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ABSTRACT 

 

The present study was designed to develop facile, reproducible and economically viable 

bacterial sensing assays using functionalized metal/metal oxide nanoparticles/nanoclusters.  

For this purpose, iron oxide and mixed ferrite nanoparticles functionalized with dopamine 

were produced and evaluated for their peroxidase mimicking ability. Dopamine capped iron 

oxide (DOPA) nanoparticles were then utilized to develop antibody-free as well as enzyme-

free colorimetric assay for the sensing of Escherichia coli (E.coli) and Bacillus subtilis 

(B.sub) with detection limit as 104 cfu/mL by naked eye and 102 cfu/mL by spectroscopic 

measurements respectively. The 2-(3-(3,4-dihydroxyphenyl)propanamide)-N,N,N-

trimethylethanaminium chloride   capped MnFe2O4 nanoparticles  (DPTMA- MnFe2O4) were 

integrated into the electrochemical sensor as both transducer and recognition element to 

develop bio-label as well as bio-recognition element free sensing methodology with 

differentiation limit of bacteria down to 102 cfu/mL. In yet another effort, blue fluorescent 

polyethylenimine coated silver nanoclusters (PEI-AgNCs) were evaluated for the detection 

of bacteria in solution. The fluorescent intensity of nanoclusters was gradually decreased in 

the presence of bacteria resulting in differentiation of bacteria up to limit of 104 cfu/mL. 
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 Introduction 

Infectious diseases have been a continuous threat to the mankind. More than 25%  (15 million 

out of 57 million) of all the global deaths are directly caused by infectious diseases.4 Overall, 

infectious diseases remain the 3rd leading cause of death in the United States each year and 

the 2nd leading cause of death worldwide. Infectious diseases also cause nearly 30% of all 

disability-adjusted life years (DALYS) worldwide, leading to compromised health and 

disability (1 disability-adjusted life year is 1 lost year of healthy life). Bacterial infections 

contribute to the nearly 201 million of total 450 million DALYs each year. Among these 

infections, low respiratory infections, diarrhea, tuberculosis and pertussis are the leading 

cause of DALYs throughout the world.7 Major source of these infectious diseases are food 

and water.8 Worldwide, ~1.2 billion people do not have access to safe drinking water.9 

According to Pakistan Council of Research in Water Resources (PCRWR) report, more than 

44% population in Pakistan is deprived of access to safe drinking water. In Punjab, more than 

90% of the drinking water resources in rural areas and over 60% in urban areas are 

contaminated.10 A report by World Wildlife Fund (WWF), every 3rd Pakistani drinks unsafe 

water and 20 to 30 % of people in hospital are suffering from water-borne diseases.11 In 

January 2017, the number of gastro and diarrhea patients reached up to ~ 0.21 million in the 

government-run hospitals as per official record of the health department in Punjab province.  

Of the 783 million people without safe drinking water worldwide, 15 million are only in 

Pakistan.12 In Pakistan, the major contaminant is the bacteriological resulting in over 0.25 

million deaths of children each year.13 Rapid detection of bacteria in water is, therefore, vital 

to save lives and to improve socio-economic development in Pakistan. Therefore, there is 

vital need to develop accurate and early-stage analyzing methods to help reduce the risk of 

these emerging threats to the humanity. Water-associated illnesses especially acute 

gastrointestinal illness has been statistically associated with coliform bacteria (fecal indicator 

bacteria), for example, Enterococcus spp. or Escherichia coli, in drinking water.14 The 

presence of coliforms in drinking water indicates possible microbial contamination and 

potential health risk. Common established traditional detection methods are culturing and 

plating, polymerase chain reaction (PCR) and ELISA (enzyme linked immune-sorbent 

assay).15, 16   
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1.1 Established methods  

Culturing and colony counting methods, molecular methods based on nucleic acid 

amplification as well as immunology-based methods are the most common tools used for the 

detection of bacteria in contaminated samples. They involve counting of bacteria, DNA 

probing and antigen-antibody interactions respectively. These methods are often combined 

together to obtain more robust and reliable results.  

 Culturing and colony counting classical method 

The oldest standard bacterial detection technique is the culturing and plating. In this method, 

different selective media are used to detect particular bacterial species. The selective media 

usually have inhibitors to stop the growth of non-targeted strains or specific substrates that 

give a particular color to the growing bacteria or only the target bacteria can degrade these 

substrates. The limitation for this available method is that they either measure a metabolic 

endpoint or observe growth factor after incubation period of 22 to 24 hours.17 

 Nuclear amplification-based methods 

The nucleic acid detection based bacterial sensing methodologies target specific nucleic acid 

sequence of bacterial cells. In mid 1980s the nuclear amplification technology was developed 

that involves the isolation, amplification and quantification of analyte nucleic acid.18 These 

methods include polymerase chain reaction (PCR), reverse transcriptase polymerase chain 

reaction (RT-PCR), quantitative PCR (Q-PCR), and nucleic acid amplification sequence 

based amplification (NASBA) etc.  

This nucleic acid amplification based methodology (PCR) is less time-consuming than 

culturing and plating. The polymerase chain reaction method involves different cycles of 

thermal denaturation of the isolated and purified DNA, followed by an extension step using 

specific primers and a thermostable polymerase enzyme. Then each new double strand from 

the extension step acts as a target for another new cycle, resulting in exponential amplification 

of DNA(Fig. 1.1).The gel electrophoreses is generally employed to analyze the presence of 

amplified sequence of DNA.18, 19 
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 Immunology-based methods 

Most of the detection methods are based on immunological techniques, and now-a-days the 

most commonly used enzyme-linked immunosorbent assay (ELISA) test is the well-

established technique that has found numerous applications in biosensing. In immunosorbent 

assay, specific antibodies are used as recognition elements coupled with sensitive enzymes 

as transducing elements to detect the analyte recognition event.20, 21 

 

Figure 1.1 :   Graphical representation for PCR cycle 

Figure 1.2 : Schematic representation of the sandwich-ELISA protocol.2 
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1.2 Biosensors in bacterial detection 

Biosensors are analytical devices incorporating a biological material (microorganisms, 

enzymes, antibiotics, and nucleic acids etc.), a biologically derived material (e.g. recombinant 

antibodies, engineered proteins and aptamers, etc.) as recognition element for intimately 

associated with or integrated within a physicochemical transducer.22 In biosensors, , enzyme, 

antibodies and nucleic acid are employed as a biological recognition elements.23, 24 In 

bacterial sensing, enzymes act as labels for antibodies or nucleic acids  in the similar way as 

in immunosorbent assays. In biosensors, however, antibodies are more frequently used 

compared to the DNA probes. The antibodies used in biosensors may be polyclonal, 

monoclonal or recombinant depending on their selective properties and the way they are 

synthesized. In any type of biosensors, these antibodies are generally immobilized on the 

substrate, which can be a detector surface or a carrier.25 

 Biomolecules immobilization methods 

The biomolecule immobilization is a pivotal step in the development of any type of biosensor. 

The biomolecules need to keep their original functionality and their recognition sites must be 

not sterically hindered during immobilization step. Gold substrates are commonly used for 

the immobilization of antibodies in bacterial detection because of their numerous applications 

in the area of immunosensors.2 The antibody immobilization is frequently done by three 

commonly used methods, which are: - 

 Adsorption of antibodies on the gold surface 

 The immobilization through avidin-biotin system  

 Self-assembled monolayers (SAMs) of biomolecules 

1.2.1.1 Adsorption of antibodies on gold 

This is the easiest and the fastest method for antibody immobilization on gold substrate. In 

this methodology, antibodies are non-specifically and randomly attached to the substrate 

surface, making it difficult to control the alignment of the binding sites in a correct orientation 

(Fig. 1.3).26  

1.2.1.2 The immobilization through avidin-biotin system 

In this method, substrate surface is coated with avidin - a protein having strong affinity for 

biotin. The biotin coated surface provides a very simple and effective way for the anchoring 

of biomolecules to the substrate. The bonding between avidin and biotin is very specific and 
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of non-covalent nature with a high affinity constant (ca. 10-15 mol-1L), resulting in the 

retention of the avidin-biotin complex on the substrate after multiple washing and thus 

enabling the reusability of sensing device.27, 28 The main drawback of this assay, however, is 

the high cost of the reagents used That makes this sensing strategy too expensive for practical 

applications.  

1.2.1.3 Self-assembled monolayers (SAMs) of biomolecules 

 Biomolecules self-assembled monolayers are obtained by immersing the gold substrate in a 

suitable solution of desired biomolecules in high purity solvent.29 Generally these self-

assembled monolayers are obtained on gold substrates by using ethanol solution of the 

functionalized alkanthiols followed by the conjugation of biomolecules with the terminal 

functional groups (usually –COOH groups) of self-assembled thiols. The thickness and 

packing of the monolayers is controlled by using an appropriate concentration and the chain 

length of aryl/alkyl thiol molecules. The biomolecules of the choice are linked covalently or 

electrostatically through these self-assembled monolayers of thiol molecules to increase the 

sensitivity and specificity of the biosensors.30 

Figure 1.3: Schematic illustration for biomolecules immobilization strategies a1, surface cleaning; a2, 
immersing in antibodies solution; a3, washing of surface to remove unattached biomolecules; a4, addition 
of analyte and a5, sensing. b1, surface cleaning; b2, coating of avidin; b3, biotin-linked antibodies addition; 
b4, washing of substrate; b5, addition of analyte and b6, sensing. c1, surface cleaning; c2, formation of self-
assembled monolayers; c3, EDC/NHS activation; c4, binding of antibody; c5, washing to remove blockage of  
active sites; c6, addition of analyte and c7, sensing. 2 
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 Biosensors based on signal measurements techniques 

The most common biosensors for bacterial detection based on signal measurements 

techniques are represented in Fig. 1.4. 

1.2.2.1 Optical biosensors 

These biosensors are the most popular in bioanalysis because of their selectivity and 

sensitivity. Surface Plasmon resonance (SPR) and fluorescence based optical methods have 

gained massive applications in biosensors because of their sensitivity to various analytes.  

1.2.2.1.1 Fluorescence detection 

Fluorescence phenomenon takes place due to excitation of valence electrons from their 

ground state to an excited singlet state when it absorbs radiations of a specific wavelength. 

When the electron returns from its excited state to its original ground state, emission of photon 

occurs at lower energy (longer wavelength). This light emission takes place rapidly (<10 ns) 

after the absorption of light with little thermal loss.6   

Optical 

Biosensors 
Electrochemical 

Biosensors 
Mechanical 

Biosensors 

SPR-based 

Biosensor 
Fluorescence 

based Biosensor 

Potentiometric 

Biosensor 

Amperometric 

Biosensor 

Impedimetric 

Biosensor 

Cantilever 

Biosensor 
Quartz crystal 

Microbalance Biosensor 

Types of 

Biosensors 

Figure 1.4: Types of biosensors 
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In these sensing assays, antibodies are conjugated with fluorescent markers, mostly with 

fluorescein isothiocyanate (FCITC).31 Other recently used fluorescent markers include 

quantum dots, fluorescent metal (especially gold) nanoclusters and lanthanides etc. especially 

to address the photo-bleaching issue of the organic fluorophores. These lanthanide-based 

markers possess high stability, less background luminescence under normal light conditions 

and large Stoke’s shifts in comparison to the traditional organic fluorophores. The use of 

lanthanides, however, is not encouraged due to the safety reasons.32 The semiconductor based 

quantum dots are usually based on toxic metals, such as cadmium, and their use is also limited 

due to safety concerns whereas the fluorescent gold nanoclusters are increasingly getting 

attention because of their inertness and relatively easier control over their size and surface 

chemistry.33, 34 The fluorescent detection is also used in combination with already established 

techniques such as PCR and ELISA to enhance the sensitivity and specificity of such assays. 

In fluorescence resonance energy transfer (FRET) biosensors, the transfer of energy occurs 

from donor to acceptor fluorophore. The acceptor fluorophore excitation must spectrally 

overlap with the emission spectrum of the donor fluorophore, but there should be not 

overlapping with the donor’s excitation band. The basic principle of FRET is the non-

radiatively, transfer of energy from an excited donor fluorophore (λ) to an acceptor 

fluorophore when the two fluorophores are in close proximity (distance <100 Å, that is known 

as the Försters distance) of each other. When acceptor and donor fluorophores are apart from 

Figure 1.5. Electronically demonstrated Fluorescence phenomenon.1 
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each other by more than the Försters distance, the fluorescence occurs at the emission 

wavelength of the donor, which results in less fluorescence from the acceptor fluorophore.6, 3 

The ratiometric emission of donor to acceptor fluorophore provides a measurement for the 

binding state between antibody and specific antigen.3 FRET immuno-biosensor for the 

bacterial detection are based on these ratiometric measurements of emission spectra (Fig. 

1.7).  

Figure 1.7 : Schematic of the FRET immunosensor showing the Y-shaped antibody labeled with the donor 
fluorophores and attached to acceptor labeled protein G. 3 

Figure 1.6: A. FRET occurs between donor and acceptors fluorophores. When the donor and acceptor are 
dissociated or far apart, the donor emission is detected upon donor excitation. Alternatively, the two 
fluorophores interact and the acceptor emission is predominately observed when the donor and acceptor are 
in proximity (1–10 nm). This acceptor emission is due to intermolecular fluorescence resonance energy 
transfer (FRET) from the donor to the acceptor. B. illustration for compatibility of FRET pairs.6 
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1.2.2.1.2 Surface Plasmon resonance (SPR) based detection 

Surface Plasmon resonance (SPR) spectroscopy is a label-free technique for monitoring non-

covalent molecular interactions in a real time, and a non-invasive fashion. The commonly 

used labels such as tags, dyes, or specialized reagents (e.g., enzymes substrate complexes)  

are not required to obtain a visible or a fluorescence signal for SPR.35, 36, 37
 

 

Surface Plasmon Resonance is the resonant oscillation of free conducting electrons when 

polarized light hits a metal film at the interface of media with different refractive indices. SPR 

techniques follow the Kretschmann configuration to excite and detect collective oscillations 

of free electrons (known as Surface Plasmons). In this configuration, light is directed onto a 

metal film by using a glass prism and the subsequent reflection is detected (Fig.1.8A). The 

resonance angle is measured by observation of a dip in SPR reflection intensity. A molecular 

binding event between recognition element and the analyte on the surface of or near the metal 

film are determined by observing the shift in the reflectivity curve of SPR. The molecular 

binding events and binding kinetics are studied without specific labelling agents by 

monitoring the shift in SPR dip. (Fig. 1.8B). The surface Plasmon resonance spectroscopy 

has also been employed for the for the detection of pathogenic bacteria by exploiting 

immunoreactions.25, 35, 38  

1.2.2.2 Electrochemical biosensor 

Electrochemical biosensors produce electrical signals (mainly involve the measurement of 

current or potential changes) when binding event occurs between the recognition element of 

the sensor system and analyte at the sensor-sample matrix interface. In these techniques, the 

A B 

Figure 1.8: A.  Illustration for the Kretschmann configuration of SPR. The circles and inverted “Y” entities    
represent analyte (antigen) and recognition element (monoclonal antibodies), respectively. B. Shift in the 
SPR reflective dip angle represent the molecular binding event.25 
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sensor potential value is set in such a way that the binding of analyte produces current at the 

electrode. In some cases the direct exchange of electrons between the electrode and analyte 

or biomolecule are not possible and thus redox mediators are used to facilitate the 

electrochemical reaction. These small compounds (e.g. ferricyanide, dyes, complexes of 

osmium or ruthenium, etc.) are meant to mediate reversibly exchange of electrons between 

sensor electrodes and the biomolecules of choice (e.g. enzymes).39   

Many different combinations and strategies are possible for the construction of 

electrochemical biosensors, depending on the limitations imposed by sample matrix, analyte 

or utility.2, 40 Bacterial electrochemical sensors are not much different from traditional 

biosensors generally employed for detection of biomolecules. An interesting electrochemical 

sensing strategy of bacteria is reported by Wilkins group. They detected E.coli with a LOD 

between 100 and 600 cells/mL within a short time of 30 min using a flow-through 

immunofiltration.41, 42  

The electrochemical sensors are generally classified based on the nature of observes signal 

parameters: 

 Potentiometric biosensors 

 Amperometric biosensors 

 Impedimetric biosensors 

 

1.2.2.2.1 Potentiometric biosensor 

Potentiometric biosensors measure potential changes of the solution based on specific 

interactions with ions by employing ion-selective electrodes. The potential changes are 

dependent upon analyte recognition at the working electrode. Potentiometric biosensors have 

wide applications to detect a number of analytes but limited reports are available to exploit 

their use for the detection of large-sized analytes including bacteria because of the less 

sensitivity of the signals produced in such cases.  

Potential stripping analysis (PSA) is an innovative potentiometric technique in which the 

stripping time of a compound/biomaterial is measured at a set value of stripping potential. By 

using this chrono-potentiometry method Wan et al., have detected sulfate reducing marine 

pathogenic bacteria (SRB) by measuring the stripping time of produced sulfide. Detection 

range of bacteria by this PSA methodology was reasonably good, with the only disadvantage 
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of the requirement of the pre-incubation steps, which hamper the rapid and on-site detection 

of bacteria in water samples. 43, 44 

1.2.2.2.2 Amperometric biosensor 

Amperometric biosensors directly measure the current produced due to the oxidation or 

reduction of species in response to analyte-bioreceptor interactions. Enzymes such as glucose 

oxidases are commonly used as bio-component receptors.45 Amperometric biosensors are 

relatively simple and generally offer good sensitivity because of the ease of detection of any 

change in the current that directly correlates with the concentration of analyte.46 

The main disadvantage of amperometric biosensors, however, is their low specificity due to 

the interference of other redox active species, generally leading to inaccurate results. 47 

Another fundamental limitation for amperometric biosensors is the condition that the analyte 

should act as a substrate for an enzymatic reaction, limiting the scope of such type of 

biosensors. This technique, therefore, is not much frequently used for the detection of whole 

cell bacteria due to the requirement of enzymatic reactions. Kim et al., have successfully 

differentiated hemolytic and non-hemolytic bacteria by employing amperometric 

technique..48 Hemolytic bacteria release the electron mediators by disrupting liposomes, 

which can be differentiated by determining the increase in the electrical current. Rishpon‘s 

group have successfully reported amperometric quantification of coliform bacteria 

Escherichia coli (E.coli K-12) by using screen printed carbon electrodes. In this case, 

amperometric signals were significantly enhanced due to the release of intracellular β-

galctosidase enzyme, which was controlled by phage-mediated cell lysis.49  

1.2.2.2.3 Impedimetric biosensor 

Impedimetric biosensing is also a label free, cost-effective, highly specific and sensitive 

technique with no or little interference by other contaminants. These sensors are easy to 

miniaturize facilitating to design point-of-care sensor systems. Oliver Heaviside used the term 

“impedance,” in late 19th century. Since then electrochemical impedance spectroscopy (EIS) 

has been applied to characterize various complex biological systems.50 The impedimetric 

sensors measure a change in capacitance and electron transfer resistance of working electrode 

as a function of analyte-bioreceptor interactions. The change in impedance is detected on 

transducer as the analyte binding capacity increases with an increase in the amount of 

analyte.51 Now-a-days impedimetric biosensors are employed for the detection of a wide 

range of biological samples with no restriction of analytes to act as enzymatic substrates in 
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comparison to other electrochemical biosensors.52,53  This technology is now developing very 

fast it has not yet been much employed on commercial scale. 

1.2.2.3 Piezoelectric biosensors 

Piezoelectric biosensors are label free mechanical biosensors which are divided into two main 

categories i.e., quartz crystal microbalance (QCM) and cantilever sensors. QCM sensors 

detect the analyte when it binds on the surface of sensor, resulting in resonance frequency 

changes due to increased mass. Such mechanical QCM based biosensors have also been 

employed to detect whole bacterial cells e.g. Escherichia coli, Campylobacter jejuni, and 

Bacillus anthracis  etc.54, 55, 56  

Microcantilever sensor technology is progressing as a label free, highly sensitive and the point 

of care detection methodology.  Cantilever sensors functionalized with bioreceptor oscillate 

at a specific resonant frequency. Analyte binding on the surface of sensor induces mechanical 

bending resulting in a change in the resonating frequency changes of cantilever that can be 

detected. The development of microcantilever based biosensors are now gaining much 

importance for the sensing of whole cell bacteria, including Escherichia coli O157:H7, 

Salmonella typhimurium, Vibrio cholerae, and the bio-warfare agent Francisella tularensis.57, 

58, 59, 60, 61 

1.3 Advent of nanotechnology 

The advent of nanotechnology has revolutionized the field of materials science. 

Nanomaterials possess distinct and fascinating properties compared with the bulk 

counterparts, primarily due to the quantum confinement and the very large surface-to-volume 

ratios. Nanomaterials are described as materials of which a single unit is sized between 1-100 

nm ranges. These nanoscale materials are being applied in medicine, electronic and opto-

electronic devices, catalysis, and biosensors etc.90 

1.4 Integration of nanomaterials in biosensors 

Biosensor-based strategies are among the most promising tools to address the challenges 

associated with the rapid, reproducible and reliable bacterial detection techniques. The two 

main components of a biosensor are a recognition element, which binds with the desired 

analytes and a transducer element, which translates the binding event to a 

detectable/quantifiable signal. An effective biosensor generally relies on these two 

components for better response time, high signal to noise (S/N) ratio, enhanced selectivity 
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and the limit of detection (LOD). In order to achieve better performance of biosensors, novel 

materials are being developed to improve the sensitivity of recognition and transduction 

elements. Nanomaterials have unique and generally superior physicochemical properties due 

to their nanoscale features that distinguish them from their bulk or atomic counterparts. 

Biosensors performance can be significantly enhanced by creating advanced recognition and 

transduction processes by the functionalization of nanomaterials with recognition elements 

that enables them to demonstrate better sensitivity and specificity for the detection of desired 

analytes. The analyte capturing efficiency of biosensors can also be effectively increased due 

to the large surface area of nanomaterials.  

Advancement in nanotechnology have led to the development of new nanomaterials enabling 

them for the rapid and sensitive detection of bacteria. To take advantage of  the unique 

properties of nanomaterials and fabricate bacteria-selective components, several 

nanomaterials e.g. gold nanoparticles (AuNPs), gold nanorods (AuNRs), magnetic 

nanoparticles (MNPs), graphene oxide (GO), quantum dots (QDs), carbon nanotubes (CNTs), 

silver nanoparticles (AgNPs) and upconverting nanoparticles (UCNPs) etc. are being used to 

enhance the overall performance of sensors.62, 63 

Table 1.1 nanomaterials applications for building bacterial biosensor 

Nanomaetrials Properties Roles in design Problems Other remarks 

QDs fluorescence 

 Photostability  

Emission 

brightness 

FRET donor 

(preferential) 

FRET acceptor 

Cytotoxicity 

Fluorescence 

blinking 

Surface 

functionality 

required for 

aqueous 

solubility and 

biocompatibility 

Metal NPs LSPR 

absorption 

Light 

scattering 

Surface 

modification 

Fluorescence 

quencher/enhancer 

CL and colorimetric 

reaction catalyzers 

 

Non-specific 

aggregation (e.g. 

during surface 

modification and 

assaying 

procedures) 

Optical behavior 

(e.g. absorption 

for AuNPs < 

80nm; Scattering 

for large ones)  

other particles 

shapes (rods, 

triangles, stars 

etc.) provide 

different 

absorption 

spectra 

 

UCNPs NIR excitation 

Photostability 

Donor for FRET quantum yield is 

low 

Heating effect 

due to NIR 

Low background 

noise compared 

to dyes and QDs 

Solubility in 

aqueous media 

and 

biocompatibility 
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needs surface 

modification  

Graphene, GO, 

CNTs 

Optical 

quenching 

Enzyme 

mimicking 

Fluorescence 

quencher 

CL and colorimetric 

reaction catalyzers 

Non-specific 

adsorption 

CNTs structure 

hetrogeneity 

Intrinsically 

suitable for 

multiplex 

sensing due to 

large surface 

area 

Carbon 

nanodots 

Tunable 

fluorescence 

Facile 

synthesis 

Low 

fabrication cost 

FRET donor Lack of 

understanding on 

physical and 

chemical 

properties 

For efficient 

emission 

requires surface 

capping with 

ligands 

 

MNPs Magnetic 

properties 

Enzyme 

mimicking 

Immunomagnetic 

separators 

CL and colorimetric 

reaction catalyzers 

Difficult to 

control dispersity 

in aqueous media 

due to non-

specific 

aggregation and 

their synthesis is 

also more 

challenging 

Size dependent 

magnetic 

properties 

Surface 

modification 

required for 

aqueous 

solubility and 

biocompatibility 

 

 Antibodies-based nanoprobes 

Antibodies (IgG) are large Y-shaped proteins are generally used as recognition element in 

biosensors. These are easily integrated to the biosensing events because of their ability to act 

as efficient capturing agents for biomolecules and bacteria. 

1.4.1.1 Antibody-based surface Plasmonic nanoprobes 

Gold nanomaterials show tunable optical and Plasmonic properties in the visible to near 

infrared spectral region e.g. spherical gold nanoparticles (AuNPs), gold nanorods (AuNRs), 

gold nanowires, and gold nanostars. The optical properties of gold nanoparticles can be tuned 

by achieving a good control over the particles’ size, shape and surface chemistry, and can be 

tailored for even the detection of bacteria. .64 Localized surface Plasmon resonance (LSPR) 

changes of gold nanomaterials during the binding events produces signals that can be detected 

easily.  Optical biosensors based on gold nanoparticles functionalized with antibodies are 

widely used to design optical bacterial biosensors due to their unique LSPR characteristics. 

During the binding event between recognition elements (antibody conjugated gold 

nanoparticles) and analyte bacteria, a change in the refractive index of metal nanoparticles 

occurs, resulting in a shift of absorbance peak due to the change in surface Plasmon 

resonance. 
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 For example, Fu  et al., have detected Salmonella  cells by observing the shift in surface 

Plasmon resonance peak as a result of binding between antibody conjugated gold 

nanoparticles and the bacterial cells thus demonstrating a simple strategy for the detection of 

Salmonella that can even cause typhoid fever much common in Indo-Pak region.5 

1.4.1.2 Antibody-based magnetic nanoprobes 

Antibody-conjugated magnetic beads ranging in size from one to three microns are mostly 

utilized in immune magnetic separation (IMS) techniques. The IMS is applied in combination 

with different detection techniques (fluorescent, colorimetric, electrochemical, 

chemiluminescent, surface-enhanced Raman scattering (SERS), surface Plasmon resonance 

(SPR), and quartz crystal microbalance (QCM)) for capturing, concentration and isolation of 

bacteria from complex matrices. The capturing efficiency of IMS is generally low thus 

limiting its use in complex biological samples. 

Superparamagnetic nanoparticles are generally integrated into IMS system for increasing 

capturing efficiencies due to their unique physicochemical properties and increased surface 

to volume ratio. Gao et al.,  have described separation of pathogenic bacteria from food 

samples by using appropriately functionalized Fe3O4 and Fe2O3 superparamagnetic 

nanoparticles.65 Magnetic nanoparticles functionalized with antibodies act as recognition 

element as well as magneto-separator by applying external magnetic field as shown in Fig. 

1.10.  The capturing efficiency of antibody-conjugated magnetic nanoparticles can be 

Figure 1.9: A. Schematic representation showing the nanotechnology-driven approach to selectively target 
bacteria with antibody conjugated oval-shaped gold nanoparticles. B. SPR changes studied with different 
concentrations of bacteria C. TEM images showing the binding of antibodies-conjugated gold nanoparticles 
with bacteria.5 
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calculated by an equation shown in Fig. 1.10 to determine their bacterial sensing 

performance.66 Iron oxide nanoparticles (Fe3O4) are commonly used as IMS probes, with an 

estimated capturing efficiency of more than 90%. They have only disadvantage of taking 

more time for the separation (generally more than one hour) due to low magnetic efficiency 

that is also dependent on the size of nanoparticles.67 To reduce the separation time, 

biofunctionalized MNPs were doped with different metals e.g.  cobalt (CoFe2O4), platinum 

(PtFe2O4), and manganese (MnFe2O4) and subsequently used for the separation of bacteria as 

well as for other biomedical applications.68 Multifunctional magnetic nanoprobes are being 

utilized for two way applications i.e., separation and detection of bacteria. Dual nature 

core/shell nanoprobes e.g.  antibody-modified Fe3O4/TiO2 core/shell nanoparticles have also 

been applied for the separation and identification of Salmonella strains.69 For example, 

Irudayaraj’s group has described surface Plasmon resonance based detection of multiple 

pathogenic bacteria by using antibody-conjugated AuNRs decorated with Fe3O4 MNPs, 

including Fe3O4–AuNR–Fe3O4 nano-dumbbells and a Fe3O4–AuNR necklace.70 

 

 Aptamer-based detection of bacteria 

Antibodies based recognition elements are highly specific and sensitive but are very costly 

and sensitive to temperature and pH changes due to their proteinaceous nature. The 

conjugation of antibodies on the surface of nanoparticles is critical due to their instability and 

large size. As compared to antibodies, aptamers which are single stranded nucleic acids (DNA 

Figure 1.10: Immuno-magnetic separation of bacteria by using magnetic nanoprobes and calculation of 
capturing efficiency of magnetic nanoparticles by applying the above mentioned equation. 67 
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or RNA) have several advantages for bacterial capturing and detection. Aptamers are stable 

to environmental factors (temperature, pH etc.) and can be economically synthesized at large 

scales. These organic moieties have also high binding affinity for target bacteria because of 

their small size (3-5 nm), resulting in reduction of LOD for bacterial sensing.  For the 

synthesis of specific aptamers to bind target bacteria, SELEX (Systematic Evolution of 

Ligands by Exponential enrichment) is generally applied.  In SELEX, bacterial cells are 

incubated in a solution containing a large library of DNA and evaluated for specific high 

affinity DNA. The bound DNA with an effective sequence for bacterial targeting is then 

amplified through PCR after isolation from unbound DNA.  The aptamer of specific DNA 

sequence is then modified with thiol, amino or carboxylic acid functional groups to 

immobilize them on the surface of different nanomaterials. Nowadays, aptamers are being 

used in both fluorescence and SERS-based bacterial detection methods 63 

1.4.2.1 Aptamer-based fluorescent nanoprobes 

Nanomaterials with fluorescent properties have high extinction coefficients and good 

photostability, relative to small organic fluorophores. Emission spectra of some of the 

fluorescent nanomaterials can be tuned by varying their sizes. This tunability of emission 

spectra along with good photostability makes nanomaterials efficient labelling materials for 

bacteria detection. Fluorescent nanoparticles functionalized with recognition elements can 

even be applied to differentiate different types of bacterial strains. Bacteria can be detected 

by fluorescence resonance energy transfer (FRET) mechanism, in which the visible 

fluorescence of aptamer conjugated fluorophores can be quenched by the quencher 

nanomaterials (such as AuNPs and graphene oxide). When the above system is incubated 

with target bacteria, aptamers displaces from the surface of nanomaterials quencher being 

recognized by the bacterial cell epitops. This interaction of aptamer with bacterial cells results 

in increase of fluorescent intensity, which is exploited to determine bacteria concentration.   

Deng’s group has detected S. typhimurium with an LOD of 100 cfu/mL by using an FAM-

aptamer/ GO complex as sensing fluorescent nanomaterial.71  Ye et.al., has also detected 

Lactobacillus acidophilus with an LOD of 11cfu/mL within 10 min by using  aptamer-

conjugated GO nanomaterial in a microfluidic biochip device.72 

1.4.2.2 Aptamer-based SERS nanoprobes 

Metallic nanoparticles have gained much attention for surface-enhanced Raman scattering 

(SERS)-based sensing of biological systems.73 Plasmonic nanoparticles functionalized with 
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recognition elements can selectively enhance the Raman signals of bacterial cells with 

enhanced sensitivity. The Raman signal enhancement occurs due to the interaction of 

electrons between the metallic core of the functionalized nanoparticles and the target bacterial 

cells.74 The Raman spectrum vibrational or rotational transitions are related to specialized 

molecular structures present on the surface of bacteria. The specific chemical structure of 

bacterial cell’s surface act as fingerprints to distinguish different species of bacteria. The 

aptamer functionalized nanomaterials provide number of “hotspots” to produce strong SERS 

signals. In aptamer-based SERS nanoprobs for bacteria, nanomaterials are simultaneously 

bound to the aptamers for recognition of target bacteria and Raman reporter molecules to 

determine the number of bacteria. The nanoprobes are labeled with aptamers that can 

specifically bind to the target bacterial cells and Raman reporter molecules that are used to 

quantify the concentration of bacterial cells. Ravindranath et al. have detected and 

differentiated three pathogenic bacterial strains with an LOD of 103 cfu/mL within 45 min, 

by applying three aptamer conjugated nanoparticles functionalized with Raman reporter 

molecules. 75 

In another example, Xu‘s group has simultaneously differentiated two strains of bacteria S. 

typhimurium and S. aureus by using AuNP-enhanced SERS.  For this purpose, two type of 

aptamers were conjugated on the surface of AuNPs for the recognition of different strains, 

Figure 1.11: A. Schematic representation for the apatamer- based SERS nanoprobes for the detection of S. 
aureus and S. typhimurium B. The intensity enhancement of Raman spectra by gold nanoparticle (GNPs) to 
detect S. aureus and S. typhimurium.76 
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along with Raman reporter molecules labels to enhance Raman spectra (Fig. 1.11A). For 

capturing and concentration of S. aureus and S. typhimurium cells, magnetic nanoparticles 

conjugated with two different aptamers were used. Peaks at 1582 cm-1 and 1333 cm-1 indicate 

the presence of S. aureus and S. typhimurium, respectively. The intensity enhancement of the 

specific peaks at 1582 cm-1 and 1333 cm-1 in Raman spectra by the reporter molecules from 

the nanoprobes made it possible to detect S. aureus with an LOD of 35cfu/mL and S. 

typhimurium with LOD of 15 cfu/mL. 76 

 Engineered phage-based detection of bacteria 

Antibodies and aptamers suffer from various challenges including the variations in their 

batch-to-batch synthesis, instability in complex media and high cost. This has prompted the 

researchers to search out alternative recognition elements. Bacteriophages (or phages) are 

~100nm in size and can act as bio-nanomaterials based nanoprobes for bacterial detection. 

The tail fibers of phages can act as unique recognition elements for the receptors on the target 

bacteria. This phage-based detection methodology selectivity can be narrow or broad for 

bacteria depending on the phage used. Another important feature of phages is their ability to 

distinguish viable bacteria from non-viable ones because they only replicate in viable 

bacteria.77 The bacteriophages synthesis and purification is relatively facile and economical, 

leading towards the development of new platform for bacterial detection using bio-

nanomaterials. 77  

1.4.3.1 Phage lysis assay-based detection 

Phages are holoparasites, which cannot complete their replication or life cycle without target 

bacterial host (Fig. 1.12.)77 Phages attach to a suitable host bacterial cell and take control of 

the cell’s machinery for their own DNA replication and protein synthesis. As a result, the 

viruses are replicated and finally released from the bacterial cells after their lysis. The released 

bacteriophages attach another bacterial cell and continue their amplification cycle. At the end 

of incubation period, the amplified number of phages are counted by traditional plating 

method. The multiple number of phages correlate with the concentration of target bacteria.   

The phage amplification based assay in combination with other strategies e.g. mass 

spectrometry, enzyme-linked immunosorbent assay (ELISA), and PCR are used to increase 

the sensitivity and reduce total detection time of pathogenic bacteria.78, 79 Whitesides group 

have demonstrated the detection of viable E. coli. with an LOD of 1cfu/mL by developing a 

highly sensitive phage amplification based method in combination with mass spectrometry 
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and chromatography for the quantification of phages. Mass spectrometry was used for 

detection of specific bacterial strain by identifying intracellular components of bacteria, 

released after 8h infection cycle of phages. Another group Derda et al. have also described  

colorimetric detection of 50 cfu of E. coli in 1 liter of water within total detection time of ~4 

hours.80 

1.4.3.2 Engineered phage-based detection 

In this case, genes of interest are transferred to specific target bacteria with the help of 

engineered phages developed by genetic engineering technologies.  The engineered phages 

express and amplify the gene products by controlling bacterial machinery. This phage based 

gene of interest amplification can help in improving the bacterial detection techniques by 

reducing the overall cost and enhancing the specificity. Mostly phage components e.g. 

capside proteins and nucleic acids are labelled with fluorophores with the help of genetic 

engineering for the reduction of background signals and to reduce variations between 

bacterial strains.  Generally, green fluorescent protein (GFP) is added as a tag to capside 

proteins to enhance sensitivity for bacterial detection.81 Engineered phages with enzymatic 

reporter gene (e.g. firefly luciferase, most common enzyme) are also getting more attention 

to detect bacterial cells. For example, Edgar et al. have described a very simple detection 

Figure 1.12: Schematic illustration of bacteriophage replication assays.77 
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method for E.coli based on biotinylated peptide expression on T7 phage capside protein. The 

intracellular components of lysed bacterial cell have biotinylated peptide which were labeled 

with streptavidin-coated quantum dots. The labeled biotinylated phages were quantified by 

measuring their fluorescent intensity. By using this method, E. coli cells were detected as low 

as 10 cfu/mL within 1 hour.82 

Other methods include magnetic beads coating with phages instead of antibodies, combined 

with other techniques e.g. SERS, SPR, and QCM etc. to enhance capturing efficiencies of 

bacteria and specificity for detection protocols.83 

 Small recognition element-based sensing of bacteria 

Small molecules like carbohydrates, lectin, and antibiotics functionalized nanomaterials are 

also emerging as vital recognition elements for bacterial detection. These small recognition 

moieties have increased stability to the variations in temperature and pH, and are thus being 

used as attractive tools to mediate interaction between nanomaterials and bacterial cells.  The 

strong affinity of small molecule-based recognition elements to bind bacterial cells results in 

broad range detection of bacterial strains. Nanomaterials  generally have much higher 

densities of recognition elements in case of small molecules as compared to the antibodies or 

aptamers, providing higher capturing efficiencies of bacterial cells.63 

Nanoparticles conjugated with carbohydrates as recognition elements have been also been 

applied for the capturing of bacteria. For example, EI-Boubbou et al. have  differentiated E. 

Figure 1.13: A. Schematic representation for detection of bacteria by using engineered phages. B. Western 
blotting results of biotinylated phage and control phage particles.82 
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coli strains by using mannose and galactose conjugated MNPs.84 Glycoproteins or glycolipids 

have also strong binding affinities for the bacterial cells. For example, lectins have strong 

binding affinity for the N-acetyl glucosamine of peptidoglycan of bacterial cell membrane. 

Lectins conjugated magnetic beads have been employed to continuously remove bacterial 

cells from blood.85 Kell et al., have demonstrated  trapping of Gram positive or negative 

bacterial strains by using vancomycin encapsulated MNPs.86 

 Electrostatic interactions-based detection of bacteria 

Nanomaterials capped with charged ligands have the ability to electrostatically bind with the 

cell surface of bacteria, acting as recognition elements.  Electrostatic interactions based 

recognition moieties are non-specific recognition elements as compared to the antibodies, 

aptamers and phages.  This sensing methodology is versatile and can be used for broad range 

sensing of bacterial strains or can detect individual bacterial species.  

Nanomaterials capped with positively charged ligands electrostatically bind to the negatively 

charged surface of bacteria due to presence of teichoic acid and lipopolysaccharides.  It is 

well established that AuNPs, GOx and CNTs electrostatically interact with enzymes resulting 

in the inhibition of their catalytic activities.  The displacement of the enzymes from the 

surface of cationic nanoparticles results in the recovery of enzymatic activity which is an 

indicator not only for the presence of bacteria but can also be used for their quantification.  Li 

et al. have demonstrated colorimetric detection of bacteria and antibiotics by inhibiting β-

galactosidase (β-gal) activity due to their electrostatic interaction with the positively charged 

graphene oxide nanomaterials.87 Gram positive or gram-negative bacterial strains in drinking 

water are detected with an LOD of 10 cfu/mL by reversibly inhibiting the enzymatic activity 

of β-galactosidase with positively charged gold nanoparticles.88 For this purpose, Rotello’s 

group has used cationic gold nanoparticles for the bacterial detection in multiple formats. The 

cationic AuNPs electrostatically inhibit the catalytic activity of β-gal, which is recovered in 

the presence of bacteria, because of enhanced interaction of bacterial negatively charged cell 

surface with the cationic gold nanoparticles (Fig. 1.14). The colorimetric response produced 

was quantified to differentiate various bacterial concentrations as shown in Fig.1.14.B and 

C.89  
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1.5 Aims and objectives 

The main aim of this research was to develop robust and sensitive assays based upon 

electrostatic interactions of functionalized nanoparticle/nanoparticle clusters for the detection 

of bacteria in water samples. The HRP mimicking iron oxide and mixed ferrite nanoparticles, 

functionalized with appropriate ligands, were initially produced and evaluated for the 

colorimetric and electrochemical sensing of bacteria. Highly fluorescent metal nanoclusters 

were also produced and evaluated for bacterial detection. The nanoparticles/nanoclusters 

based detection assays were initially optimized to detect bacteria in solution and finally 

nanomaterials were ink-jet printed to develop paper based test strips for colorimetric bacterial 

detection in drinking water. 

The overall goal was supported by the following objectives: 

 Design, synthesis and characterization of mixed ferrites (MFe2O4 where M= Fe, Co, Cu, 

Mn and Ni) nanoparticles with appropriate ligands. 

Investigation of mixed ferrite nanoparticles for horseradish peroxidase (HRP) mimicking 

ability 

Use of the mixed ferrite nanoparticles for the colorimetric (turn-off or turn-on) detection of 

bacteria based on electrostatic interactions 

Electrochemical based detection of bacteria by modifying the glassy carbon electrodes with 

manganese ferrites (MnFe2O4) nanoparticles.  

Figure 1.14: A. Schematic representation for electrostatic based “turn-on” colorimetric detection of 
bacteria. B. visual response C. optical density at 595nm of the “turn-on” colorimetric system with different 
concentrations of bacteria.89 
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Synthesis and characterization of fluorescent metal nanoclusters and their use as the 

fluorescent nanoprobes for the detection of bacteria. 
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 Design, Synthesis and Characterization of Mixed Ferrite 

Nanoparticles and Evaluation of their catalytic activity  

Natural enzymes, beside their fundamental importance in biochemistry, have significant 

applications in medicine, chemical industry, food processing, agriculture, bio-detection and 

environmental remediation.1 Although natural enzymes are highly active and specific in their 

action but their extraction, purification, high cost, storage conditions and instability to 

withstand ambient environmental conditions limit their applications in the field.2 In addition 

to many other areas, enzymatic mimetics has also been greatly influenced by nanoscale 

inorganic materials. For example, to partially circumvent aforementioned issues associated 

with natural enzymes, various nanomaterials are getting vital importance as their alternatives 

due to their high surface area, better stability under ambient to fairly harsh conditions, 

relatively low cost, ease of synthesis and their utilization in a wide range of applications.3 The 

most intensive research in this field focuses on the development of new nanomaterials for 

oxidoreductase mimetics. In this regard, various metal and metal oxide nanoparticles are 

reported to offer catalytic activities similar to those of oxidases, peroxidases and catalases.4,5 

Peroxidases such as heme-containing horseradish peroxidase (HRP) catalyzes the oxidation 

of its chromogenic (i.e.,2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid( ABTS) and  

3,3’,5,5’-tetramethylbenzidine (TMB) etc.) or fluorogenic (i.e., luminol) substrates with 

hydrogen peroxide, and are thus among the useful tools in analytical and clinical chemistry 

especially in biosensing and immunoassays.6 Magnetic Fe3O4 nanoparticles were first found 

to possess intrinsic peroxidase-like activity by the Yan’s group.7 After that various 

nanomaterials based on metallic and bimetallic nanostructures ( Au, Ag, Pt, Au/Ag, Au@Pt,   

Pd-Ir, Bi-Au),8-14 metal oxide nanoparticles (CeO2, V2O5, CuO, MnO2, Co3O4, CoFeO4, 

FeWO4 ),15-22 metallic sulfides (FeS, Fe3S4, CdS, CuS  and CoS),23-26  metal-organic 

frameworks (MIL-53(Fe), MIL-68, MIL-100 and HKUST-1),27-29 carbon-based 

nanomaterials (graphene oxide, carbon nanotubes and carbon dots),30-34 and hybrid materials 

(graphene oxide-Au, Pd/Fe3O4 -PEI-graphene oxide) 35,36 have been reported to exhibit 

peroxidase-like activity and have been extensively used for the colorimetric detection of 

H2O2, glucose and  ascorbic acid.37 

Magnetic ferrites nanoparticles (MFe2O4 where M= Fe, Co, Cu, Mn and Ni etc.) have received 

considerable importance in the past several decades in the fields of drug delivery, biological 

separation, cancer hyperthermia and environmental protection due to their unique magnetic 
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properties.38-41 After the discovery of Fe3O4 nanoparticles having unexpected intrinsic 

peroxidase-like activity, scientists were instigated to replace HRP with magnetic 

nanoparticles in traditional enzyme-linked immune sorbent assay (ELISA). This surprising 

peroxidase-like activity originates  mainly from  the heterogeneous Fenton-like catalytic 

activity of ferrous ions at the surface of Fe3O4 NPs.7 Recently many groups have demonstrated 

their efforts to improve catalytic activity either by optimizing affinity towards substrate by 

increasing electrostatic interaction between the substrate and nanoparticles surface or by 

doping transition metals into the nanoparticles structure. Gu. et al. have developed prussion 

blue negatively charged nanoparticles with improved catalytic activity due to their better 

electrostatic interaction with positively charged TMB substrate.42 Furthermore, 

heterogeneous Fenton-like activity have been improved by replacing Fe (II) ions with Co (II) 

and Mn (II) ions in the magnetite structure that has enhanced the oxidative degradation of 

organic dyes in the presence of H2O2.
43 Very recently, enhanced oxidative degradation of 

methyl orange is demonstrated in the presence of H2O2 by using MFe2O4 NPs (M= Fe, Mn).44 

The negatively surface charged Fe1-xMnxFe2O4 NPs capped with phosphonomethyl 

immunodiacetic acid, with higher catalytic activity compared to Fe3O4, were used to develop 

immunosorbent assay using TMB (a cationic substrate) for the detection of mouse IgG 

proteins. The peroxidase-like activity of these doped magnetite nanoparticles was also due to 

Fenton-like mechanism of Mn2+ ions on the surface of nanoparticles.45 

Herein we have synthesized magnetic ferrites MFe2O4-DOPA (where M=Fe, Co, Cu, Mn and 

Ni) nanoparticles by a facile room temperature method, which are quite stable due to covalent 

stabilization by dopamine ligands. Dopamine is a low molecular weight stabilizing agent with 

high affinity to covalently bind with surface of ferrite nanoparticles through catechol moiety. 

The dopamine ligands also render the doped ferrite nanoparticles surface cationic. We used 

2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)diammonium salt (ABTS), a 

negatively charged chromogenic substrate, to enhance the nanoparticles affinity with the 

substrate through electrostatic interactions. Our aim to synthesize these positively charged 

mixed ferrite nanoparticles MFe2O4 (M= Fe, Co, Cu, Mn and Ni) was to systematically study 

their comparative HRP activity in the presence of hydrogen peroxide that can be further 

exploited to develop simple assay for bacterial detection. 
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2.1 Experimental 

  Materials 

Iron(III) chloride hexahydrate (FeCl3. 6H2O), iron(II) chloride tetrahydrate (FeCl2. 4H2O), 

manganese chloride tetrahydrate (MnCl2. 4H2O), cobalt chloride hexahydrate (CoCl2. 6H2O), 

copper(II) chloride anhydrous (CoCl2), nikel chloride hexahydrate, sodium acetate, acetic 

acid, hydrochloric acid (37%), 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 

diammonium salt (ABTS), dialysis tubing made of cellulose membrane (MWCO = 12400), 

dopamine hydrochloride, sodium hydroxide, hydrogen peroxide (30%), were purchased from 

Sigma-Aldrich. 

 Synthesis of dopamine functionalized mixed ferrite nanoparticles (MFe2O4-

DOPA NPs where M= Fe, Co, Cu, Mn and Ni)  

MFe2O4-DOPA nanoparticles were synthesized through a single step chemical co-

precipitation method. In a typical room temperature synthesis with slight modification, FeCl3. 

6H2O (0.1 millimoles) and MCl2. xH2O (0.05 millimoles) were taken in 2:1 ratio, dissolved 

in 2ml degassed deionized water in 50mL round bottom flask under nitrogen atmosphere. 

Dopamine hydrochloride (0.5mM, 1ml) was then added followed by the addition of aq. NaOH 

(0.4 mM, 1ml) as a precipitating agent at room temperature. The whole reaction mixture was 

vigorously stirred for 40 min. The MFe2O4-DOPA NPs were purified by using 12400D 

dialyzing tubes (cellulose). 

 

 Characterization 

The phase structure of the dried MFe2O4-DOPA nanoparticles was captured by X-ray powder 

diffraction (XRD, Bruker) using CuKα (λ = 0.15408) radiations between 20° and 80° (2θ) at 

25°C. For transmission electron microscopic (TEM) images samples were dried on carbon 

grid and JEOL 2000-FX model of TEM was utilized to observe nanoparticles morphology. 

Scanning transmission electron microscopy (Nova SEM, FEI) was employed to analyze the 

elemental composition of nanoparticles using EDS detector. Infrared spectra were measured 

by Alpha-P FTIR spectrophotometer (Bruker) to confirm surface modification of MFe2O4-

DOPA NPs with dopamine ligand. The hydrodynamic size and zeta potential of diluted 

samples in deionized water were recorded by Zetasizer ZEN5600 (Malvern). The 

concentration of different metals in ferrite nanoparticles were determined by using atomic 

absorption spectroscopy.  
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  Peroxidase-like activity 

To investigate the peroxidase like catalytic activity of the magnetic ferrite nanoparticles 

MFe2O4-DOPA (M = Fe, Co, Cu, Mn and Ni), the catalytic oxidation of ABTS (a 

chromogenic substrate) was tested in presence of H2O2 as an oxidizing agent. The oxidation 

of ABTS (10 mM) was carried out using sodium acetate buffer (5mM, pH 4.6) in the presence 

of MFe2O4-DOPA nanoparticles (10µl. 20µg/mL) for 10 min at 25 °C by reacting with H2O2 

(100 mM). The catalytic activity of all these ferrite nanoparticles was compared by measuring 

the colorimetric response by the oxidation of ABTS using multiplate reader at 420 nm. The 

kinetic assays of various nanoparticles were performed at different concentrations of 

hydrogen peroxide (10 mM, 20 mM, 30 mM, 40 mM, 50 mM, 60 mM and 70 mM) keeping 

the substrate (ABTS) concentration constant. The reusability of these nanoparticles as 

peroxidase mimetic was examined by centrifuging the nanoparticles at 4000 rpm, re-

suspending the pelleted nanoparticles and evaluating them for another catalytic reaction.  

 

2.2 Results and discussions 

 Characterization of nanoparticles 

The low cost, ease of synthesis, stability and effective catalytic properties of ferrite 

nanoparticles make them attractive peroxidase mimetics to explore their potential 

applications in biosensing, immunoassays and environmental remediation.45 The quality and 

performance of such mixed ferrite nanoparticles as peroxidase mimetics depends on their size, 

stability and layer thickness of the surface bound ligands/stabilizers. Generally surface 

unmodified ferrite nanoparticles are being studied for their peroxidase-like activity and they 

act as efficient catalysts due to free availability of active sites to convert chromogenic 

substrates (TMB, ABTS, OPD and Luminol etc.) into their oxidized form.7,21 Most focus is 

to synthesize sterically stabilize iron oxide nanoparticles with polymers i.e. polyethylene 

glycol (PEG), dextran etc. to enhance dispersion stability and bioavailability.47  Iron oxide 

nanoparticles synthesis with small stabilizing dispersants (DMSA, dopamine, citric acid etc.) 

are reported at elevated temperatures by using polyol (DEG, TEG) solvents based method or 

by hydrothermal methods using high boiling organic solvents (octadecene, olylamine, oleic 

acid etc.), or even by co-precipitation method at 80°C, involving multistep synthesis.48-50 

Only a very few examples of surface modified mixed ferrites nanoparticles are available (i.e., 

Fe1-xMnxFe2O4 NPs capped with phosphonomethyl immunodiacetic acid), which are studied 

for their peroxidase-like activity.45 
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We have chosen dopamine as a high affinity anchor group, and have successfully synthesized 

ferrites nanoparticles at room temperature under inert conditions to avoid its polymerization 

to polydopamine in basic media. Dopamine binds covalently through catechol like moiety to 

the surface of ferrite nanoparticles and provide colloidal stability by providing positive 

surface charge. This ligand has sparked great interest as a capping agent due to the stability 

and strength of the resultant 5-membered metallocycle chelate and the ease with which it can 

be functionalized through amide bond with other molecules of interests.51 Another advantage 

of using this small stabilizing anchor group is that it does not form a compact shell around 

core of nanoparticles like polymeric stabilization, and as a result active sites are still available 

for peroxidase-like activity that can easily be measured by monitoring the conversion of 

chromogenic substrates into their oxidized forms. For comparison of peroxidase-like activity, 

five different ferrites Fe3O4, CoFe2O4, CuFe2O, MnFe2O4 and NiFe2O4 nanoparticles capped 

with dopamine were synthesized by a facile room temperature co-precipitation method. Fig. 

2.1. shows a simple scheme for the preparation of all such ferrite nanoparticles. 

The phase characteristics of the MFe2O4-DOPA (M=Fe, Co, Cu, Mn, Ni) nanoparticles were 

confirmed by powder XRD. As depicted in Fig. 2.2, the peaks at around 30.34°, 35.90°, 

57.00°, and 63.06° are ascribed to (220),  (311), (511) and (440) crystal planes of the Fd-3m 

cubic structure (JCPDS No. 01-075-0449) of Fe3O4-DOPA respectively. After the 

substitution of M with Co, Mn and Ni, the same peaks from the facets (220), (311), (511) and 

(440) are recognized. While intercalation of Cu leads to further low crystallinity and thus two 

dilated peaks of (311) and (440) of the crystalline planes of cubic structure appears. The low 

crystallinity of these ferrite nanoparticles is obvious due to their room temperature synthesis 

and covalent stabilization with dopamine ligand.  

Figure 2.1: Schematic representation for the synthesis of mixed ferrite nanoparticles 
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The atomic absorption spectroscopy has revealed that ratio of Fe to intercalated metal (M= 

Co, Cu, Mn and Ni) in CoFe2O4-DOPA, CuFe2O4-DOPA, MnFe2O4-DOPA and NiFe2O4-

DOPA nanoparticles was in the range of 2:1. The same results were observed with slight 

variation by studying the energy dispersive X-ray spectroscopy (EDX) spectra (supporting 

information, Fig. 7.1), showing that the approximate atomic ratio of Fe to Co is 1.69, Fe to 

Cu is 2.87, Fe to Mn is 1.72 and Fe to Ni is 2.15 for CoFe2O4, CuFe2O4, MnFe2O4, and 

NiFe2O4 nanoparticles respectively. 

Transmission electron microscopy (TEM) was employed to observe the morphology and size 

of the prepared nanoparticles, and the size of Fe3O4, CoFe2O4, CuFe2O4, MnFe2O4, and 

NiFe2O4 nanoparticles was found to be 3.5±0.5nm, 2.2±0.5nm, 2.3±0.3nm, 2.7±0.5nm and 

2.6±0.5nm respectively Fig. 2.3. The histograms of ferrite nanoparticles based on the 

statistical analysis of their size show good size distribution synthesized by this facile single 

step room temperature co-precipitation method.  

 

 

 

 

Figure 2.2: XRD spectra of the magnetic ferrite nanoparticles where A, B, C, D, and E correspond to Fe3O4-
DOPA, CoFe2O4-DOPA, CuFe2O4-DOPA, MnFe2O4-DOPA and NiFe2O4-DOPA respectively. 
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The nanoparticles show better dispersity in aqueous medium with zeta potential values of 

+40.0mV, +39.5mV, +37.8mV, +38.6mV and +44.2mV for Fe3O4-DOPA, CoFe2O4-DOPA, 

CuFe2O4-DOPA, MnFe2O4-DOPA and NiFe2O4-DOPA respectively (supporting 

information, Fig. 7.2), indicating surface modification with dopamine ligand. Dopamine has 

a pKa value of 8.86 so it exists in protonated cationic form ((HO)2C6H3CH2CH2NH3
+) even 

at neutral pH. That is why its covalent attachment to the surface of nanoparticles results in 

overall positive surface charge due to the presence of free amino group protonation.52 The 

surface functionalization of these nanoparticles with dopamine was further confirmed by IR 

spectroscopy. IR spectra (Fig. 2.4A) of these nanoparticles show prominent peaks at 1500 

cm-1 and 1612 cm-1 due to free N-H primary amino group bending vibrations, while peak at 

1250 cm-1 represent C-O stretching vibrations, confirming that dopamine ligand is bound to 

nanoparticles core through catechol-like moiety and amines group are free on the surface 

creating an overall positive charge to enhance colloidal stability. These peaks appeared at 

slightly lower values as compared to those for free dopamine ligand indicating the binding of 

this ligand at the surface of nanoparticles. Moreover a broad peak between 2900 cm-1 to 3600 

cm-1 in case of  

Figure 2.3: Transmission electron micrographs of Fe3O4-DOPA (A), CoFe2O4-DOPA (B); CuFe2O4-DOPA (C); 
MnFe2O4-DOPA (D); NiFe2O4-DOPA (E) and their size distribution histograms respectively. 
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all nanoparticles is ascribed to the O-H stretching vibration of H2O molecules. This broad 

peak has overlapped the N-H stretching vibration peak at 3342 cm-1 form the primary amine 

in case of all nanoparticles, which however is very prominent in case of dopamine ligand IR 

spectra. The dopamine coating on nanoparticles was further supported by thermogravimetric 

analysis (Fig. 2.4B) of thoroughly clean samples, after removing all the free organic ligands 

by dialysis. The organic contents were found to be 40-45% by weight, which was removed 

between 400 °C to 600 °C indicting the decomposition of dopamine ligand. The stability of 

all these nanoparticles was studied DLS measurements after various time intervals as shown 

in Table 2.1.  

  

 

 

 

Table 2. 1. Hydrodynamic size of nanoparticles after various intervals of time 

Catalyst Hydrodynamic size   

Dh(nm)  

After 3 days 

Dh (nm) 

After 10 days 

Dh (nm) 

Fe3O4-DOPA 22.87 23.49 25.63 

 NiFe2O4-DOPA 39.69 186.2 Aggregated* 

CuFe2O4-DOPA 41.43 42.32 42.97 

MnFe2O4-DOPA 40.76 185.2 Aggregated* 

CoFe2O4-DOPA 32.95 88.78 Aggregated* 

*The aggregated nanoparticles were dispersed by sonication and were stable at pH 4.6.  

Figure 2.4: A. Infrared spectra (IR) spectra of Fe3O4-DOPA (a), CoFe2O4-DOPA (b); CuFe2O4-DOPA (c); 
MnFe2O4-DOPA (d) and NiFe2O4-DOPA (e) nanoparticles compared with the ligand (dopamine). B. 
Thermogravimetric analysis curves of Fe3O4-DOPA (a), CoFe2O4-DOPA (b); CuFe2O4-DOPA (c); MnFe2O4-
DOPA (d) and NiFe2O4-DOPA (e) respectively 
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 Peroxidase like activity 

The peroxidase-like activity of magnetic ferrites MFe2O4-DOPA nanoparticles was 

investigated using catalytic oxidation of ABTS as a peroxidase substrate in the presence of 

H2O2. ABTS has two sulfonic acid groups, and it has higher affinity towards positively 

charged nanoparticles surface, improving the catalytic oxidation reaction by enhancing 

electrostatic interactions between the substrate and the catalyst (nanoparticles surface) as 

shown in Fig 2.5.  

The peroxidase-like catalytic activity of all these ferrites nanoparticles capped with dopamine 

MFe2O4-DOPA (M= Fe, Co, Cu, Mn and Ni) was evaluated at optimized pH i.e., 4.6 at room 

Figure 2.5: A scheme showing the peroxidase-like activity of ferrite nanoparticles 

Figure 2.6: Peroxidase-like activity of different ferrites A. Absorption spectra measured after 10 minutes  
when ABTS (10mM) substrate is oxidized by 100mM H2O2, inset shows colorimetric response; B. 
absorbance measurements at 420 nm in the form of column, inset shows graph between absorbance and 
types of ferrites; In the absence of nanoparticles (a); in presence of Fe3O4-DOPA (b); NiFe2O4-DOPA (c); 
CuFe2O4-DOPA (d); MnFe2O4-DOPA (e) and CoFe2O4-DOPA (f). 
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temperature. The ABTS, a colorless chromogenic substrate, is oxidized to green colored 

product by catalytic oxidation in the presence of these ferrites. The concentration of green 

product formed was monitored by taking its absorbance at 420 nm (Fig. 2.6) using multiplate 

reader. The time dependent oxidation of ABTS was also measured by monitoring absorbance 

at 420 nm to compare the relative rate of formation of the green product in the presence of 

ferrite nanoparticles (Fig. 2.7). The rates of reactions were calculated by running the kinetic 

assays at various concentrations of hydrogen peroxide. Based on kinetic studies results (Fig. 

2.8 a-e), within suitable range of hydrogen peroxide concentrations, typical Michaelis-

Menten curves were observed for various magnetic ferrite nanoparticles to obtain values for 

kinetic parameters Vmax and Km Table 2.2. The apparent Km values for Fe3O4-DOPA and 

CoFe2O4-DOPA nanoparticles were higher, showing their low affinity for hydrogen peroxide 

as compared to other ferrite nanoparticles. Whereas the Vmax values were found higher for the 

cobalt ferrite nanoparticles showing their greater catalytic activity as compared to other 

nanoparticles. Based on all these observations, the peroxidase-like activity of these ferrite 

nanoparticles was found to be in this order: CoFe2O4-DOPA > MnFe2O4-DOPA > CuFe2O4-

DOPA > NiFe2O4-DOPA > Fe3O4-DOPA nanoparticles. These all nanoparticles, however, 

showed slightly decreased peroxidase-like activity after centrifuging them from a catalytic 

reaction and reusing for another catalytic reaction. 
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Figure 2.7: Time dependent peroxidase-like activity of ferrite nanoparticles as indicated by absorbance 
measurement at 420 nm of oxidized  ABTS substrate: In the absence of nanoparticles (a) and in the presence 
of Fe3O4-DOPA (b); NiFe2O4-DOPA (c); CuFe2O4-DOPA (d); MnFe2O4-DOPA (e) and CoFe2O4-DOPA (f) 
nanoparticles. 
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The substitution of M (Fe, Co, Cu, Mn, Ni) in the MFe2O4-DOPA in spinal structure 

remarkably affect the peroxidase-like catalytic activity of Fe3O4-DOPA nanoparticles 

towards ABTS substrate in the presence of H2O2. It is already established that most of the 

Fenton-like catalytic activity of magnetite (Fe3O4) nanoparticles is due to the presence of Fe2+ 

ions present on the surface of nanoparticles. It was previously observed that in the presence 

of doped Mn2+ in the magnetite structure, the catalytic activity was enhanced due to higher 

single electrode reduction potential of Mn2+ as compared to Fe2+.43 In a similar way, the 

Figure 2.8: Kinetic assays mixed ferrite nanoparticles. The velocity of reaction was measured using different 
type of nanoparticles Fe3O4-DOPA (a), CoFe2O4-DOPA (b); CuFe2O4-DOPA (c); MnFe2O4-DOPA (d) and NiFe2O4-
DOPA (e)Concentration of H2O2 was varied while ABTS concentration was kept constant. 
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peroxidase-like catalytic activity of cobalt ferrites is also enhanced. However, the 

fundamental mechanism responsible for peroxidase-like activity is still unclear. 

 

 

 

 

 

2.3 Conclusions  

 Stable ferrite nanoparticles i.e., MFe2O4 (M= Fe, Co, Cu, Mn and Ni) were synthesized by a 

facile single step co-precipitation strategy in the presence of dopamine as a capping agent. 

The peroxidase-like catalytic activity of these ferrite nanoparticles was evaluated by using 

ABTS as chromogenic substrate in presence of H2O2 as oxidizing agent by monitoring a 

colorimetric response produced by oxidation of ABTS. Time dependent catalytic activity was 

also evaluated for these positively charged nanoparticles at pH 4.6. The order of peroxidase-

like activity of these nanoparticles was found to be CoFe2O4-DOPA > MnFe2O4-DOPA > 

CuFe2O4-DOPA > NiFe2O4-DOPA > Fe3O4-DOPA. These cationic mixed ferrite 

nanoparticles are expected to have great potential to develop colorimetric assays to analyze 

negatively charged analytes e.g., bacteria, proteins, metabolites, drugs etc. by turn-off sensing 

due to electrostatic interaction of nanoparticles-analytes and affecting their redox properties. 

The amine terminal group will allow further functionalization of ligands, biomolecules or 

other nanomaterials for biomedical applications.  
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 Nanoparticle-Based Colorimetric Sensing of Bacteria 

 

Enzyme-amplified colorimetric sensing methods are attractive because they provide visual 

readouts without the need of sophisticated instrumentation. However, these methods have 

issues due to the high cost of enzymes, their instability, and challenges in extraction and 

purification.1, 2 Synthetic enzymatic mimics have been used to address these concerns, 

including various metal and metal oxide/sulphide nanoparticles (Au, Ag, Pt, Au@Pt, Pd-Ir, 

Fe3O4, CeO2, V2O5, CuO, MnO2, CoFeO4, Fe3S4, CuS and CoS),  carbon nanotubes etc., that 

feature higher stability than enzymes over a wide range of pH and temperature.3-19 The 

enzymatic mimicking property of Fe3O4-NPs has been used to replace horseradish peroxidase 

(HRP) in traditional immunoassay techniques and to achieve colorimetric sensing of proteins 

using catalytically amplified sensor arrays.20 Inspired by this catalytically amplified Fe3O4-

NPs  based colorimetric sensing of proteins,20 we have tried detection of bacteria by rapid 

enzyme-free “turn-off” and “turn-on” colorimetric strategies by using magnetic ferrite 

nanoparticles as enzymatic mimetics that serve as both recognition and transduction elements.  

3.1 Turn-off colorimetric sensing  

In this strategy the response of sensor is inhibited in the presence of analyte. As shown in Fig. 

3.1., in our sensing system, a colorimetric response is produced by the oxidation of a 

chromogenic substrate 2, 2’-azino- bis(3-ethylbenzothiazoline-6-sulfonic acid)  (ABTS) into 

a green colored product by a peroxidase mimetic nanoparticles (DOPA-Fe3O4-NPs) in the 

presence of hydrogen peroxide (H2O2). Binding of the cationic nanoparticles to the anionic 

surface of bacteria (analyte) blocks access of substrate to the nanoparticle core, providing 

turn-off colorimetric sensing of bacteria.  
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 Experimental 

3.1.1.1 Materials 

Ferric chloride hexahydrated (FeCl3. 6H2O, 98%), ferrous chloride tetrahydrated (FeCl2. 

4H2O, 99%), diethylene glycol (DEG, 99.5%), sodium hydroxide powder (NaOH, 97%), 

sodium acetate trihydrate (CH3COONa. 3H2O, 99%), glacial acetic acid (CH3COOH, 99.7%), 

dopamine hydrochloride ((HO)2C6H3CH2CH2NH2·HCl, analytical grade) and hydrogen 

peroxide (H2O2, 30%) were purchased from Sigma-Aldrich. 

3.1.1.2 Synthesis of enzymatic mimics (DOPA-Fe3O4 NPs) 

Synthesis of dopamine capped Fe3O4 nanoparticles as enzymatic mimics was achieved by 

slight modification of Haiou ’s method. 21 In a typical synthesis, 0.5 mmol (99.4 mg) of FeCl2 

4H2O and 1 mmol (270.3 mg) of FeCl3 6H2O were dissolved in 20 mL of diethylene glycol 

(DEG) and were subsequently added to nitrogen-protected three-necked flask. Separately, 4 

mmol (160 mg) of NaOH was dissolved in 10mL of DEG and added to the flask. The mixture 

was then heated to 220 °C and the temperature was maintained at 220 °C for 2 h followed by 

cooling the system down to room temperature. The solid product was isolated by 

Figure 3.1: Catalytically amplified “turn-off” colorimetric sensing of bacteria by using DOPA-Fe3O4 NPs as 
enzymatic mimetic 
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centrifugation at 4500 rpm and the particles were re-dispersed in water and 1mmol of 

dopamine was added to replace the labile DEG ligand. The dopamine modified iron oxide 

nanoparticles were purified by dialysis using 12000 D dialysis tubing and stored at room 

temperature for further use. These nanoparticles were stable for a period of at least 06 months. 

The synthetic scheme of dopamine functionalized iron oxide nanoparticles is shown in 

Fig.3.2. 

3.1.1.3 Characterization 

The phase structure of the dried Fe3O4-DOPA nanoparticles was captured by X-ray powder 

diffraction (XRD, Bruker) using CuKα (λ = 0.15408) radiations between 20° and 80° (2θ) at 

25°C. Transmission electron microscope (JEOL 2000-FX) was utilized to observe 

nanoparticles morphology. Scanning transmission electron microscopy (Nova SEM, FEI) 

was employed to analyze the elemental composition of nanoparticles using EDS detector. 

Infrared spectra and MALDI-TOF spectra were measured to confirm surface modification of 

Fe3O4-DOPA NPs with dopamine ligand. The hydrodynamic size and zeta potential were 

recorded by Zetasizer ZEN5600 (Malvern) by diluting the samples in DI water. The 

concentration of different metals in ferrite nanoparticles were determined by using atomic 

absorption spectroscopy.  

 

Figure 3.2: A scheme showing the formation of DEG-Fe3O4 nanoparticles followed by the formation of DOPA-
Fe3O4 nanoparticles by ligand exchange (LE) 
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3.1.1.3.1 MALDI-TOF sample preparation 

DOPA-Fe3O4 nanoparticles sample for MALDI-TOF mass spectrometry was prepared by 

using α-Cyano-4-hydroxycinnamic acid (CHCA) as a matrix. 

3.1.1.4 Sensing of bacteria 

 For sensing experiment, bacterial strain E.coli (XL1) and B.sub (DH∞) were chosen as model 

analytes. These bacteria were grown in LB growth media by incubating at 37 °C in an orbital 

shaker at 200 rpm. The cultured bacteria were cleaned by centrifugation at 2000 rpm. The 

purified bacteria were dispersed in deionized water and used immediately for colorimetric 

sensing. Iron oxide nanoparticles mimic peroxidases and catalyze the reaction of ABTS with 

hydrogen peroxide resulting in a green color product. In the presence of different 

concentration of bacteria, chromogenic substrate (ABTS) oxidation into green color product 

is inhibited due to the electrostatic interaction of bacteria with dopamine iron oxide 

nanoparticles, resulting in decrease in the intensity of absorption at λmax value of 420 nm 

measured by multiplate reader spectrophotometer Fig. 3.3. 

  

Figure 3.3: Proposed electrostatic interaction (shown by dotted red lines) between negatively charged 
bacterial (gram negative) cell surface and positively charged DOPA-Fe3O4 NPs 
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 Results and discussions 

DOPA-Fe3O4 NPs were prepared by modifying Haiou’s method for bacterial sensing studies.  

Briefly, diethylene glycol (DEG) capped iron oxide nanoparticles were synthesized by co-

precipitation at 220 °C followed by post-functionalization with dopamine through labile 

ligand exchange method to avoid polydopamine formation in basic media. These 

nanoparticles were stable for a long time and stability studies were done by DLS (dynamic 

light scattering) measurements after six months (Table.3.1). The transmission electron 

microscopy (TEM) image indicated narrow size distribution of DOPA-Fe3O4 NPs with an 

average size of ca. 6 nm (Fig. 3.4).  

Powder XRD spectroscopy was used to describe the phase characteristics of Fe3O4 NPs (Fig. 

7.3 supporting information) whereas EDX spectroscopy was performed for elemental analysis 

(Fig. 7.4 supporting information). The high dispersibility of nanoparticles in aqueous media 

along with a zeta potential value of +31.3 mV indicates the surface modification with 

positively charged dopamine ligands through catechol-like moiety, which was further 

confirmed by the prominent peaks appearing at 1612 cm-1 and  1502 cm-1 due to free N—H 

primary amino group bending vibrations by Fourier transform infrared (FT-IR spectroscopy) 

(Fig. 3.5 A) and the fragmentation pattern observed at m/z values of 151, 134 and 120 by 

MALDI-TOF spectrometry (Fig. 3.5B and 7.5 in supporting information).   

a 

Figure 3.4: TEM image of DOPA- Fe3O4 NPs and its particle distribution histogram. 
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Table 3.1: Dynamic light scattering studies of Dop-Fe3O4 nanoparticles to determine their hydrodynamic 

diameter and zeta potential to ensure stability of nanoparticles after six months 

 

Sample Hydrodynamic size Dh (nm) Zeta-potential  ζ (mV) 

Dop-Fe3O4 NPs 

(prepared) 

36.89 +31.3 

Dop-Fe3O4 NPs (After 06 

months preparation ) 

87.69 +28.3 

Figure 3.5: A. a, b represent FTIR spectra of dopamine ligand and Fe3O4-DOPA nanoparticles 
respectively; B: MALDI-TOF mass spectra of Fe3O4-DOPA nanoparticles 



Chapter 3 

53 

 

 For catalytic activity studies, a colorimetric reaction of ABTS with H2O2 was performed. The 

colorimetric response of oxidized ABTS with H2O2 was amplified in the presence of DOPA-

Fe3O4 nanoparticles as compared to the reaction in the absence of nanoparticles (Fig. 3.6). 

Furthermore this response was completely turned off in the presence of high concentration of 

bacteria (i.e. 108 cfu/mL). The blockage in catalytic activity of nanoparticles was resulted 

from electrostatic interaction with anionic cell surface of bacteria, indicating that this 

catalytically amplified colorimetric strategy can be used for sensing of bacteria. 

We used Escherichia coli (XL1)), a Gram-negative bacteria, and Bacillus subtilis (DH∞), a 

Gram-positive bacteria, as model analytes for bacterial sensing studies. A turn-off 

colorimetric strategy was used for the detection of bacteria. The   intensity    of colorimetric 

response due to catalytic activity of DOPA-Fe3O4 nanoparticles was decreased by the addition 

of different concentrations of E. coli and eventually was completely inhibited in the presence 

of high concentration of bacteria i.e., 108 cfu/mL., resulting in detectable visible colour 

change  down to 104 cfu/mL (Fig. 3.7A). The gradual decrease in colorimetric response was 

also monitored by recording the absorption spectra of oxidized ABTS in the presence of a 

range of E.coli concentrations from 102 to 108 cfu/mL (Fig. 7.6). The gradual decrease in 

optical density measurements at 420 nm in the presence of bacteria further improved the limit 

of detection (LOD) down to 102 cfu/mL (Fig. 3.7B). 

  

Figure 3.6: Optical density measurements (OD) when ABTS reacts with H2O2   (A) in the absence of DOPA-Fe3O4 

NPs, (B) in the presence of DOPA-Fe3O4 NPs C) in the presence of DOPA-Fe3O4 NPs and high concentration (108 

cfu/mL) of bacteria respectively. Inset showing the visual colorimetric response. OD at 420 nm, 0.67 mM ABTS, 

6.25 mM hydrogen peroxide and 20 µg/mL DOPA-Fe3O4 NPs (Fe 0.367 ppm solution) in 5 mM sodium acetate 

buffer (pH 4.6). 
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The changes in catalytic activity of DOPA-Fe3O4 nanoparticles were also observed by using 

the Gram-positive model analyte Bacillus subtilis (DH∞). We observed a detectible visual 

colorimetric change down to 104 cells/mL of Bacillus subtilis (B.sub) concentration. When 

optical density measurements at 420 nm of the colorimetric reaction were recorded in the 

presence of B.sub (DH∞), the observed results were comparable to E.coli (Fig. 3.8). Overall, 

this turn-off colorimetric sensor provides naked eye limit of detection of bacteria for E.coli 

and B.sub down to 104 cfu/mL, and further down to 102 cfu/mL by using spectroscopic mode 

of multiplate reader. 

 

Figure 3.7:  A. Colorimetric response when ABTS is reacting with H2O2 catalysed by DOPA-Fe3O4 NPs in the 
presence of different concentrations of E.coli (XL1) bacteria; B. Graph of sensor response, with line graph  
inset showing gradual decrease in optical density at 420 nm with increasing bacterial count.  
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3.2 Turn-on colorimetric detection 

In this strategy, the response of sensor is first turn-off in the presence of macromolecules, like 

polymers and proteins, due to complete coverage of nanoparticles’ surface and thus inhibiting 

their HRP-mimicking ability. By the addition of analyte, the macromolecules on the surface 

of nanoparticles are removed due to their stronger affinity with the analytes and the HRP-

mimicking ability of nanoparticles is recovered to produce a colorimetric response by the 

oxidation of a chromogenic substrate pyragallol into an orange-brown colored product in the 

presence of hydrogen peroxide (H2O2). Binding of the anionic nanoparticles to the cationic 

polymers/proteins results in inhibition of catalytic activity of nanoparticles. By the addition 

of bacterial suspension, the colorimetric response is recovered due to competitive binding of 

bacterial negatively charged cell surface with positively charged polymer. The displacement 

of cationic polymer from the surface of nanoparticles recovers their catalytic activity resulting 

in “turn-on” colorimetric sensing of bacteria as shown in Fig. 3.9.  

Figure 3.8:  (A) Colorimetric response when ABTS is reacting with H2O2 catalyzed by DOPA-Fe3O4 NPs in the 
presence of different concentrations of B. sub(DHα bacteria); (B) Graph of sensor response, with line graph  
inset showing gradual decrease in optical density at 420 nm with increasing bacterial count. 
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 Experimental 

3.2.1.1 Materials 

Ferric chloride hexahydrated (FeCl3. 6H2O, 98%), ferrous chloride tetrahydrated (FeCl2. 

4 H2O, 99%), diethylene glycol (DEG, 99.5%), sodium hydroxide powder (NaOH, 97%), 

sodium acetate trihydrate (CH3COONa. 3H2O, 99%), glacial acetic acid (CH3COOH, 99.7%), 

3,4-dihydrophenylacetic acid (98%),   hydrogen peroxide (H2O2, 30%), linear  

polyethyleneimine (LPEI, MW~12,000),  branched polyethyleneimine (BPEI, MW~600), 

ethoxylated Polyethylenimine (EPEI, MW~70,000) and diethylaminoethyl dextran 

hydrochloride (DAED dextran, MW~500,000) and poly(diallyldimethylammonium chloride) 

(PDDA, MW<100,000) were purchased from Sigma-Aldrich. 

3.2.1.2 Synthesis of catalytically active nanoparticles 

Synthesis of 3,4-dihydroxyphenylacetic acid capped Fe3O4 nanoparticles as enzymatic mimic 

was done for “turn-on” sensing strategy, by following the method as described in literature 

Figure 3.9: Catalytically amplified “turn-on” colorimetric sensing of bacteria by using Fe3O4 NPs as 
enzymatic mimetic. 
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following the Haiou ’s method.21 After preparation, these nanoparticles were purified by 

dialysis using 12000 D dialysis tubing and stored at room temperature for further use.   

3.2.1.3  Characterization 

These nanoparticles morphology was observed by using transmission electron microscope 

(JEOL 2000-FX). Scanning transmission electron microscopy (Nova SEM, FEI) was 

employed to analyze the surface morphology and elemental composition of nanoparticles 

using EDS detector. The hydrodynamic size and zeta potential were recorded by Zetasizer 

ZEN5600 (Malvern). The concentration of different metals in ferrite nanoparticles were 

determined by using atomic absorption spectroscopy.  

3.2.1.4 Sensing of bacteria 

 For sensing experiment, bacterial strain E.coli (XL1) were chosen as a model analyte. 3,4-

dihydroxyphenyl acetic acid capped nanoparticles mimic peroxidases and catalyze the 

reaction of  o-phenylenediamine with hydrogen peroxide resulting in an orange-brown 

product. By the addition of cationic polymers, the oxidizing catalytic activity of these 

nanoparticles was inhibited due to blockage of active sites. This complex of anionic 

nanoparticles with cationic polymers was then incubated with bacteria to detach the cationic 

polymer from nanoparticles surface to recover catalytic activity in the presence of 

chromogenic substrate and hydrogen peroxide for “turn-on” sensing. 

 Results and discussions 

Catalytically active DOPAC-Fe3O4 NPs for “turn-on” sensing were prepared by high 

temperature polyol (DEG) method.35 The formation of nanoparticles was confirmed by 

transmission electron microscopy (TEM) image, indicating fairly uniform size distribution of 

DOPAC-Fe3O4 NPs with an average size of average ca. 5 nm (Fig. 3.10). 

Figure 3.10: Transmission electron microscopy (TEM) image of DOPAC-Fe3O4 
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These nanoparticles showed good dispersity in water with zeta-potential value of -31mV 

indicating the presence of 3,4-dihydroxyphenylacetic acid (DOPAC) ligand on the surface of 

Fe3O4 nanoparticles. The surface capping of nanoparticles with DOPAC was confirmed by 

appearance of carbonyl stretching peak at 1500 cm-1 in FT-IR spectra and the fragmentation 

pattern of this ligand by MALDI-TOF spectrometry (Fig. 3.11). 

For catalytic activity studies, a colorimetric reaction of OPD with UHP (urea hydrogen 

peroxide) was performed. The colorimetric response of oxidized OPD with UHP was 

amplified in the presence of DOPAC-Fe3O4 nanoparticles as compared to the reaction in the 

absence of nanoparticles (Fig. 3.12).  

 

 

 

Figure 3.11: A and B represent the FT-IR and MALDI-TOF spectra of DOPAC-Fe3O4 respectively 

Figure 3.12: Colorimetric response amplified in the presence of DOPAC-Fe3O4 nanoparticles. 
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These nanoparticles were employed further for “turn-on” sensing of bacteria by utilizing 

different cationic polymers. For optimization DAED dextran, linear PEI, BPEI, EPEI and 

PDDA were mixed with nanoparticles. It was observed that the catalytic activity of 

nanoparticles was blocked in the presence of BPEI, LPEI and EPEI, due to electrostatic 

interaction between anionic nanoparticles and positively charged polymer.  When bacterial 

solution was added it was noticed that there was no colorimetric response recovered in the 

presence of bacterial solution as expected for “turn-on” sensing (Fig 3.13). 

The main issue encountered was that instead of detachment of positively charged polymer 

from the surface of nanoparticles by negatively charged bacterial surface, nanoparticles, 

polymer and bacteria complex was formed as indicated in Fig. 3.14, which resulted in non-

recovery of catalytic activity of nanoparticles and thus no colorimetric response was “turned-

on”. 

Figure 3.13: Colorimetric response resulted when OPD is oxidized in the presence of UHP and DOPAC-Fe3O4 
nanoparticles a; blockage of catalytic activity when cationic polymer was added in the above chromogenic 
reaction b; addition of bacterial solution to recover colorimetric response c. whereas P1, P2, P3, P4 and P5 
represent PDDA, BPEI, LPEI, EPI and DEAD dextran polymers respectively 

Figure 3.14: Anionic nanoparticles, cationic polymer and negatively surfaced bacteria complex. 
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3.3 Conclusions 

In conclusion, a simple, facile and an inexpensive enzyme free turn-off colorimetric 

methodology is developed by integration of DOPA-Fe3O4 nanoparticles. These nanoparticles 

act as both transducer and recognition element by interacting with the surface of bacteria, 

which results in naked eye detection of bacterial concentration as low as 104 cfu/mL in 

solution, which is further improved to 102 cfu/mL by spectrophotometric measurement. This 

sensing methodology provides a low-cost strategy for determination of drinking water 

contamination that can be further used for microfluidic/paper devices for biosensing and 

biomedical diagnostics.  

We also tried to develop turn-on colorimetric bacterial sensing methodology by employing 

DOPAC-Fe3O4 nanoparticles as peroxidase mimics. But we encountered issues with the 

detachment of polymer from the surface of nanoparticles by the interaction of bacteria. So we 

need to further work for optimal conditions by choosing the appropriate polymer for blockage 

of catalytic activity of DOPAC-Fe3O4 NPs and mean while it should be separated from the 

nanoparticles by displacement while interacting electrostatically with negatively charged 

bacterial surface, resulting in recovery of colorimetric product through catalytic activity of 

nanoparticles. 
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 A Novel Manganese Ferrite Nanoparticles Based Probe for 

Electrochemical Detection of Bacteria 

Water safety is essential for human life and development. In some places the only accessible 

water is contaminated with bacteria that are harmful to human health. Microbial 

contamination in water causes millions of illnesses and deaths every year and stands as a real 

threat to global health and wellness.1 Rapid detection of bacteria in water is thus vital to save 

lives and to improve both the social and economic development in the emerging nations. 

Current methods employ culturing fecal indicator bacteria require at least 24 hours for 

analysis,2 thus a rapid and sensitive approach for the detection of bacterial contamination is 

needed.  Other methods, for example, quantitative polymerase chain reaction (PCR) and 

enzyme-linked immunosorbent assays (ELISA) have reduced detection time and enhanced 

overall sensitivity, but these techniques are sophisticated and expensive.3, 4 Nanomaterials 

integrated, low-cast and easy-to-use technologies have been proposed for bacterial detection, 

including colorimetric,5 fluorescent,6  immunomagnetic detection and electrochemical 

methods. Among the electrochemical sensors, the voltametric technique has been practiced 

for a long time and has revolutionized analytical chemistry.7 Previously bio-labelled cyclic 

voltammetry based sensors has been extensively used for bacterial detection.8 

Electrochemical biosensors for rapid and sensitive detection of magnetically extracted 

bacterial pathogens have also been demonstrated.9 In recent years the use of square wave 

voltammetry has been a staple in the fabrication of sensitive electrochemical sensors and 

biosensors.7 We have applied this sensitive technique for bio-label free detection of bacteria 

by using glassy carbon electrode modified with 2-(3-(3,4-dihydroxyphenyl)propanamide)-

N,N,N-trimethylethanaminium chloride capped manganese ferrites nanoparticles  (DPTMA- 

MnFe2O4 NPs) In this strategy the electrochemical response of the DPTMA- MnFe2O4 NPs 

is markedly suppressed in the presence of bacteria, which is attributed to the stacking of 

negatively charged bacterial species on the glassy carbon electrode (GCE) modified with 

positively charged MnFe2O4 NPs. This electrostatic stacking can lead to low charge transfer 
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and hence hampering of electrochemical activity of DPTMA-MnFe2O4 NPs as shown in Fig. 

4.1.  

4.1 Experimental 

 Materials 

Manganese chloride (MnCl2. 6H2O), ferric chloride (FeCl3. 6H2O), 3,4-dihydroxydihydro 

cinnamic acid (DOHCA), potassium chloride (KCl) and sodium ethanoate (NaOAc) (>95% 

pure) were purchased from Sigma Aldrich and were used as received. Acetic acid, ethanol, 

methanol, acetone, and isopropanol were also obtained from Sigma Aldrich and were used as 

received without any purification unless otherwise mentioned. A synthetic polymer Nafion 

(5% solution of acidic Nafion was obtained from Sigma) was used as a binder after dilution. 

 

 

Figure 4.1: A schematic illustration for  A) the synthesis of DPTMA modified MnFe2O4 NPs and B) bio-label free 
electrochemical sensing of bacteria by using GCE modified with DPTMA- MnFe2O4 NPs as a novel detection 
probe 
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 Synthesis of 3,4-dihydroxyhydrocinnamic acid capped manganese ferrites 

nanoparticles (MnFe2O4-DOHCA NPs ) 

MnFe2O4-DOHCA NPs were synthesized by already reported single step chemical co-

precipitation method. FeCl3. 6H2O (0.30 mM millimoles) and MnCl2. 6H2O (0.15mM) were 

dissolved in 10ml degassed deionized water under nitrogen atmosphere. 3,4-

dihydroxydihydro cinnamic acid (DOHCA) solution (0.30mM, 5mL) and ammonium 

hydroxide solution (1.5mL) was added immediately and stirred at room temperature for 40 

min under inert conditions. The prepared 3,4-dihydroxyhydrocinnamic acid capped 

manganese ferrites nanoparticles (MnFe2O4-DOHCA NPs) were purified by using (124000 

D) dialyzing tubing and stored at room temperature for further modifications and 

characterizations. 

 Synthesis of 2-(3-(3,4-dihydroxyphenyl)propanamide)-N,N,N-

trimethylethanaminium chloride capped manganese ferrite nanoparticles 

(DPTMA-MnFe2O4)   

MnFe2O4-DOHCA NPs (0.085 mM, 1 eq) were stirred for 10 min at 0°C temperature. Then 

EDC. HCl (0.169 mM, 2 eq) and DMAP (0.0169 mM, 0.2 eq) were added respectively and 

stirred continuously for 15 min by maintaining the temperature at 0°C. After that the (2-

aminoethyl)trimethylammonium chloride hydrochloride  (0.127 mM, 1.5 eq) was added and 

stirred for 24 h at room temperature. The synthesized nanoparticles were purified by using 

(124000 D) dialyzing tubing and stored in the refrigerator at 8°C for use in electrochemical 

sensing of bacteria by modifying the glassy carbon electrode.  

 Characterization of nanoparticles  

The phase structure of the MnFe2O4 nanoparticles was analyzed by X-ray powder diffraction 

(XRD, Bruker) using CuKα (λ = 0.15408) radiations between 20° and 80° (2θ) at 25°C. 

Transmission electron microscope (JEOL 2000-FX) was utilized to observe nanoparticles 

morphology. Scanning transmission electron microscopy (Nova SEM, FEI) was employed to 

analyze the surface morphology and elemental composition of nanoparticles using EDS 

detector. Infrared spectra and MALDI-TOF mass spectra were recorded to confirm surface 

modification of MnFe2O4 NPs with DOHCA and DPTMA ligands. The hydrodynamic size 

and zeta potential were recorded by Zetasizer ZEN5600 (Malvern). The concentration of iron 

and manganese in ferrite nanoparticles were determined by ICP-mass spectroscopy.  
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4.1.4.1 MALDI-TOF MS sample preparation 

DOHCA-MnFe2O4 nanoparticles sample for MALDI-TOF mass spectrometry was prepared 

by using 4-nitroaniline as a matrix whereas α-Cyano-4-hydroxycinnamic acid (CHCA) matrix 

was used for DPTMA- MnFe2O4 nanoparticles for spectrometric analysis. 

 Electrochemical characterization 

Cyclic voltammetry and square wave voltammetry were performed using Gamry reference 

600 potentiostat. Electrochemical studies were performed in standard three electrode system 

glass cell covered with a Teflon cap. All electrochemical studies were carried out at room 

temperature (20-25 °C). A spiral shaped platinum wire was used as a counter electrode. 

Platinum wire was annealed and cleaned in 20% solution of HNO3 and washed several times 

with deionized water before using Glassy carbon (area=0.07 cm2) was employed as working 

electrode and standard calomel electrode was used as reference electrode. It was calibrated 

against a standard before placing into the cell. Milli.Q water was used to make all solutions. 

Cyclic voltammetry was conducted in 0.02M (20 mM) acetate buffer electrolyte solution 

having pH≈4.6. Square wave voltammetry (SWV) was employed as a sensitive technique for 

detection of bacteria using bio-label free DPTMA-MnFe2O4 NPs nanoparticles based sensor.  

 Fabrication of the working electrode 

A clean glassy carbon (A=0.07 cm2) was polished with a slurry containing 0.05 nm,  0.1nm 

and 300 nm sized aluminium oxides particles on a clean velvet cloth until a mirror finish. 

After that, it was rinsed thoroughly with distilled water and immersed in 20 % HNO3 solution 

to remove alumina from the surface and cleaned many times with distilled water. As-

synthesized nanoparticles were ultrasonically agitated in water for 10 min until a suspension 

was obtained. For the fabrication of working electrode, 5 µL drop of DPTMA-MnFe2O4 -NPs 

solution was casted on GC electrode and allowed to dry in air at room temperature. After that, 

a 5 uL drop of 2 % Nafion (a porous polymer) was placed on MGCE to prevent sintering and 

dissolution of decorative material. After immobilization of as-synthesized DPTMA-MnFe2O4 

-NPs on GC surface, the activity of NPs was evaluated using cyclic voltammetry in 0.1 M 

acetate buffer electrolyte solution. 

 Bacterial detection 

DPTMA-MnFe2O4 nanoparticles were successfully synthesized and applied for bio-label free 

as well as bio-recognition element free electrochemical sensors for detection of model 

bacterial strain (E.Coli ) in acetate buffer. Initially, the electrochemical activity of DPTMA-
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MnFe2O4 nanoparticles was assessed using cyclic voltammetry (CV) by applying the vertex 

potential in between -0.3 to 0.6 V vs Standard Calomel Electrode (SCE) at the scan rate of 50 

mV/sec. For sensitive detection of bacteria, SWV was employed in 20 mM acetate buffer 

solution (ABS).  

4.2 Results and discussions  

We have chosen 3,4-dihydroxyhydrocinamic acid (DOHCA) as a high affinity anchor group, 

and have successfully synthesized manganese ferrites nanoparticles at room temperature 

under inert conditions. DOHCA binds covalently through catechol like moiety to the surface 

of manganese ferrite nanoparticles and provide colloidal stability by providing negative 

surface charge. The nanoparticles size distribution was indicated by transmission electron 

microscopic (TEM) image with an average size of 3 nm (Fig. 4.2A).  

Figure 4.2: Transmission electron microscopic image of A) DOHCA- MnFe2O4 nanoparticles and B) DPTMA- 
MnFe2O4nanoparticles along with their particle distribution histograms respectively. 
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The phase characteristics of these nanoparticles were depicted by powder XRD spectroscopy, 

whereas EDX was performed for elemental analysis indicating the presence of Fe and Mn in 

2:1, which was further confirmed by inductively coupled plasma mass spectrometry (ICP-

MS).  

This 3,4-dihydroxyhydrocinnamic acid ligand has sparked great interest as a capping agent 

due to the stability and strength of the resultant five-membered metallocycle chelate and the 

ease with which it can be functionalized through coupling reaction with other molecules of 

interests. The terminal carboxylate group of DOHCA ligand on the surface of nanoparticles 

was modified to terminal quaternary amine by coupling reaction with (2-

Figure 4.3: Transmission electron microscopic image of A) DOHCA- MnFe2O4 nanoparticles and B) DPTMA- 
MnFe2O4 nanoparticles respectively. 
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aminoethyl)trimethylammonium chloride hydrochloride to produce 2-(3-(3,4-

dihydroxyphenyl)propanamide)-N,N,N-trimethylethanaminium chloride capped MnFe2O4 

(DPTMA- MnFe2O4) nanoparticles. The post functionalization of nanoparticles was indicated 

by change in zeta-potential from -40V to +30V, which was further observed by appearance 

of amides peaks in FT-IR spectra at 1450-1550 cm-1. The observation of molecular peak at 

266 m/z value in MALDI-TOF spectra has also confirmed the transformation of DOHCA- 

MnFe2O4 nanoparticles to DPTMA- MnFe2O4 nanoparticles (Fig. 4.3B). 

These DPTMA- MnFe2O4 nanoparticles were used to develop simple and economical, bio-

label and bio-recognition element free electrochemical sensors for detection of bacteria.  To 

characterize the DPTMA- MnFe2O4 nanoparticles modified glassy carbon electrode, the 

cyclic voltammetry was performed in 20 mM acetate buffer solution (pH 4.6) as a supporting 

electrolyte. To see the scan rate dependence of redox peak height and peak to peak separation, 

the CV was run at different scan rate as depicted in Fig. 4.4. It was observed that the peak 

current increases clearly with increasing the scan rate. After optimization, 50 mV/sec was 

chosen as scan rate for further studies. 

Figure 4.4:  Cyclic voltammogram of glassy carbon electrode (exposed area= 0.07 cm2) modified with 2-(3-
(3,4-dihydroxyphenyl) propanamide)-N,N,N-trimethylethanaminium chloride ligand (DPTMA- MnFe2O4 
NPs) at the vertex potential of -1 to 1.5 V vs SCE in 0.02 M acetate buffer. 
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The CV was run by applying vertex potential in between -1.0 V to 1.5 V vs SCE at the scan 

rate of 50mV/sec. The resulting voltammograms are shown in Fig. 4.5.  

Cyclic voltammetry showed that the cationic nanoparticles undergo redox reaction when 

placed in an electrochemical cell. CV depicted that on the first anodic scan, irreversible redox 

peaks were observed and an oxidation peak appeared at a mere potential of 0.8 V vs SCE and 

without undergoing any decline, this peak was followed by a catalytic wave just at 1.2 V vs 

SCE. These NPs were highly stable under slightly acidic conditions and showed no sintering 

or dissolution, and they have produced a constant current up to consecutive fifty cycles. After 

50th cycle, when analyte bacterial solution was added into the system, a marked decrease in 

current was observed, indicated the hindrance of mass transfer due to blockage of modified 

glassy carbon electrode (blue CV/Fig. 4.5. To determine the effect of different bacterial 

concentration on electrochemical activity of 2-(3-(3,4-dihydroxyphenyl)propanamide)-

N,N,N-trimethylethanaminium chloride ligand (DPTMA-MnFe2O4 NPs) more sensitive 

technique i.e., square wave voltammetry was employed which offers a more sensitive 

response as compared to cyclic voltammetry. A Gaussian-shaped oxidation peak appeared, 

when DPTMA- MnFe2O4 NPs modified GCE was used in electrochemical studies by 

Figure 4.5:  Cyclic voltammogram of glassy carbon electrode (exposed area= 0.07 cm2) modified with 2-(3-
(3,4-dihydroxyphenyl)propanamide)-N,N,N-trimethylethanaminium chloride ligand (DPTMA- MnFe2O4 NPs) 
at the vertex potential of -1.0 V to 1.5 V vs SCE in 20 mM acetate buffer electrolyte solution (pH≈4.6) at the 
scan rate of 50 mV/sec. 
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applying the potential between -0.3 V to 0.6 V vs SCE at optimized conditions in acetate 

buffer. By the addition of analyte to the system, there was a marked decrease in peak height 

as shown in Fig. 4.6A. This was attributed to the stacking of negatively charged bacterial 

species on the positively modified GCE leading to low charge transfer and hence hampering 

of electrochemical activity of DPTMA-MnFe2O4 NPs. This stacking of negatively surface 

charged bacteria on the positively modified GCE was characterized by by scanning electron 

microscopic analysis (Fig. 4.6B). Following this electrochemical method, bacterial 

concentration in the drinking water was detected up to 102 cfu/mL. To the best of our 

knowledge, previously only one example of detecting bacteria (S. aureus) by using this 

sensitive SWV electrochemical technique is reported by using amoxil antibiotic modified 

carbon paste electrode. The antibiotic modified electrode absorbed the S. aureus, resulting in 

lower optical density (OD) value of the bacteria in the analyte medium as compared to 

unmodified carbon paste electrode.11 Here we have demonstrated a novel DPTMA-MnFe2O4 

nanoparticles integrated square wave voltammetric detection of bacteria. The DPTMA-

MnFe2O4 nanoparticles acted both as transducer and recognition element in the 

electrochemical biosensor.   

4.3 Conclusions 

In conclusion, a simple, facile and bio-label as well as bio-recognition element free 

electrochemical sensor is developed by modifying the GCE with DPTMA-MnFe2O4 

nanoparticles. These nanoparticles act as both transducer and recognition element by 

interacting with the surface of bacteria. The square wave voltammetric response is inhibited 

Figure 4.6: A) Effect of different bacterial concentrations on the SWV of modified GCE (exposed area = 
0.07 cm2) at the vertex potential of -0.3 to 0.6 V vs SCE, at an amplitude of 25 mV and incremental 
potential of 4 mV in 20 mM acetate buffer solution (pH≈4.6); B) SEM image of stacked bacteria on the 
modified GCE.  
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in the presence of bacteria resulting in detection of bacteria up to 102 cfu/mL in solution.  This 

sensing methodology provides a low-cost strategy for the detection of bacteria in drinking 

water that may be further improved by using electrochemical sensors based on chip 

technology.   
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 Fluorescent Nanoclusters-Based Detection of Bacteria 

The metal nanoclusters (e.g., Pt, Au, Ag, Cu) discovery has introduced a new class of 

nanomaterials filling the gap between metal nanoparticles and their atomic building clocks. 

Metal nanoclusters consist of several to a few hundred atoms of metal and may be fluorescent 

depending on the nature of metal itself and the capping ligands, which are essential to 

synthesize and stabilize them in any dispersion media..1 Nanoclusters behave like molecular 

systems because of their size reaching the Fermi-wavelength of electrons and are indeed a 

missing link between isolated atoms and surface Plasmonic nanoparticles.2, 3, 4  These 

nanoscale materials possess totally different electrical, optical and chemical properties due to 

their discrete energy levels, as compared to larger metal nanoparticles. A prominent 

characteristics of nanoclusters is their strong photoluminescence, in combination with good 

quantum yields, tunability of fluorescent emission spectra, lengthy stokes shift and good 

photostability. Generally, metal nanoclusters can be capped by a monolayer of organic 

ligands, which in addition to offering them a better stability may also impart fluorescence 

properties, which are generally dependent on the nature of metal core and the charge transfer 

from the passivating ligands to the metal core.5,6 The organic scaffolds possess a great 

potential to further tune the spectroscopic  properties of nanoclusters by adjusting the 

interactions between nanoclusters and passivating organic ligands. For example, by variations 

in DNA nucleotide sequence, silver nanoclusters have been synthesized with tunable 

emission spectra from blue to near infrared region. These highly fluorescent DNA-

encapsulated AgNCs (DNA-AgNCs) have been applied for detection of metal ions and 

bacterial alarmone Guanosine 3'-diphosphate-5'-di(tri)phosphate (ppGpp).7, 8, 9 Various 

polymers, including hyperbranched polyethyleneimine (PEI) can also provide scaffolds that 

interact with the silver atoms resulting in the formation of fluorescent AgNCs.10, 11 We have 

also used PEI as scaffold to prepare fluorescent AgNCs (PEI-AgNCs), which were 

subsequently used for the sensing of bacteria, with the bacterial concentrations differentiation 

limit of 104 cfu/mL. In this strategy, the PEI-AgNCs act as fluorophore and their fluorescent 

intensity is quenched, due to the electrostatic interaction of negatively charged bacterial cells 

with the positively charged PEI-AgNCs as shown in Fig. 5.1. 
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5.1 Experimental 

 Materials 

Silver nitrate (AgNO3, 99%), branched polyethylenimine (PEI, Mw ~800, 99%), 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, 1M) and formaldehyde (35 wt %) 

were purchased from Sigma-Aldrich. Milli Q water was used throughout in all experiments.  

 Synthesis of polyethyleneimine encapsulated silver nanoclusters (PEI-AgNCs) 

Polyethyleneimine silver nanoclusters were prepared by slight changes in the reported Qu’s 

method.11 Typically, 100µL of 0.098 g/mL PEI and 50 µL of HEPES solution (1 mM) were 

first dissolved in deionized water (95µL) by stirring for ~2 min, and then 250 µL of 100 mM 

AgNO3 was added and homogenized by stirring for ~2 min. Subsequently, 5 µL of 

formaldehyde solution (35 wt %) was added under vigorous stirring, and the mixture was 

heated at 70 °C for 10 min. The final solution was cooled to room temperature and purified 

by dialysis, using cellulosic dialyzing membrane (Mw ~12000).  

 Characterization of nanoclusters 

The as synthesized nanoclusters were characterized by measuring their absorption and 

emission spectra with the help of multiplate spectrophotometer. The surface charge was 

determined by zetasizer measurements (ZEN5600 (Malvern), whereas nanoclusters size 

distribution was observed by transmission electron microscopic studies (JEOL 2000-FX).  

Figure 5.1: Synthetic scheme for the AgNCs in the presence of polyethylenimine scaffold showing 
emission spectra at 430nm when they are excited at 354nm wavelength and subsequent fluorescent 
intensity decrease in the presence of bacteria. 
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 Bacterial response experiment 

The water-soluble and blue-emitting PEI-capped Ag nanoclusters were used for sensing of 

bacteria. These nanoclusters were excited at 354nm wavelength radiations and the effect of 

different bacterial concentrations was depicted by observing the changes in emission spectra 

of nanoclusters at 474nm wavelength.  

5.2 Results and discussions 

Polyethylenimine act as passivating scaffold to synthesize silver nanoclusters.  In particularly, 

hyper-branched polyethylenimine is a positively charged polyamine that contains primary, 

secondary and tertiary groups and has been used as polyvalent ligand to stabilize silver 

nanoclusters. In this study hyper-branched polyethylenimine stabilized silver nanoclusters 

were prepared by slight modification in Qu’s method. The synthesized nanoclusters showed 

blue fluorescence when the water dispersed nanoclusters were irradiated with long range 

ultraviolet radiations as shown in Fig. 5.2.  

Figure 5.2: A and B represent Ag nanoclusters dispersion appearing in visible spectral region and blue fluorescence 
appearing when these nanoclusters are irradiated with long range UV radiations respectively. 



Chapter 5 

__________________________________________________________________________ 

 

76 

These nanoparticles have shown good water dispersity with positive surface charge values 

measured by Zetasizer Nano ZSP. The size distribution and nanoclusters formation was 

further confirmed by transmission electron microscopic analysis (Fig. 5.3).The UV/Vis- 

absorption spectra of the prepared sample have clearly shown that the resultant product have 

no absorption peak in the range of 410-450 nm, eliminating the chances for the formation of 

silver nanoparticles of 10 nm or larger, explicating nanoclusters formation (Fig. 5.4).12  

 

 

 

 

 

 

 

Figure 5.4: Transmission electron microscopy (TEM) image of silver nanoclusters. TEM image provided by Zille 
Huma.  

Figure 5.3: Absorption spectra of PEI-AgNCs 

 

354 nm absorbance peak of 

AgNCs 
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 Furthermore fluorescent emission spectroscopic studies has revealed that when these 

nanoclusters were excited with radiations of 354nm, two emission peaks appeared at 430nm 

and 474nm respectively as shown in Fig. 5.5.  

For bacterial sensing studies, E.coli was used as a model analyte. The fluorescence intensity 

of fluorophore (PEI-AgNCs) was gradually decreased in the presence of different 

concentrations of bacteria (Fig 5.6). This decrease in fluorescent intensity may be due to 

aggregation of nanoclusters on the bacterial surface. By using this detection methodology it 

was possible to differentiate bacterial concentrations up to 104cfu/mL. To the best of our 

knowledge, PEI encapsulated silver nanoclusters are not yet reported for the detection of 

bacteria. Previously human serum albumen (HAS) protein stabilized fluorescent Au 

nanoclusters were reported as sensing probes for the detection of pathogenic bacterial strains 

Staphylococcus aureus (S. aureus) and methicillin-resistant S. aureus(MRSA) due to unique 

binding affinity of HAS with these bacterial strains.13 Our sensing system is economical and  

protein-free based on the electrostatic interaction of silver nanoclusters with cell surface of 

bacteria and it has the ability to differentiate model bacterial concentration up to 104cfu/mL.  

 

 

Figure 5.3: Fluorescent emission spectra studied when excitation done at 354nm 
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5.3 Conclusions 

Here, we have developed a simple, facile and economical bacterial detection methodology 

based on fluorescent polyethylenimine encapsulated silver nanocluster. The fluorescent 

intensity of nanoclusters was quenched in the presence of different bacterial concentrations, 

resulting in differentiation of bacteria up to limit of 104 cfu/mL  
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 Conclusions and Future Perspectives 

6.1 Conclusions  

The application of nanomaterials based sensing strategies have opened new avenues of 

advancement in life sciences, food safety and environmental protection due to their unique 

property of being tailored structurally and chemically in combination with their surface 

modifications. We have successfully developed functionalized nanoparticles/nanoclusters 

dependent robust and sensitive electrostatic interactions-based sensing assays for detection of 

bacteria. The HRP mimicking iron oxide and mixed ferrite nanoparticles, functionalized with 

dopamine ligand were initially produced and were evaluated for their peroxidase mimicking 

ability with order of CoFe2O4-DOPA> MnFe2O4-DOPA> CuFe2O4-DOPA> NiFe2O4-

DOPA> Fe3O4-DOPA nanoparticles respectively. Dopamine capped iron oxide nanoparticles 

were used to develop antibodies free colorimetric assay, enabling us to detect bacteria with 

naked eye up to the limit of 104 cfu/mL and spectroscopically down to 102 cfu/mL. 

In another application, nanoparticles integration to sensing methodologies resulted in 

development of bio-label as well as bio-recognition element free electrochemical sensor, by 

modifying the GCE with DPTMA-MnFe2O4 nanoparticles. These nanoparticles acted as both 

transducer and recognition element by interacting with the surface of bacteria. The square 

wave voltametric response was inhibited in the presence of bacteria resulted in differentiation 

of bacteria up to 102 cfu/mL in solution. 

Blue fluorescent polyethylenimine encapsulted silver nanoclusters (PEI-AgNCs) were 

evaluated for bacterial detection. The fluorescent intensity of nanoclusters was quenched in 

the presence of different bacterial concentrations, resulting in differentiation of bacteria up to 

limit of 104 cfu/mL.   

6.2 Future perspectives 

We have made considerable progress in this area, however there remains a need to generate 

more sensitive systems (ability to detect bacteria with 1cfu/ mL) that are able to rapidly 

identify bacteria species and strain. An additional challenge is the ability to sense bacteria in 

challenging media, ranging from serum (for septicaemia) to food and environmental samples. 

Because many cases of food and water-borne infections arise in the developing world, 

additional challenges for the widespread implementation of bacterial biosensors exist. The 

economic situation in developing countries makes issues including manufacturability, and 
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cost barriers to implementation. The advancement of nanoprobes for bacterial cell detection 

has the ability to address both efficiency and cost issues, impacting multiple industries, such 

as food safety, clinic diagnostics, and environmental monitoring. 

The findings of the thesis suggest a promising platform for further studies on application of 

nanoparticles based colorimetric assays to transfer them on test strips by inkjet printing of 

bacterial sensing materials as depicted in Fig 6.1. In future, development of this technology 

may result in affordable, economical and easy to use bacterial detection strips in drinking 

water.  

  

The “turn-on” colorimetric assay has great potential to be improved by using appropriate 

positively charged polymers/proteins that can rapidly assemble on the surface of negatively 

charged iron oxide nanoparticles and thus hamper their enzyme-like redox properties. The 

catalytic properties of nanoparticles can, however, be recovered after the detachment of 

cationic polymers/proteins by competitive interaction with negatively charged bacteria. The 

major challenge would, however, be the detachment of positively charged polymers/proteins 

from nanoparticles’ surface to recover nanoparticles’ catalytic activity and avoiding the 

Figure 6.1: Schematic representation of nanoparticles based inkjet-printed test strips for colorimetric detection 
of bacteria 
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formation of nanoparticles-cationic polymer/protein-bacteria complex. All our developed 

methods are meant to detect overall bacterial load in water but it would be more helpful if 

such methods can also be extended to specifically detect different bacterial strains. In addition 

to the detection of bacteria in real water samples, it may also be extended to the food and 

environmental samples. 
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 Supporting Data 

 

A 

B 

C 

D 

E 

Figure 7.1: Energy dispersive X-ray spectra (EDX) spectra of Fe3O4-DOPA (A), CoFe2O4-DOPA 
(B), CuFe2O4-DOPA (C), MnFe2O4-DOPA (D) and NiFe2O4-DOPA (E). 
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Figure 7.2: Zeta potential distribution graphs of mixed ferrite nanoparticles 

Figure 7.3: X-ray diffraction spectra of (A) DEG capped iron oxide nanoparticles 

and (B) dopamine capped iron oxide nanoparticles. 
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Figure 7.4: Energy dispersive X-ray (EDX) spectra of dopamine capped iron oxide nanoparticles 

Figure 7.5: MALDI- TOF mass spectra of dopamine capped iron oxide nanoparticles (Dop-Fe3O4) 
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Figure 7.6: : Absorption spectra of green colored production formed by the reaction/oxidation of ABTS with 
hydrogen peroxide A, B and C—I in the absence, in the presence (B) of DOPA-Fe3O4 nanoparticles, and 
inhibition of the catalytic activity of DOPA-F3O4 nanoparticles with 102, 103, 104, 105, 106, 107, and 108 cfu/ml 
of E.coli concentrations respectively 


