thermal denaturation. 

Lateral flow assays (LFAs) are deemed to be the gold-standard detection tools among the three 

types of paper-based biosensors. These biosensors have numerous applications in clinical diagnostics, 

and they are considered an exceptional strategy for detecting diseases. LFAs can employ a wide range 

https://www.sciencedirect.com/topics/chemistry/choline
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of biological samples, including urine, sweat, and saliva. Moreover, serum, whole blood, plasma, and 

other body fluids can also be used. LFAs are used in various fields, such as the food industry, veterinary 

medicine, quality control, and the monitoring of environmental hazards. Hence, these sensors are 

already employed for detecting diseases, pathogens, compounds of interest, hazardous chemicals, and 

environmental pollutants [86]. 

 LFAs have established their significance as detection tools, and the current research focuses 

on improving their performance and sensitivity. In this research, LFAs have been combined with 

different analytes, giving rise to multiple types of LFAs, such as nucleic acid-based, antibody-based, 

and enzyme-based LFAs. Antibody-based LFAs are particularly worth mentioning for detecting 

different microbes. The principle of immune LFAs is similar to that of ELISA. Both techniques use 

secondary antibodies attached to labels, such as fluorescent molecules, gold nanoparticles, and quantum 

dots, to identify analytes, enabling the visual detection of color changes upon binding with the target. 

In recent developments, certain other materials, including carbon, latex, colloidal gel, and up-converting 

phosphor particles, have also been employed for developing lateral flow tests (LFTs). 

Nanoparticles have emerged as promising candidates for labels in the fabrication of rapid 

diagnostic kits for better diagnosis and treatment of medical conditions [87]. Moreover, immune-based 

assays have also become popular as detection tools. Many immune-based lateral flow assays have 

already been introduced to detect disease-causing agents and are commercially available and used for 

point-of-care diagnosis. These assays can detect bacteria, microbial toxins, and viruses. One prominent 

and recent example is the coronavirus 2019 (COVID-19) detection kit, which targets both antigens and 

antibodies. This technique offers a cost-effective and rapid diagnosis of COVID-19 at distant locations 

and far-flung health facilities [88]. Other examples include C-reactive protein diagnosis kits, which 

identify target proteins in the blood, plasma, and serum [28]; brucellosis detection kits, which identify 

specific anti-brucella antibodies [26]; and antigen-based detection kits for detecting infection with peste 

des petits ruminants from feces and nasal swabs [27]. Furthermore, LFTs have also been developed to 

detect biological warfare agents, Avian influenza viruses, and bacterial contaminants, such as 

Escherichia coli O157:H7, Bacillus anthracis, Yersinia pestis, and Francisella tularensis [89]. 

LFT sensors are typically immobilized onto the surface through chemisorption or 

physisorption. The interaction between the reagent and the analyte takes place at the transducer surface 

via antigen–antibody reaction, protein–protein interaction, or nucleic acid hybridization. The detection 

setups utilize electrochemical, optical, piezoelectric, magnetic, mechanical, or thermal mechanisms of 

analyte detection. These biosensors consist of three vital components: a bioreceptor, a transducer, and 

a detector. The bioreceptor specifically detects the target biomarker. The transducer utilizes different 
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transduction mechanisms to modify the biochemical events into a readable signal, while the signal 

processor or detector processes and quantifies the results [90]. 

Recently, these biosensors have seen tremendous improvements, and the available versions can 

be divided into hand-held diagnostic units and compact bench-top systems [91].  

One of the variations of LFAs, protein-based LFAs, has shown promising clinical diagnostic 

applications. Xua et al. (2015) reported an LFA biosensor for detecting hepatitis B virus (HBV) antigens 

in serum. The assay is based on a protein microarray using surface plasmon resonance (SPR) as a 

biosensor to detect HBV serum antigens. Systematic optimization of different parameters, such as the 

printing buffer, protein immobilization time, and concentration of the capture proteins, was used for 

performance evaluation. Under optimized conditions, the biosensor detected five different biomarkers 

of HBV simultaneously in half an hour employing just a 20 μL sample. In contrast, traditional diagnostic 

methods such as ELISA and PCR detect only one biomarker in four hours. Thus, it is evident that 

biosensors offer a significant advantage over traditional methods of clinical diagnosis [92].   

A nucleic acid-dependent version of LFAs has also been introduced in recent times. The nucleic 

acid-based LFAs (NALFAs) work on the principle of DNA hybridization with complementary 

sequences found in the DNA of the target pathogen. The DNA is coated onto the surface of 

nanoparticles (NPs), often gold, e.g., DNA–AuNPs. This type of biosensor uses a colorimetric signal 

transduction mechanism, producing different colors upon the successful binding of the probe to the 

target DNA sequence. In the recent past, the use of CRISPR-Cas in LFAs was also reported. These 

paper-based LFAs employ CRISPR-Cas coupled with isothermal amplification of DNA for identifying 

target DNA. This approach provides excellent specificity and sensitivity. The sensitivity of this 

technique can be further enhanced, and the sample preparation can be simplified by using sequence-

specific cleavage of reporter groups from amplified DNA. Nevertheless, the adoption of such 

improvements would require the additional processing of samples with enzymes [93].  

A novel diagnostic method based on a simple paper strip LFA for the rapid detection of 

Escherichia coli (E. coli) nucleic acids in human feces has also been developed [94]. The biosensor 

exploits 23S rDNA–gold nanoparticles (AuNP) probes. The key advantage of this method is that it does 

not require PCR for DNA amplification or any special instrumentation for sample preparation. The 

assay employs colorimetric transduction, which allows visual detection of target DNA without any extra 

equipment. Furthermore, nucleic acid-based LFAs have also been developed for the rapid and accurate 

detection of different strains of Listeria spp., especially Listeria monocytogenes in food samples [95]. 

A wide variety of these biosensors are commercially available for the detection of various pathogens; 



State of the art 

 

12 

 

the most commonly employed detection platforms are for E. coli, Helicobacter pylori, influenza A and 

B viruses, HIV, tuberculosis, and malaria [96]. 

The paper-based biosensors have excellent properties for detecting pathogens. Furthermore, 

colorimetric target identification is possible with these sensors, making them an excellent choice for 

diagnostic purposes. 

Paper-based biosensors have been applied in many fields, ranging from diagnosis of different 

medical conditions to food quality control and monitoring of environmental parameters. They offer 

simple, inexpensive, and portable detection tools for clinical diagnostics. Moreover, these sensors are 

easy to handle and portable and do not require complex instrumentation, thus presenting a significant 

advantage over other diagnostic approaches. Paper-based biosensors also offer superior sensitivity and 

detection limits compared with commonly used sensing methods [97] [90]. 
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2.3 Proteases 
 

2.3.1 Introduction  
 
Protease enzymes are found in all life forms and are ubiquitously present in plants, animals, and 

microorganisms. Microbes, either bacteria or fungi, produce a variety of proteases, such as seryl, 

aspartyl, cysteinyl, and metalloproteases. Proteases have been characterized based on functional groups 

and the position of the peptide bond [98, 99]. Microbes produce intracellular proteases responsible for 

differentiation, protein turnover, and maintenance of the cellular protein pool within the cell. The 

extracellular category of proteases is important for the hydrolysis of proteins into amino acids and 

peptides outside the cell [100, 101].  

Proteases are considered the largest functional group of proteins.  They are essential for the 

proliferation, colonization, and attachment of bacteria to the host. They also play an essential role in 

destroying the host tissues, thus facilitating bacterial virulence. Bacterial infections trigger the 

activation of host protease cascades. Proteases even work under a wide range of pH values, from neutral 

to alkaline, based on their specificity of action. The proteolytic activity of proteases has been widely 

studied for different applications [102]. Proteases have gained interest not only due to their vital role in 

biological processes but also due to the many applications in different fields, such as medicine, nutrition, 

and agriculture. To list a few, the current applications of proteases include the development of 

photographic films, waste treatment, detergent preparation, and silver recovery [103]. These enzymes 

have been adopted in the medical field as diagnostic markers in periodontal diagnosis and wound 

infection treatment. Proteases have also been used as therapeutic targets in HIV and hepatitis C infection 

(Figure 1.1).  

 

              Figure 1.1: Application of protease enzymes in the medical, agriculture, and environmental sectors 
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2.3.2 Protease mode of action  
 

 
The bacterial cell wall provides resistance to external pressure, offers protection from 

environmental threats, and determines cell shape and type. The cell wall consists of peptidoglycan 

(PGN), which is present in almost all Gram-positive and Gram-negative bacteria. PGN is a linear glycan 

heteropolymer chain containing alternating N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid 

(MurNAc) units. This unique structure, known as (murein) sacculus, forms a mesh linked by β‐1→4 

bonds. It also supports other cell envelope components, such as proteins and teichoic acids [104] [105]. 

Protease enzymes, produced by bacteria, contribute to the proliferation and growth of the cell. 

During cell replication, the PGN sacculus expands through the coordinated action of degradative and 

synthetic enzymes. PGN peptides are hydrolyzed by proteases and released into the extracellular 

medium during the growth process, most of which are transported back to the cytoplasm for reuse, 

referred to as PGN turnover. After completing this process with endopeptidases (EPs) and lytic 

transglycosylases (LTs), monomeric 1,6-anhydro-muropeptides are produced and transported into the 

cytoplasm with the help of AmpG permease. Inside the cell, it serves as a substrate for NagZ b-N-

acetylglucosaminidase and the AmpD amidase. Each generation of Gram-negative bacteria, such as E. 

coli, breaks down and reuses over 60% of the cell wall's PGN [106].  

General and regulated proteolysis in bacteria is essential for cellular homeostasis, which relies 

on the high substrate specificity of the executing AAAþ proteases [107]. Moreover, Lon protease 

degrades unfolded or damaged proteins and has an essential part in regulatory processes and proteotoxic 

stress [108]. Furthermore, mitochondrial ATP-dependent protease is also crucial for homeostasis. 

Likewise, vegetative autolysins, such as LytD glucosaminidase, LytC amidase, and LytF (CwlE, YhdD) 

endopeptidase, have several important roles, including cell wall turnover, cell separation, protein 

secretion, mother cell lysis, antibiotic-induced lysis, and motility [109] [110]. 

2.3.3 Bacterial proteases as virulence factors 
 

 
Bacterial proteases have been considered to be the most critical virulence factor for all bacteria. 

They play an important role in facilitating invasion, replication, and the establishment of infection [48]. 

Many bacteria secret proteases that attack host-associated proteins. Their actions involve degrading and 

splitting protein molecules into small fragments, leading to the inactivation or breakdown of proteins. 

The manifestations of the respective diseases attributed to microbial proteases are very complex and 

nonspecific. Also, bacterial proteases have been reported to affect the blood clotting system [111]. For 
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instance, the bacterial proteases of Pseudomonas aeruginosa (P. aeruginosa), S. aureus, Proteus 

mirabilis, and Enterococcus faecalis have been found in chronic wounds [112]. 

Proteases are classified into exoproteases and endoproteases based on where they introduce the 

cleavage, i.e., near or away from the carboxyl or amino-terminal portion in the targeted protein. Among 

the bacterial proteases, some are non-targeted and can degrade a wide range of proteins, while others 

are highly targeted. For instance, extracellular bacterial proteases degrade proteins of host tissues to 

provide nutrients to the bacteria. Thus, this type of protease aids in nutrient acquisition, helps establish 

an infection, and assists in evading and destroying the host immune defenses. They also help in the 

local and systemic spread of bacteria [113]. 

Some of the proteases interfere with immune functions, for instance, by cleaving proteins 

involved in the host immune defense, as in the case of ZapA from Proteus mirabilis [114]. In the case 

of an IgA1 protease secreted by pneumococci, the protease cleaves IgA into its inactive components, 

thus destroying the antibody molecules. Similarly, some proteases, such as Zn-metalloprotease, impair 

phagocytosis by changing the bacterial cell's surface proteins. Furthermore, some proteases act by 

inhibiting chemotaxis, thus obstructing the pathway of immune cells' communication [115]. Generally, 

bacterial proteases have an essential role in the intracellular regulation of biofilm production in various 

bacteria and can serve as antibiotic treatment for bacterial infection [116]. 

Bacterial proteases have a propensity for host tissue destruction either by direct breakage of the 

skin barrier or by indirect damage through the induction of an excessive and prolonged inflammatory 

response. Persistent secretion of proteolytic enzymes interferes with the host protease regulatory 

mechanism, leading to delayed healing of wounds [117]. P. aeruginosa invades the circulatory system 

with the help of bradykinin protease to establish infections in humans.  

Numerous bacterial proteases, such as aerolysin (Aur), cysteine proteases, staphopain A, 

staphopain B, serine protease V8, and metalloprotease, are produced by S. aureus. These enzymes are 

involved in inactivating the complement system (a component of the host immune system) [118]. 

Moreover, some bacterial proteases have a neutralizing effect, such as antimicrobial binding protease 

(AMP) secreted by P. aeruginosa and LasB gingipin R secreted by Porphyromonas gingivalis (P. 

gingivalis). 

 Bacterial proteases also participate in the intoxication process, such as pertussis toxins, 

fragment A from diphtheria, and the metalloproteases in tetanus and botulinum neurotoxins [119]. 

Bacillus anthracis produces a zinc-dependent metalloprotease with a protease-specific activity that 

functions as a lethal factor (LF) [120]. Previous findings have also shown that bacterial proteases 
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contribute to host tissues' pathological process; for example, the secreted metalloprotease from L. 

monocytogenes is responsible for the activation of phospholipases [121]. 

In conclusion, the literature reveals that proteases secreted by pathogenic bacteria and host 

communication signals play an important role in pathogenicity [122]. 

 

2.3.4 Microbial protease pathogenesis  
 

 
The manifestation of bacterial pathogenesis is strongly influenced by the host immune defense's 

strength and the microbial virulence factors. The severity of an infection is shaped by the virulence of 

the invasive microbes and the immune state of the host. For instance, virulent microbes can cause a 

severe infection in an immunocompromised patient, whereas the same virulent pathogens can be 

eradicated by an immune-competent host [123]. 

Protease accretion, which can cause direct tissue destruction, is the most classical pathogenesis 

mechanism for certain bacterial species. As in the case of open wounds and burnt skin, the accumulation 

of various bacterial colonies and the secretion of different protease enzymes hamper the healing process 

and delay recovery [124]. P. aeruginosa secretes various proteases, including LasA protease, elastase 

(LasB), protease IV, alkaline protease, cysteine protease, and metalloproteases. These enzymes were 

proposed to be important virulence factors in tissue degradation. 

Microbial proteases also trigger host zymogen protease production, which is associated with 

critical clinical outcomes, especially in tissues, such as the cornea, with low blood supply and, 

consequently, lack of defense proteins and leukocytes[125]. The role of proteases and their inhibitors 

is pivotal in the degradation of tissues, as a balance between the two types of enzymes is crucial. The 

excessive production of protease inhibitors from hosts results in an increase in the bacterial invasion of 

connective tissues due to a translocation of the infection sites and changes in tissue properties [126]. 

Moreover, bacterial proteases have been found to influence or augment the infection of other causative 

agents as well. Serine protease from house dust mites is an example of a protease that enhances the 

deleterious effects of influenza virus infectivity and replication in the lung tissues of mice [127] [128]. 

Pseudomonas elastase generates bradykinin in the infected host via a Hageman factor-

dependent pathway. Bradykinin (kinin), an endogenous nanopeptide, relieves severe pain and causes 

dilation of the vascular smooth muscles. Relaxation of endothelial muscle cells results in hypotension, 

shock, and increased extravasation [129]. Bacterial proteases are known to activate one or more steps 
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of the kinin release affecting the Hageman-factor-kallikrein cascade. Moreover, many microbial 

proteases inactivate various plasma inhibitors, such as α1-protease inhibitor and α2-macroglobulin. In 

addition to the extracellular proteases, the negative charge-carrying lipopolysaccharides (LPS) of the 

Gram-negative bacterial cell wall and the teichoic acid of the Gram-positive bacterial cell wall activate 

the Hageman-factor-kallikrein system because of the hypotensive effects of kinin production. 

Endotoxins also induce nitric oxide synthase (NOS), which appears to exhibit a relatively slow but 

significant effect on the relaxation of the vascular tone of the infected animal (thus causing 

hypotension). 

Furthermore, bacterial proteases can activate the matrix metalloproteinase (collagenase), 

resulting in an exacerbation of tissue injury in the diseased animal. Many tumor cells or tissues excrete 

plasminogen activator and hence activate plasminogen. The plasmin, thus generated, activates 

procollagenases, as well as the Hageman-factor-kallikrein system, resulting in pronounced 

extravasation. Fluid accumulation in pleural and ascitic carcinomatosis is mostly due to the activated 

bradykinin-generating system. 

Bacterial proteases induce shock in mice. The protease-elicited shock can be prevented by a 

soybean trypsin inhibitor that blocks the kallikrein-kinin cascade. Kinin antagonists and a kallikrein 

inhibitor have been employed for infectious diseases, such as septicemia, and in tumor pathology [130]. 

 

2.3.5 Diagnostic tests based on proteases as biomarkers  
 

 
High specificity and sensitivity are essential requirements for a useful assay for diagnostic 

purposes. The widespread use, simplicity, reliability, and relatively low cost of the home-used 

pregnancy test make it an example of an optimal assay. The solid media screening technique is based 

on visualizing the microbial protease production using specific media supplemented with a particular 

substrate, such as skim milk agar, casein agar, gelatin agar, fibrin agar, elastin bovine serum albumin 

(BSA) agar, and hemoglobin [131]. This method has been used for the detection of S. aureus 

extracellular protease. A novel agar-based platform incorporating colorimetric visualization was used 

for this purpose; the strategy provided a detection limit of 102 cfu/mL [132]. Thus, extracellular 

proteases can be detected directly in the culture medium through this approach. It is a qualitative, 

simple, low-cost, and straightforward assay for assessing the presence of proteolytic activity of colonies 

of the microbe of interest. This technique also offers great freedom in substrate selection [133]. 
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Another method is the fluorometric method, which is based on the use of fluorophore-

conjugated substrate. It is a suitable technique for the detection of small quantities of microbial protease. 

Fluorometric methods are highly sensitive and provide excellent specificity. The proteolytic activity is 

detected by fluorescence emitted from the fluorophore after cleavage. Förster (fluorescence) resonance 

energy transfer (FRET) has been used to measure the proteolytic activity of protease by measuring the 

increase in fluorescence or the shift in wavelength resulting from the cleavage of the substrate labeled 

with fluorophore pairs (Figure 1.2). For detecting proteases, BODIPY dye is utilized as a fluorogenic 

substrate. The fluorescence emitted after the cleavage of the substrate is proportional to enzyme activity. 

The BODIPY dye is specific and highly sensitive and provides a wide range of detection [134] [135] 

[136] [137].  

     
       Figure 1.2 Fluorometric method for protease detection using peptide sequences from the FRET-substrate library. The 

proteolytic activity of protease is monitored by the increase in fluorescence or the shift in wavelength resulting from the 

cleavage of the substrate labeled with fluorophore pairs. 

Kaman et al. [138] compared the FRET assay with other traditional methods for detecting P. 

gingivalis in patients' samples. The assay showed comparable results to those of the other methods 

utilized (culture-based as well as PCR). The technique was also studied for predicting virulence and 

pathogenesis of the protease enzyme secreted by P. aeruginosa [139]. Moreover, Zindel et al. [140] 

successfully employed this assay to evaluate the levels of Streptomycin mobaraensis papain inhibitory 

protein (SPI), which is secreted as an antagonist of bacterial growth. 

Combinatorial use of FRET and real-time PCR, referred to as FRET-based real-time PCR, was 

developed to ameliorate sensitivity, specificity, and test duration. The approach has been successfully 

employed for diagnosing cutaneous Leishmania species [141]. Moreover, fluorescence-conjugated 

polymers have also been developed to increase sensitivity. Overall, FRET is a rapid and simple 



State of the art 

 

19 

 

technique. Further, it can be combined with molecular diagnostics, microarrays, real-time PCR, and 

live-cell imaging [142]. 

 
The proteolytic activity of proteases has also been detected using ultrasonic resonance within 

buffer systems. Born et al. compared its efficacy with the UV-visible/ninhydrin assay. The authors 

successfully measured protease activity during casein hydrolysis. The results were comparable to those 

of the other assay employed. This technology makes use of low-intensity, high-frequency ultrasonic 

waves to estimate different analytes. The technique is non-invasive, requires only a small amount of 

sample, and can provide continuous measurements. Nevertheless, this detection technology is relatively 

new and has not been adopted widely [143].  

ELISA is an immunological and highly sensitive technique that has been implemented in 

several applications, such as clinical diagnostics and quality control studies. It is a quick, convenient, 

and safe technique that can detect a very low concentration of the target through a highly specific 

antibody. This strategy has also been applied to quantify protease enzymes. ELISA can successfully 

quantify proteases with a sensitivity of 4µg/mL using the sandwich assay. However, it has been 

withdrawn for detecting new protease enzymes as structural information of the enzyme is required 

before using ELISA [144].  

Methods based on nanoparticles have also been used for protease detection. Typically, these 

approaches rely on immobilizing the enzyme substrate on the surface of the nanoparticles. The enzyme 

to be tested will induce changes in substrate composition, leading to variation in the media surrounding 

the nanoparticles [145] [146]. Nanoparticles have already been recognized as excellent microbe 

detection and drug therapy tools and are clinically approved [147].  

Various types of sensing strategies can be used with nanoparticle-based biosensors. Gold 

nanoparticles (AuNPs), quantum dots, and surface-enhanced Raman approaches have been used for this 

purpose. Polymeric and silica-based nanoparticles are also used as sensing methods for in vivo and in 

vitro protease detection. These nanoparticles have the advantage of being highly sensitive and 

quantitative [147]. 

  Protease estimation using electrochemical transduction involves an electrode decorated with 

a gold nanoparticle/carbon nanotube as an electrochemical sensor that detects the hydrolysis of a peptide 

substrate triggering an electrochemical current, which provides a sensitivity of as low as 6 pg/mL and 

a dynamic range from 1 × 10−2 to 1 × 103 ng/mL. It is a low-cost and precise approach [148]. Another 

protease-based sensor was developed to detect botulinum neurotoxin type E light chain (BoNT/E-LC). 

This assay meets the requirements for point-of-care testing (POCT) [149]. Moreover, prostate-specific 
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antigen (PSA) was also detected using a monolayer of PSA substrate peptide conjugated with magnetic 

nanoparticles [150]. 

As mentioned in the literature, protease enzymes secreted from microbes are essential for many 

vital processes in microbes. Other vital processes include replication, the establishment of the infection 

by the role of proteases in the invasion, and the escape from host defense mechanisms. Thus, using a 

specific protease enzyme secreted from pathogens as a biomarker for infection detection is promising. 
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3.  Aim of the work  

The aim of this work was to fabricate a flexible, low-cost, colorimetric, instant, and easy-to-handle 

platform that could be employed for rapid diagnosis for side chair testing by a clinician or to carry out 

simple inspections in the field. Nanomagnetic particles were used to achieve these features.  The 

designed platform can be used in various patient samples to screen illnesses. Moreover, it can be used 

for food sample analysis and water monitoring.  

In this study, the attention was focused on the pathogen secretions rather than the antigen. Protease 

enzymes were chosen as biomarkers for each bacterium. To be able to accomplish our goals, the FRET 

technique was employed to identify the specific peptide sequence used for protease detection, 

specifically for each pathogen. Subsequently, these peptides were conjugated with nanomagnetic 

particles to develop a sensitive colorimetric sensor (Figure 1.3). 

The sensing platform was generalized to detect several bacteria that cause foodborne diseases, such as 

Listeria monocytogenes, Staphylococcus aureus, and E. coli O157:H7. Porphyromonas gingivalis and 

Pseudomons aeruginosa were employed to test the sensor in the clinical samples. For testing the sensor 

as a field diagnostic tool, Legionella spp. were identified as water monitoring pathogens.  

 The following objectives were proposed to achieve the aims of this project: 

1. To fabricate and standardize a sensor for bacterial detection. 

2. To design a specific peptide sequence to be used as a probe for the sensor and to develop a low-

cost and portable sensing platform for identifying Listeria. 

3. To select a specific peptide substrate for water- and foodborne pathogens and to develop a low-

cost paper-based sensing platform.  

4. To develop a rapid diagnostic tool for the detection of Porphyromonas gingivalis as a salivary 

diagnostic biomarker of periodontitis. 

6. To develop a smart and low-cost diagnostic tool for the detection of Pseudomonas aeruginosa. 
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Figure 1.3: Schematic diagram representing the steps involved in this project, including sensor fabrication, dipeptide library 

screening, functionalization of the nanomagnetic peptide sequence with nanomagnetic particles to form a complex, 

immobilization of the complex on the sensor platform, application of the enzyme, and colorimetric test results.  
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4. Own research results 

 

The results of this research, reflecting the aims of the work involving the fabrication of the sensor and 

the testing of the sensor on different pathogens, are presented in this section.  

 

4.1 Comparison of a D-amino acid and an L-amino acid paper-based sensor for L. 

monocytogenes detection    
 

Dramatic progress has been made in the field of nanomaterial-based biosensors, particularly for 

biomedical and bioanalytical applications. Among these, magnetic nanobeads are of particular interest 

due to their large surface-to-volume ratio [23]. Moreover, these nanobeads easily separate or enrich 

specific analytes from complex matrices under the effect of an external magnetic field and provide a 

direct readout by the naked eye.    

In this study, a novel diagnostic sensing probe for L. monocytogenes was reported. The strategy 

was developed based on the unique properties of magnetic nanobeads and provided specific detection 

by the naked eye. The biosensor peptide probe was prepared using a specific substrate to detect the 

proteolytic activity of the target microbe. This substrate was elongated with an Ahx-residue linker on 

both ends of the peptide. The Ahx-residue spacer enhances protease accessibility to the specific peptide 

cleavage site. The N-terminal of the peptide was coupled to carboxyl-terminated magnetic nanobeads. 

The cysteine residue at the C-terminal allows gold–sulfur interactions to construct a self-assembled 

monolayer (SAM) of magnetic nanobead–peptide complex on the surface of the gold sensor (Scheme 1 

[SAA1]).    

Further, the amount of the peptide substrate required for magnetic nanoparticle (MNP) 

functionalization was optimized. The detailed protocol steps of sensor preparation are shown in Scheme 

1 [SAA2]. The sensing mechanism was based on the proteolytic activity of L. monocytogenes proteases 

on a specific peptide substrate, sandwiched between the magnetic nanobeads and the gold surface on 

top of the paper substrate. An external magnet fixed at the back of the sensor accelerates the cleavage 

of the peptide–magnetic nanobead moieties. This dissociation process reveals the golden color of the 

sensor surface that is visible to the naked eye, as shown in Scheme 2.1 [SAA2].   

L. monocytogenes is one of the most critical pathogenic agents causing foodborne diseases. A 

small undetectable number of microbes can multiply and become life-threatening, especially among 
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immune-compromised populations. Ready-to-eat foods are considered a source for the transmission of 

L. monocytogenes. Proteases are enzymes involved in bacterial growth, multiplication, and 

pathogenicity [102]. Therefore, developing this novel portable, low-cost colorimetric screening assay 

for detecting L. monocytogenes proteases using nanomagnetic particles is an important step. The 

proteases extracted from each L. monocytogenes bacterial concentration were applied to the D-peptide 

sequence. Figures 1a and 1b [SAA1] show the typical results before and after the addition of various 

bacterial protease concentrations, respectively. There was an evident correlation between the protease 

concentration and the appearance of the yellow area as a result of the cleavage of the black magnetic 

nanobeads. The second confirmation spot was formed by the accumulation of the black cleaved 

magnetic nanoparticles at the magnetic paper area. The gradual increase in the intensity golden 

background reflects the increase in the protease concentration. Figure 2 [SAA1] shows a linear 

relationship between the amount of cleaved magnetic nanobeads (appearance of the yellow color) and 

the concentration of the protease for various bacterial concentrations.   

It is known that peptide substrates containing D-amino acids are specific and facilitate 

prokaryotic cleavages [151]. In this study, two peptide sequences were synthesized using D- and L-

amino acids to compare the proteolytic activity of L. monocytogenes. The selected peptide sequence 

was then integrated with magnetic nanoparticles to construct a highly specific peptide sequence that can 

be explicitly cleaved by L. monocytogenes protease. Serial dilutions of L. monocytogenes were prepared 

to compare the detection limit (cfu/mL) for both D- and L-peptide sequences (Figure 2.1). The protease 

extracted from each bacterial concentration was applied to the peptide sequences containing D- and L-

amino acids. Figure 2 [SAA1] shows the comparison of the percentage of the cleaved nanobead area 

for the D- and L-amino acid sequences as a function of various bacterial concentrations. The results 

indicate that the peptide sequence containing D-amino acids is highly specific, with a lower required 

detection concentration of 2.17 × 102 cfu/mL within 30 s than the sequence containing L-amino acids, 

which gave a higher detection limit of 2.1 × 103 cfu/mL in 2 h.    

The detection limit of the D-amino acid probe sensor used in this study, without any 

preconcentration of the sample, is comparable to the detection limits of other reported methods [152]. 

For example, Moreno et al. (2012) detected L. monocytogenes using PCR with a detection limit (DL) 

of 7.4 × 102 after 7 h of culturing. Moreover, a colorimetric method using gold nanomagnetic particles 

combined with hyperbranched rolling circle amplification (HRCA) gave a detection limit as low as 100 

aM for synthetic hly gene targets, and about 75 copies of L. monocytogenes can be identified [153]. 

Furthermore, Law et al. (2015) used a DNA microarray assay, and Sabat et al. (2013) used a next-

generation sequencing (NGS) molecular method, to detect and identify L. monocytogenes. Both 

methods are highly sensitive and specific but laborious, costly, and unsuitable for field applications 

[154].    
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Figure 2.1: 1. Listeria monocytogenes sensor probe using L-amino acid conjugated to a colorimetric magnetic nanobead: (A) 

before and (B) after adding different concentrations of Listeria monocytogenes protease solutions. 2. Listeria monocytogenes 

protease sensor probe using D-amino acid conjugated to a magnetic nanobead: (A) before and (B) after adding different 

concentrations of Listeria monocytogenes protease solutions.  

  

Table 1[SAA1] summarizes the detection limits for the most recently developed assays. The detection 

limit of the fabricated sensor is comparable to the detection limits of the other reported methods. 

Moreover, the novel sensor has a much shorter response time. The sensor was tested for specificity by 

using proteases extracted from other commonly associated foodborne bacteria. The proteases extracted 

from S. aureus, E. coli, Shigella, and Salmonella were used to check the cross-reactivity with the 

Listeria-specific substrate. The results indicated that cleavage occurred only with Listeria; with the 

other bacteria no cleavage was observed (Figure 3 [SAA1]). It can be concluded that the Listeria peptide 

probe is highly efficient and precise. In summary, in this study, a sensitive and flexible sensor for 

detecting Listeria monocytogenes was developed. This sensor was able to detect the target bacterial 

protease at a low concentration of 7.4 × 102 cfu/mL, indicating that it can successfully be used for 

monitoring food contamination and may have potential applications in the food industry. The sensor 

was created using the properties of D-amino acids. The following experiments were carried out to 

fabricate the sensor and validate it as a potential detection tool. 

 

            

1 

2 

A B 
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4.2 Evaluation of the sensor in a food matrix contaminated with 

S. aureus, E. coli O157:H7, and L. monocytogenes    

 
Foodborne diseases are a significant health concern as they are responsible for the morbidity 

and mortality of many people each year, especially children. According to World Health Organization 

data, foodborne diseases cause around 420,000 deaths every year. S. aureus, E. coli O157:H7, and L. 

monocytogenes are known as the common pathogens causing foodborne illnesses. Therefore, specific 

detection of these contaminants in the food matrix is crucial for limiting foodborne diseases [155].   

Against this backdrop, this study aimed to develop a magnetic nanobead–peptide probe that 

would be cleaved specifically by the virulence proteases secreted by the pathogens S. aureus, E. coli 

O157:H7, and L. monocytogenes. The biosensor peptide probes were prepared using the E. coli 

O157:H7-specific peptide substrate NH2-Ahx-KVSRRRRRGGDKVDRRRRRGGD-Ahx-Cys, the S. 

aureus-specific substrate ETKVEENEAIQK, and the L. monocytogenes-specific substrate 

CAhxNMLSEVERE-Ahx-COOH. These probes were then integrated with a gold-sensing platform via 

Au–S linkage to provide a specific and cost-effective strip-format diagnostic biosensor for qualitative 

and quantitative detection.    

After the fabrication of the three sensors for each specific bacterium, proteolytic activity was 

detected. A color change occurs upon proteolysis of the peptide–MNP moieties, indicating the presence 

of the contaminant. To obtain an insight into the sensor's applicability for the quantitative detection of 

S. aureus and E. coli O157:H7, many biosensors were made for each pathogen and exposed to different 

protease solutions prepared from several bacterial pure broth culture concentrations. For S. aureus, the 

evaluated concentrations included 7.5 × 106, 7.5 × 105, 5 × 104, 5 × 103, 5 × 102, 75, and 7.5 cfu/mL. 

For E. coli O157:H7, the assessed concentrations were 1.21 × 106, 1.21 × 105, 1.21 × 104, 1.21 × 103, 

1.21 × 102, and 12 cfu/mL. As demonstrated in Figure 2.2, a clear and proportional increase in the 

sensor’s gold-colored area with the protease solution concentrations was obtained. The change was 

attributed to the proteolytic activity of the proteases, which resulted in the dissociation of the peptide–

magnetic nanobead complex.    

In parallel, ImageJ software (NIH, Bethesda, Maryland; http://rsb.info.nih.gov/ij) was used for 

analytically detecting and quantifying S. aureus and E. coli O157:H7. A standard curve was observed 

with an excellent R2 value of 0.9557. The ImageJ software measures the size of the cleaved area 

(appearance of a golden color) in comparison with the total black area (before cleavage). Thus, the color 

threshold function needed to be tuned, as shown in Figure 2BII [SAA2] and Figure 1C [SAA3]. Blank 
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samples were tested for each sensor and showed no reaction as the sensor demonstrated no disruption 

of the SAM layer.   

 

Figure 2.2: Proteolytic activity of different supernatant concentrations of A S. aureus and B E. coli cultures by a specific 

protease activity assay. Protease activity is determined in terms of units defined as the amount in micromoles. 

 
4.2.1 Testing of the L. monocytogenes sensor with food samples   

   
The stability of the L. monocytogenes sensor with a food matrix was one of the focuses of this 

research. Therefore, the sensor was tested against whole milk and a ready-to-eat meat supernatant to 

check whether the sensor shows any proteolytic activity in the food. Figure 4A [SAA1] (before adding 

the sample) and Figure 4B (B1, meat sample without inoculation) show that the food supernatant did 

not affect the sensor’s performance. To evaluate the sensitivity of the sensor, fresh whole milk and 

ready-to-eat meat were spiked with colonies of L. monocytogenes and incubated at 35 °C for 15–18 h. 

The concentrations of the bacterial stock after 18 h were determined to be 13.8 × 107 cfu/g and 11.7 × 

107 cfu/mL for the ready-to-eat meat and fresh whole milk, respectively. Serial dilutions were obtained 

from the stock concentrations, and a viable count of the spread dilution method was used to confirm the 

correct bacterial number. The sensor was then directly tested with the spiked samples (with and without 
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centrifugation). The detection limits of the amount of magnetic nanobeads cleaved by the protease on 

the sensor surface were similar regardless of whether the samples were centrifuged or not. The detection 

limit of the sensor in the spiked milk was 11.7 × 102 cfu/mL (B2 in Figures 4 and 5), and the detection 

limit in the spiked meat was 13.8 × 10 cfu/g (B3 in Figures 4 and 5 [SAA1] and Table 2.1). The results 

were obtained within 15 min without any pre-enrichment steps.    

4.2.2 Evaluation of the S. aureus sensor with spiked food matrices  
  

The feasibility of the sensor to detect S. aureus in contaminated food products and 

environmental samples was assessed by spiking 1.0 mL of different S. aureus concentrations (from 4.14 

× 105 to 4.14 cfu/mL) into 9 mL of ground beef, turkey sausage, lettuce, and milk. The results are shown 

in Figure 2A [SAA2] and Table 2.1. Moreover, dust samples collected from different sites were 

suspended in sterile water and spiked with six different concentrations of S. aureus, ranging from 1.12 

× 107 to 11.2 cfu/mL.  The samples were then centrifuged, filtered, and exposed to the developed 

biosensor. The results are shown in Figure 3 [SAA2]. The results could be observed by the naked eye 

and revealed that there was a direct relationship between the golden sensor area and the bacterial 

concentrations.    

Afterward, the biosensor was tested to ensure efficiency and stability over time. This evaluation 

was done by testing the ready-to-use immobilized strip sensors stored in empty Petri dishes at 4 °C. 

Every week, three sensors were used to detect the proteolytic activity of the known S. aureus protease 

solution. The negative control was also tested in parallel with each experiment. The biosensor exhibited 

adequate long-term stability of up to six months at room temperature. Moreover, a comparison of the 

sensor’s response after less than six months and after more than six months of storage was also 

conducted (Figure 5A [SAA2] and Table 1).    

For evaluating the specificity of the sensor, blinded clinical isolate samples (methicillin-

resistant S. aureus [MRSA], brown and green P. aeruginosa, and Candida albicans) and standard 

pathogen (P. aeruginosa ATCC 2785) were applied on the fabricated S. aureus sensor. A positive 

readout by the naked eye was observed only for the MRSA clinical isolate, as shown in Figure 5B 

[SAA2]. Furthermore, the biosensor was exposed to a panel of food-contaminating pathogens, such as 

L.  monocytogenes and E. coli 157. The results showed no disruption in the SAM layer of the tested 

pathogens and no significant change in the golden area of the sensor’s surface, as shown in Figure 5B 

[SAA2].  
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4.2.3 Biosensor-based detection of E. coli-spiked food matrices   
   

The capability of the sensor to detect E. coli O157:H7 was determined with contaminated food 

products. For this purpose, a fresh primary bacterial culture (PBC) of E. coli O157:H7 was spiked into 

different food matrices, including ground beef, turkey sausage, lettuce, and milk. A positive and a 

negative control were prepared and tested to check the effect of food matrices on the sensor. The positive 

control and the spiked samples were allowed to incubate at room temperature for 2 h, after which E. 

coli O157:H7 was enumerated. The supernatant of the centrifuged spiked sample was examined with 

the developed biosensor. A clear and steady increase was observed in the sensing platform's gold-

colored area in relation to the bacterial concentration.    

The lowest detection limit of the developed biosensor was determined with different spiked 

food matrices. The biosensor displayed a detection limit of 30 cfu/mL in ground beef, turkey sausage, 

and lettuce samples, while the detection limit in milk was found to be 300 cfu/mL, as shown in Figure 

3A, D [SAA3] and Table 2.1. Thus, the developed biosensor is suitable for detecting S. aureus, E. coli 

O157:H7, and L. monocytogenes in different food matrices.    

The reported biosensor is suitable for use at the retail level as well as at home. The stability and 

specificity of the E. coli O157:H7 biosensor were determined, and it was observed that the platform 

offered good stability for up to six months. Moreover, different food-contaminating pathogens, 

including L. monocytogenes, P. aeruginosa, and S. aureus, were used to assess the specificity of the 

sensor.  Hence, the biosensor was exposed to proteases of these pathogens. The assay showed no 

disruption of the SAM layer and no readout for color change by the naked eye for other pathogens. 

Thus, the specificity of the biosensor for E. coli O157:H7 was confirmed (Figure 2 [SAA3] and Table 

1). All the experiments were conducted in triplicate.   

The results indicated that the developed sensors for the detection of the foodborne pathogens S. aureus, 

E. coli O157:H7, and L. monocytogenes exhibited a low detection concentration, which reflects a high 

sensitivity, with great stability in the food matrix and high specificity. The sensors were able to obtain 

the results in a short detection time, within a minute. Thus, the sensor platform provides the detection 

of S. aureus, E. coli O157:H7, and L. monocytogenes and can be used as a potential point-of-care 

diagnostic platform in hospitals. Furthermore, it can be used for infection control in industrial food 

processing. 
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Table 2.1: Different applications of the colorimetric probe to food products spiked with L. monocytogenesis, S. 

aureus, and E. coli. The specific substrate peptide is bound covalently to the magnetic nanobeads test with different 

concentration of food spiked sample and L.D.C ( low detection concentration) were detected.  

 

 

 

 

 

 

 

 

   

Sample L.D.C Matrix 

L. monocytogenesis 
 
L. monocytogenesis 
  

11.77 x 102 cfu/ml 
 
13.8 cfu/ml 

Milk  
 
Ground beef 

Staphylococcus aurus 
 
Staphylococcus aurus  
 
Staphylococcus aurus 
 
Staphylococcus aurus 
 
Staphylococcus aurus 
 

40 cfu/mL 
 
40 cfu/mL 
 
40 cfu/mL 
 
40 cfu/mL 
 
100 cfu/mL 

Lettuce  
 
Turkey 
 
Ground beef  
 
Milk  
 
Dust  

E. coli  
 
E. coli  
 
E. coli  
 
E. coli  

30–300 cfu/mL  
 
30–300 cfu/mL 
 
30–300 cfu/mL 
 
30–300 cfu/mL 

Lettuce  
 
Turkey sausage 
 
Meat  
 
Milk  
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4.3 The fluorescent resonance energy transfer assay and the 

magnetic nanoparticle-conjugated peptide probe as field 

diagnostic tools for the simple and rapid detection of Legionella 

spp.    

 
   

Legionnaires’ disease (LD), caused by Legionella spp., is a serious health problem due to the 

high mortality rate. Most cases are caused by Legionella pneumophila; however, other Legionella 

species have also been reported to bring about human disease [156]. Protease enzymes are involved in 

the growth, multiplication, and pathogenicity of Legionella spp. For instance, one of the virulence 

factors of Legionella pneumophila is metalloprotease, which is also called tissue-destructive protease 

or significant secretory protein. This protease inhibits the activity of neutrophil chemotaxis and the 

listericidal activity of human neutrophils and monocytes [157] [158]. Hence, the enzyme is crucial in 

the pathogenesis of Legionnaires' disease. In this context, this experiment aimed to exploit proteases for 

developing a novel portable, low-cost colorimetric screening assay for detecting Legionella spp. using 

nanomagnetic particles.    

         A fluorescence-based biosensing approach for simultaneously identifying multiple analytes was 

used in this assay. The FRET assay was employed for the detection of the protease-related proteolytic 

activity of different strains of Legionella. Furthermore, assembled peptides were selected as substrates 

and conjugated with nanomagnetic particles. The enzyme-specific peptide sequences were synthesized 

with terminal functionalization for the attachment to the capthonal group on the gold surface. The 

designed sensor uses nanomagnetic particles based on the proteolytic activity of the protease enzyme 

secreted by Legionella species and provides rapid colorimetric analysis.  This sensor can be used in 

field detection and hospitals for regular water monitoring.   

 The Legionella-specific dipeptide substrates were identified by screening 115 fluorogenic 

peptides with the corresponding protease enzymes. The dipeptides containing FITC (fluorophore) and 

dabcyl (quencher) in C- and N-terminals were used as FRET pairs. In the sequences, the capital letter 

represents L-amino acids, and the small letter represents D-amino acids. The specific peptide was 

identified by incubating the culture supernatant of the six different Legionella strains (Legionella 

pneumophila ATCC 33155, L. pneumophila ATCC 33152, Legionella micdadei ATCC 33218, 

Legionella anisa ATCC 35292, Fluoribacter bozemanae ATCC 33217, and Fluoribacter dumoffii 

ATCC 33279). The peptidase produced by the substrate with the Legionella strains showed a significant 
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increase in the fluorescence intensity of the dipeptides L-L, F-F, W-W, and Y-Y, indicating that the 

peptide bonds between the dimeric peptides were cleaved efficiently by Legionella proteases.    

The proteolytic activity of the protease-targeted dipeptides with L-amino acids is shown in 

Table 1 [SAA4]. It was observed that the primary cleavage site was the substrate with aromatic L-amino 

acids (tyrosine, tryptophan, and phenylalanine) except leucine-leucine (FITC-Ahx-L-L-K(Dabcyl)). 

Moreover, it was noticed that there was no proteolytic activity of the proteases with the dipeptides with 

D- and L-amino acids. Further, the results revealed that the proteolytic activity of Legionella species 

was stereo-specific. The Legionella pneumophila strain 33155 exhibited efficient proteolytic activity 

with F-F, L-L, and Y-Y and moderate activity with W-W. In contrast, the W-W substrate was cleaved 

efficiently in the presence of ATCC 33152 and ATCC 33279, which possessed moderate activity with 

the other three peptides, as depicted in Figure 2.3 (Figure 2C [SAA4]). Legionella pneumophila ATCC 

35292 specifically digests Y-Y peptides, and its fluorescence intensity does not significantly increase 

in the case of the other three peptides, as shown in Figure 2.4 (Figure 2A [SAA4]). The substrate with 

F-F dipeptide was effectively cleaved by the Legionella micdadei ATCC 33218 strain, which showed 

moderate cleavage with the Y-Y peptide. However, there was no significant difference in cleavage 

between the L-L and W-W peptides (Table 2 [SAA4]). The specificity of the Legionella strains’ 

cleavage of the substrates was tested in the presence of closely associated bacteria, such as E. coli, 

Salmonella, and Campylobacter. The change in the fluorescence intensities of each substrate (L-L, F-

F, W-W, and Y-Y) was monitored in the presence of the respective bacterial culture supernatant. No 

significant change in fluorescence intensity was observed, indicating that Legionella specifically 

cleaves L-L, F-F, W-W, and Y-Y peptides. The substrates were stable in the presence of other bacterial 

proteases (Table 3 [SAA4]). The Fluoribacter bozemanae 33217 supernatant showed no significant 

effect on the cleavage of the FRET substrates, which might be explained by the significant phenotypic 

differences, as well as differences in the G+C content and DNA hybridization characteristics between 

Fluoribacter dumoffii and Legionella spp. Four D-based amino acids were designed and elongated with 

AHX to give proper space for the interaction. Then, conjugation was carried out with the nanomagnetic 

particles to develop a colorimetric sensor for visualizing the presence of bacteria in low or high 

concentrations. The results were comparable to those of the FRET assay.   

Legionella pneumophila 33155, Tatlockia micdadei 33218, Legionella anisa 35292, 

Fluoribacter dumoffii 33279, and Legionella pneumophila 33152 were tested with the four sensors 

(Figure 2 [SAA4]). The proteolytic activity of the protease enzymes produced by the different 

Legionella species was visualized by the disassociation of the magnetic particles from the sensor area, 

resulting in changes in the sensor's background color from black to gold as cleaved particles trapped by 

the magnetic paper stabilized under the flexible plastic strip. All the five strains gave positive results. 

The biosensing methods were used for the quantitative detection of Legionella pneumophila 33155, 
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Tatlockia micdadei 33218, Legionella anisa 35292, Fluoribacter dumoffii 33279, and Legionella 

pneumophila 33152. Different concentrations of each strain, including 6 × 108, 6 × 107, 6 × 106, 6 × 105, 

6 × 104, 6 × 103, 6 × 102, and 6 × 10 cfu/mL, were blotted onto the four functionalized gold sensors: 

Sensor 1 (Ahx-YY-AHX-C), Sensor 2 (Ahx-ww-AHX-C), Sensor 3 (Ahx-FF-AHX-C), and Sensor 4 

(Ahx-LL-AHX-C). The lowest detection concentrations were obtained for Legionella anisa 35292 (6 × 

10 cfu/mL) with Sensor 1, followed by Sensor 4 (6 × 103 cfu/mL), Sensor 2 (6 × 105 cfu/mL), and Sensor 

3 (6 × 106 cfu/mL). For Tatlockia micdadei 33218, the lowest detection concentration was 6 × 10 cfu/mL 

with Sensors 1 and 3 (Table 4A [SAA4]).    

The sensors were able to detect all the five evaluated strains of Legionella. The results showed 

a sensitivity of up to 6 × 10 cfu/mL. Sensor 1 (Ahx-YY-AHX-C) detected L. anisa ATCC 35292, T. 

micdadei ATCC 33218, and F. dumoffii ATCC 33279 with a detection limit of up to 60 cfu/mL. Sensor 

4 (Ahx-LL-AHX-C) was able to detect both strains of L. pneumophilia with the lowest detection 

concentration of 60 cfu/mL.   

The sensors were validated and tested against water to assess their stability. The results showed 

no reaction. Moreover, the sensors were also tested for specificity by using proteases extracted from 

other common waterborne bacteria. In this regard, proteases extracted from E. coli, Campylobacter, and 

Salmonella were used to check the cross-reactivity with different Legionella sensors, and no cleavage 

was observed, indicating the absence of proteolytic activity for the three types of bacteria on the 

biosensor platform (Figure 4 [SAA4]). Thus, it can be concluded that the Legionella peptide substrate 

is highly specific to Legionella spp.   

To summarize, it can be concluded that the Legionella peptide substrate is highly specific to 

Legionella spp. and that the protease secreted by Legionella species can be used as a biomarker in water 

monitoring systems. It can also be used at home, for hygiene assessment protocols, and in air 

conditioning health systems. 
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Figure 2.3: FRET-based cleavage efficiency of dipeptides by the supernatant of various Legionella strain cultures (6 × 108 

cfu/mL).  The Y-Y peptide substrate showed efficient to moderate proteolytic activity with Legionella spp. ATCC 33155, 

ATCC 35292, ATCC 33218, ATCC 33279, and ATCC 33152. In contrast, the W-W substrate was cleaved efficiently in the 

presence of ATCC 33152 and ATCC 33279. The substrate with F-F dipeptide was effectively cleaved by Legionella micdadei 

ATCC 33218 and ATCC 33155.  
*L-L leucine, *F-F phenylalanine, *W-W tryptophan, *Y-Y tyrosin 
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4.4 A rapid diagnostic tool for the detection of Porphyromonas 

gingivalis-related periodontitis   

 
 

Periodontal disease is a chronic oral disease. The pathogenicity of periodontal disease is 

represented by inflammation of the gum tissue and destruction of the bone-supporting structure of the 

teeth, leading to tooth loss. It has been established that gingipain proteases play a significant role in this 

disease. Therefore, P. gingivalis-specific gingipains are considered potential biomarkers for periodontal 

diseases. Based on this knowledge, a low-cost diagnostic tool for P. gingivalis-related periodontitis that 

measures gingipain protease activity was developed [135]. The proteolytic activity of P. gingivalis 

culture supernatant, and thus gingipain presence, was detected by placing the supernatant onto a 

functionalized gold biosensor. The cleavage of the specific peptide bond by the proteases leads to the 

dissociation of the peptide–magnetic bead moieties from the gold sensor surface. As a result, the golden 

color of the sensor is revealed, which can be observed by the naked eye (Scheme 1 [SAA5]).    

To gain insight into the sensitivity of the P. gingivalis biosensor, a serially diluted P. gingivalis 

culture was prepared and exposed to the sensor’s surface. The results are presented in Figures 2.4A and 

2.4B, before and after the samples were exposed to the sensor's surface. A gradual increase in the visible 

gold-colored area was observed in proportion to the concentration of P. gingivalis. The change in sensor 

color is linked to the activity of the secreted proteases, which results in the cleavage of the peptide 

sequence. The designed sensor showed a detection limit of 49 cfu/mL within 20 s. Hence, this sensor 

was more efficient and sensitive than the FRET-based assay on which our peptide sequence sensor was 

based (see Kaman et al., 2012 [SAA5]). The promising characteristics were attributed to the use of 

magnetic nanoparticles, which, unlike organic fluorescent dyes, produce signals.    

The biosensor for P. gingivalis detection is simple, cheap, and colorimetric, and its results can 

be observed by the naked eye. Hence, there is no need for readout instruments, making this biosensor 

applicable in the dentist's office. The feasibility of the constructed sensor for the diagnosis of P. 

gingivalis-related periodontitis was examined by using spiked saliva as an oral diagnostic fluid. 

Different P. gingivalis concentrations (4.5 × 106 and 4.5 × 107 cfu/mL) were spiked onto the purchased 

saliva in a 1:1 aliquot ratio and applied to the functionalized gold sensor. A steady increase in the visible 

gold-colored area in relation to the protease concentration was observed. The unspiked saliva sample 

was used as a negative control and showed no cleavage of the magnetic bead’s peptide, no disruption 

of the SAM layer, and no significant change in the sensor surface’s golden color (Figure 2c [SAA5]). 

The developed sensor is thus suitable for analyzing a patient's specimens at the collection site, enabling 

dental practitioners to perform an on-site test to identify the periodontal pathogen P. gingivalis.   
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 To evaluate the performance characteristics of the developed sensor in a clinical setting, the 

sensor was tested with gingival crevicular fluid (GCF) samples of patients with P. gingivalis-related 

periodontitis. Accordingly, 27 specimens from patients diagnosed with P. gingivalis-related 

periodontitis were tested. The presence of P. gingivalis was confirmed by positive cultures and qPCR 

as described previously [135]. Notably, the golden color of the sensor surface was visible by the naked 

eye (Figure 3 [SAA5]). Hence, the results were encouraging and comparable to those of the culture 

testing. Likewise, the biosensor's specificity in the presence of other proteases, such as Fusobacterium 

nucleatum subsp. and Tannerella forsythia, was assessed. Figure 4a and Figure 4b [SAA5] show the 

results of the specificity test. The sensor showed no disruption of the SAM layer and no significant 

change in the sensor surface. These results confirmed that the developed sensor in this study was highly 

specific for detecting P. gingivalis and exhibited no cross-reactivity with other oral pathogens, so the 

sensor can be used as a side chair test in dental clinics for the initial evaluation of periodontitis.    

 

 

(A) 

 

(B) 

Figure 2.4: (A) The blank sensor before the application of the protease. (B) Colorimetric P. 
gingivalis protease sensor probe (specific for P. gingivalis protease substrate peptide covalently 
bound to a magnetic bead) under the effect of different concentrations of P. gingivalis protease 
solutions. 
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4.5 A highly specific protease-based assay for diagnosing P. 

aeruginosa in clinical samples   

 
 

P. aeruginosa is a Gram-negative rod and is known to be the second most prevalent nosocomial 

bacterium. It is a life-threatening pathogen among hospitalized and immunocompromised patients 

[159]. It is responsible for pneumonia infection and is aggressive once it colonizes wounds or burned 

skin, potentially delaying the healing process [117]. Considering the importance of early detection of 

P. aeruginosa, we developed a rapid, sensitive, and specific colorimetric biosensor based on the use of 

MNPs for its identification in clinical samples. This biosensing platform was designed to measure the 

proteolytic activity of P. aeruginosa using a specific protease substrate.   

Kaman et al. [139] designed and evaluated a fluorogenic substrate as a potential marker for the 

virulence proteases secreted by P. aeruginosa. In this study, we utilized this specific protease substrate 

for developing a paper-based colorimetric assay [139]. The substrate was modified by attaching 

hexanoic acid (Ahx)-linkers to both C- and N-terminals of the peptide sequence Gly-Gly-Gly to enhance 

the accessibility of the protease to the peptide substrate near the sensor surface. Then, a cysteine amino 

acid was linked to the C-terminal, allowing gold–thiol interactions that resulted in the formation of a 

SAM of P. aeruginosa peptide–MNPs onto the gold sensor surface. The N-terminal of the peptide was 

attached to the MNPs.    

The fabricated sensor was studied to detect the proteolytic activity of P. aeruginosa protease 

(107 cfu/mL) over the functionalized gold sensor surface. This was accomplished by investigating the 

shift in color of the sensor from black to gold due to the cleavage of the nanomagnetic peptide complex 

(by the protease activity) and accumulation away from the sensor. The quantitative detection of P. 

aeruginosa was performed using different concentrations (4.5 × 107, 4.5 × 106, 4.5 × 105, 4.5 × 104, 4.5 

× 103, 4.5 × 102, and 4.5 × 10 cfu/mL) of P. aeruginosa, as shown in Figure 2.6 (Figures 1 and 2 

[SAA6]). The rise in bacterial concentration produced a gradual increase in the visible gold-colored 

area. The intensification of the golden area could be explained by the protease enzyme's ability to 

dissociate the peptide–MNP moiety; hence, the reaction was directly related to the enzymatic 

concentration. The developed colorimetric biosensor presented a minimum detection limit of 102 

cfu/mL within 1 min (Figure 1 [SAA6]). Also, to validate the colorimetric biosensor, a negative blank 

(brain heart infusion [BHI] broth only) with no protease was incubated with the sensor. No cleavage 

was observed in this case (Figure 2 [SAA6]). Thus, the results confirmed the potential of the fabricated 

biosensor to detect P. aeruginosa.    
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The specificity of the biosensor was investigated by exposing the sensor to other pathogenic 

microbes, such as L. monocytogenes and S. aureus. The sensor showed no disruption of the SAM layer 

and no significant change in the sensor surface’s golden color in the presence of L. monocytogenes and 

S. aureus, showing sufficient specificity. Moreover, the clinical applicability of the developed biosensor 

was tested using 20 P. aeruginosa clinical isolates. These samples were previously analyzed by 

traditional culture and PCR methods at the King Faisal Specialist Hospital microbiology laboratory.  

The samples were incubated with the invented biosensor. Positive results were observed, with a clear 

cleavage of the peptide–MNP moiety, resulting in the appearance of a golden color on the sensor’s 

surface (Figure 4 [SAA6]). Notably, the differences in cleavage intensity of the tested samples were 

attributed to differences in the number of colonies of P. aeruginosa. A negative control provided no 

cleavage of the peptide–MNP moiety and no disruption of the SAM layer.    

This colorimetric detection method presented a better detection limit in a shorter time than the 

previously reported fluorescent dye-containing lipid vesicles method reported by Thet et al. (25 

[SAA6]). Although their approach managed to discriminate 40 clinical strains of the pathogens P. 

aeruginosa and S. aureus correctly, the method was used only for qualitative measurements. Another 

technique developed to provide quantitative detection was reported by Yong Jun et al. (26 [SAA6]). 

This method is based on magnetic enrichment and separation, and it achieved a detection limit of 10 

cfu/mL. 

 Moreover, Tang et al. (27 [SAA6]) shortened the DNA extraction-to-detection time and 

reported a detection limit of 10 cfu/mL based on magnetic enrichment and nested PCR. However, all 

the methods mentioned above are complex and require centralized labs, instrumentation, and trained 

personnel. Besides, PCR techniques are not suitable for routine testing at physicians' clinics, unlike our 

colorimetric assay, which is cheap, simple, rapid, and sensitive. Furthermore, our assay does not require 

expensive equipment and trained personnel.   

The ability of the designed colorimetric biosensor to detect P. aeruginosa protease in clinical 

samples was evaluated. The assay was simple, rapid, sensitive, specific, and feasible for on-site 

applications as it does not require any labeling or amplification steps.   
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Figure 2.5: (a) Colorimetric Pseudomonas aeruginosa protease sensor probe before the addition of 

different concentrations of Pseudomonas aeruginosa (b) The reaction after the addition of different 

concentrations of Pseudomonas aeruginosa starting from the highest concentration of 4.5 × 107 cfu/ml 

to the left to the lowest concentration 4.5 × 101 cfu/ml at the rig

a 
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5. Conclusion  

 

     

Infectious diseases are one of the major causes of morbidity and mortality. The timely diagnosis 

of such diseases is of the utmost importance, because the earlier the diagnosis, the better the outcome. 

A delayed diagnosis of infectious diseases, even a delay of a few hours, can cost lives or lead to severe 

complications. Hence, there is a dire need to develop new and efficient approaches for diagnosing 

infectious diseases and identifying their causative agents.  

Bacterial pathogens are fundamental targets that need to be detected in medicine, food safety, 

and public health. The currently available bacterial identification approaches rely upon laboratory-based 

techniques, such as microscopic analysis, biochemical assays, and cell culture. Nevertheless, these 

procedures are laborious and costly and require specialized instrumentation as well as trained users. In 

contrast, portable stand-alone biosensors may enable rapid detection and diagnosis at the point of care. 

Biosensors are especially helpful when a precise diagnosis is required to guide treatment, e.g., in critical 

illnesses (such as meningitis). Moreover, they are also extremely important for preventing the spread 

of particular diseases, such as foodborne or sexually transmitted infections. The precise identification 

of bacteria is also crucial for anti-bioterrorism measures (e.g., anthrax detection).  

Recent advances in biosensors have made it possible to precisely identify whole bacterial cells 

with great sensitivity within a short period of time. Additionally, bacterial detection by a biosensor does 

not require cumbersome sample processing. Therefore, there is a particular focus on nanoparticle-based 

biosensors, especially nanomagnetic biosensors, that offer ease of miniaturization, simple handling, 

exceptional sensitivity, and cost-effectiveness. Against this background, in the present study, sensors 

for the early detection of important and common pathogens causing serious human illnesses have been 

developed.  

Protease enzymes are a crucial part of several biological processes (including cell division and 

cell death), and they confer important phenotypic characteristics to cells. Therefore, they are highly 

regulated, and any disturbance in the cascade of their regulation can be a marker of an ongoing disease. 

Thus, these enzymes may be used as a target for therapy as well as for diagnostic purposes. In this study, 

a diagnostic platform for detecting pathogens, including Listeria monocytogenes, E. coli O157:H11, 

Staphylococcus aureus, Legionella spp., P. gingivalis, and Pseudomonas aeruginosa, has been 

developed. Fluorogenic substrates were used as a potential tool for detecting the virulence of the 
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proteases. The identified substrates were conjugated with nanomagnetic particles to develop 

colorimetric, flexible, and portable platforms.  

Listeria monocytogenesis protease was used to design the probe. Two designed amino acids, 

D-based and L-based amino acids, were prepared to compare the specificity and sensitivity of the 

sensor. N-hydroxysuccinimide (NHS), 1-(3-dimethylaminopropyl)-3-ethyl-carbodiimide (EDC) 

chemistry was used to connect the D-amino acid substrate to the carboxylic acid on the magnetic 

nanoparticles. A self-assembled monolayer (SAM), which the black magnetic nanobeads would mask, 

was created on the surface of the gold sensor by using the cysteine residue at the substrate's C-terminal. 

It is known that D-amino acids are specific and facilitate bacterial proteolytic activity. The designed D- 

and L-based peptide sequences were integrated with the nanomagnetic particles to develop a direct 

colorimetric test. To test the sensitivity of the test, Listeria monocytogenesis protease was diluted to 

determine the lowest detection limit concentration. It was observed that the size of the gold-colored 

surface area corresponded with the microbial concentrations. Moreover, the D-amino acid-based probe 

was found to be highly specific and sensitive and was quicker in detecting L. monocytogenes than the 

L-amino acid-based probe. The lowest detection limit of the biosensing platform for Listeria was 2.17 

× 102 cfu/mL. 

Based on these results, a D-amino acid peptide sequence specific for Staphylococcus aureus 

and E. coli O157:H7 was fabricated. The detection setup exploited the proteolytic activity of these two 

bacterial species to target specific peptide substrates sandwiched between the magnetic nanobeads and 

the gold surface on top of the paper support. An external magnet was attached to the rear of the sensor 

to escalate the cleavage of the magnetic nanobead–peptide moieties away from the surface as the test 

sample would drop. During proteolysis, the golden color of the sensor surface gradually increased in 

proportion to the protease concentration. The color shift caused by the detachment of the SAM was 

observed with the naked eye and processed with ImageJ (an image analysis tool for quantification). The 

biosensors demonstrated excellent results regarding the limits of detection. The two sensors showed 

excellent sensitivity and were able to detect 7 cfu/mL of Staphylococcus aureus and 12 cfu/mL of E. 

coli O157:H7. In addition, the sensing platforms for Listeria monocytogenes, Staphylococcus aureus, 

and E. coli O157:H7 were also evaluated in food matrices contaminated with these bacteria and were 

found to be highly suitable for the purpose.  

After successfully developing a probe for the rapid detection of foodborne pathogens, we turned 

our attention to the most common waterborne pathogens. Six species were targeted in this context, 

including Legionella pneumophila ATCC 33155, Legionella pneumophila ATCC 33152, Legionella 
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micdadei ATCC 33218, Legionella anisa ATCC 35292, Fluoribacter bozemanae ATCC 33217, and 

Fluoribacter dumoffii ATCC 33279. Fluorescence-based biosensing techniques for multiple analytes in 

a single detection assay were used to detect peptide sequences. Legionella species were able to cleave 

four stereopeptide sequences, namely F-F, L-L, Y-Y, and W-W, except Fluoribacter bozemanae ATCC 

33217. The identified substrates were coupled to carboxyl-terminated nanomagnetic particles (NMPs). 

The Au–S linkage assimilated the C-terminal with the cysteine residue to covalently integrate it with a 

gold-sensing platform. Four distinct sensors from four different substrates treated with proteases from 

six Legionella species were prepared. The sensors were fabricated in the anticipation that the substrates' 

protease would digest the peptide sequence, causing the nanobeads to migrate off the gold surface, 

leading to the appearance of a golden color. The detector exhibited excellent sensitivity, and a 

concentration of as low as 60 cfu/mL of Legionella micdadei, Legionella anisa, and Fluoribacter 

dumoffii was detected. Other closely related bacterial species were used to evaluate the sensors' cross-

reactivity, and no substantial cross-reactivity was observed. Thus, it was envisioned that the developed 

assays were suitable for screening targeted bacterial species. Hence, these sensors are valuable for the 

rapid, simple, and straightforward detection of Legionella protease activity and may be employed for 

monitoring water quality. 

The next goal was to design a clinically feasible sensor for P. gingivalis as a point-of-care 

detection tool. For this purpose, a rapid sensing platform for identifying the contaminant as a salivary 

diagnostic biomarker of periodontitis was developed. The clinical potential of this sensor was explored 

by analyzing samples from patients diagnosed with periodontitis due to P. gingivalis. The results were 

not only promising but also comparable to those of conventional culture testing. Going another step 

further, the sensor was tested against proteases from other commonly found red-complex myriad 

bacteria, such as Tannerella forsythia and Treponema denticola. Moreover, the sensor was also 

evaluated against saliva samples of healthy controls. The results confirmed the specificity, robustness, 

and potential suitability of the assay for clinical use as no reaction with other periodontitis-causing 

bacteria was observed. The biosensor can identify P. gingivalis at a concentration of 49 cfu/mL within 

30 s. Thus, this sensor is powerful enough for point-of-care diagnosis and can be used as a side chair 

test or in hospitals. Additionally, the sensor is exceptionally robust, sensitive, specific, and simple.  

Furthermore, a rapid, specific, and highly sensitive colorimetric biosensor for detecting 

Pseudomonas aeruginosa in clinical samples was developed. This biosensing device used magnetic 

nanoparticles (MNPs) to detect P. aeruginosa proteolytic activity in a particular protease substrate. The 

N-terminal of this substrate was covalently linked to MNPs, while the C-terminal was coupled to a gold 

sensor surface through cystine. The golden surface of the sensor appears black to the naked eye because 
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the MNPs are covered. The peptide–MNP moieties are broken as a result of proteolysis, and 

subsequently, an external magnet attracts the proteolysis products, exposing the golden color of the 

sensor. This change in color can be seen with the naked eye, making this test robust and easy to use. 

The biosensor showed excellent results in in vitro studies as well. It specifically and quantitatively 

detected P. aeruginosa, offering a detection limit as low as 102 cfu/mL. Moreover, the assay's result 

was produced in less than one minute. Finally, the clinical applicability of the colorimetric biosensor 

was evaluated using patients' samples for in situ identification of the P. aeruginosa target pathogen. 

The results strongly supported the idea that this biochip may be an exceptional tool for the quick and 

point-of-care diagnosis of P. aeruginosa-linked infections. 

The six different sensors developed in this study were able to detect the corresponding bacteria 

with high sensitivity and specificity within a short duration of time. The sensors were tested with other 

bacteria to investigate the cross-reactivity and assess the specificity; most of the sensors were found to 

be specific. Further, the lowest detection concentration for each biosensor for assessing the sensitivity 

was determined.  In order to use the biosensors for field diagnosis, the sensors were evaluated using 

different food matrices and environmental samples from various sources. The sensors showed 

significant stability with all the samples. Likewise, the clinical applicability of the biosensors was 

verified by testing samples from different clinical sources. For comparison, the samples were tested by 

conventional culture and PCR methods beforehand.   

In this study, the point of interest was to devise a sensitive and quick method for detecting 

pathogenic bacteria in complex samples. To that end, a colorimetric sensor employing nanomagnetic 

particles that targeted the proteolytic activity of protease enzymes secreted by bacteria, including 

Listeria monocytogenes, E. coli O157:H11, Staphylococcus aureus, Legionella spp., P. gingivalis, and 

Pseudomonas aeruginosa, was designed. The highly specific and semi-quantitative diagnostic device 

developed in the current study is portable and straightforward to operate by a nurse or a non-skilled 

clinician, making it a potential and highly suitable system for low-resource 
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6. Zusammenfassung 

  

Infektionskrankheiten sind eine der Hauptursachen für Morbidität und Mortalität. Die 

rechtzeitige Diagnose solcher Erkrankungen ist von größter Bedeutung, denn je früher die Diagnose, 

desto besser das Ergebnis. Eine verspätete Diagnose von Infektionskrankheiten, selbst eine 

Verzögerung von wenigen Stunden, kann Leben kosten oder zu schweren Komplikationen führen. 

Daher besteht ein dringender Bedarf, neue und effiziente Ansätze zur Diagnose von 

Infektionskrankheiten und zur Identifizierung ihrer Erreger zu entwickeln. 

Bakterielle Krankheitserreger sind grundlegende Angriffsziele, die in der Medizin, 

Lebensmittelsicherheit und öffentlichen Gesundheit erkannt werden müssen. Die derzeit verfügbaren 

Ansätze zur Identifizierung von Bakterien beruhen auf laborbasierten Techniken wie mikroskopischer 

Analyse, biochemischen Assays und Zellkultur. Dennoch sind diese Verfahren mühsam und kostspielig 

und erfordern spezialisierte Instrumentierung sowie geschulte Benutzer. Im Gegensatz dazu können 

tragbare eigenständige Biosensoren eine schnelle Erkennung und Diagnose am Point-of-Care 

ermöglichen. Biosensoren sind besonders hilfreich, wenn eine genaue Diagnose zur Therapieführung 

erforderlich ist, z. B. bei kritischen Erkrankungen (wie Meningitis). Darüber hinaus sind sie auch 

äußerst wichtig, um die Ausbreitung bestimmter Krankheiten zu verhindern, wie z. B. durch 

Lebensmittel übertragene oder sexuell übertragbare Infektionen. Die genaue Identifizierung von 

Bakterien ist auch für Maßnahmen zur Bekämpfung des Bioterrorismus (z. B. Milzbrandnachweis) 

entscheidend. 

Neuere Fortschritte bei Biosensoren haben es ermöglicht, ganze Bakterienzellen mit hoher 

Sensitivität innerhalb kurzer Zeit präzise zu identifizieren. Außerdem erfordert der Bakteriennachweis 

durch einen Biosensor keine umständliche Probenverarbeitung. Daher liegt ein besonderer Fokus auf 

Nanopartikel-basierten Biosensoren, insbesondere nanomagnetischen Biosensoren, die eine leichte 

Miniaturisierung, einfache Handhabung, außergewöhnliche Empfindlichkeit und Kosteneffizienz 

bieten. Vor diesem Hintergrund wurden in der vorliegenden Studie Sensoren zur Früherkennung 

wichtiger und häufig vorkommender Erreger schwerer Erkrankungen des Menschen entwickelt. 

Protease enzymes are a crucial part of several biological processes (including cell division and 

cell death), and they confer important phenotypic characteristics to cells. Therefore, they are highly 

regulated, and any disturbance in the cascade of their regulation can be a marker of an ongoing disease. 

Thus, these enzymes may be used as a target for therapy as well as for diagnostic purposes. In this study, 
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a diagnostic platform for detecting pathogens, including Listeria monocytogenes, E. coli O157:H11, 

Staphylococcus aureus, Legionella spp., P. gingivalis, and Pseudomonas aeruginosa, has been 

developed. Fluorogenic substrates were used as a potential tool for detecting the virulence of the 

proteases. The identified substrates were conjugated with nanomagnetic particles to develop 

colorimetric, flexible, and portable platforms.  

Zur Entwicklung der Sonde wurde Listeria monocytogenesis-Protease verwendet. Zwei 

entworfene Aminosäuren, D-basierte und L-basierte Aminosäuren, wurden hergestellt, um die 

Spezifität und Sensitivität des Sensors zu vergleichen. Die Chemie von N-Hydroxysuccinimid (NHS), 

1-(3-Dimethylaminopropyl)-3-ethyl-carbodiimid (EDC) wurde verwendet, um das D-Aminosäure-

Substrat mit der Carbonsäure auf den magnetischen Nanopartikeln zu verbinden. Auf der Oberfläche 

des Goldsensors wurde mithilfe des Cysteinrests am C-Terminus des Substrats eine selbstorganisierte 

Monoschicht (SAM) erzeugt, die von den schwarzen magnetischen Nanokügelchen maskiert würde. Es 

ist bekannt, dass D-Aminosäuren spezifisch sind und die proteolytische Aktivität von Bakterien 

erleichtern. Die entworfenen D- und L-basierten Peptidsequenzen wurden mit den nanomagnetischen 

Partikeln integriert, um einen direkten kolorimetrischen Test zu entwickeln. Um die Sensitivität des 

Tests zu testen, wurde Listeria monocytogenesis Protease verdünnt, um die niedrigste 

Nachweisgrenzkonzentration zu bestimmen. Es wurde beobachtet, dass die Größe der goldfarbenen 

Oberfläche der mikrobiellen Konzentration entsprach. Darüber hinaus erwies sich die auf D-

Aminosäure basierende Sonde als hochspezifisch und empfindlich und konnte L. monocytogenes 

schneller nachweisen als die auf L-Aminosäure basierende Sonde. Die niedrigste Nachweisgrenze der 

Biosensor-Plattform für Listerien lag bei 2,17 × 102 cfu/ml. 

Basierend auf diesen Ergebnissen wurde eine D-Aminosäure-Peptidsequenz hergestellt, die für 

Staphylococcus aureus und E. coli O157:H7 spezifisch ist. Der Detektionsaufbau nutzte die 

proteolytische Aktivität dieser beiden Bakterienarten, um gezielt auf spezifische Peptidsubstrate 

abzuzielen, die sich zwischen den magnetischen Nanokügelchen und der Goldoberfläche auf dem 

Papierträger befinden. Ein externer Magnet wurde an der Rückseite des Sensors angebracht, um die 

Abspaltung der magnetischen Nanobead-Peptid-Einheiten von der Oberfläche weg zu beschleunigen, 

wenn die Testprobe herunterfällt. Während der Proteolyse nahm die goldene Farbe der 

Sensoroberfläche proportional zur Proteasekonzentration allmählich zu. Die durch das Ablösen der 

SAM verursachte Farbverschiebung wurde mit bloßem Auge beobachtet und mit ImageJ (einem 

Bildanalysetool zur Quantifizierung) verarbeitet. Die Biosensoren zeigten hervorragende Ergebnisse 

bezüglich der Nachweisgrenzen. Die beiden Sensoren zeigten eine ausgezeichnete Sensitivität und 

konnten 7 cfu/ml Staphylococcus aureus und 12 cfu/ml E. coli O157:H7 nachweisen. Darüber hinaus 

wurden die Sensorplattformen für Listeria monocytogenes, Staphylococcus aureus und E. coli O157:H7 
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auch in mit diesen Bakterien kontaminierten Lebensmittelmatrices evaluiert und für diesen Zweck als 

sehr geeignet befunden. 

 

Nachdem wir erfolgreich eine Sonde für den schnellen Nachweis von lebensmittelbedingten 

Krankheitserregern entwickelt hatten, richteten wir unser Augenmerk auf die häufigsten 

wasserübertragenen Krankheitserreger. In diesem Zusammenhang wurden sechs Spezies anvisiert, 

darunter Legionella pneumophila ATCC 33155, Legionella pneumophila ATCC 33152, Legionella 

micdadei ATCC 33218, Legionella anisa ATCC 35292, Fluoribacter bozemanae ATCC 33217 und 

Fluoribacter dumoffii ATCC 33279.Fluoreszenz-basierte Biosensortechniken für mehrere Analyten in 

einem einzigen Nachweisassay wurden verwendet, um Peptidsequenzen nachzuweisen. Legionella-

Spezies waren in der Lage, vier Stereopeptidsequenzen zu spalten, nämlich F-F, L-L, Y-Y und W-W, 

mit Ausnahme von Fluoribacter bozemanae ATCC 33217. Die identifizierten Substrate wurden an 

carboxylterminierte nanomagnetische Partikel (NMPs) gekoppelt. Die Au-S-Verknüpfung assimiliert 

den C-Terminus mit dem Cysteinrest, um ihn kovalent in eine Goldsensorplattform zu integrieren. Es 

wurden vier verschiedene Sensoren aus vier verschiedenen Substraten hergestellt, die mit Proteasen von 

sechs Legionella-Spezies behandelt wurden. Die Sensoren wurden in der Erwartung hergestellt, dass 

die Protease der Substrate die Peptidsequenz verdaut, wodurch die Nanokügelchen von der 

Goldoberfläche wandern und eine goldene Farbe erscheinen. Der Detektor zeigte eine ausgezeichnete 

Empfindlichkeit, und es wurde eine Konzentration von nur 60 cfu/ml von Legionella micdadei, 

Legionella anisa und Fluoribacter dumoffii nachgewiesen. Andere eng verwandte Bakterienarten 

wurden verwendet, um die Kreuzreaktivität der Sensoren zu bewerten, und es wurde keine wesentliche 

Kreuzreaktivität beobachtet. Somit wurde in Betracht gezogen, dass die entwickelten Assays zum 

Screening gezielter Bakterienarten geeignet sind. Daher sind diese Sensoren wertvoll für den schnellen, 

einfachen und unkomplizierten Nachweis der Legionella-Protease-Aktivität und können zur 

Überwachung der Wasserqualität eingesetzt werden. 

 

Das nächste Ziel war die Entwicklung eines klinisch praktikablen Sensors für P. gingivalis als Point-

of-Care-Erkennungsinstrument. Zu diesem Zweck wurde eine Rapid-Sensing-Plattform zur 

Identifizierung der Kontaminanten als speicheldiagnostischen Biomarker der Parodontitis entwickelt. 

Das klinische Potenzial dieses Sensors wurde durch die Analyse von Proben von Patienten untersucht, 

bei denen eine Parodontitis aufgrund von P. gingivalis diagnostiziert wurde. Die Ergebnisse waren nicht 

nur vielversprechend, sondern auch mit denen konventioneller Kulturtests vergleichbar. Um noch einen 

Schritt weiter zu gehen, wurde der Sensor gegen Proteasen von anderen häufig vorkommenden Rot-

Komplex-Bakterien wie Tannerella forsythia und Treponema denticola getestet. Darüber hinaus wurde 

der Sensor auch gegen Speichelproben von gesunden Kontrollen ausgewertet. Die Ergebnisse 
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bestätigten die Spezifität, Robustheit und potenzielle Eignung des Assays für den klinischen Einsatz, 

da keine Reaktion mit anderen Parodontitis verursachenden Bakterien beobachtet wurde. Der Biosensor 

kann P. gingivalis in einer Konzentration von 49 cfu/ml innerhalb von 30 s identifizieren. Damit ist 

dieser Sensor leistungsstark genug für die Point-of-Care-Diagnose und kann als Seitenstuhltest oder in 

Krankenhäusern eingesetzt werden. Darüber hinaus ist der Sensor außergewöhnlich robust, 

empfindlich, spezifisch und einfach. 

Darüber hinaus wurde ein schneller, spezifischer und hochempfindlicher kolorimetrischer 

Biosensor zum Nachweis von Pseudomonas aeruginosa in klinischen Proben entwickelt. Dieses 

Biosensor-Gerät verwendet magnetische Nanopartikel (MNPs), um die proteolytische Aktivität von P. 

aeruginosa in einem bestimmten Protease-Substrat nachzuweisen. Der N-Terminus dieses Substrats 

war kovalent an MNPs gebunden, während der C-Terminus über Cystin an eine Goldsensoroberfläche 

gekoppelt war. Die goldene Oberfläche des Sensors erscheint mit bloßem Auge schwarz, da die MNPs 

bedeckt sind. Die Peptid-MNP-Einheiten werden als Ergebnis der Proteolyse aufgebrochen, und 

anschließend zieht ein externer Magnet die Proteolyseprodukte an, wodurch die goldene Farbe des 

Sensors freigelegt wird. Diese Farbänderung ist mit bloßem Auge erkennbar, was diesen Test robust 

und einfach zu handhaben macht. Auch in In-vitro-Studien zeigte der Biosensor hervorragende 

Ergebnisse. Es weist spezifisch und quantitativ P. aeruginosa nach und bietet eine Nachweisgrenze von 

nur 102 cfu/ml. Darüber hinaus wurde das Ergebnis des Assays in weniger als einer Minute erstellt. 

Schließlich wurde die klinische Anwendbarkeit des kolorimetrischen Biosensors anhand von 

Patientenproben zur In-situ-Identifizierung des P. aeruginosa-Zielpathogens bewertet. Die Ergebnisse 

unterstützten nachdrücklich die Idee, dass dieser Biochip ein außergewöhnliches Werkzeug für die 

schnelle und punktgenaue Diagnose von P. aeruginosa-bedingten Infektionen sein könnte. 

Die in dieser Studie entwickelten sechs verschiedenen Sensoren konnten die entsprechenden 

Bakterien mit hoher Sensitivität und Spezifität innerhalb kurzer Zeit nachweisen. Die Sensoren wurden 

mit anderen Bakterien getestet, um die Kreuzreaktivität zu untersuchen und die Spezifität zu beurteilen; 

Die meisten Sensoren erwiesen sich als spezifisch. Weiterhin wurde die niedrigste 

Nachweiskonzentration für jeden Biosensor zur Beurteilung der Sensitivität bestimmt. Um die 

Biosensoren für die Felddiagnostik einzusetzen, wurden die Sensoren mit unterschiedlichen 

Lebensmittelmatrizes und Umweltproben aus unterschiedlichen Quellen evaluiert. Die Sensoren 

zeigten bei allen Proben eine signifikante Stabilität. Ebenso wurde die klinische Anwendbarkeit der 

Biosensoren durch Testen von Proben aus verschiedenen klinischen Quellen verifiziert. Zum Vergleich 

wurden die Proben zuvor mit konventionellen Kultur- und PCR-Methoden getestet. 

In dieser Studie ging es darum, eine sensitive und schnelle Methode zum Nachweis pathogener 

Bakterien in komplexen Proben zu entwickeln. Zu diesem Zweck wurde ein kolorimetrischer Sensor 

entwickelt, der nanomagnetische Partikel verwendet, die auf die proteolytische Aktivität von 
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Proteaseenzymen abzielen, die von Bakterien sezerniert werden, darunter Listeria monocytogenes, E. 

coli O157:H11, Staphylococcus aureus, Legionella spp., P. gingivalis und Pseudomonas aeruginosa . 

Das in der aktuellen Studie entwickelte hochspezifische und semiquantitative Diagnosegerät ist tragbar 

und von einer Krankenschwester oder einem ungelernten Kliniker einfach zu bedienen, was es zu einem 

potentiellen und sehr geeigneten System für ressourcenarme Umgebungen macht 
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