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ABSTRACT 

Antimicrobial resistance (AMR) is a growing global concern, and carbapenem-resistant 

Enterobacterales (CRE) are one of the most urgent threats due to limited antibiotic therapies. CRE, 

specifically carbapenemase-producing (CP) strains, are found in clinical, environmental, and food 

samples worldwide, causing many hospitalizations and deaths. Early detection is crucial in 

minimizing and controlling their detrimental impact. However, many detection techniques usually 

require pure culture after retrieving the pathogens from matrices, which takes several days. Thus, 

rapid detection of the causative bacteria directly from samples is needed for outbreak prevention. 

In this study, two nanoparticles, glycan-coated magnetic nanoparticles (gMNPs) and dextrin-

coated gold nanoparticles (dGNPs), were used to extract and detect, respectively, CP E. coli, 

particularly those harboring Klebsiella pneumoniae carbapenemase (KPC), from spiked tap water 

and food samples. Experiments for magnetic extraction and plasmonic detection were first 

conducted using pure cultures of resistant E. coli (R) isolates and susceptible E. coli (S) acting as 

reference, followed by applying them in E. coli-contaminated matrices. 

The gMNPs offer rapid and cost-effective extraction and concentration of bacteria. A 

confocal laser scanning microscopy and transmission electron microscopy (TEM) initially 

confirmed the binding of gMNPs to bacterial cells in a buffer solution. The gMNP-cell binding 

capacity was expressed as concentration factor (CF), quantified through the standard plating 

method. Results showed that the CF of all E. coli (R) isolates was lower than that of E. coli (S). 

This study further illustrated that the lower CF could be the effect of cell surface characteristics of 

E. coli (R) isolates, where they displayed heterogeneous cell shape (rod and round cells) and lower 

negative zeta potential (cell surface charge). In addition, bacterial load and solution pH on gMNP-

cell interaction were evaluated. Results showed that the higher bacterial load and pH environment 

resulted in lower CF of both E. coli (R) and E. coli (S) isolates. Further, the effectiveness of gMNPs 

in large-volume water and food samples was tested. The gMNPs successfully extracted E. coli (R) 

and E. coli (S) isolates from buffer solution, tap water, and food samples (raw chicken breast, 

ground beef, and romaine lettuce), as confirmed by TEM and the selective plating method. The 

CF of both E. coli (R) and E. coli (S) in buffer solution and tap water was higher than in food 

samples. The variable CF in food samples could be the effect of food microparticles and natural 

microflora, where non-selective gMNPs may bind to plant and animal tissues and natural 

microflora. Whereas the gMNPs successfully extracted bacterial cells from foods and water, their 



 
 

specific and rapid detection is also significant. To achieve this, a plasmonic biosensor was 

designed for feasibility. 

Gold nanoparticle-based plasmonic biosensors have recently drawn attention due to their 

unique surface plasmon resonance (SPR) properties. GNPs change color upon aggregation or 

agglomeration, allowing for simple use without expensive and complex equipment and data 

analysis. This work utilized highly stable dextrin-coated GNPs to detect CP bacteria, specifically 

Klebsiella pneumoniae carbapenemase (KPC)-producing bacteria, targeting the blaKPC gene. The 

assay only requires dGNPs, an oligonucleotide probe specific to blaKPC, and DNA samples to 

detect the target DNA within 30 min without PCR amplification. The stability of dGNPs under an 

acidic environment indicates the presence of target DNA due to probe-binding and dGNPs’ 

protection, maintaining their red appearance. The absence of target DNA was indicated by the 

aggregation of dGNPs, corresponding to a color change from red to blue or purple. The stability 

and aggregation of dGNPs were further confirmed by TEM and quantified by a shift in absorbance 

spectra. The plasmonic biosensor was tested in 47 bacterial isolates: 14 KPC-producing target 

bacteria and 33 non-target bacteria. The biosensor successfully detected and differentiated blaKPC-

positive bacteria, regardless of bacterial type. The diagnostic sensitivity and specificity were 79% 

and 97%, respectively, along with a detection limit of 2.5 ng/μL. For specific bacterial (E. coli) 

detection, an earlier developed plasmonic biosensor with a uidA probe was further used. 

Finally, the two biosensor platforms were implemented to detect KPC-producing E. coli 

from water and food samples. Magnetically extracted bacteria from the artificially contaminated 

tap water, romaine lettuce, ground beef, and chicken breast samples were followed by short 

enrichment and DNA extraction. The plasmonic biosensors successfully detected KPC-producing 

E. coli from each sample by parallel detection targeting of uidA and blaKPC genes, with no false 

positives for the samples contaminated with non-target bacteria. The biosensor successfully 

detected the target organism, where the original concentration prior to magnetic extraction was 103 

CFU/mL. The biosensor results were further verified with the standard PCR test. As proof-of-

concept, these findings indicate promising applications of the integrated platform for cost-effective 

and rapid bacterial detection from complex matrices within <7 h. The gained insights may facilitate 

future application of this platform; recommendations for further optimizations and studies have 

also been identified. 
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW 

Some parts of section 1.1 and all sections from 1.2.1 to 1.2.4.5 were published in a 

review article, “A Review of Carbapenem Resistance in Enterobacterales and Its Detection 

Techniques” Microorganisms, 2023 (10.3390/microorganisms11061491). Herein, section 1.2.1.1 

of this chapter from the published paper is modified. 

1.1. Problem Statement 

Infectious disease outbreaks have killed thousands of people with severe negative global 

economic impacts. Among these, antimicrobial resistance (AMR) is a major growing concern 

[1]. Several microorganisms have been identified as a cause of severe common infections due to 

acquired resistance to one or more antimicrobials on the market [2]. Due to antimicrobial-

resistant infections, it was estimated that approximately 700,000 people die each year worldwide 

[3], 35,000 people in the USA [4] and 33,000 people in Europe [5]. Among these, 39% of the 

cases were linked with last-resort antimicrobial-resistant bacteria (ARB) [5].  

Carbapenems, a subclass of β-lactam antibiotics, are used as the last line of defense 

against severe infections, especially multi-resistant infections in healthcare [1,6]. Inevitably, the 

emergence and spread of carbapenem-resistant bacteria have globally increased at an alarming 

rate since early 2010 [6]. Carbapenem-resistant Enterobacteriaceae (CRE) has a higher mortality 

rate in humans due to a lack of alternative antibiotic treatments [6]. Based on recent reports from 

the World Health Organization (WHO) and the Centers for Disease Control and Prevention 

(CDC), CRE is on the global priority list of infections caused by ARB [1,4]. The emergence and 

spread of CRE are mainly a result of the rapid dissemination of carbapenemase enzymes through 

horizontal gene transfer (HGT). This enables the development of carbapenemase-producing (CP) 

bacteria cases in humans who are not using the antibiotic or are hospitalized but interact with 

environments and hosts colonized with CP bacteria [3]. 

Carbapenems, as with many antibiotics, are not entirely metabolized in the body, 

resulting in the transfer of residues from human excreta into hospital sewage. Due to the low 

concentration of antibiotics, bacteria in hospital effluent may acquire resistance, which could be 

accelerated through HGT [1]. Inappropriate or missing regulatory status and practices in waste 

water treatment plan (WWTP) systems, contaminated urban wastewater, and sewage sludge 

result in their accumulation and spread to the environment [5]. Thus, CP bacteria have been 

https://doi.org/10.3390/microorganisms11061491
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reported not only in clinical samples but also in the environment. Several studies reported that 

CP bacteria were found in hospital and municipal wastewater, drinking water, surface and 

groundwater, agricultural environments, food animals, and retail food products [1,5,7–11]. Water 

sources and global food trade have the most direct relationship to human activities for the export 

of CP bacteria and their genes [7,12]. Thus, several countries have had a zero-tolerance policy 

and international ban on selling food items contaminated with CP bacteria [1].  

In the last two decades, global surveillance programs have targeted animal-based food 

products that are potential sources of resistant organisms. These surveillance programs mostly 

focus on tracing pathogenic indicator bacteria such as Salmonella, E. coli, Campylobacter, and 

Enterococcus on meat products (e.g., beef, poultry, and pork) and food animals [13,14]. The 

surveillance has been extended to tracking CP bacteria in food animals and meat products since 

2016 in the U.S. and Europe [6,13,14]. Thus, rapid identification of CP bacteria in the food chain 

and implementation of surveillance programs are important to prevent and control future possible 

endemic or pandemic outbreaks.  

The current methods for the detection of ARB have multiple obstacles. Traditional 

antimicrobial susceptibility testing (AST) requires pure cultures of the target pathogen before 

testing for their resistance to different antimicrobial concentrations, taking days to weeks [15–

17]. Efforts have been made to develop rapid methods to prevent and control such infections 

more effectively. Many rapid phenotypic (e.g., colorimetric and spectrometry-based techniques) 

and molecular methods (e.g., PCR-based techniques, microarrays) have been implemented to 

reduce detection time from days to hours with higher specificity and sensitivity [15,16,18]. 

However, these techniques require advanced laboratory equipment, costly reagents, data 

analysis, and trained personnel [15,16,18], which limits their use in low-resource settings. As 

antimicrobial-resistant infections are a global concern, rapid detection of the causative bacteria is 

paramount. Other rapid detection methods, including immunological assays and a variety of 

biosensors, have been developed. However, these assays are sometimes associated with costly 

equipment needs or may have low specificity or sensitivity once implemented in foods and 

clinical matrices [18–22]. Gold nanoparticles (GNPs) based colorimetric methods have been 

recently popular because of their simplicity, rapidity, and cost-effectiveness [23,24]; their use for 

the detection of ARB needs attention. Thus, this study proposed the use of GNPs to detect 

carbapenem-resistant bacteria. 
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In addition to concerns about accessible detection assays, pre-analytical sample 

processing (separation, enrichment, and purification) of bacteria from matrices is often a 

significant challenge before detection. This is typically necessary to ensure the presence of a 

minimum number of cells required for successful detection [25]. Traditional sample processing 

methods, including physical methods (e.g., centrifugation and filtration), require incubation in 

selective media for the isolation of target bacteria, but time-consuming. Thus, chemical and 

biological methods (e.g., dielectrophoresis, metal hydroxides, and immunomagnetic particles) 

have been developed and implemented as rapid bacterial extraction and concentration techniques 

directly from matrices. In practice, bacterial separation and concentration methods directly from 

food matrices could reduce time or the need for culture incubation (enrichment), removal of 

inhibitors from matrices, and applicability of separation techniques for large sample volumes 

[25,26]. However, these methods still face some challenges in terms of the limit of bacterial 

concentration and ineffective separation from complex matrices [26–28]. Among some primary 

alternatives, magnetic nanoparticles (MNPs) have recently been used for rapid and effective 

concentration of bacteria from complex samples due to their simplicity. Immunomagnetic 

separation (IMS) has conventionally been used to concentrate and extract target bacteria based 

on antigen-antibody conjugation. However, it is not efficient in many food matrices due to the 

blocking of the antibody by food debris and is associated with higher costs and specific storage 

conditions, limiting their application [28]. Recently, carbohydrate-functionalized MNPs have 

been used as simple, cost-effective, and rapid alternatives to IMS [26,29]. For instance, glycan-

coated MNPs (gMNPs) have successfully extracted and concentrated several bacteria (e.g., 

E.coli, Salmonella, Bacillus, Listeria) from a variety of food matrices including milk, juice, egg, 

and flour [23,29,30]. However, their use for the extraction of ARB requires further attention. 

The extraction of ARB from various matrices has not explicitly been documented well. 

While some examples exist for separating ARB from pure cultures and clinical samples [31–34], 

data is scare for food matrices. The antimicrobial-resistant profile of bacteria is mostly tested on 

pure cultures after retrieving and identifying them, which takes several days. Rapid and efficient 

extraction of ARB directly from matrices is needed for their rapid detection. Therefore, this 

study proposed the use of carbohydrate (glycan)-coated MNPs to extract carbapenem-resistant 

bacteria rapidly. The MNP-bacterial cell adhesion relies on cell surface characteristics: surface 

charge, hydrophobic or hydrophilic interactions, and receptor-ligand interaction (antibody or 
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lectin binding sites) [26,35,36]. Thus, cell surface characteristics are also important in 

understanding cell adhesion mechanisms for bacterial extraction and detection.  

Cell surface characteristics of ARB have been investigated in several studies. For 

instance, some studies showed that the biochemical components of ARB are different from those 

of susceptible bacteria based on distinct fingerprint patterns. Raman Spectrum is one example 

where bacterial differentiation or detection was achieved using this pattern. [37,38]. Also, a 

variety of studies showed that alteration in the biosynthesis of cell wall material, membrane 

components, and cytoplasmic contents may result in changes in cell surface characteristics, 

including cell morphology and cell surface charge [39–43]. These cell characteristics are utilized 

for cell attachment, bacterial capture, and detection techniques [15–17,41,42,44,45]. The changes 

in cell surface characteristics might impact their adhesion or attachment to substrate surfaces on 

their interactions with environmental factors as well as their detection [41]. Therefore, cell 

surface characteristics of carbapenem-resistant bacteria need further attention in terms of cell 

adhesion mechanisms for the development of rapid extraction and detection assays. 

This research mainly seeks to address the limitations of current bacterial extraction and 

detection methods by designing rapid and cost-effective assays for carbapenem-resistant 

bacteria. To achieve this: 

• Glycan-coated magnetic nanoparticles (gMNPs) were used to extract and concentrate 

carbapenem-resistant bacteria (CP E. coli) along with cell surface characterization in 

terms of morphology and surface charges.  

• Dextrin-coated gold nanoparticles (dGNPs)-based colorimetric (plasmonic) biosensors 

were used for the detection of carbapenem-resistant bacteria (CP bacteria). 

The end goal of this research is to analyze the effectiveness of the two combined 

methodologies, capture and biosensing, for the detection of carbapenem-resistant E. coli directly 

from artificially contaminated foods and water.  

The summary of the proposed study is outlined in Figure 1.1; how ARBs emerge and 

spread into the environment, animals, foods, and humans; foods (vegetable crops and animal-

derived foods), and water as major routes affecting humans; detection of contaminated foods 

with ARB, specifically CP E. coli, using carbohydrate-coated magnetic and gold nanoparticles 

(bacterial extraction by gMNPs and detection by dGNPs) to make food safe and save the lives.   
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Figure 1.1. Graphical outline of the proposed study; the emergence and spread of antimicrobial-

resistant bacteria (ARB) into the environment and humans; foods as a route affecting human 

health; detection of the contaminated foods with CRE using magnetic and gold nanoparticles as 

the rapid and cost-effective platform. Acknowledgment: The image above is from a study [5]; 

the images in the middle are from Google; the images at the bottom, along with TEM images, 

were created using BioRender.com. 
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1.2. Relevant Background 

This section is divided into several sections, namely: (1) current issues with AMR, 

specifically carbapenem-resistant bacteria and their rapid dissemination in the environment, 

animals, and foods; (2) antimicrobial-resistance tracking systems; (3) current detection methods 

and techniques for ARB including CRE, along with their limitations and advantages; (4) gold 

nanoparticle-based plasmonic biosensors; (5) limitation and advantages of the current bacterial 

separation and extraction methods; (6) glycan-coated magnetic nanoparticle-based extraction; 7) 

cell surface characteristics of ARB; (8) and conclusion and knowledge gaps. 

1.2.1. Introduction-Antimicrobial Resistance 

Antimicrobial resistance (AMR) is acquired when microorganisms grow or survive in the 

presence of antimicrobials or drugs designed to kill them [4]. AMR threatens the effective 

prevention and treatment of a wide range of infections caused by pathogenic bacteria, viruses, 

parasites, and fungi. AMR has been a serious threat to public health since the beginning of the 

last decades [2,4,46–48]. 

AMR has a high potential to increase costs and destabilize the health infrastructure. A 

recent report by the Centers for Disease Control and Prevention (CDC) in 2019 stated that AMR 

kills at least 1.27 million people worldwide and is associated with approximately 5 million 

deaths [4,46]. In the United States (US), the CDC reported that AMR causes more than 2.8 

million infections and 35,000 deaths annually [4], with a predicted annual cost of approximately 

USD 55 billion [49]. In Europe, AMR results in an estimated 25,000 deaths and a cost of EUR 

1.5 billion in health expenditures each year [47]. In accordance with recent estimates, infections 

by antimicrobial-resistant microorganisms will annually result in 10 million deaths, along with 

USD 100 trillion in costs, by the year 2050 [50]. The problem of AMR is particularly urgent due 

to the high presence of unregulated antibiotics in the market [2,4,51]. The misuse and overuse of 

antibiotics enable the emergence and spread of resistance in bacteria, leading to more difficulty 

in controlling and treating infections [48]. 

1.2.1.1. Development of Antibiotic Resistance and Their Mechanisms 

The first antibiotic, penicillin, was found by Alexander Fleming in 1928. With its release 

into the market in 1941, penicillin-resistant bacteria (Staphylococcus aureus) increased in the 

following year [4,52]. There has been a continued discovery of new antibiotics coupled with the 
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emergence of resistance, since bacteria find ways to survive and resist new antibiotics, resulting 

in less-effective drugs. Antibiotics have different strategies and mechanisms of action for 

bacterial death [4,52,53]. Accordingly, bacteria have become resistant to antibiotics through 

different mechanisms, and they are listed as follows: (1) restriction on the access of the antibiotic 

by changing the entry pathways or limiting their number, (2) activation of efflux pumps in their 

cell walls to remove the antibiotics that enter the cell, (3) changing or destroying the antibiotic 

with enzymes, (4) alteration of the targets for the antibiotic by modification of intracellular 

enzymes so that they can no longer latch onto it, and (5) the development of a new cell process to 

bypass the effects of the antibiotic [2,47,54–56]. Bacteria can also mediate tolerance to 

antibiotics by forming biofilms on surfaces to prevent antibiotics from penetrating through the 

outer cell membrane, allowing the natural growth of the bacteria [57]. Thus, once 

microorganisms are exposed to antibiotics, they adapt and grow in the presence of antibiotics, 

similar to their adaptation to a new environment[47,51]. 

To understand the problem of antibiotic resistance, it is helpful to discuss how antibiotic 

resistance is developed in a bacterial population. Development of resistance to antibiotics may be 

due to intrinsic (natural) or acquired resistance mechanisms or both. Intrinsic resistance is a 

generalizable trait that is universally found within the genome of a bacterial species, which is 

independent of antibiotic selective pressure [56,58,59]. In contrast, acquired resistance develops 

once a new trait is expressed due to a genetic change by selection in the setting of antibiotic 

exposure [56,60]. Herein, this review deals with acquired resistance in a bacterial population 

originally susceptible to antimicrobial agents. From an evolutionary perspective, bacteria acquire 

resistance through two major genetic strategies: 1) mutations in chromosomal genes, which are 

subsequently transmitted vertically as bacteria divide, and 2) acquisition of new DNA coding for 

resistance determinants through horizontal gene transfer (HGT) [56,60,61].  

In the former route, a subset of bacterial cells from susceptible populations in the 

presence of antibiotics can develop mutations in genes that are often associated with the 

mechanism of action of the antibiotic agent, allowing preserved cell survival. When a resistant 

mutation emerges, the antibiotic agent eliminates the susceptible population and resistant 

subpopulations become dominant in size [56,58,60]. The mutational resistance is only 

maintained if needed in the presence of the antibiotic agent [60].   
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In the second way, the transmission of external genetic materials by HGT occurs through 

three main routes: (1) transformation (incorporation of naked DNA), where the bacterium takes 

infree DNA from the environment; (2) transduction (phage-mediated), where  bacteriophages 

move short pieces of chromosomal DNA from infected bacterium to another bacterium; and (3) 

conjugation (cell-to-cell contact), the transfer of plasmids (circular DNA) from one bacterium to 

another. Conjugation is the most efficient and common way to share genetic information, always 

leaving behind a copy of the resistant gene, resulting in the emergence and spread of AMR 

[54,56–58]. HGT typically involves genes harbored on mobile genetic elements (MGEs) such as 

transposons and plasmids. Transposons, specialized fragments of DNA, carry several resistant 

genes but cannot replicate by themselves. They can move within the genome, facilitating 

resistant gene migration from the chromosome to the plasmid [57,58]. Finally, integrons as 

genetic elements can play a role in the acquisition and expression of several resistant genes but 

are not movable. Thus, encoding mechanisms are based on the capture of resistant genes and the 

excision of genes within and from the integrons. This is one of the efficient mechanisms of the 

accumulation of resistant genes. Integrons also provide a mechanism for adding new genes into 

the bacterial chromosome and are mostly carried in plasmids, increasing the horizontal mobility 

of the antibiotic-resistant genes [56,58,61]. Overall, HGT play a primary role in the acquisition, 

accumulation, and dissemination of antibiotic resistant genes in bacteria [56–58,62,63]. There is 

growing evidence that the presence of antibiotics or antimicrobial treatment can further induce 

HGT, impacting the rise of AMR [63].  

1.2.1.2. Factors Converging Emergence and Transmission of Antibiotic Resistance 

The development of antibiotic resistance worldwide is increasing due to the misuse and 

excessive use of antibiotics and antifungals, global trade networks, medical tourism, poor 

sanitation conditions, improper waste management systems, and urbanization [1,5,6,62,64,65]. 

Remarkably, the overuse and misuse of antibiotics in healthcare, veterinary medicine, 

agriculture, and aquaculture and their release to the environment contribute to the emergence and 

spread of AMR [1,5,62,64,65]. Significant sources of antimicrobial-resistant bacteria include 

healthcare settings and the environment. AMR can be transmitted through contact with people, 

animals, and contaminated water or foods [66]. In addition, intestinal commensal bacteria have 

been reported as a significant reservoir of antimicrobial-resistant bacteria and genes (ARGs). 

Due to HGT and the prior use of antibiotics, the commensal flora of humans and animals can 
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acquire ARGs; the fecal carriage of resistant bacteria and ARGs leads to their emergence and 

spreads in the community, environment, animal, and foods [66,67]. For example, the surveillance 

of human fecal carriage has shown a significant increase in intestinal ARG carriage worldwide 

[66]. In another example, animal guts can contaminate its products during animal slaughtering 

and food processing. The handling and consumption of contaminated food or contact with 

animals or their surroundings (fertilizer) cause the spread of AMR in the community and 

environment (soil and water), along with fruits, vegetables, etc. [4]. Thus, wastewater from 

human activities, healthcare services, and general population-collected wastewater treatment 

plants (WWTP) are sources of antimicrobials, commensal and pathogen bacteria, antibiotic-

resistant bacteria, and ARGs [5]. Due to inefficient, inappropriate, or missing regulatory status 

and practices on WWTP systems, contaminated urban wastewater, sewage sludge, manure, 

sediment, and reclaimed water result in their accumulation and spread in the environment and 

community [5,54]. As seen in Figure 1.2, everything is connected in a complex web; the health 

of people is connected to the health of animals and the environment. Hence, communities, 

healthcare facilities, environments, food, farms, and animals are all impacted, affecting progress 

in healthcare and life expectancy [4,5]. 

 

Figure 1.2. The complex web of the emergence and spread of antimicrobial resistance, which is 

adapted by study [5] (created with BioRender.com, accessed on 18 May 2023). WWTP: 

Wastewater Treatment Plant. 
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AMR causes threats to anyone regardless of age, to immunocompromised people, and to 

people with chronic illnesses [4,68]. AMR also puts at risk those who receive modern healthcare 

advances, such as joint replacements, organ transplants, cancer therapy, etc. These procedures 

have a risk of infection, and effective antibiotics may not be available [4,69]. AMR is a global 

crisis, and new forms of resistance emerge and rapidly spread across countries and continents 

through people, goods, and animals. One billion people travel through international borders 

every year, and a global effort is necessary to slow the emergence and spread of AMR [4,48]. 

1.2.2. Urgent Threat of Infections by Antimicrobial-Resistant Bacteria: Carbapenem-

Resistant Bacteria 

The World Health Organization (WHO) and CDC reported the current and future threat 

of infections by antimicrobial-resistant microorganisms with a high level of concern [4,70]. 

Carbapenem-resistant Acinetobacter baumannii (CRA), carbapenem-resistant Pseudomonas 

aeruginosa (CRP), and carbapenem-resistant Enterobacterales (CRE) have been listed as critical 

priority pathogens by the WHO [70]. In addition, CRE and CRA have been reported as the most 

urgent threats by the CDC since 2019 [4]. Particularly, CRE results in 1100 deaths and 13,100 

infections in the USA [4], with a high fraction of these infections potentially resulting in death 

due to limited antibiotic therapies [4,6,69]. 

Carbapenems, a broad-spectrum β-lactam antibiotic, are structurally related to penicillin 

[71]. Carbapenems have a carbon instead of a sulfone at the fourth position of the β-lactam ring, 

differing from other β-lactams. The unique structure plays a major role in their stability against 

β-lactamases [72]. Carbapenems are not easily diffusible through the cell wall, but they enter the 

bacteria through outer membrane proteins (porins). Then, carbapenems degrade the cell wall at 

the penicillin-binding proteins (PBPs) via the β-lactam ring. The mode of action weakens the 

glycan backbone in the cell wall due to autolysis, and the cell is destroyed because of osmotic 

pressure [71–73]. 

Carbapenems have been used as last-line agents against Gram-negative, Gram-positive, 

and anaerobic bacteria [72]. The last-resort antibiotics were approved for clinical use in humans 

and released into the market in 1985 [4,8,74]. Carbapenems may occasionally be used for pets 

under certain conditions, according to the Animal Medicinal Drug Use Clarification Act 

(AMDUCA) [10,75]. Among carbapenems, ertapenem and panipenem have limited use against 

non-fermentative Gram-negative bacteria but are appropriate for community-acquired infections. 
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Carbapenems, including imipenem, meropenem, doripenem, and biapenem, have been widely 

used in hospital-acquired infections. These carbapenems are typically reserved for use in patients 

infected with multi-drug resistant (MDR) bacteria, including extended-spectrum β-lactamase 

(ESBL)-producing and ampicillinase C (AmpC)-producing bacterial infections [1,6,73], such as 

complicated intraabdominal and urinary infections, bloodstream and skin infections, community-

acquired and nosocomial pneumonia, meningitis, and febrile pneumonia [8,76,77]. 

Carbapenem-resistant bacteria were first described in 1996 with the identification of 

carbapenemase-producing Klebsiella pneumoniae [1,54]. In the last decade, the emergence and 

spread of carbapenem-resistant bacteria have globally increased. For example, many infections 

caused by CRE are mostly seen in patients in hospitals, long-term care facilities, and long-term 

acute care hospitals [78–80]. Such infections are high risk for patients using ventilators, urinary 

catheters, intravenous catheters, and long-term antibiotic treatment and for immunocompromised 

patients [78]. A significant fraction of these infections result in death due to limited treatment 

options [4,6,69,81]. Specifically, bloodstream infection by CRE causes a high mortality rate in 

pediatric populations [77,82]. The characteristics, mechanisms, and outcomes of carbapenem-

resistant bacteria are thus crucial to prevent and manage such infections [83]. 

CRE are Enterobacterales resistant to at least one of the carbapenem antibiotics based on 

their antibiotic susceptibility profile (phenotypic definition) [78]. There are different mechanisms 

(e.g., genotypic); carbapenem resistance mainly develops when bacteria (1) acquire structural 

changes in penicillin-binding proteins (PBPs), (2) show a decrease or loss of specific outer 

membrane porins that filter carbapenems from reaching their site of action, (3) activate the efflux 

pumps to remove the antibiotics and regulate the intramembrane environment, and (4) acquire β-

lactamases and carbapenemases to degrade or hydrolyze carbapenems and other β-lactam 

antibiotics (e.g., penicillins and cephalosporins) [71–73,78]. In addition, carbapenem resistance 

can be acquired by a combination of CTX-M (activity against cefotaxime) and AmpC enzymes, 

allowing low-level carbapenem resistance. Further, the combination of the β-lactamase 

expression and porin gene mutations is associated with high-level carbapenem resistance, 

attenuating therapy responses [84]. 

Overall, CRE can become resistant through chromosomal mutations in the porin gene 

(non-carbapenemase-producing CRE) and/or the production of carbapenem hydrolyzing-

enzymes (carbapenemase-producing (CP) CRE) [78]. The presence or expression of the gene 
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coding carbapenemase is usually sufficient for carbapenem resistance, covering 30% of CRE. 

Thus, CP-CRE is a subset of all CRE [6,78]. These genes are often on mobile genetic elements, 

leading to their rapid spread and resulting in infections and colonization [4,57,78,85]. Many 

CRE-colonized individuals do not develop infections; however, they can still spread the bacteria 

[78]. Similarly, the transfer of genetic elements can occur in the food chain and the environment 

[4,57,78]. Therefore, routine tests for these carbapenemases through the Antibiotic Resistance 

Laboratory Network and CDC laboratories are conducted to prevent and control their emergence 

and spread [78]. 

1.2.2.1. Carbapenemases 

A large variety of carbapenemases have been classified into three groups: Ambler Classes 

A, B, and D β-lactamases, based on hydrolytic and inhibitor profiles using active catalytic 

substrates of serine or zinc [1,56,71,73,86]. The characteristics of the three most common classes 

of carbapenemases are detailed and listed in Table 1.1 [1,86,87]. 

Class A enzymes, serine β-lactamases, hydrolyze a broad variety of β-lactam antibiotics, 

including carbapenems, cephalosporins, penicillin, and aztreonam [86]. These enzymes were 

identified as chromosomally encoded and plasmid-encoded types [86]. Some of the 

chromosomally encoded genes are NmcA (not metalloenzyme carbapenemase A), SME 

(Serratia marcescencens enzyme), IMI-1 (imipenem hydrolyzing β-lactamase), and SFC-1 

(Serratia fonticola carbapenemase-1). The plasmid-encoded genes are KPC (Klebsiella 

pneumoniae carbapenemase), IMI (Imipenem-hydrolyzing beta-lactamase), and GES (Guiana 

extended spectrum) [1,71]. Among these, the KPC type is the most prevalent enzyme and causes 

outbreaks in many Asian, African, North American, and European countries [1,71]. KPC gene is 

mainly located within a 10-kb length, mobile transposon Tn4401, frequently established on 

conjugative plasmids. The link of blaKPC with plasmids and transposons assists in intraspecies 

gene transfer and the dissemination of the gene [88]. Several KPC variants have rapidly 

increased, and 84 KPC alleles have been recorded in the GenBank database [89]. Of these, KPC-

2 and -3 are the most common enzymes worldwide, and 22 KPC variants have also conferred 

ESBL-, CTX-M-, or ceftazidime-avibactam (CZA)-resistance in their gene position. For 

example, the KPC-2 gene was carried on the NTEKPC-Ib transposon on plasmids with a 15-bp 

insertion, which also harbored the resistance gene, CZA resistance [84,89]. Overall, KPC types 

are mostly found in Klebsiella pneumoniae, Klebsiella oxytoca, E. coli, and Serratia marcescens, 
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as well as in Enterobacter, Salmonella, and Proteus species [1,56,71]. Their rapid spread and 

diverse variants severely threaten human health and impact therapeutic efficacy [56,71,89]. 

Class B enzymes are known as Metallo-β-lactamases (MBL) since they utilize metal ions 

(usually Zinc) as a cofactor to attack the enzyme’s active site (β-lactam ring). There are 10 types 

of MBLs; the most important ones include New Delhi Metallo-beta-lactamase (NDM), Verona 

Integron-Encoded Metallo-beta-lactamase (VIM), and Imipenemase (IMP) [1,71,78,90]. They 

hydrolyze all current β-lactam antibiotics, except for monobactams (e.g., aztreonam) [87]. IMP 

was first reported in Japan in S. marcescens in the early 1990s [56], and over 85 sequence 

variants have been described [87]. IMP variants are found in Acinetobacter and Pseudomonas 

species, as well as in the Enterobacteriaceae family [56,71]. VIM was then identified in P. 

auregionasa in Verona, Italy, in late 1997, and over 69 variants have been described [87]. VIM 

variants are mostly found in Pseudomonas, Acinetobacter, and Enterobacteriaceae species, 

which are globally distributed [56,71,87]. Recently, NDM was the most prevalent MBL, first 

identified in Klebsiellea pneumoniae and E. coli isolated from a patient who traveled from India 

to Sweden in 2008 [56,87]. There have been 29 NDM variants described, and NDM-1 is the 

most prevalent type. NDM variants are generally dominant in Klebsiella pneumoniae, E. coli, 

Acinetobacter baumannii, and Pseudomonas aeruginosa [71,87,90]. 

Class B enzymes are usually found in plasmid vectors or other mobile genetic elements 

[86]. For instance, IMP and VIM are mostly integron-associated; they are encoded by gene 

cassettes within class 1 or 3 integrons that may be embedded in transposons, allowing insertion 

into the bacterial plasmids [87]. NDM is not integron-associated; it has been observed in 

plasmids rapidly disseminated worldwide [87,90]. Additionally, NDM-producing bacteria can 

have both NDM-1 and a type IV secretion system (T4SS) gene cluster in plasmids, showing high 

virulence [90]. Further, NDM-producing bacteria may harbor other carbapenemases in plasmids 

(e.g., KPC, VIM, and OXA types) and ESBLs [56,78,84,90]. Thus, the emergence of NDM-

producing bacteria with increasing variants is a significant threat to public health. 

Class D enzymes, serine β-lactamases, are oxacillinase or oxacillin-hydrolyzing enzymes 

(OXA), comprising over 200 enzymes. OXA rapidly mutates and expands its spectrum activity; 

the most prevalent carbapenem-hydrolyzing enzymes are OXA-48 and OXA-181 in over 40 

carbapenemase variants [74]. OXA-48 was first identified in Klebsiella pneumoniae in Turkey in 

2001 [91,92]. Plasmids are the primary genetic elements for the transmission and propagation of 
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the genes; the most frequent hosts for OXA-48 are self-conjugative 60- to 70-kb plasmids [92]. 

Currently, OXA-48 and OXA-101 variants are mostly dominant in Klebsiella pneumoniae in 

Turkey, the Middle East, North Africa, and Europe [56,71,74,92]. However, it should be noted 

that OXA-producing bacteria often have low-level resistance due to weak expression, which is 

risky for false positive detection and suitable treatment options [92]. 

Table 1.1. The most common carbapenemases in bacteria with their gene location [1,86,87]. 

Ambler 

Class 
Representative Gene 

No of 

Variants 

Gene 

Location 
Bacterial Origins 

A 

KPC (Klebsiella pneumoniae carbapenemase) >84 Plasmid K. pneumoniae 

GES (Guiana extended spectrum) >27 Plasmid P. aeruginosa 

IMI (Imipenem-hydrolysing beta-lactamase) >9 Chromosome E. cloacae 

SME (Serratia marcescencens enzyme) >5 Chromosome S. marcescencens 

SFC (Serratia fonticola carbapenemase-1) >1 Chromosome S. fonticola 

NMC-A (not metalloenzyme carbapenemase A) >1 Chromosome E. cloacae 

B 

NDM (New Delhi metallo-lactamase) >29 Plasmid K. pneumoniae 

VIM (Verona integron-encoded metallo-lactamase) >69 Plasmid P. aeruginosa 

IMP (Imipenemase), >85 Plasmid S. marcescencens 

GIM (German imipenemase) >2 Plasmid P. aeruginosa 

SIM (Seoul imipenemase) >1 Plasmid P. aeruginosa 

D OXA (Oxacillin-hydrolyzing carbapenemase) >40 Plasmid K. pneumoniae 

The genes coding carbapenemase in β-lactamase (bla) are defined as blaKPC, blaNDM, 

blaOXA-48, blaVIM, and blaIMP [13,56,73]. These genes are found in many bacteria, such as E. coli, 

K. pneumoniae, Salmonella, Acinetobacter, and Pseudomonas. These bacteria are isolated not 

only from humans but also animals, food supplies, and water sources worldwide [1,85,93], 

detailed in the next section. 

1.2.2.2. Dissemination of the Carbapenemases in Humans, Animals, Foods, and 

Environment 

Several studies have shown that healthcare settings can lead to the spread of CP 

pathogens in humans [1,68,94]. Frequent hospital visits and long-term stays in healthcare 

facilities represent a high risk of colonization and infection development with CP bacteria, 

particularly with CP-CRE [1,68]. For instance, KPC-producing K. pneumoniae caused hospital 

outbreaks in many European countries such as Greece, Italy, Spain, France, and Germany [95–

97]; NDM and KPC-producing K. pneumoniae were identified in transplanted patients in Brazil 

[98]; CP-CRE were found to spread in hospital and community settings in Africa [99–101] and 

Asia [94,102,103]. Another factor of CP-CRE spread is international travel and medical tourism 
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[1]. For instance, KPC-producing K. pneumoniae and E. cloacae were isolated from patients in 

New York who had recently traveled from France and Greece [104,105]. In another example, 

NDM-producing K. pneumoniae and E. coli were isolated from Sweden and UK patients who 

recently traveled to India [106,107]. 

Among CP-CRE, E. coli and K. pneumoniae have been disseminated globally at an 

alarming rate in the medical community as critical human pathogens [108,109]. For instance, 

KPC-producing K. pneumoniae has been found in more than 100 different sequence types (STs). 

Particularly, K. pneumoniae ST258 is predominant and primarily associated with KPC-2 and 

KPC-3 production. ST258 comprises two distinct lineages, clades I and II, and ST258 is a hybrid 

clonal complex created by a large recombination event between ST11 and ST442 [109]. Further, 

ST11, ST340, and ST512 are single-locus variants of ST258 and harbor carbapenemases. ST11 

is closely related to ST258, which is associated with KPC, NDM, VIM, IMP, and OXA-48 

production [109]. 

Further, carbapenem resistance in pathogenic E. coli is a major concern because of 

limited therapy. For instance, E. coli ST131, causing severe urinary infections, has been linked to 

the rapid global increase in AMR among E. coli strains [108]. Further, FimH30 lineage and 

virotype C are the common lineage among ST131, contributing to the spread of ST131 

associated with carbapenemases. ST131 is most likely responsible for the global distribution of 

E.coli with KPC, NDM, and OXA-48 production [108]. These sequence types of E. coli and K. 

pneumoniae pose a major threat to public health because of their worldwide distribution 

[108,109]. 

Additionally, hospitals or health-care settings are a reservoir for CP bacteria. 

Carbapenem residues in human excreta can get into hospital sewage. Due to the selection of a 

low concentration of antibiotics, bacteria in hospital effluent can become resistant to 

carbapenems [1]. Hospital sewage may act as a reservoir for resistance genes, where bacteria 

likely acquire resistance through HGT [1,68]. Likewise, antibiotic residues and resistant genes 

released into municipal wastewater could contribute to the selection of CRE and their 

dissemination to ground and surface water, spreading them to the environment [1]. For example, 

CP E. coli, E. cloacae, K. pneumoniae, and Citrobacter freundii were found in the river and 

hospital sewage in Portugal [110], China [111], Vietnam [112], and Australia [113,114]. VIM- 

and KPC-producing E. coli were found in seven waste water treatment plants in the USA [115]; 
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OXA-48 carrying CRE in tap water was found in six states in the USA [114]. In addition, KPC-

producing Salmonella was found in human feces, hospital sewage, and effluent in the USA and 

Brazil [116,117]. 

Another possible way of CP bacteria transmission to animals and farms is through direct 

contact with colonized hosts (human and animal) and a contaminated environment (surface 

water, ground water, soil) [1]. CP bacteria (E. coli, K. pneumoniae, Salmonella, Acinetobacter, 

Pseudomonas) have been detected in farm animals, poultry, fish, mollusks, and wild birds and 

animals [1,85,93,118–124]. The transmission of CP bacteria also alerts food safety, particularly 

CRE in the food-chain. For instance, CP bacteria were isolated in meat (beef, chicken, pork), 

seafood (clam, fish, prawn), and vegetables (lettuce, spinach, Chinese cabbage, roselle) [79,125–

130]. These studies showed major carbapenemases (NDM, VIM, and KPC) present in foods. The 

presence of CP bacteria in the food chain mainly contributes to their spread worldwide due to the 

global food trade, posing a risk to human health [129]. 

Various environmental, microbiological, and clinical investigations have shown that CP-

CRE can widely spread in the community, animal and agricultural products, and the environment 

[1,7,10,12,119,131]. For the early detection and optimal management of the spread and 

emergence of CRE, some recommendations include (1) the necessity of screening and rapid 

diagnostic tools for patients who may have visited countries or hospitals with frequent infection 

by CRE, (2) specific policies and prioritizing funding for the control and management of 

infections by CRE, (3) clear strategies indicating the use of carbapenems, and 4) international co-

operation to reduce the global spread of CRE [132]. Due to the major threat of CP-CRE 

infections and the colonization to public health with global economic and security implications, 

their rapid diagnostic surveillance is of utmost importance [6,13,14]. 

1.2.3. Surveillance Systems for Control of Antimicrobial Resistance (AMR) Including CRE 

The WHO initiated the Global Antimicrobial Resistance and Surveillance System 

(GLASS) in 2015 to strengthen knowledge and develop strategies against AMR [133]. The 

GLASS has supported a standardized approach for collecting, analyzing, and sharing data 

regarding antimicrobial resistance at global, national, regional, and local levels. The system 

provides surveillance approaches with epidemiological, clinical, and population-level data. It 

incorporates data on AMR in humans, antimicrobial medicines, and AMR in the food chain and 

the environment [133]. 
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The GLASS has partnerships with the WHO AMR Surveillance and Quality Assessment 

Collaborating Centers Network (WHO AMR Surveillance CC Network) [133]. This network has 

a strong collaboration with AMR regional networks, such as the Central Asian and European 

Surveillance of Antimicrobial Resistance (CAESAR), the European Antimicrobial Resistance 

Surveillance Network (EARS-Net), the Latin American Network for Antimicrobial Resistance 

Surveillance (Rede Latinoamericana de Vigilancia de la Resistencia a los Antimicrobianos 

(ReLAVRA)), and the Western Pacific Regional Antimicrobial Consumption Surveillance 

System (WPRACSS) [133]. 

The CDC also tracks AMR threats and collects data on human infections, pathogens, and 

risk factors with domestic and international partners. This allows for strengthening and sharing 

among networks of the collected data submitted to WHO [13]. AMR tracking systems of the 

CDC are the National Antimicrobial Resistance and Monitoring Systems for Enteric Bacteria 

(NARMS) and the Antibiotic Resistance Laboratory Network (AR Lab Network). The NARM 

was established in 1996 by the CDC, FDA, and the United States Department of Agriculture 

(USDA) in partnership with the government to track antibiotic resistance in pathogens from 

humans, retail meats, and food-producing animals (42,121). The AR Lab Network was 

established in 2016, which supports lab testing in healthcare, community, food, and the 

environment (e.g., water and soil) [13]. The Global Antimicrobial Resistance Laboratory and 

Response Network (Global AR Lab and Response Network) of the CDC was established in 2021 

to improve the detection of existing and emerging AMR threats in humans, foods, animals, and 

the environment globally [13]. 

The CDC tracks resistant bacteria (Salmonella, Shigella, Campylobacter, Vibrio, and E. 

coli O157) in infected patients [13]. The FDA checks retail meats from grocery stores (chicken, 

ground beef, ground turkey, pork, shrimp, tilapia, and salmon) for Salmonella, E. coli, 

Campylobacter, Vibrio, Enterococcus, and Aeromonas. The USDA, along with FSIS and 

Agricultural Research Services (ARS), tracks Salmonella, E.coli, Campylobacter, Vibrio, and 

Enterococcus in food animals at slaughter (chickens, turkeys, cattle, swine) [13,134]. The CDC 

tests these specified bacterial isolates to determine their resistance profile and routinely tests 12 

classes of antibiotics depending on the bacterial type. Among the antibiotics, aminoglycosides, 

penicillin, carbapenems, macrolides, β-lactam combination agents, cephems, and tetracyclines 
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are commonly used for resistant profile testing. Recently, carbapenems have been added to the 

list to screen the AMR profile in Salmonella, Shigella, E.coli, and Vibrio [13].  

The surveillance programs also aid in preventing and controlling possible future 

outbreaks from food and water sources; foodborne pathogens and their resistant profile, 

including CP bacteria, are tracked in many countries [6,13,14]. As infections caused by 

particularly CRE are a global concern, the rapid detection of the causative bacteria is of utmost 

importance [10,83,132]. 

1.2.4. Current and Emerging Detection Techniques of CRE 

Diagnostic tests assist in screening or monitoring specific infections or conditions to 

control and prevent CRE spread in the community. However, diagnostic AST protocols usually 

start with identifying the bacteria species in selective media, followed by growth in the presence 

of antibiotics (carbapenem) for determining their antibiotic-resistant profile [4,135]. However, 

each hour of delay in obtaining a correct diagnosis and appropriate antibiotic treatment of 

infections by CRE increases the mortality rate by approximately 8% [136]. For instance, delayed 

diagnosis and treatment in CP-CRE raise the mortality risk from 0.9% to 3.7%, hospital cost 

from ~USD 10,000 to ~USD 25,000, and hospital stay from 5.1 days to 8.5 days [80,137]. Thus, 

rapid and accurate detection is a significant step in controlling and preventing such microbial 

infections. Several culture-based, rapid phenotypic, genotypic methods, and biosensors have 

been developed to detect carbapenem resistance, including carbapenem-hydrolyzing enzymes, 

detailed in this section with advantages and limitations. 

1.2.4.1. Culture-Based Methods 

Antimicrobial susceptibility testing (AST) is widely used in clinical and public health 

laboratories to assess the antimicrobial resistance profiles of target microorganisms. The standard 

culture-based AST methods include broth and agar dilution tests, disk diffusion, and E-tests. 

These tests, approved by the Food and Drug Administration (FDA), involve the isolation of pure 

cultures of the potential pathogens, followed by testing these bacteria on media with minimum 

inhibitory concentration (MIC) levels [15–17,135]. Specifically, disk diffusion is a gold standard 

for AST; bacteria are inoculated on agar plates with a single antibiotic disk and then incubated to 

determine the resistant profile. Among carbapenems, imipenem, meropenem, and ertapenem 

have been commonly used for the early detection of carbapenem resistance; ertapenem has been 
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described as the most sensitive indicator [138]. To determine the susceptible, intermediate, and 

resistant profile of tested bacteria, the most widely used standard interpretation of AST and 

breakpoints are recommended by the Clinical and Laboratory Standards Institute (CLSI) and 

European Committee for Antimicrobial Susceptibility Testing (EUCAST) [139]. 

AST disk diffusion and E-test combination with specific inhibitors have been used to 

differentiate the carbapenem-hydrolyzing enzymes from two main types, KPC and MBLs [140]. 

Examples of this are the addition of chelating agents, such as EDTA, in the broth microdilution 

and E-test aids in confirming the presence of MBLs with binding zinc ions and inhibiting MBL 

activities [86,141]. The sensitivity and specificity of this test are reported to be >82% and >97%, 

respectively [140]. Similarly, phenyl-boronic acid (PBA) is incorporated into the E-test for KPC 

identification by the inhibition of KPC activity. This test’s sensitivity and specificity are reported 

as 92% and 100%, respectively [140]. Multidisc diffusion tests with inhibitors of specific 

enzyme types, including clavulanate for ESBL and cloxacillin for AmpC, are also used to 

differentiate enzymes [71,140,141]. 

Modified Hodge Test (MHT) was developed to identify the presence of carbapenemases 

[142,143]. The MHT was first introduced in 2010 for detecting carbapenemase genes and was 

widely used because of its ability to detect KPC producers. In this method, the suspected bacteria 

are inoculated by swabbing a straight line from the edge of the meropenem disk on Mueller 

Hilton Agar (MHA) that is pre-inoculated with susceptible E. coli. The plates are incubated 

overnight, and the cloverleaf-like zone is observed for CP isolates. The use of this method was 

recommended by CLSI in 2009. It has good sensitivity for other carbapenemases (VIM, IMP, 

and OXA-48), although its performance in detecting NDM enzymes was found to be lower 

[141,143]. Overall, its sensitivity and specificity were found to be 69% [143] and 93–98% [140], 

respectively. 

Carbapenemase inactivation method (CIM) has been recently introduced by CLSI 

(2016) with higher accuracy and accessibility [140,141,144]. This method is initiated by a 

suspension of bacteria in a broth and incubation with a meropenem disk (2–4 h); if the isolate 

produces the enzymes, the meropenem in the disk is degraded. The disk in the broth can then be 

placed on MHA streaked with susceptible E. coli and incubated, which detects carbapenemase 

activity with no zone or a narrow zone diameter of <19 nm [140,141,144]. This method showed 

high concordance with results obtained by a PCR test, which is used in many clinical and public 



20 

 

health laboratories [140,141]. The sensitivity and specificity of the CIM method were over 95% 

[140,144]. 

Specific media have also been designed for CP strain screening [71,145,146]. For 

example, Chromogenic Media and Brilliance CRE Agar are used for the initial detection of CRE 

strains in colonized and infected patients, with 76.5% sensitivity. CHROM agar KPC is used to 

screen for KPC and VIM-producing Enterobacteriaceae, but it can detect high-level resistance 

with 43% sensitivity. SUPERCARBA medium is mainly used for KPC and OXA-48 producers 

and is applicable to detect low-level resistance with higher sensitivity (96.5%) [145–147]. ID 

Carba and Colorex KPC media were designed for CP Enterobacteriaceae [145]. All these 

selective media are directly applicable to patient samples; however, they have lower specificity 

(>50%) depending on the enzyme type [145,147,148]. 

The mentioned culture-based methods are cost-effective and widely applicable. Among 

these methods, the CIM has a higher sensitivity and specificity in identifying and typing 

carbapenemases. However, they are labor-intensive and require time-consuming steps to isolate 

pure cultures, taking days to weeks to determine the resistance profile of the suspected bacteria 

[15,16,135]. 

1.2.4.2. Rapid Phenotypic Methods 

Automated AST systems, which are rapid culture-based methods, have been 

developed to shorten the required time to detect antimicrobial resistance [16,138]. For example, 

FDA-approved commercial automated instruments are MicroScanWalkAway and Vitek-1/Vitek-

2, which measure bacterial growth in the presence of antibiotics by recording bacterial turbidity 

using a photometer [16,71]. Further, BD Phoenix measures bacterial growth in the presence of 

antibiotics by recording bacterial turbidity and colorimetric changes. Sensititrere records 

bacterial growth with antibiotics by measuring fluorescence [16]. Besides imaging-based 

technologies, automated microscopes, such as multiplexed automated digital microscopy 

(MADM) that is FDA approved, single cell-morphological analysis (SCMA), oCelloscope, 

Fluorescence microscopy, and cell lysis-based methods are also used. These automated 

microscopes measure the phenotypic response, changes in bacterial growth rate, and the cellular 

morphology and structure profile of bacteria in the presence of antibiotics [16,17,71]. 

Optical techniques have also been developed, which measure the physical and 

biochemical profile of bacterial cells [149]. For example, forward laser light scatters (FLLS) and 



21 

 

rapid electro-optical technology have been used to measure bacterial numbers by optical density 

and to estimate cell density and size using light scattering of the cell particles in a liquid 

[16,135,150]. Another optical technique, flow cytometry (FC), is used for cell counting and the 

detection of a biomarker using changes in morpho-functional and physiological characteristics of 

cells [16,151,152]. Additionally, Raman spectroscopic analysis has been recently used to 

measure and compare the spectra of bacteria in the presence of antibiotics to distinguish resistant 

strains [17,22,135]. Further, several miniaturized lab-on-a-chip systems have also been 

fabricated using microfluidic techniques, substituting agar to measure the growth of pure bacteria 

in the presence of antibiotics for rapid testing [16,135]. An ultraviolet (UV) spectrophotometric 

method was developed to measure the carbapenem imipenem hydrolysis activity of CP bacteria 

[153]. Lastly, bioluminescence-based detection assays (BCDA) have also been developed for CP 

bacteria based on adenosine triphosphate (ATP) level differences in culture media. Such assays 

are rapid (<2.5 h) and accurate, with higher specificity and sensitivity [154]. However, the 

applicability of this technique in matrices is low due to reduced sensitivity [18,141,153,154]. 

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry 

(MALDI-TOF MS) in optical techniques has recently become popular for identifying pathogens 

and resistant bacteria due to its distinct fingerprint spectra [17,151]. To determine the 

antimicrobial resistant profile in pathogens, MALDI-TOF MS identifies (1) the antimicrobial-

resistant clonal group (e.g., carbapenem-resistant E. coli), the modified antimicrobial drug (e.g., 

carbapenemase activity), the modified antimicrobial target (e.g., lipid A modification), the direct 

detection of the AMR determinant (e.g., KPC-2 β-lactamases), and biomarkers co-expressed 

with the AMR determinants (e.g., blaKPC carrying plasmid)[155]. This technique identifies 

specific resistant profiles (e.g., KPC and MBLs) of bacteria at the species and genus level from 

single isolated colonies within 1–4 h, with 72.5–100% sensitivity and 98–100% specificity; 

however, it has issues regarding OXA-48 identification [18,77,155]. Further, the combination of 

automation and the implementation of a user-friendly interface recently made MALDI-TOF MS 

popular in clinical laboratories [18,156–158].  

Colorimetric assays have also been developed as rapid, simple, and cost-effective 

phenotypic methods for detecting CP bacteria based on their carbapenemase hydrolytic activity 

[96,140,141]. The Carba NP test (2 h) measures the hydrolysis of imipenem, leading to changes 

in pH and resulting in a color change from red to yellow/orange. The sensitivity of this test was 
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found to be 73–100% for most carbapenemases, but it performed poorly in the detection of the 

OXA-48 enzyme [96,140,141]. The Carba NP test has been recommended for use as a first-line 

test for screening carbapenemase activity by the CLSI in the US. The RAPIDEC Carba NP test 

(first commercial test), β-CARBA test, Rapid CARB screen, Rapid Carb Blue kit, and Neo-

CARB kit have been used to detect CP bacteria within 2 h, with varying sensitivity (>70%) and 

specificity (>89%) from the pure culture [18,141,159]. However, these assays require pure 

cultures and are dependent on the growth rate of the bacteria [18]. 

Many of these rapid phenotypic techniques and automated systems still require pure 

cultures; thus, sample preparation and pre-treatment steps require several hours to days [18,149]. 

Last but not least, these techniques require costly equipment, complex data analysis, and skilled 

personnel, which limits their applicability in low-resource setting laboratories [16,17,135,151]. 

1.2.4.3. Genotypic Methods 

Molecular AST methods are effective techniques to detect specific resistant genes in a 

short time from matrices without the need for a tedious bacterial culture and a long incubation 

time [18,149]. Among these, PCR-based methods, DNA microarray and chips, whole genome 

sequencing (WGS), loop-mediated isothermal amplification (LAMP), and fluorescence in situ 

hybridization (FISH) methods are the main techniques used for the detection of the 

antimicrobial-resistant profile [17,135,151]. 

PCR-based methods are among the most efficient and widely used rapid molecular tools 

to quantify and profile genes encoding resistance in species and genus levels. This method 

amplifies the target nucleic acid sequence using specific primers that anneal to single-stranded 

DNA after denaturing the target DNA at a high temperature [160,161]. Advancements in PCR 

offer a more rapid and robust variation of this technique, such as real-time or quantitative PCR 

(qPCR), reverse transcriptase PCR (RT-PCR), digital PCR, multiplex PCR (mPCR), and 

automated PCR. For instance, mPCR offers the advantage of the simultaneous detection of 

multiple resistant genes through the use of multiple sets of primers [18,135,151,162]. Real-time 

PCR, or qPCR, allows for the rapid simultaneous detection and quantification of amplified PCR 

products using fluorescent dyes, eliminating gel electrophoresis [135,163,164]. Automated 

systems of PCR or qPCR are commercially available and automatically purify the sample, 

concentrate DNA, and amplify and detect major bacterial genes, confirming antibiotic resistance 

in less than two hours [135,165]. 
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For two decades, PCR-based techniques have been used as the gold standard for the 

detection of β-lactam resistant genes in Enterobacteriaceae. For example, multiplex PCR was 

developed to detect 11 acquired genes encoding carbapenemase (blaIMP, blaVIM, blaNDM, blaSPM, 

blaAIM, blaDIM, blaGIM, blaSIM blaKPC, blaBIC, and blaOXA-48) using three different multiplex reaction 

mixtures [18,141,166]. Several automated systems were also developed to identify the target 

genes [18,141,166]. Real-time multiplex PCR or qPCR systems allow a combination of 

amplification and detection in a single step, limiting contamination risks. GeneXpert is an 

automated real-time PCR platform that uses the Carba-R assay and can detect and quantify 

numerous bacterial species and several carbapenemase genes from rectal samples [18,167]. The 

Check-Direct assay has a panel of different multiplex real-time PCR kits using several probes, 

including narrow and broad-spectrum B-lactamase genes [18,141,168]. A broad range of 

multiplex PCR panels was developed to increase their analytical performance without requiring 

skilled personnel. However, these PCR-based tests are expensive, limiting their use in low-

resource laboratories [18]. 

Other molecular methods such as FISH, microarray, WGS, and LAMP assays have 

also been used for detecting carbapenem resistance [135,151,169]. FISH is a technique for 

detecting specific RNA or DNA sequences using dye-labeled oligonucleotide probes visualized 

by fluorescence microscopy [170]. Microarray-based methods utilize multiple spots on a solid 

support chip for different oligonucleotides corresponding to resistant genes to detect labeled 

DNA fragments in a single assay [171]. In the whole genome sequencing (WGS) technique, a 

whole bacterial sequence is screened for antibiotic-resistant genes and compared with known 

genes in publicly available databases, allowing the prediction of existing and emerging 

phenotypic and genotypic resistance [172]. Lastly, the LAMP assay is a simple amplification 

technique that resolves PCR temperature cycling using a single temperature for target gene 

amplification. This method produces a large number of DNA copies in a short period [173,174]. 

LAMP has been used as an alternative to PCR due to its simplicity and cost-effectiveness, 

especially in low-resource setting laboratories. However, the technique still requires a complex 

primer design [17,135,169]. 

Emerging molecular techniques and automated systems have been improved to 

reduce costs and the detection system for β-lactam resistant genes [18,141]. Luminex tech, for 

example, is a well-established approach based on a colored microsphere-based flow cytometry 
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assay. The method can detect specific alleles, antibodies, or peptides from a single colony [175]. 

The multiplex oligonucleotide ligation-PCR procedure assists in detecting β-lactam resistant 

genes and their variations with higher sensitivity and specificity (100% and 99.4%) within 5 h 

[18]. Further, the LAMP method, using hydroxy naphtol blue dye (LAMP-HNB) and microarray 

techniques, detects genes encoding carbapenemase with higher specificity and sensitivity at 

100% and >90%, respectively [135,141,173,174]. Multiplexed paper-based Bac-PAC is another 

assay used to categorize the AMR profile of individual strains of CRE by providing a 

colorimetric readout [176]. The RNA-targeted molecular approach, NucliSENS EasyQKPC test, 

has also been used for detecting blaKPC variants within 2 h, at a 93.3% sensitivity and 99% 

specificity [177]. Another technique, PCR amplification coupled with electrospray ionization 

mass spectrometry (PCR-ESI-MS), has been used to accurately measure exact molecular masses. 

With advanced software, the sequence of DNA fragments is reconstructed for accurate 

identification as well as subtyping of the resistant genes. This technique has been used to identify 

blaKPC genes directly from clinical samples in 4–6 h [178]. Lastly, whole genome sequencing 

methods have been used as the most reliable technique to detect carbapenemase, but the high 

cost, longer turn-around time, and complex data management limit their use [135,141,179]. 

Genotypic methods generally offer key advantages, including higher sensitivity and 

specificity in a short time, increasing their real-world applicability. However, these methods 

require costly reagents and equipment and need skilled operators [16,135,149,180]. In addition, 

their sensitivity and selectivity can be affected by specimen debris, resulting in the inhibition of 

the reaction or false positives [18,135]. Another limitation of many molecular assays is that only 

known genes can be targeted; phenotypic resistance may be missed by molecular assays, but 

WGS can help discover novel genes [17,135,149,160]. Further, the limited number of targeted 

genes is a challenge in molecular tests due to the diversity of carbapenemase-encoding genes. 

Thus, the target gene is mainly based on the most relevant variant in each geographical area. For 

example, several commercial kits stated have been developed to detect blaKPC, the most prevalent 

carbapenemase in the USA, and may not be used for other genes [18]. 

1.2.4.4. Rapid Serological (Immunological) Methods 

Immunological assays rely on antibody–antigen reactions to detect bacteria, providing 

rapid results at a moderate cost [181]. A few methods, including latex agglutination and 

immunochromatographic assays, have generally been used for the detection of methicillin-
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resistant Staphylococcus aureus (MRSA) [135]. Enzyme-linked immunosorbent assay (ELISA) 

has also been used to detect either genes or proteins by the combination of the PCR amplification 

of samples [135,169], which aids in detecting MRSA and CRE [135]. Additionally, a lateral-

flow immunochromatographic assay, OXA-48K-SeT, was designed based on the immunological 

capture of two epitopes that are specific to OXA-48 variants, using colloidal GNPs in 15 min. It 

has 100% sensitivity and specificity with a detection limit of 106 CFU/mL [181]. In another 

study, a lateral-flow immunochromatographic assay was used to detect the carbapenem-resistant 

gene, blaOXA-23-like, using multiple cross displacement amplification from pure culture as well as 

clinical sputum samples [182]. 

Further, a multiplex immunochromatographic test, ICT RESIST-4 O.K.N.V. K-SeT, uses 

monoclonal antibodies to rapidly detect OXA-48 variants, KPC, NDM, and VIM 

carbapenemases. This assay has 99.2% sensitivity and 100% specificity from pure culture on 

Mueller Hilton Agar (MHA) [21]. The immunological assays depend on the level of protein 

production; accurate results require an enrichment of 18 h [21,181]. However, the diversity of 

carbapenemase can prevent further developments since initially designed antibodies may not be 

applicable for targeted antigenic site modification [18]. Although it is a rapid test, it is still costly 

[18,21], with lower sensitivity and specificity in complex matrices [18,135,169]. 

1.2.4.5. Biosensing Techniques 

Biosensors, as analytical devices, have emerged as alternative techniques for simple, 

rapid, cost-effective, and reliable pathogen detection. Biosensors utilize biological or chemical 

reactions and convert the recognition event into measurable signals for the detection of the target 

analyte [183,184]. Biosensor types are classified based on their data output system, target 

analyte, and label dependence [185]. Mainly, biosensors are classified as thermal, mechanical, 

electrochemical, and optical based on their operating mechanism [151]. Several biosensor 

applications, particularly electrochemical and optical biosensors, are well documented, but few 

studies have been developed for antibiotic resistance, especially for carbapenem-resistant 

bacteria. Biosensor platforms often share the same mechanism, advantages, and disadvantages, 

and for the purpose of this brief overview, popular electrochemical and optical biosensors are 

elaborated on. Examples of antibiotic-resistant detection studies are discussed. 

Electrochemical biosensors utilize the electrical response of bacterial cells; the 

immobilized bio-recognition element on an electrode interacts with the target, resulting in an 
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electrical signal. Various recognition elements (antibody, phage, aptamer, DNA, etc.), 

nanoparticles, and signal processing techniques have been used [151,185]. For example, DNA-

based biosensors typically use single-stranded DNA immobilized on an electrode with a 

sequence complementary to the target DNA. The difference between the electrical properties of 

single-stranded DNA and hybridized double-stranded DNA assists in the detection of the specific 

target using cyclic voltammetry [186]. Numerous electrochemical biosensors have been used to 

detect antibiotic resistance. Examples include a study that combined nitrogen-doped graphene 

with GNPs to detect the human multidrug-resistant gene MDR1 [187]. In another study, an 

electrochemical DNA-sensing system identified MRSA based on a MNP/DNA/AuNP 

hybridization complex using a chronoamperometric signal [188]. Another electrochemical sensor 

utilized an antibody conjugated with MNPs to detect MRSA from nasal swabs [33]. A label-free 

electrochemical biosensor detected a PCR amplified blaNDM gene in carbapenem-resistant 

Citrobacter freundii using impedance spectroscopy [189]. In another study, blaKPC detection was 

achieved in K. pneumoniae and E. coli using voltammetry techniques and sandwich 

hybridization assays in 45 min at a level of 104 CFU/mL [80]. 

Optical biosensors are widely used platforms for bacterial detection and rely on 

measuring absorbance, fluorescence, Raman scattering, surface plasmon resonance (SPR), and 

colorimetry [151]. These biosensors are highly sensitive but can be costly. Surface plasmon 

resonance (SPR) is the most commonly used assay, which utilizes refractive index measurements 

due to the excitation of the surface plasmon waves by the interaction of an analyte with its ligand 

[190]. The technique mainly uses antibodies or DNA as a recognition element. For example, the 

immobilized single-stranded DNA sequences on the surface bind to their complementary 

sequence upon hybridization, resulting in a change in plasmon resonance [190]. Raman 

scattering techniques are also common and measure molecular vibrational, rotational, and low-

frequency modes, providing characteristic information about carbohydrates, lipids, proteins, and 

nucleic acids [22,151,169]. However, they require a higher bacterial concentration and are 

limited in differentiating closer spectral signals. Recently, the Surface-Enhanced Raman 

Scattering technique (SERS) has been developed using nanoparticles that enhance Raman signals 

[22]. This assay can differentiate strains of carbapenem-resistant and susceptible E.coli using 

silver nanoparticles [22], gold nanostars [191], and gold and silver nanorods [192] by comparing 
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their SERS spectral signature with higher specificity and sensitivity. However, these optical 

biosensors require complex and multivariate data analysis. 

The performance of these optical and electrochemical biosensors often depends on the 

detection limit, sensitivity, specificity, reproducibility, interference response, response time, 

storage, and operational stability [183,184]. These platforms are highly rapid and often sensitive 

to their target bacteria. They also reduce or eliminate isolation and culture times, allowing direct 

measurements from clinical and biological samples [151,169]. However, sensitivity at low-level 

bacterial loads is still challenging for many biosensor platforms, along with their costly and 

complex techniques for signal measurements and analysis [151]. 

Plasmonic biosensors that allow colorimetric detection are noteworthy; they offer rapid 

and simple visual detection within one hour without the necessity of complex and costly 

equipment [23,193,194]. For example, a study used a plasmonic nanosensor for the colorimetric 

detection of CP pathogens using gold nanoparticles (GNP) based on carbapenemase activity and 

pH changes [19]. Here, the GNPs changed color in response to pH and turned to purple, blue, or 

gray, from red, within 15 min. CRE was detected at a concentration of more than 105 CFU/mL 

directly from urine and sputum samples within 2.5–3 h. The results were easily distinguished 

visually and confirmed quantitatively using vis-NIR spectroscopy [19]. Further, DNA-based 

plasmonic biosensors using GNPs have extensively been used to detect target bacterial DNA. For 

instance, thiol-capped GNPs were used to detect Klebsiella pneumoniae within one hour using an 

amplified K2A gene [193] and the unamplified DNA of uropathogenic E. coli [195]. Dextrin-

coated GNPs (dGNPs) were used earlier to detect the unamplified DNA of E. coli O157:H7 [23], 

E.coli [196], Salmonella Enteritidis [197], and Pseudoperonospora cubensis [198] within 30 

min. Plasmonic biosensors allow the detection of pathogens in a short time without complex and 

costly equipment requirements. However, further attention is needed to detect ARB to improve 

their accessibility and applicability. 
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Table 1.2. The advantages and limitations of the current and emerging detection techniques for the most common carbapenemases 

(carbapenem-hydrolyzing enzymes). 

Techniques Advantages Limitations 

Culture-based methods Simple and cost-effective Time-consuming (>24 h) 

1. Improved AST tests: E-test or disk diffusion test 

[71,140,141] 

Detect KPC and MBLs with good sensitivity (>82%) 

and specificity (>95%) 

Insufficient for OXA-48 

Require specific reagents and pure culture 

2. Modified Hodge Test (MHT) * [141,143] 
Detects KPC with good sensitivity (>69% and 

specificity (>90%) 

Insufficient for MBLs 

Requires pure culture 

3. Carbapenem-inactivation methods (CIM) * 

[140,141] 

Detect all carbapenemases with 

higher sensitivity (>90%) and specificity (>95%) 
Require pure culture 

4. Selective media: SUPERCARBA, Colorex KPC, 

ID Carba, CHROM agar KPC, etc. [145–147] 

Detect carbapenemases from direct patient samples 

SUPERCARBA has higher sensitivity (>96.5%) 

Variable sensitivity (40–96.5%) and specificity 

(>50%) 

Rapid phenotypic methods Rapid (<24 h) Costly equipment 

1. Colorimetric assay: CarbaNP test and its 

automated kits * [96,140,141] 

Detect carbapenemases with good sensitivity (>70%) 

and specificity (>80%) 

Simple, rapid (<2 h), and cost-effective 

No equipment requirement 

Insufficient for OXA-48 

Require pure culture 

2. MALDI-TOF MS * [18,156,157] 

Rapidly (1–4 h) detects KPC and MBLs with good 

sensitivity (>72.5%) and specificity (>95%) 

Low-measurement cost and simple 

Requires data analysis 

Insufficient for OXA-48 

Requires single isolated colonies 

3. Emerging techniques: BCDA, FC, microfluidic 

techniques, and Raman spectroscopic techniques 

[18,22,149,152,154] 

Simple and rapid (<4 h) 

Good sensitivity (>80%) and specificity (>90%) from 

pure culture 

Lower applicability on specimens 

Insufficient work on carbapenemases 
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Table 1.2 (cont’d) 

Genotypic methods 
Rapid and highly specific (>90%) and sensitive 

(>90%) 
Costly and complex equipment 

1. PCR-based methods: qPCR, RT-PCR, mPCR, 

automated PCR (Xpert system, Check-Direct, and 

Carba-R-assay) [18,162,166] * 

Gold standard and rapid (<4 h) 

Detect and type all carbapenemases directly from 

specimens 

High technical requirements and specific reagents 

High measurement cost 

2. Loop-mediated isothermal amplification (LAMP) 

[18,173] 

Simple and moderate cost 

Applicable in low-resource settings 
Specific reagents and complex primer design 

3. Whole genome sequencing (WGS) [18,172] * Discovers a new resistance mechanism 
Longer turn-around time 

Complex data management 

4. Emerging techniques: FISH, microarray 

techniques, PCR-ESI-MS, and NucliSENS 

EasyQKPC [18,149,174] 

Rapid (<6 h) 

Detect carbapenemases 

Require specific equipment and reagents 

Insufficient work on carbapenemases 

Immunological methods 

Enzyme-linked immunosorbent assay (ELISA), an 

Immunochromatographic assay [18,135,169,182] 

Rapid and moderate cost 

Poor sensitivity and specificity directly from 

specimens 

Complex and difficult antibody design due to 

antigenic site modification 

Biosensors: Emerging technology Rapid, simple, and cost-effective Specific equipment 

1. Electrochemical assays: Impedimetric, 

potentiometric, and voltammetric [80,186,189] 

2. Optical assays: Raman scattering, SPR, and SERS 

[22,151,169,190] 

Detect carbapenemases 

Moderate cost 

Require equipment for signal processing and data 

analysis 

Insufficient work on AMR and carbapenemase 

detection from pure culture and specimens 

2.1. Plasmonic biosensors [19] 
Rapid, simple, and cost-effective 

No equipment requirement 

Insufficient work on AMR and carbapenemase 

detection from pure culture and specimens 

*Techniques have been used in diagnostic laboratories (clinical and public health laboratories). AST: antibiotic susceptibility test, MALDI-TOF MS: matrix-

assisted laser desorption/ionization time-of-flight mass spectrometry, BCDA: bioluminescence-based detection assays, FC: flow cytometry, FISH: fluorescence 

in situ hybridization, PCR-ESI-MS: PCR amplification coupled with electrospray ionization mass spectrometry, NucliSENS EasyQKPC: RNA-targeted 

molecular approach, SPR: surface plasmon resonance; SERS: Surface-Enhanced Raman Scattering technique. 
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Overall, several phenotypic and genotypic methods and biosensors have been developed 

to detect ARB, including CP bacteria, with advancements in automation and nanotechnology. All 

these techniques have advantages and disadvantages in cost, rapidity, simplicity, reliability, and 

applicability (Table 1.2). However, these detection techniques need to be developed further by 

improving their sensitivity, specificity, and testing on clinical and biological samples to increase 

their real-world applicability and accessibility. The plasmonic biosensors typically do not require 

highly trained personnel, as is usually the case with conventional and rapid phenotypic and 

molecular techniques. This enhances their applicability in low-resource settings for on-site 

detection [23,197]. Such rapid and cost-effective techniques as screening/diagnostic tests should 

be implemented in clinical and public health and agricultural and food testing laboratories, 

especially in low-resource laboratories. 

1.2.4.6. Gold Nanoparticle-Based Plasmonic Biosensor 

1.2.4.6.1. Properties of Gold Nanoparticles (GNP) 

Various biosensor platforms have used several nanomaterials to enhance sensor 

sensitivity by increasing capture efficiency or amplifying detection signals due to their unique 

optical, electric, and magnetic properties [199]. Among these, GNPs extensively offer capturing, 

sensing, detecting, and imaging applications for chemical and biological samples. Their size-

dependent chemical, electric, and optical properties as well as pertinent physical properties, 

including a high surface area to volume ratio are primary advantages [200–202]. In addition, 

GNPs are chemically stable and easily modified for biosensor applications [199,201,202]. 

Further, GNPs have simple preparation methods and the most common synthesis methods, such 

as the Turkevich-Frens and Brust-Schiffrin methods, which are detailed by Zhao and coworkers 

[203]. Briefly, the Turkevich-Frens methods produce spherical GNPs using sodium citrate as a 

result of a single-phase metal salt redox reaction. The Brust-Schiffrin method utilizes a thiolate 

for GNP stabilization in a two-phase reduction reaction [203]. The GNPs’ properties and simple 

preparation techniques have stimulated their popularity and use in recent years [199,201,202]. 

The unique optical properties of GNPs, depending on their shape or size, have been used 

in many biosensor platforms [201,202]. Free electrons of GNPs in colloidal solutions induce 

coherent oscillation once the light frequency matches the electron frequency, producing a strong 

SPR band. The SPR band is strongly distance-dependent, transforming from a monodispersed 
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state to an aggregated state in a liquid solution, resulting in a visible color change [200–202]. 

Small monodispersed GNPs have SPR absorption peak at around 520 nm, with a red color, 

shifted to a longer wavelength with the aggregated particles or the increase of particle size that 

leads to a change from red color to blue or purple [23,199,204].  These properties of GNPs are 

utilized in many biosensor platforms, including fluorescence sensing, SERS sensing, and 

electrochemical biosensing discussed in the previous section, as well as in colorimetric sensing.   

1.2.4.6.2. Colorimetric DNA Detection 

A colorimetric biosensor is widely applicable due to its ease of use, cost-effectiveness, 

rapidity, and sensitivity. A visual system that allows detection without complicated equipment 

can offer an ideal solution [151]. As with many biosensor platforms, colorimetric biosensors 

have also been implemented to detect a variety of bacterial targets such as DNA, proteins, 

antigens, and other small molecules [23,193,194,204,205]. GNPs have been extensively used to 

detect target DNA from several bacteria. A platform using GNPs conjugated with 

oligonucleotide probes for the detection of DNA was first developed in 1996 [206]. In this 

method, the thiol-capped oligonucleotide probe attaches to GNP surfaces, and then the specific 

probe adheres to the target DNA upon denaturation and hybridization. The detection is achieved 

through the addition of salt after DNA hybridization, resulting in color change because of GNP 

aggregation [206]. This method is still commonly used for target DNA detection [193–195,207].  

GNP colorimetric biosensor relies on the aggregation of GNPs, resulting in a visible color 

change, as stated previously. GNP colorimetric biosensor methods utilizing DNA probes 

typically have been used in two separate concepts upon GNP aggregation of target sample (TA) 

and non-target samples (NTA), illustrated in Figure 1.3 [23]. The first approach, crosslinking 

assay, usually uses two probes and attaches them to GNPs to form a polymeric network with 

target DNA. This network leads to the aggregation of GNPs and a color change; therefore, target 

samples show blue, while nontarget samples display red [23,200]. In the other TA approach, 

GNPs are not functionalized with the oligonucleotide probe; target DNA is hybridized with the 

probe, and the GNP is free, while the unhybridized probe in the absence of target DNA adsorbs 

to the GNP surfaces. Thus, the free or non-surrounded GNP aggregates upon salt application, 

turning blue in color, whereas non-target samples protect GNP from aggregate, remaining red 

color [23,193,200]. In NTA assay, an oligonucleotide probe is typically attached to GNPs and 

then binds to target DNA through hybridization. GNP-probe-DNA complexes protected GNP 
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from aggregation upon salt application, remaining red in color, while non-target DNA samples 

are free, and GNP is not protected from aggregation, turning blue [23,194,200,207,208]. This 

approach was used in this study for the detection of the target bacteria.   

 

Figure 1.3. Schematic illustration of GNP biosensor concepts, which is from a study [23]. 

GNP biosensors with both TA and NTA approaches have been developed for target 

bacteria detection from different matrices. For instance, a GNP colorimetric biosensor with the 

NTA approach detected target bacteria (E. coli O157:H7) against non-target DNA samples 

(E.coli C3K, S. Enteritidis, L. monocytogenes, and B. cereus) from pure culture and flour sample 

within 30 min [23]. Multiple strains of Salmonella spp. (10 CFU/mL) were concentrated from 

raw chicken and blueberries using immunomagnetic separation, followed by 6 h incubation, and 

then detected using a GNP biosensor with the NTA approach [194]. Alternatively, PCR 

amplified product from food samples has also been used to detect Salmonella spp. from food 

samples [209]. GNP biosensors may require some additional pretreatment steps, and culturing 

may be required to detect the bacteria from matrices [23,194]. Further, DNA extraction may also 
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increase the assay cost using extraction kits; however, using simple methods such as boiling can 

eliminate this need [23,193,194].  

The applicability of the GNP-based plasmonic (colorimetric) biosensor for the detection 

of target bacteria from matrices increases its accessibility. Thus, this promising assay was further 

developed to detect carbapenem-resistant bacteria from pure cultures and matrices (water and 

foods) in this study. For the rapid and accurate detection, isolation (extraction) of bacteria from 

matrices is equally essential. 

1.2.5. Current Separation or Extraction Methods 

Preanalytical sample processing, extraction, and concentration of bacteria from matrices 

is an important and essential step to ensure sufficient numbers of cells for rapid detection 

[25,26,136]. The current bacterial separation techniques in food and clinical matrices, including 

physical methods such as centrifugation and filtration, and chemical and biological methods such 

as dielectrophoresis, metal hydroxides, and magnetic nanoparticles, were detailed. 

1.2.5.1. Physical Methods: Filtration and Centrifugation 

Bacterial separation by filtration and centrifugation is commonly used with food and 

clinical matrices [26,27,210]. These techniques are primarily based on bacterial characteristics 

(e.g., bacterial size and density) and solution density for separation from matrices. In the 

filtration technique, bacterial separation relies on passing suspended particles through filters with 

various pore sizes. The size difference between cells and matrix particles assists in removing 

interfering components for efficient bacterial separation [26,27,210]. While this method is 

inexpensive and quick (1-10 min) [26,27], its effectiveness is sometimes limited and remediated 

by the multiple filtration steps due to clogging filters. This may occur due to large food particles 

or blood cells and platelets in clinical samples [26,27,210]. Extensive cleaning and removal of 

the clogged food debris can help to remove the matrix interference, but it may also remove 

previously trapped bacteria. Thus, the two-step filtration process with overnight enrichment (6-

18 h) is often needed for PCR-based detection of bacteria [27].  

The filtration technique is often combined with centrifugation to increase bacterial 

capture capacity. Centrifugation is used to pelletize bacterial cells, and supernatant is removed. 

Samples can then be resuspended in a smaller volume of solution, effectively concentrating 

bacteria [26,27]. Centrifugation is typically rapid (5-30 min); however, it may require multiple 
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steps and washes, which reduce bacterial concentration. In addition, centrifugation techniques 

such as continuous flow centrifugation (CFC) and buoyant-density centrifugations (BDC)  have 

been developed to improve the efficient extraction and concentration of bacteria from food 

matrices [26,27]. For instance, BDC techniques have successfully concentrated food-borne 

pathogens and removed PCR-inhibiting food debris, followed by target DNA detection without 

sample culturing [211]. In addition, CFC has improved the effective concentration of bacteria 

from large volumes of samples, contributing to higher total bacteria capture [212]. However, 

centrifugation techniques still face several limitations when used for complex matrices, such as 

inefficient bacterial extraction, lower bacterial capture, and labor-intensive steps 

[26,27,211,212]. 

1.2.5.2. Chemical and Biological Methods 

Chemical or biological methods are based on adsorption and make use of naturally 

occurring biological or chemical interactions between affinity ligands and specific surface 

substrates on solid support [25–27]. Affinity agents can be antibodies, bacteriophages, proteins, 

aptamers, carbohydrates, and charged particles that interact through physicochemical 

interactions, including Van der Waal’s forces, electrostatic interactions, and hydrogen bonding 

[25,26]. These methods can be nonspecific or specific to a target [26,27].  

Metal hydroxide-based techniques have been used for nonspecific separation of 

bacteria from food and clinical samples [26,27]. In this method, metal hydroxides, including 

zirconium hydroxide and/or titanium hydroxide, can immobilize bacterial cells through a 

chelation process; amino acid ligands on bacterial surfaces bind with hydroxyl groups of metal 

hydroxides by covalent bonds [26,27]. First, bacterial separation from the sample matrix is 

employed through a high-speed centrifugation step. Then, resuspended bacterial cells in small-

volume solutions are concentrated by immobilization with metal hydroxide at low-speed 

centrifugation, all within one hour [27]. However, most studies still include a 4-8 hour 

enrichment period before detection using PCR [213] or mass spectrometry [214]. Although metal 

hydroxide immobilization is an inexpensive and rapid technique for the non-specific extraction 

of viable bacteria from matrices, its use in food samples is limited since non-selective metal 

hydroxide may bind to food components. In addition, this technique also requires centrifugation, 

leading to additional equipment costs [26,27,213,214].  



35 

 

Dielectrophoresis (DEP)-based techniques utilize a nonuniform electrical field 

polarization that induces bacterial cell migration towards the electrodes; this has separated 

bacteria from food and clinical matrices  [26,27,210]. This method mainly utilizes non-specific 

affinity, separating a variety of bacterial cells with negatively charged bacteria adhering to 

positively charged residues [26,210,215]. This technique is also employed for screening 

antibiotic susceptibility using charge differences resulting from antibiotic-induced cell wall 

inhibition and cell lysis [216]. Dielectrophoresis has been used to extract bacteria from food and 

clinical matrices with a combination of mechanical filtration, centrifugation, nanoparticles as 

well as some biosensors and biochips to enhance detection [26,27,210,215]. The key advantage 

of this method is rapidity (<30 min) with minimal cell damage and the capability of separating 

viable and nonviable cells. However, the detection limit of dielectrophoresis-based techniques is 

generally higher (>106 CFU/mL) and highly variable depending on device design. Also, complex 

matrices present problems because of the high conductivity of food particles, limiting their use in 

food samples [26,27,210].   

Magnetic nanoparticles (MNPs)-based extraction has commonly been used for rapid 

and effective separation techniques without the use of centrifugation and filtration [217,218]. 

MNPs can theoretically improve bacterial capture because of their large surface area/volume 

ratio for the attachment of ligands. Their small size can assist in moving faster than larger 

particles; multiple particles penetrate matrix interstices and interact with bacterial cells, 

increasing their capture efficiency [25,26]. Further, MNPs draw attention because of their low-

cost, unique properties (non-toxic, physically and chemically stable, safe, biocompatible, large 

surface area/volume ratio, and superparamagnetic), and functionalization with recognition 

moieties [26,180,217,218]. One of the most significant advantages of MNPs is their 

superparamagnetic properties at a particle size of 10-200nm. This property helps rapidly disperse 

MNPs in liquids; an external magnetic field can still be magnetized and manipulated 

[26,180,219,220]. Another beneficial property is their high surface area/volume ratio, which 

gives higher adsorption capacity, leading to potentially high binding capacity with the target. In 

addition to these properties of MNPs that are based on the metallic core, surface coating and 

functionalization of MNPs can help control their stability and selectivity [26,220]. MNP surface 

can be functionalized with recognition moieties (antibodies, phages, antibiotics, carbohydrate 

and proprotein groups) to enable higher bacterial capture at low concentrations [25,180,220,221].  
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1.2.5.3. MNP-Based Extraction Techniques 

Antibody-conjugated MNPs can bind to antigens on the surface of bacteria, enabling 

target bacterial separation and concentration. The efficiency of antibody-based magnetic 

separation or immunomagnetic separation (IMS) can be influenced by several factors, including 

particle composition/size and concentration, bacteria concentration, and incubation time of 

immunomagnetic particles with target bacteria [25,26,32]. This technique has commonly been 

employed to separate pathogens and ABR bacteria from food and clinical matrices with a variety 

of detection methods, including electrochemical and spectrometric techniques [32,37,222–224], 

electrochemical sensors [33], and GNP-based colorimetric biosensors [194]. IMS has also been 

implemented with immune-based assays or sensors by analyzing proteins, enzymes, and genes of 

target pathogens and ABR bacteria [135,169,181]. In comparison to other techniques mentioned 

above, the advantages of IMS are its high specificity and exclusion of natural microflora. The 

separation process can be successfully implemented in under 2 hours, reducing purification steps 

required before detection. Also, IMS allows for processing large-volume samples; the separated 

sample can be resuspended in a low volume, leading to a significant concentration of bacteria 

[26]. However, food debris can block the antibody, preventing the separation and concentration 

of bacteria [26,27].  IMS is also costly compared to conventional methods; antibody production 

and conjugation with MNP can be time-consuming and expensive, along with low-temperature 

storage requirements, limiting their use in low-resource settings [26]. 

Bacteriophage-based MNPs have recently been applied for rapid separation of specific 

bacteria of interest from complex environments [27,225,226]. Bacteriophages are used as 

recognition probes to bind specific receptors on the host surface. A few examples exist in the 

literature where phage-based magnetic particles have been used for bacterial separation from 

water and foods such as lettuce, milk, cheese, and salmon, among others [227,228]. However, 

the method has limitations regarding the tedious and lengthy process of coating magnetic 

particles with phages [25,225]. Further, issues related to desiccation and low density of capture 

elements on magnetic particles, undesired damage of target cells, and degradation of DNA are 

common concerns [25,27,229]. 

Biomolecule (e.g., carbohydrate, protein, antibiotics) functionalized MNPs offer 

inexpensive, simple, and rapid solutions compared to antibody and phage functionalized MNPs. 

Functionalizing MNPs with biomolecules may lead to either specific or non-specific binding 
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bacteria [25]. For example, an antibiotic agent (e.g., vancomycin, daptomycin, and gentamicin) 

on MNPs can successfully recognize the cell surface of gram-positive and gram-negative 

bacteria [180,221]. Vancomycin-functionalized MNPs have been shown to detect vancomycin-

resistant Enterococci [230]. Vancomycin-functionalized and gold-coated MNPs were used to 

separate and concentrate carbapenem-resistant E. coli and K. pneumoniae [34]. However, the 

antibiotic-conjugated methods are limited because of MNP’s size and conjugation techniques as 

well as its specificity and binding capacity [25,180,230]. In other studies, amine-functionalized 

magnetic nanoparticles were used to extract bacteria from water, green tea, and grape juice, 

achieving high capture efficiencies [231]. Recently, glycan-coated magnetic nanoparticles 

(gMNPs) successfully extracted and concentrated several bacteria from large-volume food 

samples, including milk [29,232], thick and complex liquid (beef juice, apple cider, and 

homogenized eggs) [30],  sausage, deli ham, lettuce, spinach, chicken salad, and flour [232]. The 

gMNPs are promising as they offer cost-effective, rapid, and efficient bacterial separation from 

various food matrices [29,30,232]; however, gMNPs need further attention for bacterial 

separation, specifically for ARB, including CRE. 

1.2.5.4. Glycan-Coated Magnetic Nanoparticles  

1.2.5.4.1. Synthesis and Surface Coating of Magnetic Nanoparticles (MNPs) 

Several materials, including pure metals (Fe, Co, Ti, Ni), metal oxides, ferrites, and metal 

alloys can be used to synthesize MNPs. Among these, iron oxides, such as magnetite (Fe3O4) 

and maghemite (Fe2O3), are commonly used for magnetic core. Various physical, chemical, and 

biological methods can be used to synthesize MNP, including co-coprecipitation, high-

temperature thermal decomposition, hydrothermal processes, and microemulsion, among many 

others [26,180,233]. These synthesis methods and MNP’s applications are comprehensively 

reviewed in the literature [180,233]. 

As mentioned previously, the metallic core of MNPs shows magnetic properties, and 

surface coatings assist in controlling MNP selectivity and stability. Several materials can be used 

as MNP coatings for stabilization and modification of active groups to produce core-shell-

formation by physical adsorption or covalent binding [25,26,180,233]. As common MNP 

coatings, surfactant molecules, including silica, colloidal gold, glycan, or complex 

carbohydrates, have been used [26,233,234]. Coating can be accomplished during MNP 
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synthesis or as a post-synthetic functionalization step, as reviewed by Fratila and coworkers 

[234]. For instance, glycan coatings are achieved through the presence of carbohydrates during 

MNP synthesis, allowing for ligand adsorption onto the MNP surface. For post-synthetic 

methods, the functionalized carbohydrates are introduced to the MNP surface, and ligand 

exchange, covalent linking, or non-covalent functionalization can be achieved [26,234]. Many 

carbohydrate surfactants or glycans, such as mannose,  galactose, glucose, caprylic acid cysteine, 

and chitosan, have been employed as MNP coatings [25,26,29,180,234]. Further, gMNPs may 

include other materials, such as amino groups, to improve capture efficiency [30]. The primary 

advantages associated with using the gMNPs are their stability at room temperature, one-pot 

synthesis, scalable production, rapid capture, and biosensor compatibility [26]. 

1.2.5.4.2. Magnetic Extraction in Foods 

MNP-based bacterial extraction from food matrices in most studies follows similar 

methods regardless of the surface coating  [26,29,180,235], as demonstrated in Figure 1.4 [26]. 

In this methodology, the MNPs are applied to liquified food samples that are naturally or 

artificially inoculated with one or more bacterial species. After MNP has dispersed into the 

liquid, the sample is incubated to allow for MNP-cell attachment. The incubation time usually 

depends on MNP surface coating and specific methodology, varying from one minute to hours. 

After the incubation, an external magnet is applied to concentrate the MNP-bacteria complexes, 

and the supernatant is removed. The remaining samples are then resuspended in a lower sample 

volume [26,29,180,235]. These concentrated MNP-bacteria samples can then be detected using 

various methods, including biosensors [26,29,30,194]. 

The non-specific nature of MNPs may lead to complications in extraction from complex 

food matrices and those with a high level of natural microflora. MNP-bacteria, bacteria-food 

matrix, and MNP-food matrix interactions in liquified samples are possible due to their 

attachment preference to food particles as a result of hydrophobic or hydrophilic surfaces and 

electrostatic force difference [35]. However, most of the food matrix (free-food matrix and 

bacteria-food matrix) in the liquefied samples is removed with the supernatant [26]. This 

methodology assists in reducing the food matrix from the sample and does not significantly 

affect the detection. For instance, gMNPs efficiently extracted bacteria directly from a thick, 

nutritionally rich, and chemically complex matrix (e.g., egg, beef juice, sausage, lettuce, flour, 

and Vitamin D milk), with little loss in capture capacity [30,232,236]. This further confirms that 
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interferences of the food matrix did not significantly prevent the detection of target DNA [23]. 

However, in some cases, the food matrix may affect subsequent detection based on the method 

employed. Thus, employing multiple washing steps with PBS following supernatant removal can 

assist in removing food particles  [26,29,180,235].  

 

Figure 1.4. Schematic representation of the magnetic separation of bacteria (created with 

BioRender), which is adapted from studies [26,180]. 

The gMNPs offer many advantages against other methods; the gMNPs cost four times 

less than antibody-based assays and do not require special storage conditions [30], reducing 

overall expenses compared to IMS [26]. The gMNPs can also be stable for a long time; for 

instance, MNPs coated with alginate or chitosan were suspended in buffer solutions and stored at 

room temperature for six months; flocculation or settling of the MNP was not observed [237]. 

Further, bacterial extraction and concentration using gMNPs can be done within 15 min 

[26,30,235]. Thus, the economical, efficient, and rapid nature of gMNPs and their storage 

conditions increase their use and accessibility for bacterial separation, particularly in low-

resource settings. Therefore, the gMNPs harbor a potential for separation of ARB from various 

matrices.  

1.2.5.4.3. Mechanism of MNP-Cell Attachment 

Bacterial attachment or adherence to host surfaces is facilitated by adhesins. Adhesins 

can be polypeptides (fimbrial (pili) or afimbrial) or polysaccharides (usually components of the 

bacterial cell membrane, cell wall, and capsule). The mechanism of adhesin binding is receptor-

ligand interaction and is based on protein-protein or protein-carbohydrate interactions [35,238]. 

Carbohydrates or glycan have a key role in many cellular mechanisms of bacterial attachment 

and host infections by interacting mainly between surface proteins (e.g., lectins) and glycans 

[25,32].  
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The biological process of glycan-protein interaction has been utilized for bacterial 

capture and detection. Here, gMNPs can take over the role of cell surface glycan and attach to 

proteins (e.g., lectins)  on bacterial surfaces through non-covalent and electrostatic interactions 

[26,235,239]. These interactions mainly include van der Waals interactions and hydrogen bonds 

between hydroxyl and amino groups present on carbohydrate and microbial protein surfaces 

[25,26,180,235]. The MNP-bacterial cell adhesion has also been shown through microscopic 

imaging [26,29,240]. In this MNP-cell adhesion, the superparamagnetic property of MNPs 

assists in the rapid extraction of the MNP-bacteria complexes using an external magnetic field. 

In many studies, gMNPs have been successfully applied for bacterial extraction and 

concentration from different matrices [26,29,240,241].  

Non-specific MNP capture of bacterial cells using gMNPs can also be enhanced by their 

positively charged nature since both gram-positive and gram-negative bacteria are negatively 

charged because of their cell wall components. The generalized electrostatic force between the 

oppositely charged components promotes close proximity between glycan and bacterial lectins 

for more effective cell attachment [26,180]. For instance, chitosan is a natural hydrophilic, 

biocompatible, nontoxic biopolymer with two hydroxyl groups (-OH) and amino group (-NH2), 

assisting MNP suspension in aqueous solution and improving the proximity between surface 

markers of bacteria and polycationic structure of MNPs [220,239]. Also, chitosan becomes 

positively charged at pH (5-7) through the protonation of these amino groups and is more 

effective in cell attachment [220,239]. The positively charged gMNPs may facilitate the adhesion 

with bacteria by reducing electrostatic repulsion [26,239].  

MNP-cell interaction might differ in bacterial types due to differences in cell wall 

components. For instance, in a study of the extraction of gram-positive and gram-negative 

pathogens from various milk types using the glycan-coated MNPs, the capture capacity was 

higher for gram-positive bacteria (B. cereus) compared to gram-negative bacteria (E. coli and 

Salmonella Enteritidis) [29]. Further, recent work suggested MNP binding capacity 

(concentration factor) to be higher in gram-positive bacteria (Bacillus, S. aureus, and Listeria) 

compared to gram-negative bacteria (E. coli, Salmonella species), hypothesizing the influence of 

surface charge [232]. The cell surface components or characteristics help to understand the 

attachment mechanism [26,242]. Thus, this study aims to investigate the cell surface properties 

of carbapenem-resistant bacteria for further insights on their cell attachment properties.     
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1.2.6. Phenotypic Cell Properties or Characteristics of Antibiotic-Resistant Bacteria 

As previously mentioned, the misuse and overuse of antibiotics in human medicine, 

veterinary medicine, and agriculture during the last 70-80 years and their release into the 

environment have created selective pressure on bacteria [5,62,243]. While a high level of 

antibiotic concentrations is therapeutically used in humans,  about half of all antibiotics are 

excreted in an unchanged active form mainly via urine into wastewater, manure, run-off water, 

various aquatic environments, and soil [5,244]. The low-level of antibiotics in the environment 

does not kill all susceptible bacteria and can slow down their growth. This promotes the 

evolution of de novo resistance, the selection of antibiotic-resistant mutants, and the transfer of 

resistant genes [62,64,243–245]. Once the population remains exposed to antibiotics for a long 

time, the possibility of genetic mutations increases, and the resistance becomes stable in the 

absence of antibiotics [243,246].  

 The long-term subinhibitory antibiotic exposure modulates bacterial gene expression at 

the transcription level of about 5-10% of genes linked with the cellular process (e.g., protein 

synthesis, carbohydrate metabolism, target modification) [5]. This serves as an expression of 

adaptation to new and unfavorable conditions and the emergence of new microbial phenotypes, 

which contribute to the induction of several types of responses to environmental stressors 

[5,244]. This also accelerates the horizontal transfer of the genes to non-pathogenic and 

pathogenic microbes in the environment [5]. Due to the adaptive mechanisms that are conserved 

and transmitted to other microorganisms vertically or horizontally, bacteria can subsequently 

adapt and survive at high-levels of antibiotics, above the minimum inhibitory concentration 

(MIC) [64,151,243,245]. 

In addition, several studies showed antibiotic exposure can cause differences in bacterial 

phenotypic properties such as cell morphology, cell adhesion, and cell motility abilities. The cell 

wall, which plays a crucial role in protection, morphological characterization, stability, and 

adhesion to surfaces, is primarily affected [39,40,247,248]. Thus, it is a target for many 

antibiotics, especially β-lactams, which affect the susceptibility of the organism by increasing the 

possibility of peptidoglycan biosynthesis disruptions [40,247]. In various studies, morphological 

and ultrastructural changes in bacterial cells under antibiotic exposure were observed, attributed 

to cell wall synthesis disruption (deficiency in cell wall materials and cell lysis) [39,41,249–253] 

as well as alteration membrane components and cytoplasmic contents [254,255]. These 
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disruptions and changes are also a strategy to protect the bacteria against cell walls targeting 

antibiotics [256], resulting in the change of cell morphology [39,247] and alterations in 

electrostatic surface charge [41,43,257–259].  

1.2.6.1. Cell Morphological Characteristics 

The morphological and ultrastructural changes under antibiotic stress depend on the 

antibiotic types and concentrations, type of bacteria, and cell wall structure [39]. Changes in cell 

shape under antibiotic exposure are mainly characterized as spherical, elongated, or filamented 

types. A spherical shape occurs as a result of the loss of the peptidoglycan layer that provides 

rigid, shape-determining structure and membrane tension to cells. Cell elongation or filaments 

occur when rod-shaped bacterial cells become abnormally long by producing peptidoglycan for 

the lateral wall instead of the septal wall [39]. Several studies highlighted that β-lactam-induced 

elongation and spheroplast formation were observed in many gram-negative and some of gram-

positive bacteria species [39,253,260,261].  

The shape formation with carbapenem exposure is detailed in the literature. Carbapenem 

first initiates its mode of action by penetrating the bacteria cell wall and binding to enzymes for 

Penicillin-binding proteins (PBPs) [39,260,261]. The affinity of PBP-1, PBP-2, and PBP-3 in 

Gram-negative bacillus-shaped bacteria results in spheroplast and filamentous-shaped organisms 

[39,260,261]. Researchers also stated that the heterogeneity in morphological changes was a 

result of binding with more than one PBP. For example, imipenem, panipenem, and biapenem 

have a high affinity for PBP-1 or PBP-2, resulting in spheroplast forms. Meropenem, 

alternatively, binds with PBP-2 and/or PBP-3 and causes elongation or filament form depending 

on exposure period and antibiotic concentrations [39,260–262]. Also, low-level antibiotic 

concentrations cause filament forms, while high concentrations tend to produce spheroplast form 

due to more intense cell damage with increasing antibiotic concentrations and exposure time 

[39,253]. In a study, Cross and co-workers (2019) highlighted the occurrence of cell wall-

deficient/spheroplast forms in clinical Gram-negative pathogens upon exposure to meropenem (6 

h) in vitro and in vivo. This spheroplast form of the bacteria can mediate antibiotic tolerance of 

pathogenic bacteria and cause treatment failure, increasing the possibility of mutation and broad 

resistance to other antibiotics [263]. 

Morphological characteristics of bacteria can impact their Brownian forces and cell 

attachment to surfaces [247]. For example, in a MNP-based separation technique, MNP-cell 
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binding characteristics of gram-negative and gram-positive bacteria were visualized; both 

individual and clusters of Listeria and E.coli cells attached to MNPs at mostly specific locations 

along with different attachment capacity [26,232]. Thus, cell morphological characteristics of 

ARB can also be needed for further aspects of their cell-MNP binding properties.  

1.2.6.2. Cell Surface Charge Characteristics 

Cell surface characteristics play a significant role in maintaining cellular function. Zeta 

potential,  the electrical potential of the interfacial region between the bacterial surface and the 

aqueous environment, indirectly provides information about cell surface characteristics [42], 

[44]. Surface charges are associated with multiple factors, including the outer membrane 

compounds on the cell wall, the tridimensional structure of the cell surface, growth conditions, 

pH, and ionic strength, among others [42,44]. Zeta potential is mainly linked with negatively 

charged functional groups accompanied by peptidoglycan, teichoic acid, and teichuronic acid on 

the surface of gram-positive bacteria, while it is linked with lipopolysaccharide, phospholipids 

and proteins on the surface of gam-negative bacteria [44,264]. It has been applied for the 

characterization of pathogen strains, biofilm formation, physiologic state of bacteria, interaction 

of several compounds with the bacterial surface, and to study the effect on permeability of 

bacteria [42]. For example, the zeta potential of E. coli, Salmonella Newport, and Pseudomonas 

had lower negative charge under minimal media compared to bacteria in rich media. They also 

found that the cell types and sizes of the starved bacteria were different [265]. Colistin-

susceptible Acinetobacter baumannii cells had a greater negative charge than colistin-resistant 

Acinetobacter baumannii [43]. The chemical nature of cells or environmental conditions leads to 

differences in cell wall composition, growth rate, cell morphology, anion and cationic balance on 

the cell surface, and electrical potential differences [40–42,44,264].  

In addition, electrostatic surface charges are primed for the evolution of the bacterial 

adhesion process. Particularly, electrostatic surface charges can impact overall polarity to 

maintain the degree of surface hydrophilicity for optimal cell function [42]. The cell wall is 

associated with the adhesion to surfaces in the presence of adhesins, which are macromolecules 

such as extracellular proteins and polysaccharides responsible for specific or non-specific 

adhesive interactions at the interface [35]. Charges are a result of acidic and basic functional 

groups on the cell wall and membrane (such as carboxylic, phosphoric, hydroxyl, and amine 

groups) and their disassociation or protonation [42,44]. Thus, the difference in cell wall 
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compositions resulting in different surface charges can affect their adhesion or attachment to 

surfaces. This adhesion mechanism related to electrostatic surface charge are utilized for 

interaction between bacteria and nanoparticles in many areas (pharmacology, biotechnology, 

chemistry, nanomedicine, etc.) [41,264] as well as efficient bacterial extraction and detection in 

different matrices [26,41,180]. For example, negatively charged bacteria can attach to positively 

charged nanoparticles using electrostatic force [31,220,264].  

The attachment mechanism with MNPs is commonly used for efficient separation, 

concentration, and detection of cells in different matrices [26,180]. This attachment may result 

from electrostatic forces that assist close proximity between the positively charged MNPs and 

negatively charged bacterial cells [26,30,266]. While the surface charge contributes towards cell 

attachment, glycan-protein binding also plays a significant role [29,232]. Additionally, 

differences in the cell wall composition of bacterial species can affect their cell adhesion 

properties (surface charges and specific binding locations) [26,29,30,180,266].  

Studies on surface charges of ARB and their cell adhesion properties are limited. As 

previously mentioned, cell wall compositions of antibiotic-exposed or antibiotic- resistant 

bacteria can be different from antibiotic-susceptible bacteria; this may affect their cell adhesion 

properties as well as their separation and detection. Thus, this study aimed to investigate 

morphological and surface charge characteristics of carbapenem-susceptible and carbapenem-

resistant bacteria in the absence and presence of carbapenem stress for further insights into their 

cell attachment properties.   

1.3. Conclusions and Knowledge Gaps 

The emergence and spread of ARB, including carbapenem-resistant bacteria, are a global 

health issue. Even though carbapenems are used in human medicine, several studies widely 

showed that carbapenem-resistant bacteria are found in food-producing animals, foods, water 

sources, etc., due to antibiotic selection in the environment and rapid dissemination of the 

resistant genes in a complex web. There have been continuing efforts to develop rapid and cost-

effective detection methods to prevent and control their spread in the community. Thus, this 

study mainly aimed to develop a rapid, simple, and cost-effective assay for the detection of 

carbapenem-resistant bacteria. Herein, this study proposed to investigate the efficacy of 

carbohydrate-coated magnetic and gold nanoparticles to detect carbapenem-resistant E. coli from 

water and foods. 
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To improve rapid and reliable detection, separation and concentration techniques play 

major roles. Specific separation techniques have not been documented well for ARB since 

resistance profiles are tested after pathogen identification. Current methods for bacterial 

separation and concentration have been documented and discussed with their advantages and 

limitations. The efficient separation, short-assay times, and cost-effectiveness of MNP-based 

methods allow their applicability to low-resource environments. Magnetic separation, especially 

immunomagnetic separation, has commonly been used for rapid selective separation. However, 

the lack of standardization, high experimental cost, and their storage conditions are primary 

limitations. The gMNPs offer a cost-effective alternative to IMS techniques. Their simple 

synthesis and functionalization procedure and room-temperature storage conditions illustrate 

their potential for cost-effective, rapid, and efficient bacteria extraction from matrices. The 

gMNPs have been successful in the extraction of pathogens from a variety of foods, as seen in 

the literature. As stated previously, these techniques have not been specified for ARB isolation 

from pure culture or matrices. Further studies must be performed to investigate the effectiveness 

of the promising gMNPs on ARB to both confirm current elements of this MNP-cell mechanism 

theory and discover possible factors.  

To better understand this theory, factors affecting MNP-cell interaction must be 

evaluated. Earlier studies showed differences in phenotypic cell surface characteristics of ARB 

and utilized these properties for further insights into the development of bacterial capture and 

detection methods. Notably, differences in cell surface characteristics have been used for many 

applications for bacterial capture (chemical and biological) techniques. There has still been 

ongoing research on understanding the cell characteristics of ARB to discover new potential 

factors. In particular, cell properties of carbapenem-resistant bacteria have not been documented 

well. Thus, further studies are necessary to evaluate cell properties of carbapenem-susceptible 

and carbapenem-resistant bacteria. These cell properties may shed light on the MNP-cell 

adhesion mechanisms for bacterial capture or separation techniques. 

Further, many detection techniques have been explored to detect ARB, including CP-

CRE. The most widely used AST cultural assays are time-consuming, taking days to a week. 

Many current rapid phenotypic and genotypic methods and biosensors often require pure culture, 

costly and complex equipment, data analysis, and skilled personnel. In particular, GNP-based 

plasmonic biosensors have recently shown profound promise as a cost-effective, rapid, and 
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simple detection technique by eliminating complex and costly equipment. The plasmonic 

biosensor has successfully implemented pathogen detection from pure culture, clinical matrices, 

and food matrices in the literature. The biosensor can become an accessible and rapid detection 

method, especially in low-resource settings. Hence, further research must be conducted to 

develop a plasmonic biosensor for detecting and differentiating carbapenem-resistant bacteria 

from pure culture and matrices. 

Many extraction and detection techniques have not been well documented in testing real 

samples. A few studies showed the GNP biosensor was implemented to detect pathogens from 

matrices; however, limited works are conducted with DNA extract directly from extraction, and 

enrichment time is still required. Studies mostly use overnight enrichment to achieve the 

detection. Thus, further research must be conducted into reducing the duration of enrichment 

time as well as investigating the effective detection of target bacteria extracted from matrices. 

The successful rapid detection from matrices increases accessibility and applicability. 

Foods and water are one of the major routes and reservoirs of pathogens and resistant 

bacteria. Thus, in many countries, particularly in Europe and North America, food-borne 

pathogens and their resistant profile are tracked to ensure safe food for consumers. CDC and 

EFSA include CP-CRE tracking in food animals and retail meats. However, non-animal products 

also need attention. Since several studies showed, these bacteria are also found in fresh produce. 

Thus, studies must also focus on non-animal products, animal products, and environmental 

samples.  
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CHAPTER 2: RESEARCH HYPOTHESES, OBJECTIVES, AND EXPERIMENTAL 

DESIGN 

The primary goal of this research is to successfully extract and detect carbapenem-

resistant E. coli using carbohydrate-coated nanoparticles from water and foods. The research 

hypothesis, objectives with specific tasks, and experimental designs are presented in this chapter.  

2.1. Hypotheses  

This research had two primary hypotheses.  

Hypothesis 1: The glycan-coated magnetic nanoparticles (gMNPs) can extract carbapenem-

resistant E. coli from buffer solution and foods and water. 

Hypothesis 2: The dextrin-coated gold nanoparticles (dGNPs)-based plasmonic biosensor 

can detect the gMNP-extracted carbapenem-resistant E. coli from foods and water. 

Each hypothesis has two main objectives, as discussed below. 

2.2. Objectives and Specific Tasks 

The objectives and related tasks, along with the current state-of-the-art (study 

approaches), are summarized in Table 1. 

Objective 1: Evaluation of gMNPs for capturing carbapenem-resistant E. coli from 

buffer solutions. The gMNPs have previously been found to be effective in bacterial capture 

from buffer solution and complex liquid and solid food matrices in a simple, rapid, and cost-

effective manner. However, the efficacy of the gMNPs in ARB, including CRE, has not been 

documented from buffer or any matrices. The resistant bacteria isolates, specifically 

carbapenem-resistant E. coli, are considered in this study due to their association with various 

outbreaks worldwide. The binding efficacy of gMNPs with carbapenem-resistant E. coli (R) 

along with susceptible E. coli (S) (as reference bacterium) was assessed. To further understand 

the gMNPs-cell interaction, the effect of cell surface characteristics of the resistant bacteria in 

the absence and presence of carbapenem stress was also evaluated and compared with the E. coli 

(S)   

Objective 2: Extraction of the carbapenem-resistant E. coli from the selected foods and 

water using gMNPs. CRE, including CP E. coli isolates, have been found not only in clinical 

samples but also in environmental and food samples. However, their isolation from biological 

samples has not been documented well. The focus of this objective was to extract these bacteria 
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from their commonly associated biological matrix (water and complex solid foods). The KPC 

and NDM-producing E. coli isolates were chosen as focused bacteria, as they have been mostly 

found in samples worldwide. Thus, the effectiveness of gMNPs for extracting E. coli (R: KPC 

and NDM-producing isolates) from large-volume water and food samples was evaluated. The 

possible factors, such as bacterial concentration and environment pH, impacting gMNP-cell 

interaction were also evaluated. The effects of food matrices, such as the presence of natural 

microflora and food microparticles, were further discussed.  

Objective 3: Develop a DNA-based plasmonic biosensor platform for carbapenem-

resistant bacteria (KPC-producing bacteria). Genomic-based identification methods confer 

specificity against non-target bacteria, but they are complex and costly. Dextrin-coated gold 

nanoparticles (dGNPs) offer rapid, simple, and cost-effective solutions for specific DNA 

sequence detection. Its application for the detection of ARB, including CRE, needs attention. 

The focused target gene (blaKPC) was chosen for the detection of all KPC-producing isolates, as 

KPC is the most common carbapenemase type worldwide. The biosensor was optimized for the 

detection of the target gene sequence and followed by determining the analytical sensitivity and 

specificity of the biosensor. Lastly, the detection of the KPC gene using the designed plasmonic 

biosensor was further verified with a standard PCR test.  

Objective 4: Detection of gMNPs- extracted carbapenem-resistant bacteria (KPC-

producing E. coli) from the water and food samples using the plasmonic biosensor. The direct 

detection of ARB, including CRE from matrices, specifically from food samples, has not been 

documented; many techniques use pure cultures after identifying target bacteria for their resistant 

profile. Thus, the application of techniques for target detection from matrices needs attention. 

The biosensor platform was implemented for the detection of KPC-producing E. coli following 

their isolation using gMNPs and short enrichment (5 h). Herein, two biosensors were parallelly 

used to detect invA gene (E. coli isolates) and blaKPC gene (KPC-producing isolates) to identify 

KPC-producing E. coli. The apparel detection was also verified with the PCR test.  
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Table 2.1. Primary objectives and related tasks along with the current state-of-the-art (study approaches). 

Objectives and Their Specific 

Tasks 

Limitations of Current Approach or 

Technology 

Study Approach Ref. 

Objective 1: Evaluation of the gMNPs for capturing carbapenem-resistant E. coli from buffer solution 

Confirmation and elaboration of the 

gMNPs-bacteria interaction: 

1-carbapenem-resistant E. coli vs. 

susceptible E. coli  

2-Carbapenem-exposed E. coli vs 

non-exposed E. coli 

 

MNP-cell interaction, in theory, is well-studied, 

but their optimized application is rare and not 

documented in ARB capture. 

 

Confocal laser microscopy (CLM) and 

Transmission Electron Microscope (TEM) for 

confirmation of gMNP-cell binding in buffer 

solution. 

Standard plating method to quantify their binding 

capacity (concentration factor). 

[1–6] 

Factors affecting MNP-cell 

interaction: examination of cell 

surface characteristics.  

1-Observation of initial cell 

morphology and cell surface charges 

of carbapenem-resistant and -

susceptible E. coli. 

2- Observation of the carbapenem-

exposed and non-exposed E. coli at 

low, medium, and high-level 

carbapenem concentrations after 

long-term cycles. 

The cell surface characteristic plays a main role 

in MNP-cell attachment.  

1-The cell morphology and surface charge of 

ARB have not been documented well. 

2-The cell morphology of the exposed bacterial 

cells is easily affected and documented during 

the short period of antibiotic exposure (1-6 h).  

Observation of these cell characteristics is 

hardly seen under long-term antibiotic exposure. 

 

1-Evaluation and comparison of cell morphology 

and surface charge of carbapenem-resistant E. coli 

with susceptible E. coli in the absence of antibiotic 

stress.  

 

2-Evaluation of the cell surface characteristics of 

carbapenem-exposed E. coli, comparing them with 

(non-exposed E. coli). 

[5,7–10] 

Objective 2: Evaluation of the effectiveness of gMNPs for extracting carbapenem-resistant E. coli from large-volume food and water samples 

 

Factors affecting gMNP-bacteria 

binding capacity  

Studies with MNPs have shown the effect of 

bacterial concentration and solution pH on 

MNP-bacteria binding, but the known effect on 

ARB is limited. 

MNP-bacteria binding experiments with varying 

bacterial concentrations and different pH buffer 

solutions; analyze their effect on MNP-cell 

binding capacity. 

[5,11–15] 

Investigation of the efficacy of 

gMNP-based bacterial extraction 

from large-volume samples. 

A few studies have been conducted to extract 

ARB from matrices. The gMNPs-based 

extractions of ARB, including CRE, from 

biological matrices have not been documented. 

 

The application of gMNPs extraction of the 

resistant E. coli from artificially contaminated 

foods and water in large volumes (100 mL) 

[3,14,15] 
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Table 2.1 (cont’d) 

Objective 3: Development of a DNA-based plasmonic biosensor platform for carbapenem-resistant bacteria  

Optimization of detectable color 

difference between target and non-

target samples 

The cost-effective, simple, and rapid GNP-

based colorimetric detection has not been tested 

or optimized for ARB. 

Spectrum absorbance measurements and visual 

results are utilized to optimize the assay for easy 

and rapid detection. 

[16–18] 

Determine the specificity and 

sensitivity of the plasmonic 

biosensor  

Many current methods for resistant bacteria 

detection often face issues with accessibility, 

selectivity, and sensitivity. 

Measuring absorbance of target and non-target 

samples at varying bacterial species and DNA 

concentrations, confirming with PCR test. 

[16,19,20] 

Objective 4: Parallel plasmonic biosensor platform for detection of gMNPs-extracted carbapenem-resistant E. coli from water and food samples 

Short-enrichment step after magnetic 

extraction for enough DNA sample 

(5h). 

A long enrichment step with > 6-9 h of 

extracted sample incubation is mostly required.  

Extract DNA from the gMNPs-bacteria mixture 

from water and food samples after 5 h incubation. 

[16,20,21] 

Implementation of the biosensor 

assay on DNA samples extracted 

from foods and water.  

Two biosensors parallelly target all 

E. coli and KPC-producing bacteria.  

A few GNP colorimetric biosensors have been 

used for the detection of target DNA extracted 

from matrices but not for direct CRE detection 

from biological matrices. 

Examine the detection of target DNAs from 

different matrices. 

Verify the detection with PCR tests. 

[16,17,20,22] 
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2.3. Experimental Design 

The detailed experimental design of each objective was further depicted in flowcharts, 

consisting of research questions, independent and dependent variables for the experiment plan, 

and data analysis for hypothesis testing. All detailed information, methods, results and discussion 

of each objective were provided in the following chapters. 

2.3.1. Experimental Design of Evaluating the Efficiency of gMNPs for Bacterial Capture 

The first objective (Chapter 3) was to assess the effectiveness of glycan-coated MNPs for 

capturing and concentrating carbapenem-resistant E. coli; Figure 2.1 illustrates the experimental 

design. The underlying hypothesis of gMNPs-bacteria interaction relies on the cell surface 

characteristics or cell wall components (such as cell morphology, cell surface charge, and 

receptor-ligand interaction). Thus, this study further explored cell surface characteristics, 

specifically cell morphology and surface charge, to better understand the gMNP-cell interaction. 

In this objective, there were two groups of bacteria: 1) carbapenem-resistant E. coli (R) 

isolates vs. carbapenem-susceptible E. coli (S) and 2) carbapenem-exposed E. coli vs. non-

exposed E. coli. Initial gMNPs cell interaction along with cell surface characteristics (surface 

charge and cell morphology) of the bacteria (group 1) in the absence of the antibiotic were 

evaluated. Then, the E. coli (S) were subsequently exposed to carbapenem concentrations (from 

low-inhibitory to high-level concentrations) for a long time to mimic low-level, medium-level, 

and high-level phenotypic resistance. A selected E. coli (R) was also exposed to the carbapenem 

concentrations to investigate the effect of carbapenem on resistant and susceptible cells. Their 

gMNPs-cell interaction and cell surface characteristics were also evaluated.  

The successful binding of gMNPs with these bacterial cells was confirmed using both 

transmission electron microscopy (TEM) and confocal laser microscopy (CLM). The gMNPs-

cell binding capacity was tested in a small-volume buffer solution using the standard plating 

method. Cell morphology was visualized by the TEM and CLM, and cell surface charge (zeta 

potential) was measured by a Zetasizer. Finally, all collected data were statically analyzed and 

discussed in terms of their similarities and differences; the hypothesis was tested and discussed. 

Part of the discussion included extensive literature research to understand these bacterial cell 

characteristics with respect to cell binding/attachment properties with the gMNPs. 
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Figure 2.1. Flowchart of experimental design of objective 1 in the research (created with Biorender).
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2.3.2. Experimental Design of Bacterial Extraction from Foods and Water Using gMNPs 

The gMNPs binding with E. coli I isolates from buffer solution were assessed compared 

to E. coli (S). The second objective (Chapter 4) was to further evaluate the effectiveness of 

gMNPs for extracting the focused E. coli I isolates from large-volume samples (water and 

foods). Figure 2.2 depicts the flowchart of the experimental design of this objective.  

In this objective, three E. coli isolates (KPC- and NDM-producing resistant E. coli 

isolates and the susceptible E. coli) were focused. The applicability and efficiency of gMNPs 

from large-volume samples are paramount; thereby, factors such as environmental pH and 

bacterial loads can impact their efficiency. The gMNPs-cell binding under optimal conditions 

was first analyzed with different bacterial concentrations and different pH buffer solutions in 

small volumes (1 mL). The application of gMNPs for bacterial extraction from artificially 

contaminated water and food samples (100 ml) and uninoculated samples (100 mL) was tested 

through the selective plating method. Results indicated viable capture of target cells and natural 

microflora from all matrices. Further gMNP-bacteria binding from samples was also visualized 

under TEM. All collected data were analyzed and discussed in terms of their similarities and 

differences; the hypothesis was tested and discussed. Part of the discussion included the literature 

research to assess the extraction of bacteria from matrices in the presence of natural microflora 

and food microparticles.  
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Figure 2.2. Flowchart of experimental design of objective 2 in the research (created with Biorender).
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2.3.3. Experimental Design of Development of Plasmonic Biosensor  

The third objective (Chapter 5) is to design a plasmonic biosensor platform for rapid 

detection of carbapenem-resistant bacteria (KPC-producing bacteria). This is a colorimetric 

biosensor utilizing the surface plasmon resonance of the GNPs. The simple assay only requires 

GNPs, DNA probes for target bacteria, and DNA samples. The biosensor procedure developed at 

the Nano-Biosensors Laboratory, MSU, was employed in this study for the detection of 

carbapenem-resistant bacteria. First, the dextrin-coated GNPs (dGNPs) were synthesized, and 

their characterization and stability were first tested. In this biosensor, the dGNPs were then 

functionalized with 11-mercaptoundecanoic acid (MUDA) using thiol-gold chemistry. This 

enables instantaneous non-covalent interaction of -COOH groups on the coat with amine groups 

on the probe. The samples were heated in a thermocycler for hybridization (95 °C for 5 min for 

denaturation and 55 °C for 10 min for annealing). In the absence of target DNA, no hybridization 

takes place. The addition of HCl induces dGNP aggregation by distributing their electrostatic 

repulsion. However, the presence of target DNA binds to the dGNPs-probe prevents dGNPs 

from aggregation; thus, samples with target DNA remained red and peak wavelength closer to 

520 nm, while non-target samples allow GNPs aggregation and results in color change (purple or 

blue) and right shift to higher peak wavelengths farther from 520 nm. 

The principle of the biosensor was Initially proved for the detection of the target DNA. 

First, a specific DNA probe for the carbapenem-resistant gene (blaKPC) was designed, and this 

assay was optimized in HCl acid volume (5-10 µL) and incubation (response) time (5-10 min) 

for the target detection. The optimal HCl amount was determined through qualitative and 

quantitative analysis. The different amounts of HCl (0.1 M) were added to the negative control 

(nuclease-free water) and target (10 ng/µL of KPC-producing E. coli from ATCC ), and non-

target (10 ng/µL of E.coli (S): E. coli C-3000)) tubes and incubated until the time of the 

aggregation of the control and non-target and without aggregation of the target tube, which is 

visually observable. The measured absorbance spectra were statistically analyzed; the optimized 

procedure has a significant and consistent peak shift difference between target and non-target 

samples. 

Further, the optimized biosensor was used to test for biosensor sensitivity with different 

DNA concentrations and specificity tests with several carbapenem-resistant bacteria harboring 

carbapenemase genes and carbapenem-susceptible bacteria, as depicted in Figure 2.3.  
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Figure 2.3. Flowchart of experimental design of objective 3 in the research (created with Biorender). 
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The biosensor results were further verified with PCR tests, and the diagnostic sensitivity 

and specificity were calculated. This designed platform was further assessed with current 

techniques in the discussion part. 

2.3.4. Detection of KPC-producing E. coli from Water and Food Samples 

The fourth objective (chapter 6) was to implement the developed biosensor platforms to 

detect the extracted KPC-producing E. coli from water and foods using the gMNP-based 

extraction procedure. The plating method needs overnight incubation, and the detection of the 

extracted bacteria with the plasmonic biosensor was tested, which can significantly reduce the 

detection time. 

In this objective, the designed biosensor using a uidA probe for E. coli detection 

(developed in our previous) and the developed biosensor (blaKPC) for KPC-producing bacteria in 

this research were implemented to detect and differentiate KPC-producing E. coli. First, the 

developed uidA biosensor was tested for all E. coli detection from pure culture, regardless of 

susceptibility status. Then, the biosensor was tested in DNA samples extracted from water and 

food samples, along with the KPC biosensor. Figure 2.4 illustrates the flowchart of the 

experimental design of this objective.  

In this parallel detection, the first task was the short enrichment of the gMNPs-bacteria 

mixture from food and water samples, followed by DNA extraction. The gMNPs-bacteria 

mixture (0.5 mL) for target-inoculated, nontarget-inoculated, and uninoculated (control) samples 

of each matrix were first transferred to TSB (4.5 mL) and incubated for 5 hours at 37 C. Then, 

DNA extraction was performed using the QIAamp kit, and their DNA concentrations were 

quantified using Nanodrop. The concentrations of all DNA samples extracted from samples were 

standardized to similar DNA concentrations on the basis of the lowest DNA concentration of any 

samples or uninoculated samples. Task 2 detects and differentiates KPC-producing E. coli from 

water and food samples by parallelly targeting the uidA and blaKPC genes. Finally, PCR tests 

were parallelly conducted on the same DNA samples to confirm the biosensor results. All 

biosensor and PCR results were discussed, and the hypothesis was tested. The efficiency and 

applicability of the combined assay were further discussed.  
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Figure 2.4. Flowchart of experimental design of objective 4 in the research (created with Biorender). 
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2.4. Data Analysis 

All experiments of each objective in this study were triplicate. The collected quantitative 

data in the following chapters were presented with average and standard deviations in bar graphs. 

All data were statistically analyzed at a 95% confidence interval. First, normality and equality of 

variance of each data set were tested to decide which statistical tests were applied, such as 

parametric test (e.g., student-t test or one-way analysis of variance (ANOVA)) or non-parametric 

test (e.g., Mann-Whitney or Kruskal-Wallis). Differences in measured properties were 

statistically analyzed and compared with their control or reference groups. All statistical results 

and each hypothesis of this research were detailed and discussed in their sections (chapters). 
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CHAPTER 3: ASSESSMENT OF GLYCAN-COATED MAGNETIC NANOPARTICLES 

FOR RAPID EXTRACTION OF CARBAPENEM-RESISTANT E. COLI 

Some parts of this chapter are from a published article, “Cell Morphology as Biomarker 

of Carbapenem Exposure,” The Journal of Antibiotics, 2024 (10.1038/s41429-024-00749-9). 

3.1. Introduction 

Antimicrobial resistance (AMR) is a major growing concern in emerging infectious 

diseases due to rapid demographic, environmental, and agricultural changes [1,2]. The misuse 

and overuse of antibiotics and their release into the environment have created selective pressure 

on bacteria [3–5]. The low level of antibiotics in the environment slows their growth and 

promotes the evolution of de novo resistance, selection of antibiotic-resistant mutants, and 

transfer of their genes [3,5–8]. The long-term sub-inhibitory antibiotic exposure modulates 

bacterial gene expression of about 5-10% of genes linked with the cellular process (e.g., protein 

synthesis, carbohydrate metabolism, target modification) [4]. This assists in the adaptation to 

new and unfavorable conditions and the emergence of new microbial phenotypes [4,6,8] for 

bacterial survival at above the minimum inhibitory concentration (MIC) [3,6,7,9]. Bacteria can 

enhance the effects of resistance due to their rapid multiplication (vertical evolution), passing the 

gene to their generations [10]. This is also accelerated by the horizontal gene transfer (HGT) 

between strains of the same species or different bacterial species [4,5,10–12]. Thus, the 

emergence and spread of antimicrobial-resistant bacteria (ARB) at an alarming rate pose severe 

challenges to the public and the medical community [2,4,13–15].  

In the last decade, carbapenem-resistant Enterobacterales (CRE) have been listed as 

critical priority infections by the World Health Organization (WHO) and the Centers for Disease 

Control and Prevention (CDC) due to limited treatment options [13,16–19]. The emergence and 

spread of CRE are mainly due to the rapid dissemination of genes encoding carbapenem 

hydrolyzing enzymes (carbapenemase) through HGT, which covers 30% of CRE [2,20,21]. The 

most prevalent carbapenemases in CRE are Klebsiella pneumoniae carbapenemase (KPC) and 

New Delhi Metallo-β-lactamase (NDM), Imipenemase (IMP), and Verona Integron-encoded 

Metallo-β Lactamase (VIM), and Oxacillinase-48 (OXA-48) [2,12,22]. These genes are often 

located on mobile genetic elements, leading to their rapid spread and resulting in infections and 

colonization [10,17,21,23]. Several microbiological studies have found carbapenemase-
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producing (CP) CRE in clinical and biological samples [2,4,12,24–28]. Thus, the rapid 

identification of the causative bacteria is of utmost importance in developing and implementing 

control and management options and treatment with the best antibiotic choices. 

Various methods for identifying and characterizing ARB have been developed rapidly 

and cost-effectively [2,9]. For rapid and accurate identification, pre-analytical sample processing, 

including the bacterial extraction, enrichment, and purification of bacteria from matrices, is also 

of utmost importance [29,30]. However, isolation (extraction) of ARB, including CRE, has not 

been documented well in the literature; thus, extraction of these bacteria needs attention. 

The existing methods for bacterial extraction are physical methods (e.g., centrifugation 

and filtration) and chemical and biological methods (e.g., dielectrophoresis, metal hydroxides, 

and magnetic nanoparticle (MNP)-based separation) [29–31]. Among these, MNP-based 

methods have commonly been used to rapidly and effectively extract bacteria; MNPs draw 

attention due to cost-effectiveness, stability, benign nature, and biocompatibility with detection 

assays [30,32–34]. One of the most significant advantages of MNPs is their superparamagnetic 

properties, assisting in rapidly dispersing MNPs in liquids; these can still be magnetized and 

manipulated by an external magnetic field [30,32,35,36]. Another beneficial property is their 

high surface area/volume ratio, which gives higher adsorption capacity, leading to potentially 

high binding capacity with the target. The MNP-bacterial cell attachment relies on adsorption 

and makes use of naturally occurring biological or chemical interactions between affinity ligands 

and specific surface substrates on solid support [29,30,37]. Affinity agents can be antibodies, 

bacteriophages, proteins, carbohydrates, and charged particles that interact through 

physicochemical interactions, including Van der Waal’s forces, electrostatic interactions, and 

hydrogen bonding [29,30]. These separation techniques can be nonspecific or specific to a target 

[30,37].  

In MNP-based separation, immunomagnetic separation (IMS) has commonly been used 

for rapid selective separation. However, the lack of standardization, high experimental cost, and 

their storage conditions are primary limitations [29,30]. Recently, the use of glycan-coated 

MNPs (gMNPs) offers several advantages: 1) a simple one-pot synthesis, allowing large-scale 

production abilities; 2) stability at room temperature with longer-shelf life, eliminating issues 

such as affordability and low-resource accessibility; 3) the glycan-based interaction of gMNPs 

allows its application in several bacterial types [30], making gMNPs a lucrative alternative. 
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However, the application of gMNPs for ARB extractions has not been evaluated. Thus, this 

study aims to investigate the capability of the promising gMNPs on carbapenem-resistant 

bacteria, CP-CRE, capture. 

The gMNPs-bacterial cell binding (capture) relies on bacterial cell surface characteristics, 

such as morphological characteristics, electrostatic surface charge, hydrophobic or hydrophilic 

interactions, and glycan-lectin binding sites [30,38,39]. Therefore, cell surface characteristics 

(morphological and electrostatic surface charge) of bacteria help in understanding their MNP 

attachment mechanisms. 

3.1.1. Platform Novelty 

Despite the increasing global burden of CRE infections, there is a considerable 

knowledge gap on bacterial extraction, including MNP-bacterial cell interactions. Therefore, this 

study sought to expand the body of knowledge on the interaction of gMNPs with CP-CRE 

isolates, specifically CP E. coli, due to their prevalence worldwide [12,23,40–44]. 

This study evaluated two groups of E. coli isolates to further understand the MNP-cell 

attachment mechanisms. The first group referred to carbapenem-susceptible E. coli (S) versus 

carbapenem-resistant E. coli (R) isolates in the absence of carbapenem stress (exposure); their 

initial MNP-cell binding capacity, along with the cell surface characteristics were evaluated. The 

second group was the carbapenem-exposed versus non-exposed E. coli isolates (E. coli (S) and 

E. coli (R: KPC)); their cell surface characteristics and MNP-cell interaction were also evaluated. 

For experimental aspects, the cell surface characteristics in terms of cell morphology and surface 

charge were first examined. MNP-bacterial cell binding (adhesion) was then confirmed under 

microscopes, and their binding capacity was assessed by concentration factor (CF) using the 

standard plating method. Further, the MNP-cell interaction of E. coli (R) isolates in the absence 

and presence of carbapenem stress was compared and discussed with that of E. coli (S), along 

with their cell surface characteristics. 

3.2. Materials and Methods 

3.2.1. Materials 

Bacterial strains of susceptible E. coli C-3000 (ATCC 15597) and KPC-producing 

carbapenem (imipenem and ertapenem)-resistant E. coli (BAA-2340) were obtained from the 

American Type Culture Collection (ATCC). A total of 7 CP E. coli isolates were obtained from 
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the Michigan Department of Health and Human Services (MDHHS). The glycan (chitosan)-

functionalized MNPs were from Dr. Evangelyn Alocilja’s Nano-Biosensors Laboratory at 

Michigan State University (MSU). Racks for magnetic separation were purchased from 

Spherotech (Lake Forest, IL). Tryptic Soy Agar (TSA), Tryptic Soy Broth (TSB), and 

phosphate-buffered saline (PBS, pH 7.4) were purchased from Sigma Aldrich (St. Louis, MO). 

Imipenem antibiotic was purchased from Cayman Chemical (Ann Arbor, Michigan), and the 

polyethersulfone filter was purchased from the PES (Vernon Hills, IL). Gram staining materials 

(Gram iodine, Gram's safranin solution, ethanol, and crystal violet) were purchased from VWR 

International (Radnor, PA). For imaging, Transmission Electron Microscope (TEM) supplies 

(glutaraldehyde, uranyl acetate stain, and cacodylate buffer) were provided by the Center for 

Advanced Microscopy (CAM), MSU. Copper grids for TEM (formvar/carbon 200 mesh copper) 

were obtained from Electron Microscopy Systems (Hatfield, PA).  

3.2.2. Bacterial Groups of This Study (Study Approach) 

CP E. coli isolates from MDHHS harbors KPC, NDM, VIM, IMP, and OXA-48 genes; 

their resistant profile or genes were identified by molecular (CARBA-R Cepheid assay and CDC 

laboratory-developed assay) and growth-based AST methods in MDHHS. Stock cultures of all 

CP E. coli isolates and a susceptible E. coli isolate were stored at -80 °C. The resistant and 

susceptible cultures were refreshed by plating on TSA and incubated for 24-48 h at 37 °C. For 

each experiment, fresh bacterial cultures are prepared in 9 mL of TSB with 4-6 h incubation at 

37 °C. 

As previously mentioned, this study was conducted on two groups of bacteria, which 

were in the presence and absence of the antibiotic, as listed in Table 3.1. The first group did not 

have any antibiotic exposure, and the second group had antibiotic exposure; their MNP-cell 

binding capacity, with cell surface characteristics, was assessed. 

Carbapenem (imipenem) antibiotic was used for the second group of bacteria. Imipenem 

is a broad spectrum of carbapenem against gram-positive and gram-negative bacteria and multi-

resistant strains [45]. The current break point of imipenem for Enterobacteriaceae is defined as < 

1 µg/mL for the susceptible, 2 µg/mL for the intermediate, and > 4 µg/mL for resistant by the 

Clinical & Laboratory Standards Institute (CLSI) [46]. Based on the breakpoint levels, the 

antibiotic concentrations were defined as follows: low-level (0.25 and 0.5 µg/mL), intermediate 

(1 and 2 µg/mL), and high-level (4 and 8 µg/mL) in this study. 
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Table 3.1. Tested bacterial groups in this study. 

1) Carbapenem-susceptible E. coli vs 

carbapenem-resistant E. coli 

2) Carbapenem-exposed E. coli vs non-exposed E. coli 

 Reference bacteria  Resistant bacteria  

No antibiotic-treatment  

(Control, 0 μg/mL)   

Antibiotic-treatment  

0.25 and 0.5 μg/mL, 

1 and 2 μg/mL, 

4 and 8 μg/mL, 

 

 

 

E. coli (S) 

E. coli (R) 

R1: KPC (ATCC) 

R2: NDM 

R3: KPC 

R4: KPC 

R5: OXA-48 

R6: VIM 

R7: OXA-48 

R8: NDM 

 

E. coli (S) 

E. coli (R1: KPC) 

 

E. coli (S) 

E. coli (R1: KPC) 

Carbapenem-exposed E. coli was first created through serial long-term exposure of E. 

coli (S) to imipenem to mimic low-level, medium-level, and high-level resistance. Also, E. coli 

(R1: KPC) were exposed to the antibiotic. This study also investigated the physiological 

response of E. coli (S) and E. coli (R1: KPC) to increasing imipenem concentrations for a long 

period (30 growth cycles).  

3.2.2.1. Long-Term Serial Carbapenem Exposure  

Imipenem was dissolved in a phosphate buffer solution (PBS, pH 7.4). The prepared 

antibiotic solution was filter sterilized using 0.22 µm pore size polyethersulfone (PES). The 

sterilized antibiotic solutions were added to each labeled bottle of the cooled molten TSAs 

(around 40-50 oC); the bottles were mixed and poured into petri dishes. No antibiotic was added 

for the control (0 µg/mL, antibiotic-free growth). The plates were allowed to dry for two hours 

and then used on the day of preparation. Also, uninoculated TSAs with/without antibiotics were 

verified for the absence of any microorganisms. This preparation technique was adapted from an 

earlier study [47]. 

A general overview of the long-term antibiotic exposure is outlined in Scheme 3.1. E. 

coli (S) and E. coli (R1: KPC) were serially exposed to imipenem by standard-plating method 

during the 30 cycles. First, the overnight cultures were plated onto the prepared TSA plates, 

including different antibiotic concentrations (0, 0.25, 0.5, 1, 2, 4, and 8 µg/mL), and incubated at 

37 °C for 24 hours to one week. The growth of E. coli (S) at 0.25 µg/mL and 0.5 µg/mL was 

observed within 24h, while the growth at 1 µg/mL (MIC) was observed within 36-48 h. Once 

growth was seen on the TSA plates, the surviving cells were transferred onto TSA with the same 

antibiotic concentration for serial growth cycles. However, there was no growth of E. coli (S) at 
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high levels of MIC antibiotic exposure (2, 4, and 8 µg/mL) during the week-long incubation. In 

preliminary works, bacteria growing under 1 µg/mL of imipenem at the end of the 5th cycle were 

able to survive in higher concentration; thus, they were transferred to TSA plates with 2 µg/mL 

imipenem, and their serial process was started. A similar procedure was applied for 4 and 8 

µg/mL of imipenem exposure, which was transferred from the exposed cells at 2 and 4 µg/mL at 

the end of the 5th cycle, respectively. Their serial exposure cycles were started and continued for 

30 cycles. Further, the increasing imipenem exposure was also conducted on E. coli (R1: KPC); 

the cells were able to grow at each concentration, and their serial cycles were continued during 

30 growth cycles.  

 

Scheme 3.1. Overview of the experimental procedure for long-term antibiotic exposure on 

susceptible bacteria (created with BioRender.com, accessed on 10 June 2022). 

3.2.3. gMNP Synthesis and MNP-Bacteria Binding Capacity 

In-house proprietary chitosan (glycan)-functionalized MNPs were synthesized in the 

Nano-Biosensor Lab, MSU, following a previously documented procedure [48]. Briefly, iron 

oxide (III) or magnetite (Fe3O4) core with glycan (chitosan) shells was used to make the MNPs. 

Ferric chloride hexahydrate (as a precursor) in a mixture of ethylene glycol (as a reducing agent), 

sodium acetate (as porogen), and deacetylated chitosan (5 mg/mL) were used for MNPs 

synthesis. Chitosan was polymerized to surface‐modify the iron oxide nanoparticles. Batches of 

the gMNPs were stored at room temperature for further use. The gMNPs are stable for at least 3 

years; new synthesis was not required for everyday analysis. The gMNPs were suspended in 

sterile deionized water and sonicated before each experiment.  
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The gMNPs-cell attachment capacity was quantified through plating (colony counting) on 

solid growth media, using concentration factor (CF) as depicted in Scheme 3.2, which was 

adapted from an earlier study [49]. First, 4-6 h spiked bacterial cultures were serially diluted in 

the PBS (pH:7.4) to a concentration of approximately 103 CFU/mL, plated for initial bacterial 

counts as a control group. For the experiment group, 100 µL of gMNPs was added into 900 µL 

of the diluted bacterial samples, vortexed for 10-15 seconds, and then incubated for 5 minutes. 

After 5 minutes of magnetic separation and supernatant removal, it was resuspended in 100 µL 

of PBS. The final samples were plated on TSA and incubated for 24 h at 37 °C.   

 

Scheme 3.2. The procedure of gMNPs-bacteria binding capacity (created with BioRender.com, 

accessed on 10 November 2022). 

The MNP-cell binding capacity was determined by concentration factor (CF) through 

colony counts; only plates with ~20-200 individual colonies were used. The CF was calculated 

separately for each isolate based on control and treated samples using the following formula 

(Equation 1). 

                  (1) 

3.2.4. Cell Surface Charge (Zeta Potential) Measurement 

The zeta potential of bacteria was measured using Zetasizer (Zen3600, Malvern, 

Worcestershire WR14 1XZ, UK), following earlier procedure [49]. The consistency of bacterial 

concentration of the freshly grown cultures was confirmed using optical density (OD 600: ~0.5) 

by NanoDrop One C (Thermo Fisher Scientific, Madison, WI). Then, the bacterial culture in 

TSB was centrifuged at 10000 rpm for 3 minutes (Eppendorf AG, 22331 Hamburg, Germany). 

After removing the supernatant, the pellet was resuspended in 1 mL of sterile deionized water. 

Concentration Factor =  
number of colonies  in treated sample

number of colonie  in control sample
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Finally, the resuspended samples were loaded into a folded capillary cuvette and then placed 

onto the instrument for reading Zeta Potential values. The experiments were performed in 

triplicates. 

3.2.5. Visualization of Bacterial Cells and MNP-Cell Interaction 

Visualization of bacterial cells and confirmation of the MNP-cell attachment was assisted 

by a 3D laser scanning confocal microscope (LSCM) (VK-X1000 Series, Keyence, Osaka, 

Japan) at Dr. Alocilja’s Nano-Biosensors Laboratory, MSU. For visualization of pure bacterial 

cells using the LSCM, 2-3 of the chosen colonies on the plates were smeared on the microscope 

slides, and the gram-staining procedure was applied. The LSCM also allowed to visualize the 

MNP-cell interactions. For the imaging, the final sample of the MNP-cell mixture was 

resuspended in 100 µL sterile water after magnetic extraction and supernatant removal. A total of 

10-20 µL of the final sample was placed on a glass slide, followed by the gram-staining. Optical 

images of pure bacterial cells and gMNPs-cell interaction from different spots on the slides were 

taken under 100x magnification. 

The ultrastructure of these cells was also observed using a transmission electron 

microscope (TEM) (JEM-1400 Flash, Jeol, Nieuw-Vennep, Tokyo, Japan) at the CAM, MSU. 

Briefly, a loop of colonies of the overnight pure culture and gMNP-cell mixture was separately 

dissolved in the fixative solution (2.5% glutaraldehyde in 0.1M cacodylate buffer) and then 

dropped onto the grid. After negative staining with uranyl acetate, the grids were loaded into the 

specimen holder of the TEM, and images were taken in the range of 5000-25000x magnification. 

3.2.6. Statistical Analysis 

All experiments in this proposed study were triplicate, and quantitative data were 

presented with average and standard deviations. Differences in the measured values (zeta 

potential and concentration factor) of each group were statistically analyzed at a 95% confidence 

interval using the Kruskal-Wallis H test followed by post-hoc Dunn's test. 

3.3. Results and Discussion 

3.3.1. Visualization of Bacterial Cells 

Initial cell morphology (cell shape) of E. coli (S) and E. coli (R) cells of the first group 

were monitored using the LSCM, as illustrated in Figure 3.1. The rod shape of E. coli (S) was 
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initially confirmed. The cell structure or shape of E. coli (R) isolates were all similar; these cells 

were heterogeneous with nonperfect rod and round cells, unlike the susceptible cells. Some 

studies showed that the biochemical components of antibiotic-resistant cells are different from 

those of susceptible bacteria based on distinct fingerprint patterns. Raman spectroscopy is one 

example where bacterial differentiation or detection was achieved using this pattern [50,51]. 

Thus, the cell shape differences in all E. coli (R) isolates compared to E. coli (S) cells could be 

the result of alteration in cell wall components.  

 
E. coli (S) 

   
E. coli (R1: KPC) E. coli (R2: NDM) E. coli (R3: KPC) 

   
E. coli (R5: OXA-48) E. coli (R6: VIM) E. coli (R8: NDM) 

Figure 3.1. The cell shape of carbapenem-susceptible E. coli (S) and carbapenem-resistant E. coli 

(R) isolates in the absence of carbapenem exposure (group 1), visualized using a 3D laser 

scanning confocal microscope (LSCM). 

Further, the cell shape of the control (non-exposed) and the exposed E. coli cells of the 

second group at the low, medium, and high-level imipenem concentrations were obtained and 

illustrated in Fig 3.2. The rod-shaped cells of E. coli (S) mostly turned round after carbapenem 

exposure. The cell morphology was heterogeneous, with imperfect rods and round cells. In 

addition, the initial cell shape of E. coli (R1: KPC), control, was found to be heterogenous (rod 

and round shapes). Following exposure to imipenem, no major changes in shape were observed 

(Figure 3.2a). The ultrastructure of the carbapenem-exposed and non-exposed E. coli cells was 
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further visualized using TEM. The images of the control and exposed E. coli (S) clearly showed 

the round shape of the exposed cells at increasing imipenem concentrations. The non-exposed 

and exposed E. coli (R1: KPC) cells similarly had both rod and round cells as clumped forms 

(Figure 3.2b). 

The susceptible bacteria were possibly affected by the antibiotic stress, resulting in their 

slower growth. Studies suggest that changes in cell components and morphology are 

interconnected with bacterial growth rate [52–58]. For example, an earlier study evaluated the 

morphological changes of Acinetobacter baumannii induced by imipenem and meropenem. The 

morphological changes were seen in susceptible and resistant bacteria; however, imipenem 

showed a stronger effect on susceptible bacteria [59]. Elsewhere, the cell shape of gram-negative 

bacilli exposed to carbapenems turned to spherical or ovoid cell forms was seen in all strains of 

E. coli, K. pneumoniae, P. aeruginosa, Proteus spp., and S. marcescens [60]. In another study, 

sensitive gram-negative bacilli showed morphological changes with exposure to cephalothin, 

while naturally resistant bacteria were unaffected [61]. Their study further indicated that no 

morphological changes in the cells were observed after they were made resistant by repeated 

subculture (after 24 transfers) in increasing concentrations of antibiotics [61]. Accordingly, the 

similarities in the shape and stability of the exposed E. coli (S) with all E. coli (R) isolates might 

be the reason for acquiring permanent resistance.  

The heterogeneous shapes might be due to the effect of carbapenems on the cell wall, 

disrupting cell wall synthesis. Since carbapenems enter the bacteria through outer membrane 

proteins (porins) and degrade the penicillin-binding proteins (PBPs) at the cell wall, weakening 

the glycan backbone in the cell wall [45,62,63]. Several studies highlighted that β-lactam 

antibiotics induce elongation and spheroplast formation in many species of Gram-negative and 

some species of Gram-positive bacteria as a result of the loss of peptidoglycan layer that 

provides rigid, shape-determining structure and membrane tension to cells [58,60,61,64]. 

Researchers have also stated that the heterogeneity in morphological changes may result from 

binding with more than one PBP. For example, the affinity to PBP-1 or PBP-2 results in 

spheroplast forms, while the binding with PBP-2 or PBP-3 causes cell elongation, depending on 

exposure period and antibiotic concentration [58–60,64]. 
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(a) 
E. coli (S), control E. coli (S), 0.25 µg/mL E. coli (S), 1 µg/mL E. coli (S), 8 µg/mL 

    
E. coli (R1), control E. coli (R1), 0.25 µg/mL E. coli (R1), 1 µg/mL E. coli (R1), 8 µg/mL 

    

(b) 

E. coli (S), control  E. coli (S), 0.25 µg/mL E. coli (S), 1 µg/mL  E. coli (S), 8 µg/mL 

    

E. coli (R1), control  E. coli (R1), 0.25 µg/mL E. coli (R1), 1 µg/mL E. coli (R1), 8 µg/mL 

    

Figure 3.2. Microscopic images of carbapenem-exposed and non-exposed E. coli cells at low, 

medium, and high-level concentration (group 2), using a 3D laser scanning confocal microscope 

(LSCM) (a) and Transmission Electron Microscopy (TEM) (b). 

Further, antibiotics induce endolysin expression and lead to vesicle formation through 

explosive cell lysis in gram-negative bacteria [65,66]. Also, antibiotic exposure could induce 

some changes inside the cytoplasm [67]. Various studies showed that alteration in the 

biosynthesis of cell wall material, membrane components, and cytoplasmic contents may result 

in disruptions in cell surface characteristics, including cell morphology and surface charge 

[57,58,68–70]. Differences in the cell wall composition of bacterial species can affect their cell 

adhesion properties (surface charges and specific binding locations) [30,32,53,71–73]. Thus, the 
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observed morphological characteristics in this study might impact their motility, cell adhesion, or 

attachment to substrate surfaces. Cell surface characteristics, therefore, need further attention; the 

zeta potential of these isolates was also assessed to understand their MNP-cell interaction better. 

3.3.2. Cell Surface Charge (Zeta Potential) 

Zeta potential values were used as a proxy for cell surface charge. The average zeta 

potential values of E. coli (S) and E. coli (R) isolates of the first group are illustrated in Figure 

3.3a. The average zeta potential value of E. coli (S) was approximately -54 mV, while all E. coli 

(R) isolates were between -20 mV and -43 mV. Overall, E. coli (R) cells had significantly lower 

negative zeta potential values (p < 0.05) compared to the reference bacteria (E. coli (S)).   

The values of the non-exposed and the exposed E. coli (S) and E. coli (R1: KPC) are 

illustrated in Figure 3.3b. All exposed E. coli (S) cells were between -31 mV and -36 mV, while 

non-exposed E. coli (S) cells were around -54 mV. However, the non-exposed E. coli (R) and 

their exposed cells were in a similar range, approximately -43 mV to -40 mV. The zeta potential 

values of the non-exposed and exposed E. coli were statistically analyzed. The surface charge 

differences between non-exposed and exposed E. coli (S) were significantly different (p < 0.05), 

while there was no significant difference between the non-exposed and exposed E. coli (R1: 

KPC). The long-term exposed E. coli (S) showed similar zeta potential values with all E. coli (R) 

samples regardless of carbapenem exposure. It could be concluded that carbapenem exposure 

can significantly influence the surface charge of susceptible bacteria but not resistant bacteria, 

similar to the morphological characteristics. 

Cell surface charges are associated with multiple factors, including the outer membrane 

compounds on the cell wall, the tridimensional structure of the cell surface, environment pH, and 

ionic strength, among others [69,74]. Zeta potential is mainly linked with negatively charged 

functional groups accompanied by lipopolysaccharide, phospholipids, and proteins on the cell 

surface of gram-negative bacterial while it is  accompanied by peptidoglycan, teichoic acid, and 

teichuronic acid on the surface of gram-positive bacteria [74,75]. For instance, Soon and 

coworkers (2011) found that colistin-susceptible Acinetobacter baumannii cells exhibited a 

greater negative charge than colistin-resistant Acinetobacter baunmannii cells [70], similar to our 

findings. They also indicated that the differences might be the result of Lipopolysaccharide 

(LPS) loss in outer membrane proteins in resistant cells [70]. Further, another study stated that an 

alteration in the lipid A structure of cell walls reduces the negative charge of the cell, resulting in 
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the electrostatic repulsion of cationic peptides to the cell wall [8]. Thus, the difference might be 

the reason for the reduction or loss of outer membrane protein (porins) in carbapenem-resistant 

bacteria because carbapenems are not easily diffusible through the cell wall, but they enter the 

bacteria through outer membrane proteins (porins), as stated earlier [2]. Accordingly, the 

chemical nature of cells and potential modification in cells under any stress (environmental 

condition) lead to differences in growth rate, affecting cell wall composition, cell morphology, 

anion and cationic balance on the cell surface, electrical potential differences, and bacterial 

adhesion properties [57,68,69,74,75].  

 

Figure 3.3. The average zeta potential values of E. coli isolates (a) E. coli (S) versus E. coli (R) 

isolates in the absence of carbapenem exposure (group 1) and (b) carbapenem exposed and non-

exposed (control) E. coli (S) and E. coli (R1) (group 2). 

In addition, electrostatic surface charges are primed for the evolution of the bacterial 

adhesion process [69,74], utilized for interaction between bacteria and nanoparticles in many 

areas (pharmacology, biotechnology, chemistry, nanomedicine, etc.) [57,75] as well as efficient 

bacterial extraction and detection in different matrices [30,32,57]. However, studies on surface 

charges of ARB, including CRE and their cell adhesion properties, are limited. Thus, this study 

exhibited surface charge characteristics of CRE (CP E. coli) compared with reference 

(susceptible) bacteria for further insights into their cell attachment properties, particularly with 

nanoparticles.  

3.3.3. MNP-Cell Binding Capacity: Concentration Factor 

 The synthesized gMNPs were first characterized for their size and surface charge using 

the zeta sizer and TEM. The gMNPs were found to be 40-300 nm in diameter, which provides a 
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higher surface area-to-volume ratio and superparamagnetic properties, improving bacterial 

capture [49,76]. Further, gMNPs are positively charged (+20 mV) and create electrostatic 

interaction with negatively charged bacterial cells for attachment [76]. 

The efficacy of gMNPs’ binding with E. coli (S) and all E. coli (R) cells of the first group 

was initially investigated using concentration factor (CF). All E. coli (R) isolates showed 

significantly lower CF (~0.4-1.3) than CF of E. coli (S) (~5.3), as seen in Figure 3.4a. Overall, 

all E. coli (R) isolates had much lower bacterial cells compared to E. coli (S).  

 

Figure 3.4. The average concentration factor (CF) of E. coli isolates: a) E. coli (S) versus E. coli 

(R) isolates in the absence of carbapenem exposure (group 1) and (b) carbapenem exposed and 

non-exposed (control) E. coli (S) and E. coli (R1) (group 2). 

Further, the gMNPs were used to capture the non-exposed and exposed E. coli cells; 

Figure 3.4b illustrates the CF values. The non-exposed E. coli (S) had a higher CF value than the 

exposed E. coli (S) in the range of 4.6-1.1. The CF of non-exposed and exposed E. coli (R1: 

KPC) were closer, in the range of 1.6-1.2. Overall, gMNPs captured more E. coli (S) cells 

compared to exposed E. coli (S) and all E. coli (R) isolates. As previously stated, this might be 

related to the differences in cell surface characteristics of susceptible bacteria compared with 

resistant cells and carbapenem-exposed cells since the MNP-cell interaction was hypothesized to 

be related to the differences in cell wall components in each bacteria type [30,49,53]. 

Bacterial cell adhesion mainly relies on electrostatic interaction and receptor-ligand 

interaction, regardless of susceptibility status; bacterial cell attachment to surfaces is facilitated 

by adhesins (polypeptides (fimbrial (pili)) or polysaccharides (usually components of the 

bacterial cell membrane, cell wall, and capsule)) [77–80]. Each bacteria type has unique 
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components and adhesion mechanisms; they mainly use fimbriae for attachment to host cells, but 

their length, type, and roles are different for each bacterial type, even for their serotypes 

[77,81,82]. Thus, the chemical nature of cell surface components and the hydrophilic and 

hydrophobic groups on cell walls led to differences in cell adhesion properties, including 

nanoparticle-bacterial cell attachment capacity [57]. 

In studies on comparison of nanoparticle-cell attachment capacity, for example, the gram-

positive bacteria showed higher attachment to positively charged gold nanoparticles; the surface 

charge of gram-positive bacteria was found to be higher negative than that of gram-negative 

bacteria  [75]. In a recent work, glycan-coated MNPs were assessed on gram-negative and gram-

positive bacteria: CF of gram-negative bacteria, E. coli O157, was lower than those of gram-

positive, L. monocytogenes and S. aureus; the surface charge of E. coli O157 was lower negative 

charge (~-4 mV) than that of L. monocytogenes and S. aureus (~-35 mV and ~-42 mV, 

respectively) [49]. In another study, polyethyleneimine-modified magnetic microspheres 

(Fe3O4@PEI) were assessed to capture bacteria using capture efficiency (CE);  the average CE 

of S. aureus, A. baumannii, and P. aeruginosa were found to be 97.87% for, 80.57% and 

97.25%, respectively, which is in relationship with their zeta potential values -50.4 mV, −23.9 

mV, and − 34.6 mV, respectively [83]. In our study, E. coli (S) similarly had higher CF, with a 

lower charge, and E. coli (R) had lower CF with a higher charge. Our study further proved the 

established hypothesis that MNP-cell interaction is inversely related to the zeta potential. 

 Overall, our study specifically illustrated that gMNPs captured resistant cells. Also, 

previous studies hypothesized that MNP-bacterial cell interaction is also based on receptor-

ligand interaction, including glycan-lectin binding. To further elucidate the MNP-bacteria 

binding interactions, microscopy was used.  

3.3.4. Visualization of gMNPs-Cell Interaction 

The gMNPs-bacterial cell interactions were confirmed using the LCSM. Figure 3.5a 

shows the successful binding of gMNPs to E. coli (S) and E. coli (R) cells of the first group. 

Clusters of susceptible and resistant cells surrounded by gMNPs were commonly seen, 

particularly in E. coli (R) isolates. Also, multiple gMNPs are attached to the individual cells. 

Further, the gMNPs-cell binding capacity of carbapenem-exposed and non-exposed E. coli cells 

of the second group were visualized using TEM. As observed in the images (Figure 3.5b), the gMNPs 

similarly bind to carbapenem-exposed and non-exposed bacterial surfaces. The presence of multiple 
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gMNPs on the cluster or single cells may improve bacterial cell capture. The small size of gMNPs can 

assist in moving faster than larger particles, interacting with bacterial cells, and increasing their bacterial 

capture [30,49,76]. 

(a) 

     
E. coli (S) E. coli (R3: KPC) E. coli (R5: OXA-48) E. coli (R6: VIM) E. coli (R8: NDM) 

(b) 

   
E. coli (S), control  E. coli (S), 1 µg/mL E. coli (S), 8 µg/mL 

 

 

 

 

E. coli (R1), control E. coli (R1), 1 µg/mL E. coli (R1), 8 µg/mL 

Figure 3.5. Visualization of gMNPs-cell interaction of E. coli isolates: (a) E. coli (S) versus E. 

coli (R) isolates in the absence of carbapenem exposure (group 1), using a 3D laser scanning 

confocal microscope (LSCM) and (b) carbapenem exposed and non-exposed (control) E. coli (S) 

and E. coli (R1) (group 2), using Transmission Electron Microscopy (TEM). 

The LSCM and TEM images further showed that the gMNPs mostly bind to some 

portions of the cells. This might be due to location-specific glycan–protein interaction. The 

MNP-bacterial cell interaction based on carbohydrates and cell surface proteins is an established 

phenomenon. For example, the adhesion FimH, a two-domain protein, binds to terminal mannose 

residues [84], concanavalin A is another protein, binding to sugar maties in lipopolysaccharide 

[85], and sugar moieties can bind to C-type Salmo Salar Lectin (SSL) [86]. Site-specific 

attachment of bacterial cells using microscopic images was further illustrated in several studies 

[30,73,87].   
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As previously studied, the MNP-bacteria attachment relies on multiple forces: random 

Brownian motion, electrostatic interaction, receptor-ligand interaction by van der Waals forces 

and hydrogen bonds [30,49,88]. This study further showed that these interactions have 

successfully allowed gMNPs-resistant cell binding, similarly with susceptible cells. However, it 

should be noted that the lower MNP-cell capture in E. coli (R) isolates could be due to the 

alterations in morphological characteristics, cell surface charges, and the specific-location 

binding (glycan-protein interaction) [76].  

Further, the gMNPs can be used without further surface modification, do not require cold 

storage, and are chemically stable for three years at room temperature, significantly reducing the 

cost [2]. The estimated material cost of gMNPs per assay was 0.5 USD [87,89], significantly 

lower than that of antibody-coated MNPs, which is estimated at 5-10 USD per assay [90]. In 

addition to its cost-effectiveness, bacterial extraction and concentration using gMNPs can be 

done within 15 min [30,76]. Overall, the non-selective gMNPs allow the capturing of several 

bacterial types and resistant bacteria at once, which does not require specific affinity binding and 

specific preparation for each bacterial type. The economical, efficient, and rapid nature of 

gMNPs and their storage conditions increase their use and accessibility for bacterial separation, 

particularly in low-resource settings. However, future works are required to increase its 

applicability and accessibility. 

3.3.5. Future Perspectives 

The present study shows that gMNPs can rapidly capture ARB, including CRE (CP E. 

coli).  which further elaborate bacterial characteristics and adhesive properties. The findings of 

the gMNP-cell interaction and cell surface characteristics (cell morphology and cell surface 

charge) for susceptible and resistant E. coli cells further elaborate bacterial characteristics and 

adhesive properties. While this study assessed several resistant E. coli isolates, they were 

compared by only one susceptible E. coli, and further studies with larger sample sizes are 

required. Each bacterial type/serotype, regardless of susceptibility status, has unique 

characteristics, adhesive properties, and relationships with hosts, which offer diverse genetic 

variability [91,92]. For instance, E. coli has various pathogen groups and serotypes (O- and H- 

antigens; >700 serotypes) based on virulent and antigen typing, respectively [93,94], each of 

which might affect their cell surface characteristics and interaction with surfaces. Thus, this 

study can be extended to include more susceptible E. coli isolates consisting of non-pathogenic 
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and pathogenic types to elucidate if all susceptible E. coli cells behave similarly. In addition, 

other common carbapenem-resistant bacteria such as Klebsiella, Enterobacter, Pseudomonas, 

and Acinetobacterwith their susceptible types and other causative-resistant bacteria (methicillin-

resistant Staphylococcus aureus, vancomycin-resistant Enterococcus, ampicillin-resistant 

Salmonella, colistin-resistant E. coli, etc.) should be assessed to further elucidate the behavior of 

resistant and susceptible cells. 

Although this study showed that gMNPs’ binding capacity to carbapenem-resistant and 

carbapenem-exposed E. coli cells was lower compared to susceptible E. coli, which could be 

related to cell wall components, further attention is needed to elucidate the interaction of gMNPs 

with bacteria and the surrounding environment. For instance, many bacteria can produce biofilm 

under any stress as their defense mechanism; biofilm is typically a combination of 

polysaccharides, proteins, lipids, and DNA, and bacterial cells in the biofilm matrix do not have 

Brownian movement [95,96]. Thus, future studies are needed to test the biofilm formation of 

bacteria in the absence and presence of antibiotic exposure, along with their interaction with 

gMNPs. Further, gMNPs can be tested in different matrices such as clinical, environmental, and 

food samples to understand the effect of matrix components and background microflora on the 

gMNP-bacteria adhesion mechanism. Moreover, although this magnetic separation using gMNPs 

is simple, rapid, and cost-effective, its efficiency can be further improved by coating amine 

groups to increase their positive surface charge, which was shown to be capable of increasing the 

capture capacity in food matrices [72]. 

While this study confirmed the differences in cell surface characteristics (cell 

morphology and cell surface charges) of the antibiotic-exposed and resistant cells; urgent 

attention is needed to explore their cell characteristics further. Further studies are needed to 

elucidate the mechanism of antibiotic exposure on bacterial cells. For instance, this study used 

only one carbapenem (imipenem); studies might be extended to use meropenem, which 

demonstrates enhanced activity against Gram-negative bacilli [97,98] and different kinds of 

antibiotics, such as cephalosporins and fluoroquinolones. Moreover, this study showed that long-

term serial carbapenem exposure led to changes in cell morphology, which might be due to 

mutation in PBPs and/or outer membrane protein (porin) relying on the resistant mechanism 

[11,13,14,63]. The exposed bacteria may be genetically characterized using whole genome 

sequencing to define emerging resistance. 
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3.4. Conclusion 

This study assessed the applicability of gMNPs for the isolation of carbapenem-resistant 

E. coli compared with susceptible E. coli. The cell surface characteristics (cell morphology and 

surface charge) were further evaluated to understand the MNP-cell binding mechanisms. The 

gMNPs successfully bound to resistant E. coli cells, which was confirmed with microscopic 

image and standard plating method. This study further showed the differences in cell surface 

characteristics of the resistant cells, impacting their MNP interaction. In future work, the 

applicability of the gMNPs can be further tested on larger sample size, including more 

susceptible cells, CRE isolates and other causative ARB isolates, as well as implemented in 

clinical and biological samples. These findings can stimulate future research on improving 

current extraction and diagnostic techniques.  
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CHAPTER 4: RAPID ISOLATION OF LOW-LEVEL CARBAPENEM-RESISTANT E. 

COLI FROM WATER AND FOODS USING GLYCAN-COATED MAGNETIC 

NANOPARTICLES 

This chapter has been published in Biosensors, 2023 (10.3390/bios13100902). 

4.1. Introduction 

In the growing global phenomenon of infectious diseases, infections by antimicrobial-

resistant bacteria (ARB) are a major concern [1]. The emergence and spread of ARB are linked 

with the overuse and misuse of antibiotics in healthcare, veterinary medicine, and agriculture, 

their release into the environment [2–5], and their gene transmission through horizontal gene 

transfer (HGT) [4–6]. Thus, several microorganisms have been identified as a cause of severe 

common infections due to acquired resistance to one or more antibiotics on the market, which are 

found in people, animals, food, plants, and the environment [6,7]. To control and minimize the 

effect of ARB, there have been great research efforts during the last decade for their rapid 

detection and to make better-informed antibiotic choices. 

Infections related to carbapenem-resistant bacteria have been alarmingly increasing in the 

last decade and are on the global priority list of ARB  [5,8,9]. Even though carbapenems are used 

as the last line of defense in severe infections in humans, several studies showed that 

carbapenem-resistant Enterobacterales (CRE) are also found in food-producing animals, foods, 

and water sources, among others [5–7,10–14]. The emergence and spread of CRE are mainly a 

result of the rapid dissemination of the carbapenemase-producing (CP) gene through HGT [15]. 

The most prevalent carbapenemases are Klebsiella pneumoniae carbapenemase (KPC) and New 

Delhi metallo-β-lactamase (NDM) [5,16]. To prevent their emergence and spread in the 

community, antimicrobial resistance (AMR) monitoring systems routinely test the presence of 

carbapenemases and the resistant profile of specific pathogens in clinical and biological samples 

[8,17–19]. 

Rapidly detecting CRE from matrices can assist in preventing or minimizing the 

associated health and economic consequences [1]. Several phenotypic tests such as matrix-

assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS), 

colorimetric assays (Carba NP tests), amplification-based molecular tests, and biosensors have 

been implemented to detect CRE in a simple, rapid, and cost-effective manner [7,20–22]. The 

https://doi.org/10.3390/bios13100902
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detection limit or sensitivity of these techniques was variable with >103 CFU/mL for MALDI-

TOF MS, CarbaNP tests, and electrochemical and optical biosensors, while genotypic methods 

require 101–103 CFU/mL [7,22]. However, these techniques have usually used pure  or overnight 

cultures to ensure enough bacterial count for bacterial detection and for determining their 

resistant profile [7]. Further, the isolation of ARB, including CRE, from various matrices has not 

explicitly been documented well. A few examples exist for separating CRE from pure cultures 

and clinical samples [23–26], but data are scarce for food matrices. For rapid and sensitive 

detection of CRE, their direct extraction (isolation) from matrices in a rapid and simple way is 

therefore of utmost importance and needs attention. 

Overall, current bacterial separation techniques in food and clinical matrices include 

physical methods such as centrifugation and filtration and biochemical methods such as 

dielectrophoresis and magnetic nanoparticle (MNP)-based techniques [27–29]. Bacterial 

separation by filtration and centrifugation is commonly used and is primarily based on bacterial 

size and solution density [28–30]. While these methods are inexpensive and quick, their 

effectiveness is sometimes limited and remediated by multiple steps due to large food particles or 

blood cells and platelets in clinical samples, requiring overnight enrichment [28,30–32]. 

Biochemical methods for bacterial separation utilize naturally occurring biological or chemical 

interactions between affinity ligands and specific surface substrates on solid support [27,28,30]. 

For example, dielectrophoresis (DEP)-based techniques mainly utilize non-specific affinity 

ligands for separating a variety of bacterial cells, with negatively charged bacteria adhering to 

positively charged residues [28,29,33]. This technique is also employed for differentiating 

susceptible bacteria utilizing changes in dielectrophoretic behaviors related to antibiotic-induced 

cell wall inhibition and cell lysis. [34]. However, separation of ARB from matrices has not been 

specifically documented. Although this technique has been used for pathogen separation from 

food and clinical matrices [28–30], complex matrices present problems because of the high 

conductivity of food particles, limiting their use [28–30,33]. In biochemical methods, MNP-

based techniques have recently been used for rapid and effective concentration of bacteria from 

complex samples due to their low cost, simplicity, and unique properties (large surface 

area/volume ratio and superparamagnetic) [28,35–37]. MNPs can be functionalized with 

recognition moieties such as antibodies, phages,  carbohydrates, protein groups, and antibiotics 

for higher bacterial capture at low concentrations [27,35,38,39]. 



117 

 

In MNP-based techniques, antibody-based or immunomagnetic separation (IMS) has 

commonly been used to separate pathogens and resistant bacteria from food and clinical 

matrices, and often combined with various detection platforms [24,25,40–44]. The IMS has also 

been implemented with immune-based assays or sensors for analyzing the proteins, enzymes, 

and genes of target pathogens [45–47]. However, food debris can block the antibody, preventing 

the separation and concentration of bacteria [28,30]. In addition, antibody production and 

conjugation with MNPs are time-consuming and expensive, along with low-temperature storage 

requirements, limiting their use in low-resource settings [28]. In MNP-based methods, 

bacteriophage-based separation has recently been applied to rapidly separate specific bacteria of 

interest from complex environments [30,48,49]. For example, phage-based MNPs were used to 

extract bacteria from water and foods such as lettuce, milk, cheese, and salmon [50,51]. 

However, the method has limitations with a tedious and lengthy process of coating magnetic 

particles with phages, undesired damage of target cells, and DNA degradation [27,30,48,52]. 

Further, MNPs functionalized with biomolecules, such as carbohydrates, proteins, and 

antibiotics, offer inexpensive, simple, and rapid alternatives to antibody and phage-based MNP 

separation [27]. For example, vancomycin-coated MNPs can successfully recognize the cell 

surface of various Gram-positive and Gram-negative bacteria [35,38], including vancomycin-

resistant Enterococci [53] and carbapenem-resistant E.coli and K. pneumoniae [26], however, 

there are concerns about their antibacterial activity [54]. Other MNPs, such as those 

functionalized with amine groups, have been used to extract bacteria from water, green tea, and 

grape juice, achieving high capture efficiencies [55], but the functionalization procedure takes 

several hours. Many carbohydrate surfactants or glycans, such as mannose, galactose, glucose, 

caprylic acid cysteine, and chitosan, have also been used as MNP coatings [27,28,35,56,57]. In 

carbohydrate-coated MNPs, glycan (chitosan)-coated MNPs (gMNPs) are promising due to their 

cost-effective, rapid, and efficient bacterial separation, stability at room temperature, scalable 

production, and compatibility with many detection techniques [28,57–59]. For example, gMNPs 

successfully extracted and concentrated several bacteria from large-volume food samples, 

including milk [57,59], thick and complex liquids (beef juice, apple cider, and homogenized 

eggs) [58], sausage, deli ham, lettuce, spinach, chicken salad, and flour [60]. However, the use of 

gMNPs for the isolation of ARB, specifically CRE, from real samples requires attention. 
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As CRE is a global concern, rapid extraction of the causative bacteria from matrices is 

equally important as their rapid detection. Water sources and global food trade are among the 

primary routes for the export of CRE and their genes, posing a significant risk to human health 

[10,61,62]. Therefore, there has been a zero-tolerance policy and international ban on the sale of 

foods contaminated with CRE in several countries [5]. Thus, this research aimed to assess the 

use of gMNPs for rapid extraction of CRE from water and food samples. 

4.1.1. Platform Novelty and Applicability 

This study aimed to expand the application of gMNPs to rapidly extract ARB, 

specifically carbapenem-resistant E. coli since CP E. coli in CRE is commonly found in water 

sources and foods [5,14,63,64]. The gMNPs were used to extract three E. coli isolates: 

carbapenem-susceptible E. coli (S) as a reference (control) bacterium, KPC-producing resistant 

E. coli (R: KPC), and NDM-producing resistant E. coli (R: NDM). The gMNPs–bacteria binding 

capacity in buffer solutions and the effect of cell surface charge were first assessed. Following 

this, other factors affecting the MNP binding, such as solution pH and bacterial concentrations, 

were examined to elucidate their potential impact on bacterial capture and binding. Finally, the 

gMNPs were used to extract these bacteria from a large volume of food and water samples. To 

our knowledge, this is the first study on the separation of ABR, including CRE, using gMNPs 

from water and food matrices. 

4.2. Material and Methods 

4.2.1. Materials 

Tryptic Soy Agar (TSA), Tryptic Soy Broth (TSB), Hydrochloric Acid (ACS reagent, 

37%), and Phosphate-Buffered Saline (PBS, pH 7.4) were purchased from Sigma Aldrich. 

Selective media, CHROMagar for E. coli and SUPERCARBA for CP bacteria, were purchased 

from DRG International (Springfield, NJ, USA). Sodium Hydroxide (NaOH) pellets were 

obtained from VWR International. Transmission Electron Microscope (TEM) supplies 

(glutaraldehyde, uranyl acetate stain, and cacodylate buffer) were provided by the Center for 

Advanced Microscopy (CAM), Michigan State University (MSU). Copper grids for TEM 

(formvar/carbon-coated 200 mesh copper grids) were obtained from Electron Microscopy 

Systems (Hatfield, PA, USA). Whirl-Pak bags (92 oz. and 18 oz.) were purchased from VWR 
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International. Racks for magnetic separation were purchased from Spherotech (Lake Forest, IL, 

USA). All food materials were purchased from a local seller and stored at 4 °C before use. 

4.2.2. Bacterial Strains and Culture Conditions 

Bacterial strains of susceptible E. coli C-3000 (ATCC 15597) and KPC-producing 

carbapenem (imipenem and ertapenem)-resistant E. coli (BAA-2340) were obtained from the 

American Type Culture Collection (ATCC). A bacterial strain of NDM-producing carbapenem-

resistant E. coli was obtained from the Michigan Department of Health and Human Services 

(MDHHS). Stock cultures frozen at –80 °C were refreshed on TSA and TSB and incubated at 37 

°C for 24–48 h. Fresh bacterial cultures were grown in 9 mL of TSB for each experiment with an 

overnight incubation at 37 °C. Then, the fresh cultures were transferred to new 9 mL of TSB for 

4–6 h incubation with agitation at 125 rpm before the experiment. 

4.2.3. gMNPs Synthesis and Characterization 

In-house proprietary glycan (chitosan)-functionalized MNPs were prepared in the Nano-

Biosensor Lab, MSU, and synthesized following a previously documented procedure [65]. 

Briefly, an iron oxide (III) or magnetite (Fe3O4) core with chitosan shells was used to make the 

MNPs. Ferric chloride hexahydrate (as a precursor), in a mixture of ethylene glycol (as a 

reducing agent) and sodium acetate (as porogen), and deacetylated chitosan (5 mg/mL) were 

used for the MNP synthesis. Chitosan was polymerized to surface-modify the iron oxide 

nanoparticles. Batches of the glycan-coated MNPs were stored at room temperature for further 

use. The gMNPs are stable for at least 3 years; new synthesis was not required for everyday 

analysis. The gMNPs were suspended in sterile deionized water and sonicated before each 

experiment. 

The gMNPs were further characterized by measuring their size using a Zetasizer 

(Zen3600, Malvern, Worcestershire WR14 1XZ, UK); 100 µL of gMNPs was suspended in 900 

µL of sterile deionized water; a total of 2 mL of gMNPs for sample measurement were taken 

directly. The morphology of gMNPs was also analyzed using a Transmission Electron 

Microscope (TEM) (JEM-1400 Flash, Jeol, Tokyo, Japan). The prepared solution of gMNPs (5 

µL) was directly dropped onto the copper grid and washed with distilled water, followed by air-

drying prior to imaging. 
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4.2.4. Visualization of gMNPs–Bacteria Binding 

Visualization of the gMNPs interaction with bacterial cells was assisted by TEM using a 

standard negative-staining procedure, as illustrated in Scheme 4.1. For TEM imaging, a few 

colonies of the overnight culture on TSA were dissolved in 900 µL PBS. After the magnetic 

incubation and separation, the samples were resuspended in 100 µL fixative solution (2.5% of 

glutaraldehyde in 0.1 M cacodylate buffer) and followed by staining. The staining procedure 

used 5 µL of the sample dropped onto the copper grid with a black side for 20–30 s, following 

which 5 µL of 0.5% uranyl acetate stain was added, and the excess stain was removed. The grids 

were loaded into the specimen holder of the TEM, and images were taken in the range of 5000–

25000× magnification. 

 

Scheme 4.1. The general procedure of TEM imaging; MNP–bacterial cell interaction (created 

with BioRender.com, accessed on 4 August 2023). 

4.2.5. Cell Surface Charge (Zeta Potential) Measurement 

The zeta potential of the susceptible and resistant E. coli isolates, pure gMNPs, and 

gMNPs–bacteria conjugation was measured using a Zetasizer. First, the fresh cultures were 

grown for 4–6 h in TSB, and samples with similar optical density (OD 600) values (~0.5), 

confirmed using NanoDrop One C, were used. Then, the bacterial culture was centrifuged 

(Eppendorf AG, 22331 Hamburg, German) at 10,000 rpm for 3 min. After removing the 

supernatant, the pellet was resuspended in 1 mL of sterile deionized water. For zeta potential 

measurement of pure gMNPs solution and gMNPs–bacteria conjugation, 100 µL of gMNPs were 

separately suspended in 900 µL of sterile deionized water and 900 µL of bacteria suspended 

water, with 5 min incubation. Finally, the resuspended samples were loaded into a folded 
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capillary cuvette and placed into the instrument for measurements. Experiments were performed 

in triplicates. 

4.2.6. Bacterial Extraction in Buffer Solutions 

The gMNP-based bacterial extraction or concentration factor (CF) was quantified through 

plating (colony counting) on solid growth media [28]. First, 4–6 h spiked bacterial cultures were 

serially diluted in PBS (pH: 7.4) to a concentration of approximately 103 and 102 CFU/mL, 

plated for initial bacterial counts. For the treatment group, 100 µL of gMNPs was added into 900 

µL of the diluted bacterial samples (103 and 102 CFU/mL), vortexed for 10–15 s, and then 

allowed to stand for 5 min. After 5 min of magnetic separation, the supernatant was removed and 

resuspended in 100 µL of PBS. Finally, the separated samples were plated on TSA and left for 

24 h for incubation at 37 °C. The gMNPs–bacteria binding capacity was determined by CF 

through colony counts from control samples (no MNP treatment) and MNP-treated samples; only 

plates with ~20–200 colonies were used. The CF was calculated separately for each serial trial 

using the following formula (Equation (1)). Experiments were performed in triplicates. 

Concentration Factor =  
number of colony in gMNPs − treated samples

numebr of colony in control samples
           (1) 

Following the confirmation of bacterial extraction, the effect of different bacterial 

concentrations and PBS adjusted to varying pH levels was conducted with the same procedure. 

For pH analysis, the PBS pH was first adjusted using HCl or NaOH to 3, 4, 5, 6, 7, and 8, 

confirmed using a pH meter. The procedure was conducted in triplicate at each pH level with a 

fixed bacterial load (~103 CFU/mL). For the effect of bacterial concentration, fresh 4–6 h spiked 

bacterial cultures were serially diluted from 107 to 102 CFU/mL, and CF was determined. The 

bacterial concentration experiments were conducted in PBS with a fixed pH of 7.4. Each 

experiment was performed in triplicates. 

4.2.7. Bacterial Extraction from Large-Volume Samples (Foods and Water) 

Matrices chosen for this study include romaine lettuce, raw chicken breast, ground beef, 

and tap water. The procedure for magnetic extraction was modified according to the 

Bacteriological Analytical Manual (BAM) protocols. Scheme 4.2 illustrates the general method 

used for the extraction. First, 25 g of each food sample or 25 mL of PBS or water in a Whirl-Pak 

bag were separately inoculated with 1 mL of ~105 CFU/mL of fresh bacterial culture. Each 
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experiment also had an uninoculated negative control group to account for natural microflora. 

After 1 h of room temperature acclimation of the contaminated samples, 225 mL of PBS was 

added and homogenized in a stomacher for 2 min. The liquified food matrix was then separated 

into two Whirl-Pak bags with 100 mL each, one serving as a no gMNPs (control) and the other 

as a test. To the test sample, 1 mL of gMNPs were added, mixed, and incubated at room 

temperature for 5 min. After 5 min magnetic separation and supernatant removal, the extracted 

cells (attached to the bag) were resuspended in 1 mL PBS. The separated gMNPs–bacteria 

mixture and control samples were plated on the selective media CHROMagar for E. coli 

identification and SUPERCARBA for CP bacteria identification. Also, uninoculated samples 

were treated with gMNPs; their control and gMNPs-treated samples were plated on both 

selective and TSA plates to account for natural microflora and confirm the absence of the 

interested bacteria. The plates were incubated at 37 °C for 24–48 h. For CF of E. coli (S), CP E. 

coli (R), and natural microflora from water and food samples, the number of blue colonies on 

CHROMagar plates, pink colonies on SUPERCARBA plates, and all colonies on TSA plates 

were used, respectively. The CF values were calculated based on the Equation (1) as described 

earlier. Each experiment was performed in triplicates. 

 

Scheme 4.2. The general procedure of gMNP-based bacterial extraction from large-volume 

samples (created with BioRender.com, accessed on 10 June 2023). 

Further, the gMNPs–bacteria interaction from the matrices was visualized using TEM. 

The extracted gMNPs–cells were resuspended in 100 µL fixative solution (2.5% of 
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glutaraldehyde in 0.1 M cacodylate buffer). A 5 µL of the mixture was dropped onto the copper 

grid and followed by the negative staining as described earlier (Scheme 4.1). 

4.3. Results and Discussion 

4.3.1. Characterization of gMNPs 

The synthesized gMNPs were characterized using TEM and Zetasizer. The suspension of 

gMNPs in sterile deionized water and its electron micrograph are illustrated in Figure 4.1a. All 

particles were roughly spherical, with multiple gMNPs of varying size, and clumping of particles 

was usually observed. The size (diameter) of gMNPs in the micrograph was found to be in a 

range of approximately 40–300 nm, using a measurement tool in TEM software. The mean 

particle size measured by the Zetasizer was found to be 286.5 ± 5.7 nm. The variation in size 

obtained from TEM and Zetasizer could probably have resulted from the random clumping of the 

nanoparticles and surface coating of iron oxide nanoparticles. The nanoparticles’ size is critical 

for their superparamagnetic properties; iron oxide nanoparticles with 50–180 nm showed the 

highest superparamagnetic properties in an earlier study [66]. 

Superparamagnetic properties of gMNPs were further confirmed by subjecting the 

solution to an external magnet for one minute. As seen in Figure 4.1b, the particles were all 

separated from the solvent and pulled out to the side of the tube, resulting in clear water. The 

superparamagnetic properties of gMNPs were also confirmed in an earlier study; the gMNPs 

were observed to be strongly magnetized under an external magnet, further confirmed with their 

magnetization curves  [57].  

 

Figure 4.1. Characterization of the synthesized gMNPs: (a) TEM micrograph of the gMNPs with 

an inset tube for gMNPs solution and (b) visualization of superparamagnetic properties of 

gMNPs under external magnet. 

In addition, the smaller size of MNPs has a higher surface area-to-volume ratio, which 

can assist them in moving faster than larger particles. Multiple particles penetrate matrix 
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interstices and interact with bacterial cells, improving their bacterial capture [27,28]. In previous 

studies, the gMNPs  successfully extracted several bacteria from various food matrices 

[28,57,60,67]. 

4.3.2. Bacterial Extraction from Buffer Solution 

4.3.2.1. Concentration Factor (CF) 

The efficacy with which gMNPs extract E. coli (S), E. coli (R: KPC), and E. coli (R: NDM) 

was investigated using CF. Initially, the CF of these bacteria was determined in a small volume 

of PBS (1 mL) using the standard plating method; results are illustrated in Figure 4.2a. The 

average CF of resistant E. coli (R: KPC) and E. coli (R: NDM) were ~2 and ~1.4, lower than that 

for susceptible E. coli (S), which displayed a CF of ~5.2. Previous studies have observed 

differences in bacterial extraction between different bacteria types, which hypothesized 

electrostatic interaction between positively charged MNPs and negatively charged bacterial cell 

walls [28,35,68,69]. The chemical nature of bacterial cells and the hydrophilic and hydrophobic 

groups on cell walls results in differences in the cell surface charge [68]. 

The zeta potential of the pure bacterial isolates, pure gMNPs, and gMNPs–bacteria 

conjugations was measured further to understand the effect of surface charge on CF. As seen in 

Figure 4.2b, the average zeta potential of E. coli (S) was found to be around −54 mV, while E. 

coli (R: KPC) and E. coli (R: NDM) were −41 mV and −20 mV, respectively. The zeta potential 

of resistant E. coli (R) isolates was less than that of E. coli (S). An earlier study observed similar 

results; colistin-susceptible Acinetobacter baumannii cells had a higher zeta potential compared 

to that of colistin-resistant Acinetobacter baumannii [70]. 

The average zeta potential of gMNPs was positively charged and found to be around 20 

mV. Further, the average zeta potential of gMNPs–bacteria conjugate was approximately −29 

mV for E. coli (S) and E. coli (R: KPC) and −25 mV for E. coli (R: NDM). 
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Figure 4.2. (a) The average MNP–bacteria concentration factor, with standard deviations and (b) 

zeta potential for pure bacteria isolates (blue bars); carbapenem-susceptible E. coli (S) and 

carbapenem-resistant E. coli (KPC: R) and E. coli (R: NDM), pure gMNPs (brown bar), and 

gMNPs-bacteria conjugation (yellow bars), with standard deviations. 

The positively charged nature of nanoparticles has widely been used in previous studies 

for the capture of bacterial cells. For example, positively charged gold nanoparticles showed a 

greater attachment ability to Gram-positive bacteria with higher negative charge than Gram-

negative bacteria with lower negative charge [69]. In another recent work, the extraction of 

Gram-negative E. coli O157 was lower (CF = ~4.5) compared to that of Gram-positive L. 

monocytogenes (CF= ~31.6) and S. aureus (CF = ~61.2) [60]. Confirming earlier reports, the 

average zeta potential of E.coli O157 is less negative (~−4 mV) than that of L. monocytogenes 

(~−35 mV) and S. aureus (~−42 mV) [60]. Similar results were seen in another study, with S. 

aureus, A. baumanni, and P. aeruginosa displaying a zeta potential of −50.4 mV, −23.9 mV, and 

−34.6, respectively. Their capture efficiency using polyethyleneimine modified magnetic 

microspheres (Fe3O4@PEI) was found to be 97.87% for S. aureus, 80.57% for A. baumannii, 

and 97.25 for P. aeruginosa [71]. The chemical nature of cells or environmental conditions leads 

to differences in cell wall composition, changes in anionic and cationic species on the cell 

surface, and electrical potential differences [68,69,72–74]. In accordance with earlier reports, our 

study confirmed that the MNP-based bacterial concentration is inversely related to the zeta 

potential. 

The MNP-based bacterial extraction does not only depend on the electrostatic interaction 

but it is also related to receptor–ligand interactions, which may occur on some portions of the 
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bacterial adhesin surface. Bacterial adherence to surfaces is facilitated by adhesins (polypeptides 

(fimbrial (pili) or afimbrial) or polysaccharides (usually components of the bacterial cell 

membrane, cell wall, and capsule)) [75,76]. Each bacteria type has unique components and 

adhesion mechanisms, regardless of susceptibility status [76–78]. Further, several studies 

highlighted alterations in the biosynthesis of cell wall material, membrane components, and 

cytoplasmic contents in ARB, resulting in changes in cell surface characteristics and their 

adhesion or attachment to host surfaces [42,68,70,74,79,80]. For example, an alteration in the 

lipid A structure of cell walls reduces its negative charge, resulting in the electrostatic repulsion 

of cationic peptides to the cell wall [81]. Thus, the lower concentration factor of resistant E. coli 

(R) isolates compared to E. coli (S) may be additionally related to alteration or distortion in 

receptor–ligand interaction. Microscopy was used to elucidate the MNP–bacteria binding 

interactions further. 

4.3.2.2. Microscope Imaging of gMNPs–Bacteria Interaction 

The gMNPs–bacteria interaction was characterized using TEM to confirm the binding. 

Figure 4.3 shows roughly spherical gMNPs successfully attached to bacterial cells. Multiple 

gMNPs on individual and bacterial cell clusters may have contributed to improved bacterial 

extraction. Their interaction with flagella was also clearly seen in E. coli (S) and E. coli (R). 

Earlier studies showed similar  MNP–bacterial cell interaction through microscopic imaging 

[28,57,82]. Multiple gMNPs interacting with individual cells of E. coli O157, and clusters of S. 

aureus and L. monocytogenes were seen [60] . The interaction was hypothesized to be related to 

the differences in cell morphology and cell wall components in each bacteria type. Further, the 

morphological characteristics of bacteria can impact their Brownian forces and cell attachment to 

surfaces [28,60,83]. 

The images also illustrated that gMNPs did not cover the entire surface of bacteria, 

binding only to some portions of the bacterial surface. This might be the effect of location-

specific glycan–protein interaction, The established phenomenon of surface glycan attaching to 

proteins (e.g., lectins) on the bacterial cell surface may help better understand gMNP binding 

[27,28,35,67,84]. For example, the adhesin FimH can recognize and bind to terminal mannose 

residues [85], and sugar moieties can bind to concanavalin A protein [86] and C-type Salmo 

Salar Lectin (SSL) [87]. 
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As earlier studies highlighted, the binding of gMNPs to bacterial cells is usually achieved 

through a combination of forces (Figure 4.3d): (1) Brownian motion, which allows random and 

uncontrolled movement of particles, (2) electrostatic forces, which assist in bringing the 

positively charged MNPs closer to negatively charged bacterial cells, and (3) in proximity, 

bacteria can adhere to glycan surface of MNPs through (glycan–protein) hydrogen bonding and 

van der Waals interaction [28,60,67]. This study showed that these interactions have successfully 

allowed gMNPs to capture resistant E. coli (R) isolates. 

 

 

Figure 4.3. TEM images of MNP interactions with the susceptible and resistant E. coli isolates 

extracted from buffer solution: (a) E. coli (S), (b) E. coli (R: KPC), and (c) E. coli (R: NDM). 

Arrows show MNP–bacteria interaction: MNP–cell (1) and MNP–flagellum (2). (d) Schematic 

representation of the underlying hypothesis of the gMNPs interaction (created with BioRender, 

accessed on 7 August 2023)), which was adapted by a study [28]. 

The gMNPs interaction with resistant E. coli isolates (R: KPC and R: NDM) was seen as 

clusters, unlike individual cells of E. coli (S). Apart from the differences in gMNPs–cell binding, 

the E. coli (R) cells appear smaller and as imperfect rods (bacilli). As previously mentioned, the 

differences in cell morphology may have resulted from alterations in the cell surface 

components. In various studies, morphological and ultrastructural changes in bacterial cells 

under antibiotic exposure were observed and attributed to cell wall synthesis disruption due to 
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deficiency in cell wall materials and cell lysis [68,80,88–92], resulting in a change of cell 

morphology [80,83] and leading to alterations in electrostatic surface charge [68,70,93–95]. For 

example, carbapenems enter the bacteria through outer membrane proteins (porins) and degrade  

the penicillin-binding proteins (PBPs) at the cell wall, weakening the glycan backbone in the cell 

wall and resulting in alteration in cell morphology (filament or non-perfect round shapes) and 

surface components [20,96,97]. Thus, the distortion or alteration in cell components, including 

surface proteins, may have affected the glycan–protein interaction for carbapenem-resistant 

bacteria.  

Considering the antimicrobial properties of chitosan-coated MNPs on bacteria, a previous 

study has shown that their antibacterial activity and cell lysis of bacteria occur after exposure of 

at least 8 h [60,98]. Therefore, the short-term (<15 min) exposure of the MNPs to bacteria may 

not have impacted their cell viability and properties. CP E. coli (R) cells before gMNP exposure 

also showed similar cell morphology (data not shown). Overall, it should be noted that the 

morphological nature of the resistant bacteria could have impacted their receptor–ligand 

(glycan–protein) interaction and the electrostatic repulsion between bacteria and gMNPs. 

This study showed that the gMNPs could successfully isolate resistant E. coli (R) 

isolates. The bacterial extraction or isolation from the large-volume samples with varying pH 

environments and bacterial loads was tested to determine their possible field application. 

4.3.2.3. Effect of Bacterial Load and Buffer pH on Concentration Factor 

The extraction of E. coli (S) and resistant E. coli (R: KPC and R: NDM) was further 

investigated at varying bacterial concentrations and pH levels to elucidate the binding capacity of 

MNP (Figure 4.4). With varying bacterial concentrations at an approximately neutral pH (7.4) of 

PBS, the average CF of E. coli (S) was higher (>~5) at 102–103 CFU/mL, following a linearly 

decreasing trend as bacterial concentration increased (R2 = 0.98) as seen in Figure 4.4a. 

However, resistant E. coli (R: KPC and R: NDM) isolates did not show a strong linear trend with 

varying bacterial concentrations (R2 = 0.68 and 0.85, respectively). The average CF of E. coli (R) 

isolates was more than 1 at 102–105 CFU/mL, while a lower CF (<1) was seen at 106–107 

CFU/mL. Notably, E. coli (S) and CP E. coli (R) isolates displayed the highest CF at low 

concentrations (102–103 CFU/mL). Similar results were previously seen in another study where 

positively charged MNPs successfully captured E. coli (90%) at ultra-low concentrations (10–

100 CFU/mL) [23]. It was also found that positively charged nanoparticles have a higher 
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adsorption capacity for bacilli (E. coli and B. subtilis) than staphylococci (S. aureus) and 

streptococci (L. lactis) [23]. The higher bacterial extraction with gMNPs at lower bacterial 

concentrations could assist their quick detection for preventing outbreaks. 

 

Figure 4.4. MNP–bacteria binding capacity: (a) Average concentration factor at varying bacterial 

concentrations with standard deviations (N:9) and (b) pH levels of buffer solutions with standard 

deviations. 

The concentration factor was also tested in different pH environments for E. coli (S) and 

resistant E. coli (R) isolates (at ~103 CFU/mL). As observed in Figure 4.4b, E. coli (S) displayed 

similar CF (>5) at pH 3–7, while a sharp decrease in CF (~2) at pH 8 was seen. E. coli (R: KPC) 

showed higher CF (~>3) at pH 3–4 level, and the trend became stable (CF = ~2) at pH 5–7 and 

showed a sharp decrease (CF: <1) at pH 8. However, a similar trend was not observed in E. coli 

(R: NDM); their CF was between 1–2. Overall, these results confirmed earlier reports that 

reducing environmental pH might impact bacterial extraction. In a previous study, for instance, 

MNPs in the pH range of 5–8 displayed higher bacterial capture [23,57]. Further, the capture 

capacity at varying pH levels may also depend on the bacteria type. For example, an earlier 

report showed that the CF for E. coli O157 decreased linearly as the pH level (5–8) increased and 

remained stable at ~pH 8–10. The same study observed that the CF for L. monocytogenes and S. 

aureus did not show a trend and were similar in the pH 6–9 range [60]. Studies have also shown 

lower pH is generally associated with higher capture [23,57,60]. Since the gMNPs are naturally 

hydrophilic, the amino groups can be protonated at low pH levels, increasing the charge 

difference and promoting MNP–bacteria binding capacity [23,57,60]. 
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4.3.3. Bacterial Extraction at Low Concentration from Large-Volume Samples (100 ML) 

To evaluate the applicability of the gMNPs for large-volume bacterial extraction at low 

concentrations (~103 CFU/mL), the susceptible and resistant E. coli isolates were first tested in 

100 mL of PBS. The gMNPs successfully extracted E. coli isolates, with an average CF of 6.5 

for E. coli (S), 1.8 for E. coli (R: KPC), and 2.5 for E. coli (R: NDM); results are shown in 

Figure 4.5. Following the large-volume PBS concentration, the applicability of the gMNPs in 

water and food samples was tested. Magnetic extraction of the bacteria from water and various 

food types, including lettuce, raw chicken meat, and ground beef, was quantified using CF by 

selective plating. As seen in Figure 4.5, E. coli (S), E. coli (R: KPC), and E. coli (R: NDM) were 

successfully extracted from water and the food matrices with a CF > 1. Although E. coli (S) 

showed higher CF in PBS, the CF was lower in the water and food samples. The bacterial 

extraction was lower in the lettuce sample compared to chicken, beef, and water samples, which 

could have been due to the high level of natural microflora in the lettuce samples. 

The natural microflora from uninoculated food samples (control) was also magnetically 

extracted, and their capture was quantified by plating on TSA. The CF of natural microflora was 

variable, as seen in the inset of Figure 4.5. The average CF was the highest in lettuce, followed 

by chicken and beef samples. Notably, the CF of E. coli samples was inversely related to the 

presence of bacterial loads in the lettuce sample. Although the natural microflora was higher in 

chicken, the average CF of E. coli (S) and E. coli (R: KPC) was lower in the beef samples. This 

could also be related to the physical microstructure and chemical constituents of the food sample. 

For example, lettuce is rich in cellulose components, while chicken and beef contain higher 

protein and fat amounts [75]. While the food composition of these tested food samples varies 

considerably, the food microparticles could also have affected the MNP–bacteria binding. The 

attachment or binding can differ based on the bacteria type, food matrix, and hydrophobic or 

hydrophilic surface [75]. An earlier study also stated that negatively charged molecules 

contaminating plant or animal tissues might interfere with the MNP–bacteria interaction [23,75]. 
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Figure 4.5. The bacterial extraction from food samples: average concentration factor (CF) from 

large-volume samples, along with inset figure for CF of uninoculated food samples (control), 

with standard deviations. 

TEM images were also taken to confirm the binding of the gMNPs to bacterial cells in 

foods and are shown in Figure 4.6. The interaction between gMNP and bacterial cells in the 

presence of food microparticles was confirmed from the micrographs. Images showed that the 

microparticles (e.g., fat globules, protein fibers, and cellulose) can bind to gMNP and bacteria. In 

this MNP-based extraction technique, in theory, gMNP–bacteria, bacteria–food matrix, and 

MNP–food matrix interactions are possible in the liquified sample due to their attachment 

preferences and electrostatic forces. However, most of the food matrix in the liquefied samples is 

removed with the supernatant [28].  Magnetic separation using gMNP assists in reducing the 

remnant food debris from the sample and does not significantly affect the results. Earlier, for 

example, gMNPs successfully extracted and concentrated several bacteria from large-volume 

food samples, including milk [57,59], thick and complex liquid (beef juice, apple cider, and 

homogenized eggs) [58], sausage, deli ham, lettuce, spinach, chicken salad, and flour [60]. 

Following bacterial extraction from foods using gMNPs, target bacteria were detected, 

confirming that interferences of the food matrix did not significantly prevent the detection of 

target DNA [99–101]. Thus, the gMNPs are promising as they offer cost-effective, rapid, and 

efficient bacterial separation from various food matrices [57,58,60]. 
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Figure 4.6. TEM images of MNP–bacteria interactions from inoculated food samples: (a) lettuce, 

(b) chicken, and (c) ground beef. Arrows show MNP–bacteria interaction: MNP–cell (1) and 

MNP–microparticles (2). 

A detection platform can allow identification of the target bacteria following magnetic 

extraction, as summarized in Table 4.1. For example, the magnetic extraction of bacteria from 

various food matrices was followed by short enrichment, DNA extraction, and plasmonic 

biosensor detection: E. coli from lettuce and spinach [99], Salmonella from melons and 

cucumbers [100], and E.coli 0157 from flour [101]. In another work, the glycan/cysteine-coated 

MNPs captured E. coli O157:H7 from vitamin D milk, and then an electrochemical biosensor 

was used for detection [67]. 

Magnetic extraction and detection platforms have been used in clinical samples besides 

bacterial extraction from food samples. For instance, polyethyleneimine-modified magnetic 

microspheres (Fe3O4@PEI) were used to capture and enrich bacteria (S. aureus, A. baumannii, 

and P. aeruginosa) from blood samples by culturing on plates. A single colony from the 

overnight culture was then used in SERS platforms to identify bacterial type and resistance 

profile [71]. Elsewhere, vancomycin-modified Fe3O3-Au NP captured CRE from urine and 

detected them using carbapenemase hydrolysis activity by a pH meter [26]. In another example, 

the antibody-conjugated MNP were used to capture methicillin-resistant S. aureus (MRSA) from 

nasal swab at (103–105 CFU/mL), and then an electrochemical sensor was used for their 

detection [25]. As several studies showed that CRE has been found not only in clinical samples 

but also in foods and water sources [7,62,102–108], their rapid extraction directly from water 

and food samples has not been documented.  This work is the first study for the extraction of 

CRE, specifically CP E. coli, from buffer solution and water and food samples. The differences 

in gMNP-cell binding capacity of resistant E. coli (R) compared to E. coli (S) may be due to the 

differences in cell surface characteristics (e.g., morphology and surface charge) of the resistant 
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bacteria. This study has offered further insight into the future potential of magnetic extraction of 

ARB and their extraction from different matrices. 

Table 4.1. Summary of several MNP-based extractions of E. coli and ARB. 

MNP Coating Bacteria Matrix Capture Detection Method Ref. 

PEI-modified gold-coated 

microspheres 
E. coli 

Tap water 

Milk 
65% Raman Spectroscopy [110] 

PEI E. coli Buffer 90% Plating [23] 

Biotinylated oligosaccharides E. coli (UPEC) Buffer 17–34% Luciferase assay [111] 

Antibody E. coli 0157: H7 Whole milk 20% 
Colorimetric 

biosensor 
[112] 

Antibody STEC Apple juice 39–105% Multiplex qPCR [113] 

Cysteine-glycan E. coli 0157: H7 Vitamin D Milk 73–90% Plating [57] 

Cysteine-glycan E. coli 0157: H7 

Homogenized Egg 

Milk 

Apple cider 

70%> 
Electrochemical 

biosensor 
[58] 

Lyseine-SCGs E. coli 0157: H7 Sausage 90% 
Colorimetric 

biosensor 
[114] 

Antibody STEC 
Ground beef 

blueberries 
NA 

Colorimetric 

biosensor 
[115] 

Glycan E. coli O157 Flour NA 
Colorimetric 

biosensor 
[101] 

Glycan E. coli 
Lettuce 

Spinach 
NA 

Colorimetric 

biosensor 
[99] 

Glycan E. coli O157 

Lettuce 

Spinach 

Chicken salad 

Flour 

CF: 0.64–

2.54 
Plating [60]* 

Lectin-silver 
E. coli 

MRSA 
Buffer NA SERS [23,24] 

Antibody 

Carbapenem-

resistant 

A. baumanni 

Culture 

Sputum 
NA 

Lateral flow 

biosensor 
[116] 

Vancomycin 
CRE: E. coli and 

K. pneumoniae 

Culture 

Urine 
>70% pH meter sensing [26] 

Antibody MRSA Nasal swab >90% 
Electrochemical 

biosensor 
[25] 

Glycan 

Carbapenem-

resistant E. coli 

(KPC and NDM 

producing)  

Lettuce 

Chicken breast 

Ground beef 

Water 

CF: 0.94–

4.2 

Plating 

(confirming 

extraction) 

This study * 

* The specific rapid detection method is not applied. The plating method is for the confirmation of bacterial extraction. 

PEI: polyethylemine, STEC: shiga toxin-producing E. coli; SCGs: short-chain glucan; MRSA: methicillin-resistant S. 

aureus; CRE: carbapenem-resistant Enterobacterales: NA: not applicable. 

The non-specific nature of gMNPs may lead to complications in extraction from complex 

food matrices and those with a high level of natural microflora. The food matrix, in some cases, 

may affect subsequent detection based on the method employed. In this case, additional washing 

steps with PBS following supernatant removal can assist in the removal of food particles 

[28,35,57,84]. However, it should be noted that the non-selective gMNPs allow rapid capturing 
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of several bacterial types and resistant bacteria and do not require specific affinity binding or 

specific preparation for each bacterial isolation experiment. The non-selective extraction offers 

to detect more than one possible target bacteria at once. Thus, their implementation of 

surveillance programs can be helpful to prevent and control the spread of causative bacteria. 

This study showed the applicability of gMNPs for extracting resistant E. coli (R) in food 

samples in the presence of natural microflora and food microparticles. The bacterial capture in 

these samples was achieved at concentrations as low as 103 CFU/mL. Notably, many 

biochemical separation techniques mostly require a concentration above 103 CFU/mL  [7]. In 

addition, this magnetic separation allows accessible and rapid extraction, especially in low-

resource settings. The gMNPs can be easily prepared and are chemically stable for three years at 

room temperature and are cost-effective. For instance, the cost of gMNPs-based extraction was 

estimated to be as low as USD 0.50 per assay [82,99], compared to IMS, which is USD 5–10 per 

assay and requires special storage conditions [109]. Further, bacterial extraction and 

concentration using gMNPs can be achieved within 15 min, while IMS needs longer incubation 

and extraction time [28]. 

4.4. Conclusion 

Rapid and cost-effective platforms for bacterial extraction from food samples with higher 

binding efficiency are urgently needed to improve their rapid detection. This study tested glycan-

coated MNPs to extract carbapenem-resistant E. coli from a buffer solution and large-volume 

food and water samples. The gMNPs–bacteria binding at varying bacterial concentrations and 

pH levels was also evaluated. Bacterial extraction from complex food matrices was achieved in 

the presence of natural microflora and food microparticles and confirmed with microscopic 

images. This study also showed the potential applicability of gMNPs to extract ARB from 

various complex solid food matrices. In future work, the applicability and accessibility of this 

platform can be further tested for the extraction of other ABRs, such as colistin, ampicillin, 

ESBL, and CRE, and from clinical, environmental, and food samples. 

  



135 

 

REFERENCES 

[1] Ferri, M., Ranucci, E., Romagnoli, P., and Giaccone, V., “Antimicrobial Resistance: A 

Global Emerging Threat to Public Health Systems,” Crit. Rev. Food Sci. Nutr., 2017, 

57(13), pp. 2857–2876, DOI: 10.1080/10408398.2015.1077192. 

[2] Andersson, D. I., and Hughes, D., “Evolution of Antibiotic Resistance at Non-Lethal Drug 

Concentrations,” Drug Resist. Updat., 2012, 15(3), pp. 162–172. 

[3] Wellington, E. M. H., Boxall, A. B. A., Cross, P., Feil, E. J., Gaze, W. H., Hawkey, P. M., 

Johnson-Rollings, A. S., Jones, D. L., Lee, N. M., and Otten, W., “The Role of the Natural 

Environment in the Emergence of Antibiotic Resistance in Gram-Negative Bacteria,” 

Lancet Infect. Dis., 2013, 13(2), pp. 155–165. 

[4] Sandegren, L., “Selection of Antibiotic Resistance at Very Low Antibiotic 

Concentrations,” Ups. J. Med. Sci., 2014, 119(2), pp. 103–107. 

[5] Taggar, G., Rheman, M. A., Boerlin, P., and Diarra, M. S., “Molecular Epidemiology of 

Carbapenemases in Enterobacteriales from Humans, Animals, Food and the 

Environment,” Antibiotics, 2020, 9(10), pp. 1–22, DOI: 10.3390/antibiotics9100693. 

[6] Serwecińska, L., “Antimicrobials and Antibiotic-Resistant Bacteria: A Risk to the 

Environment and to Public Health,” Water, 2020, 12(12), p. 3313, DOI: 

10.3390/w12123313. 

[7] Caliskan-Aydogan, O., and Alocilja, E. C., “A Review of Carbapenem Resistance in 

Enterobacterales and Its Detection Techniques,” Microorganisms, 2023, 11(6), p. 1491, 

DOI: 10.3390/microorganisms11061491. 

[8] Dankittipong, N., Fischer, E. A. J., Swanenburg, M., Wagenaar, J. A., Stegeman, A. J., 

and de Vos, C. J., “Quantitative Risk Assessment for the Introduction of Carbapenem-

Resistant Enterobacteriaceae (CPE) into Dutch Livestock Farms,” Antibiotics, 2022, 

11(2), p. 281, DOI: 10.3390/antibiotics11020281. 

[9] Antimicrobial Resistance: CDC’s Antibiotic Resistance Threats in the United States, 

2019. Available online:https://www.cdc.gov/drugresistance/pdf/threatsreport/2019-ar-

threats-report-508.pdf (Accessed:06-September-2022). 

[10] Mills, M. C., and Lee, J., “The Threat of Carbapenem-Resistant Bacteria in the 

Environment: Evidence of Widespread Contamination of Reservoirs at a Global Scale,” 

Environ. Pollut., 2019, 255, p. 113143, DOI: 10.1016/j.envpol.2019.113143. 

[11] Bonardi, S., and Pitino, R., “Carbapenemase-Producing Bacteria in Food-Producing 

Animals, Wildlife and Environment: A Challenge for Human Health,” Ital. J. Food Saf., 

2019, 8(2), DOI: 10.4081/ijfs.2019.7956. 

[12] Köck, R., Daniels-Haardt, I., Becker, K., Mellmann, A., Friedrich, A. W., Mevius, D., 

Schwarz, S., and Jurke, A., “Carbapenem-Resistant Enterobacteriaceae in Wildlife, Food-



136 

 

Producing, and Companion Animals: A Systematic Review,” Clin. Microbiol. Infect., 

2018, 24(12), pp. 1241–1250, DOI: 10.1016/j.cmi.2018.04.004. 

[13] Woodford, N., Wareham, D. W., Guerra, B., and Teale, C., “Carbapenemase-Producing 

Enterobacteriaceae and Non-Enterobacteriaceae from Animals and the Environment: An 

Emerging Public Health Risk of Our Own Making?,” J. Antimicrob. Chemother., 2014, 

69(2), pp. 287–291, DOI: 10.1093/jac/dkt392. 

[14] Guerra, B., Fischer, J., and Helmuth, R., “An Emerging Public Health Problem: Acquired 

Carbapenemase-Producing Microorganisms Are Present in Food-Producing Animals, 

Their Environment, Companion Animals and Wild Birds,” Vet. Microbiol., 2014, 171(3–

4), pp. 290–297, DOI: 10.1016/j.vetmic.2014.02.001. 

[15] Capozzi, C., Maurici, M., and Panà, A., “[Antimicrobial Resistance: It Is a Global Crisis, 

‘a Slow Tsunami’],” Ig. Sanita Pubbl., 2019, 75(6), p. 429—450. 

[16] Queenan, A. M., and Bush, K., “Carbapenemases: The Versatile β-Lactamases,” Clin. 

Microbiol. Rev., 2007, 20(3), pp. 440–458, DOI: 10.1128/CMR.00001-07. 

[17] FDA, “The National Antimicrobial Resistance Monitoring System, NARMS,” FDA, 2023, 

[Online]. Available: https://www.fda.gov/animal-veterinary/antimicrobial-

resistance/national-antimicrobial-resistance-monitoring-system. 

[18] CDC, “Antimicrobial Resistance;Tracking Antibiotic Resistance,” CDC (Centers Dis. 

Control Prev. Dis. Control Prev., 2021, [Online]. Available: 

https://www.cdc.gov/drugresistance/tracking.html. [Accessed: 05-May-2022]. 

[19] ECDC: EARS-Net, “Annual Report of The European Antimicrobial Resistance 

Surveillance Network (EARS-Net),” Surveill. Report; ECDC, 2017, [Online]. Available: 

https://www.ecdc.europa.eu/en/publications-data/surveillance-antimicrobial-resistance-

europe-2017. 

[20] Smith, H. Z., and Kendall, B., “Carbapenem Resistant Enterobacteriaceae,” StatPearls 

[Internet]. StatPearls Publ., 2021. 

[21] Decousser, J.-W., Poirel, L., and Nordmann, P., “Recent Advances in Biochemical and 

Molecular Diagnostics for the Rapid Detection of Antibiotic-Resistant 

Enterobacteriaceae : A Focus on ß-Lactam Resistance,” Expert Rev. Mol. Diagn., 2017, 

17(4), pp. 327–350, DOI: 10.1080/14737159.2017.1289087. 

[22] Reynoso, E. C., Laschi, S., Palchetti, I., and Torres, E., “Advances in Antimicrobial 

Resistance Monitoring Using Sensors and Biosensors: A Review,” Chemosensors, 2021, 

9(8), DOI: 10.3390/chemosensors9080232. 

[23] Li, Z., Ma, J., Ruan, J., and Zhuang, X., “Using Positively Charged Magnetic 

Nanoparticles to Capture Bacteria at Ultralow Concentration,” Nanoscale Res. Lett., 2019, 

14, DOI: 10.1186/s11671-019-3005-z. 



137 

 

[24] Kearns, H., Goodacre, R., Jamieson, L. E., Graham, D., and Faulds, K., “SERS Detection 

of Multiple Antimicrobial-Resistant Pathogens Using Nanosensors,” Anal. Chem., 2017, 

89(23), pp. 12666–12673, DOI: 10.1021/acs.analchem.7b02653. 

[25] Nemr, C. R., Smith, S. J., Liu, W., Mepham, A. H., Mohamadi, R. M., Labib, M., and 

Kelley, S. O., “Nanoparticle-Mediated Capture and Electrochemical Detection of 

Methicillin-Resistant Staphylococcus Aureus,” Anal. Chem., 2019, DOI: 

10.1021/acs.analchem.8b04792. 

[26] Wang, J., Yang, W., Peng, Q., Han, D., Kong, L., Fan, L., Zhao, M., and Ding, S., “Rapid 

Detection of Carbapenem-Resistant Enterobacteriaceae Using PH Response Based on 

Vancomycin-Modified Fe3O4@Au Nanoparticle Enrichment and the Carbapenemase 

Hydrolysis Reaction,” Anal. Methods, 2019, 12(1), pp. 104–111, DOI: 

10.1039/c9ay02196e. 

[27] Suh, S. H., Jaykus, L. A., and Brehm-Stecher, B., Advances in Separation and 

Concentration of Microorganisms from Food Samples, Woodhead Publishing Limited, 

2013, DOI: 10.1533/9780857098740.3.173. 

[28] Dester, E., and Alocilja, E., “Current Methods for Extraction and Concentration of 

Foodborne Bacteria with Glycan-Coated Magnetic Nanoparticles: A Review,” Biosensors, 

2022, 12(2), p. 112, DOI: 10.3390/bios12020112. 

[29] Pitt, W. G., Alizadeh, M., Husseini, G. A., McClellan, D. S., Buchanan, C. M., Bledsoe, 

C. G., Robison, R. A., Blanco, R., Roeder, B. L., Melville, M., and Hunter, A. K., “Rapid 

Separation of Bacteria from Blood-Review and Outlook,” Biotechnol. Prog., 2016, 32(4), 

pp. 823–839, DOI: 10.1002/btpr.2299. 

[30] Benoit, P. W., and Donahue, D. W., “Methods for Rapid Separation and Concentration of 

Bacteria in Food That Bypass Time-Consuming Cultural Enrichment,” J. Food Prot., 

2003, 66(10), pp. 1935–1948, DOI: 10.4315/0362-028X-66.10.1935. 

[31] Agoston, R., Soni, K. A., McElhany, K., Cepeda, M. L., Zuckerman, U., Tzipori, S., ... & 

Pillai, S. D., “Rapid Concentration of Bacillus and Clostridium Spores from Large 

Volumes of Milk, Using Continuous Flow Centrifugation,” J. Food Prot., 2009, 72(3), pp. 

666–668, DOI: 10.4315/0362-028X-72.3.666. 

[32] Fukushima, H., Katsube, K., Hata, Y., Kishi, R., and Fujiwara, S., “Rapid Separation and 

Concentration of Food-Borne Pathogens in Food Samples Prior to Quantification by 

Viable-Cell Counting and Real-Time PCR,” Appl. Environ. Microbiol., 2007, 73(1), pp. 

92–100, DOI: 10.1128/AEM.01772-06. 

[33] Kumar, N., Wang, W., Ortiz-Marquez, J. C., Catalano, M., Gray, M., Biglari, N., Hikari, 

K., Ling, X., Gao, J., van Opijnen, T., and Burch, K. S., “Dielectrophoresis Assisted 

Rapid, Selective and Single Cell Detection of Antibiotic Resistant Bacteria with G-FETs,” 

Biosens. Bioelectron., 2020, 156, p. 112123, DOI: 10.1016/j.bios.2020.112123. 

[34] Chung, C.-C., Cheng, I.-F., Chen, H.-M., Kan, H.-C., Yang, W.-H., and Chang, H.-C., 



138 

 

“Screening of Antibiotic Susceptibility to β-Lactam-Induced Elongation of Gram-

Negative Bacteria Based on Dielectrophoresis,” Anal. Chem., 2012, 84(7), pp. 3347–

3354, DOI: 10.1021/ac300093w. 

[35] Bohara, R. A., and Pawar, S. H., “Innovative Developments in Bacterial Detection with 

Magnetic Nanoparticles,” Appl. Biochem. Biotechnol., 2015, 176(4), pp. 1044–1058, 

DOI: 10.1007/s12010-015-1628-9. 

[36] Krishna, V. D., Wu, K., Su, D., Cheeran, M. C. J., Wang, J. P., and Perez, A., 

“Nanotechnology: Review of Concepts and Potential Application of Sensing Platforms in 

Food Safety,” Food Microbiol., 2018, 75, pp. 47–54, DOI: 10.1016/j.fm.2018.01.025. 

[37] Lv, M., Liu, Y., Geng, J., Kou, X., Xin, Z., and Yang, D., “Engineering Nanomaterials-

Based Biosensors for Food Safety Detection,” Biosens. Bioelectron., 2018, 106(January), 

pp. 122–128, DOI: 10.1016/j.bios.2018.01.049. 

[38] Gu, H., Ho, P. L., Tsang, K. W. T., Yu, C. W., and Xu, B., “Using Biofunctional Magnetic 

Nanoparticles to Capture Gram-Negative Bacteria at an Ultra-Low Concentration,” Chem. 

Commun., 2003, 3(14), pp. 1758–1759, DOI: 10.1039/b305421g. 

[39] Mohammed, L., Gomaa, H. G., Ragab, D., and Zhu, J., “Magnetic Nanoparticles for 

Environmental and Biomedical Applications: A Review,” Particuology, 2017, 30, pp. 1–

14, DOI: 10.1016/j.partic.2016.06.001. 

[40] Xu, M., Wang, R., and Li, Y., “Rapid Detection of Escherichia Coli O157:H7 and 

Salmonella Typhimurium in Foods Using an Electrochemical Immunosensor Based on 

Screen-Printed Interdigitated Microelectrode and Immunomagnetic Separation,” Talanta, 

2016, 148, pp. 200–208, DOI: 10.1016/j.talanta.2015.10.082. 

[41] Lai, H., Xu, F., and Wang, L., “A Review of the Preparation and Application of Magnetic 

Nanoparticles for Surface-Enhanced Raman Scattering,” J. Mater. Sci., 2018, 53(12), pp. 

8677–8698, DOI: 10.1007/s10853-018-2095-9. 

[42] Wang, K., Li, S., Petersen, M., Wang, S., and Lu, X., “Detection and Characterization of 

Antibiotic-Resistant Bacteria Using Surface-Enhanced Raman Spectroscopy,” 

Nanomaterials, 2018, 8(10), DOI: 10.3390/nano8100762. 

[43] Chen, J., and Park, B., “Effect of Immunomagnetic Bead Size on Recovery of Foodborne 

Pathogenic Bacteria,” Int. J. Food Microbiol., 2018, 267(July 2017), pp. 1–8, DOI: 

10.1016/j.ijfoodmicro.2017.11.022. 

[44] Quintela, I. A., De Los Reyes, B. G., Lin, C. S., and Wu, V. C. H., “Simultaneous 

Colorimetric Detection of a Variety of Salmonella Spp. In Food and Environmental 

Samples by Optical Biosensing Using Oligonucleotide-Gold Nanoparticles,” Front. 

Microbiol., 2019, 10(MAY), pp. 1–12, DOI: 10.3389/fmicb.2019.01138. 

[45] Sutherland, J. B., Rafii, F., Lay, J. O., and Williams, A. J., “Rapid Analytical Methods to 

Identify Antibiotic‐Resistant Bacteria,” Antibiotic Drug Resistance, Wiley, September 9, 



139 

 

2019, pp. 533–566, DOI: 10.1002/9781119282549.ch21. 

[46] Wu, S., and Hulme, J. P., “Recent Advances in the Detection of Antibiotic and Multi-

Drug Resistant Salmonella: An Update,” Int. J. Mol. Sci., 2021, 22(7), DOI: 

10.3390/ijms22073499. 

[47] Wareham, D. W., Shah, R., Betts, J. W., Phee, L. M., and Momin, M. H. F. A., 

“Evaluation of an Immunochromatographic Lateral Flow Assay (OXA-48 K -SeT) for 

Rapid Detection of OXA-48-Like Carbapenemases in Enterobacteriaceae,” J. Clin. 

Microbiol., 2016, 54(2), pp. 471–473, DOI: 10.1128/JCM.02900-15. 

[48] Guntupalli, R., Sorokulova, I., Olsen, E., Globa, L., Pustovyy, O., and Vodyanoy, V., 

“Biosensor for Detection of Antibiotic Resistant Staphylococcus Bacteria.,” J. Vis. Exp., 

2013, (75), pp. 1–11, DOI: 10.3791/50474. 
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CHAPTER 5: NANOPARTICLE-BASED PLASMONIC BIOSENSOR FOR THE 

UNAMPLIFIED GENOMIC DETECTION OF CARBAPENEM-RESISTANT 

BACTERIA 

This chapter has been published in Diagnostics, 2023 (10.3390/diagnostics13040656). 

5.1. Introduction 

Infectious disease outbreaks have killed thousands of people with severe negative global 

economic impacts. Among these, antimicrobial-resistant (AMR) bacteria are a major growing 

concern [1]. Due to AMR infections, it is estimated that approximately 700,000 people die each 

year worldwide [2], with 39% of the cases linked to last-resort AMR bacteria [3]. According to a 

recent estimate, by the year 2050, AMR infections will result in 10 million deaths per year, along 

with losses worth USD 100 trillion [4]. 

Carbapenems, a subclass of β-lactam antibiotics, are the last line of defense against 

severe multi-resistant infections [1,5]. The incidence and spread of carbapenem-resistant bacteria 

have increased globally at an alarming rate since early 2010 [5]. Subsequently, carbapenem-

resistant Acinentobacter baumannii, Pseudomonas aeruginosa, and carbapenem-resistant 

Enterobacterales (CRE) have been listed as critical priority pathogens by the World Health 

Organization (WHO) since 2017 [6] and the Centers for Disease Control and Prevention (CDC) 

since 2019 [7]. Particularly, CRE results in 1,100 deaths and 13,100 infections in the USA [7], 

with a significant fraction of these infections potentially resulting in death due to a lack of 

alternative antibiotic treatments [5,7]. 

Carbapenem resistance mainly results from carbapenemase production and the porin gene 

mutation (non-carbapenemase). The presence of carbapenemase is usually sufficient for 

carbapenem resistance [8]. Production of carbapenemase can occur by mutations or through 

horizontal gene transfer (HGT) [9,10]. For example, a subset of bacterial cells from susceptible 

populations can develop spontaneous mutations in genes, allowing them to survive in the 

presence of antibiotics (carbapenem). These mutations lead to a selection of the genes that alter 

antibiotic actions through enzyme (carbapenemase) production [10,11], which are commonly 

transferable. In HGT, these carbapenemase genes are often located on mobile genetic elements, 

such as integrons, transposons, and plasmids, which contribute to their spread [1,12,13]. This 

results in carbapenemase-producing (CP) bacteria cases in humans who are not using the 
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antibiotic or are hospitalized but interact with environments and hosts colonized with CP bacteria 

[2]. The most common enzymes are Klebsiella pneumoniae carbapenemase (KPC), Metallo-β-

lactamases (New Delhi Metallo-lactamase (NDM), Imipenemase (IMP), and Verona integron-

encoded Metallo-lactamase (VIM), and Oxacillinase-48 (OXA-48). The CDC routinely tests 

these common carbapenemase types through the Antibiotic Resistance Laboratory Network [14]. 

In diagnostic protocols, antibiotic susceptibility tests (AST) are widely used in clinical 

and public health labs to assess antibiotic resistance profiles of target isolates [7]. AST methods 

usually require overnight culturing in selective media for species identification, followed by 

further growth in antibiotic solutions for determining their antibiotic-resistant profile [15–18]. 

Culture-based tests for identification of the CP bacteria include Modified Hodge Test (MHT) 

[19] and carbapenemase inactivation methods (CIM) [20,21], which are cost-effective and 

widely applicable. There have also been specific mediums designed for CP strain screening 

[22,23]. However, these culture-based tests are labor-intensive and require time-consuming steps 

for the isolation of pure cultures, taking days to weeks for determining their resistant profile 

[15,16,18]. 

Several phenotypic techniques have been developed to shorten the required time to detect 

CP bacteria based on their carbapenemase hydrolysis activity. For example, an ultraviolet (UV) 

spectrophotometric method has been developed to measure the imipenem hydrolysis activity of 

CP bacteria [24]. Further, the combination of automation and a user-friendly interface recently 

made matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF 

MS) popular in clinical labs. This technique identifies bacteria at the species and genus level 

from single isolated colonies [25]. Bioluminescence-based assays have also been developed for 

the detection of CP bacteria within 2.5 h [26]. Recently, a colorimetric assay, the Carba NP test 

and its commercial kits, have been developed for simple and cost-effective detection within 2 h 

[20,21,25,27]. However, these assays require pure cultures and depend on the growth rate of 

bacteria [25]. Many of these rapid phenotypic techniques also require expensive and complex 

equipment, data analysis, and trained personnel, which reduces their applicability in low-

resource settings [16–18,28]. 

Molecular methods have also been developed as effective techniques to detect specific 

resistant genes. PCR-based methods, DNA microarray and chips, whole genome sequencing 

(WGS), loop-mediated isothermal amplification (LAMP), and fluorescence in situ hybridization 
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(FISH) are used as genotypic techniques for the detection of resistance [17,18,28]. Among these, 

PCR-based approaches have been used as a gold standard for detecting β-lactam (bla) resistant 

genes. For example, multiplex PCR has been developed to detect 11 acquired carbapenemase 

genes using three different multiplex reaction mixtures [29]. Numerous automated systems have 

also been designed to detect and confirm the presence of target genes for bacteria and their 

resistance [21,25], although associated costs limit their use [25]. LAMP has been used as an 

alternative to PCR, particularly in low-resource settings, due to its simplicity and cost-efficiency. 

However, it still has limitations such as complex primer design [17,18,30]. Many genotypic 

methods offer rapid detection with higher sensitivity and specificity, but require costly reagents, 

equipment, and need skilled operators [16,18]. 

Biosensors have emerged as an alternative approach for simple, rapid, and low-cost 

detection. These analytical devices utilize biological or chemical reactions and convert the 

recognition event into measurable signals to detect target analyte [31,32]. A few biosensor 

studies have been developed for CP bacteria detection. For instance, a label-free electrochemical 

biosensor detected PCR amplified blaNDM gene using impedance spectroscopy [33]. Other 

voltammetry-based techniques have allowed for blaKPC detection in 45 min [34]. Recently, the 

Surface-Enhanced Raman Scattering technique (SERS) for carbapenem resistance detection has 

also been developed using silver nanoparticles [35], gold nanostars [36], and gold and silver 

nanorods [37] with higher specificity and sensitivity. However, these techniques require 

multivariate data analysis for detection. In another study, a lateral flow biosensor was developed 

to identify and differentiate blaOXA-23-like, by multiple cross displacement amplification [38]. 

Elsewhere, plasmonic nanosensors were developed using GNPs for colorimetric detection of CP 

pathogens based on carbapenemase activity and pH changes [39]. However, these biosensors are 

still costly and require complex techniques for signal measurements and data analysis [28]. 

Colorimetric gold nanoparticle (GNP) biosensors can offer an ideal solution. 

The size-dependent chemical, electric, optical, and physical properties of GNPs are their 

primary advantages [40–42]. In addition, GNPs are chemically stable and can be easily modified 

for biosensor applications, stimulating their popularity and use in recent years [41–43]. They 

have unique optical properties; free electrons of GNPs in colloidal solutions induce coherent 

oscillation once the frequency of light matches with electron frequency, producing a strong SPR 

band. The SPR band is strongly distance-dependent and transforms depending on monodispersed 
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or aggregated state of GNPs in a liquid solution, resulting in a visible color change [40–42]. 

Small monodispersed GNPs have an SPR absorption peak at around 520 nm, with a red color, 

which shifts to longer wavelength with aggregation of particles leading to color change to blue or 

purple [43–45]. Compared to other nanoparticles displaying SPR, which are unstable and toxic, 

GNPs are stable for a long time, making them cost-effective [46]. The colorimetric nature of this 

platform is noteworthy, offering rapid and simple visual detection in under one hour without 

complex and costly equipment [44,47,48]. 

GNPs have been extensively used to detect target DNA from several bacteria. For 

instance, thiol-capped GNPs were used to detect Klebsiella pneumoniae within one hour using 

amplified K2A gene [47] and unamplified DNA of uropathogenic E.coli [49]. However, 

traditional GNP synthesis and probe functionalization techniques can require labor and take 

several days [48,49]. Rapid synthesis and functionalization of GNPs are preferable, and dextrin-

coated GNPs have shown higher stability and biocompatibility [50]. These GNPs have been used 

earlier to detect unamplified DNA of E. coli O157:H7 [44] and Pseudoperonospora cubensis 

[50] within 30 min. However, their application for detecting AMR including CP bacteria has not 

been documented. 

Rapid detection is a significant step to control and prevent the emergence and spread of 

infections. For instance, the mortality rate of CRE infections rises by approximately 8% for each 

hour of delay in obtaining a correct diagnosis and suitable antibiotic treatment [51]. The delayed 

appropriate therapy in CP-CRE increase the risk of mortality from 0.9% to 3.7%, hospital cost 

from ~USD 10,000 to ~USD 25,000, and hospital stay from 5.1 days to 8.5 days [34,52]. Thus, 

this study proposes a rapid and simple plasmonic biosensor platform for detecting CP-bacteria, 

specifically the KPC-producing bacteria. The KPC is the most prevalent enzyme type among CP 

bacteria in the US and the world [10,53].  

5.1.1. Novelty of This Study 

The GNP-based plasmonic biosensor was designed to detect KPC-producing bacteria. 

This assay only requires dextrin-coated GNPs, DNA probes (blaKPC) for target bacteria, and 

DNA samples. Colorimetric results were quantified using absorbance spectra measurements by 

UV-Vis spectrophotometer. This study’s novelty is in the following aspects: 1) our GNP 

plasmonic biosensor using DNA probe is the first study in detecting AMR, including CP 

bacteria, 2) probe-functionalization protocols are not required, and 3) PCR amplification is not 
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required for detection. Scheme 5.1 briefly describes the generalized procedure of the plasmonic 

biosensor employed in this study. 

 

Scheme 5.1. Generalized procedure of GNP-based plasmonic biosensor (created with 

BioRender.com, accessed on December 2022). 

5.2. Materials and Methods 

5.2.1. Materials 

A total of 47 bacterial cultures were used in this study: 3 bacteria from the American 

Type Culture Collection (ATCC), 38 carbapenemase-producing (CP) bacteria isolates from the 

Michigan Department of Health and Human Services (MDHHS), and 6 bacteria from Dr. 

Evangelyn Alocilja’s Nano-Biosensors Laboratory at Michigan State University (MSU). DNA 

extraction kits were purchased from Qiagen (Germantown, MD, USA). NanoDrop One from 

ThermoFisher Scientific (Waltham, MA, USA) was used to quantify DNA samples and 

absorption spectra. Oligonucleotide probes were ordered from Integrated DNA Technologies 

(IDT; Coralville, Iowa). Tryptic Soy Agar (TSA) and Tryptic Soy Broth (TSB), Hydrochloric 

acid (HCl), gold (III) chloride (HAuCl4), sodium carbonate (Na2Co3), 11-mercaptoundecanoic 

acid (MUDA HS(CH2)10CO2H), sodium dodecyl sulfate (SDS, C12H25NaO4S), dextrin from 

potato starch were purchased from Sigma Aldrich (St. Louis, MO, USA). 

5.2.2. Bacterial Cultures 

Bacterial strains of E. coli C-3000 (15597), KPC-producing carbapenem-resistant E. coli 

(BAA-2340), and Klebsiella pneumoniae subsp. pneumoniae (13883) were obtained from 

ATCC. Frozen cultures of Salmonella enterica serovar Typhimurium, Salmonella enterica 

serovar Enteritidis, Klebsiella pneumoniae, and Enterobacter cloacae, and carbapenem-resistant 

Klebsiella pneumoniae were obtained from MSU. The CP bacteria isolates from MDHHS 

included 12 KPC-producing bacteria: E. coli (2), E. cloacae (1), K. pneumoniae (3), K. 
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aerogenes (2), Raultella ornithinolytica (2), Citrobacter amalonaticus (1), Citrobacter freundii 

(1), and 26 non-KPC (IMP, NDM, OXA-48, VIM)-producing bacteria: E. coli (5), K. 

pneumoniae (4), E. cloacae (7), K. oxytoca (1), C. freundii (2), Providencia rettgeri (2), Proteus 

mirabilis (2), Morganella morganii (2), and P. aeruginosa (1). Carbapenem-resistant bacteria 

isolates from MDHHS were verified by molecular (CARBA-R Cepheid assay and CDC 

laboratory-developed assay) and growth-based AST methods. 

Stock cultures of all isolates were stored at −80 °C. The cultures were refreshed by 

plating on TSA and incubated at 37 °C for 24–48 h. A single colony of the fresh bacterial 

cultures on TSA was then transferred into 9 mL of TSB with an overnight incubation at 37 °C 

before the experiment. The susceptible profile of E. coli C-3000, S. Typhimurium, S. Enteritidis, 

E. cloacae, K. pneumoniae, and K. aerogenes were confirmed using agar-dilution test (AST) 

[54]. 

5.2.3. DNA Extraction 

The DNA of the pure bacteria cultures after overnight incubation was extracted using the 

commercial kit, which removes any interfering materials and was finally suspended in elution 

buffer (pH 8). The DNA concentration and quality were measured with the NanoDrop. DNA 

samples with acceptable A260/A280 and A260/A230 ratios, between 1.8 and 2.2, were used for the 

designed biosensor assay. 

5.2.4. Probe Design and PCR Confirmation 

A single-stranded oligonucleotide primer and probe were designed to target specifically 

KPC-producing bacteria. The primers and probe were designed using the blaKPC gene sequence 

of carbapenem-resistant E. coli (ATCC-2340), utilizing the design tools from NCBI BLAST 

(National Center for Biotechnology Information Basic Location Alignment Search Tool). Here, 

E-values were checked to indicate that the gene sequence is specific. The following aminated 

probe was used: 5′ CGG TGT GTA CGC GAT GGA TAC CGG CTC AGG CGC AAC TGT 

AAG TTA CCG CGC TGA GGA GCG. The following PCR primer sequence was used: F- 5′ 

CGGTGTGTACGCGATGGATA and R- 5′ TCCGGTTTTGTCTCCGACTG. The absence and 

presence of the blaKPC gene in all samples were confirmed by PCR; the protocol was adapted 

from an earlier study [29]. Amplified products were run on a 2% agarose gel in Tris Acetate 

EDTA (TAE) buffer at an applied voltage of 120 V for 1 h. 
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5.2.5. GNP Synthesis and Surface Modification 

Dextrin-coated gold nanoparticles (GNPs) were synthesized using the alkaline synthesis 

method according to the procedure developed previously [55]. Briefly, gold (III) chloride 

trihydrate was dissolved in water and neutralized with sodium carbonate. Then, dextrin was 

added and heated at 150 °C under continuous stirring conditions until the solution turned wine 

red. The synthesis of GNPs was then confirmed by determining their absorption maxima using 

the NanoDrop at around 520 nm (red color). The GNPs were modified with 25 μM 

mercaptoundecanoic acid (MUDA) and suspended in 0.1 M borate buffer. As the MUDA-coated 

GNPs have -COOH groups, they create non-covalent interactions with amine groups on the 

aminated probe, leading to almost instantaneous GNP-probe functionalization. Batches of the 

surface-modified, ready-to-use GNPs were stored at 4 °C until further use. Since the GNPs are 

stable for a long time, new synthesis is not required for everyday analysis. 

5.2.6. Biosensor Design and Optimization 

The GNP-based plasmonic biosensor assay was developed with the following procedure 

[44]. Each biosensor trial included the extracted DNA sample (10 µL), 25 μM DNA probe (5 

µL), and surface-modified GNPs (5 µL) in a single tube. Samples were then placed in a 

thermocycler to allow denaturation at 95 °C for 5 min, annealing at 55 °C for 10 min, and cooling 

to room temperature. This cycle enables target DNA to hybridize with the probe-GNP. Next, 0.1 

M HCl was added to the sample, inducing GNP aggregation by distributing the electrostatic 

repulsion from the GNPs. However, target DNA bound to the GNP-probe prevents GNPs from 

aggregation. Thus, samples with target DNA remained red, while non-target samples allowed 

GNP aggregation, resulting in color change (purple or blue). The visual change in color of the 

GNPs was quantified by measuring their absorbance spectra in the wavelength range of 400–800 

nm. Target samples were expected to have maximum absorbance at ~520 nm, while blue/purple 

samples shifted right, with higher absorption maxima. Quantification of the GNP aggregation 

was determined using absorbance ratios at 625 nm and 520 nm (A625/520), which is based on an 

earlier reported study [50]. 

The GNP biosensor optimization variables included the amount of HCl (5–10 µL) and the 

response time between HCl addition and reading the colorimetric results (5–10 min). The 

optimum HCl amount and aggregation time were determined through qualitative and quantitative 
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analysis. Different amounts of 0.1 M HCl (5–10 μL) were separately added to the negative 

control (nuclease-free water), positive sample (10 ng/µL of KPC-producing E. coli BAA-2340), 

and negative sample (10 ng/µL of E. coli C-3000). Tubes were incubated until aggregation of 

negative samples without aggregation of the positive sample, which was visually observable. 

Absorbance spectra readings were taken at 5 min intervals after HCL addition. Readings were 

statistically analyzed at a 95% confidence interval; the optimized procedure had a significant and 

consistent difference between positive and negative samples, with a visible color change. 

5.2.7. Limit of Detection Testing (Analytical Sensitivity) 

The analytical sensitivity test was conducted at different DNA concentrations to 

determine the minimum detectable concentration of DNA. In this test, target and non-target 

DNA samples were serially diluted to lower concentrations, ranging from 20 to 1 ng/µL. Then, 

the target DNA sample (KPC-producing E. coli (BAA-2340)) was compared with a non-target 

sample (E. coli C-3000) at the same concentrations with a series of nine trials. Their visual color 

change and absorbance spectra measurements were used to determine the difference in GNP 

aggregations between the two samples. The A625/520 values were statistically analyzed at a 95% 

confidence interval. 

5.2.8. Diagnostic Sensitivity and Specificity Testing 

The biosensor was tested with a total of 47 DNA samples: 14 KPC-producing bacteria 

(target DNA) and 33 non-KPC-producing bacteria (non-target DNA), as listed in Table 5.1. A 

DNA concentration of 10 ng/µL was used for all samples with a series of nine trials. Each 

specificity trial included a negative control (DNA-free), target, and non-target samples. Their 

absorbance spectra measurements and images were collected during the experiment. Differences 

in A625/520 values among target and non-target samples were statistically analyzed at a 95% 

confidence interval. 

The diagnostic sensitivity and specificity of this assay were calculated as described in an 

earlier study [56]. The sensitivity is the proportion of positive tests (True positive/(True positive 

+ False negative)), and specificity is the proportion of negative tests (True negative/(True 

negative + False positive)). 
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Table 5.1. Bacterial isolates tested for specificity test. 

Positive (Target) Samples  

(KPC-Producing Resistant 

Bacteria) 

Non-Target Samples 

Non-KPC (IMP, NDM, OXA-48, 

VIM)-Producing Resistant Bacteria 

Non-Resistant Bacteria 

(Susceptible) 

E. coli (3) E. coli (5) E. coli C-3000 (1) 

K. pneumoniae (4) K. pneumoniae (4) K. pneumoniae (2) 

E. cloacae (1) E. cloacae (7) E. cloacae (1) 

K. aerogenes (2) K. oxytoca (1) K. aerogenes (1) 

C. freundii (1) C. freundii (2) Salmonella (2) 

C. amalonaticus (1) P. rettgeri (2)  

R. ornithinolytica (2) P. mirabilis (2)  

 M. morganii (2)  

 P. aeruginosa (1)  

5.2.9. Statistical Analysis 

Data were presented with averages and standard deviations in bar graphs. The A625/520 

values were compared among target and non-target samples using one-way analysis of variance 

(ANOVA) followed by Tukey’s HSD (honestly significant difference) test at a 95% confidence 

interval. 

5.3. Results and Discussion 

5.3.1. Characterization of GNPs and Principle of the GNP-Based Plasmonic Biosensor 

Dextrin-coated GNPs used in the study were synthesized using an alkaline synthesis 

route. Successful GNP synthesis was confirmed by their wine-red appearance and a peak of 

maximum absorbance at ~520 nm, as seen in Figure 5.1a. Earlier reports have stated that the red 

color of GNPs and the absorbance peak at 520 nm indicate their size to be 10–50 nm in diameter 

[57]. For their biosensor application, the GNPs were surface-modified with MUDA, enabling 

their instantaneous non-covalent interaction with the aminated DNA probe [44]. The surface-

modified GNPs were not affected by this modification, confirmed by their absorbance spectra 

(Figure 1a). Following sample DNA addition to GNPs and probe, and placement in the 

thermocycler, the absorbance spectra were again measured to confirm the stability of the GNPs. 

As seen in Figure 5.1a, GNPs did not show a shift in wavelength of absorption maxima, 

indicating that heating cycle or presence of DNA, did not affect the size of nanoparticles. After 

confirming GNPs’ stability, proof-of-concept of the assay was conducted. 

As stated earlier, our plasmonic biosensor concept is based on the SPR of GNPs, which 

can be determined spectrophotometrically. GNP aggregation results from the distribution of the 

electrostatic repulsion, leading to a shift in their absorption maxima due to the distance-
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dependent nature of the SPR [44]. The shift in absorption maxima is associated with the color 

change from red to blue or violet. Thus, this study utilized GNPs’ absorbance spectra at 520 nm 

and shift in the peak of maximum absorbance following HCl addition for DNA detection. It was 

hypothesized that DNA-probe-GNPs’ conjugation would protect GNP against aggregation, 

leading to the maintenance of red color in the target DNA sample. In non-target samples, GNP 

would agglomerate due to a lack of protection by target DNA, changing their color from red to 

blue or purple. The biosensor thus produced a qualitative and quantitative signal, as seen in 

Figure 5.1b. The quantifiable signal corresponds to the presence or absence of the target analyte. 

Optimization of the plasmonic biosensor using the blaKPC probe was initially conducted 

and resulted in 9 μL of 0.1 M HCl and a 5 min response time for further analysis. It should be 

noted that the GNPs are prevented from aggregation for at least 30 min. All steps from sample 

preparation to colorimetric analysis can be completed in approximately 30 min; this short 

duration is due to instantaneous GNP-probe functionalization. 

 

Figure 5.1. The absorbance spectrum of GNP samples along with tube images in the inset: (a) 

The absorbance spectrum of the synthesized GNPs, surface-modified GNPs, and test sample 

after the heating cycle and (b) proof-of-concept of the biosensor using the blaKPC probe with 

negative control (NC), target (T), and non-target (NT) samples. 

5.3.2. Limit of Detection of the Plasmonic Biosensor 

The lowest detection limit of the biosensor for KPC-producing bacteria was determined 

using the target DNA of KPC-producing E. coli (BA-2340) and the non-target DNA of 

susceptible E. coli C-3000. Both target and non-target DNA samples were diluted from 20 to 1 

ng/μL by a factor of two. Target and non-target DNA samples at the same concentrations were 

compared using absorbance spectra measurements; tube images are shown in Figure 5.2. 

Quantification of GNP aggregation was achieved using A625/520. The difference in average 
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A625/520 of target and non-target samples was higher at 20 ng/µL and 10 ng/µL followed by 5 

ng/µL and 2.5 ng/µL. The least difference between the target and non-target samples was 

observed at 1 ng/μL. Statistically significant differences between target and non-target samples 

for each concentration were assessed using ANOVA followed by Tukey’s test. The target 

samples at 20 ng/µL, 10 ng/µL, 5 ng/µL, 2.5 ng/µL, and 1 ng/μL were significantly different 

from their non-target samples (p < 0.05). However, the average A625/520 of the target sample at 1 

ng/μL overlapped with non-target samples at 20 ng/µL, 10 ng/µL, 5 ng/µL, 2.5 ng/µL, which 

were all similar (p > 0.05). Further, visual detection at 1 ng/µL was also not clearly observed. 

Thus, the detection limit was found to be 2.5 ng/µL. 

Sensitivity results also indicate that the A625/520 values of non-target were in a similar 

range while those of target at various DNA concentrations followed a linear trend. Here, the 

A625/520 of target DNA samples at 20 ng/µL and 10 ng/µL were similar (p > 0.05), indicating that 

DNA concentrations above 10 ng/µL would have a similar absorbance ratio. Previous literature 

confirmed this observation where a GNP biosensor detected E. coli O157 with a similar 

absorbance peak in target samples at 10 ng/µL and 20 ng/µL [44]. Thus, our plasmonic biosensor 

can detect and differentiate target and non-target samples at and above 2.5 ng/µL. 

The detection limit of our biosensor using unamplified DNA was lower than that of 

similar colorimetric assays in the literature. For instance, a colorimetric assay using thiolated 

GNPs for detecting Staphylococcus epidermis was achieved with a limit of 20 ng/µL [58]. In 

another study, Leishmania sps. were detected using multiple probes with DNA as low as 11.5 

ng/µL [59]. Among other bacteria, uropathogenic E.coli was detected from the pure culture with 

a detection limit of 9.4 ng/μL [49], and E. coli O157 was detected with a limit of 2.5 ng/µL [44]. 

In other examples of GNP-based colorimetric assays, which had a significantly lower detection 

limit in clinical isolates, amplification of DNA samples was needed. Examples include the 

detection of Acinetobacter baumannii [60] and Mycobacterium tuberculosis [61] within 2 h 

following PCR. Compared to similar assays, the detection limit of our biosensor is reasonable 

without any PCR amplification and probe-functionalization and can be achieved in 30 min. 

The detection limit of our biosensor corresponds to approximately 103 CFU/mL. Other 

studies using lateral-flow immunochromatographic assay and colloidal GNPs successfully 

detected OXA-48 variants but demonstrated a higher detection limit at 106 CFU/mL [62]. 

Similarly, electrochemical biosensor platforms for blaKPC detection [34] and plasmonic sensors 
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for CP bacteria detection have all shown detection limits >104 CFU/mL [39], with other methods 

requiring overnight culturing [19,23,25,35,63,64]. Our plasmonic biosensor promises a lower 

detection limit from unamplified DNA samples, along with a simple, rapid, and cost-effective 

detection. 

 

Figure 5.2. Limit of detection of the plasmonic biosensor using the blaKPC probe. The absorbance 

ratio at 625 and 520 nm (A625/520) of the target (T) and non-target (NT) DNA samples at the 

different concentrations, along with their visual images. 

5.3.3. Diagnostic Sensitivity and Specificity of the Plasmonic Biosensor 

A total of 47 isolates were first confirmed for the presence of the blaKPC gene in the target 

(14) and its absence in non-target samples (33) by PCR amplification. Our plasmonic biosensor 

was then tested on all target and non-target samples. The PCR and biosensor results, with 

average of A625/520 and tube images are shown for all 47 samples in Figures 5.3–7. 

Figure 5.3a shows results from E. coli samples with three KPC-producing targets and six 

non-KPC-producing non-target samples. The plasmonic biosensor successfully detected two of 

three target samples. Sample spectra are also shown in Figure 5.3c. Among KPC-producing E. 

cloacae samples, the target was successfully detected, while none of the non-KPC-producing 

samples were detected by the biosensor (Figure 5.4a). No cross-reactivity with non-target DNA 

was observed, resulting in GNP agglomeration. For KPC-producing K. pneumoniae, all the target 

samples were successfully detected. However, one (NDM-producing) of six non-target samples 
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was also detected by the biosensor (Figure 5.5a). The biosensor was also successful in detecting 

one of the two KPC-producing K. aerogenes samples and differentiated it from non-KPC 

producing carbapenem-resistant K. aerogenes, K. oxytoca, P. rettgeri, P. aeruginosa, and 

susceptible K. aerogenes, S. Enteritidis, and S. Typhimurium (Figure 5.6a). Lastly, our biosensor 

detected and differentiated KPC-producing R. ornithinolytica, C. amalonaticus, and C. freundii 

from non-KPC-producing carbapenem-resistant C. freundii, M. morganii, P. mirabilis (Figure 

5.7a). The A625/520 values of all detected samples were significantly different than those of the 

non-detected samples (p < 0.05). 

 

Figure 5.3. Plasmonic biosensor and PCR results of E. coli samples: (a) the average absorbance 

ratio at 625 and 520 nm (A625/520) of the target (T) and non-target (NT) samples with colorimetric 

results in tubes. Detected target samples are shown with red color bars, and non-target samples 

are shown with blue bars. One of the three target samples was not detected (shown in light blue). 

(b) PCR amplification results of the same samples along with a 1000 bp ladder. (c) Absorbance 

spectra of the E. coli samples. 

 

Figure 5.4. Plasmonic biosensor and PCR results of E. cloacae samples: (a) the average 

absorbance ratio at 625 and 520 nm (A625/520) of the target (T) and non-target (NT) samples, with 

colorimetric results in tubes. Detected target samples are shown with red color bars, and non-

target samples are shown with blue bars. (b) PCR amplification results of the same samples with 

a 1000 bp ladder. 
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Figure 5.5. Plasmonic biosensor and PCR results of K. pneumoniae samples: (a) the average 

absorbance ratio at 625 and 520 nm (A625/520) of the target (T) and non-target (NT) samples, with 

colorimetric results in tubes. Detected target samples are shown with red color bars, and non-

target samples are shown with blue bars. One of the six non-target samples was detected (shown 

in light red). (b) PCR amplification results of the same samples along with a 1000 bp ladder. 

 

Figure 5.6. Plasmonic biosensor and PCR results of K. aerogenes (T9, T10, NT21), K. oxytocia 

(NT22), P. rettgeri (NT23 and NT24), P. aeruginosa (NT25), S. Typhimurium (NT26), and S. 

Enteritidis (NT27): (a) the average absorbance ratio at 625 and 520 nm (A625/520) of the target (T) 

and non-target (NT) samples, with colorimetric results in tubes. The detected target sample is 

shown with a red bar, and non-target samples are shown with blue bars. One of the two target 

samples was not detected (shown in light blue). (b) PCR amplification results of the same 

samples along with a 1000 bp ladder. 
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Figure 5.7. Plasmonic biosensor and PCR results of R. ornithinolytica (T11, T12), C. 

amalonaticus (T13), C. freundii (T14), C. freundii (NT28 and NT29), P. mirabilis (NT30 and 

NT31), and M. morganii (NT32 and NT33): (a) the average absorbance ratio at 625 and 520 nm 

(A625/520) of the target (T) and non-target (NT) samples, with colorimetric results in tubes. 

Detected target samples are shown with red bars, and non-target samples are shown with blue 

bars. One of the four target samples was not detected (shown in light blue). (b) PCR 

amplification results of the same samples along with a 1000 bp ladder. 

Overall, the designed DNA-based plasmonic biosensor used the blaKPC probe to 

successfully detect and differentiate KPC-producing bacteria from non-KPC-producing bacteria 

regardless of bacterial types. The rapid biosensor was in almost perfect agreement with the result 

of PCR amplification as seen in Figures 5.3b, 4b, 5b, 6b, and 7b. The biosensor detected 11 of 14 

target DNA samples and one of 33 non-target DNA samples, confirmed statistically. The average 

A625/520 of the detected target DNA samples in all trials was in the range of 0.43–0.63, while the 

absorbance ratio of non-target DNA detection was between 0.71–1.2 after HCl application (5 

min response). The differences in absorbance ratio of all detected samples were significantly (p < 

0.05) different than those of all non-detected samples. 

The diagnostic specificity (true negative) and sensitivity (true positive) of our biosensor 

were found to be 97% and 79%, respectively (Table 2). These results were in the range of 

sensitivity and specificity levels of the phenotypic techniques used in clinical labs to detect 

carbapenem-resistant bacteria. For instance, MALDI-TOF MS detected the resistant bacteria 

with a range of 72.5–100% sensitivity and 98–100% specificity, along with an issue on OXA-48 

identification [20,25]. The sensitivity of the Carba NP test was 73–100%, but it performed 

poorly in the detection of OXA-48 enzyme type [20,21,27]. Different types of commercial kits: 

RAPIDEC Carba NP test (first commercial test), β-CARBA test, Rapid CARB screen, Rapid 

Carb Blue kit, and Neo-CARB kit have been used to detect CP bacteria in the range of 15 min to 
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2 h with varying sensitivity (89.5–99%) and specificity (70.9–100%) from the pure culture 

[21,25]. In culture-based methods, sensitivity of the MHT was found to be 69% [65] and 93–

98% [20], along with lower performance in the detection of NDM enzymes [20,21]. Lastly, the 

sensitivity of the CIM method was 98–100% [20,66], and 96.1% [66]. However, the CIM 

method is labor-intensive and takes days to determine the resistant profile of the bacteria [18,20]. 

Table 5.2. Diagnostic sensitivity and specificity for KPC detection. 

 Sensitivity Specificity 

 Positive Samples Negative Samples 

Positive Tests 11 1 

Negative Tests 3 32 

Total 14 33 

 11/14 = 0.7857 32/33 = 0.9696 

 

Among the genotypic methods, the multiplex oligonucleotide ligation-PCR procedure 

helps to detect β-lactamase genes and their variations with high sensitivity and specificity (100% 

and 99.4%) in 5 h [25]. The LAMP method using hyfroxynaphtol blue dye (LAMP-HNB) and 

microarray techniques has also been used to detect carbapenemase enzymes with higher 

specificity and sensitivity at 100% and > 90%, respectively [18,21]. The RNA-targeted 

molecular approach, NucliSENS EasyQKPC test, successfully detected blaKPC variants within 2 

h, achieving 93.3% sensitivity and 99% specificity [67]. While genotypic methods show higher 

sensitivity and specificity, they are expensive and therefore limited in their field-application. 

Alternatively, our GNP biosensor offers cost-effective and rapid detection with good sensitivity 

and specificity for KPC-producing bacteria. 

5.3.4. Improving GNP Plasmonic Biosensor Applicability and Accessibility 

Rapid diagnostic techniques with higher specificity and sensitivity help improve 

diagnosis, disease management, epidemiology, and outbreak investigations [7]. As AMR 

infections, particularly carbapenem-resistant infections, are a global concern, rapid detection of 

the causative bacteria is of utmost importance. The GNP-based plasmonic biosensors can 

become an accessible and rapid detection method, especially in low-resource settings. 

This plasmonic biosensor is the first study to detect AMR with KPC-producing bacteria. 

This study showed the potential of the plasmonic biosensor applicability in detecting the gene of 

KPC-producing bacteria in a short time. While the designed biosensor is easy, rapid, and cost-

effective, its applicability and accessibility can be further developed through future works. For 
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instance, visual results can also be quantified without requiring absorbance spectra 

measurements. Smartphone imaging techniques have been used to differentiate the color 

difference between target and non-target samples [39,68] and can be applied to this assay. 

Further, our biosensor using the blaKPC probe can be tested on more bacteria isolates to improve 

its sensitivity and specificity. The biosensor design can be extended to detect other 

carbapenemase genes using blaNDM, blaOXA-48, blaVIM, and blaIMP probes for broad-range 

detection. A multiplex GNP biosensor using multiple probes can be designed to detect all 

carbapenemase genes. The GNP biosensor can be further tested on clinical, environmental, and 

food samples to increase its real-world applicability. Even though carbapenems are used in 

human medicine, environmental, microbiological, and clinical investigations show that CP 

bacteria in the environment (water or soil ecosystems) could widely spread among animals and 

agricultural products [1,69–73]. Thus, rapid detection of CP bacteria, regardless of their 

pathogenicity, and its implementation in surveillance programs is important to prevent and 

control possible future endemics or pandemics. 

Besides carbapenem resistance detection, our platform can be extended to other 

antibiotic-resistant bacteria (colistin, ampicillin, ESBL, etc.). Detection of specific genes with the 

plasmonic biosensor can be achieved in a simple, rapid, and cost-effective manner allowing it to 

be applied as an effective screening test in low-resource settings. 

The colorimetric nature of this plasmonic biosensor offers rapid and simple visual 

detection in 30 min. The GNPs are easily prepared and modified and chemically stable for a long 

time. This assay has only three steps—adding extracted DNA to GNPs, placing the mixture in a 

thermocycler (acting as a heating block, not for DNA amplification), and HCl application. The 

estimated material cost of this GNP plasmonic biosensor is affordable at less than USD 2 per 

test, compared to rapid molecular methods (USD 23–150) and phenotypic methods (USD 2–10) 

[25]. This GNP biosensor does not require PCR amplification, complex and costly equipment 

such as a spectrophotometer, mass spectrophotometer or qPCR, and data analysis. Other 

inexpensive phenotypic methods require overnight culture and are therefore not rapid. Hence, 

our platform is affordable, rapid, and applicable; this designed plasmonic biosensor can be 

applied for point-of-care testing and field studies. 
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5.4. Conclusion 

Dextrin-coated GNPs were used to design a DNA-based plasmonic biosensor to detect 

KPC-producing carbapenem-resistant bacteria in 30 min. This biosensor using the blaKPC probe 

can successfully visually differentiate between target (KPC-producing bacteria) and non-target 

samples (non-KPC-producing bacteria). Successful detection was achieved as low as 2.5 ng/µL 

(~103 CFU/mL) from unamplified DNA samples. The diagnostic sensitivity and specificity were 

found to be 79% and 97%, respectively. In future works, this biosensor can be extended to detect 

different carbapenemase genes in clinical and biological samples. 
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CHAPTER 6: PARALLEL BIOSENSOR PLATFORM FOR THE DETECTION OF 

CARBAPENEMASE-PRODUCING E. COLI IN SPIKED FOOD AND WATER 

SAMPLES 

This chapter has been published in Food Control (10.1016/j.foodcont.2024.110485). 

6.1. Introduction 

Carbapenem-resistant Enterobacterales (CRE) has globally increased at an alarming rate 

in the last decade [1,2], which is reported as the global priority list of antimicrobial-resistant 

infections [3,4]. Due to limited antibiotic treatments, many CRE infections potentially result in 

death [1,3,5]. Their emergence and spread mostly rely on disseminating genes encoding 

carbapenemases by horizontal gene transfer [2,6,7]. The most prevalent carbapenemases are 

Klebsiella pneumoniae carbapenemase (KPC), New Delhi metallo-β-lactamase (NDM), Verona 

integron-encoded Metallo-β-lactamase (VIM), and Oxacillinase-48 (OXA-48) [8–10]. Several 

microbiological, clinical, and environmental studies reported that carbapenemase-producing 

(CP)-CRE was found in human specimens, hospital and municipal wastewater, agricultural 

environments, drinking water, surface and groundwater, food animals, and food products 

[2,8,11–16]. Thus, the presence of CP-CRE in clinical and biological samples is routinely tested 

[1,17–19]. 

The global food trade and water sources are one of the major routes for transmitting CP-

CRE and the resistant genes, which threaten public health [11,20,21]. Thus, there has been an 

international ban and zero-tolerance policy on selling CRE-contaminated foods in various 

countries [8]. In the last two decades, global surveillance programs have targeted animal-based 

food products that are potential sources of antimicrobial-resistant bacteria (ARB) [19,22,23]. The 

surveillance programs mostly focus on tracing pathogenic indicator bacteria such as Salmonella, 

E. coli, Campylobacter, and Enterococcus on meat products (e.g., beef, poultry, and pork) and 

food animals. The surveillance has been extended to tracking CP-CRE in food animals and meat 

products since 2016 in the U.S. and Europe [1,17–19]. Thus, rapid detection of CP-CRE in the 

food chain and implementation of surveillance programs are significant to control and prevent 

future outbreaks. 

The current methods for detecting ARB, including CP-CRE, have multiple obstacles in 

terms of speed and accessibility. For instance, culture-based tests, including standard 

https://doi.org/10.1016/j.foodcont.2024.110485
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antimicrobial susceptibility testing (AST) [24–26], Modified Hodge Test (MHT) [27,28], and 

modified carbapenemase inactivation methods (mCIM) [29,30] are affordable and widely 

applicable. However, these tests are cumbersome and require pure cultures, which take days to 

weeks to identify the resistant profile of pathogens [2,31,32]. Widely implemented rapid 

phenotypic methods such as matrix-assisted laser desorption/ionization time-of-flight mass 

spectrometry (MALDI-TOF MS) and colorimetric assays (e.g., CARBA NP test) and genotypic 

methods have been developed to reduce the diagnostic time from days to hours. However, many 

of these techniques need pure cultue, advanced equipment, complex data analysis, expensive 

reagents, and skilled personnel, restricting their use in many limited-resource laboratories 

[2,26,31–33]. 

Recently, a few biosensors have been developed to address the global need for a simple, 

cost-effective, and rapid detection of CP-CRE. For instance, an impedimetric electrochemical 

biosensor detected NDM-producing bacteria with PCR amplified blaNDM gene [34], and a 

voltammetry-based electrochemical biosensor allowed KPC-producing bacteria detection [35]. 

Among other methods, the Surface-Enhanced Raman Scattering (SERS) technique successfully 

detected CRE with higher specificity and sensitivity using nanoparticles [36–38]. However, these 

optical and electrochemical biosensors still require PCR amplification and multivariate data 

analysis, along with costly reagents and equipment [32]. Recently, plasmonic biosensors or gold 

nanoparticle (GNP)-based colorimetric biosensors have offered rapid, simple, and cost-effective 

genomic detection without the necessity of costly equipment and reagents and PCR amplification 

[39,40]. For instance, dextrin-coated GNPs (dGNPs) were utilized to visually detect a resistant 

gene (blaKPC) harbored in various bacteria regardless of bacterial type [41]. As with many 

detection methods, the assay was mostly tested with susceptible pathogens, with a few examples 

from complex matrices. However, the rapid detection of ARB, including CRE, needs further 

attention. Particularly, direct detection of ARB from real samples has not been studied and 

requires further studies to improve the applicability and accessibility of this rapid detection 

technique. Thus, this study aimed to use the plasmonic biosensor to detect ARB, particularly CP-

CRE isolates from matrices. 

Besides concerns about accessible and applicable detection methods, bacterial extraction 

and concentration from real samples are often a critical challenge. This is typically necessary to 

ensure the enough number of bacterial cells required for successful detection [42–44]. The 
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bacterial isolation or extraction techniques in clinical and biological samples are usually physical 

methods (e.g., centrifugation and filtration) and biochemical methods (e.g., metal hydroxides, 

dielectrophoresis, and magnetic nanoparticles) [42,43,45]. However, many of these methods still 

face some challenges regarding limited volumes, filter clogging, and ineffective separation from 

complex matrices [42,46,47]. Among some primary alternatives, magnetic nanoparticles (MNPs) 

have been utilized for rapid and effective isolation of bacteria from clinical and biological 

samples [42,48–52]. Herein, immunomagnetic separation (IMS) methods have been commonly 

used to isolate target bacteria based on antigen-antibody conjugation. However, its inefficiency 

in complex matrices due to the blocking of the antibody by debris and its associated higher costs 

and specific storage conditions have limited its application [42,43,47]. Recently, carbohydrate-

functionalized MNPs have been used as cost-effective and rapid alternatives to IMS. For 

instance, glycan-coated MNPs (gMNPs) successfully isolated gram-positive and gram-negative 

bacteria from various foods [53–55], although their use for the extraction of ARB, including 

CRE, requires attention. While gMNPs do not allow targeted bacterial capture, they could be 

combined with particular detection assays [39,54,56,57]. One-pot synthesis, long-term stability 

at room temperature, cost-effectiveness, and compatibility with many detection techniques make 

gMNPs lucrative alternatives [42,58]. Therefore, this work used gMNPs for the extraction of 

bacteria from matrices. 

This research mainly designed a rapid, simple, and cost-effective platform to detect CP-

CRE, specifically KPC-producing E. coli, as KPC is the most common carbapenemase type in 

the US and worldwide [10,16,59]. Further, CP E. coli isolates have been commonly found in 

foods and water sources [8,60–62]; thus, tap water, romaine lettuce, chicken breast, and ground 

beef were chosen as matrices of focus for the extraction and detection of KPC-producing E. coli. 

This study hypothesized that carbohydrate-coated nanoparticles can rapidly extract and 

detect KPC-producing E. coli from large-volume samples (foods and water) without PCR 

amplification and lengthy enrichment steps. To achieve this, tap water and food samples were 

first artificially contaminated with carbapenem-susceptible and carbapenem-resistant bacteria. 

The gMNPs were used to extract these bacteria, and their interaction was assessed with TEM. 

Magnetically extracted bacteria were followed by a short-enrichment step (5 h) and DNA 

extraction. The detection of target DNAs for E. coli isolates, and KPC-producing bacteria was 
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parallelly achieved by GNP-based plasmonic biosensors using uidA and blaKPC probes. The 

overall procedure used in this study was briefly described in Scheme 6.1.   

To the best of our knowledge, this study is the first study on the direct detection of CRE 

from food and water samples, along with magnetic extraction and parallel plasmonic biosensors 

to detect KPC-producing E. coli. This study further explored the implementation of the 

combined platform on real samples, which aids in increasing its accessibility and applicability in 

the field. 

 

Scheme 6.1. The overall procedure for the extraction and identification of KPC-producing E. coli 

from large-volume complex matrices (created with BioRender, accessed on 7 June 2023). 
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6.2. Materials and Methods 

6.2.1.  Materials 

Frozen stock cultures of KPC-producing E. coli (BAA-2340) and susceptible E. coli C-

3000 (ATCC 15597) were ordered from the American Type Culture Collection (ATCC). Slant 

culture of an NDM-producing E. coli isolate was provided by the Michigan Department of 

Health and Human Services (MDHHS). Frozen culture of Salmonella enterica serovar 

Enteritidis, Salmonella enterica serovar Typhimurium, Enterobacter cloacae, Klebsiella 

pneumoniae, Listeria monocytogenes, Bacillus cereus, and Staphylococcus aureus were received 

from Dr. Alocilija’s Nano-Biosensors Laboratory at Michigan State University (MSU). The 

commercial kit for genomic DNA isolation was purchased from Qiagen (Germantown, MD, 

USA), and oligonucleotide primers and probes were ordered from Integrated DNA Technologies 

(Coralville, IA). A NanoDrop One (ThermoFisher Scientific, Waltham, MA, USA) at Dr. 

Alolcilja’s lab was used to measure wavelengths. 

The chemicals of Phosphate Buffered Saline (PBS, pH 7.4), Tryptic Soy Broth (TSB) and 

Tryptic Soy Agar (TSA), Hydrochloric Acid (HCl), Sodium Carbonate (Na2Co3), Gold (III) 

Chloride (AuHCl4), dextrin from potato starch, Sodium Dodecyl Sulfate (SDS, NaC12H25SO4), 

and 11-Mercaptoundecanoic Acid (MUDA, C11H22O2S) were provided from Sigma Aldrich (St. 

Louis, MO, USA). The selective agars, SUPERCARBA for CP bacteria and CHROMagar for E. 

coli were purchased by DRG International (Springfield, NJ). For Transmission Electron 

Microscopy (TEM) imaging, uranyl acetate stain, glutaraldehyde, and cacodylate buffer were 

received by the Center for Advanced Microscopy (CAM) at MSU, and TEM grids with 

formvar/carbon 200 mesh copper were obtained by Electron Microscopy Systems (Hatfield, PA). 

Further, Whirl-Pak bags (92 oz. and 18 oz.) were ordered from VWR International. Magnetic 

racks for magnetic separation were ordered from Spherotech (Lake Forest, IL). Food samples: a 

total of three packages of romaine lettuce, raw chicken breast, and raw ground beef were bought 

from a local grocery and kept at 4 °C before their use. 

6.2.2. Rapid Extraction of Bacterial Cells from Artificially Contaminated Water and Food 

Samples Using gMNPs 

In-house proprietary gMNPs were synthesized following a previously published 

procedure [63]. The synthesized gMNPs (powder) were kept at room temperature for further use; 
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5 mg/mL of gMNPs in the sterilized deionized water were sonicated for 30 min prior to 

experiments. Optimization of the magnetic extraction test was conducted earlier in Dr. Alocilja’s 

Nanobiosensor laboratory; different amounts of gMNPs (0.5-5 mL) in a 100 mL of a buffer 

solution with a low-level bacterial load (approximate 102-103 CFU/mL) were tested. The gMNP-

treated and non-treated (control) samples for each amount of gMNPs were separately plated and 

incubated at 37 οC for 24h. The number of colonies on the plates for control and test samples was 

used to calculate the gMNP-bacteria binding capacity, expressed as concentration factor (CF: 

CFUs in gMNP-treated test sample/CFUs in control sample)[53,58]. The CF values were the 

highest and consistently similar when >1 mL of gMNPs were used; thus, the optimum volume of 

gMNPs was earlier determined as low as 1 mL. This optimized volume has been employed to 

extract bacteria from food samples.  

The method for bacterial extraction at large-volume samples in this study was adapted 

from earlier studies [53,58]. Overnight bacterial cultures were grown in TSBs for ~5 h in a 

shaking incubator with agitation at 125 rpm. Following serial dilution, 1 mL of 105 CFU/mL of 

each bacteria was separately inoculated in tap water (25 mL) and the food samples (25 g) in a 

Whirl-Pak bag: one bag for E. coli (S), one bag for E. coli (R: NDM), one bag for E. coli (R: 

KPC), and one bag for S. Typhimurium for each matrix, with two replicates. After one hour of 

incubation at room temperature for acclimation, 225 mL of PBS (pH: 7.4) was added, and 

samples were homogenized in a stomacher for 2 min. Two Whirlpak bags with 100 mL each 

from the homogenized samples (consisting of approximately 103CFU/mL of inoculated 

bacterium and natural microflora) were separated; one bag was for the control group, referring to 

initial bacterial load, and the second was used for the gMNP-treated sample, test group. Then, 1 

mL of gMNPs were added to the 100 mL test sample, mixed, and incubated for 5 minutes. After 

5-minute magnetic separation and supernatant removal, the gMNPs-cells were resuspended in 1 

mL PBS. TEM imaging and standard plating method verified bacterial extraction from the final 

samples (1 mL). For plating, the control and test samples were plated in the selective media 

(CHROMagar for Salmonella and E. coli isolates and SUPERCARBA for E. coli (R) isolates). 

Also, uninoculated samples accounted for natural microflora (negative control) were conducted 

similarly; gMNP-treated and control samples were plated on non-selective (TSA) media to 

confirm the presence of natural microflora in the food samples. The plates were incubated at 37 

οC for 24-48 h; colonies on selective and non-selective media were assessed for target bacteria 
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isolation. Further, the concentrated gMNPs-bacteria mixture after short enrichment was followed 

by DNA extraction, which was then used for the rapid detection of target bacteria by the 

plasmonic biosensor. The whole experiment was conducted in triplicates for each matrix.   

6.2.3. Microscope Imaging 

Observation of pure gMNP solution and the gMNPs-bacteria interaction from buffer 

solution, water, and food samples employed using TEM (JEM-1400 Flash, Jeol, Tokyo, Japan) 

using the standard negative-staining procedure [58]. Briefly, the gMNPs-bacteria mixture was 

suspended in 100 µL of the buffer (2.5% glutaraldehyde + 0.1M cacodylate buffer) after 

magnetic separation. A drop of 5 µL from the suspension mixture was placed onto the grid, and 5 

µL of 0.5 % uranyl acetate was dropped for the staining. The samples were then loaded into the 

holder and observed under magnification of 1000-25000 x. 

6.2.4. Genomic DNA Extraction, Oligonucleotide Probes and Primer Design 

Extraction of genomic DNA was achieved using the QIAamp kit following manufacturer 

instructions. The gMNPs-bacteria mixture (0.5 mL) from inoculated and uninoculated (negative 

control) samples were first transferred into TSBs (4.5 mL) with two replicates and then 

incubated for approximately 5 hours at 37 °C for short enrichment. The total volume of 5 mL 

was then used for the genomic DNA isolation, along with some modifications for removing 

gMNPs [57]. The extracted DNA samples’ quality and quantity were determined using the 

Nanodrop spectrophotometer, accepting A260/230  and A260/280 ratios between 1.8 and 2.2 for 

biosensor assays and PCR tests. The oligonucleotide probes and primers were designed to 

specifically target E. coli (uidA) and KPC-producing bacteria (blaKPC), as listed in Table 6.1. The 

presence and absence of blaKPC and uidA genes in the same samples were verified using the PCR 

method, using the protocol from earlier published studies [64,65]. 

Table 6.1. The primer and probe sequences. 

Gene Assay Sequence (5’-3’) Ref. 

 

uidA 

Biosensor 

PCR 

Probe: CAATGGTGATGTCAGCGTT 

Primers: F- GCAGTCTTACTTCCATGATTTCTTTA 

R- TAATGCGAGGTACGGTAGG 

[56] 

 

 

blaKPC 

Biosensor 

 

PCR 

Probe: 

GGTGTGTACGCGATGGATACCGGCTCAGGCGCAACTGTA 

AGTTACCGCGCTGAGGAGCG 

Primers: F- CGGTGTGTACGCGATGGATA 

R- TCCGGTTTTGTCTCCGACTG 

[41] 
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6.2.5. Synthesis of dGNPs and Plasmonic Biosensor Design 

The synthesis of dextrin-coated gold nanoparticles (dGNPs) was conducted using an 

alkaline method procedure [66]. The synthesized dGNPs were first confirmed with their wine-

red color and an absorption maxima at around 520 nm, along with their size (diameter) by TEM. 

The dGNPs were then surface-functionalized by 25 μM MUDA and resuspended in 0.1 M borate 

buffer. The dGNPs were kept at 4 °C for further use; a new synthesis or surface modification was 

not necessary prior to each experiment.  

The biosensor assay was adapted from the following procedure [39]. The MUDA-coated 

dGNPs (5 µL), 25 μM aminated DNA probe (5 µL), and genomic DNA sample (10 µL) were 

mixed in a single tube, followed by DNA denaturation and annealing in a thermocycler (serving 

as a heating block). After hybridization, 0.1 M HCl was added into the tubes to induce dGNPs’ 

aggregation; dGNPs in the absence of target DNA turn from red to purple or blue, with a right 

shift in absorption maxima. In the presence of the target gene, dGNPs maintain their red color 

and absorption maxima at close to 520 nm. The stability and agglomeration (aggregation) of the 

dGNPs were measured using absorbance spectra in the visible wavelength and quantified 

utilizing absorbance ratio at 625 nm and 520 nm (A625/520) [41,56]. 

The successfully working biosensor was earlier developed to detect E. coli using the uidA 

probe [56] and identify KPC-producing bacteria regardless of bacterial type using the blaKPC 

probe from pure cultures [41]. This study implemented the two biosensors to detect specific 

ARB (CP bacteria: KPC-producing E. coli) from pure cultures and matrices. This study first 

tested the uidA biosensor on more bacteria types for its specificity to detect E. coli isolates; each 

trial had series of 20 ng/uL of DNA of each target (T) sample (a carbapenem-susceptible E. coli 

(S), two carbapenem-resistant E. coli (R: NDM and R: KPC)) and each non-target (NT) sample 

(S. Typhimurium, S. Enteritidis, K. pneumoniae, E. cloacae, B. cereus, L. monocytogenes, and S. 

aureus), along with negative control (NC: nuclease free-water) sample. Each T, NT, and NC 

sample was mixed with the dGNPs and the specific probe, followed by the heating cycle for the 

probe-DNA hybridization. Images of tubes and the absorbance spectra were obtained after 5 min 

of HCl addition. Following the uidA biosensor, the blaKPC  biosensor was further used to 

differentiate KPC-producing E. coli from susceptible E. coli (S) and non-KPC-producing 

resistant E. coli (R: NDM), along with negative control. The qualitative (tube images) and 

quantitative results (absorbance spectra) of each biosensor were separately analyzed and then 
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verified with PCR tests using the uidA and blaKPC primers. Experiments were conducted in 

triplicates. 

6.2.6. Parallel biosensing KPC-producing E. coli from Water and Food Samples  

The uidA and blaKPC biosensors were further parallelly implemented to detect KPC-

producing E. coli from matrices (the contaminated water and food samples) to show the 

applicability of this platform. As aforementioned, one sample was inoculated with E. coli (R: 

KPC), one with E. coli (R: NDM), one with E. coli (S), and one with S. Typhimurium, and one 

with no inoculation to account for natural microflora. Bacterial extraction using gMNPs was 

performed in these samples consisting of approximately 103 CFU/mL of inoculated bacterium 

and natural microflora. Following magnetic extraction, the extracted cells were incubated for 5 h 

at 37 οC for their genomic DNA isolation. The extracted DNA samples from each group 

theoretically comprise DNA of inoculated bacteria and natural microflora (mixed bacteria 

group). The target DNA concentration in the sample is unknown; all samples' DNA 

concentrations were standardized based on the lowest DNA concentration or DNA 

concentrations of uninoculated samples. Then, both uidA and blaKPC biosensors were used to 

detect the KPC-producing E. coli (Table 6.2), with three replicates. First, the uidA biosensor 

specific to E. coli was used for all DNA samples (each target sample, non-target sample, and 

natural microflora). Herein, Salmonella enterica was used as a non-target due to their close 

relationship with E. coli; both belong to the same family (Enterobacteriaceae) and are associated 

with foodborne outbreaks [67]. 

Table 6.2. Target and non-target samples from water and food samples for the parallel biosensor. 

uidA and blaKPC 

biosensors 
uidA biosensor for E. coli  

blaKPC biosensor for KPC-producing 

bacteria  

Uninoculated samples 

(control group) 
Inoculated samples Inoculated samples 

Natural microflora (NF) 

Target Non-target Target Non-target 

E. coli (S) 

E. coli (R: NDM) 

E. coli (R: KPC) 

 

S. Typhimurium 

 

 

E. coli (R: KPC) 

 

E. coli (S) 

E. coli (R: NDM) 

Meanwhile, the blaKPC biosensor was tested to identify the target bacteria (E. coli (R: 

KPC)) on the DNA samples. After hybridization steps and HCl addition, visual results and 

absorbance spectra of dGNP’s aggregation were analyzed. The uidA and blaKPC biosensor results 
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were further confirmed with PCR amplification using the uidA and blaKPC primers. The 

biosensor-based detection assays were conducted in triplicates for each matrix. 

6.2.7. Statistical Analysis 

In this study, each experiment was conducted in triplicates; quantitative data were 

presented with mean and standard deviations in each bar graph. Statistical analysis of each 

biosensor results (absorbance ratio) of the target, negative control, non-target, and natural flora 

(control) samples were separately performed at a 95% confidence interval, using the Kruskal-

Wallis H test followed by post-hoc Dunn’s test. 

6.3. Results and Discussion 

6.3.1. Successful Extraction of E. coli from PBS, Water, and Foods using gMNPs 

The as-prepared solution of gMNPs in a tube and its electron micrograph is depicted in 

Figure 6.1a. The characteristics of gMNPs in terms of superparamagnetic properties (particles 

movement in external magnetic field), particle morphology (roughly spherical and in the range of 

~40-300 nm in diameter), and positive surface charge (~20 mV) was further detailed in our 

previous study [58]. Successful binding between gMNPs and bacteria (E. coli (S) and E. coli (R)) 

in PBS was first visualized using TEM, as shown in Figures 6.1b, 1c, and 1d. Multiple gMNPs 

are seen binding to bacterial cells, possibly enhancing the capture capacity. In addition, gMNPs 

binding with susceptible and resistant E. coli cells was usually observed in some portion along 

the curved ends of the cell surface, confirming earlier work [58]. Similar binding in various 

bacterial types, such as S. Enteritidis, generic and pathogenic E. coli strains, and L. 

monocytogenes, was seen in earlier studies [42,53,56,57,68]. 

The gMNPs-cell attachment has been hypothesized to be a function of the Brownian 

motion of cells, electrostatic interactions between negatively charged-bacterial cells and 

positively charged-gMNPs, and glycan- lectin-based site-specific binding by hydrogen bonds 

and van der Waals interaction [42,52,68]. The nature of bacterial cells and their cell wall 

components could affect their surface charge and their cell attachment to surfaces (receptor-

ligand interaction); the gMNP-bacteria binding capacity defined as concentration factor (CF) was 

variable depending on bacterial type [42,53]. For instance, the gMNP-bacteria binding capacity 

was found to be different in susceptible E. coli (CF: 5.2) and resistant E. coli (R: KPC and 

NDM) (CF: 2.1 and 1.3, respectively) from buffer solution, which could be related with 
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difference in surface charge and cell wall characteristics of resistant cells [58]. In addition, 

possible factors, such as bacterial load (102-107 CFU/mL) and environment pH (3-9), on the 

gMNP-bacteria interaction were also observed; higher CF at lower bacterial load (102-103 

CFU/mL) and ph (<7) environment were displayed [53,58]. Specifically, the mean CF for E. coli 

(S) was above 5 at 102–103 CFU/mL of bacterial load, following a linearly decreasing trend as 

bacterial concentration increased, approximately 2 at 107 CFU/mL.  [58]. On the other hand, the 

mean CF values of both E. coli (R) isolates were above 1 at low bacterial concentrations (102–

103 CFU/mL) but less than 1 at higher concentrations (106–107 CFU/mL), most likely due to 

saturation effect. Notably, E. coli (S) and E. coli (R) isolates displayed the highest CF at low 

concentrations (102–103 CFU/mL) [58], promising the applicability of bacterial extraction at low 

concentrations in matrices. 

Confirmation of the successful bacterial isolation from the buffer solution was followed 

by their isolation from the contaminated chicken breast, ground beef, lettuce, and tap water. 

TEM micrographs are shown in Figures 6.1e, 1f, 1g, and 1h, respectively. While the tested food 

samples’ microstructures are relatively more complex than PBS and water, they did not prevent 

the gMNPs-bacterial cell binding. However, the non-specific gMNPs could lead to complications 

in isolating any bacteria from natural microflora and food microparticles, which can influence 

the binding capacity of the bacteria of interest. The target bacterial capture from matrices was 

confirmed with selective plating methods. For instance, lettuce samples were rich in natural 

microflora, and gMNPs captured lower target bacteria compared to chicken and beef samples, 

confirming earlier works [53,58]. Elsewhere, higher protein and fat amounts in chicken and beef 

samples, such as microparticles attached to bacterial cells and gMNPs seen in Figures 6.1e and 

1f, could affect the binding. Overall, the average CF of E. coli (S) and E. coli (R) isolates in the 

water and food samples was similar, ranging from 1-3 depending on matrix type, as mentioned 

previously, confirming earlier work [58]. Further, earlier reports have illustrated the binding 

between gMNPs and bacterial cells in other complex foods: E. coli from spinach and lettuce 

samples [56] and S. Enteritidis from cucumber and melon samples [57]. Previous studies have 

also shown gMNPs to successfully extract E. coli O157 from spinach, flour, romaine lettuce, and 

chicken salad, and L. monocytogenes and S. aureus from deli ham, romaine lettuce, sausage, and 

milk [53]. In another study, similar MNPs (glycan-cysteine coated) were used to extract L. 

monocytogenes, E. coli O157:H7, and S. Enteritidis from apple cider, whole milk, and 
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homogenized eggs [68]. However, it should be noted that bacterial extraction using gMNPs in 

these studies was variable, depending on bacterial type and matrix type.  

 

Figure 6.1. TEM images of gMNPs-bacterial cells interaction from buffer and food and water 

samples: a) pure gMNPs with as prepared solution, b) gMNPs-E. coli (S), c) gMNPs- E. coli (R: 

KPC), d) gMNPs- E. coli (R: NDM), e) gMNPs-bacteria from chicken breast, f) gMNPs-bacteria 

from ground beef, g) gMNPs-bacteria from romaine lettuce, and h) gMNPs-bacteria from tap 

water.  

Bacterial extraction using other non-specific MNPs was further seen in the literature. For 

instance, low concentrations of E. coli from buffer solution were extracted using positively 

charged MNPs [48]. In another study, aminated MNPs were used to extract E. coli,  S. lutea, S. 

aureus, and P. aeruginosa from buffer solution, river and lake water, grape juice, and green tea 

[69]. Apart from pathogen extraction from food samples, a few examples of extraction of ARB 

from clinical samples have been encountered in the literature but have used recognition ligands. 

For instance, antibody-based MNPs were used to isolate carbapenem-resistant A. baumannii 

(CRAB) from buffer solution and sputum [70] and methicillin-resistant S. aureus (MRSA) from 

nasal swab [50]. Lectin-silver-coated MNPs extracted E. coli and MRSA and E. coli from buffer 

[48,49], and vancomycin-coated MNPs successfully extracted CRE: K. pneumoniae and E. coli 

from buffer and urine samples [51].  

Overall, bacterial extraction and concentration from different matrices using the non-

selective MNPs were variable, which could be associated with MNP coatings, bacterial types, 

natural microflora, chemical constituents, and physical microstructure of matrices. This work 



183 

 

highlighted the use of gMNPs to isolate susceptible and resistant bacteria from various matrices 

in the presence of natural microflora and food microparticles, showing their broad applicability. 

This study further confirmed that gMNPs contribute toward the simple and rapid isolation of 

ARB, specifically CP E. coli. For specific detection of target bacteria, a rapid detection method 

can be further conducted. Since their affordable and rapid diagnosis is equally significant, along 

with rapid and efficient extraction. To achieve this, a plasmonic biosensor was designed for 

feasibility. The following part focused on the identification of E. coli (R: KPC) using parallel 

plasmonic biosensors. 

6.3.2. Characterization of dGNPs and Principle of Plasmonic Biosensor  

The characteristics of dGNPs and the principle of the plasmonic biosensor are described 

in Figure 6.2. The synthesis of dGNPs was initially verified by their wine-red appearance, which 

is a result of their small size of ~30 nm. The size was also confirmed by visualization in TEM 

(Fig. 2a), which showed the maximum absorbance peak at approximately 520 nm. For the 

biosensor assay, the synthesized dGNPs were surface-modified with MUDA, which enables their 

GNP-probe functionalization. The COOH- groups on the surface-modified dGNPs interact with 

the -NH2 groups of the aminated probe with a non-covalent bound. Notably, the surface 

modification did not impact their color and size, confirmed with maximum absorbance at around 

520 nm. Overall, the dGNPs were stable under the following surface modification and heating 

cycles or in the presence of DNA, as confirmed in our previous work [41,56]. 

This biosensor was performed with negative control (NC), target DNA (T), and non-

target DNA (NT) at the same DNA concentration (20 ng/μL) using the blaKPC probe. As earlier 

mentioned, an assay typically included mixing DNA samples, surface-modified dGNPs, and an 

aminated probe, followed by a heating cycle for probe hybridization. After HCl addition, the 

stability of dGNPs was used for the detection of target DNA since its conjugation with probes on 

dGNPs results in the protection of dGNPs against aggregation. This allows the dGNPs to 

maintain their dispersed state; thereby, the target samples are in red color (Fig. 2b). The absence 

of a target gene in non-target and negative control samples readily exposes the dGNPs to HCl, 

resulting in their aggregation and a change of color to blue or purple (Fig. 2c), confirming earlier 

reports [71,72]. The stability and aggregation of dGNPs associated with a visible color change 

can be further determined as a quantitative signal spectrophotometrically (Fig. 2d).  
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The principle of this biosensor is further illustrated in Fig. 2e. This biosensor concept 

depends on the surface plasmon resonance (SPR) of GNPs as a result of the coherent oscillation 

of free electrons in a colloidal solution [41]. The GNPs’ red color depends on the distribution of 

the electrostatic repulsion among negatively charged GNPs. The dispersed GNPs give spectra 

around 520 nm under plasmon excitation [41,71]. GNPs’ agglomeration is a result of the 

distortion of the electrostatic repulsion, which might be due to charge neutralization once GNPs 

react with the acidic solution [71]. This aggregation leads to a right shift in their absorbance 

spectrum (~625-630) because of the distance-dependent nature of the SPR [71]. The absorbance 

ratio at 625 nm and 520 nm (A625/520) was further used to quantify the level of dGNPs’ 

aggregation. 

 

 

Figure 6.2. The proof-of-concept of the plasmonic biosensor: a) TEM images of pure dGNPs, b) 

TEM micrograph of the target (T) samples, c) TEM micrograph of non-target (NT) samples, d) 

absorbance spectra result with T, NT, and negative control (NC), e) scheme for the principle of 

this biosensor created with BioRender, accessed on 7 July 2023). 
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Optimization of the biosensor was conducted in the previous study for the detection of E. 

coli [56] and KPC-producing bacteria [41]. The optimal conditions were found to be 0.1 M HCl 

with a 5 min response time. Further, our previous studies have shown the successful detection at 

different target and non-target DNA concentrations (ranging from 20 to 1 ng/μL by a factor of 

two); a dilution study revealed statistically significant differences between target DNA at as low 

as 2.5 ng/uL and non-target at 20 ng/uL [39,41]. In addition, the stability of dGNPs was clearly 

seen at higher target DNA concentrations (10-40 ng/μL), along with the lower absorbance ratio 

[39,41,56]. These studies further proved that a sufficient level of target DNA protects GNPs’ 

aggregation; the lower detection limit was found to be 10 ng/µL for the uidA biosensor [56] and 

2.5 ng/µL for the bLaKPC biosensor [41]. This work utilized the two biosensors to detect the 

KPC-producing E. coli from pure cultures and matrices.  

6.3.3. Detection of KPC-Producing E. coli Using uidA and blaKPC Probes  

The developed biosensors were separately tested on target (T) and non-target (NT) DNA 

samples isolated from pure cultures.  E. coli detection was first tested using the uidA probe. This 

assay included three target samples and seven non-target samples at 20 ng/µL of DNA 

concentration, along with a negative control (NC) sample. Figure 6.3a illustrates the results from 

the uidA biosensor with the average absorbance ratio, A625/520, and tube images. The uidA 

biosensor successfully detected the three target samples (E. coli (S), E. coli (R: KPC), and E. coli 

(R: NDM)) with the lowest A625/520 and minimal dGNP aggregation. In contrast, the non-target 

samples illustrated relatively higher aggregation, confirmed by higher A625/520 and visual results 

(blue or purple). The A625/520 values of each target sample were significantly lower (p < 0.05) 

compared to NC and seven NT samples.  

Following E. coli identification, the blaKPC biosensor was used to identify the presence of 

the KPC gene. In this assay, a negative control, a target sample (E. coli (R: KPC)), and two non-

target samples (E. coli (S) and E. coli (R: NDM)) at a concentration of 20 ng/µL of DNA were 

used. Figure 6.3b shows the blaKPC biosensor results with tube images and the average A625/520. 

The blaKPC biosensor successfully detected the target, which was in red appearance and had a 

lower A625/520, while the negative control and non-target samples showed a blue or purple 

appearance with a higher A625/520. The A625/520 values of the target sample were significantly 

lower (p < 0.05) than the A625/520 values of the NC and NT samples. 
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The use of two biosensors offered successful detection of KPC-producing E. coli within 

an hour without the necessity of a complex and or tedious process. The biosensor results were 

further verified with the PCR tests using the uidA and blaKPC primers (Fig. 3 (c & d); the band on 

gel electrophoresis images confirmed the presence of target gene/s in these samples. Our method 

provides the advantage of rapidity and ease of implementation in low-resource settings.  

      

Figure 6.3. Plasmonic biosensor detection: a) mean absorbance ratio at 625 nm and 520 nm 

(A625/520) of the detection of E. coli isolates using the uidA probe, along with a set of tube images 

and b) average A625/520 of the detection of KPC-producing E. coli using the blaKPC probe, along 

with a set of tube images, c) and d) PCR amplification results of the same samples using uidA 

and blaKPC primers, respectively. 

The successful detection using uidA and blaKPC probes confirmed our previous works for 

E. coli and KPC-producing bacteria. The E. coli C-300 (E. coli (S)) was detected using the uidA 

probe against S. Enteritidis, K. pneumoniae, and E. cloacae [56], and 11 KPC-producing bacteria 

were detected with blaKPC probes against 32 non-target bacteria [41]. Similar colorimetric assay 

further differentiated Salmonella enterica from E. coli, E. cloacae, K. pneumoniae, L. 
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monocytogenes, and B. cereus using an invA probe [57], detected E. coli O157 against E. coli C-

3000, B. cereus, S. Enteritidis, and L. monocytogenes using StxA1 probe [39], and identified S. 

aureus from B. cereus, E. coli O157, and S. Enteritidis using multi-probe [73], without the need 

for PCR amplification, within 30 min. These studies showed that the plasmonic biosensor is 

reproducible and repeatable, increasing its applicability and accessibility in the field. To test the 

applicability of this platform with real samples, matrices with natural microflora and complex 

microparticles were used. Thus, the following section focuses on the detection of target bacteria 

in artificially contaminated water and foods.  

6.3.4. Parallel Detection of KPC-producing E. coli from Foods and Water 

Identifying bacteria directly from matrices with a short enrichment of the extracted 

samples is crucial. Magnetically extracted bacterial cells from the uninoculated and inoculated 

food and water samples with S. Typhimurium, E. coli (S), E. coli (R: NDM), and E. coli (R: 

KPC), were grown in the TSBs for 5 h and followed by DNA extraction. The extracted DNA 

samples from each matrix were separately tested with the uidA and blaKPC biosensor to identify 

target bacteria, all E. coli isolates and KPC-dependent resistance, respectively. First, Figures 6.4a 

and 4b shows the uidA biosensor results: bar graph with an average of A625/520 and standard 

deviation, along with tube images and PCR results for all food and water samples. Target 

samples (T1: E. coli (S), T2: E. coli (R: KPC), and T3: E. coli (R: NDM)) for uidA biosensor 

displayed lower A625/520, minimal aggregation of dGNPs, with maintenance of red color. 

However, negative control (NC), non-target (NT), and natural microflora (NF) samples displayed 

higher A625/520, which is a result of significant aggregation of dGNPs and purple or blue color. 

The A625/520 values of each target sample (T1: E. coli (S), T2: E. coli (R: KPC), and T3: E. coli 

(R: NDM) were found to be significantly different (p < 0.05) compared to the A625/520 values of 

NT, NF, and NC for all food and water samples. The uidA biosensor successfully detected E. coli 

isolates from water and food samples. 

The blaKPC biosensor was parallelly used to identify the KPC-dependent carbapenem 

resistance among the E. coli isolates: E. coli (R: KPC), E. coli (S), and E. coli (R: NDM) for 

each matrix. DNA samples from NF were also included as a control in this assay. Figures 6.4c 

and 4d illustrates the blaKPC biosensor results, with average A625/520 and standard deviation, along 

with tube images and PCR results for all food and water samples. The lower A625/520 in the target 

sample (T: E. coli (R: KPC), confirmed the minimal aggregation of dGNPs with the remaining 
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red color. The non-targets (NT1: E. coli (R: NDM) and NT2: E. coli (S)), NF, and NC all 

showed significant aggregation of dGNPs, with a color change to purple or blue. The difference 

of the A625/520 between the target sample and that of NT, NF, and NC for all food and water 

samples was significant (p < 0.05). The blaKPC biosensor successfully detected the KPC-

producing bacteria from water and food samples.  

 

 

Figure 6.4. Detection of KPC-producing E. coli from chicken breast, ground beef, romaine 

lettuce, and tap water: a) and c) Average absorbance ratio (A625/520) of negative control (NC), 

target (T) and non-target (NT), and natural microflora (NF) from uidA and blaKPC biosensor, 

respectively (N: 36); b) and d) biosensor colorimetric results in a set of tubes and gel 

electrophoresis results of the same sample. 
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Overall, the use of uidA and blaKPC biosensors offered the specific detection of KPC-

producing E. coli from water and foods. This study further showed that the presence of DNAs 

from natural microflora did not significantly impact the absorbance ratio in target testing. A 

lower ratio indicates a lower aggregation level of dGNPs, confirming the presence of sufficient 

target DNA samples from each matrix. To confirm these biosensor results, the standard PCR 

tests were conducted on the same DNA samples to determine the absence or presence of the 

target genes. As seen in Fig. 4 (b & d), images from gel electrophoresis confirmed the presence 

of target genes, indicating its role in the stability of dGNPs in target samples from food and 

water samples. Only three target samples (E. coli (R: KPC), E. coli (S), and E. coli (R: NDM) 

displayed PCR amplification of the uidA gene for E. coli confirmation, clearly seen with a band. 

Similarly, only the target sample (E. coli (R: KPC) displayed PCR amplification of the blaKPC 

gene for KPC-producing bacteria confirmation. In contrast, no band can be seen for all NT, NF, 

and NC samples, confirming no amplification. Overall, the PCR results highlighted that the use 

of the integrated platform offers successful extraction and detection of the target bacteria in the 

presence of natural microflora, which further confirmed the specificity of the biosensors.  

Our study showed successful detection of KPC-producing E. coli from food and water 

samples using the parallel biosensor within one hour. The integrated gMNP-based extraction and 

dGNP-based detection were completed within <7 h. This combined assay offers rapid, simple, 

and efficient detection directly from real samples. Table 6.3 summarizes the techniques used to 

extract and detect pathogens (specifically E. coli) and ARB from matrices and how this work is 

compared. Many rapid methods require equipment and data analysis, increasing costs and 

limiting their accessibility and field applicability [34,74–77]. Lateral-flow biosensors have been 

developed to eliminate costly equipment; however, they still use antibodies for magnetic 

extraction or need overnight incubation for the detection from matrices, increasing the detection 

time and cost [70]. In rapid colorimetric tests, some assays still require PCR amplification for the 

detection of target bacteria [78]. As seen in Table 3, the detection of ARB or CRE from samples 

has not been well-documented, especially from food and water samples.  

Studies show that CRE has been found in water sources and foods [2,8]. For example, 

CRE (K. pneumoniae, E. cloacae, E. coli, and Citrobacter freundii) were isolated from river 

samples [79–83],  KPC and VIM-producing E. coli in several wastewater treatment plants [84], 

and OXA-48 producing CRE in tap water samples [83]. Moreover, CP bacteria were found in 
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meats, seafood, and vegetables [21,85–90]. Bacterial contamination in food varies by type, 

location, and production; however bacterial concentration is hardly documented in the literature. 

Further, their direct extraction and detection from water and food samples have not been 

explored. This may be related to antimicrobial-resistant profiles usually being tested on pure 

cultures after isolating and identifying pathogens from matrices, which takes several days [2]. 

Thus, simple, rapid, and efficient extraction of ARB directly from real samples is extremely 

needed for their quick detection and prevention of possible outbreaks.  

Our designed platform is the first study for detecting CP-CRE, including CP E. coli, 

directly from food and water samples. Although food samples are usually associated with a high 

amount of natural microflora and microparticles, gMNPs successfully captured bacteria. These 

extracted samples were plated on selective media to verify the successful extraction of target 

bacterial cells (Fig. A.1), determining the target bacterial capture using average colony counts. 

This platform successfully detected approximately 103 CFU/mL of the target bacteria 

magnetically extracted from the foods and water after only 5 h incubation. Similar results were 

seen in earlier studies using the combined assays for successful detection of approximately 103 

CFU/mL of E. coli O157 from flour and S. aureus from milk, deli ham, and sausage. However, 

these studies used a 4 henrichment step following magnetic extraction [39,73]. Notably, our 

previous studies displayed that the plasmonic biosensor platform successfully detected 

approximately 102 CFU/mL of E. coli C-3000 from romaine lettuce and spinach and S. 

Enteritidis from cut-melons and cucumbers after 4 h enrichment step [56,57]. As summarized in 

Table 6.3, the detection limits of many techniques mostly ranged between 101 and 106 CFU/mL, 

with a detection time of one hour to 24 hours. Thus, the detection limit of this study is reasonable 

with sort enrichment incubation and without the necessity of PCR amplification, which can be 

completed during workday hours. 

The combined platform using carbohydrate-coated nanoparticles is noteworthy, allowing 

simple and rapid extraction and visual detection without the necessity of costly reagents and 

equipment. The gMNPs are easily prepared (one-pot synthesis), stable at room temperature for at 

least three years, and cost-effective; gMNP-based extraction cost was estimated to be as low as 

US $ 0.50 per assay [56,91], compared to other methods, such as IMS that is $5-10 for each 

assay and require stringent storage conditions [92]. In addition, dGNPs are easily synthesized 

and surface-modified, physically and chemically stable for at least three years, and cost-
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effective; the material cost of the biosensor was estimated to be approximately $2 per assay, in 

comparison to rapid phenotypic tests ($ 2–10) and molecular methods ($23–150) per assay 

[33,41]. Hence, our assay is affordable and widely applicable to low-resource settings; this 

integrated biosensor platform can be appropriate for field and point-of-need testing studies. This 

platform offers significant advancement over the current assays and the opportunity for 

advancements and applications in ARB and their direct extraction and detection from other 

matrices. 



192 

 

Table 6.3. Techniques used to extract and detect antimicrobial-resistant bacteria (ARB) from different matrices. 

Technique Target 
Matrix 

(Sample) 
Separation Method and Time 

Detection Limit 

and Time 

Total Assay 

Time 

Equipment 

Requirement 
Ref. 

Electrochemical 

biosensor 

NDM-producing 

C. freundii 

(blaNDM) 

Pure culture 
NA for bacterial separation 

(DNA extraction) 

100 pM, following 

PCR amplification 
NA Yes [34] 

Electrochemical 

biosensor 

KPC-producing 

bacteria (blaKPC) 
Clinical isolates 

Streptavidin-coated magnetic 

particle-based separation (10 

min) 

10-100 CFU/mL 45 min Yes [35] 

SERS 
E. coli 

MRSA 
Culture 

Lectin-silver coated MNP-

based separation (1 h) 

10 CFU/mL 

~1h 
~2h Yes [49] 

SERS 

MRSA 

CRAB 

CRPA 

Blood 

PEI-modified magnetic 

microspheres-based separation 

(15 min), following overnight 

incubation 

108 CFU/mL 

~1h 
> 1 day Yes 

[76] 

 

Lateral flow 

biosensor 

CRAB 

(blaOXA-23-like) 
Sputum 

No separation techniques; 

Culture-based methods 

100 fg following 

PCR amplification. 

NA for sputum 

samples 

>1 day No [70] 

CarbaNP test 
CRE: E. coli and 

K. pneumoniae 
Urine 

Vancomycin-coated MNP-

based separation (1.5 h) 

103 CFU/mL 

2h 
~3.5 h No [51] 

Electrochemical 

biosensor 
MRSA Nasal swab Filtration and IMS (1h) 845 CFU/mL ~4.5 h Yes [50] 

Colorimetric 

enzyme-based 

biosensor 

MRSA 

Blood 

Wound 

Swabs 

NA for bacterial separation 

(DNA extraction and 

isothermal amplification (2h)) 

102-103 CFU/mL 

1h 
~3 h No [93] 

Plasmonic 

biosensor 

KPC-producing 

bacteria (blaKPC) 

 

Clinical isolates 

NA for bacterial separation 

(DNA extraction, no PCR 

amplification 

2.5 ng/µL, 

~103 CFU/mL 

30 min 

~1h No [41] 

MALDI-TOF 

MS 

E. coli O157:H7 Ground beef IMS, following 20 h pre-

enrichment 

2x106 cells/mL 

~25 min 

~21 h Yes 
[77] 

Multiplex 

qPCR 

STEC Apple juice Centrifugation and IMS (6.5 h) 3.34 CFU/mL 

~3.5 h 

~9.5 h Yes 
[75] 

Plasmonic 

biosensor 

STEC Ground beef 

Blueberries 

IMS following 6 h pre-

enrichment 

9 CFU/g, following 

PCR amplification 

~ 9h Yes 
[78] 

Plasmonic 

biosensor 

E. coli O157 

E. coli 

Flour 

Lettuce, Spinach 

gMNPs-based extraction, 

following 4 h pre-enrichment 

102-103 CFU/mL* 

30 min 

~6-7 h No 
[39,56] 
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Table 6.3 (cont’d) 

Parallel 

plasmonic 

biosensor 

KPC-producing 

E. coli (blaKPC 

and uidA) 

Chicken breast 

Ground beef 

Romaine lettuce 

Tap water 

gMNP-based separation (15 

min), following 5h pre-

enrichment 

102-103 CFU/mL* 

1h 
<7h No 

This 

study 

* This platform successfully detected approximately 102-103 CFU/mL of the target bacteria magnetically extracted from the foods and water after only a 4-5 h 

incubation. A study detailing the limit of detection from matrices was not conducted. MRSA: Methicillin-resistant Staphylococcus aureus, CRPA: Carbapenem-

resistant Pseudomonas aeruginosa, CRAB: Carbapenem-resistant Acinetobacter baumannii, CRE: Carbapenem-resistant Enterobacterales, STEC: Shiga-toxin 

producing E. coli, IMS: immunomagnetic separation;  gMNPs; glycan-coated magnetic nanoparticles, PEI: Polyethyleneimine, SERS: surface-enhanced Raman 

scattering, MALDI-TOF MS: Matrix-assisted laser desorption ionization–time-of-flight mass spectrometry; qPCR: Rea;l-time or quantitative polymerase chain 

reaction, NA: Not available.
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6.4. Conclusion 

 Cost-effective, rapid, and simple detection of causative bacteria from clinical and 

biological matrices can aid in preventing outbreaks. Although ARB, including CRE, are found in 

food and water samples, their direct detection from these samples has not been explored. This 

study focused on extracting and detecting KPC-producing E. coli from tap water and complex 

food samples using carbohydrate-coated magnetic and gold nanoparticles. The successful 

detection of approximately 103CFU/mL of target bacteria magnetically extracted from tap water 

and foods was achieved after five hours of enrichment. The total turn-around time of this assay, 

including sample processing through gMNPs-based extraction, short enrichment, genomic DNA 

extraction, and dGNPs-based genomic detection, was only seven hours. This combined platform 

does not need DNA amplification or specific storage conditions, increasing its accessibility and 

applicability in limited-resource laboratories. In future studies, bacterial extraction and genomic 

detection processes can be improved by testing more matrices with mixed contamination and 

other bacteria types. With such improvements, this combined platform can offer rapid and cost-

effective detection of causative bacteria, including ARB, such as extended-spectrum β-lactamase 

(ESBL)-producing bacteria, colistin-resistant bacteria, and other carbapenem-resistant bacteria 

from biological and clinical samples.   
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CHAPTER 7: CONCLUSIONS AND FUTURE WORKS 

7.1. Conclusions 

The information and data collected throughout this dissertation indicate the potential of 

the nanoparticle-based biosensing platform for simple, rapid, and cost-effective extraction and 

detection of carbapenem-resistant bacteria, specifically carbapenemase-producing (CP) E. coli. 

The glycan-coated magnetic nanoparticles (gMNPs) were used for bacterial isolation, and the 

dextrin-coated gold nanoparticles (dGNPs) were used for genomic detection as a plasmonic 

(colorimetric) biosensor. This study further elaborated on the use of the combined platform for 

the detection of target bacteria from water and food samples within a seven-hour workday. 

The experimental design integrated the gMNP and dGNP platform (Chapter 2). The 

properties and characteristics of the nanoparticles were assessed in the extraction and detection 

of target bacteria. Specifically, gMNPs were first evaluated for isolation of several CP E. coli 

isolates from buffer solution, along with an analysis of bacterial cell surface characteristics 

(Chapter 3). The interaction of gMNPs with CP E. coli was confirmed through plating and 

microscopy. The gMNPs-bacteria binding capacity (Concentration Factor: CF) of CP E. coli 

isolates was found to be different from carbapenem-susceptible E. coli, which could be due to 

differences in the cell surface characteristics (cell morphology and cell surface charge). Further, 

the applicability of gMNPs was tested in large-volume biological samples (Chapter 4). This 

study notably illustrated that the gMNPs successfully extracted the CP E. coli from artificially 

contaminated tap water and food samples (raw chicken breast, ground beef, and romaine lettuce) 

in the presence of natural microflora and food microparticles, confirmed using the selective 

plating method. Herein, it was noted that target bacterial extraction and concentration among the 

tested food matrices were lower from buffer solution and variable, which could be associated 

with bacterial types, natural microflora, chemical constituents, and physical microstructure of the 

tested matrices. This study further confirmed that non-selective gMNPs contribute toward the 

simple and rapid isolation of antimicrobial-resistant bacteria (ARB), specifically CP E. coli, 

showing their broad applicability. For specific detection of target bacteria, a rapid detection 

method was further conducted. 

A plasmonic biosensor assay using dGNPs was first specifically designed for feasible 

rapid detection (Chapter 5). The proof-of-concept of the biosensor was achieved using a blaKPC 

probe to detect CP bacteria, specifically Klebsiella pneumoniae carbapenemase (KPC)-producing 
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bacteria from pure cultures, confirmed with PCR tests. The stability of dGNPs (red in color) 

indicated the presence of target DNA, while the agglomeration of dGNPs (blue or purple in 

color) resulted in the absence of target DNA. The designed plasmonic biosensor successfully 

detected the KPC gene in several bacteria regardless of bacterial type, with 79% sensitivity and 

97% specificity. For specific bacterial detection, the previously developed biosensor using the 

uidA probe for E. coli detection was further assessed (Chapter 6). The use of two biosensors 

offered successful detection of KPC-producing E. coli, which were further verified with the 

standard PCR tests. The plasmonic biosensor provided visual detection within 30 minutes 

without the necessity of PCR amplification and complex equipment and data analysis, displaying 

their broad accessibility. The applicability of the biosensor platform with real samples was 

further tested.  

Finally, this study integrated magnetic extraction and plasmonic biosensor to identify 

KPC-producing E. coli from matrices (contaminated tap water and the food samples) in the 

presence of food microparticles and natural microflora (Chapter 6). First, magnetically extracted 

bacterial cells from the selected matrices were followed by short enrichment and DNA 

extraction. Then, the developed plasmonic biosensor assay successfully detected KPC-producing 

E. coli by simultaneously detecting uidA and blaKPC genes. Biosensor results were further 

confirmed with the standard PCR tests. The combined platform (magnetic extraction (15 min), 

short enrichment time (5 h), and genomic detection (<1 h) proved the capabilities for accessible 

and affordable detection within a seven-hour workday. The integrated platform is noteworthy, 

allowing for simplicity, affordability, and accessibility in resource-limited settings.  

7.2. Future Works 

This dissertation offers several opportunities to be extended in future works. The 

extensive literature review (Chapter 1) acknowledges many challenges in the detection of 

antimicrobial-resistant bacteria, specifically CRE, and insufficient studies and information on the 

isolation of these bacteria from real samples, along with their cell surface characteristics. This 

work shares a rich database of experiments and concepts on bacterial cell surface characteristics, 

bacterial isolation, and detection of carbapenem-resistant bacteria, which is a priority for future 

studies. Although this study establishes only proof-of-concept of the magnetic extraction and 

biosensor-based detection of carbapenem-resistant E. coli, future works are required to optimize 

this technology to prepare for real-world applicability and accessibility, as discussed below.  
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This work assessed the interaction of gMNPs with several CP E. coli isolates, along with 

their cell surface characteristics; the observed cell surface characteristics and gMNP-cell 

interaction shed light on their attachment properties, although only one susceptible E. coli isolate 

as reference bacteria (control) was used. To further elucidate and differentiate the behavior of 

resistant and susceptible E. coli cells, the inclusion of more susceptible E. coli types/serotypes 

such as non-pathogenic, intestinal pathogenic E. coli, and extraintestinal pathogenic E. coli 

(ExPEC) should be explored. Additionally, biofilm-forming E. coli types, regardless of 

susceptibility status, should be further explored to determine whether the biofilm matrix hinders 

the interaction of gMNP with the bacteria. Further, the gMNPs need to be tested on other CREs, 

such as Enterobacter and Klebsiella species, as well as other common ARB isolates (methicillin-

resistant Staphylococcus aureus, vancomycin-resistant Enterococcus, etc.) which can assist in a 

deeper understanding of the gMNP-bacteria interaction. Last but not least, to improve the 

efficacy of gMNPs, particles may be further functionalized with biomolecules such as amine 

groups to increase their positive surface and improve their interaction with bacterial species.  

Another progression of this work is to assess the applicability of gMNPs in large-volume 

biological samples, as there is no existing study in the literature on the extraction of ARB from 

foods, including CRE. However, this study displayed the successful bacterial extraction in water 

and food samples inoculated with only one inoculum level (105 CFU/mL) of the bacterial 

species; further studies are required to optimize the gMNP-based magnetic extraction. Such 

studies may include 1) assessment of target bacterial concentration from contaminated matrices 

with different inoculum levels and 2) evaluation of the attachment capacity of gMNPs with other 

bacterial species (natural microflora) using different selective media to determine which bacterial 

type(s) may out-compete the target bacteria for MNP adhesion. Further, this study can be 

extended to test more solid or liquid food samples or samples directly from farms and animals. 

Moreover, this study can be expanded to extract different types of CRE, other ARB, and 

pathogens from various matrices (clinical, biological, and environmental samples). However, it 

should be noted that background microflora and matrix type, in some cases, could interfere with 

the success of bacterial extraction and detection. Herein, optimization of the gMNP-based 

magnetic extraction may be improved through modification of the upstream concentration 

process, such as 1) washing the extracted sample in buffer solution (PBS) and repeating 

magnetic extraction might reduce the particulates, 2) enrichment in selective media or antibiotic-
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added TSBs may be used to dominate the growth of bacteria interests and suppress background 

microflora, and 3) gMNPs may be aminated for more efficient bacterial capture as earlier 

mentioned, or species-specific glycan may be used to capture the target bacteria selectively. 

Although successful magnetic extraction is conducted in matrices, the presence of natural 

microflora and microparticles might impact the efficiency and success of many detection assays. 

The magnetically extracted bacteria from complex matrices may be further used in different 

detection assays to ensure their compatibility. 

While simple procedures and low-cost materials are already utilized in this assay, further 

applications may optimize the assay. For example, although the sensitivity of the biosensor was 

tested by comparing the target and non-target at a concentration of 1-20 ng/μL, further sensitivity 

tests can be conducted to compare the target at 1 ng/μL to the non-target at higher 

concentrations, up to 100 ng/μL. In addition, the biosensor specificity tests can be extended to 

include more bacterial types and a mixed population of target and non-target DNA samples. 

While this assay showed higher specificity (97%) and good sensitivity (79%) using a probe for 

the most common type of KPC variant in the USA, this platform's accuracy can be further 

improved by designing a more specific probe for the KPC variant. Also, there are possibly more 

than 80 KPC variants worldwide, as mentioned in the literature; specific probes for different 

KPC variants, depending on their prevalence in the geographical area, can be designed and 

tested. Further, this assay can be extended to design specific probes for other carbapenemase 

variants (NDM, VIM, OXA-48, etc.) and other antibiotic-resistant bacteria (colistin, ampicillin, 

ESBL, etc.). Last but not least, the assay can also be developed for multiplex detection of several 

target genes, which might offer broad-range detection of other carbapenemase variants. 

Further studies can optimize this platform to detect target bacteria from contaminated 

matrices with different inoculum levels (dilution series of 10-107 CFU/mL), along with the 

relationship between inoculum level (log CFU/mL) and corresponding target DNA 

concentration. Further, this platform can be extended to test more matrices, such as samples from 

wastewater plants, farms, slaughterhouses, and clinical samples. While this developed integrated 

platform offers rapid and simple detection without complex and costly equipment, significant 

supplies and equipment still needed in this assay were DNA extraction kits, a thermocycler, and 

NanoDrop. These obstacles may be addressed with the following options: 1) DNA extraction kits 

can be replaced using chemical lysis or heat treatment, 2) thermocycler can be replaced with a 
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programmable heating block or water bath, and 3) a smartphone application can replace the 

NanoDrop. Further, the prepared large-volume batches of gMNPs, dGNPs, and probes can be 

transported to points as needed for the field-based application of this assay. The platform is not 

designed as a self-contained detection kit but takes advantage of easy and rapid preparation as 

well as a yes/no response (visual results), which would highly assist limited-resource settings. 

In closing, with future works, the rapid biosensing platform developed in this dissertation 

has the potential to improve food and water safety, leading to healthy people and a sustainable 

economy.  

 

 


