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NANOZYME: A DEVELOPING NANOTECHNOLOGY FOR THE DETECTION OF 

FOODBORNE PATHPGENS. 

 

 

An Abstract of the Thesis by 

Nilamben Panchal 

 
 
Growing foodborne infections have led to global health and economic burdens. E. coli O157:H7 is 

one of the most common disease-provoking pathogens and known to be lethal Shiga toxin-

producing E. coli (STEC) strains. With a low infection dose in addition to person-to-person 

transmission, STEC infections are easily spread. As a result, specific and rapid testing methods to 

identify foodborne pathogens are urgently needed. Nanozymes have emerged as enzyme-mimetic 

nanoparticles, demonstrating intrinsic catalytic activity that could allow for rapid, specific and 

accurate pathogen identification in the agrifood industry. In this study, we explored a trimodal 

nanoplatform utilizing colorimetric kinetics based on the traditional ELISA assay with the 

synergistic properties of gold and iron oxide nanozymes, replacing the conventional horse radish 

peroxidase (HRP). We designed an easily interchangeable “ELISA sandwich” composed of a novel 

magneto-plasmonic nanosensor (MPnS) and with target antibodies (MPnS-Ab). Our experiments 

demonstrate a 100-fold increase in catalytic activity with the dual (magneto-plasmonic) nanozymes 

in comparison to HRP with observable color changes within 15 minutes. Results further indicate 

our MPnS-Ab is highly specific for E. coli O157:H7. As nanozymes display more stability than 

natural enzymes, tunable activity, and multi-functionality, our platform could provide a 

customizable, low-cost assay that combines high specificity with rapid detection for a variety of 

pathogens. 
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Chapter I 

 

 

Introduction 
 

 

Foodborne illness, also known as food poisoning, is caused by the consumption of food 

contaminated by bacteria or its toxin, viruses, chemicals, parasites, or other agents. Foodborne 

infection is a serious threat to human health worldwide. According to the Center of Disease Control 

(CDC), there are more than 250 foodborne diseases discovered by researchers and most of them 

are infections caused by different types of bacteria, parasites, and viruses. Norovirus, Escherichia 

coli, Salmonella, Staphylococcus aureus, Vibrio, Campylobacter, Listeria, Clostridium 

perfringens, Clostridium botulinum are some of the common foodborne germs.1 Rapid and early 

detection of these pathogens is necessary to stop the outbreak of foodborne pathogens. According 

to the CDC, around 2,65,000 Shiga toxin producing E. coli (STEC) infections occur each year in 

the United States, and 36 % of those infections occur with STEC O157. The CDC estimated that 

around 3,600 hospitalizations and 30 deaths occur each year because of STEC infection.2 

Escherichia coli O157:H7 is a gram-negative, facultative anaerobic, rod-shaped bacteria. The cells 

are 1 µm X 2-6 µm in size and are capable of motion through peritrichous flagella (uniform 

distribution of flagella).3 The pathogenic strains of E. coli which produces Shiga toxins (Stxs) 

causes bloody diarrhea, and around 5-10 % of infected people develop a life-threatening disease 

such as hemolytic uremic syndrome (HUS) and hemorrhagic colitis (HC).4  

 

 

1. Background on Escherichia coli 

 

E. coli is a gram-negative, facultative anaerobe, rod shaped bacteria, normally found in the 

intestines of humans and other warm-blooded animals.5 In 1885, the German physician Theodor 

Escherich identified Escherichia coli.6 In 1983, a Danish veterinarian discovered that the E. coli 

species includes different serotypes: some are pathogenic, and others are not.7 E. coli appears in 
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the body of newborns within a few hours after the birth. There are more than 700 serotypes of E. 

coli based on polysaccharide and surface protein differences.8 

 

1.1 Structure and Function 

 

E. coli is a rod-shaped bacteria and the cell wall is multifaceted and thin (Figure 1).9 The outer 

membrane is enclosed by a capsule structure which is made of polysaccharides. The cell wall is 

thick and composed of long filaments of glycans which are crosslinked with stretchable peptides 

which prevents the cell from lysis.10 Periplasmic space is the space between the cell wall and plasma 

membrane. The cytoplasmic membrane controls the movement of molecules into and out of cells 

and it covers the cell fluid called cytoplasm.11-12 Cytoplasm primarily contains DNA, RNA, 

phospholipids, proteins, glycogen, murein, lipopolysaccharides, metabolites, vitamins, certain 

inorganic ions, etc.13 Ribosomes assist in the making of proteins. E. coli uses flagella for movement; 

these are made up of the basal body (rotary motor), the hook (universal joint) and the filament 

(helical propeller).14 All these parts are composed of different proteins.15 

 

Figure 1: Cell structure of E. coli. 
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1.2 Classification 

 

 E. coli is a prokaryotic and unicellular organism which belongs to the kingdom of Bacteria because 

it does not have a nucleus or membrane bound organelles. E. coli is a gram-negative bacterium 

with the lipopolysaccharide membrane which comes under phylum Proteobacteria. E. coli is 

catagorized under class Gamma Proteobacteria beacause it is a facultative anaerobic gram-negative 

bacteria. E. coli is rod shaped which makes fall under Enterobacteriales (order). E. coli is a part of 

the Enterobacteriaceae family because it moves by petrichous flagella and it is an animal parasite. 

E. coli is mostly found in the mammalian gut and can be grown on soil and water, which allows it 

to fall under genus Escherichia (Figure 2). Escherichia coli O157:H7 have 157 somatic (O) 

antigens  and 7 flagella (H) antigens.16-18 

 

 

Figure 2: Phylogenetic tree of Escherichia coli O157:H7.18 
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1.3 Habitat 

 

E. coli O157:H7 is mainly found in the gastrointestinal (GI) tract of most warm blood animals 

(cattle) and humans.5 The human GI tract contains nearly 1 kg bacteria and almost 0.1-1% is E. 

coli. E. coli can be also found in contaminated water, food, sediments, and many other contaminated 

environments.19 Cattle do not express the receptor which is specific for the verotoxin of E. coli 

O157:H7. Humans have this receptor, and when verotoxin binds to this receptor, it makes the host 

sick. In humans, E. coli O157:H7 is most commonly found in the GI tract in the colon. This provides 

a favorable environment to grow E. coli such as temperature, pH, and free food.20 

The most favorable environments for E. coli are 37 oC temperature and pH 7. However, 

environment is always changing, and E. coli have many ways to adapt the change. Based on two 

factors mutation and selective advantages, E. coli can adapt to changes in the environment and 

compete with other bacteria in the habitat. E. coli is a motile organism, and it can move with 

peritrichous flagella (Figure 3).14 E. coli can sense any chemical changes in the environment and 

according to the chemical changes, it moves away from or towards the changes, which is known as 

chemotaxis.21 For adaptation to changes in temperature and osmolarity in the environment, E. coli 

uses its ability to change the diameter of porins to capture the nutrients from the cell membrane. If 

there is a large nutrient molecule present in the habitat, E. coli will increase the diameter of porin 

in order to allow the molecule to enter in the cell. Conversely, if there is an inhibitory molecule 

present in the environment the diameter of porin will decrease and will prevent the molecule from 

entering the cell.19 

 

Figure 3: Types of flagella 
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1.4 Antigenic Structure 

 

Antigenic typing or serotyping is generally based on three antigens somatic (O) antigen, flagellar 

(H) antigen, and capsular (K) antigen (Figure 4).22 The somatic antigen is the polysaccharide part 

of the outer membrane. There are 186 types of O antigens that have been identified.23 This antigen 

is heat resistant and stable up to 80-100 oC. It shows endotoxin activity because of lipid A fraction. 

O antigenic epitopes comprises the amino sugars and carbohydrate residues. These antigens are 

represented by numbers. H antigen is the protein flagellin which makes the strands of bacterial 

flagella. This protein is heat sensitive and can be denatured above 56 oC.  Approximately 53 types 

of H antigens have been recognized.23 In general, capsular antigens are composed of acidic 

polysaccharides and there are 80 types of K antigens.24 This antigen is categorized into two groups: 

thermostable (I), and thermolabile (II). Most E. coli are identified by their O and H antigens only.26 

Isolates associated with diarrheal disease is limited, and identification of the O and H antigens of 

E. coli species is especially beneficial in epidemiologic investigations. For well-considered 

outbreaks with unidentified cause, the state health department sends the isolates to the CDC for 

further investigation.27 

 

Figure 4: Antigenic structure of Enterobacteriaceae.25 
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1.5 Serological Confirmation of E. coli O157:H7 

 

Detection of H7 flagellar antigen is require for the verification of E. coli O157:H7. H7- specific 

latex reagents and antisera are commercially accessible, but confirmation of H7 antigen frequently 

involves multiple phases.28 Isolates that are H7 antigen negative or non-motile are tested for the 

Shiga toxin producing gene sequences. Almost 85% of O157 isolates from patients collected by 

the CDC are O157:H7 serotype, 12% are nonmotile (NM), and 3% are H types apart from H7.27 E. 

coli O157:NM serotype often produces Shiga toxin, and those that are negative for Shiga toxin 

have a similar fliC restriction profile to E. coli O157:H7.29 From human illness, no O157 strain 

with H antigen other that H7 has been discovered that produces the Shiga toxin.27 

 

 

1.6 Clinical Significance 

 

Pathogenic E. coli strains are categorized in two groups: diarrheagenic or intestinal E. coli and 

extraintestinal pathogenic E. coli. Diarrheagenic strains are grouped in five categories: STEC, 

Enterotoxigenic Escherichia coli (ETEC), Enteropathogenic Escherichia coli (EPEC),                

Enteroaggregative Escherichia coli (EAEC) and Enteroinvasive Escherichia coli (EIEC). The 

clinical significance of DAEC (Diffusely Adherent E. coli) is still uncertain. STEC is categorized 

under diarrheagenic E. coli corresponding to the production of toxins produced by this strain. The 

genetic material which causes hemolytic uremic syndrome and hemorrhagic colitis is unclear.  The 

E. coli strains O157:H7 and O157:NM (nonmotile) are capable of producing one or more Shiga 

toxins, also known as verocytotoxins and are more frequently isolated in the presence of food borne 

disease outbreak.27 In United States, nearly 185,500 cases of infections caused by O157:H7 strain 

are reported each year.30 

E. coli O157:H7 and other STEC serotypes cause illness that results in mild nonbloody diarrhea, 

HUS, or severe bloody diarrhea (hemorrhagic colitis). Infection caused by the E. coli O157:H7 

serotype has additional symptoms such as lack of high fever and abdominal cramps. According to 

CDC factsheet, nearly 5-10 % patients with STEC infections produce HUS.31 In developing 

countries, the common cause for bloody diarrhea is the O157 STEC strain, and in North America 

it causes at least 80% cases of HUS. The incidence of isolation of O157 STEC from fecal specimens 

in the United States is greatest in the Northern Tier states. Serotype O157 STEC significantly 
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colonizes beef cattle, and thus ground beef has produced more O157 STEC epidemics than any 

other vehicle of transmission. According to CDC outbreaks, romaine lettuce, raw vegetables, frozen 

food, butter, and sprouts are the recognized vehicles of transmission. Raw milk, apple cider, 

unchlorinated municipal water, and roast beef are other identified vehicles of transmission. The 

other cause of transmission of O157 STEC is person to person contact because the minimal 

infective dose is very low (< 200 colony forming units (CFUs)). Outbreaks caused by person-to-

person contact have appeared in families, schools, day care facilities, and long-term care 

institutions.32 

 

 

1.7 E. coli in Food chain 

 

 As discussed above, the principal habitat of E. coli is the gut of warm-blooded animals mainly 

cattle.5 E. coli is spread to humans principally through contaminated foods, such as raw milk, 

undercooked meat products, raw vegetables, and many more.32 Fecal contamination of water 

includes animal manure, wastewater treatment, and on-site septic system. Contamination of food  

 

Figure 5: Cycle of events in spread of STEC. 
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occurs through contaminated water and cross contamination through food production.32 Jimmy 

John’s restaurant ready to eat salad (33 cases, 2013), Farm Rich frozen food (35 cases, 2013), 

Costco Rotisserie chicken salad (19 cases, 2015), Chipotle (55 cases, 2015), soynut butter (32 cases, 

2017), Adam Bros farming (62 cases, 2018), romaine lettuce (167 cases, 2019), ground beef (209 

cases, 2019) are some examples of E. coli outbreaks caused by food contamination in the United 

States in past decade.34 The infectious E. coli are defecated in the excrement of either healthy or 

unhealthy hosts. The huge dissemination of animal and human waste into the environment results 

in a favorable habitat for the bacteria. For example, pathogens can be found in sewage, farm, animal 

manure, birds, wild animals, livestock, manure amended soil, and contaminated water.32  

 

E. coli discharged into the environment by humans and animals through their waste may enter 

agriculture eco-systems through irrigation water, manure, contaminated seeds, nematode vectors, 

or insect pests and wildlife (Figure 5). Subsequently, contaminated fresh vegetables are also one 

of the main causes of E. coli outbreaks and resulted in approximately 11 outbreaks with more than 

500 cases from different states in the United States. E. coli can survive in contaminated soil for 

almost 20 months, and therefore may remain as an environmental contaminant for an extended 

period. Moreover, E. coli survives on crop roots and leaves much longer than in soil. Younger 

leaves provide better habitat than older leaves, and damaged leaves, leaves with better quantities of 

nitrogen, and fruits are capable of supporting faster reproduction and increased survival of E. coli.34 

Recently, foodborne illness outbreaks correlated with raw vegetable sprouts has increased concerns 

among consumers and public health agencies. In 2020, in the United States, there was a E. coli 

outbreak because of clover sprouts (51 cases).33 

 

1.8 Epidemiology:  

 

In the United States, an approximate 73,480 cases due to E. coli O157 disease occur each year, 

leading to an approximate 61 deaths and 2,168 hospitalizations annually. In 1993, after a multistate 

outbreak of E. coli O157 associated with undercooked ground beef patties from restaurant chain, 

E. coli O157 became largely acknowledged as a threatening and important pathogen. E. coli O157 

became a nationally notifiable disease in 1994, and by 2000, reporting was mandatory in 48 states.31 

The largest E. coli O157 outbreak associated with ground beef in 1994 reported in 4 states, includes 

more than 700 cases and mostly children, 53 peoples developed HUS, and 4 children died. The 

outbreak was related to undercooked beef from a restaurant. In 1999, the CDC reported the largest 

E. coli O157 outbreak in the United States, linked to contaminated drinking water that caused 781 
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cases, 15 developed HUS, and there were 2 deaths. The associated water was from a   

short term uncontrolled well at a fairground. An adequate amount of chlorine and a properly 

functioning water system can prevent E. coli O157 infection from drinking water.31 

In 2006, an E. coli O157 outbreak linked to fresh spinach caused 199 illnesses in 26 states, including 

102 hospitalizations; 31 people developed HUS, 22 children became ill, and 3 deaths were reported. 

The health departments, CDC, and United States Department of Agriculture’s Food Safety and 

Inspection Service (USDA-FSIS) investigated a multistate E. coli O157 outbreak and recalled 21.7 

million pounds of Topp’s brand frozen ground beef patties. Again in 2009, CDC and USDA-FSIS 

reported recall of 545,699 pounds of Fairbank Farm’s ground beef contaminated with E. coli 

O157:H7.33 

 

Figure 6: According CDC number of cases happened in last decade (2011-2020).33 
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2. Detection of E. coli 

 

2.2 Conventional Methods 

 

Conventional methods for detection of E. coli include culturing, plating and biochemical tests. The 

detection of E. coli O157:H7 can be carried out using sorbitol-MacConkey (SMAC) agar which 

consist of a carbohydrate, bile salt, indicator, and sorbitol.34-35 To increase the sensitivity, cexifime 

and potassium tellurite added to SMAC agar (Ct-SMAC).36 After overnight incubation of the 

sample on SMAC agar, colorless colonies (sorbitol negative) indicate the presence of O157:H7, 

which does not ferment sorbitol and pink colonies (sorbitol positive) shows the presence of other 

Enterobacteriaceae (Figure 7). Suspected E. coli colonies are selected and inoculated into 

identification media (Klinger’s Iron agar, Triple Sugar Iron agar).37   

 

Figure 7: CT-SMAC plate after the incubation for 24 hours. Left side- colorless colonies of E. coli 

O157 STEC and right side- pink colonies of non O157 STEC.38 

 

Even though sorbitol negative E. coli O157 is prominent, sorbitol positive E. coli O157 (non-

motile) has appeared as a cause of HUS in the Australia and Europe. This isolate will not be 

identified on SMAC as they produce pink colonies like other Enterobacteriaceae. Additionally, the 

potassium tellurite included in CT-SMAC can inhibit the growth of sorbitol fermenting E. coli 

O157. Hence, the sorbitol positive colonies should be further examined for O157.36  
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 Isolation and identification of E. coli using conventional methods have limitations such as the long 

duration of time required (1-7 days) and the labor-intensive process.34   

 

Figure 8: Procedure for isolation and identification of E. coli O157:H7.40  
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Immunomagnetic Separation:  

A food sample containing E. coli O157:H7 with other micro flora, platting is ineffective without a 

pre-enrichment step. Immunomagnetic separation is the procedure to isolate the specific bacteria 

from a mixed culture using superparamagnetic beads (they show magnetic property only in the 

occurrence of an outside magnetic field) covered with pathogen specific antibodies to isolate the 

target bacteria from other microflora and food matrices. The most frequent carrier is Dynabeads 

which consist of polystyrene-based particles in sizes ranging from 2.8 to 4.5 µm.35 

 

 

Figure 9: Recovery of E. coli O157:H7 using IMS enrichment method with Invitrogen Dynabeads 

MAX E. coli O157 (upper row) and following acid treatment of beads (down row). Different 

selective media used for the recovery of E. coli O157:H7.41 

 

2.3 Immunological Detection Methods 

 

Immunological detection methods are widely used for the detection of E. coli O157:H7, because 

of their sensitivity and specificity.35  

 

2.3.1 Enzyme-linked Immunosorbent Assay (ELISA) 

 

ELISA, which is simple, fast, cheap, and plate-based assay, and widely used in clinical analyses 

and laboratories for the detection of target analytes.42 Enzymes are biological catalysts that 
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accelerates chemical reactions, which act on substrates and make a product (TMB oxidation) 

(Figure 10).43 The well plate is coated with capture antibody which binds with the specific target 

analyte or antigen. The enzyme labelled detection antibody binds with the analyte. Finally, addition 

of enzyme specific substrate gives colored product which observed via naked eye. However, there 

is one limitation this conventional ELISA using enzyme-antibody conjugates as labels has 

relatively low sensitivity.44 To overcome this issue, different methods have been developed; Malou 

and Raoult combined the ELISA with PCR assay to improve the sensitivity of the assay; Gould et. 

al., introduced biotin-streptavidin system; Chen and his group developed the technique of enzyme 

loaded nanoparticles.45-47  

 

 

Figure 10: Schematic representation of the colorimetric detection of targeted antigen based on 

enzymatic activity of HRP for TMB oxidation. 

 

Traditional ELISA uses horseradish peroxidase (HRP) enzyme, but these enzymes have limited 

catalytic activity to environmental conditions, high-cost demand, and low stability (denaturation 

and digestion). To overcome these limitations researchers have developed nanosensors which have 

similar catalytic properties and can be used as HRP mimic.48 

 

2.4 PCR based detection method 

 

PCR-based detection methods are widely used for the detection of foodborne pathogens.  In the 

PCR method, the repeated cycles make millions of copies of the targeted DNA sequences in just a 

few hours. However, there is one main disadvantage of this method, which is that these repeated 

cycles can amplify the dead cells, so it requires trained individual for experiment.35 PCR requires 

a thermal cycling instrument, and one cycle is comprised of the following three steps (Figure 11): 
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1. Denaturation: This step is performed under high temperature at 95o C for 1 minute for the 

separation of double stranded DNA helix. 

2. Annealing: This step is carried out at lower temperature 40-60o C; it allows the primers to 

attach to complementary nucleotides of the targeted DNA sequence. 

3. Extension: This phase is carried out at 72 oC to allow the DNA polymerase enzyme to 

operate optimally in the extension of the primers by adding one suitable nucleotide after 

another, resulting in the formation of a DNA complementary strand to the desired DNA 

sequence.49  

 

Figure 11: Schematic representation of traditional PCR method.49 

Several variations of the standard PCR have been developed by researchers to increase the 

sensitivity of this method. Real-time PCR (RT PCR) and multiplex PCR are the most common 

methods. Real-time PCR uses fluorescence probe to detect the targeted gene in the PCR cycle in 

real time not after its end. RT PCR method increases the sensitivity and speed of the PCR-based 

detection method. Multiplex PCR involves multiple primers for the detection of multiple targeted 

DNA sequences in one PCR cycle.50-51 
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2.5 Emerging Methods 

 

2.5.1 Surface Plasmon Resonance (SPR) based detection 

 

The SPR-based sensors are a well-established unique platform which is used for analyte detection. 

In SPR detection of an analyte, the bioreceptor or ligand is primarily immobilized on a gold SPR 

sensor chip and then the analyte passes throughout the ligand via a microfluidic channel. This will 

give real-time monitoring of the analyte-ligand interaction, and it can determine thermodynamic 

parameters such as affinity constant kA as well as kinetic parameters including ka and kd.52-53 

Figure 12: Scheme of the lectin-based surface plasmon resonance biosensor for E. coli O157:H7 

detection.53 

Ying et al. developed the SPR-based sensor for the detection of E. coli O157:H7 using five types 

of lectins. The study shows the detection limit of 3 x 103 cfu mL-1 of E. coli O157:H7 by using 

lectin obtained from Triticum vulgaris as a ligand (Figure 12). Moreover, this lectin based SPR 

sensor is successfully able to detect E. coli O157:H7 in a food sample.53 

 

 

2.5.2 Magneto-fluorescent nanosensor 
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Santra et al. developed a multimodal magneto fluorescent nanosensor (MFnS) for the detection of 

bacterial contamination using two modalities magnetic and optical. Iron oxide nanoparticles 

(IONP) are conjugated with monoclonal antibodies specific to E. coli O157:H7. When the 

nanosensors are mixed with bacterial suspension, they will bind with the bacteria’s outer membrane 

due to specific interaction between bacterial epitopes and antibodies. As a result of these clusters, 

interaction between these nanosensors and water protons is hindered and the resultant magnetic 

relaxation time (ΔT2) increases. In the presence of low CFUS, ΔT2 is higher because of the large 

degree of magnetic nanosensor clustering; however, in the presence of high CFU numbers, ΔT2 is 

smaller because the nanosensors are dispersed in the sample with bacteria. The fluorescence 

modality uses 1, 1’-Dioctadecyl-3, 3, 3’, 3’-Tetramethylindocarbocyanine Perchlorate (DiI) dye 

encapsulated in a polyacrylic acid coating of IONP. The fluorescence modality is useful in the 

detection of high numbers of CFUs. In the presence of low CFU numbers, because of centrifugation 

process after incubation with target bacteria, the unbound MFnS will be removed from the 

suspension and the low number of nanosensor bound to low CFUs gives low fluorescence emission. 

The presence of high CFU numbers leads to large numbers of nanosensors in the sample after 

centrifugation and produces higher emission intensity. Santra et al. have successfully developed 

the nanosensors able to detect the E. coli O157:H7 at concentrations as low as 1 CFU with magnetic 

modality and higher CFUs with fluorescence modality (Figure 13).54 

 

Figure 13: (A) Detection of E. coli O157:H7 in PBS solvent using magnetic property (changes in 

magnetic relaxation ΔT2) of MFnS (inset: CFU ranges from 1 to 20). (B) Fluorescence emission 

data collected from the same contaminated sample (inset: linearity plot).54  
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2.5.3 Colorimetric Detection of E. coli using Gold Nanoparticles 

 

Gupta et.al. developed a colorimetric detection method for the detection of E. coli based on gold 

nanoparticle (AuNP) aggregation. They developed a single stranded DNA aptamer specific to E. 

coli. A coating of graphene oxide (GO) on AuNPs increased the loading capacity of the aptamer. 

Using 1-ethyl-3-(3-(dimethylamino) propylcarbodimide hydrochloride (EDC), N-

hydroxysuccinimide (NHS) chemistry aptamer was fabricated on AuNP-GO (GO coated AuNPs). 

In the presence of E. coli cells, the aptamer attaches to the bacteria’s cell surface causes the 

aggregation of AuNPs (Figure 14). Visually, a colorimetric shift from red to blue can be seen, as 

well as a red shift in the distinctive surface plasmonic peak of AuNPs. In the absence of E. coli 

cells, the nanoparticles stay dispersed, no aggregation is detected, and it remains in red color. 

 

Figure 14: UV-Vis spectrum of (A) Aptamer conjugated GO-AuNPs with increasing 

concentrations of E. coli cells (inset: colorimetric change) and (B) Aptamer conjugated citrate 

AUNPs with E. coli cells (inset: colorimetric change). TEM image of (C) E. coli cells with aptamer 

conjugated GO-AuNPs, and (D) Aptamer conjugated citrate AuNPs with E. coli cells.55 

 

The limit of detection for this assay was 102 cells mL-1 for AuNP-GO and 103 cells mL-1 without 

coating of GO on AuNP. This detection method was observed to be suitable for use in glass 

capillaries, which can be useful for producing point-of-care detection devices.55 
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Conclusion 

 

The occurrence and significance of foodborne infections is increasing worldwide. The development 

of the food industry at international scale, variations in food manufacturing systems, and the 

population of humans and their waste has led to frequent infections. As previously discussed, E. 

coli O157:H7 is a major foodborne pathogen. The frequency of infectious outbreaks demonstrates 

the need for an efficient and reliable method for the detection of this pathogen. Culture based 

methods are simple and inexpensive, but these methods are time consuming and can require up to 

a week to obtain results. These methods are not rapid enough or reliable enough for early-stage 

detection of pathogens. PCR is advantageous over culture-based methods, but the ability to amplify 

the DNA of dead cells is a major drawback for detection of live pathogens. The method introduced 

in this thesis can strategically replace conventional methods and can reduce the time and cost for 

the detection of pathogens in food samples. 
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Chapter II 

 

 

Results and Discussion 

 

 
1. Introduction 

 

Foodborne outbreaks and diseases are on the rise in the United States.1 Foodborne illnesses pose a 

significant health and economic burden, with the Centers for Disease Control (CDC) estimating 48 

million illnesses, 128,000 hospitalizations, and 3,000 deaths each year.2 Consumption of 

contaminated food or water is the most common mode of transmission3, and Escherichia coli (E. 

coli) plays a key role in infection, with some E. coli strains linked to foodborne illnesses in 

international scale outbreaks.4-5 Shiga toxin-producing E. coli (STEC) serotype O157:H7, the most 

lethal strain, first emerged as a significant public health risk in the 1980s.6 Despite strict oversight 

and regulations in most countries, produce-associated outbreaks are on the rise, with recent 

outbreaks traced to leafy salad greens around the world.7-9 The CDC and the Food and Drug 

Administration have yet to identify the source(s) of two E. coli O157:H7 infections, both of which 

were found to be caused by STEC strains. This year, the United States dealt with three highly 

publicized multistate outbreaks.10 STEC was recently identified as the cause of 1 million illnesses, 

100 deaths, and 13,000 disability-adjusted life years by the World Health Organization (WHO).11 

Because STEC has a very low infection dose of only 10-100 organisms and spreads through person-

to-person contact, rapid spread is not surprising.8 STEC verotoxins are known to be virulent to 

humans, causing gastrointestinal disease all over the world, including life-threatening hemolytic-

uremic syndrome (HUS), bloody diarrhea, and hemorrhagic colitis.12-15 This is especially 

concerning given that the healthcare industry is dealing with multidrug-resistant bacteria, including 

drug-resistant strains of E. coli that  are transmittable to humans via direct and indirect contact with 

food and water.16 This emphasizes the significance of rapid, accurate detection in identifying 

pathogens and reducing contamination and infection caused by consumption of contaminated food 

or drinking sources. 
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New methods for disease detection have appeared in recent decades. Iron oxide nanoparticles 

(IONPs) were considered to be static until the intrinsic peroxidase-like properties of Fe3O4 were 

developed in 2007, launching a new field of research that combines nanotechnology with enzyme 

biocatalytic activity.31 Enzymes have long been researched and used because of their strong 

catalytic activity and selectivity, including in consumer, commercial, and therapeutic 

applications.17-25 Enzymes have become indispensable in agrifood detection over the last few 

decades, with a growing role in food safety issues due to their sensitivity and selectivity in detecting 

small molecules, ions, proteins, and both biological and chemical contaminants.25  

 

Figure 15. Schematic illustration of nanozyme-mediated ELISA. Synthesis of the magneto-

plasmonic nanosensor (MPnS) and it’s working principle for detection of E. coli O157:H7. 

 

However, environmental limitations have restricted improvement and usage of natural enzymes.26-

27 The disadvantages of these enzymes include expensive preparation and purification costs, 

instability, rapid denaturation, and recycling and reuse difficulties.28-30 Since the 1950s, researchers 
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have been pursuing artificial enzymes as low-cost and reliable solutions to overcome these 

limitations.31 This has led to the discovery of materials with comparable structure and function, 

such as fullerenes, cyclodextrins, polymers, and dendrimers-based enzymes.32-38 However, 

concerns about biocompatibility and catalytical efficiently have hindered success. Nanozymes, 

nanomaterial-based artificial enzymes, are the next generation of artificial enzymes. Significant 

research in this field has ushered in a new age of enzyme-mimetic investigation, resulting in a new 

concept called nanozymology, which combines nanotechnology with biology.39 There are currently 

approximately 300 different kinds of nanomaterials having inherent enzymatic capabilities.40 

Nanozymes, which have the functional properties of enzyme mimics, catalyze the same biocatalytic 

reactions as natural enzymes even with extreme pH and temperature.41 As a result, nanozymes are 

becoming more widely used in the detection of ions, proteins, small compounds, and biological 

pollutants in agrifood.42 Nanozymes have also fueled many of biological breakthroughs, including 

immunoassays, biosensors, and antibiofilm and antibacterial agents.43-44 Peroxidase, oxidase, 

catalase, and superoxide dismutase enzymes have all been reported to exhibit catalytic activity in 

nanomaterials.45-50 Nanozymes are suitable for pathogen detection because they can attach to 

antibodies and detect analytes of interest. They have the same oxidation function as horse radish 

peroxidase (HRP), which is also the foundation for the well-known ELISA assay.51 They also 

feature multi-enzyme mimic activity, improved stability, and durability for reduced manufacturing 

costs, are simple to mass-produce, have adjustable activity, and a wide surface area for multi-

functionalization.30,52-55 

 

2. Results and Discussion 

This study proposes a novel strategy to synthesize a magneto-plasmonic nanosensor (MPnS) 

composed of IONP and GNP, with unique peroxidase activity against the TMB peroxidase 

substrate model (Figure 15) and rapid detection of E. coli O157:H7, a pathogen known to be 

infectious at low CFU counts. The MPnS synthesis involves two steps: (1) synthesis of polyacrylic 

acid (PAA) coated IONPs,56 and (2) in situ GNP synthesis using Turkevich method encapsulation 

in PAA coating of IONP.57  The protocol for synthesis of IONP-PAA was used as previously 

reported.56 Gold salt (HAuCl4) boiled along with prepared IONPs followed by the addition of 

sodium citrate which results in the reduction of gold (III) to gold (0) which is concurrently 

entrapped within the PAA coating of IONPs. The emergence of ruby red color (max = 522 nm) 

indicates completion of reduction, which is also utilized to assess the endpoint for MPnS synthesis. 

To optimize the synthesis of MPnS, we also conducted preliminary experiments to synthesize gold 
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nanoparticles with different ratios of HAuCl4 and citrate according to the reported "Turkevich" 

procedure.57 Free GNPs were removed through magnetic column in order to purify the MPnS. 

MPnS expresses carboxylic group (COOH) on the surface which can be functionalized with the 

specific antibody for the target bacteria.58 We hypothesized that, the successful MPnS synthesis 

combines the IONPs with GNPs which results in synergistic interactions improving the catalytic 

properties of both nanoparticles individual intrinsic enzymatic activity. The peroxidase-like activity 

of the produced enzyme-mimetics was employed in a colorimetric test, which is reliant on the 

oxidation of the peroxidase substrate TMB by H2O2, which results in a color shift from clear to 

blue. The greater the enzymatic efficiency, the more intense the color. The antibody conjugation 

was required for the creation of a "sandwich ELISA" comprising of MPnS coupled to detection 

antibody and TMB, which will undergo a redox reaction in the presence of the target pathogen, 

resulting in a visible color change. This is based on the fundamental idea of “sandwich ELISA,” 

which is one of the most well-known and successful methods for detecting E. coli O157:H7. 

Furthermore, it is grounded in the basic premise that unbound antigens are eliminated in subsequent 

washes and that no color change occurs until the intended antibody-antigen interaction occurs. As 

seen in Figure 15, the most dramatic color shift, a deeper blue, was observed with functioning 

MPnS-Ab. As a result, we decided to test our hypothesis that MPnS might be utilized as a fast and 

highly specific colorimetric method for pathogen identification. 

 

3. Characterization Studies of MPnS and MPnS Conjugates: 

To confirm the successful synthesis of MPnS, characterization experiments were conducted using 

dynamic light scattering (DLS), T2 relaxation, UV-Vis analysis, TEM and EDS. DLS experiments 

were carried out using Zetasizer Nano-ZS90. DLS experiments were performed to measure the 

average size and zeta of MPnS before and after conjugation with antibody. The average 

hydrodynamic radius of MPnS found to 72 nm and after conjugation with anti- E. coli antibody it 

increases to 78 nm (Figure 16A). The zeta potential also showed effective conjugation, with a shift 

in negative surface charge from –28 to –11 mV in the before and after conjugation, respectively 

(Figure 16B). MPnS is a nanocomposite of IONP and GNP, Citrate stabilized GNP are situated in 

the cargo space of PAA coating of IONPs. TEM analysis shows the small dots in PAA coating of  
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Figure 16. Characterization of MPnS and antibody conjugated MPnS: (A) Hydrodynamic radii of 

MPnS before and after conjugation and (B) zeta potential of MPnS and MPnS-Ab. (C) 

Transmission Electron Microscopy (TEM), Scale Bar: 200 nm and (D) energy-dispersive X-ray 

spectroscopy (EDS). (E) Images of the conjugation half strips, confirming for the successful 

antibody conjugation 1) Positive control, 2) on GNPs and 3) on MPnS. (F) T2 magnetic relaxation 
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of MPnS and MPnS-Ab, and (G) UV-Vis absorption spectra of MPnS and MPnS-Ab, further 

confirming successful conjugation. 

IONP, which is GNP. Elemental analysis was further determined by EDS (Figure 16C-2D). 

Moreover, the Conjugation Check & Go kit from Abcam was used for the further confirmation of 

conjugation. Development of a visible red line on the protein A/G strip indicates the antibodies 

conjugated on the surface of MPnS. (3, Figure 16E). In addition, as previously described in the 

literature, we employed the T2 relaxation diagnostic method. In summary, binding of target 

analytes causes water molecules to be displaced, resulting in detectable changes in the spin-spin 

magnetic relaxation time (ΔT2). This was seen with the MPnS measured at 102 ms and the MPnS-

Ab increased to 115 ms (Figure 16F).  

 

Figure 17. Characterization of GNP and antibody conjugated GNP: (A) Hydrodynamic radius of 

GNP before and after conjugation, (B) Zeta potential of GNP and GNP-Ab. (C) T2 –relaxation of 

GNP and GNP-Ab (D) UV-vis absorption spectra of GNP and GNP-Ab further confirming 

successful conjugation. 
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The final verification method used to evaluate successful conjugation of Abs, was with optical 

absorption by exploiting the UV-Vis properties of gold (SPR). UV-Vis absorption spectra 

demonstrated the conjugation reaction occurred with the unbound MPnS measured at 522 nm 

compared to MPnS-Ab at 526 nm (Figure 16G). The red shift in SPR indicated for the successful 

conjugation.  

4. Characterization Studies of GNPs and IONPs:  

Similar experiments were performed for the confirmation of successful synthesis and conjugation 

for both GNPs and IONPs. The average hydrodynamic size and zeta potential for the GNPs before  

 

Figure 18. Characterization of IONP and antibody conjugated IONP: (A) Hydrodynamic radii of 

IONP before and after conjugation (B) Zeta potential of IONP and IONP-Ab. (C) T2 –relaxation 

of IONP and IONP-Ab (D) UV-vis absorption spectra of IONP and IONP-Ab further confirming 

successful conjugation. 
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and after conjugation were 18 nm and 21 nm and -14 mV and -27 mV, respectively (Figure 17A-

3B). We also assessed conjugation using our T2 relaxation approach and UV-Vis absorption spectra 

measurements for conjugation of E. coli antigen specific Abs to GNPs. Higher T2 relaxation values 

showed that GNPs had weak magnetic characteristics (Figure 17C); nevertheless, effective 

conjugation was indicated by red SPR shifts in UV-Vis absorption spectra, which changed from 

528 nm to 536 nm (Figure 17D). Similarly, a discernible line on the protein A/G test strip 

demonstrated that the antibody conjugation was effective (2, Figure 16E).  

Similar characterization experiments, size measurement, zeta potential, T2 relaxation and UV-Vis 

were performed for the verification of successful synthesis and conjugation of IONPs. After 

conjugation, the size increases from 54 to 61 nm (Figure 4A) and zeta potential deceases from -45 

mV to -28 mV (Figure 18B). T2 relaxation values shows the magnetic property of IONPs; changes 

in ΔT2 relaxation from 99 ms to 108 ms for unconjugated and conjugated IONPs indicate the 

effective conjugation of antibodies on the surface. The above results showed the successful 

conjugation of MPnS, GNPs and IONPs. Moreover, aqueous stability was carried out by measuring 

the overall hydrodynamic diameter for MPnS, GNPs and IONPs before and after conjugation at 

room temperature. (Figure 19 and Table 1) These data further demonstrated the prolonged stability 

of the synthesized functional nanoparticles, which is important for point-of-care applications.  

 

Figure 19: Size of nanoparticles over a period of two months (A) MPnS, (B) IONP, and (C) GNP. 
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 Table 1. Stability of nanoparticles over 2 months of period in 1X PBS (pH 7.4). IONP stored at 

room temperature, GNP and MPnS stored at 4o C. 

 

5. Optimization Studies 

 

Certain factors must be considered when assaying natural enzymes with a standardization of 

parameters including temperature, pH, and substrates being ideal. This is complicated, and 

especially, when more than one enzyme is used due to the varying intrinsic properties of the 

enzymes themselves. The enzyme process itself generates pH changes and can influence enzymatic 

activity. We investigated critical parameters for individual nanozymes in this study, and the 

composite of the IONPs and GNPs provides more insight into the synergistic effects when 

employed together in MPnS. We studied the impact of altering the following variables on the 

catalytic activity of our nanozymes: H2O2, pH, temperature, and size (Figure 20). We used 

horseradish peroxidase (HRP) as control, this natural enzyme has been used and studied 

significantly in a range of biochemical applications. Testing these characteristics also verified the 

nanozyme's improved stability and endurance of our MPnS, as well as our prediction that 

combining the IONPs and GNPs would result in increased enzymatic capabilities. The natural 

enzyme HRP shows high activity at about 0.1 M H2O2 concentration and, as predicted, denatures 

quickly, revealing a relatively limited window for catalytic activity. While IONPs and GNPs have 

longer and more consistent catalytic activity than HRP, MPnS begins to demonstrate steady 

enzymatic activity about 0.5 M and continues with a modest increase in activity around 1.0 M 

(Figure 20A). For the optimization of pH, again HRP peaks in catalytic activity nearly pH 2.5, but 

dramatically reduced from minimum to no activity at pH 7. The GNPs and IONPs shows maximum 

activity at about pH 5 following a parabolic curve; MPnS exhibits the most stability with reasonably 

high activity from pH 2.5 to pH 6.0 with enzymatic activity present, as observed with the IONPs, 
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and until the test completed at pH 9.0 (Figure 20B). This is noteworthy since natural enzymes are 

very sensitive to pH, as proven by HRP, and suggests that MPnS might be dependable under harsher 

environments. Both nanozymes and enzymes were less temperature sensitive, however the MPnS 

and GNP nanozymes surpassed both the IONPs and HRP and remained gradually active even 

though temperatures varying from 20 to 60 °C (Figure 20C). Particularly noteworthy are concerns 

about pH and temperature being regarded as independent factors rather than examining the 

combined effect when using more than one enzyme 59, which these investigations may assist to 

clarify. We find it intriguing that the IONPs show better resilience to changing pH than the GNPs 

nanozyme, which is then reversed in temperature assessments of enzymatic activity. When merged, 

the resulting MPnS nanozymes outperform the individual nanozyme. 

 

Figure 20: Optimization of peroxidase-like activity of nanozymes and natural enzyme with (A) 

varied H2O2, (B) pH, (C) temperature and (D) hydrodynamic diameter.    
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Enzymatic activity is largely dependent on optimal conditions. These investigations show that the 

length of enzymatic activity observed in the MPnS under different circumstances demonstrates the 

necessary stability required for identifying infections in a wide range of environments, as found in 

the agrifood field/industry. We studied the effect of nanozyme size on catalytic activity for the 

further improvement of detection sensitivity (Figure 20D). we analyzed different sizes of the 

nanozyme and its optimum activity. The size of the GNP appears to be directly related to activity, 

with smaller being more active and bigger being less active, the MPnS and IONP both indicated 

optimum size to be approximately 75 nm.  

 

6. Peroxidase-Like Catalytic Activity of Nanozymes 

 

With a growing number of nanozyme applications and the fact that their catalytic activity is 

dependent on physiochemical characteristics such as shape, size, and composition, and 

characterization of our MPnS was critical to this project. Our technique is based on Jiang et al.’s 

work, which demonstrated a consistent and dependable catalytic standard for measuring and 

defining nanozyme catalytic activity using Michaelis-Menten kinetics (Figure 21). 

H2O2 concentrations were held constant while 3,3,5,5-tetramethylbenzidine (TMB) was increased 

to find Vmax, the maximum reaction rate defined by substrate concentration saturation for HRP, 

GNPs, IONPs, and MPnS. As expected, HRP demonstrated the maximum Vmax at 8.7 x 10-8 M/s 

(Figure 21A), Michaelis-Menten kinetics showed each nanozyme surpassed the HRP’s catalytic 

activity (kcat). Km shows how rapidly the reaction accelerates with increasing substrate 

concentration, indicating the substrate affinity. The stronger the affinity, the lower the Km. Our 

studies show that GNPs has the highest affinity, with a Km value of 96 M. Each synthesized 

nanozyme exhibited much higher affinity than HRP, which had the greatest Km at 243 M (Table 

2). However, when evaluating the catalytic constant, kcat, representing the number of substrate 

molecules each enzyme converted into product, IONPs and GNPs showed a 10-fold higher kcat 

values than HRP. Additionally, MPnS exhibited the highest kcat value, with a 100-fold difference 

at 5.9 x 105 in comparison with HRP at 4.3 x 103. We hypothesized that a customized “sandwich 

ELISA” employing the MPnS might result in a viable and robust colorimetric pathogen detection 

method because of this enormous increase in activity. 
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Figure 21: Kinetic parameters of nanozymes and natural enzyme HRP exhibiting peroxidase 

activity: Steady state kinetic analysis using Michaelis-Menten Model of (A) HRP (B) GNPs (C) 

IONPs and (D) MPnS by varying TMB concentrations. 

 

Table 2: Kinetic parameters of IONPs, GNPs, MPnS and HRP nanozymes obtained from 

Michaelis-Menten curves. Km denotes the Michaelis constant, Vmax is the maximum velocity, [E] is 
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total enzyme concentration, kcat is the catalytic constant and is expressed by the formula kcat = 

Vmax/[E].   

 

7. Optimization of concentration of detection antibody for stable conjugate assessment  

 

Flocculation studies were carried out to identify the stabilizing concentration of Anti-E. coli 

O157:H7 mAb for conjugation with MPnS. Initially, several MPnS conjugates were produced using 

mAb. The mAb concentration for conjugation was maintained between 0.5 and 16 µg/mL. Because 

no aggregation was seen during synthesis, stable and efficient conjugates were produced. 

Furthermore, the presence of a discernible line on the protein A/G test strip (half-strip) 

demonstrated that the antibody had been properly conjugated (Figure 22A). When 10% NaCl was 

given to each of these conjugates, however, alterations in OD580 were detected, as shown in Figure 

22B. The optical density increased with increasing Mab concentration, from 0.5-2 µg/mL, 

suggesting flocculation. Furthermore, when 10% NaCl was added to these conjugates, they became 

blue, indicating that the conjugates were unstable. However, above 2 µg/mL, there was a significant 

reduction in optical density, which eventually reached a plateau. Furthermore, the color of these 

preparations was brilliant red, indicating effective and stable conjugate synthesis (Figure 22B 

inset). The MPnS conjugate produced with 8 µg/mL Mab concentration was chosen for the ELISA 

tests based on the flocculation curve. 

 

Figure 22: Flocculation curve of MPnS-MAb conjugates at varied MAb concentrations. (A) 

Protein A/G strips, (B) Absorbance of GNP-Mab conjugated at 580 nm after addition of 10 % 

NaCl (inset: colorimetric appearance after addition of NaCl). 
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8. Peroxidase-based Sandwich ELISA for the Detection of E. coli O157:H7       

 

We used sandwich ELISA format to demonstrate the superior peroxidase-mimetic activity of 

GNPs, IONPs, MPnS, and HRP in biosensing applications (Figure 23). The absorbance of TMB 

was measured at 652 nm, the highest absorbance of oxidized TMB, to illustrate the sensitivity of  

 

Figure 23: Colorimetric and SPR detections of different CFUs of E.coli O157:H7 spiked in 1X 

PBS using A) HRP, B) GNPs, C) IONPs, D) MPnS in conventional “sandwich ELISA” format. 

The absorbance of TMB at 652 nm was plotted as a function of different CFUs of bacteria. 
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natural and manufactured enzymes to E. coli O157:H7 colony forming units (CFUs). The rate of 

oxidation in the “sandwich ELISA” coupling contact with target bacteria was measured using a 

colorimetric test and absorbance measurements. Color changes were not visible with HRP until 

CFU concentrations reached 104, and then color intensity steadily altered as concentration increased 

(Figure 23A). Notably, at concentrations of 103, the GNPs and IONPs showed visible color 

variations and an increase in absorbance (Figure 23B-C). MPnS, on the other hand, demonstrated 

a noticeable change in color and absorbance at a concentration of 102, showing a 100-fold 

improvement in detection sensitivity as anticipated by the kinetic studies (Figure 23D). When 

comparing HRP to all three nanozymes, there was also a significant change in color intensity as 

bacterial densities grew. Furthermore, Figure 24 shows that our MPnS may be utilized as a very 

sensitive detection assay for E. coli O157:H7 by visually comparing the detection sensitivities of 

HRP with nanozymes and providing side-by-side absorbance differences. 

 

 

Figure 24: Plot comparing the “sandwich ELISA” results using different nanozymes and natural 

enzyme HRP. 

E. coli O157:H7 recoveries were identified in real-world complex food samples such as milk and 

spinach to further show the robust and field-deployable detection capabilities of our MPnS-based 

“sandwich ELISA” colorimetric test in the agrifood business (Figure 25). While the milk sample's 

sensitivity was significantly reduced due to the presence of milk-based higher molecular weight 

proteins, bacterial CFUs were identified at concentrations as low as 103. The MPnS, on the other 
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hand, demonstrated a greater sensitivity, identifying CFUs at concentrations of 102 in spiked 

spinach samples. This might be owing to smaller molecular weight natural product interferences in 

spinach washing. These sensitive detection results support our prediction that the MPnS nanozyme 

may be utilized successfully in field applications to detect E. coli O157:H7 at low concentration 

levels. Because of the low infection incidence of these bacterium in food and drinking sources, this 

discovery is important. Furthermore, because of our platform's flexibility, the MPnS-based 

"sandwich ELISA" test may be easily modified to detect a wide range of pathogens, including 

viruses. 

 

Figure 25: Colorimetric detection of different CFUs of E.coli O157:H7 spiked in (A) milk and (B) 

spinach rinse using MPnS in “sandwich ELISA” format. The absorbance of TMB at 652 nm was 

plotted as a function of different CFUs of bacteria. 

 

9. Specific and Rapid Detection of E. coli O157:H7       

 

To further mimic real-world capability of MPnS nanozyme, we used UV absorbance and 

colorimetry to demonstrate the specificity of our platform for E. coli O157:H7 in the presence of 

other pathogenic contaminants, including S. Typhimurium and another E. coli strain, specifically E. 

coli O111 (Figure 26A-B). While the interaction of S. Typhimurium was almost as minimal as that 

of control, E. coli O111 demonstrated slight reactivity with the MPnS-Ab, but not enough to be 

visible to the naked eye.  However, high specificity for E. coli O157:H7 was demonstrated with an 
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intense color change in response to the E. coli O157:H7 in sample, which was also clearly observed 

by UV absorbance.  

 In addition to rapid assay, we employed time-dependent assays to show that our platform can be 

used for quick E. coli O157:H7 testing. We began with HRP, which demands high bacterial CFUs 

and demonstrated optimal performance with CFUs magnitudes of 107 and detection signals lasting 

longer than 30 min (Figure 26C). This was predicted because HRP is utilized in the conventional 

ELISA assay, where it begins to change color after around 20 to 30 minutes.  

 

Figure 26: (A and B) Specificity of MPnS was evaluated by conducting MPnS-based sandwich 

ELISA in the presence of other bacterial cross-contaminants and a mixture. (C and D) Time-

dependent E. coli O157:H7 detection assay using (C) HRP and (D) MPnS. 
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When compared to HRP, the peroxidase mimetic MPnS exhibited detection capabilities starting at 

concentrations as low as 103 and a detection period of 15 minutes (Figure 26D). We reasoned that 

the synergistic effects of GNPs and IONPs increased sensitivity and detection time, resulting in 

faster readings with a steady signal within 10 to 15 minutes and outperforming the conventional 

ELISA test. This demonstrates that our MPnS trimodal detection method can be utilized on-site to 

identify E. coli O157: H7 in real-time, with high sensitivity and less detection time.  
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Chapter III 

 

 

Experimental Section 

 

 
1. Materials 

Ferric chloride (FeCl3.6H2O), ferrous chloride (FeCl2.4H2O), ammonium hydroxide (NH4OH), 

hydrochloric acid (HCl) were obtained from Fisher Scientific, ACS reagent grade. 1-ethyl-3-(3-

(dimethylamino) propylcarbodimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), 

polyacrylic acid (PAA), Hydrogen tetrachloroaurate (III) hydrate (HAuCl4.3H2O), sodium citrate 

(NaCit), 2-morpholinoethanesulfonic acid (MES), 3,3’,5,5’-Tetramethylbenzidine (TMB), 

hydrogen peroxide 30% (H2O2), horse radish peroxidase (HRP), phosphate buffer saline (PBS) was 

obtained from Sigma-Aldrich. Bacterial strains E. coli O157:H7, staphylococcus aureus, generic E. 

coli were purchased from American Type Culture Collection (ATCC). Nutrient agar, nutrient broth, 

ELISA washing buffer/coating buffer were purchased from Fisher. Anti-E. coli O157:H7 antibody 

and Conjugation Check & Go Kit were obtained from Abcam. The dialysis bag (MWCO 6–8 K) 

was purchased from Spectrum Labs. All the glassware was used after autoclave. 

 

2. Instrumentation 

Size and zeta potential of nanozymes (IONPs, GNP and MPnS) were measured using Malvern’s 

Zetasizer-ZS90. A Tecan i-control infinite M200 plate reader was used for the measurement of 

absorbance. Type-1 de-ionized (DI) water (18.2 MΩxcm at 25 o C) was obtained using GenPure 

UV-TOC from Thermo Scientific. Kinetics studies were performed on a Genesys 150 

Spectrophotometer. 
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3. Synthesis of Gold Nanoparticles (GNPs) 

 

In order to synthesize GNPs, 5 mM HAuCl4 (2.0 mL) (21 mg in 12.5 mL in DI water) was added 

into DI water (17 mL) at 95 °C in 50 mL Erlenmeyer flask placed on a hot plate with a magnetic 

stir bar. After boiling for 10 min, 0.5% NaCit (1.0 mL) (5 mg in 1 mL DI water) was added into 

the reaction mixture, with continue stirring and heating. The reaction continued for 20 min until a 

ruby red color was observed. The resulting solution was purified by dialysis (MWCO: 6–8 K) in 

water to remove unreacted particles and GNPs were stored at 4 °C. The average diameter of these 

GNPs was found to be 18±2 nm. 

 

 

4. Synthesis of Iron Oxide Nanoparticles (IONPs) 

 

The IONPs were synthesized by the water precipitation method following our previously reported 

method. Briefly, 3 solutions were made. Solution 1 contained FeCl3 (0.622 g), FeCl2 (0.334 g), and 

H2O (2 mL). Solution 2 contained NH4OH (1.8 mL of 30% stock) and H2O (15 mL). The solution 

3 contained polyacrylic acid (0.859 g) and H2O (5 mL). After preparing all the solutions HCl (90 

uL 12M) was added to solution 1, and then solution 1 was added to solution 2 in vortexing condition 

at 875 RPM. Immediately within 9 sec solution 3 was added into solution 2 in vertexing condition. 

Vortexing continued the mixture at 3000 RPM for 1 h. After the mixing, the solution was 

centrifuged for 20 min at 1,620 x g and then 20 min at 2,880 x g to remove the larger particles. The 

supernatant was collected and dialyzed (molecular weight cutoff: 6–8 K) in water overnight to 

remove unreacted mixture. The purified IONPs were stored at room temperature. The average 

diameter of these IONPs was found to be 91±2 nm. 

 

 

5. Synthesis of Magneto Plasmonic Nanoparticles (MPnS) 

 

To synthesize MPnS, 5 mM HAuCl4 (2.0 mL) (21 mg in 12.5 mL in DI water) was added to IONPs 

(T2= 100-110 mSec) (17.0 mL) diluted in DI water in a 50 mL Erlenmeyer flask. The flask was 

placed on a hot plate and stirred at 500 RPM at 95 °C. After boiling for 10 mins, 0.5% NaCit (1.0 

mL) (5 mg in 1 mL DI water) was added to the reaction mixture, with continued stirring and heating. 

The reaction continued for 20 min until a dark purple color was observed. The nanoparticles were 
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purified by Magnetic column and stored at 4 °C. The average diameter of these MPnS was found 

to be 68±2 nm.  

 

6. Synthesis of MPnS-mAb 

 

Prior to the conjugation to MPnS, the pH of MPnS was adjusted at 9.0 using 150 mM potassium 

carbonate. A MPnS solution with OD520 = 1.0 (250 μL portions) was added to solutions containing 

15 μL PBS (1 X, pH 7.5) with antibodies (mAb) in concentrations from 0.5 to 16 μg. The mixture 

was vortexed and incubated for 10 min on rotator with continuous vortexing. Then 50 μL of 10% 

NaCl was added in 50 μL of each conjugate and incubated for another 10 min. The absorbance was 

measured at 580 nm. Then a flocculation curve was plotted as dependences of the OD580 nm in 

the presence of excess salt (10% NaCl) versus the antibody concentration. To synthesize MPnS-

mAb conjugates, antibodies at selected concentrations (8 μg) were mixed with the MPnS solution. 

The mixture was incubated with stirring at room temperature for 30 min, and BSA was added to 

final concentration of 1% (25 μL of 10% BSA was added in total 250 μL of MPnS-mAb conjugate) 

and incubated for another 30 min. The unbound antibodies and BSA were removed by 

centrifugation at 3000 rpm for 5 min. The supernatant was removed, and the pellet was resuspended 

in a conjugation buffer containing 10 mM Tris-HCl buffer (pH 9.0) and 0.5% BSA. The spectra of 

the MPnS and their conjugate were recorded with a Tecan i-control infinite M200 plate reader. 

 

7. Bacterial Culture 

 

Freeze dried pellet of E. coli O157:H7 strain were obtained from ATCC. Pellets were hydrated into 

5 mL of nutrient broth media. Using the spread plate method, 100 μL of this solution was spread 

onto an agar plate using a L-shaped glass spreader and incubated for 24 h at 37o C. An isolated 

colony was inoculated into 35 mL of nutrient broth in a 250 mL of flask. The sample was incubated 

overnight at 37o C with 200 rpm agitation. The bacterial solution was centrifuged at 6000xg rpm 

for 2 minutes, and the pellets were washed with 1X PBS (7.5 pH) twice. Finally, the optical density 

of the solution was adjusted at 0.1 in PBS, which gives a stock solution of 10-8 bacterial CFUs in 

the solution. Different dilutions were made for different concentrations. Conformation of the 

bacterial concentration in the solution was obtained by plating on an agar plate. 
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8. Kinetic Analysis 

 

Catalytic activity of HRP, IONP, GNP, and MPnS were determined at room temperature in a 4.5 

mL cuvette using 20 pM HRP, 0.9 pM IONP, 0.6 pM GNP and 0.2 pM MPnS in the presence of 

10 mM, 980 mM, 210 mM, and 210 mM H202 respectively, and TMB was added as a substrate. As 

we increased the TMB concentration, the nanozyme activity also increased which gives a non-

linear curve. Using this graph, a Michaelis-Menten graph was obtained using Origin Pro 2019 with 

the Michaelis-Menten enzyme kinetic model.   

All reactions were measured using a Genesys 150 Spectrophotometer with the kinetics method at 

652 nm. The maximum initial velocity (Vmax), Michaelis-Menten constant (Km) and catalytic 

constant (Kcat) were determined for all enzymes.   

 

9. Peroxidase like activity of nanozymes 

 

The enzymatic activity of nanozymes is depends on the concentrations of TMB, H202, pH, and 

temperature. We measured the catalytic activity of nanozymes at 0 to 1 M H202 concentration, 1 to 

9 pH, 20o C to 60o C temperature and different size of nanomaterials. We compared the relative 

enzymatic activity of GNP, IONP and MPnS with the conventional enzyme HRP. Using a Tecan 

i-control infinite M200 plate reader, the reaction was measured at 652 nm wavelength. 

 

10. Sandwich Immunoassay 

 

The 96 well microplate was coated with the 200 µL of anti-E. coli o157:H7 capture antibody (0.1 

mg/mL) (A15Z (MA5-97)) in a coating buffer overnight at 4o C. After the incubation, the plate was 

washed three times with washing buffer without disturbing the layer of capture antibody. The wells 

were blocked using blocking buffer for 2 hrs at 370 C and washed three times with washing buffer. 

In each well different CFUs of E. coli O157:H7 were added and incubated for 2 hrs at 370 C. 

Unbound CFUs were removed with washing buffer three times. MPnS-ab (anti-E. coli 0157:H7 

antibody conjugated MPnS) was added to each well for 2 hrs at room temperature. The wells were 

washed three times with washing buffer. 100 µL of PBS (1X, 7.4 pH), 800 µM TMB and 210 mM 

H202 were added to each well and incubated for 10 mins. Absorbance was measured using a Tecan 

i-control infinite M200 plate reader, and photographs were taken with iPhone 12 smart phone. For 
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comparison, HRP-based conventional ELISA, GNP-Ab and IONP-Ab based ELISA were 

performed. 

 

11. Specificity Assay 

 

For the confirmation of the specificity of the assay, sandwich ELISA was performed using CFUs 

of different pathogens E. coli O157:H7, E. coli O111, S. Typhimurium, and a mixed culture of these 

pathogens. The capture and detection antibody are specific to E. coli O157:H7, so there was no or 

minimal binding with the other pathogens. 

 

12. Sandwich ELISA in real sample 

 

Detection of pathogens in real sample such as milk and spinach rinse using MPnS-Ab was carried 

out. Milk was spiked with E. coli 0157:H7 CFUs and diluted as desired CFUs in the sample. The 

spinach rinse water was spiked with the E. coli 0157:H7 CFUs and culture diluted as required for 

desired CFUs. The similar protocol was used as sandwich immunoassay. 
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Chapter IV 

 

 

Conclusion and Future Study 

 

 
In brief, we have demonstrated successful synthesis of MPnS with integrated plasmonic and 

peroxidase-mimetic properties.  Our results suggest that MPnS exhibited higher detection 

sensitivity than the natural enzyme and standalone nanomaterials. This was attributed to its superior 

catalytic activity (kcat ~ 105) due to the synergistic peroxidase-mimetic activity of iron and several 

encapsulated gold nanoparticles. MPnS enabled ELISA exhibits lower turnaround time than 

conventional ELISA. We were successfully able to detect the pathogen in real food matrices such 

as milk and spinach rinse. Formulated MPnS is customizable and can be tailored for the detection 

of other food borne pathogens. 

In the future, we are planning to put this nanozyme platform in a lateral flow assay using the 

plasmonic property of MPnS, and we will further investigate the translatability of catalytic activity 

of MPnS technology in LFA platform.      
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