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ABSTRACT 

Public health standard depends on the quality of food products. Apart from beneficial 

constituents, food products also contain contaminants that are toxic in nature and can cause 

infections and diseases. Defining human exposure to various contaminants like chemicals (urea), 

biochemical (antibiotics), or biological (bacteria) is an enormous task. Conventional techniques 

are not capable of providing high-throughput and sensitive detection of these contaminants, 

especially in milk, water and clinical analytes i.e. urine. Current analytical techniques do not 

provide any reliable platform, capable of analyzing complex food matrix such as milk. Hence, 

there is a need for reliable detection technique to quantify the analytes in the given matrix. 

Biosensors have proved to be extremely reliable tools in complementing existing analytical 

methodologies in the detection and monitoring of an ever-increasing number of contaminants in 

food and water. Therefore, development of novel biosensor techniques capable of detecting the 

contaminants below or within permissible limits in these matrices is important (Chapter 1). 

Adulteration of milk with synthetic chemicals is a serious concern for human health. Urea 

is commonly used as an adulterant, which decreases the nutritive value of the milk. Adulteration 

of milk with urea is hazardous and cause irreversible damage to the organs. Thus, regulatory 

authorities like Food Safety and Standards Authorities of India (FSSAI) have set permissible 

limit of 18–40 mg/dL for urea in the milk. Among the reported biosensor techniques, thermal 

biosensors are good alternative devices owing to their simplicity of operation and long-term 

stability. Availability of numerous enzymes and their well-defined specificity combines with the 

exothermic nature of many enzymatic reactions make it possible to develop thermal biosensor 

for detecting a wide range of biomolecules. Among the various reported transducers, enzyme 

thermistor (ET) has been extensively used over past 4 decades and acknowledged as one of the 

most widely developed heat measurement based biosensor. However, development of ET based 

biosensor for milk sample detection was unexplored thus, provided the opportunity for further 

development. Chapter 2 of this thesis presents the development of a flow injection analysis-

enzyme thermistor (FIA-ET) biosensor for detection of urea adulterated in milk. The biosensor is 

based on the specific heat measurement resulting from the hydrolysis of urea present in milk by 

enzyme urease. The urease was immobilized on controlled pore glass (CPG) particles as carrier 
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and packed into a column to constitute an immobilized enzyme reactor mounted as an up-flow 

packed reactor. Using the developed FIA-ET biosensor, urea was measurable up to 250 mM in 

the milk in semi-automated mode and up to 500 mM in an automated mode. An excellent 

stability of the immobilized enzyme column (IEC) was observed up to 18 months during milk 

urea analysis. The developed biosensor has potential for deployment in dairy processing plants to 

monitor urea adulteration. 

Chapter 3 of this thesis presents further development of the FIA-ET biosensor for clinical 

analysis i.e. urea in urine. Urea is an important biomarker that is routinely monitored to 

determine the functional ability of the renal system. Recommended range of urea in urine is 20 

mg/dl. Elevated levels of urea in urine are indicative of renal dysfunction, urinary tract 

obstruction, dehydration, diabetes, and gastrointestinal bleeding. In order to achieve urea 

detection in urine suitable matrix matching protocols were developed. Urease was immobilized 

onto a novel material (aminated silica gel) to reduce the cost of column and subsequently to 

reduce the cost per sample analysis. The FIA-ET biosensor showed an excellent dynamic range 

for the urea present in spiked urine in the range 10–1000 mM with a good linearity and a 

minimum detection limit was found to be 10 mM. The immobilized urease column showed 

excellent stability over 7 months for urea analysis in urine. Excellent recoveries were obtained in 

the range 92.26–99.80 % in the spiked urine samples. The FIA-ET biosensor has been automated 

for real time analysis with response time of 90 sec. 

Chapter 4 of the thesis presents the development of FIA-EQCN biosensor for antibiotic 

residue analysis in the milk. Occurrence of antibiotic residues in the milk carries the risk of 

increasing the number of resistant bacteria and transferring antibiotic resistance genes to human 

pathogens. Indiscriminate use of antibiotics may produce residues in milk, and subsequently 

induce allergic reactions in humans. Monitoring of antibiotics is very important for safety of 

milk or milk products for human consumption. Several regulation agencies have fixed maximum 

residual limits for the antibiotic residues in milk. The United States Food and Drug 

Administration (USFDA) have set limit of 125 ng/mL for streptomycin (SRT) in the milk. 

European Union (EU) has fixed the limit at 200 ng/mL (200 ppb) for SRT in the milk whereas 

for sulfadiazine (SDZ) it is 100 ng/mL. The chapter is described in two parts; the first part deals 
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with the development of the FIA-EQCN system for analysis of the SDZ residues in milk. SDZ 

was chosen as a model analyte to perform the residual testing as a proof of concept. Second part 

of the chapter describes about the development of FIA-EQCN biosensor for ultrasensitive 

detection of SRT in milk samples. Obtained calibration for SDZ (10-200 ng/mL) and SRT (0.3-

300 ng/mL) supports the applicability of the developed biosensor in the milk sample analysis. 

The obtained recoveries for SDZ (98.6-100.5%) and SRT (98-99.33%) spiked milk samples also 

encourage the application of developed biosensor towards the quantification of these antibiotic 

residues in milk samples. Developed biosensor exhibited promising results and could be adopted 

for analysis of antibiotics in the milk. Validation of the presented biosensor against commercial 

ELISA kit supports that the developed biosensor is sensitive for detection of antibiotic residues 

in the milk. 

Chapter 5 of the thesis presents development of a novel immunosensor for rapid bacterial 

detection in water. Detection of contaminated water by pathogenic microorganism is an 

important concern for ensuring water safety, security, and public health. Escherichia coli (E.coli) 

is a natural inhabitant of the intestinal tracts of humans and warm-blooded animals. Presence of 

this bacterium in water indicates the fecal contamination of water thus, World Health 

Organization (WHO) have set the limit of zero bacteria in 100 mL water sample. The developed 

immunosensor comprised a two-electrode setup functionalized with specific antibodies against 

E. coli as bioreceptor. Optimal binding of the bacteria to the receptor antibody was achieved via 

screening of various cross linkers and quantified using electrochemical impedance spectroscopy 

(EIS). A linear trend of increasing impedance was obtained when the E. coli concentration 

increased. The developed immunosensor was able to detect 10
2
–10

8 
CFU/mL E. coli bacteria in 

water samples. The developed immunosensor is sensitive for detection of E. coli. The sensor 

does not require any additional reagents such as fluorescent or enzyme labels for sensor response 

and showed stable signals. 

 In brief, biosensors for analysis of food contaminants (urea, antibiotic residues, and 

bacteria) and clinical analytes (urea in urine) has been developed under this thesis work. The 

major highlights of this work include development of; 
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 FIA-ET biosensor technology for urea analysis in adulterated milk and its validation with 

commercial kit and AOAC method 

 FIA-ET biosensor for urea analysis in urine samples, preparation of the low cost non-

porous column material and successful measurements to reduce the cost of per sample 

analysis; without compromising the biosensor performance 

 FIA-EQCN biosensor for antibiotic residue analysis in milk, validation of the  biosensor 

against commercial ELISA kit and application of the developed biosensor in dairy 

industries with automated analysis, and  

 EIS based label-free immunosensor for rapid measurement of E. coli in water and 

specificity of the developed immunosensor 
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1.1 Scope of the research 

Reliable and cost effective analytical methods are increasingly needed in the food and clinical 

diagnostic industry for determination of specific chemical compounds in foods and clinical 

analytes. The need arises from increased regulatory action and heightened consumer and 

patient’s health concern about food composition and health safety. The monitoring and detection 

of contaminants in milk/food products and clinical samples (i.e. urine and serum) are the key to 

prevent and identify problems related to human health and safety. The conventional techniques 

as well as current wet chemistry and analytical practices are time consuming and may require 

highly skilled technicians and expensive equipment. The food and clinical industries need rapid, 

reliable, and affordable techniques for food quality control and prognosis as well as diagnosis of 

clinical analytes. The application of the biosensor in food analysis and clinical diagnostics is a 

growing field with increasing demand for reliable biosensors (Bhand et al., 2010). 

1.1.1 Milk as food matrix 

The dietary habits of people throughout the world are different depending on the availability, 

ethnicity, cultural influences and the preparation and preferences for food. Access to high quality 

food and water is a basic need in our community. Among the various food matrices milk has 

gained immense importance due to its nutritional value and extensive usage. Milk is an ideal 

food not only for the young ones, but also for the aged ones and convalescents alike. It is an 

excellent source of energy, proteins, minerals and vitamins (Noyhouzer et al., 2009), due to the 

presence of all these nutritions, milk is considered as nearest complete food. Food products may 

contaminate during production, processing, and handling, these contaminants are of preliminary 

chemicals (urea), biochemical (antibiotics), or biological (bacteria) in nature. Their source might 

be different, but their ultimate impacts are very severe on the society. Thus, monitoring of these 

contaminants in food matrix such as milk and water is very important. 

1.2 Introduction to biosensor 

A rapid proliferation of biosensors and their diversity has led to a lack of rigor in defining their 

performance criteria. Although each biosensor can only truly be evaluated for a particular 

application, it is still useful to examine how standard protocols for performance criteria may be 
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defined in accordance with standard IUPAC (International Union of Pure and Applied 

Chemistry) protocols or definitions. According to the IUPAC definition “a device that uses 

specific biochemical reactions mediated by isolated enzymes, immunosystems, tissues, 

organelles or whole cells to detect chemical  compounds usually by electrical, thermal or optical 

signals (Compendium of Chemical Terminology, 2nd edition (the Gold Book)”. The transducer 

converts the biochemical signal, into a quantifiable electronic signal, which is proportional to the 

concentration of a specific analyte or group of analytes present. Biosensors are characterized by 

a high level of specificity generated by the biocomponents, which specifically reacts with a given 

analyte or substrate. The combination of this specificity, with a sensitive transducer, gives to 

biosensors their unique and unrivaled characteristics for the detection of a variety of analytes, 

even when they occur in complex matrices. The different components of a biosensor are shown 

in Figure 1.1. 

 

Figure 1.1 Schematic representation of biosensor components. 

1.2.1 Bio-recognition elements used in biosensor development 

1.2.1.1 Enzyme based biosensor 

These biosensors use enzymes as their bio-recognition element. Enzymes are the most common 

and extensively used bio-recognition elements in biosensors. Advantage of enzyme-based 

biosensor is to modify catalytic properties or substrate specificity by genetic engineering. If the 

enzyme metabolizes the analyte, the analyte concentration can be determined by measuring the 

enzymatic product or generated heat. The high substrate specificity that enzymes exhibit, makes 

them especially well suited for bioanalytical determinations. In particular with thermal 

biosensors, the ease with which enzymes can be immobilized, and their ability to cycle catalysis, 

makes them ideally suited particularly in thermal biosensing. Expanding interest in biodiversity 
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will most certainly lead to the identification of numerous enzymes with both new and variable 

substrate specificities that will spur the development of a never ending cascade of new 

biosensors (Danielsson, 1980).  

1.2.1.2 Antibody based biosensors (Immunosensors) 

These biosensors employ interaction between an antibody and an antigen. Immunosensors are 

affinity ligand-based biosensor solid-state devices in which the immunochemical reaction is 

coupled to a transducer. The fundamental basis of all immunosensors is the specificity of the 

molecular recognition of antigens by antibodies to form a stable complex. This is similar to the 

immunoassay methodology. Immunosensors can be categorized based on the detection principle 

applied. The main developments are electrochemical, optical, and micro gravimetric 

immunosensors. In contrast to immunoassay, modern transducer technology enables the label-

free detection and quantification of the immune complex (Luppa et al., 2001). 

1.3 Transducers in biosensor  

Biosensors can also be classified according to their method of signal transduction. The 

transducer is an important component in a biosensor through which the measurement of the 

target analyte is achieved by selective interaction of a bio-molecule and analyte into a 

quantifiable signal. Based on the type of transducers used, biosensors may be classified as 

optical, electrochemical, thermal, and piezoelectric. This thesis is focused on three transducers, 

which are described here; 

1.3.1 Thermal biosensor 

Thermal biosensors measure the changes in temperature in the reaction between an enzyme 

molecule and a suitable analyte. The total heat produced or consumed in a reaction is 

proportional to the molar enthalpy and the number of moles produced. These temperature 

changes are reflected in the reaction medium. Temperature changes are recorded sensitively 

using thermistors. Among the various thermal transducers, thermistors comprise a major share 

for biosensor development. The other thermal transducers are thermocouples and resistance 

thermometers. A thermistor is a thermally sensitive resistor that exhibits a change in electrical 

resistance with a change in its temperature. Enzyme thermistor (ET) coupled with flow injection 
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analysis (FIA) system have advantages such as reusability of the biocatalyst, the possibility of 

continuous flow operation, inertness to optical and electrochemical interference, and simple 

operating procedures employing a small column, with the enzyme immobilized on a suitable 

support. The majority of thermistors have negative temperature coefficient (NTC) as the 

resistance decreases when the temperature rises. The temperature coefficient can change to 

several percentages per degree centigrade. This allows thermistors to measure small changes in 

temperature. Thermistors typically work over a relatively small temperature range, compared to 

other temperature sensors and can be very accurate and precise within that range. They are 

inexpensive, easily obtainable, easy to use and adaptable. Biosensors comprising of thermal 

transducers are robust, highly reproducible, and free from interference due to the optical or 

electrochemical nature of reaction constituent. Many researchers (Danielsson et al., 1979; 

Ramnathan and Danielsson 2001; Yakovleva et al., 2013) reviewed the principle and 

applications of thermal biosensors. 

1.3.2 Piezoelectric (mass sensitive) biosensor 

These biosensors are based on mass-sensitive measurements and can detect small mass changes 

caused by chemical binding to small piezoelectric crystals. The piezoelectric biosensor is thought 

to be one of the most sensitive analytical instruments developed to date, being capable of 

detecting antigens in the picogram range. Moreover, this type of device is believed to have the 

potential to detect antigens in the gas phase as well as in the liquid phase. The general approach, 

to take advantage of the piezoelectric effect, is to coat a piezoelectric crystal with biological 

materials such as antibodies or enzymes, etc.; compounds that have high selectivity for the target 

molecule. When the coated crystal is exposed to the particular substance of interest, adsorption 

occurs, causing a frequency/mass change that can be used to determine the amount of material 

absorbed. This type of biosensor has great potential for the direct detection of different analytes 

such as antibiotic residues and pathogens. 

1.3.3 Impedimetric (electrochemical) biosensor 

The third and most commonly used transducers are electrochemical. Different types of the 

electrochemical transducers have been employed in the development of biosensors. The main 
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electrochemical transducers are amperometric (measuring of current), potentiometric (measuring 

of electrode potential or voltage differences), and conductometric/impedemetric (measuring of 

change in conductivity or resistance/impedance). The current produced can be correlated to 

either the concentration of the electro-active species present or its rate of production or 

consumption (Joshi et al., 2005). Capacitance measurements can also be used to develop a 

biosensor. Among the reported electrochemical biosensors, electrochemical impedance 

spectroscopy (EIS) has emerged as sensitive techniques for biosensor detection due to multiple 

advantages, such as fast response, low cost, and capability of miniaturization. EIS based sensors 

are particularly attractive since they allow label-free detection with high sensitivity. In EIS, 

traditionally, macro sized metal rods or wires were used as electrodes immersed in the medium 

to measure impedance and it is suitable to analyze the electrical properties of the modified 

electrodes. Figure 1.2 represents a schematic illustration for classification of biosensors based on 

transducers. 

 

Figure 1.2 Different transduction methods for biosensor. 

1.4 Generation of biosensors 

Biosensors can be classified into three generations according to the degree of integration of the 

separate components, i.e. the method of attachment of the bio recognition molecule (bio-

receptor) to the base indicator (transducer) element. In the first generation of biosensors, the bio 

receptor is retained in the vicinity of the base sensor behind a dialysis membrane, while in the 

subsequent generations; immobilization is achieved via cross-linking reagents or bi-functional 
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reagents at a suitably modified transducer interface or by incorporation into a polymer matrix at 

the transduction surface. In the second generation, the individual components remain essentially 

distinct (e.g. Control electronics-electrode-bio-molecule), while in the third generation, the bio-

receptor molecule becomes an integral part of the base sensing element. It is in the second and 

third generations of these families that the major development effort can now be seen (Andreescu 

and Marty 2006). 

1.5 Performance criteria of biosensor 

The performance of a biosensor is evaluated based on various parameters. Parameters significant 

in evaluating biosensor performance are listed below: 

1. Specificity: Ability of a method to detect one element in the presence of another element. 

2. Sensitivity: The slope of the calibration curve. If the curve is in fact a 'curve', rather than a 

straight line, then of course sensitivity will be a function of analyte concentration or amount. 

3. Precision: Measure of instrument reproducibility, which is the ability to obtain the same value 

with repeated measurements of a process variable. 

4. Stability and lifetime: The operational stability of a biosensor may vary according to the 

sensor geometry, method of preparation, as well as on the applied enzyme or transducer. Storage 

stability is the stability of biosensor if it is stored under optimum conditions. This gives an idea 

of the lifetime of biosensor. 

5. Response time: The time required for the detector output to go from the initial value to a 

percentage (e.g. 99%) of the final value. 

6. Sample throughput: The number of results that is produced by an instrument divided by    

time of operation. 

1.6 Analytical figures of merit 

Performance of any biosensing technique is generally determined based on the analytical figures 

of the merits of a biosensor, which are listed below in Table 1.1. 
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Table 1.1 Analytical figures of merits for biosensor 

Parameters Biosensor  Performance 

Dynamic range The concentration range over which signal varies in a 

monotonic manner with analyte concentration. 

Linearity The relationship of signal to amount of analyte over a range 

of concentration of analyte with a constant proportionality 

factor. 

Limit of detection (LOD) The lowest concentration of the analyte which can be 

measured at a specific confidence level. 

Limit of quantification (LOQ) The lowest concentration level at which a measurement is 

quantitatively meaningful. Normally more than LOD. 

Limit of linearity The upper limit of quantification where calibration curve 

tends to become non-linear. 

Reaction time Time for enzyme –substrate or antigen- antibody reaction.   

 

1.7 Immobilization of the bio-recognition element 

The biocomponent specifically recognizes the analyte and the physiochemical changes caused by 

the interaction between the bio-component and the analyte such as change of light absorption or 

electrical charge or frequency of oscillation, etc. The key part in the preparation of biosensor is 

immobilization of the biocomponent or bio-recognition element. For immobilization of the 

biocomponent, several types of immobilization procedures are used. These are entrapment and 

encapsulation, covalent binding, cross-linking and adsorption. In general, the choice of 

procedure depends on the nature of the biological element, the type of transducer used, the 

physicochemical properties of the analyte and the operating conditions in which the biosensor is 

to function, and overriding all these considerations is the necessity for the biological element to 

exhibit maximum activity in its immobilized microenvironment. Table 1.2 enlists some of the 

advantages and disadvantages of these procedures. 
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Table 1.2 Methods of immobilization of the biological component  

Methods Advantages Disadvantages References 

Entrapment 

and 

encapsulation 

No direct chemical 

modification. Specificity 

of biocatalyst and 

analyte interaction 

retained. 

Applicable for small 

analyte detection. High 

diffusion barrier to both 

substrate and product 

transport. Continuous 

loss of biocatalyst. 

Malhotra et al., 2006; 

Sassolas, et al., 2012; 

Verma and Singh, 

2008 

Covalent 

binding 

Low diffusional 

resistance. 

Strong binding force 

between biocatalyst and 

matrix. Not affected by 

adverse conditions of 

pH, ionic strength. 

May involve harsh/toxic 

chemicals. Matrix not 

regenerable. Frequently 

occurring loss o0f 

activity. 

 

Sassolas, et al., 2012; 

Petri et al., 2004 

Cross-linking Used in conjunction 

with entrapment to 

reduce loss of 

biocomponent activity. 

Harsh treatment with 

toxic chemicals. 

Covalent linkages 

formed amongst protein 

molecules rather than 

matrix and protein. 

Sassolas, et al., 2012; 

Barsan and Brett, 

2009 

Adsorption Gentle treatment of 

biocatalyst. 

No modification of 

biological component. 

Matrix can be 

regenerated. 

Maximal retention of 

activity. 

Very weak bonds. 

Susceptible to changes in 

pH, temperature, ionic 

strength. 

Choi, 2004; Sassolas, 

et al., 2012 

 

1.8 State of the art for food contaminants and clinical analytes 

1.8.1 Biosensors for urea analysis 

Different detection strategies have employed for these contaminants in milk. The requirements, 

both in terms of time and costs, of most traditional analytical methods e.g. High Performance 

Liquid Chromatography (HPLC), Gas Chromatography/Mass Spectroscopy (GC/MS), Enzyme 

Linked Immuno Sorbent Assay (ELISA), Spectroscopy, Electrophoresis, etc. often makes the 

main impediment for their application on a regular basis. Commonly used microbial techniques 
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are sensitive, but it takes at least 5–7 days for results, by that time, most of the foods such as 

milk have been distributed or consumed. These methods are time consuming, laborious, and need 

large volume of samples. Thus, there is a demand for fast and simple methods, which can 

analyze the sample rapidly (Salman et al., 2008). Current analytical techniques do not provide 

any reliable platform, capable of analyzing complex food matrix such as milk. Hence, there is a 

need for reliable detection techniques to quantify the analyte in the given matrix. Biosensors 

have proved to be extremely reliable tools in complementing existing analytical methodologies 

in the detection and monitoring of an ever-increasing number of food contaminants. Numerous 

biosensors have reported in recent years for milk urea analysis, such as manometric biosensor 

(Jenkins and Delwiche, 2002; Renney et al., 2005) and potentiometric biosensor (Verma and 

Singh, 2003; Trivedi et al., 2009). Some of these reported biosensors have a very narrow 

detection limit and short operational stability, which renders them unfit for routine analysis.  

1.8.2 Biosensors for antibiotic residue analysis 

Wide varieties of antibiotics have used to treat or prevent bacterial infection in food producing 

animals. The use of antibiotics can effectively control the occurrence of disease and maintain the 

growth of animals. However, with increasing use of antibiotics, the sanitary issues, including 

drug residues in edible tissues of food-producing animals and the bacterial resistance been 

transferred from animals to human, have occurred significantly. In order to protect the 

consumer’s health, some regulatory agencies like United States Food and Drug Administration 

(US FDA) and the European Union (EU) has established maximum residue limit (MRL) for 

antibiotics, which is around 5µg/kg to 200µg/kg in milk and milk products depending upon the 

group of antibiotics. Different detection strategies have employed for the determination of 

antibiotics levels. These include adsorptive stripping voltammetry (Alghamdi et al., 2009), SPR-

based Immuno-sensor (Rebe Raz et al., 2009; Fernandez et al., 2010), HPLC using ultraviolet 

adsorption or fluorescence detection and ELISA with UV–vis spectrometry (Adrian et al., 2009; 

Rodrígueza et al., 2009). Among these, the lowest detection limit of antibiotic was 0.1 ng/ml, 

obtained with the ELISA method with fluorescence detection. ELISA is a sensitive, fast, and 

specific method for the detection of antibiotics in the dairy field by means of the interaction of an 

antigen and an antibody. However, in indirect competitive ELISA methods, experimental 
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procedures such as the preparation of antigen or antibody-enzyme conjugates and the reaction of 

enzymes with their specific substrates are complicated and time-consuming. In conclusion, 

biosensors form an interesting part of food and clinical analysis, and they have achieved a 

notable success. However, they have not yet reached their full potential and new products are 

being under development stage. 

1.8.3 Biosensors for bacterial detection 

Traditional methods for the detection of bacteria involve plating and culturing, enumeration 

methods, biochemical testing, and microscopic examination. Although these conventional 

methods are reliable but they are time consuming and laborious. Some newer methods that have 

applied for detecting bacteria are ELISA (Magliulo et al., 2007), polymerase chain reaction 

(PCR), multiplex and real-time PCR (Kawasaki et al., 2010; Zemanick et al., 2010), 

fluorescence in situ hybridization and DNA microarrays (Kostić et al., 2010). Several label-free 

methods also applied, including surface plasmon resonance (SPR) and use of electrochemical 

impedance immunosensor (Borghol et al., 2010). However, many of these methods have 

associated disadvantages; for example, they are expensive, complicated, and time consuming, 

and have low sensitivity (Shen et al., 2010). In recent years, biosensors have explored for their 

application in the detection of pathogenic bacteria. More recently, automated platforms for flow 

cytometry capable of rapid detection of bacteria have been developed and widely adopted by 

centralized laboratories. Although rapid, these technologies do not provide microbiological 

diagnosis and susceptibility information, which remains the cornerstone of diagnosis and 

particularly in settings of complicated bacterial infections (Mach et al., 2011; Pieretti et al., 

2010). Recently an out-break of the food borne illness in Europe being caused by a new strain of 

the Escherichia coli (E. coli) bacteria that is resulting in a higher incident of kidney failure, the 

bacteria have killed at least 17 people in Germany and Sweden and sickened about 1614 persons 

in 10 countries in Europe (Noam and Henry, 2011). Development of the rapid and label-free 

biosensor for bacterial detection in water and the sensitive detection will be very helpful for 

indication and update of this kind of bacterial outbreaks as well as it will help in the prognosis of 

the bacterial contaminations. 
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1.9 Gaps in the existing research 

Although thousands of articles are published in the field of biosensors for food and clinical 

analytes every year due to its vast potential, some areas that still can be explored. The areas that 

need special and immediate attention are: 

 From the existing literature survey, it is evident that Urea is toxic when present in high 

concentrations. Reported biosensor techniques do not meet higher standards for 

monitoring their levels in milk and urine. Thus, there is a need for highly sensitivity yet 

with a broad working range, stable and continues monitoring biosensor to determine the 

level of adulteration in milk as well as in urine to appraise the renal function. 

 It is evident from the existing literature that even the presence of minute amount of 

antibiotics can also trigger the potential health hazards, so there is a need for biosensor 

that can detect sensitive levels of antibiotic residues with broad range and gives stable 

and reproducible results without much sample preparation.  

 Bacterial populations are major risk agents when present as infection. Reported 

biosensors do not meet the requirement to trace them rapidly. Thus, there is a need for a 

biosensor detection system that can provide rapid yet sensitive determination of bacteria 

in water samples. 

1.10 Objective of the present research 

The present research work aims at: 

1. Development of flow injection analysis-enzyme thermistor (FIA-ET) based biosensor for 

determination of urea adulteration in milk and urine. 

2. Development of novel biosensing techniques for analysis of antibiotic residues in milk              

using flow injection analysis-electrochemical quartz crystal nanobalance (FIA-EQCN) 

based biosensor. 

3. Development of novel biosensor techniques for analysis of bacterial contamination in    

water using electrochemical impedance spectroscopy (EIS) based biosensor. 



Chapter 1 Introduction 

13 

 

1.11 Thesis structure 

 

 

Figure 1.3 Flowchart detailing the different stages of the thesis work. 
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The thesis comprises in six chapters and each of these chapters has been detailed below: 

1.11.1 Chapter 1: Introduction 

This chapter gives a description about biosensors, classification of biosensors, transducers, 

various aspects of biosensors, performance criteria of biosensors, different immobilization 

techniques for bio-recognition elements, state of art for food samples and clinical analytes 

including urea, antibiotic residues, and bacterial contamination. The chapter also discusses about 

gaps in the existing research and objective of the proposed doctoral work and finally about the 

thesis structure. 

1.11.2 Chapter 2: Development of flow injection analysis-enzyme thermistor (FIA-ET) 

biosensor for urea analysis in adulterated milk 

This chapter gives a detail account for the development of FIA-ET based biosensor for analysis 

of urea in adulterated milk. This also describes the novel sample pre-treatment procedures for 

investigation in milk, optimization of the FIA system, immobilization of enzyme and the stability 

of the biosensor. Detailed study of the enzyme column performance, stability and analytical 

performance of the biosensor. Measurements of milk samples with different fat percentages and 

validation against AOAC method and a commercial kit are discussed in details. Applicability of 

the broad dynamic range of the biosensor for urea analysis in milk for dairy industries is also 

discussed in this chapter. Being a flow injection technique, FIA-ET biosensor has potential for 

automated measurements in the dairy industry.  

1.11.3 Chapter 3: Development of FIA-ET biosensor for urea analysis in urine 

This chapter gives an detail account for the development of the FIA-ET based biosensor for 

analysis of urea in urine samples. In this chapter, we have demonstrated further development of 

FIA-ET biosensor for urea analysis in urine samples. Preparation of the low cost non-porous 

column material and successful measurements are described. Furthermore, the broad dynamic 

range of the developed biosensor and precision in the biosensor performance are described. 

Application for monitoring of urine samples to check the functional ability of the renal system 

are also discussed in this chapter.  
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1.11.4 Chapter 4: Development of flow injection analysis-electrochemical quartz crystal 

nanobalance (FIA-EQCN) biosensor for analysis of antibiotic residues in milk 

This chapter describe about the development of FIA-EQCN biosensor for antibiotic residue 

analysis in milk samples. This chapter described in two parts; first part deals with the 

development of the FIA-EQCN system for analysis of the sulfadiazine residues in milk. 

Sulfadiazine was chosen as a model analyte to perform the residual testing as a proof of concept. 

This part of the chapter also describes about the optimization of FIA system including matrix 

matching for milk sample analysis and immobilization of the biomolecule (antibody) on the 

crystal surface in a semi-automated mode. The broad detection range and obtained recovery from 

the developed biosensor is also described in this chapter. In the second part of the chapter, 

development of FIA-EQCN biosensor for ultrasensitive detection of streptomycin is described. 

Detailed studies on optimization of flow system, selection of the self-assembly for 

immobilization of the biomolecule and characterization of the immobilized surface is described. 

Attempts were made to do the automated analysis of milk samples, and the applicability of 

biosensor in the dairy industry is described for streptomycin residues. Validation of the 

developed FIA-EQCN biosensor with a commercial ELISA kit and precision and reproducibility 

of the biosensor is described before the concluding remarks. 

1.11.5 Chapter 5: Rapid label-free immunosensor for bacterial detection in water 

This chapter describes the development of a rapid label-free impedance based immunosensor for 

bacterial detection in water. Silver wires were used as two-electrode setup for electrochemical 

impedance analysis. Immunosensor construction was carried out using specific antibodies 

against E. coli development. The developed immunosensor is rapid and sensitive for detection of 

E. coli in water. 

1.11.6 Chapter 6: Conclusion and future scope of work 

This chapter gives a review of all the five chapters, conclusions and proposes the future scope of 

work followed by references and appendix. 
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2.1. Introduction 

2.1.1. Urea as adulterant in milk 

Determination of urea has numerous applications in a wide range of fields such as clinical 

diagnostics, environmental monitoring and food science. Adulteration of natural milk with 

synthetic chemicals is a serious concern for human health. Milk is an excellent source of energy, 

protein, minerals and vitamins (Noyhouzer et al., 2009). In India, Urea [CO(NH2)2] is commonly 

used as an adulterant for milk. Adulteration of milk with urea decreases the nutritive value of the 

milk. Urea is also a normal constituent of milk. The typical concentration of urea in milk is 18-

40 mg/dL (Jonker et al., 1998). A cut off limit for urea concentration in milk is normally 

accepted at 70 mg/dL. It also forms a major part (55%) of the non-protein nitrogen of milk 

(Sharma et al., 2008). Urea being relatively cheap and rich in nitrogen is an economical choice to 

adulterate the milk. Urea is used as an adulterant of milk to increase the thickness and viscosity 

of the milk as well as to preserve it for a longer period. The most common reason given for 

adulteration is the difference between demand and supply of milk. In order to meet the demand, 

the suppliers usually adulterate the milk and increase the quantity. These adulterants are 

hazardous and cause irreversible damage to the organs. The immediate effect of drinking urea 

adulterated milk is gastroenteritis, but the long term effects are known to be far more serious. 

According to a survey on milk adulteration conducted by Food Safety and Standards Authority 

of India (FSSAI) about 65-70% of milk samples were reported to be adulterated with urea, 

detergents, water, skimmed milk; among that about 17% samples comprised packaged milk from 

dairy industries (FSSAI,2012). Hence, the demand for estimation of urea adulteration in milk is 

of great significance. Figure 2.1 represents the molecular structure of urea. 

 

Figure 2.1 Molecular structure of urea. 
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2.1.2 State of the art for analysis of urea in milk 

Several methods have been reported in recent years for urea analysis in milk. Conventional 

techniques such as differential pH technique (Luzzana and Giardino, 1999) and 

spectrophotometric and conductometric detection (Reis Lima et al., 2004), were widely reported 

for analysis of urea in milk. The conventional techniques as well as current wet chemistry and 

analytical practices are time consuming and may require highly skilled workers and expensive 

equipment (Luong et al., 1991). The food and dairy industries need rapid, reliable and affordable 

techniques for quality control of milk, thus biosensors come into the practice. Numerous 

biosensors have been reported in recent years for milk urea analysis, such as manometric 

biosensor (Jenkins and Delwiche, 2002; Renny et al., 2005) and potentiometric biosensor 

(Verma and Singh, 2003; Trivedi et al., 2009). Some of these reported biosensors have a very 

short detection limit and low operational stability, which renders them unfit for routine analysis. 

There is a need for economical, reliable, robust and reproducible biosensors specifically for urea 

analysis in milk. Thus, thermal biosensors are good alternative devices owing to their simplicity 

of operation and long-term stability (Pirvutoiu et al., 2002). The reported biosensors for analysis 

of urea in milk samples are summarized in Table 2.1. 

Table 2.1 Summary of reported biosensors for analysis of urea in milk 

Biosensor/ 

Transducer 

Linear range Detection 

limit 

Response 

time 

Stability References 

Manometric 2-11 mM 2 mM 5 min 1Month/25ºC Jenkins and 

Delwiche, 2002 

Potentiometric 1.66-16.6 mM 1.66 mM 2 min Disposable Verma and Singh, 

2003 

Manometric 0-5.55 mM - 3 min - Renny et al., 2005 

Potentiometric 1.30-4.180 mM 0.025 mM 30 sec 7-8 days/RT Trivedi et al, 2009 
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2.1.3 FIA-ET technique 

The availability of numerous enzymes and their well-defined specificity combines with the 

exothermic nature of many enzymatic reactions makes it possible to develop thermal or 

calorimetric based biosensor for detecting a wide range of biomolecules. In the case of thermal 

biosensor, these reactions are detected by measuring temperature changes caused by the enthalpy 

change. Among the various thermal transducers, enzyme thermistor (ET) has been extensively 

used for last 40 years and acknowledged as one of the most widely developed type of heat 

measurement based sensor (Yakovleva et al., 2013). The thermistor based calorimeter was 

designed to cover a broad range of applications which includes determination of metabolites, 

monitoring of enzyme reactions, bioprocess monitoring, characterization of immobilized 

biocatalyst, bio-separation, reaction in non-aqueous medium, environmental control and ionic 

interactions (Xie et al., 2000). ET combined with FIA commonly known as FIA-ET provides the 

excellent platform for analysis over 40 analytes till now (Bhand et al., 2010). In this chapter, a 

FIA-ET biosensor was explored to develop a major application for analysis of urea in milk 

samples. The immense need of online monitoring techniques for analysis of urea in milk in the 

dairy industries is the sole reason to undertake this development. 

2.1.4 Objective  

The aim of this work was to develop a biosensor with broad detection range for analysis of urea 

in adulterated milk samples using FIA-ET technique. Enzyme urease was chosen as a 

biocomponent for the biosensor construction. 

2.1.5 Working principle of enzyme thermistor 

The evolution of heat is a general property accompanying biochemical transformations. The  

total  heat  evolution  is  proportional  to  the  molar  enthalpy  change  and  to  the  total  number  

of moles of product molecules created in the reaction: 

                 Q = − np (∆H)                                  (2.1) 

where  Q  – total  heat,  np –  moles  of  product,  and  ∆H  –  molar enthalpy  change.   
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The  resulting  temperature  change  (∆T)  is dependent  on  the  total  heat  capacity  (CS)  of  the  

system  including the  heat  capacity  of  the  solvent. Thus  the  change  in  temperature  

recorded  by  the  thermal  biosensors can be defined by: 

                                                      ∆T = − (np ∆H) / CS                          (2.2) 

The enthalpy changes for enzymatic catalysis is around -10  to -200  kJ  mol
-1

 which  is  adequate  

for  the  determination  of  the  substrate  concentrations  at interesting  levels for a range  of  

metabolites. 

2.1.6 Mechanism of urea hydrolysis by urease 

In this work, analysis of urea in adulterated milk samples was based on the principle of 

hydrolysis of urea by urease. For development of FIA-ET Biosensor, enzyme urease was used in 

an immobilized column reactor. Urease catalyzes the hydrolysis of urea into ammonia and 

carbamate, which spontaneously decomposes to form carbon dioxide and a second molecule of 

ammonia. Urea is very stable in aqueous medium and its hydrolysis rate is accelerated 10
14

 to 

10
32

 times by the action of urease, one of the more proficient enzymes known so far (Krajewska, 

2009).  

 

Figure 2.2 Mechanism for hydrolysis of urea by urease (adopted from: Carter et al., 2009) 

The supposed mechanism, as shown in Figure 2.2 is a cooperative interaction between the two 

Ni ions. One Ni ion (Ni 1) acts as a Lewis acid. The metal ion polarizes the carbonyl group of 
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Urease 

urea and activates it toward nucleophilic attack. In the process, two H2O molecules are replaced 

by urea. The other Ni ion (Ni 2) binds a hydroxide ion. The OH- ion attacks the partially positive 

carbonyl carbon of the urea molecule. One of the two NH2 groups of urea is protonated. 

Histidine is postulated to be the acid. The reactions result in the formation of ammonia and 

carbamine acid (Karplus et al., 1997; Carter et al., 2009). The hydrolysis reaction is presented as 

equation 2.3 

                        CO(NH2)2 + H2O                 2NH3+CO2+∆H                              (2.3) 

2.2 Experimental Section 

2.2.1 Chemicals and biochemicals 

Enzyme urease (Jack beans lyophilized 5 IU/mg, EC 3.5.1.5), urea, sodium dihydrogen 

phosphate monohydrate (NaH2PO4.H2O), disodium hydrogen phosphate monohydrate 

(Na2HPO4.H2O), glutaraldehyde solution 25%, and tri-ethanol amine were obtained from Merck, 

Germany. Amino silanized control pore glass (CPG) spherical beads (Trisoperl, size 125–140 

μm, pore size 50 nm) were purchased from VitraBio (Germany). Maxsignal® urea enzymatic 

assay kit was purchased from BIOO SCIENTIFIC, USA. All other chemicals used in the study 

were GR grade. 

2.2.2 Solution preparation 

Phosphate buffer (PB) 100 mM, pH 7.2 was prepared by mixing 100 mM of sodium dihydrogen 

phosphate monohydrate and 100 mM of disodium hydrogen phosphate monohydrate in double 

distilled water. PB was degassed before analysis. A stock solution of urea (400 mM) was 

prepared by dissolving 2.4024 gm in 100 mL of PB (100 mM, pH 7.2). Working solution of urea 

was prepared daily prior to use.  

2.2.3 Instrumentation for FIA-ET biosensor 

The set-up for FIA-ET biosensor for urea analysis is presented as Figure 2.3. The experimental 

setup consists of a peristaltic pump (Gilson Minipuls Evolution II, France), an injection valve 

(type-50 from Rheodyne, Cotati, USA), sample loop (0.1 mL), enzyme thermistor, Wheatstone 

bridge equipped with a chopper-stabilized amplifier and conventional chart recorder were used. 
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PTFE tubing’s (0.8 mm id) were used for the connection. 100 mM PB, pH 7.2 was used as the 

carrier buffer. 

 

 

Figure 2.3 Schematic set-up for FIA-ET biosensor for urea analysis. 

2.2.4 Immobilization of urease on CPG 

Enzyme immobilization on amino silanized CPG was achieved by glutaraldehyde cross-linking. 

Urease was covalently immobilized on CPG according to the following procedure: 250 mg CPG 

was activated with 2.5% glutaraldehyde in 100 mM PB, pH 7.2. The reaction was allowed to 

take place for at least 1h inside the desiccators, under reduced pressure. The activation of column 

support was confirmed by the presence of brick red color (formation of Schiff’s base). Activated 

CPG was successively washed with double distilled water and PB. Urease 200 mg (1000 IU) 

dissolved in 1mL PB was added to the wet activated CPG. The coupling reaction was allowed to 

proceed for 30 min at room temperature and overnight at 4ºC. The enzyme preparation was 

washed with PB. Tri-ethanolamine (200 mM) was added to terminate all the unreacted groups 

and then washed with 100 mM PB, pH 7.2. The immobilized urease was finally packed into a 

delrin column by a slurry packing method. Schematic representation for immobilization of 

enzyme urease on CPG is shown as Figure 2.4. 
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Figure 2.4 Schematic representation of immobilization of urease on CPG. 

2.3 Result and Discussion 

2.3.1 Optimization of the experimental variables for FIA-ET biosensor 

2.3.1.1 Optimization of the pH, ionic strength and flow rate 

A series of experiments were performed to determine the influence of pH and ionic strength of 

PB and the effect of flow rate on the activity of enzyme urease and the sensitivity of the 

biosensor for determination of urea in adulterated milk samples. Measurements were carried out 

in the flow system with varying pH (6.8, 7.0, 7.2 and 7.4) and ionic strength (10, 50, 100 and 200 

mM) of PB for 100 mM urea. Figure 2.5 clearly suggests that urease exhibit maximum activity at 

pH 7.2.  
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Figure 2.5 Effect of pH of the PB on the response of FIA-ET biosensor for 0.1 mL injection of 

100 mM urea. 
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Figure 2.6 Effect of ionic strength of PB on the response of FIA-ET biosensor for 0.1 mL 

injection of 100 mM urea. 
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It is evident from Figure 2.6 that with an increase in the ionic strength of PB, response signal 

increases upto 100 mM, and then the signal starts decreasing. Thus, further experiments were 

carried out with 100 mM PB. Flow rates of 0.25, 0.5, 0.75, and 1.0 mL/min were investigated 

against 100 mM urea. As presented in Figure 2.7, the results indicate that the flow rate of 0.5 

mL/min provides sufficient contact time between the enzyme and substrate for hydrolysis of 

urea. The FIA-ET performance was highly reproducible under the optimized conditions of PB 

(Ionic strength 100 mM, pH 7.2, flow rate 0.5 mL/min). 
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Figure 2.7 Effect of flow rate of PB on the response of FIA-ET biosensor for 0.1 mL injection of 

100 mM urea. 

2.3.1.2 Optimization of sample volume 

Experiments were performed to check the effect of sample volume of the analyte (urea) on the 

response of FIA-ET biosensor. Sample loops of 0.05 and 0.1 mL volume were tested. As evident 

from Figure 2.8, sample loop of 0.1 mL volume showed the higher response as compared to 0.05 

mL. Further experiments were carried out using the optimized sample volume of 0.1 mL. 
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Figure 2.8 Effect of sample volume on the response of FIA-ET biosensor for injection of 100 

mM urea. 

2.3.2 Calibration of biosensor for urea analysis in buffer 

The immobilized urease column was kept inside the thermistor and allowed to equilibrate 

overnight. The buffer solution was filtered, degassed and pumped via FIA manifold, until a 

constant baseline is achieved. Urea standard solutions 0.1, 1, 10, 50, 100, 150, 200, 250 mM 

were prepared in carrier buffer and injected into the flow stream. Response signals were recorded 

using a data acquisition system connected to Wheatstone bridge and plotted as current (µA) vs. 

urea (mM). All samples were injected in triplicates. The Michaelis constant, Km for urea was 

calculated using Lineweaver–Burk plot. The Km was found to be 100 mM. A good linear 

response was obtained for urea hydrolysis in the range of 1–200 mM with minimum detection 

limit of 0.1mM (6.06 ppm), which is presented in Figure 2.9. The linear fit of data shows a good 

correlation between urea and immobilized urease (R
2
 = 0.99, % RSD = 0.96). 
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Figure 2.9 Calibration plot obtained for urea using urease column in 100 mM PB, pH 7.2 for   

0.1 mL of sample injection, flow rate 0.5 mL/min at 30°C.  

 

2.3.3 Matrix matching for milk sample analysis 

For milk urea analysis, commercial milk samples of different fat content (0.5%, 1.5%, and 3.5%) 

were purchased from the local market of Goa, India. The matrix effect in the analysis of urea in 

milk samples was investigated. In FIA system, fat present in milk may lead to matrix related 

quenching and block the flow in FIA, which can decrease the device sensitivity or completely 

clog the column. Various sample pre-treatment techniques such as combination of centrifugation, 

filtration and dilution were tested to select the optimum pretreatment procedure for milk urea 

analysis. Milk samples were centrifuged at 10,000 rpm for 10 min at room temperature. The 

centrifuged milk samples were diluted with PB to obtain different ratios of milk: PB and further 

spiked with known amount of urea. It was observed from the Figure 2.10 that 1:4 dilution of 

milk and PB was most responsive to urea analysis. To obtain the calibration curve for urea in 

spiked milk samples, a simple strategy was worked out to remove the fat and to obtain a suitable 

dilution to avoid clogging of the urease column. In brief, milk samples were centrifuged, diluted 
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and filtered through 0.45 and 0.22 µm filter (Whatman, USA). Milk analysis was carried out 

within the same day after sample preparation. 
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Figure 2.10 Effect of dilution of PB and milk on the response of FIA-ET biosensor for 0.1 mL 

injection of 100 mM urea. 

2.3.4 Urea analysis in milk 

For urea analysis, calibration standards were prepared by dilution of urea stock solution in 100 

mM PB, pH 7.2. The immobilized urease column was mounted inside ET and was allowed to 

equilibrate with the surrounding. The degassed carrier buffer was passed through the column 

initially at a higher flow rate (0.9 mL/min). Subsequently, the flow rate was brought down to the 

optimum value of 0.5 mL/min at which a stable baseline was achieved. Spiked samples were 

injected and data were collected using a data acquisition system connected to the Wheatstone 

bridge. All measurements were carried out by injection of 100 µL samples at a flow rate of 0.5 

mL/min. After each sample analysis, the sample loop was thoroughly rinsed with PB. The milk 

samples were spiked with known amounts of urea after appropriate filtration and dilution and 

injected into the system. 
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Commercial milk samples of different fat content (0.5 %, 1.5 %, and 3.5 %) were purchased 

from the local market of Goa, India. The matrix effect in the analysis of urea in milk samples 

was investigated. In FIA system, fat present in milk may lead to matrix related quenching and 

block the flow in FIA, which can decrease the device sensitivity or completely clog the column. 

Various sample pre-treatment techniques such as combination of centrifugation, filtration and 

dilution were tested to select the optimum pre-treatment procedure for milk urea analysis. Milk 

samples were centrifuged at 10000 rpm for 10 minutes at room temperature. The centrifuged 

milk samples were diluted with PB to obtain a different ratio of milk: PB and further spiked with 

known amount of urea. It was observed that 1:4 dilution of milk: PB was most responsive to urea 

analysis. To obtain the calibration curve for urea in spiked milk samples, a simple strategy was 

worked out to remove the fat and to obtain a suitable dilution to avoid clogging of the urease 

column. In brief, milk samples were centrifuged, diluted and filtered through 0.45µ and 0.22µ 

filter (Whatman, USA). Milk analysis was carried out within the same day after sample 

preparation. 

2.3.5 Calibration of biosensor for urea analysis in spiked milk 

Spiked milk urea standard solutions (0.1–250 mM) of different fat content (0.5%, 1.5% and 

3.5%) were injected into the flow stream, and response signals were recorded. The FIA-ET 

biosensor showed an excellent dynamic range for milk urea in the range 0.1–250 mM with a 

good linearity (1–200 mM). The results are presented in Figure 2.11 (R
2
 = 0.99, % RSD = 0.95). 

A broad linear range, 0.1–200 mM was obtained with the lower limit of detection 0.1mM (6.06 

ppm). The upper limit of detection as high as 200 mM was achieved with sensitivity of 4.17% 

per mM for buffer urea. For milk urea, a broad linear range, 0.1–200 mM was obtained with the 

upper limit of detection 250 mM and sensitivity of the signal 4.58% mM
−1

. The reported heat of 

reaction for urea hydrolysis by urease is −61 kJ mol
−1

. In our case the calculated heat of reaction 

in diluted milk urea samples was found to be −46.81 kJ mol
−1

. The broad dynamic range 

obtained for milk urea makes the biosensor highly suitable for analysis of adulterated milk 

samples. An actual sensor signal recorded using conventional chart recorder for triplicate 

measurement of 50 and 100 mM spiked milk urea samples is presented in Figure 2.12. 
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Figure 2.11 Calibration plot obtained for urea using urease column in milk with 0.5%, 1.5% and 

3.5% fat. (Inset: linear range obtained for 0.5% fat milk urea).  

 

 

Figure 2.12 Response signal recorded for two different milk urea concentrations (50 mM and 

100 mM) using FIA-ET biosensor. Sample volume 0.1 mL, flow rate 0.5 mL/min acquired using 

a data acquisition system with Chart recorder. 

 

 



Chapter 2 Development of FIA-ET biosensor for urea analysis in adulterated milk 

31 

 

2.3.6 Urea recovery studies from spiked milk samples 

To perform recovery studies from milk samples, a known amount of urea standard solution was 

added to centrifuged, diluted and filtered milk and analyzed in FIA-ET. Based on the response 

signal, recoveries were calculated. Table 2.2 shows the recovery results obtained for milk urea. 

Excellent recoveries in the range of 97.56–108.70% were obtained for urea in milk. This ensures 

the reproducibility of the presented biosensor for urea analysis of adulterated milk samples. 

 

Table 2.2 Determination of % recovery from urea spiked commercial milk samples 

Milk 

sample 

Urea added 

(mM) (n=3) 

Urea found 

(mM) (n=3) 

% Recovery Mean ±S.D. % RSD 

Sample 1 41 44.6 108.7 44.6±0.4 0.89 

Sample 2 41 42.6 103.9 42.6±0.4 0.93 

Sample 3 41 40 97.56 40.0±0.5 1.25 

 

2.3.7 Stability of the urease immobilized CPG column 

Analytical performance of the urease immobilized CPG column was studied over the period of 

24 months. Total four columns were prepared in the entire duration. Urea measurements in milk 

samples were carried out randomly over the entire period. As presented in Figure 2.13, column 2 

retains the highest activity up to 300 days when used for urea analysis. Whereas, loss in activity 

of column 1 was observed within the 108 days of installation. Similarly, column 3 and 4 showed 

good enzyme retention, i.e. 65% and 50% when used continuously for 180 and 168 days 

respectively. Furthermore, the operational stability, storage stability and shelf life of the column 

were studied against 100 mM milk urea standards.   
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Figure 2.13 Analytical performance of different urease immobilized CPG column against 100 

mM urea in the milk samples. 

 

2.3.7.1 Operational stability of the column 

The operational stability of the urease immobilized CPG column was monitored over the period 

of 300 days. About 15 measurements were made every week for 0.1 mL, 100 mM urea. The 

operational stability is over the studied period is presented in Figure 2.14. The immobilized 

urease inside the thermistor presented excellent stability, over the first 30 days the enzyme 

activity was found 90% of the original response and there was no appreciable loss of activity. 

However, after a period of 45 days operation, about 16% decay in response was observed. 

Similarly the response was monitored after 75, 150, 180, 198 and 206 days and signals recorded 

were respectively 82%, 73% ,70%, 62% and 53% of the original response. The column was 

stored at 4ºC for about 45 days and again used for urea analysis in milk. After the 250 days 

original response was found about 44% of the original response. Similarly, the response was 

recorded after 268, 280, and 300 days and signals recorded were respectively 38%, 32% and 

30% of the original response. 
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Figure 2.14 Operational stability of FIA-ET milk urea biosensor, response to 0.1 mL, 100 mM 

urea, observed for 206 days at 30°C and up to 300 days after storage at 4°C. Samples were 

injected randomly during the period. 

2.3.7.2 Storage stability and shelf life of the column 

Most enzymes lose their activity when not stored in the refrigerator, and therefore, storage at low 

temperatures is one of the most important parameters to retain the stability of enzyme-based 

biosensors (Trivedi et al., 2009). Moreover, in order to attain high water content in the 

immobilized layer, the column was kept in a closed bottle with PB (100 mM, pH 7.2) and 

minimal amount of sodium azide to prevent from the fungal growth. The operational stability of 

a biosensor response may vary considerably depending upon the sensor storage, method of 

preparation, biological recognition reactions. Figure 2.15 compares the storage stability of the 

two enzyme columns stored at two different temperatures i.e. room temperature (RT) (25ºC) and 

refrigerator (4ºC). The studies were carried out randomly over the period of 62 days. As 

observed from the Figure 2.15, performance of the urease immobilized CPG column stored at 

low temperature is higher. Over the first week, no appreciable loss in activity was observed in 

both the columns. Whereas, after 27 days of usage column stored at low temperature showed 

87% retention in the original response as compared to column stored at RT which showed 75% 
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retention in the original response. After 62 days of studies column of low temperature showed 

70% of the original response, whereas, the column at RT showed 50% of the original response. 
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Figure 2.15 Comparision of storage stability of urease immobilized CPG column at low 

temperature (4ºC) and room temperature (25ºC). 

2.3.8 Validation of FIA-ET milk urea biosensor 

For validation of developing FIA-ET urea biosensor, a survey was conducted to find the 

adulteration of urea in commercial milk samples of Goa, India. Milk samples of different brands 

of low fat content (3.0%) were purchased from the local market of Goa, India. The 

measurements were carried out with FIA-ET biosensor in semi-automated mode. To quantify the 

adulteration of urea in milk as recommended by the regulatory agencies milk samples were 

artificially adulterated with some known amount of urea. The spiked milk urea samples were 

analyzed using FIA-ET biosensor and further validated against commercial kit (BIOO Scientific, 

USA) and the Association of Analytical Communities (AOAC) method for confirmation of the 

urea adulteration in milk.  

The matrix effect in the analysis of urea in milk sample was investigated and optimized for 

various measurements of ionic strength and pH of milk samples for appropriate dilutions with 

PB. In the validation work, we observed that 1:6 dilution of milk sample with PB was most 
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responsive for the urea analysis as compared to earlier reported 1:4. In the validation of FIA-ET 

urea biosensor conventional chart recorded was replaced by an online picodata logger thus, we 

could able to detect higher concentrations of milk urea (500 mM) 

2.3.8.1 Using FIA-ET urea biosensor 

For urea analysis, calibration standards (1-500 mM) were prepared by dilution of urea stock 

solution (500 mM) in 100 mM PB, pH 7.2. The immobilized urease column was mounted inside 

ET and allowed to equilibrate with the surrounding. The degassed carrier buffer was passed at an 

optimum flow rate of 0.5 mL/min at which a stable baseline was achieved. The spiked milk 

samples were injected and data were recorded in real time using a data acquisition system 

connected to the Wheatstone bridge.  
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Figure 2.16 Calibration plot obtained for urea spiked milk samples using FIA-ET biosensor in 

100 mM PB, pH 7.2 for 0.1mL of sample injection, flow rate 0.5 mL/min at 30°C.  

All measurements were carried out by injection of 0.1 mL sample at a flow rate of 0.5 mL/min. 

After each sample analysis, the sample loop was thoroughly rinsed with buffer (PB). The milk 

samples were spiked with known amounts of urea after matrix matching. Appropriate dilutions 
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were injected into the FIA-ET system. Milk sample spiked with urea standard solutions (10-500 

mM) were injected into the flow stream and response signal was recorded. The FIA-ET 

biosensor showed an excellent dynamic range for urea present in spiked milk (10–500 mM) with 

a good linearity. The minimum detection limit was found to be 1 mM. The Michaelis constant, 

KM for urea was calculated using Line weaver–Burk plot and found to be 248.9 mM. The result 

is presented as Figure 2.16 (R
2
 = 0.99, % RSD = 0.007, n=3). 

2.3.8.2 Using urea enzymatic assay kit 

To validate the developed FIA-ET urea biosensor, the milk samples were analyzed by using the 

commercial colorimetric kit. The analytical features and figures of merit of the biosensor were 

compared with Maxsignal® Urea enzymatic assay kit (BIOO SCIENTIFIC USA). The kit 

measures the concentration of urea using the urease enzyme, which converts urea to ammonia. 

An alkaline hypochlorite solution is then added to the reaction mixture.  
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Figure 2.17 Calibration plot obtained for urea analysis by commercial kit (absorbance at 620nm) 

at 30°C, (R
2
= 0.98, % RSD = 0.049) for validation of FIA-ET urea biosensor.(R

2
 = 0.99, % RSD 

= 0.007). 

The colour produced from the reaction in measured using a colorimetric multi-plate reader at 620 

nm. The limit of detection of urea in milk using the commercial kit is 40 ppm. The kit is 
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provided with reagents and a 96 well plate to perform the assay (catalogue no.:1051). Spiked 

milk urea samples corresponding to 8, 25, 50, 100 and 200 ppm were analyzed simultaneously 

using the FIA-ET and the colorimetric assay. The obtained result is presented in Figure 2.17. For 

colorimetric measurements Multilabel plate reader Victor X4, Perkin Elmer, USA was deployed 

with 620 nm filter. The dynamic range and the upper limit of detection for the milk urea using 

the kit were found much lower as against presented biosensor, which offers a manifold higher 

linear range 10-500 mM. The analysis time for the thermal biosensor is less than 2 min per 

sample with throughput of 30/hrs, whereas with commercial kit, up to 72 samples can be 

analyzed within an hrs. For FIA-ET biosensor, a higher sensitivity was observed. As many as 

1500 samples were analyzed with the single urease column over the period of 300 days. 

2.3.8.3 Using AOAC method 
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Figure 2.18 Calibration plot obtained for urea analysis by AOAC method (absorbance at 450nm) 

at 30°C, (R
2
= 0.97, % RSD =0.048) for validation of FIA-ET urea biosensor (R

2
 = 0.998, % 

RSD = 0.007). 
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The developed FIA-ET urea biosensor was further validated with AOAC approved method 

(AOAC, 2000). Measurement was based on colorimetric reaction of p-Dimethyl amino 

benzaldehyde solution with milk sample denatured by trichloroacetic acid (24% w/v). All 

measurements were done using spectrophotometer at 420 nm. A calibration curve for 

competitive assay by AOAC method as per protocol was obtained and shown in Figure 2.18 

(R
2
= 0.97, % RSD =0.048, n=5). A concentration dependent increase in percentage absorption 

for milk urea adulteration was found by AOAC method. 

2.3.8.4 Recovery studies from spiked commercial milk samples 

A known amount of urea standard (200 mM) was spiked to diluted unknown milk sample and 

analyzed in FIA-ET urea biosensor. Recoveries were calculated from the obtained response 

signals. Excellent recoveries were obtained (98.96–105.15%) from FIA-ET urea biosensor in the 

spiked milk samples. Recovery studies were further validated with commercial kit and AOAC 

method. Good recoveries were found from both the methods (98.48-103.40% for commercial kit 

and 98.93-105.13 % for AOAC method). The results obtained from the above methods confirm 

the reliability of the developed method. The results for all the methods used are summarized as 

Table 2.3.  
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Table 2.3 Recovery studies for urea from FIA-ET, Commercial kit and AOAC method 

S1-S7: Milk samples 

 

Milk Urea 

added 

[mM] 

Urea Found (mean, n=3) ± S. D. (n= 3) % RSD % Recovery 

FIA-ET Kit AOAC FIA-ET Kit AOAC FIA-ET Kit AOAC FIA-ET Kit AOAC 

S1 200 204.03 200.70 201.66 ±0.1 ±1.4 ±1.8 0.58 0.30 0.35 102.01 100.35 100.83 

S2 200 204.40 201.88 204.40 ±0.2 ±1.6 ±1.6 0.08 0.15 0.29 102.20 100.94 102.20 

S3 200 201.73 200.66 201.50 ±0.1 ±1.8 ±1.9 0.33 0.27 0.35 100.86 100.33 100.75 

S4 200 210.30 204.66 210.27 ±0.2 ±1.9 ±1.7 0.22 0.24 0.19 105.15 102.33 105.13 

S5 200 197.93 198.00 197.86 ±0.3 ±1.8 ±1.6 0.21 0.30 0.21 98.96 99.00 98.93 

S6 200 208.13 206.80 207.73 ±0.2 ±1.1 ±1.8 0.15 0.42 0.20 104.06 103.40 103.86 

S7 200 198.73 196.97 198.67 ±0.4 ±1.5 ±1.5 0.25 0.25 0.21 99.36 98.48 99.33 
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2.3.9 Precision of the biosensor for milk urea analysis 

Precision of the developed biosensor was determined by measuring the known concentrations of 

urea at different time interval ranging from hrs to days. Four concentrations of urea (10, 50, 100 

and 200 mM) were selected from the calibration range. The response of urea was recorded 3 

times in a day for seven consecutive days. The precision and reproducibility of the method was 

evaluated in terms of % RSD As observed from the Table 2.4, very good reproducibility was 

obtained for urea concentration with % RSD 0.50- 1.42 (n=3) for intraday analysis and % RSD 

0.05-2.57 (n=3) for interday analysis. The obtained results confirm the reproducibility of the 

sensor response.  

Table 2.4 Intra-day and Inter-day analysis result for FIA-ET biosensor for urea analysis in milk. 

                 Intra-day reliability                                                  Inter-day reliability 

 

 

 

 

Analytical figures of merit of the developed FIA-ET urea biosensor was compared with the other 

techniques used namely commercial enzymatic assay kit and AOAC method for urea 

determination. The results are compared and summarized as Table 2.5 

Urea 

(mM) 

Intra-day 

mean 

(mV) 

n = 3 

Mean ± S.D. % RSD 

10 0.1407 0.14 ± 0.002 1.42 

50 0.5963 0.59 ± 0.005 0.85 

100 1.1267 1.12 ± 0.015 1.34 

200 2.0100 2.01 ± 0.010 0.50 

Day’s Inter-day 

mean 

(mV) 

n = 3 

Mean ± S.D. %RSD 

Day-1 2.0306 2.03 ± 0.044 2.16 

Day-2 2.0462 2.74 ± 0.033 1.20 

Day-3 2.0417 2.04 ± 0.001 0.05 

Day-4 2.0284 2.02 ± 0.014 0.69 

Day-5 2.0393 2.03 ± 0.051 2.51 

Day-6 2.0470 2.04 ± 0.044 2.15 

Day-7 2.0632 2.06 ± 0.053 2.57 
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Table 2.5 Comparison of analytical features and figure of merit of all three method used FIA-

ET, Commercial kit and AOAC method. 

 

2.4 Conclusion 

The objective of this work was to develop a FIA-ET based urea biosensor for the determination 

of urea in adulterated milk samples. The developed biosensor can analyze concentration of urea 

up to 250 mM with semi-automated mode and up to 500 mM with automated mode in 

adulterated milk samples. Developed FIA-ET biosensor have potential for online monitoring in 

the dairy industries with some automation. The analytical signal is practically unaffected by 

matrix at optimized dilution with PB. Being specific in nature, it does not require separation of 

the reaction products, as would be necessary for other detection techniques. There is a 

Techniques FIA-ET Biosensor Commercial Enzymatic 

Assay Kit 

AOAC method 

Method Thermal Biosensor- 

immobilized Enzyme 

based 

Colorimetric-Enzyme 

based 

Colorimetric/ 

spectrophotometric 

Stability Up to 2 year 6 Months Not mentioned 

Format Enzymatic Enzymatic Liquid/Chemical based 

Instrument Enzyme thermistor Multiplate reader Spectrophotometer 

Sensitivity 1 mM 20 ppm 25 mM 

Limit of 

detection 

1  mM 8 ppm 8 mM 

Precision Intra/Inter-assay % 

RSD typically <3% 

Intra/Inter-assay % RSD 

typically < 3% 

Intra/Inter-assay % RSD 

typically < 3% 

R
2
 0.99 0.98 0.97 

Reference Our method Biooscientific USA,  

catalogue no.:1051, 2009 

FSSAI, AOAC method of 

urea analysis, 2012 
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considerable rise in the sampling rate as there is no need of assay blanks thus serving as high 

throughput technique. When suitably treated, the enzyme reactor was used for years, thus 

eliminating the repeated use of costly enzyme, i.e. urease. The system has been used for months 

and the column is working excellent. The FIA-ET presented here is suitable for the rapid 

measurement of urea, maintaining the same sensitivity and accuracy of the enzymatic 

spectrophotometric and electrochemical methods with the typical advantages of the use of an 

immobilized biosensor such as reusability of the enzyme, no use of additional reagents, and the 

possibility to measure turbid samples without any much pretreatment. Thus, the biosensor 

presented in this study maintains the qualities required for further development into an on-line 

urea biosensor in the dairy processing plants. 
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3.1 Introduction 

3.1.1 Urea as clinical analyte in urine 

Being a waste product of the kidney, urea is an important biomarker that is routinely monitored 

to determine the functional ability of the renal system (Alizadeh and Akbari, 2013; Gutierrez et 

al, 2008). Urea serves an important role in the metabolism of nitrogen-containing compounds by 

animals and is the main nitrogen-containing substance in the urine of mammals. Urea is 

synthesized in the body of many organisms as part of the urea cycle, either from the oxidation of 

amino acids or from ammonia. In this cycle, amino groups donated by ammonia and L-aspartate 

are converted to urea, while L-ornithine, citrulline, L-argininosuccinate, and L-arginine act as 

intermediates. Urea production occurs in the liver and is regulated by N-acetylglutamate. Urea 

then dissolves into the blood and further transported and excreted by the kidney as a component 

of urine. The normal range of urea in urine and blood is between 8 and 20 mg/dL. The handling 

of urea by the kidneys is a vital part of mammalian metabolism. Besides its role as a carrier of 

waste nitrogen, urea also plays a role in the countercurrent exchange system of the nephrons, 

which allows for re-absorption of water and critical ions from the excreted urine. Elevated urea 

levels in serum and urine are indicative of renal dysfunction, urinary tract obstruction, 

dehydration, diabetes, shock, burns, and gastrointestinal bleeding. However, the reduced urea 

level may cause hepatic failure, nephritic syndrome, and cachexia (Sumana et al, 2010). 

3.1.2 State of the art for analysis of urea in urine 

Several analytical methods such as reverse phase ultra-fast liquid chromatography (Czauderna et 

al., 2012), colorimetric method based on the reaction of urea and diacetyl-monoxime derivatives 

(Goeyens et al., 1998), infrared spectrometry (Jensen et al., 2004), and high performance liquid 

chromatography (Clark et al., 2007) have been utilized for urea determination. Furthermore, 

biosensor techniques such as potentiometry, conductimetry, and amperometry have also been 

extensively studied for the detection of urea by urease-catalyzed hydrolysis products (Koncki et 

al., 2000; Jdanova et al., 1996; Pizzariello et al., 2001). The growing demand for clinical 

diagnostics in relation to kidney diseases has stipulated the development of new methods for the 

rapid and accurate measurement of urea in samples like urine and serum. Thermal biosensors 
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have been considered to be a practical alternative due to their robustness, simplicity, low cost, 

and extended stability. Another advantage of thermal biosensors is the universal detection 

principle that has been combined with the specificity of biological reactions. A number of 

enzymatic reactions for the analysis of urea, glucose, lactate, cholesterol, heavy metals, and 

fructose have been studied by thermal biosensors among which urea detection was studied 

extensively in serum and milk (Yakovleva et al., 2013). The reported biosensors for analysis of 

urea in urine samples are summarized in Table 3.1. 

Table 3.1 Summary of reported biosensors for analysis of urea in urine. 

Biosensor/ 

Transducer’s 

Dynamic range Detection 

limit 

Response 

time 

Stability References 

Capacitance 

biosensor 

0.1 pM–10 mM 3.7 pM - - Alizadeh and 

Akbari, 2013 

Potentiometric 1-1000 mM 1 mM 1-2 min 20 days Gutierrez et al, 

2007 

Colorimetric 0.17-0.44 M 1 nM 2 min 29 sec 20 days at    

4ºC 

Verma et al., 

2012 

Amperometric 10-250 µM 10 µM - 3 months Pizzariello et al., 

2001 

Enzyme based 

biosensor 

0-714.3 mM 0.066 mM 10 min - Morishita et al., 

1997 

Enzyme based 

biosensor 

0-100 mM 0.047 mM - - Orsonneau et al., 

1992 

Amperometric 

Biosensor 

0.1-35 mM 0.1 mM 3 sec - Tiwari et al., 

2009 
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3.1.3 Objective  

The aim of this work was to develop a biosensor with broad detection range for analysis of urea 

in urine samples using FIA-ET technique. Another objective of this work was to reduce the cost 

of column material for immobilization of the enzyme urease. 

3.2 Experimental Section 

3.2.1 Chemicals and biochemicals 

Enzyme urease (Jack beans lyophilized 5 U mg
−1

, EC 3.5.1.5), urea, sodium dihydrogen 

phosphate monohydrate, disodium hydrogen phosphate monohydrate, glutaraldehyde solution 

25 %, and tri-ethanol amine were obtained from Merck, Germany. Functionalized silica gel 

(amino-3, ca. 1.4 mmol, particle size 40–83 μm) was procured from Across Organics, NJ, USA. 

All other chemicals used were of GR grade. 

3.2.2 Solution preparation 

Phosphate buffer (PB) 100 mM, pH 7.2, was prepared by mixing 100 mM of sodium dihydrogen 

phosphate monohydrate and 100 mM of disodium hydrogen phosphate monohydrate in double 

distilled water. PB was degassed before the analysis. A stock solution of urea (1,000 mM) was 

prepared by dissolving an appropriate amount of urea in 100 mL of PB (100 mM, pH 7.2). The 

working solution of urea was freshly prepared prior to use. 

3.2.3 Instrumentation for FIA-ET biosensor 

For urea analysis in urine samples, automated FIA-ET biosensor was used. The schematic setup 

for the FIA-ET biosensor is presented in Figure 3.1. The experimental setup consists of a 

peristaltic pump (Gilson Minipuls Evolution II, France), an automated six-port injection valve 

(Rheodyne, Cotati, USA), sample loop (0.1 mL), enzyme thermistor, Wheatstone bridge 

equipped with a chopper-stabilized amplifier, and pico logger data recorder (Picotech, UK). 

PTFE tubing’s (0.8 mm i.d.) were used for the connection. PB (100 mM, pH 7.2) was used as the 

carrier buffer. 
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Figure 3.1 Schematic representation of the experimental setup of automated FIA-ET biosensor 

for urea analysis in urine. A-buffer reservoir, B-automated injection valve, C-reference probe, D-

thermistor, E-immobilized urease column, and F-heat exchanger. 

3.2.4 Immobilization of urease on aminated silica gel 

Enzyme immobilization on amine-functionalized silica gel was achieved by glutaraldehyde 

cross-linking as reported earlier with slight modifications as presented in Figure 3.2. In brief, 

urease were covalently immobilized on amine-functionalized silica gel according to the 

following procedure: 250 mg aminated silica gel was activated with 2.5 % glutaraldehyde in 100 

mM PB, pH 7.2. The reaction was allowed to take place for at least 1 hrs inside the desiccators, 

under reduced pressure. The activation of the aminated silica gel support was confirmed by the 

presence of a brick red color (formation of Schiff base). Activated silica gel was successively 

washed with double distilled water and PB. Urease 200 mg (1,000 IU) dissolved in 1 mL PB was 

added to the wet activated silica gel. The coupling reaction was allowed to proceed for 30 min at 

room temperature and overnight at 4°C. The enzyme preparation was washed with PB. Tri-

ethanolamine (200 mM) was added to terminate all the unreacted groups and then washed with 

100 mM PB, pH 7.2. The immobilized urease was finally packed into a delrin column by a slurry 

packing method. 
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Figure 3.2 Schematic representation of immobilization of urease on aminated silica gel. 

3.2.5 Surface Characterization of the Silica gel Matrix 

The surface of the aminated silica matrix was characterized using JEOL JSM6360 LV scanning 

electron microscope (SEM) at 400X magnification as presented in Figure 3.3 (A) and (B). Figure 

3.3 (A) shows the bare surface of the silica particle and enlarge section shows the clear surface of 

the silica. Figure 3.3 (B) shows the enzyme molecule attached to the silica matrix. Furthermore, 

Fourier transform infra red (FTIR) spectroscopy was also applied to measure the surface 

properties of the aminated silica matrix coupled to an enzyme. The surface was characterized 
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before and after immobilizing the enzyme to the silica particles. Spectra  were  recorded  using 

IR Affinity1  (SHIMADZU,  Japan)  with  attenuated total  reflectance (ATR)  attachment  

specac diamond ATR  AQUA using 40 scans at 4 cm
-1

 resolution collected under vacuum 

condition. The ATR FT-IR spectra are shown in Figure 3.4. The insets in Figure 3.4 (1a, 1b and 

1c) showing the result for amine functionalized silica surface. In Figure 3.4 (1a) presence of two 

peaks at 2963 and 2858 cm
-1

 represent the asCH2 and sCH2 vibration. In Figure 3.4 (1b) four 

different peaks at 1562, 1506, 1488 and 1471 cm
-1

 is due to the asymmetric and symmetric 

bending of primary amine. The presence of one peak at 669 cm
-1

 with two associated peaks at 

686 and 648 cm
-1

 confirms the presence of -Si-C- bond in amine functionalized silica (not shown 

in inset). In Figure 3.4 (2a) the formation of Schiff’s base after treatment with glutaraldehyde is 

confirmed by the appearance of two different peaks at 1702 and 1651 cm
-1

 for -C=N- and –CO 

of free aldehyde group. In Figure 3.4 (3a) the presence of peak at 1641 cm
-1

 is attributed to –

C=O of peptide bond between immobilized urease enzyme and glutaraldehyde activated silica 

particle. In Figure 3.4 (3a) presence of peaks at 1528 and 1477 cm
-1

 with two associated peaks at 

1459 and 1443 cm
-1

 are due to asymmetric and symmetric bending vibration of -NH- of 

secondary amide. The peaks appear at 1234 and 1076 cm
-1

 are due to –C-N- and –Si-O-Si bond. 

A broad band from 3257 cm
-1

 may be attributed to –NH- stretching vibration. 

1000X 1000X

 

Figure 3.3 SEM micrographs of bare and enzyme coupled silica matrix at magnification 400X. 
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Figure 3.4 FT-IR characterization of (1) aminated silica matrix (2) glutaraldehyde activated 

silica matrix and (3) immobilized urease on silica matrix. Inset: (1a, 1b, 2a and 3a) represents the 

corresponding FT-IR characteristic peaks. 

3.3 Result and Discussion 

3.3.1 Optimization of the experimental variables for FIA-ET biosensor 

3.3.1.1 Optimization of the pH, ionic strength and flow rate 

For determination of urea in urine samples, measurements for optimization of flow system were 

carried out. A series of experiments were performed for varying pH (6.8–7.4) and ionic strength 

(10, 50, 100 and 200 mM) for PB. As presented in Figure 3.5 and Figure 3.6, it is clear that the 

FIA-ET gives maximum response at pH 7.2 and 100 mM ionic strength of the PB against 200 

mM urea. Flow rates of 0.25, 0.5, 0.75, and 1.0 mL/min was investigated against 200 mM urea. 

As presented in Figure 3.7, maximum response was observed at a flow rate of 0.5 mL/min. These 

results indicate that the performance of the FIA-ET was highly reproducible under optimized 

conditions of PB (pH 7.2, ionic strength 100 mM and flow rate of 0.5 mL/min). 
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Figure 3.5 Effect of pH of PB on the response of FIA-ET biosensor for 0.1 mL injection of 200 

mM urea. 
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Figure 3.6 Effect of ionic strength of PB on the response of FIA-ET biosensor for 0.1 mL 

injection of 200 mM urea. 
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Figure 3.7 Effect of flow rate of PB on the response of FIA-ET biosensor for 0.1 mL injection of 

200 mM urea. 

3.3.2 Calibration of biosensor for urea analysis in buffer 

The packed column with immobilized urease enzyme was installed inside the thermistor and 

allowed to equilibrate with the carrier buffer. The filtered and degassed PB was pumped 

manifold via FIA until a constant baseline was achieved. Mock urea standard solutions in the 

range 10- 1000 mM were prepared in PB and injected in to the flow stream. Response signals 

were recorded using a data logger acquisition system connected to Wheatstone bridge and 

plotted as current (mV) vs. urea (mM). All samples were measured in triplicates. The Michaelis 

constant, KM for urea was calculated using Line weaver–Burk plot and found to be 448 mM. A 

good linear response was obtained for urea hydrolysis in the range of 10–1000 mM, which is 

presented in Figure 3.8. The linear fit of data shows a good correlation between urea and 

immobilized urease (R
2
 = 0.99, % RSD = 0.02). 
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Figure 3.8 Calibration plot obtained for urea using FIA-ET biosensor in 100 mM PB, pH 7.2 for 

0.1mL of sample injection, flow rate 0.5mL/min at 30°C.  

3.3.3 Matrix matching for urine sample analysis 

For urea analysis in urine, samples of different individuals were collected and the matrix effect in 

the analysis of urea in urine sample was investigated. Various measurements on ionic strength 

and pH of urine samples were performed for appropriate dilutions of urine with PB. It was 

observed from Figure 3.9, that 1:4 dilution of urine sample with PB was most responsive to urea 

analysis. To obtain the calibration curve for urea in spiked urine samples, a simple dilution 

strategy worked out to avoid the effect of ionic strength and pH on urease column. Urine analysis 

was carried out within the same day after sample preparation. 
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Figure 3.9 Effect of dilution of PB and urine on the response of FIA-ET biosensor for 0.1 mL 

injection of 200 mM urea. 

3.3.4 Analysis in urine 

For urea analysis in urine samples, calibration standards (10-1000 mM) were prepared by 

dilution of urea stock solution (1000 mM) in 100 mM PB, pH 7.2. The immobilized urease 

column was mounted inside ET and was allowed to equilibrate with the surrounding. The 

degassed carrier buffer was passed at an optimum flow rate of 0.5 mL/min at which a stable 

baseline was achieved. Samples were injected and data collected using a data acquisition system 

connected to the Wheatstone bridge. All measurements were carried out by injection of 0.1 mL 

sample at a flow rate of 0.5 mL/min. After each sample analysis, the sample loop was thoroughly 

rinsed with PB. The urine samples were spiked with known amounts of urea and after matrix 

matching with appropriate dilutions were injected into the FIA-ET system. 

3.3.5 Calibration of biosensor for urea analysis in spiked urine 

Urine samples spiked with urea standard solutions (10-1000 mM) were injected into the flow 

stream and response signal was recorded. The FIA-ET biosensor showed an excellent dynamic 

range for the urea present in spiked urine in the range 10–1000 mM with a good linearity and 
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minimum detection limit was 10 mM. The results are presented as Figure 3.10 (R
2
 = 0.99, % 

RSD = 0.741).  
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Figure 3.10 Calibration plot obtained for urea spiked urine samples using FIA-ET biosensor in 

100 mM PB, pH 7.2 for 0.1mL of sample injection, flow rate 0.5mL/min at 30°C.  

 

Various biosensors are reported in the literature for analysis of urea and most of the biosensors 

used urease as biorecognition element and have a good detection range. However, the presented 

FIA-ET urea biosensor is capable of detecting urea in urine sample in a broad dynamic range 

(10-1000 mM) that covers the requirement of clinical industries to determine the functional 

ability of the renal system. A real time response obtained from FIA- ET urea biosensor for urea 

concentration 10-1000 mM is shown as Figure 3.11. 
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Figure 3.11 Real time responses obtained from urea spiked urine samples (10-1000 mM) using 

FIA-ET biosensor in 100 mM PB, pH 7.2 for 0.1mL of sample injection, flow rate 0.5mL/min at 

30°C. 

 

3.3.6 Urea recovery studies from spiked urine samples 

To perform recovery studies in urine samples, a known amount of urea standard was spiked to 

dilute urine sample and analyzed in FIA-ET biosensor. Recoveries were calculated from the 

obtained response signal. Table 3.2 shows the recovery results obtained for urine urea. Excellent 

recoveries were obtained in the range 92.26–99.80 % in the spiked urine samples. This ensures 

the reproducibility and sustainability of the developed biosensor. 
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Table 3.2 Determination of % recovery from urea spiked urine samples. 

 

3.3.7 Operational stability of the urease immobilized silica gel column 

Stability of the developed FIA-ET urea biosensor was investigated by making repetitive 

measurements over a period of 30 weeks. The sensor showed a good operational stability when 

continuously monitored at room temperature. Amine-functionalized silica gel micro particle 

(particle size 40-83 µm) was used as a column matrix to reduce the cost of the column and the 

cost per sample analysis. To check the stability of the developed urea biosensor about 20 

measurements were made every week against 200 mM urea. The operational stability of 

immobilized urease column is presented as Figure 3.12. The immobilized urease column showed 

excellent stability over the initial 5 weeks with no appreciable loss of enzyme activity. After the 

15 weeks of continuous use, enzyme activity was found about 90% of the original response. 

However, after a period of 20 weeks operation, about 14% decay in response was recorded. 

Similarly, the response was monitored within 25, and 30 weeks and signals recorded were 

respectively 85%, and 80% of the original response. 

 

Urine Samples Urea added 

(mM) 

(n= 3) 

Urea  found 

(mM) 

(n=3) 

% Recovery Mean ± S.D. %RSD 

Sample-1 0.5328 0.5219 97.97   0.97 ± 0.016 1.64 

Sample-2 1.0237 0.9445 92.26    0.94 ± 0.012 1.28 

Sample-3 2.0086 1.9767 98.41  1.97 ± 0.071 3.60 

Sample-4 3.1277 2.9511 94.36  2.95 ± 0.016 0.54 

Sample-5 3.9692 3.9613 99.80  3.96 ± 0.016 0.40 

Sample-6 4.8124 4.7315 98.32  4.73 ± 0.022 0.46 

Sample-7 6.0250 5.7695 95.76  5.77 ± 0.034 0.59 

Sample-8 6.9983 6.7612 96.61  6.76 ± 0.021 0.31 

Sample-9 7.9598 7.6810 96.50  7.68 ± 0.106 1.38 

Sample-10 8.8393 8.5633 96.88  8.56 ± 0.123 0.14 

Sample-11 9.7647 9.3846 96.11  9.38 ± 0.022 0.23 
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Figure 3.12 Operational stability of FIA-ET urine urea biosensor, response to 0.1 mL, 200 mM 

urea over the period of 30 weeks at room temperature, inset: real time triplicate response 

obtained from FIA-ET urea biosensor against 200 mM urea of initial week and 30
th

 week of 

operation. 

3.3.8 Precision of the biosensor for urea analysis in urine 

Precision of the developed biosensor was determined by measuring the known concentrations of 

urea at different time interval ranging from hrs to days. Three concentrations of urea (100, 200 

and 500 mM) were selected from the calibration range. The response of urea was recorded 3 

times in a day for five consecutive days. The precision and reproducibility of the method were 

evaluated in terms of % RSD As observed from the Table 3.3, very good reproducibility was 

obtained for urea concentration with % RSD 0.49- 1.29 (n=3) for intraday analysis and % RSD 

0.08-0.89 (n=3) for interday analysis. Furthermore, in order to determine the reliability of the 

developed urea biosensor, several triplicate measurements were performed on urea spiked urine 

samples. Figure 3.13 shows the real time triplicate sensor signal recorded from FIA-ET urea 

biosensor for 200 mM urea spiked urine sample. The obtained signal confirms reproducibility of 

the sensor response. 
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Table 3.3 Intra-day and inter-day reliability of FIA-ET biosensor for urea analysis in urine. 

Intra-day reliability Inter-day reliability 

Urea(mM) Mean 

(mV) 

(n = 3) 

Mean ± S.D. % RSD Day’s Mean 

(mV) 

(n = 3) 

Mean ± 

S.D. 

%RSD 

100 1.3145 1.31 ± 0.017 1.29 Day-1 2.3721 2.37± 0.021 0.89 

200 2.3664 2.36 ± 0.016 0.67 Day-2 2.3605 2.36± 0.019 0.80 

500 5.2284 5.22 ± 0.026 0.49 Day-3 2.3479 2.34± 0.015 0.65 

    Day-4 2.3518 2.35± 0.002 0.10 

    Day-5 2.3305 2.33± 0.002 0.08 
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Figure 3.13 Real time triplicate sensor signal recorded from FIA-ET urea biosensor for 0.1mL 

sample of 200 mM urea, flow rate 0.5 mL/min at 30°C. 
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3.4 Conclusion 

The objective of this work was to develop a FIA-ET based urea biosensor for the determination 

of urea in urine samples. A low cost urease immobilized aminated silica gel column matrix has 

been tested successfully for analysis of urea present in the urine samples, without compromising 

the operational stability. This significantly reduces the cost of analysis per sample. The FIA-ET 

biosensor showed an excellent dynamic range for urea present in spiked urine in the range 10–

1000 mM with a good linearity and minimum detection limit was 10 mM. Results indicate that 

the developed biosensor is highly stable, simple, and economical. The system has been 

automated for real time analysis with response time of 90 sec. Developed biosensor can facilitate 

the regular monitoring of abnormal urea concentrations to keep track of functional ability of the 

renal system. 
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4.1 Introduction 

4.1.1 Occurrence of antibiotic residues in the milk 

Antibiotics are one of the most important bioactive and chemotherapeutic groups of compounds. 

In veterinary medicine, antimicrobial drugs are routinely used to treat mastitis in dairy cows but 

the efficiency of antibiotics as growth enhancers also has led to their use as supplements in 

animal feed. Sulphonamides and aminoglycosides are the family of chemotherapeutic that are 

widely used for therapeutic and prophylactic purposes in animal diseases. Antibiotics are being 

in use either individually or in combination with other drugs for the treatment of inflammatory 

diseases or as feed additives. Toxicological data show that some antibiotics have antithyroid 

effects in both animals and humans (Velasco-Garcia and Mottram, 2003). Streptomycin (SRT), 

a member of aminoglycoside, finds wide application in modern agriculture and dairy for 

treatment of mastitis in cattle’s (Haasnoot et al., 2003). Sulfadiazine (SDZ) is a member of the 

sulfonamide or the sulpha drug family, which plays an important role in veterinary medicine by 

controlling many bacterial and protozoan diseases (Murtazina et al., 2004). The occurrence of 

these antibiotic residues in food carries the risk of increasing the number of resistant bacteria and 

transferring antibiotic resistance genes to human pathogens. Indiscriminate use of antibiotics 

may produce residues in the milk, and subsequently induce allergic reactions in humans. 

Monitoring of antibiotics is very important for safety of milk or milk products for human 

consumption, since the presence of these residues even in minute amount can trigger potential 

health hazard such as allergic reactions in hypersensitive individuals, toxicity, or they can be act 

as potential carcinogens (Conzuelo et al., 2012). Apart from the consequences for public health, 

economic reasons have also led to a control of antimicrobial residues in food. Several regulatory 

agencies have set the maximum residual limit (MRL) for antibiotics in the milk for consumer 

protection. In particular, the European Union (EU) has fixed the limit at 200 ng/mL (200 ppb) for 

SRT in the milk whereas for SDZ it is 100 ng/mL. In The United States, the tolerance limit for 

SRT in the milk is 125 ng/mL. The Codex Committee has set a combined MRL of 200 ng/mL 

for SRT and dihydro-streptomycin (DHSRT) (Commission Regulation (EU) No 37/2010, 2009; 

Baxter et al., 2001). The molecular structures of some cross reactive sulfonamides and 

aminoglycosides are shown as Figure 4.1.  
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Figure 4.1 Molecular structures of some cross-reactive sulfonamides and aminoglycosides 

antibiotics. 

4.1.2 State of the art of antibiotic detection in the milk 

Various analytical methods have been reported for the analysis of antibiotics in the last decade. 

Traditional methods usually involve methods such as microbial inhibition assays or enzymatic 

colorimetric assays along with immunoassay methods. Usually, milk samples will be examined 

using rapid screening methods that may only indicate whether antibiotics are present and not the 

levels and types of antibiotics. Samples that fail to pass the screening tests will then be examined 
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using more complex instrumental methods, such as high-performance liquid chromatography 

(HPLC) and gas chromatography–mass spectrometry (GC–MS). Several analytical techniques 

such as HPLC (Stoev and Michailova, 2000; Furusawa, 2003) GC–MS (Reeves, 1999) and 

enzyme-linked immuno sorbent assay (ELISA) (Cliquet et al., 2003) are reported for the 

detection of sulfonamides in different matrices. HPLC and GC–MS are sensitive and specific, 

but are very laborious and expensive. They are suitable for confirming but not for screening a 

large number of samples (Wang et al., 2007). More recently, immunoassay type methods have 

been developed, which are faster and more specific than traditional screening methods. These 

ELISA can identify and quantify a wide range of antibiotics and can be specific to a single or a 

group of antibiotics (Adrian et al., 2008). However, ELISA do require modification of the 

antibodies used in the assay and can become laborious and time consuming when large numbers 

of samples are to be analyzed. Therefore, there has been an interest in the development of 

biosensors for antibiotics that do not require extensive chemical modification or pretreatment 

steps and that are rapid, quantitative, and selective. This has led to investigations into the use of 

immunosensors for the detection of antibiotics (Davis and Higson, 2010). Biosensors are a recent 

addition to analytical instrumentation capable of performing residue testing and offer the 

potential for rapid, quantitative high-throughput analysis. More recently, several biosensors 

techniques have also been reported addressing clinical, environmental, and food safety for 

antibiotic residue analysis, one such testimony for sulfonamide detection is surface plasmon 

resonance (SPR) based biosensors (Situ et al., 2010; Fernandez et al., 2011). However, there are 

very few biosensor reported for the detection of sulfadiazine particularly in the milk samples 

A wide range of analytical methods currently exist for the detection and quantitative 

measurements of SRT. Microbial inhibition assay (Currie et al., 1998), enzyme immunoassay 

(Abuknesha et al., 2005) ELISA (Heering et al., 1998) and microplate array based techniques 

(Ye et al., 2008) are commonly employed as screening tests. Conventional analytical techniques 

such as liquid chromatography and liquid chromatography-mass spectroscopy (LC-MS) (Zhu et 

al., 2008) have been described for confirmatory analysis. An effective monitoring technique for 

regulation of these antibiotics require specific sensitivity, rapid, reliable and economical  

methods able to detect them at or below the MRL levels (Conzuelo et al., 2013).  
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Table 4.1 Summary of reported biosensor techniques for detection of SDZ and SRT in the milk 

samples. 

 Analyte Biosensor/ Transducers  Detection limit  Reference 

 Sulfadiazine  Flow cytometry Immunoassay  1 ng/mL  Keizer et al., 2008 

  Immunoassay  10 ng/mL  Bjurling et al., 2000 

 Streptomycin  Electrochemical  7 pg/mL  Que et al., 2013 

  Electrochemical immunoassay  5pg/mL  Liu et al., 2011 

  Immunoassay  4.5 ug/L  Bilandzic et al., 2011 

  ELISA  2ng/mL  Wu et al., 2010 

  iSPR  Immunosensor  1.2 ng/ml  Raz et al., 2009 

  ELISA  3.0 ng/mL  Samsonova et al., 2005 

  Immunoassays  5.06 ug/L  Knecht et al., 2004 

  Immunochemical  3.2ng/mL  Strasser et al., 2003 

  Immunoassay  65ng/mL  Haasnoot et al., 2003 

  Optical biosensor  30 µg/kg  Ferguson et al., 2002 

 Optical immunobiosensor  4.1ng/mL  Baxter et al., 2001 

  

Several biosensor techniques have also been reported recently for SRT detection in the milk. One 

such testimony is Surface plasmon resonance (SPR) based optical biosensor (Baxter et al., 2001). 

Some biosensor techniques are summarized in Table 4.1 for detection of SDZ and SRT. 
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Compared with expensive and complicated optical instrumentation of SPR, quartz crystal 

microbalance (QCM) is more suitable for wide generalization and applications. Owing to its 

simplicity, convenience, and real time response, QCM has been increasingly explored in many 

fields of biological studies (Yang et al., 2009; Yang et al., 2009). QCM has the advantages of 

minimal electrical requirements, adaptability to microfluidic techniques, inexpensive fabrication, 

utility in a flow cell, and label-free detection. QCM biosensor integrated in a flow injection 

analysis (FIA-QCM) system has the advantages in terms of reproducibility, speed of analysis, 

control of contact time and concentration profiling in kinetic studies (Malitesta et al., 2011).  

4.1.3 Working principle of EQCN 

The principle of QCM detection is based on the frequency changes of the crystal that is 

proportional to the mass changes to the crystal surface. The quantitative relationship between the 

frequency shifts and the mass changes of the crystal is given by the well-known Sauerbrey 

equation (Sauerbrey, 1959)  

                                                                                                                            (4.1) 

Where, ∆f is frequency change (Hz), ∆m is the mass change (gm) on the sensor surface, f0 is the 

fundamental frequency (Hz), A the electrode surface area, and ρq and μq are the density (cm
3
) 

and the shear modulus (gm cm
-1

s
-2

) of the QCM sensor, respectively. 

The EQCN is a measurement system for monitoring, extremely small variation in the mass of a 

working electrode attached to a vibrating quartz single crystal. Thin wafers cut from a quartz 

crystal at a specific orientation (35°15' angle) and with precise thickness (0.166 mm), which 

oscillates at a characteristic fundamental frequency of 10 MHz. The working electrode is in the 

form of a thin metal film evaporated on one side of a quartz crystal wafer, which is then sealed to 

the side opening in an electrochemical cell.  Any change in the mass rigidly attached to the 

working electrode results in the change of the quartz crystal oscillation frequency. The frequency 

of the working quartz crystal is measured and compared to the frequency of the standard 

reference quartz crystal. Hence, the frequency measurements are differential, i.e. the frequency 



Chapter 4 Development of FIA-EQCN biosensor for analysis of antibiotic residue analysis in milk 

 

67 

 

of the reference crystal is subtracted from the frequency of the working crystal. The obtained 

frequency difference is then converted to an analog voltage using a frequency-to-voltage 

converter and measured using a 16-bit analog-to-digital converter (ADC). The frequency shift is 

proportional the mass change of the working electrode. The EQCN experiments are completely 

computer controlled with the data logger DAQ-716 with real-time VOLTSCAN data acquisition 

and control system (based on a 16-bit D/A converter and 16-bit A/D converters). All the data 

processing, graphing, and spreadsheet reporting are done with Voltscan 5.0 software. 

Calculations of frequency to mass change is calculated as per the following equation: 

                                                   (4.2) 

 

   Where,  

   Δm = Mass Change (gm) 

   Δf  = Resonant Frequency Change (Hz),  

     A = Piezoelectric active surface for reaction (0.25 cm
2
) 

   µq = AT-cut quartz constant (2.947x10
11

 gm cm
-1

 s
-2

) 

     ρq = Quartz crystal density (2.65g cm
3
) 

     fq  = Reference frequency or Resonant Frequency (Hz),  

 

In the EQCN 700 system, resonant frequency of the gold crystal was 10MHz (10 x 10
6
 Hz) and 

calculated change of 1 Hz equals to 1.1040 ng.  

4.1.4 Self-assembled monolayers 

To implement a FIA-QCM biosensor, biomolecules need to be immobilized on the crystal 

surface to capture target analyte. Various immobilization methods, including thiolation, 

silanization, and immobilization via cross-linking are used for binding of the biomolecules on the 

crystal surface. Recently antibody immobilization by way of self-assembled monolayers (SAMs) 

of thiolated antibody, exploiting carboxyl amine coupling of the antibody over the SAMs of 

different thiols or sulphide compounds have been demonstrated (Park et al., 2004). SAMs of 
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organic molecules are molecular assemblies formed spontaneously on surfaces by adsorption and 

organized into more or less large ordered domains. SAMs are created by the chemisorptions of 

head groups onto a substrate from either the vapor or liquid phase
 

followed by a slow 

organization of tail groups. The head groups assemble on the substrate, while the tail groups 

assemble far from the substrate. Areas of close packed molecules nucleate and grow until the 

surface of the substrate is covered in a single monolayer. Moreover, SAMs provide versatility 

and novel properties o surfaces and interfaces by conjugating biomolecules to facilitate a low-

cost method of fabricating biosensor devices with improved activity, stability and selectivity 

(Ulman, 1996). 

4.1.5 Objective  

The aim of this work was to develop a highly sensitive and broad range biosensor for 

determination of antibiotic residues in the milk samples using FIA-EQCN based biosensor using 

specific antibodies against these antibiotics as a biocomponent. 

4.2 Experimental Section 

4.2.1 Chemicals and biochemicals 

Anti- Streptomycin monoclonal antibody-IgG fraction isolated from Mouse was purchased from 

abcam (UK). Streptomycin sulfate was procured from MP biomedical (France) and the 

streptomycin ELISA kit was procured from Biooscientific (USA). Anti-sulfadiazine polyclonal 

antibody Ig fraction isolated from sheep, sulfadiazine and sulfadiazine ELISA kit were 

purchased from Randox (UK).Sodium dihydrogen phosphate monohydrate, disodium hydrogen 

phosphate monohydrate, sodium chloride, 11-mercaptoundecanoic acid (11-MUA), 1-ethyl-3-[3-

dimethylaminopropyl] carbodiimide hydrochloride (EDC), N-hydroxy succinimide (NHS), 

glutaraldehyde solution 25%, sodium chloride, glycin and cysteaminium chloride were obtained 

from Merck (Germany). L-cysteine hydrochloride was procured from Himedia labs India. For 

sample handling, micropipettes (eppendorf®, Germany) were used. Centrifugation of milk 

sample was done by minispin (eppendorf®, Germany). All the solutions were prepared in a 

0.22µm membrane filtered Milli-Q system RO water (Millipore, USA), Seven Multi pH meter 
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(Mettler Toledo, Switzerland) was used for pH measurements. All other chemicals used were of 

analytical grade and used as received. 

4.2.2 Instrumentation for FIA-EQCN biosensor 

EQCN system integrated with flow cell model FC-6 (Elchema, USA) was deployed for 

construction of FIA biosensor. The gold quartz crystal (10 MHz, AT cut) was connected to the 

frequency-measuring unit, which contains a reference crystal with the same characteristics as the 

measuring crystal. A peristaltic pump (Gilson, France) was connected through a 6-port injection 

valve (Rheodyne, USA) to the flow-cell. The output from the oscillator was measured by the 

frequency unit, which calculated the mass by using a conversion factor (1Hz equivalent to 1ng). 

A personal computer controlled the data acquisition. The flow cell was placed in a faraday cage 

to shield the crystal from external electromagnetic sources. The experimental setup used for the 

study is shown as Figure 4.2. 

 
 

Figure 4.2 Schematic of FIA-EQCN biosensor for antibiotic residue analysis in milk. 
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4.2.2.1 Microfludic of the flow cell 

The gold quartz crystal was placed in a plexiglass flow cell, sandwiched between two O-rings, 

with its upper electrode in contact with the liquid and its lower electrode in the air. The diameter 

of the quartz wafer is 14 mm and the diameter of the working electrode is 5 mm. The volume of 

the flow cell was 50 μL (Ø = 8mm and height =1mm). The pump was connected in such a way 

that it reduced the pressure exerted on the crystal. Samples were filled in the 6-port injection 

valve and injected into the carrier buffer through 100 µL sample loop. The sample was passed on 

the flow cell through the peristaltic pump with the flow rate of 0.5 mL/min in static mode and 0.1 

mL/min in semi-automated mode. Real time response was recorded till the sample equilibrium. 

To reach the steady state equilibrium about 2 ml of sample was used at the flow rate of 

0.1mL/min. The capacity of the working area (area under O ring) of the flow cell is 40 µL at 

equilibrium. Figure 4.3 represents the schematic setup of the FIA-EQCN system with 

microfluidic of the flow cell. 

 

 Figure 4.3 Schematic for the microfluidics of FIA-EQCN biosensor. R- Buffer reservoir, P-   

Peristaltic pump, V- 6-port injection valve. 
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4.2.3 FIA-EQCN biosensor for SDZ residue analysis in the milk 

4.2.3.1 Immobilization of anti-sulfadiazine antibodies 

The methodology employed for anti-sulfadiazine polyclonal antibody (pAb-SDZ) 

immobilization was based on multilayer assembling on the gold surface of the piezoelectric 

transducer gold quartz crystal. The cleaned gold quartz crystal was incubated for 12 hrs in an 

aqueous solution with 15 mM cystamine chloride (CYST). The crystal was then washed with 

double distilled water and was incubated in glutaraldehyde solution (2.5% v/v for 30 min.). 

Subsequently, the crystal was washed with PBS to remove residual glutaraldehyde molecules. 

The crystal was finally exposed to the pAb-SDZ solution (1:500 dilutions of 10 μg/ml) for 1 hrs 

and then rinsed with PBS. To block reminiscent aldehyde groups the modified crystal surface 

was exposed to glycine solution (4% w/v for 30 min) and washed with PBS. Schematic for 

immobilization of pAb-SDZ is shown as Figure 4.4. 

Au quartz 

crystal

 

Figure 4.4 Schematic representation of immobilization procedure for anti-sulfadiazine 

polyclonal antibody (pAb-SDZ) on cystamine chloride. 
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4.2.3.2 Solution preparation 

Phosphate buffered saline (PBS, 100 mM) was prepared by dissolving appropriate amount of 

Na2HPO4 and NaH2PO4 containing 137 mM NaCl and 27 mM KCl in membrane filtered RO 

water. The pH of the buffer was adjusted to 7.4 before use. For preparation of standards, known 

amount of SDZ was dissolved in PBS and further diluted to meet the calibration standards. For 

analysis in the milk, samples were centrifuged and diluted (1:4) in PBS. A stock solution of SDZ 

(250 ng/mL) was prepared and further diluted to meet the calibration standards in the range of 

10-200 ng/mL. All the solutions were freshly prepared before the experiment and stored at 4°C 

when not in use.  

4.2.4 Matrix matching for milk sample analysis 

The commercial milk sample of 3.0% fat was procured from the local market of Goa, India. The 

matrix effect on the analysis of SDZ in the milk samples was investigated. In FIA system, fat 

present in the milk may lead to clogging of the fluidic channels and thus, can decrease the 

biosensor performance.  
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Figure 4.5 Effect of dilution of PBS and milk on the response of FIA-EQCN biosensor for 100 

ng/mL SDZ. 
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To avoid such problems, a simple strategy was worked out to obtain the calibration curve for 

SDZ in spiked milk samples. A combination of several sample pre-treatment techniques such as 

centrifugation, filtration, and dilution of milk with PBS was done. In brief, the milk samples 

were centrifuged at 6000 rpm for 20 min at room temperature and filtered with 0.22 µm filter 

(Whatman, USA) and diluted with PBS to obtain different ratios of milk and PBS (1:2, 1:4, 

1:6,1:8). A known amount of SDZ (100 ng/mL) was spiked in the diluted milk sample and it was 

observed that 1:4 dilution of milk sample with PBS showed maximum binding for SDZ with 

immobilized antibody on the modified crystal surface as presented in Figure 4.5. 

4.3 Results and Discussion for SDZ analysis 

4.3.1 Optimization of the FIA-EQCN system for SDZ analysis 

4.3.1.1 Effect of influential parameters of FIA system 

Different parameters like pH, ionic strength of the carrier buffer and flow rate of the FIA system 

were optimized before the experiment was performed. Measurements were carried out with 

different pH (6.8-7.6) and ionic strength (10, 50, 100 and 200 mM) of PBS for 100 ng/mL SDZ.  
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Figure 4.6 Effect of pH of PBS on the response of FIA-EQCN biosensor for 100 ng/mL SDZ. 

PBS 100 mM, flow rate 0.5 mL/min. 
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It is evident from Figure 4.6 that the 100 ng/mL SDZ showed the maximum binding at pH 7.4. 

Similarly, it was observed that the maximum binding of SDZ to pAb-SDZ was found at 100 mM 

PBS as presented in Figure 4.7.  
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Figure 4.7 Effect of ionic strength of PBS on the response of FIA-EQCN biosensor for 100 

ng/mL SDZ, flow rate 0.5 mL/min. 

The effect of flow rate on the binding of SDZ with the immobilized antibody on modified crystal 

surface was tested. The known amount of SDZ standard (100 ng/mL) was passed over the 

mounted crystal in different flow rates (0.01, 0.1, 0.5 and 1 mL/min). As shown in Figure 4.8 

flow rate of 0.5 mL/min provides sufficient contact time for binding of SDZ to the immobilized 

antibody on the gold crystal, thus gives the maximum response. These optimized parameters (pH 

7.4, Ionic strength 100 mM, and flow rate 0.5 mL/min) were used throughout the experiment for 

analysis of SDZ. 
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Figure 4.8 Effect of flow rate of PBS on the response of FIA-EQCN biosensor for 100 ng/mL 

SDZ. PBS 100 mM, pH 7.4. 

4.3.1.2 Optimization of antibody dilutions for pAb-SDZ 

It is very important to optimize the concentration of antibody (bioreceptors), which critically 

affects their conjugation onto the electrodes as well as their ease of access toward analytes with 

minimum physical steric hindrance (Ahmed et al., 2013). To determine the optimum antibody 

concentration and to check the maximum binding efficiency, different dilutions of pAb-SDZ 

were injected into the FIA system on the different SAMs modified crystal surface. The pAb-SDZ 

antibodies were diluted with PBS as 1:100, 1:500 and 1:1000. As shown in Figure 4.9, it was 

found that 1:1000 dilution of pAb-SDZ showed the maximum binding on the optimized 

monolayer surface. Hence, further experiments were carried out using 1:1000 dilutions of 

antibodies. However, antibody dilution of 1:100 and 1:500 showed less binding which agrees 

with the hypothesis that too high a density of bioreceptors can actually hinder binding due to 

steric hindrance at high concentration 
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Figure 4.9 Effect of antibody dilution on the response of FIA-EQCN biosensor for 100 ng/mL 

SDZ. Carrier buffer- PBS (100 mM), pH 7.4, flow rate 0.5 mL/min. 

4.3.2 Characterization of pAb-SDZ immobilized gold crystal 

The surface of the gold quartz crystal before and after coupling to pAb-SDZ were characterized 

by scanning electron microscopy (SEM) by Zeiss EVO-50 (Germany). 

(i) (ii)

 

Figure 4.10 SEM analyses of (i) bared gold crystal and (ii) gold crystal with immobilized 

antibody at 5000X magnification. 
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Figure 4.10 shows the SEM micrograph of the bare gold quartz crystal and pAb-SDZ 

immobilized gold quartz crystal at 5000X magnification. Plain and uniform morphology can be 

seen in the SEM image of gold quartz crystal surface in Figure 4.10 (i). However, the 

transformation to dense globular morphology with bright streaks is observed after 

immobilization of pAb-SDZ on to gold quartz crystal surface as presented in Figure 4.10 (ii). 

Both the images confirm the binding of pAb-SDZ on the gold quartz crystal surface. 

 

4.3.3 Calibration of SDZ in buffer and milk 

The pAb immobilized gold quartz crystal was kept in a plexiglas flow-cell, sandwiched between 

two O-rings and degassed PBS solution was pumped via FIA manifold, until a constant baseline 

was achieved. SDZ standard solutions from 10 to 200 ng/mL were prepared in carrier buffer and 

injected into the FIA-EQCN system.  
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Figure 4.11 Calibration graph for analysis of SDZ in PBS. Inset: linear fit data representation for 

SDZ analysis in PBS.  
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Response signals were recorded using a data acquisition system connected to resonator and 

plotted as mass change vs. concentration of SDZ. All samples were injected in triplicates. A 

good linear response was obtained for SDZ binding in the range of 50–200 ng/mL. The results 

are presented as Figure 4.11. The linear fit of data shows a good correlation between 

immobilized pAb and SDZ (R2 = 0.98, % RSD (n =3) 0.83). Furthermore, the usefulness of the 

developed biosensor was also evaluated in the milk samples by analyzing 1:4 diluted milk with 

PBS. Known concentrations of SDZ (10 to 200 ng/mL) were spiked in the diluted milk samples 

to construct a calibration graph. A good dynamic range was obtained from 10 to 200 ng/mL with 

a linear range of 50-200 ng/mL. The correlation coefficient (R2) of the developed biosensor in 

the milk was found to be 0.98, with % RSD (n=3) 0.80. The minimum limit of detection for SDZ 

in PBS and milk was found to be 10 ng/mL. The obtained results are presented as Figure 4.12. 
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Figure 4.12 Calibration graph for analysis of SDZ in the milk. Inset: linear fit data 

representation for SDZ analysis in the milk.  
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4.3.4 Cross reactivity of SDZ 

Cross-reactivity studies were performed in PBS using standard solutions (100 ng/mL) of 

different sulfonamides. Most common sulfonamides like sulfadiazine, acetyl-sulfadiazine, 

sulfathiazole, sulfamethazine, sulfaquinoxaline, and sulfamethoxazole are tested for cross 

reactivity with sulfadiazine specific pAb. Very high cross-reactivity was obtained for 

sulfadiazine and acetyl sulfadiazine, which contains more related structures with sulfadiazine, 

are recognized by the antiserum with a cross-reactivity of 100% and 92%, respectively. 

sulfathiazole and sulfamethazine shows cross reactivity of 1.2% and 0.2% respectively. 

sulfaquinoxaline and sulfamethoxazole shows less than 0.1% cross reactivity. Apart from 

sulphonamides, 1 aminoglycoside e.g. streptomycin (SRT, 100 ng/mL) was also tested for cross 

reactivity with SDZ and no cross reactivity observed. Results are shown in Table 4.2. 

Table 4.2 Cross reactivity of SDZ with other antibiotics 

Sulphonamides % Cross Reactivity 

Sulfadiazine 100 

Acetyl-sulfadiazine 92 

Sulfathiazole 1.2 

Sulfamethazine 0.2 

Sulfaquinoxaline <0.1 

Sulfamethoxazole <0.1 

Aminoglycosides  

Streptomycin 0.00 

 

4.3.5 Recovery studies from SDZ spiked milk samples 

The potential application of the developed FIA-EQCN system for detection of SDZ in the milk 

was tested. All milk samples were initially assumed as SDZ free. A known amount of the SDZ 

standard solution was added to centrifuged, diluted and filtered milk and analyzed in the FIA-

EQCN system. Based on the response signal, recoveries were calculated. Table 4.3 shows the 

recovery results obtained from milk samples. Recoveries in the range of 98.6–100.5% were 
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obtained. This ensures the potential application of the developed biosensor for SDZ analysis in 

the milk samples. 

Table 4.3 Recovery studies of SDZ from spiked milk samples 

SDZ  Added 

(ng/mL) 

SDZ Found 

(ng/mL) mean 

(n=3) 

Mean ± S.D. % RSD  % Recovery 

100 98.06 98.06 ± 0.40 1.10 98.6 

100 99.02 99.02 ± 0.26 0.96 99.2 

100 100.05 100.05 ± 0.10 0.21 100.5 

4.3.6 Cross validation and comparison 

The results obtained from the FIA-EQCN measurements were cross validated against 

commercial ELISA kit. Validation experiments against ELISA method confirmed the reliability 

of the FIA-EQCN biosensor test. In EQCN measurements, mass changes increases with an 

increase in the concentration of SDZ whereas in the ELISA measurements, optical density of the 

reactant decreases with increase in the concentration. 
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Figure 4.13 Comparison of the results for SDZ concentration obtained with FIA-EQCN 

biosensor and commercial ELISA kit. 
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It is clear from the Figure 4.13, that one technique is supplementary to another technique as the 

results are inversely proportional. The obtained results from both the methods show good co-

relation in terms of sensitivity and reproducibility. The % RSD obtained shows the difference of 

±0.5% by both methods. In addition, the methods show linearity in the same range as from 50 -

150 ng/mL. 

 

4.4 FIA-EQCN biosensor for SRT residue analysis in the milk 

4.4.1 Immobilization of anti-streptomycin antibodies 

The methodology employed for immobilization of anti-streptomycin monoclonal antibodies 

(mAb-SRT) was based on multilayer assembling on the surface of gold quartz crystal. In brief, a 

clean gold quartz crystal was immersed overnight in 4 mM ethanolic solution of 11-MUA under 

ambient condition. The gold quartz crystal was gently washed with absolute ethanol to remove 

unbound 11-MUA residues and dried with nitrogen stream before use. For coupling of the mAb-

SRT antibody, the carboxyl group of SAM on modified electrode was activated by 1:1 

EDC/NHS (100 mM each) mixture for 2 hrs. Subsequently, the crystal was washed with 

membrane filtered water to remove excess EDC/NHS. Finally, solution of 10 mg mL-1 (1:1000 

in PBS) mAb-SRT was added carefully over the activated surface of SAM followed by overnight 

(8-12 hrs) incubation at 4°C. The coupled gold crystal was washed to remove unbound antibody 

and mounted on the flow cell to use in FIA mode. Schematic for immobilization of mAb-SRT is 

shown as Figure 4.14. 

 

Figure 4.14 Schematic representation of immobilization procedure for anti-streptomycin 

monoclonal antibody (mAb-SRT) on 11-MUA.  



Chapter 4 Development of FIA-EQCN biosensor for analysis of antibiotic residue analysis in milk 

 

82 

 

4.4.2 Solution preparation 

Phosphate buffered saline (PBS, 100 mM) was prepared by dissolving appropriate amount of 

Na2HPO4 and NaH2PO4 containing 137 mM NaCl and 27 mM KCl in membrane filtered RO 

water. The pH of the buffer was adjusted to 7.4 before use. For preparation of standards, known 

amount of SRT was dissolved in PBS and further diluted to meet the calibration standards. For 

analysis in the milk, samples were centrifuged and diluted (1:4) in PBS. A stock solution of SRT 

(300 ng/mL) was prepared and further diluted to meet the calibration standards in the range of 

0.001 to 300 ng/mL. All the solutions were freshly prepared before the experiment and stored at 

4°C when not in use.  

4.4.3 Matrix matching for milk sample analysis 

The commercial milk sample of 3.0% fat was procured from the local market of Goa, India. The 

matrix effect on the analysis of SRT in the milk samples was investigated.  
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Figure 4.15 Effect of dilution of PBS and milk on the response of FIA-EQCN biosensor for 10 

ng/mL SRT. 
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A combination of several sample pre-treatment techniques such as centrifugation, filtration, and 

dilution of milk with PBS was done. In brief, the milk samples were centrifuged at 6000 rpm for 

20 min at room temperature and filtered with 0.22 µm filter (Whatman, USA) and diluted with 

PBS to obtain different ratios of milk and PBS (1:2, 1:4, 1:6,1:8). A known amount of SRT(10 

ng/mL) was spiked in the diluted milk sample and it was observed that 1:4 dilution of milk 

sample with PBS showed maximum binding for SRT with immobilized antibody on the modified 

crystal surface as shown in Figure 4.15. 

4.5 Results and Discussion for SRT analysis 

4.5.1 Optimization of the FIA-EQCN system for SRT analysis 

4.5.1.1 Effect of influential parameters of FIA system 

Different influential parameters like pH, ionic strength of the carrier buffer and flow rate of the 

FIA system were optimized before the experiment was performed. Measurements were carried 

out with different pH (6.8-7.6) and ionic strength (10, 50, 100 and 200 mM) of PBS for 10 

ng/mL SRT.  
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Figure 4.16 Effect of pH of PBS on the response of FIA-EQCN biosensor for 10 ng/mL SRT. 

PBS 100 mM, flow rate 0.1 mL/min. 
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It is evident from Figure 4.16 that the 10 ng/mL SRT showed the maximum binding at pH 7.4. 

Similarly, 100 mM PBS showed the maximum binding for mAb-SRT and SRT as presented in 

Figure 4.17.  
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Figure 4.17 Effect of ionic strength of PBS on the response of FIA-EQCN biosensor for 10 

ng/mL SRT, flow rate 0.1 mL/min. 

The effect of flow rate on the binding of SRT with the immobilized antibody on modified crystal 

surface was tested. The known concentration of SRT standard (10 ng/mL) was passed over the 

mounted crystal in different flow rates (0.01, 0.1, 0.5 and 1 mL/min). As shown in Figure 4.18, 

flow rate of 0.1 mL/min provides sufficient contact time for binding of SRT to the immobilized 

antibody on the gold crystal, thus gives the maximum response. These optimized parameters (pH 

7.4, ionic strength 100 mM and flow rate 0.1mL/min) were used throughout the experiment for 

analysis of SRT. 
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Figure 4.18 Effect of flow rate of PBS on the response of FIA-EQCN biosensor for 10 ng/mL 

SRT. PBS 100 mM, pH 7.4. 

4.5.1.2 Optimization for surface modification 

SAMs provide a robust and reproducible method for the immobilization of biomolecules where 

some control over the orientation and distribution is possible. Thiols and sulfides in solution can 

spontaneously adsorb onto the surface of gold, silver, platinum and copper with regular 

organization and high thermal, mechanical and chemical stability. Gold-coated crystals are most 

frequently used for QCM biosensors due to their stability. Some earlier reported protocols for 

SAMs were used for optimization of surface modification to immobilize mAb-SRT on gold 

quartz crystal, with slight modifications. 11-MUA (4 mM) (Park et al., 2004), cysteaminium 

chloride (10 mM) (Silva et al., 2010) and L-cysteine (10 mM) (Zhang et al., 2009) were tested 

for immobilization of mAb-SRT on the gold quartz crystal surface. The concentrations of 

different surface modifiers and cross-linkers were optimized and mAb-SRT antibody was 

attached to the surface. The SAMs based on 11-MUA showed the maximum mass change 

against mAb-SRT coupled gold quartz crystal for SRT standard which confirms the maximum 
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binding. Thus, further experiments were carried out using 11-MUA. Figure 4.19 represents the 

binding responses obtained with different SAM’s. 
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Figure 4.19 Optimization of different self assembled monolayers. Inset: representation of 

different thiols attached to the gold quartz crystal. 

4.5.1.3 Optimization of antibody dilutions for mAb-SRT 

To determine optimum antibody concentration and to check the maximum binding efficiency, 

different dilutions of mAb-SRT were injected into the FIA system on the SAMs modified crystal 

surface. The mAb-SRT antibody was diluted with PBS as 1:100, 1:500 and 1:1000. As shown in 

Figure 4.20, it was found that 1:1000 dilution of mAb-SRT showed the maximum binding on the 

optimized monolayer surface. However, antibody dilution of 1:100 and 1:500 showed less 

binding which agrees with the hypothesis that too high a density of bioreceptors can actually 

hinder binding because of steric hindrance at high concentration. Recently, Holford et al has also 

demonstrated that a high concentration of antibody decreased biosensor sensitivity, as it did not 

facilitate bioreceptor binding on the surface, probably due to steric hindrance (Holford et al., 

2013). Hence, all the further experiments were carried out using 1:1000 dilutions. 
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Simultaneously, experiments were carried out to study the maximum binding capacity of 

modified crystal with mAb-SRT. Optimized dilution of antibody solution in buffer was passed to 

the modified crystal surface and the real time binding response was recorded. Saturation of the 

modified SAMs layer on crystal surface was observed during the second run of antibody as 

evident from the  inset of Figure 4.20. 
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Figure 4.20 Real time binding response for antibody dilutions for analysis of SRT. Inset: 

Binding capacity of the gold crystal through different layers of antibody. Carrier buffer- PBS 

(100 mM), pH 7.4, flow rate 0.1 mL/min. 

4.5.2 Characterization of mAb-SRT immobilized gold crystal 

Fourier transform infra red (FT-IR) spectroscopy was applied to measure the surface properties 

of the AT-cut gold quartz crystal coupled through 11-MUA SAMs via the carbodiimide cross-

linking reaction. The surface was characterized before and after coupling of mAb-SRT at each 

step during the experiment. Spectra were recorded using IR Affinity-1 (M/s SHIMADZU Corp., 

Kyoto, Japan) with attenuated total reflectance (ATR) attachment specac diamond ATR AQUA. 

The spectra were recorded using 40 scans at 4 cm
-1

 resolution collected under vacuum condition. 
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The FT-IR spectra are shown in Figure 4.21. FT-IR spectrum of bared gold surface is shown as 

Figure 4.21 (a). Spectrum of gold surface treated with 11-MUA is shown as Figure 4.21 (b) 

where it showed the C-H Stretches in asymmetric and symmetric mode at 2925 cm
-1

 and 2848 

cm
-1

. The broad region from 2500-3500 cm
-1

 with out-of-plane bending for O-H at 935 cm
-1

 

confirming the presence of COOH group of 11-MUA. The broad region with asymmetric and 

symmetric Stretches at 1676 and 1619 cm
-1

 confirm the presence of C=O of acid.  Two-

associated peak for C-H deformation (scissoring) was found to be at 1488 and 1448 cm
-1

. Three 

associated peak for long chain carbon of 11-MUA appears at 684, 635 and 537 cm
-1

. As shown 

in Figure 4.21 (c), after immobilization of Ab on gold crystal, new absorption bands appears at 

1645 and 1552 cm
-1

 which confirm the presence of the amide bond (CO-NH) in between 11-

MUA and mAb-SRT. The presented FT-IR spectra confirms the attachment of mAb-SRT to the 

modified surface of gold quartz crystal. 

4000 3500 3000 2500 2000 1500 1000 500

5
3
2
.0

86
5
3
.4

4
6
7
2
.3

6

8
0
7
.9

9
8
6
0
.3

9

9
8
6
.2

0

1
0

7
6

.0
9

1
2
6
2
.1

9

1
3
9
8
.2

3

1
4
7
4
.1

7

1
5
5
2
.0

6

1
6
4
5
.1

5

2
9
2
4
.4

3

(c)

2
9
6
2
.2

8

4
8
7
.7

9

2
8
4
8
.5

2
2
9
2
5
.2

7

1
6

1
9

.3
9

5
3
7
.9

4

6
3
5
.4

9

6
8
4
.8

89
3
5
.7

6

1
1
0
2
.0

8

1
4
4
8
.0

3
1
4
8
8
.7

3

1
6
7
6
.5

9

(b)

Wavenumber (cm
-1

)

(a)

T
ra

n
s

m
it

ta
n

c
e

 (
%

)

 

Figure 4.21 FT-IR characterization of immobilized SRT antibody on modified gold crystal. 
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4.5.3 Calibration of SRT in buffer and milk 

The mAb-SRT immobilized gold quartz crystal was mounted in plexiglas flow-cell and degassed 

PBS was passed until the constant baseline was achieved. Freshly prepared SRT standard in PBS 

(0.001-300 ng/mL) were injected into the FIA-EQCN system, starting from lower to higher 

concentration. The response signals of different concentration were recorded using the data 

acquisition system (DAQ-716) and plotted as mass change (∆m) vs. concentrations. The obtained 

data from the Voltascan 5 software was treated using OriginPro 8 software and the data of best 

fit was plotted. In the developed FIA-EQCN biosensor, results were obtained as mass change 

resulting from the real time binding of SRT to the mAb-SRT immobilized via the SAMs on the 

quartz crystal. The mass change (∆m) is converted into ng to impart more clarity in the 

calibration graph. The background value (50 ng/mL) is exhibited from the interaction of the 

antibody coupled quartz crystal with the carrier buffer (PBS 100 mM, pH 7.4) at a flow rate of 

0.1mL/min.  
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Figure 4.22 Calibration graph for analysis of SRT in PBS. Inset: linear fit data representation for 

SRT analysis in PBS.  
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As presented in Figure 4.22, good dynamic range was obtained for SRT in PBS from 0.3 to 300 

ng/mL with a linear range of 0.3-10 ng/mL. The correlation coefficient (R
2
) of the biosensor 

performance on PBS was 0.99 with % RSD (n=3) 0.23 to 2.13 and the linear equation was y 

=67.0564x (ng/mL) +202.64. Furthermore, the usefulness of the developed biosensor was also 

evaluated in the milk sample by analyzing 1:4 diluted milk with PBS.  
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Figure 4.23 Calibration graph for analysis of SRT in the milk. Inset: linear fit data representation 

for SRT analysis in the milk.  

Known concentrations of SRT (0.001 to 300 ng/mL) were spiked in the diluted milk samples to 

construct a calibration graph. A good dynamic range was obtained from SRT spiked milk from 

0.3 to 300 ng/mL with a linear range of 0.3-50 ng/mL. The correlation coefficient of the 

developed biosensor in the milk was found to be 0.997, with % RSD (n=3) 0.13 to 1.10 and the 

linear equation was y =64.024x (ng/mL) +205.4033.  Based on the calculation of baseline peak 

to peak noise root mean square (RMS) i.e. 6.7 and the sensitivity of the calibration curve, i.e. 

67.0564 ng/mL for PBS and 64.024 ng/mL of milk, the minimum limit of detection for SRT in 

PBS and milk was determined to be 0.3 ng/mL. The obtained result is  presented as Figure 4.23. 

Sensitivity and the detection range of the developed biosensor is attributed to the affinity 
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interaction between the antibodies and the antigen, since the specific monoclonal antibody 

against SRT was immobilized on the SAMs surface which selectively graft the target analyte 

(SRT). Obtained real time mass change (∆m) and cumulative mass change values for baseline 

(functionalized gold crystal and mAb-SRT immobilized crystal) and SRT (0.001, 0.005, 0.01, 

0.1, 0.5 and 1 ng/mL) spiked milk have been presented as Table 4.4. The dissociation constant 

(Kd) for SRT spiked in PBS and milk with immobilized mAb-SRT on the modified gold crystal 

was determined using ligand binding kinetics in sigma plot 11.0.0 and found to be 1.33×10-10 M 

and 1.161 ×10-10 M for PBS and milk respectively. 

Table 4.4 Real time mass change (∆m) values for SRT analysis in the milk 

Steps Interaction’s Step-wise average 

mass change (Δ m) 

ng ±S.D. 

Cumulative mass 

change (Δ m) ng 

1. Baseline of functionalized gold crystal 0.00 ± 6.7 0.00 

2. The response of mAb-SRT on 

functionalized gold crystal 

39.80 ± 1.9 39.80 

3. The response of SRT (0.001 ng/mL)  

spiked milk on mAb-SRT 

immobilized crystal 

41.09 ± 2.1 80.89 

4. The response of SRT (0.005 ng/mL)  

spiked milk on mAb-SRT 

immobilized crystal 

23.61± 1.1 104.70 

5. The response of SRT (0.01 ng/mL)  

spiked milk on mAb-SRT 

immobilized crystal 

14.78 ± 1.9 119.48 

6. The response of SRT (0.1 ng/mL)  

spiked milk on mAb-SRT 

immobilized crystal 

59.56 ± 1.3 179.04 

7. The response of SRT (0.5 ng/mL)  

spiked milk on mAb-SRT 

immobilized crystal 

48.56 ± 0.9 227.60 

8. The response of SRT (1.0 ng/mL)  

spiked milk on mAb-SRT 

immobilized crystal 

21.92 ± 0.74 249.52 

 

 



Chapter 4 Development of FIA-EQCN biosensor for analysis of antibiotic residue analysis in milk 

 

92 

 

4.5.4 Cross reactivity of SRT  

Cross-reactivity studies were performed to check the group specificity of the developed 

biosensor against the most structurally similar molecule dihydrostreptomycin (DHSRT) and 

other three non-targeted aminoglycosides namely gentamycin (GENTA), neomycin (NEO) and 

kanamycin (KAN). Apart from aminoglycosides, one sulfonamide e.g. sulfadiazine (SDZ) was 

also tested for cross reactivity, which is commonly used in veterinary medicine and may present 

in the milk. Cross-reactivity was tested in 1:4 diluted milk samples using 10 ng/mL standard 

solutions of above mentioned antibiotics. mAb-SRT immobilized crystal was fixed on flow cell 

and solutions of different antibiotics were passed individually through the FIA system at the flow 

rate of 0.1mL/min . As shown in Table 4.4, very high cross-reactivity was obtained for SRT and 

DHSRT (100% and 93.8%, respectively) on mAb-SRT immobilized gold crystal, which contains 

more related structures with SRT. Other aminoglycosides e.g. GENTA, KAN and NEO showed 

no significant cross reactivity with mAb-SRT antibody and obtained results were less than 0.1% 

for all the three aminoglycosides. Similarly, no cross-reactivity was observed with SDZ. 

Obtained results demonstrate that there is no significant interference produced by any other non-

targeted antibiotics, which may commonly be present in the milk. The results indicate the 

remarkable specificity of the developed FIA-EQCN biosensor for SRT detection in the milk. 

Table 4.5 Cross reactivity of SRT with other antibiotics 

Aminoglycosides 
 

% Cross-reactivity 

Streptomycin 100 

Dihydro-streptomycin 93.8 

Gentamycin ≤ 0.1 

Kanamycin ≤ 0.1 

Neomycin ≤ 0.1 

Sulphonamides  

Sulfadiazine 0.00 
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4.5.5 Recovery studies for SRT spiked milk samples 

The potential application of developed FIA-EQCN biosensor has been tested for the detection of 

SRT in the diluted milk samples. Initially, all the milk samples were assumed to be free of SRT. 

A known amount of SRT (1 ng/mL) was spiked in the diluted milk samples from the prepared 

stock solution. Based on the response signals recorded from FIA-EQCN biosensor, recoveries 

were calculated. Table 4.6 shows the % recovery obtained for SRT spiked milk samples. The 

recoveries obtained (98- 99.33%) from the developed biosensor indicates the potential 

application of the FIA-EQCN biosensor for the ultra sensitive detection of SRT in the milk 

samples. 

Table 4.6 Recovery studies of streptomycin from spiked milk samples 

Milk 

Sample 

SRT 

added 

[ng/mL] 

SRT Found [ng/mL] Mean ± S.D. 

(n=3) 

% RSD %Recovery 

R1 R2 R3 

Milk-1 1.0 1.00 0.96 0.98 0.98 ± 0.02 2.04  98.00  

Milk-2 1.0 0.99 0.98 1.01 0.99 ± 0.01 1.51  99.33  

Milk-3 1.0 0.99 0.97 1.00 0.98 ± 0.01 1.52  98.67  

Milk-4 1.0 0.96 1.02 0.99 0.99 ± 0.03 3.03  99.00  

R1-R3: Response in FIA-EQCN biosensor 

4.5.6 Cross validation and comparison 

The results obtained from the FIA-EQCN measurements were cross-validated against 

commercial ELISA kit. Different diluted milk samples were spiked with a known amount of 

SRT and analyzed through the developed biosensor and commercial ELISA kit. Analysis was 

performed to determine % recovery for obtaining results. The recoveries obtained from the FIA-

EQCN biosensor (99.7-101.3%, % RSD (n=3) 0.60- 1.50) was more or less similar to the results 

obtained from the ELISA kit (98.7-101.1%, % RSD (n=3) 1.28-1.78). It is evident from the 

Table 4.7 that the obtained results from both the methods show good correlation in terms of 
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sensitivity and reproducibility. The developed biosensor is reliable and as precise as the 

commonly used ELISA method. 

Table 4.7 Comparison of FIA-EQCN biosensor with commercial ELISA kit 

SRT added 

(ng/mL) 

SRT Found 

(ng/mL) (n=3) 

Mean ± S.D. 

(ng/mL) (n=3) 

% RSD % Recovery 

FIA-

EQCN 

Kit FIA-EQCN Kit FIA-

EQCN 

Kit FIA-

EQCN 

Kit 

10.0 9.97 9.87 9.97 ± 0.15 9.87 ± 0.13 1.50 1.31 99.70 98.7 

10.0 10.03 10.02 10.03 ± 0.06 10.02 ± 0.16 0.60 1.59 100.3 100.2 

10.0 10.13 10.11 10.13 ± 0.14 10.11 ± 0.13 1.38 1.28 101.3 101.1 

4.5.7 Precision of  FIA-EQCN biosensor 

Precision of developed biosensor was tested by determining intra and inter run analysis on the 

same modified gold quartz crystal immobilized with mAb-SRT antibody and with the diverse 

sets of immobilized crystals. A known amount of SRT concentration (10 ng/mL) was spiked in 

the diluted milk sample and successively analyzed for biosensor performance (n= 5). The 

baseline was corrected before each analysis and mass change (∆m) was calculated based on the 

obtained responses. The biosensor showed a good reproducibility with standard deviation of 

280.11 ± 0.98 and calculated % RSD (n=5) 0.35 within the same crystal. Similarly, the biosensor 

performance was tested on diverse sets of immobilized crystals. Satisfactory results were 

obtained for SRT analysis in diluted milk samples when analyzed using different sets of 

biosensor. The % RSD (n=5) was found in the range of 0.278-0.558. The obtained results were 

summarized in the Table 4.8. These results indicate the precision and reproducibility of the 

biosensor thus can be used as a potential tool for analysis of SRT in the milk samples. 
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Table 4.8 Reproducibility and precision of FIA-EQCN biosensor 

Intra-batch reproducibility performance of FIA-EQCN biosensor for SRT 

Concentration 

(ng/mL) 

R1 R2 R3 R4 R5 S.D. ± Mean 

(n=5) 

% RSD 

10 279.4 280.94 280.1 278.9 281.2 280.108 ± 0.98 0.35 

Inter-batchreproducibility performance of FIA-EQCN biosensor for SRT 

Crystals Concentration 

(ng/mL) 

R-1 R-2 R-3 S.D. ± Mean 

(n=3) 

% RSD 

Crystal-1 10 279.40 280.94 280.10 280.15 ± 0.77 0.278 

Crystal-2 10 280.65 281.20 279.64 280.48 ± 0.79 0.282 

Crystal-3 10 279.60 280.34 281.34 280.43 ± 0.87 0.310 

Crystal-4 10 281.56 280.40 280.00 280.65 ± 0.81 0.289 

Crystal-5 10 279.84 281.78 282.94 281.52 ± 1.57 0.558 

R1-R5: Response in FIA-EQCN biosensor 

4.6 Conclusion 

The objective of this work was to develop a broad detection range biosensor with sensitive 

detection and which gives highly stable results for determination of antibiotic residues in the 

milk samples using FIA-EQCN based biosensor. A FIA-EQCN biosensor for SDZ and SRT 

residue analysis in the milk was developed. Obtained calibration for SDZ (10-200 ng/mL) and 

SRT (0.3-300 ng/mL) supports the applicability of the developed biosensor in the milk sample 

analysis. The obtained recoveries for SDZ (98.6-100.5%) and SRT (98-99.33%) spiked milk 

samples also encourage the application of developed biosensor towards the quantification of 

these antibiotic residues in the milk samples. Validation of the presented biosensor against 

commercial ELISA kit (Biooscientific, USA) supports that the developed biosensor provides 

much sensitive detection (0.3 ng/mL) as compared to the analysis of commercial kit (5 ng/mL) 

for SRT detection. The developed biosensor could complete the analysis in less than 17 min and 

exhibited a great potential for automated analysis in dairy industries.  
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Note: Development of a novel application for bacterial detection using impedimetric 

immunosensor was envisaged under collaborative mode. The bioelectronic aspects including 

electrical characterization and equivalent circuit has been reported elsewhere (Bacher et al., 

2012). 
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5.1 Introduction 

Detection of contaminated water by pathogenic microorganism is an important concern for 

ensuring water safety, security, and public health. A clean and treated water supply to each house 

may be the norm in Europe and North America, but in developing countries, access to both clean 

water and sanitation are not in the prime focus thus waterborne infections are common. Two and 

a half billion people have no access to improved sanitation, and more than 1.5 million children 

die each year from water borne diarrheal diseases (Fenwick, 2006). According to the World 

Health Organization (WHO), the mortality of water associated diseases exceeds 5 million people 

per year. From these, more that 50% are microbial intestinal infections (Cabral, 2010). 

Escherichia coli (E. coli) is a natural inhabitant of the intestinal tracts of humans and warm-

blooded animals. The presence of this bacterium in water indicates that fecal contamination may 

have occurred and consumers might be exposed to enteric pathogens when consuming water. 

Hence, E. coli is often preferred as an indicator organism because it is specifically stands for 

fecal contamination (Min and Baeumner, 2002). Rapid and reliable detection of E. coli is critical 

for the management of the waterborne diseases threatening human lives worldwide. The 

occurrence of potential E. coli is extensively studied in water resources in the developing world, 

since it is an important health concern as a large population depends on both processed and 

unprocessed surface waters for drinking and domestic purposes (Ram et al., 2006). Despite the 

potential public health threat from waterborne E. coli, there are no accepted methods for the 

rapid, accurate detection in surface waters. Current measures of microbial water quality rely 

exclusively on “indicators” of fecal pollution (e.g. fecal coliform bacteria or generic E. coli). 

However, there are no established correlations between the prevalence or concentration of these 

“indicators” and specific pathogens (Shelton et al., 2006). Conventional methods for bacterial 

identification usually involves various culturing techniques and different biochemical tests which 

are very time consuming and usually requires 2-4 days. Hence, there is a need for adequate 

monitoring technologies targeting representative pathogenic bacteria like E. coli at low levels 

within hours to prevent mortality and morbidity caused by waterborne outbreaks. The effective 

testing of bacteria requires methods of analysis that meet a number of challenging criteria. 

Analysis time and sensitivity are the most important limitations related to the usefulness of 

bacterial testing. An extremely selective detection methodology is also required, because low 
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numbers of pathogenic bacteria are often present in a complex biological environment along with 

many other non-pathogenic bacteria (Maalouf et al., 2007). 

5.1.1 Label-free detection using electrochemical impedance spectroscopy 

Immunosensors are often classified as label-based and label-free techniques. Label-based 

detection is widely used due to the common availability of reagents and simple instrument 

requirements. Most of the labeled detection such as fluorescence, chemiluminescence, and 

radioactive labeling strategies have synthetic challenges, multiple label issues and may exhibit 

interference with the binding site. However, these labeling strategies often alter surface 

characteristics and natural activities of the target molecule. Moreover, the labeling procedure is 

laborious, lengthy and limits the number and types of target molecules that can be studied. 

Therefore, the development of sensitive, reliable, high-throughput, label-free detection 

techniques are now attracting significant attention. Many label-free techniques such as  surface 

plasmon resonance (SPR), carbon nano-tubes (CNTs) and nanowires, nanohole arrays etc. have 

been successfully  integrated with  bioanalysis  and are emerging rapidly as a potential  

complement to labeling  methods (Yu et al., 2006). The label-free detection techniques are 

progressing rapidly. Standard label-free techniques such as imaging with surface plasmon 

resonance (SPR) quartz crystal microbalance (QCM) and electrochemical impedance 

spectroscopy (EIS) are reported for label-free detection of the different biomolecules (Yu et al., 

2006). EIS is an effective and reliable method to investigate antibody–antigen interactions on 

electrode surfaces. The basic approach for EIS is to apply small amplitude sine wave 

perturbations to an electrochemical system over a wide range of frequencies, and measure the 

responding signals (e.g. current) as a function of frequencies. The Nyquist plot is one of the most 

popular formats for interpretation of EIS data. A typical Nyquist plot is generated by comparing 

an imaginary part of impedance (Z’) versus a real part of impedance (Z”). Several studies have 

reported that attachment of bacterial cells to the electrode surface could form a blocking layer 

that inhibits the current flow and thus increases the impedance of the electrode. EIS based 

biosensors have received particular attention in biomedical and environmental fields during the 

last years due to their multiple advantages, such as fast response, low cost, mass production, and 
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capability of miniaturization and they allow label-free detection with high sensitivity 

(Bogomolova et al., 2009). 

5.1.2 State of the art for bacterial detection 

5.1.2.1 Conventional methods for bacterial detection 

Conventional bacterial testing methods rely on specific media to enumerate and isolate viable 

bacterial cells. These methods are very sensitive, inexpensive and can give both qualitative and 

quantitative information on the number and the nature of microorganisms present in the sample 

(Doyle, 2001). Conventional methods for the detection of bacteria involve the following basic 

steps: pre-enrichment, selective enrichment, selective plating, biochemical screening, and 

serological confirmation (Downes et al., 2001). Hence, a complete series of tests is often 

required before any identification can be confirmed. These conventional methods require several 

days to give results because they rely on the ability of the organisms to multiply to visible 

colonies. Moreover, culture medium preparation, inoculation of plates and colony counting 

makes these methods labor intensive. Conventional methods generally regarded as the golden 

standard often takes days to complete the identification of viable pathogens. Conventional 

methods for the detection of bacteria involve plating and culturing, enumeration methods 

(Rompre et al., 2002), biochemical testing and microscopic examination (Flores Abuxapqui et 

al., 1999). Some newer methods that have applied for detecting bacteria are ELISA (Magliulo et 

al., 2007), polymerase chain reaction (PCR), multiplex and real-time PCR (Kawasaki et al., 

2010; Zemanick et al., 2010), fluorescence in situ hybridization and DNA microarrays (Kostić et 

al., 2010). DNA-based techniques require efficient DNA extraction and need DNA amplification 

using PCR as bacterial cells contain a low copy number of DNA (Liao and Ho, 2009; Heo and 

Hua, 2009).  

5.1.2.2 Biosensors for bacterial detection 

In recent years, several biosensors techniques have played important roles in detection of 

pathogenic bacteria in different matrices. Among them immunosensors and DNA-based 

biosensors are mostly used. A variety of immunosensors have been developed based on the 

antibody of the target bacteria, which utilizes fluorescence (Heyduk and Heyduk, 2010), EIS (Lu 
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et al., 2013; Barreiros dos Santos et al., 2013), QCM (Guo et al., 2012) and SPR (Baccar et al., 

2010). However, these biosensors lack in practical applications because of their single use nature 

and instability of antibodies in unfavorable conditions. Among the reported biosensors, EIS has 

emerged as sensitive techniques for bacterial detection due to multiple advantages, such as fast 

response, low cost, and capability of miniaturization. In EIS, traditionally, macro sized metal 

rods or wires were used as electrodes immersed in the medium to measure impedance and it is 

suitable to analyze the electrical properties of the modified electrode, i.e. when an antibody 

coupled to the electrode reacts with the antigen of interest (Berggren et al., 1998; Felice et al., 

1999).  

Table 5.1 Summary of reported biosensor techniques using EIS for detection of E. coli in water. 

Detection Technique Detection range Detection 

limit 

Analysis 

time 

Reference 

MEMS based 

microimpedance 

10
0
-10

7
 CFU/mL of E. 

coli K 12 

10
5 
CFU/mL 5 Min. Radke et al., 

2004 

Aptamer-based 

impedance biosensor 

1×10
-7 

- 2×10
-6 

M of E. 

coli OMPs 

- NR Queirós et 

al., 2013 

EIS based 

immunobiosensor 

chip 

6×10
4
-6×10

7 
CFU/mL 

of E. coli O157:H7 

6×10
3 

cells/mL 

NR Ruan et al., 

2002 

IDE based impedance 

biosensor 

7.1×10
1
- 7.1×10

7 

CFU/mL of E. coli 

0157:H7 

- NR Settu et al., 

2013 

EIS immunosensor 3.0×10
3
- 3.0×10

7 

CFU/mL of E. coli 

1.0×10
3 

CFU/mL 

NR Geng et al., 

2008 

   NR- Not Reported 
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Table 5.1 summarized some EIS based biosensor techniques for detection of E. coli in water. 

Radke et al reported an impedimetric biosensor with micro electromechanical systems (MEMS) 

technology integrated with biosensing methods to detect whole E. coli bacterial cells in food and 

water (Radke and Alocilja, 2004). More recently, Queirós et al developed a label-free DNA 

aptamer biosensor incorporated in a biochip and used for in situ detection of E. coli outer 

membrane protein (OMPs) in water samples (Queirósa et al., 2013). Lu et al achieved LOD of 

10
3
 CFU/mL for E. coli K12 using gold-tungsten micro-wire based three electrode EIS system 

with 10
3
-10

8
 CFU/mL linear range (Lu et al., 2013). Li et al achieved LOD of 10

3
 CFU/mL of E. 

coli 0157:H7 using ferrocene -peptide conjugates based three-electrode EIS system with 10
3
–10

7 

CFU/mL linear range (Li et al., 2014). The lowest LOD for E. coli 0157:H7 reported by 

Barreiros dos Santos et al is 2 CFU/mL using three electrode EIS system using gold disc as 

working electrode, they have achieved linear range of 3×10
0
–3×10

4
 CFU/mL. Setterington and 

Alocilja described a novel approach for detection of E. coli 0157:H7 using cyclic voltammetry in 

combination with immunomagnetic separation and achieved LOD of 6 CFU/mL from the pure 

culture in concentration range 10
0
-10

2
 CFU/mL (Setterington and Alocilja, 2012). These 

reported techniques supports the fact that the EIS with label-free approach is cost-effective 

because it does not require any labels, expensive instrumentation and allows portability.  

5.1.3 Objective 

The aim of this work was to develop a rapid, cost effective, label-free impedimetric 

immunosensor for detection of E. coli in water using two-electrode EIS setup. 

5.1.4 Working principle of EIS 

EIS is an alternating current (AC) method that describes the response of an electrochemical cell 

to small amplitude sinusoidal voltage signal as a function of frequency. The resulting current 

sine wave differs in time (phase shift) with respect to the perturbing (voltage) wave, and the ratio 

V(t)/I(t) is defined as the impedance (Z). The most popular formats for evaluating 

electrochemical impedance data are the Nyquist and Bode plots. In the former format, the 

imaginary impedance component (Z”, out-of-phase) is plotted against the real impedance 

component (Z’, in-phase) at each excitation frequency, whereas in the latter format, both the 
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logarithm of the absolute impedance, |Z| and the phase shift (Ø) are plotted against the logarithm 

of the excitation frequency. Capacitive immunosensors exploit the change in dielectric properties 

and/or thickness of the dielectric layer at the electrolyte–electrode interfaces, due to the 

antibody–antigen (Ab–Ag) interaction, for monitoring this process. An electrolytic capacitor 

(working electrode/dielectric/electrolyte; the second plate is represented by the electrolyte) 

allows the detection of an analyte specific to the receptor that has been immobilized on the 

insulating dielectric layer, which has previously been deposited on the surface of the working 

electrode. Ideally, this configuration resembles a capacitor in its ability to store charge and thus, 

the electric capacitance between the working electrode and the electrolyte is given by equation 

5.1. 

                                                        C = ε0εA/d                              (5.1) 

where, 

ε - Dielectric constant of the medium between the plates 

εo - Permittivity of free space (8.85419 pF/m) 

A - Surface area of the plates (m
2
), and 

d - Thickness of the insulating layer (m) 

5.2 Experimental section 

5.2.1 Reagents and instrumentation 

Ag-wire (diameter = 0.25 mm) and Bovine serum albumin (BSA) was procured from ACROS 

Organics, USA. Polyclonal antibody to E. coli raised from goat (2 mg/mL) (pAb-E. coli) and 

fluorescein isothiocyanate (FITC) labeled polyclonal antibody against E. coli raised from rabbit 

(0.75 mg/ml) was purchased from AbCam, UK. Sodium dihydrogen phosphate monohydrate, 

disodium hydrogen phosphate monohydrate, sodium chloride, 11-mercaptoundecanoic acid (11-

MUA), 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC), N-hydroxy 

succinimide (NHS), ethyl alcohol 200 proof was used (TEDIA, USA). Glutaraldehyde solution 

25%, sodium chloride, glycin and cysteaminium chloride were obtained from Merck (Germany). 

L-cysteine hydrochloride was procured from Himedia labs India. For sample handling, 
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micropipettes from eppendorf®, Germany were used. All the solutions were prepared in a 0.22 

µm membrane filtered Milli-Q system RO water (Millipore, Beford, MA, USA), Seven Multi pH 

meter (Mettler Toledo, 8603, Switzerland) was used for pH measurements. All other chemicals 

used were of analytical grade and used as received. Certified ultra high pure nitrogen (99.9%), 

pH meter (Seven Multi Mettler Toledo, 8603, Switzerland) were used. Fluorescence images were 

taken on inverted fluorescence microscope (IX-71, Olympus, Japan). Impedance measurements 

were carried out using IVIUM CompactStat impedance analyzer (IVIUM, Netherland). All the 

bacterial sample handing and dilutions were done under biosafety cabinet class II type B2 

(NuAire, USA). 

5.2.2 Immobilization of pAb-E. coli on Ag-wire electrode 

Initially the surfaces of the bare Ag-wire electrodes was washed ultrasonically in membrane 

filtered RO water for 5 min to remove inorganic particles. Following this, the electrodes were 

immersed into piranha solution (H2O2/H2SO4, 30/70 v/v) for 30 sec. The electrodes were washed 

with distilled water followed by drying under ultra pure nitrogen stream. This cleaning procedure 

was repeated before every step. The pAb-E. coli was covalently coupled on Ag-wire electrode 

through SAMs. Firstly, the concentration of cysteaminium (CYST) was optimized and a set of 

clean Ag-wire electrode were immersed overnight into a solution of 10 mM CYST in 0.1 M 

phosphate buffer saline (PBS, pH 7.4) under ambient condition. The electrodes covered by 

SAMs were gently washed with RO water to remove any unbounded CYST residues. The 

electrodes were dried with nitrogen stream before use. For coupling the pAb-E. coli, the carboxyl 

group of SAMs on modified electrode was activated by incubated in glutaraldehyde solution 

(2.5% v/v) for 30 min. Subsequently, the electrodes were washed with PBS to remove residual 

glutaraldehyde molecules. Finally, pAb-E. coli was attached to the electrode by carefully 

spreading the solution (1:1000 in PBS) over the activated surface followed by overnight 

incubation at 4°C. To block reminiscent aldehyde groups the modified electrode surface was 

exposed to glycine solution (4% w/v) for 30 min and washed with PBS. The unused antibody 

coupled electrodes were washed and stored at 4°C for future use. The schematic for 

immobilization of antibody to Ag-wire surface is presented in Figure 5.1 together with the 

schematic of experimental set-up. 
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5.2.3 Experimental setup of the EIS immunosensor 

The experimental set-up consist of  a pair of pre-functionalized Ag-wire electrode immersed in  

the single well of 384 polystyrene well plate (NUNC, USA) (capacity 120 µL/well) containing 

90 µL bacterial suspensions of different concentration. The operation of presented sensor was 

based on the pair of Ag-wire as an electrical transducer.  

: pAb- E.coli modified electrode; : E.coli ;

Impedance

Analyzer

384 Micro-well plate

pAb- E.coli modified electrode

dipped in micro well

Incubation

1 hrs

 

Figure 5.1 Schematic representations for surface modification of Ag-wire electrode and 

immobilization of E. coli antibody with experimental setup of EIS immunosensor. 
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The effective surface area of the Ag-wire electrode was calculated and found to be 7.85 mm
2
. 

The Ag-wire surface was functionalized with attached pAb-E. coli over the self-assembled 

monolayers (SAMs), to form a biological transducer. The binding of the bacterial cells to the 

biological transducer causes the change in impedance. This interaction was measured using two 

electrode set-up. The electrode set-up and the well plate were placed in a custom-made faraday 

cage to shield the electrodes from external electromagnetic sources. The schematic of 

experimental set-up is presented as Figure 5.1. In the presented set-up, the two pre-functionalized 

Ag-wire electrodes were dipped in to the micro well plate. The functionalized Ag-wire electrodes 

were connected to IVIUM CompactStat impedance analyzer in 4-electrode mode controlled 

through software (IVIUM soft). In the 4-electrode mode, the first electrode was configured as 

working electrode (working and sense electrode combined together) and second electrode was 

reference electrode (reference and counter combined together). The impedance change caused by 

antigen–antibody interactions at the electrode surface was measured at 1-100 KHz applied 

frequency and 10 mV applied potential. 

5.2.4 Preparation of solutions, bacterial culture, and dilutions  

0.1 M phosphate buffered saline (PBS) was prepared by dissolving appropriate amount of 

Na2HPO4, NaH2PO4 containing 0.0027 M potassium chloride and 0.137 M sodium chloride. The 

pH of the buffer was adjusted to 7.4. All buffer solutions were stored at 4°C when not in use. 

The bacterial culture of E. coli (MTCC 723) and Streptococcus pyogens (MTCC 1928) used in 

the present study were procured from the microbial type culture collection and gene bank, 

IMTECH Chandigarh, India. The strains were grown aerobically for 16 h at  37°C  in Brain 

Heart Infusion broth, pH 7.40 ± 0.2 (BHI broth, Hi-Media, India). The bacterial cultures were 

maintained as frozen stock at -80 °C in BHI broth containing 15% (v/v) glycerol when not in 

use. The initial concentrations of the bacterial cultures were obtained using serial dilutions and 

plate counting methods. The concentration of E. coli (MTCC 723) is also confirmed by taking 

optical density at 600 nm (OD600) and found corresponding to bacteria concentration of 1.16 

×10
9 

CFU/mL. The stock solution of bacterial concentration diluted serially in PBS to achieve 

the concentrations of calibration plot (1.16 ×10
2
 to 1.16 ×10

8
 CFU/mL). 
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5.2.5 Confirmation of E. coli with IMViC test 

Before development of the immunosensor confirmation test of E. coli was carried out in the 

spiked water samples by using the IMViC (Indole methyl red Voges-Proskauer citrate) test. This 

test is frequently employed in the water testing laboratories for the identification of E. coli and 

other coliforms, which includes microorganisms such as Klebsiella and Enterobacter (Niemi et 

al., 2003). First, the water samples were spiked with a loop full stock culture of E. coli (MTCC 

723) and streaking was done on Eosin methylene blue (EMB) agar and incubated at 37°C for 24 

hrs. After 24 hrs, characteristic colonies of E. coli (metallic green colonies) were observed on 

EMB agar plate. The obtained result is presented as Figure 5.2.  

 

Figure 5.2 Metallic green colonies of E. coli on EMB agar medium. 

From the isolated colonies IMViC test were performed for further confirmation of E. coli. Table 

5.2 summarized the IMViC test results of some common bacterial species of water. Indole test is 

performed on tryptophan broth. Result is read after adding Kovac’s reagent. The positive result is 

indicated by the red layer at the top of the tube after the addition of Kovács reagent.  Methyl red 

test and Voges-Proskauer test both are done in methyl red–Voges-Proskauer (MR-VP) broth. 

Positive methyl red test are indicated by the development of red color after the addition of 

methyl red reagent. Negative test of VP is indicated by lack of color change after the addition of 

Barritt’s A and Barritt’s B reagents. For citrate utilization test Simmons citrate agar is used. 
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Negative citrate utilization test is indicated by the lack of growth and no change of color from 

green to blue in the tube. Figure 5.3represents the IMViC test results for E. coli. 

Table 5.2 IMViC test results of some common bacterial species of water. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 IMViC test results of E. coli. 

 

Species Indole Methyl Red Voges-Proskauer Citrate 

E. coli Positive Positive Negative Negative 

Salmonella spp. Negative Positive Negative Positive 

Klebsiella spp. Negative Negative Positive Positive 

Enterobacter spp. Negative Negative Positive Positive 
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5.3 Result and Discussion 

5.3.1 Optimization of the Immunosensor  

Following parameters are optimized for the preparation of the EIS based immunosensors: 

5.3.1.1 Optimization of antibody concentration 

The binding of the E. coli and anti-E. coli antibody on the electrodes directly affects the 

sensitivity of the immunosensor.  
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Figure 5.4 Impedance values at 10 Hz for dilutions of pAb-E. coli antibody with PBS (0.1 M, pH 

7.4) for 10
4 
CFU/mL E. coli. 

The amount of anti-E. coli antibody plays an important role in this process. The change in 

impedance of the immunosensor depends upon antigen- antibody binding and incubation time. 

Hence, the effect of both the parameters has been investigated. Several anti-E. coli dilution ratios 

with PBS were evaluated (1:100, 1:1000 and 1:10000) and the maximum change in impedance 

was recorded for dilution of 1:1000 as shown in Figure5.4. Incubation time of 5 min was found 

to be optimal for impedance measurements. Thus, these optimized parameters were used for 

further investigations. 
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5.3.1.2 Influence of applied frequency 

Antigen–antibody interaction results in impedance change at the electrode and the 

electrode/electrolyte interface, known as interface impedance, which can be measured at 

different frequency ranges. The impedance measurement is conducted in the range of 1 Hz to 

100 KHz. Since electrode impedance is dominated at low frequency, we have investigated the 

impedance change at 1 Hz, 10 Hz and 100 Hz. Impedance change for antigen–antibody was 

found to be maximum at 10 Hz as shown in Figure 5.5. Thus 10 Hz was chosen for quantitative 

analysis of E. coli. 
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Figure 5.5 Impedance values for various concentration of E. coli at 1 Hz, 10 Hz and 100 Hz. 

5.3.1.3 Influence of applied potential 

In impedance immunosensor the applied voltage/Potential should be quite small, usually 10 mV 

or lesser since the current voltage relationship is often linear for small perturbations (Barbero et 

al., 2005). The impedance measurements were conducted for different applied potential from 0.1 

mV to 10 mV. It was observed that at low applied potential, the current voltage waveform is 

distorted, whereas a better response was found at 10 mV applied potential as depicted in Fig 5.6. 
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Stable and non-distorted waveform at 10 mV, validate fruitful impedance measurement. Thus, 

this applied potential was chosen for impedance measurement for quantitative analysis of E. coli 

bacteria in water. 

 

time

C
u

rr
e

n
t

1:41

P
o

te
n

ti
a

l

 0.0  0.2  0.4  0.6  0.8  1.0

 s

-100

-50

  0

 50

100

nA

 -5

  0

  5

 10

mV

 

Figure 5.6 Voltage-current waveform at 10 mV applied potential. 

5.3.2 Selection of self assembled monolayer’s (SAM’s) for binding of E. coli 

To implement an EIS immunosensor, biomolecules need to be immobilized on the surface of 

electrode to capture target analyte. Well-established protocols for SAMs were used for 

optimization of surface modification to immobilize pAb-E. coli on the Ag-wire electrode surface, 

with slight modifications. 11-MUA (Park et al., 2004), CYST (Pedroso et al., 2008) and L-

cysteine (Zhang et al., 2009) SAMs were tested for the immobilization of pAb-E. coli on the 

electrode surface. The concentrations of different surface modifiers and cross-linkers were 

optimized and pAb-E. coli antibody was attached to the surface. The SAM based on CYST 

showed the maximum % Impedance change for the binding of E. coli to pAb-E. coli antibody, 

thus the further experiments were carried out using CYST. Figure 5.7 represents the % 

Impedance change with respect to different E. coli concentrations obtained with different 

SAM’s. 
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Figure 5.7 Percentage impedance change for different SAMs (Cysteaminium, L-Cysteine and 

11- MUA) for different concentrations of E. coli (10
2
–10

8 
CFU/mL). EIS: 1-100 KHz applied 

frequency and 10 mV applied potential. 

5.3.3 Surface characterization of pAb-E. coli modified electrodes  

The binding of pAb-E. coli to Ag-wire electrodes was confirmed by fluorescence microscopy 

using IX71 inverted microscope (Olympus, Japan). Two functionalized Ag-wires (reference wire 

without pAb-E. coli and sample wire coupled with pAb-E. coli) were incubated with FITC 

labeled secondary antibody against E. coli (pAb-FITC) (1:1000) for 2 hrs at room temperature. 

Before excitation, both reference and the sample wire were rinsed with 0.1 M PBS to remove 

unbound pAb-FITC. Figure 5.8 (a) shows fluorescence image of reference and (b) the sample Ag 

wire, after excitation. It can be observed; the labeled secondary antibody specifically recognized 

the anti-E. coli, demonstrating an optimal immobilization of the primary capture antibodies to 

the activated SAM. The binding of the pAb-FITC to the pAb-E. coli of the thiolated Ag-wire is 

clearly distinguished from the fluorescence images. 
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Figure 5.8 Surface characterization of pAb-E. coli modified electrodes using fluorescence 

microscopy (a) image of control Ag-wire electrode, inset: non-subtracted background image of 

Ag-wire electrode (b) image of pAb-E. coli coupled Ag-wire electrode attached with FITC 

labeled secondary E. coli antibody, inset: non-subtracted background image of Ag-wire 

electrode. 

5.3.4 EIS studies for E. coli binding 

The antigen–antibody interaction of E. coli and pAb- E. coli immobilized Ag-wire electrode 

surface was studied using EIS. Figure 5.9 shows the impedance spectra for PBS as blank and E. 

coli (10
2
CFU/mL) in water resulted from interaction of antigen–antibody on functionalized 

electrode surface. EIS is a useful technique to capture such interaction. This interaction results in 

change of electrical properties such as capacitance and resistance at the electrode surface 

allowing for label-free biosensing (Guan et al., 2004).  The  Impedance/capacitance  change  is  

commonly  used  as  indicator  of  antigen–antibody  interaction  for  non-faradic  biosensor 

(Danielsa and Pourmand, 2007). In the EIS measurement, pAb–E. coli interactions  create  a  

new  charged  layer  as  a  capacitance  that  is  in series  with  the  double  layer  capacitance.  A  

decreased  double  layer capacitance  and  increased  impedance  were  observed  at  the  lower  

frequency.  
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Figure 5.9 Impedance spectra for PBS and E. coli (10
2
 CFU/mL) in water. EIS: 1-100 KHz 

applied frequency and 10 mV applied potential. 

Impedance values of blank (PBS) and different E. coli concentration (10
2
-10

8
CFU/mL) are 

shown in Table 5.3. For comparison the impedance value at 10 Hz were considered. This 

confirms that the change in impedance is resulting from binding of the antigen (E. coli). It is also 

clear from figure that the total impedance decreases linearly with the increasing frequency in the 

low frequency range from 10 Hz to 1 KHz, while it becomes independent of the frequency in the 

high frequency range from1 KHz to 100 KHz. At low frequencies (<1 KHz), since the double 

layer capacitance offers essentially high impedance, it becomes the main component contributing 

to the total impedance, such that the medium resistance can be neglected. This region is defined 

as the double layer capacitive region in which the electrode impedance can be detected. In  the  

higher  frequency  region  (10  Hz  to  100  KHz)  it  was  observed  that  impedance remains 

constant. A significant change was measurable in the low  frequency  region  (10–1 KHz)  with  

highest  impedance  change observed  at  10  Hz. 
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Table 5.3 Impedance values for blank and different E. coli concentrations at 10 Hz. 

Samples     Impedance (Ω)  

 Blank  6.67×10
4

  

 E. coli MTCC 723 10
2

 CFU/mL  8.43×10
4

  

 E. coli MTCC 723 10
4

 CFU/mL  9.08×10
4

  

 E. coli MTCC 723 10
6

 CFU/mL  9.58×10
4

  

 E. coli MTCC 723 10
8

 CFU/mL  10.6×10
4

  

5.3.5 Calibration of immunosensor for E. coli detection in water 

The E. coli samples were spiked in water to meet the calibration standards. Before spiking the 

standards, water was filtered through the bacteriological membrane filter (0.22 µm) and tested 

for presence of any other E. coli strain i.e. E. coli O157:H7 using Singlepath® E. coli O157, a 

gold labeled immuno sorbent assay (GLISA) rapid test (obtained from Merck-Millipore, 

Germany).  
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Figure 5.10 Calibration curve obtained for label-free impedimetric immunosensor for E. coli in 

water (SD=0.802) EIS: 1-100 KHz applied frequency and 10 mV applied potential.  
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Impedance data were recorded for the functionalized electrodes after exposing it to increasing E. 

coli concentration (10
2
–10

8 
CFU/mL) in water. A frequency of 10 Hz at applied potential 10 mV 

was selected for analysis since at this frequency significant change in impedance response was 

observed. The specific interaction of pAb-E. coli and E. coli gave rise to an overall increase in 

impedance change from baseline response at the electrode/solution interface for E. coli 

concentrations. The % impedance change was calculated corresponding to different 

concentrations of E. coli. The resulting calibration curve in water is shown as Figure 5.10. A 

linear range for E. coli detection 10
2
–10

8 
CFU/mL with SD=0.802 and R

2
=0.99 was achieved 

with line equation y = 4.73x+13.31. Limit of detection (LOD) of the biosensor was 10
2 

CFU/mL 

and sensitivity of the immunosensor is found to be 4.73. 

5.3.6 Actual water sample analysis 

Actual water samples were tested for the presence of E. coli using the developed immunosensor 

and compared with the spiked water sample with different concentrations of E. coli (MTCC 723) 

as presented in Table 5.4. For comparison the impedance value at 10 Hz were considered. It is 

clear from the obtained impedance values that all the tested water samples showed values less 

than the value of blank thus; all the water samples were determined to be free of E. coli.  

Table 5.4 Analytical results for actual water samples. 

Tested Samples  Impedance (Ω)  

 Blank  6.68×10
4

  

 E. coli MTCC 723 10
2

 CFU/mL  8.42×10
4

  

 E. coli MTCC 723 10
4

 CFU/mL  9.06×10
4

  

 E. coli MTCC 723 10
6

 CFU/mL  9.57×10
4

  

 E. coli MTCC 723 10
8

 CFU/mL  10.4×10
4

  

 Water sample I  3.88×10
4

  

 Water sample II  1.51×10
4

  

 Water sample III  1.966×10
4

  

 Water sample IV  2.056×10
4
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5.3.7 Sensing specificity of the immunosensor 

The specificity of the immunosensor towards E. coli was tested against Streptococcus pyogenes. 

All the bacterial suspensions were taken at 10
4 

CFU/mL. The impedance measurements were 

carried out at frequency  range of  10  Hz  to  100  KHz  using  EIS  at  10  mV  applied potential.  

In  the  optimized  condition,  the  response  signal  for  pAb-E. coli binding with bacterial 

suspension was measurable  in  10  min. Obtained results are presented as Nyquist plot in Figure 

5.11. From the Nyquist plot, it is clear that the imaginary part (Capacitive reactance) increased 

by 20% for binding of E. coli with pAb-E. coli as compared to Streptococcus pyogenes. The 

response of Streptococcus pyogenes with pAb-E. coli is may be due to non-specific adsorption on 

to the Ag-wire electrode surface. 
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Figure 5.11 Nyquist plot for sensing specificity of the functionalized Ag-wire immunosensor 

validated for E. coli against Streptococcus pyogenes. Concentrations of bacterial suspensions are 

10
4
 CFU/mL. EIS: 1-100 KHz applied frequency and 10 mV applied potential. 

5.4 Conclusion 

In this chapter, label-free impedemetric immunosensor for rapid detection of E. coli (MTCC 

723) in water sample is developed and demonstrated. The analysis time of the developed 
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immunosensor was found to be 10 min. For biosensor development, polyclonal antibody against 

E. coli was immobilized over the SAMs of cysteaminium. Sensitivity and specificity of the 

developed immunosensor were evaluated by monitoring the changes in electrochemical 

impedance of the Ag-wire after bacterial cells were deposited on its surface. A linear trend of 

increasing impedance was obtained when the E. coli concentration increased from 10
2
–10

8 

CFU/mL. EIS analysis has proved that the developed immunosensor was able to detect 10
2
–10

8 

CFU/mL E. coli bacteria in water samples. The developed immunosensor is specific for 

detection of E. coli. The sensor does not require any additional reagents such as fluorescent or 

enzyme labels for sensor response and showed stable signals. Development of the presented 

immunosensor also supports that the label-free approaches may become practical for routine 

analysis of bacterial contamination in water. 
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Chapter 6 

Conclusions 

The main objectives of this doctoral research were to develop a robust biosensing technology for 

contaminated milk, urine and water. Contamination like urea and antibiotic residues in the milk 

can cause severe health and economic impact. Urea, a significant clinical analyte, often measured 

in the urine samples to appraise the functional ability of the renal system. The water, a key 

ingredient of the life, is often contaminated with bacteria, also need a rapid and cost effective 

biosensing technique for the bacterial detection. Our developed biosensing technology uses EIS 

based two-electrode immunosensor system for the detection of bacterial contamination in the 

samples. The significance of this research work lies in the development of high-throughput, 

sensitive, rapid, cost effective biosensors for determination of urea, antibiotic residues, and 

bacterial contamination. Extensive experiments were carried out for optimizing flow systems for 

enzyme activity, immobilization of enzymes, optimization of optimal antibody dilutions, 

selection of the self-assemblies, cross reactivity with structurally similar analytes, analysis of real 

samples and monitor biosensor performance. During the course of study, significant observations 

were noted. The overall conclusions are summarized chapter-wise below:    

1. Introduction (Chapter 1): This chapter gave a detail description about biosensors, 

classification of biosensors, types of transducers with special emphasis on thermal, piezoelectric 

and electrochemical biosensors, various aspects of biosensors, performance criteria of 

biosensors, various components, different immobilization techniques used for bio-recognition 

elements, state of art for food samples and clinical analytes including urea, antibiotic residues 

and bacterial contamination. The chapter has also discussed about gaps in the existing research 

and objective of the proposed doctoral work and thesis structure. 

2. Development of flow injection analysis-enzyme thermistor (FIA-ET) biosensor for urea 

analysis in adulterated milk (Chapter 2): This chapter gave a detailed account for the 

development of FIA-ET based biosensor for analysis of urea in adulterated milk. This also 

describes the novel sample pre-treatment procedures for investigation into milk, optimization of 

the FIA system, immobilization of enzyme and the stability of the biosensor. Detailed study of 

the enzyme column performance, stability and analytical performance of the biosensor are 
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described. The developed biosensor can analyze the concentration of urea up to 250 mM with 

semi-automated mode and up to 500 mM with an automated mode in adulterated milk samples. 

Excellent recoveries in the range of 97.56–108.70% were obtained for urea in milk. Very good 

reproducibility was obtained for urea concentration with % R.S.D. 0.50- 1.42 (n=3) for intraday 

analysis and % R.S.D. 0.05-2.57 (n=3) for interday analysis. The obtained results confirm the 

reproducibility of the sensor response. Measurements of milk samples with different fat 

percentages and validation against AOAC method and a commercial kit was carried out 

successfully. Being a flow injection technique FIA-ET biosensor has potential for automated 

measurements and it shows the applicability of the developed biosensor in the dairy industry for 

continuing monitoring of the milk urea.  

3. Development of flow injection analysis-enzyme thermistor (FIA-ET) biosensor for urea 

analysis in urine (Chapter 3): This chapter described about the development of FIA-ET based 

biosensor for analysis of urea in urine samples. To achieve urea detection in urine suitable matrix 

matching protocols were developed. Urease was immobilized onto a novel material (aminated 

silica gel) to reduce the cost of column and subsequently to reduce the cost per sample analysis. 

The FIA-ET biosensor showed an excellent dynamic range for urea in urine in the range of 10–

1000 mM with good linearity. The obtained minimum detection limit was found to be 10 mM. 

The immobilized urease column showed excellent stability over 7 months for urea analysis in 

urine. Excellent recoveries were obtained in the range 92.26–99.80% in the spiked urine 

samples. The FIA-ET biosensor is automated for real time data acquisition using automated 

injection valve. Obtained results support that the developed biosensor is highly stable, simple, 

and economical for urea analysis in urine samples. 

4. Development of flow injection analysis-electrochemical quartz crystal nanobalance (FIA-

EQCN) biosensor for analysis of antibiotic residues in milk (Chapter 4): This chapter 

detailed about the development of FIA-EQCN biosensor for antibiotic residue analysis in milk 

samples. This chapter was described in two parts; the first part deals with the development of the 

FIA-EQCN system for analysis of the SDZ residues in milk. SDZ was chosen as a model analyte 

to perform the residual testing as a proof of concept. This part of the chapter also describes about 

the optimization of the FIA system including matrix matching for milk sample analysis and 

immobilization of the biomolecule (antibody) on the crystal surface in a semi-automated mode. 
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In the second part of the chapter, development of the FIA-EQCN biosensor for ultrasensitive 

detection of SRT was described. Detailed studies on optimization of the flow system, selection of 

the self-assembly for immobilization of the biomolecule and characterization of the immobilized 

surface is described. A FIA-EQCN biosensor for SDZ and SRT residue analysis in milk was 

developed. Obtained calibration for SDZ (10-200 ng/mL) and SRT (0.3-300 ng/mL) supports the 

applicability of the developed biosensor in the milk sample analysis. The obtained recoveries for 

SDZ (98.6-100.5%) and SRT (98-99.33%) spiked milk samples also encourage the application of 

developed biosensor towards the quantification of SDZ and SRT in milk samples. Validation of 

the presented biosensor against commercial ELISA kit supports that the developed biosensor 

provides sensitive detection. Attempts were made to do the automated analysis of milk samples 

for streptomycin residues, and the developed biosensor exhibited a great potential for advance-

automated analysis in dairy industries. 

 5. Rapid label-free immunosensor for bacterial detection in water (Chapter 5): This chapter 

described about the development of EIS based label-free immunosensor for rapid detection of E. 

coli in water samples. Ag-wires were used as two-electrode setup for impedance analysis. For 

biosensor development, polyclonal antibody against E. coli was immobilized over the SAMs of 

cysteaminium. Sensitivity and specificity of the developed immunosensor were evaluated by 

monitoring the changes in electrochemical impedance of the Ag-wire after bacterial cells were 

deposited on its surface. A linear trend of increasing impedance was obtained when the E. coli 

concentration increased from 10
2
–10

8 
CFU/mL. EIS analysis has proved that the developed 

immunosensor was able to detect 10
2
–10

8 
CFU/mL E. coli bacteria in water samples. The 

developed immunosensor is specific for detection of E. coli. The sensor does not require any 

additional reagents such as fluorescent or enzyme labels for sensor response and showed stable 

signals. 
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Future scope of the work 

 The developed FIA-ET urea biosensor technology can be deployed at dairy industry or 

milk collection centers with some advance automation. 

 FIA-ET technology can be extended for analysis of other matrices. 

 Novel column materials can be investigated for immobilization of enzymes and 

subsequently can be developed to a commercial product.  

 FIA-EQCN technique can be fully automated for antibiotic residue analysis in dairy 

industries. 

 Other antibiotic residues can be analyzed by exploring FIA-EQCN biosensor. 

 Developed label-free impedimetric immunosensor can be extended to develop a portable/ 

field deployable biosensor.  
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a b s t r a c t

Urea in adulterated milk is one of the major health concern, it is especially harmful to pregnant women,
children, and the sick. A sophisticated and reliable detection system is needed to replace current diag-
nostic tools for the urea in the milk. In this work, we report a flow injection analysis-enzyme thermistor
(FIA-ET) bio-sensing system for monitoring of urea in adulterated milk. This biosensor was made of the
covalently immobilized enzyme urease (Jack bean) on controlled pore glass (CPG) and packed into a col-
umn inside thermistor, which selectively hydrolysed the urea present in the sample. The specific heat
registered from the hydrolysis of urea was found proportional to the concentration of urea present in the
milk sample. The biosensor showed a linear range 1–200 mM, with % R.S.D. 0.96 for urea in 100 mM phos-
phate buffer, pH 7.2. Good recoveries were obtained (97.56–108.7%) for urea up to 200 mM in the spiked
milk samples with % R.S.D. 0.95. In the adulterated milk, a simple filtration strategy and matrix matching
technique was used to analyse urea. The response time of the sensor was evaluated for urea, which was
2 min, and it gives satisfactory output. A good comparison was observed between the urea concentra-
tions measured through FIA-ET and the colorimetric method. These results indicate that utilizing this
system could be very effective to detect low and high level of urea in adulterated milk. The immobilized
urease column exhibited a good operational stability up to 180 days when used continuously at room
temperature.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Adulteration of natural milk with synthetic chemicals is a seri-
ous concern for human health. Milk is an excellent source of energy,
protein, minerals and vitamins (Noyhouzer et al., 2009). In India,
Urea [CO (NH2)2] is commonly used as an adulterant for milk. Adul-
teration of milk with urea decreases the nutritive value of the milk.
Urea is also a normal constituent of milk. The typical concentration
of urea in milk is 18–40 mg/dL (Jonker et al., 1989). A cut-off limit
for urea concentration in milk is normally accepted at 70 mg/dL. It
also forms a major part (55%) of the nonprotein nitrogen of milk
(Sharma et al., 2008). Urea being relatively cheap and rich in nitro-
gen is an economical choice to adulterate the milk. The effect of urea
above cut-off limit in milk may cause indigestion, acidity, ulcers,
cancers, malfunctions of kidney, etc. (Trivedi et al., 2009). Hence
urea estimation in milk is of great significance.

Several conventional methods have been reported in recent
years for urea analysis in milk, i.e. spectrophotometric and conduc-
tometric detection (Reis Lima et al., 2004), differential pH technique
(Luzzana and Giardino, 1999). The conventional techniques as well

∗ Corresponding author. Tel.: +91 832 2580332; fax: +91 832 2557033.
E-mail addresses: sunil17 bhand@yahoo.com, sgbhand@gmail.com (S. Bhand).

as current wet chemistry and analytical practices are time con-
suming and may require highly skilled workers and expensive
equipment (Loung et al., 1991). The food and dairy industries need
rapid, reliable and affordable techniques for quality control. The
application of thermal biosensors in food analysis is a growing field
with increasing demand for reliable sensors (Bhand et al., 2010).
Numerous biosensors have been reported in recent years for milk
urea analysis, such as manometric biosensor (Jenkins and Delwiche,
2002; Renny et al., 2005) and potentiometric biosensor (Verma and
Singh, 2003; Trivedi et al., 2009). Some of these reported biosen-
sors have very short detection limit and low operational stability,
which renders them unfit for routine analysis. There is a need for
economical, reliable, robust and reproducible biosensors specifi-
cally for urea analysis in milk. Thus, thermal biosensors are good
alternative devices owing to their simplicity of operation and long
term stability (Pirvutoiu et al., 2002).

Thermal biosensors are based on the measurement of heat,
produced when a biological reaction takes place. The amount of
reacted substrate is related to the heat produced through the
specific enthalpy, �Hr, of the reaction. An advantage of this princi-
ple as compared to other analytical tools like spectrophotometric
and electrochemical methods is the universal detection principle
which is combined with the specificity of the biological reactions
(Bjarnason et al., 1998). Thermometric detection usually employs a

0956-5663/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.bios.2010.07.113

dx.doi.org/10.1016/j.bios.2010.07.113
http://www.sciencedirect.com/science/journal/09565663
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different measurement scheme of temperature across the enzyme
reactor in order to increase the common mode rejection ratio.
As a result, thermal biosensors typically use flow injection-based
analysis. In addition, control of the carrier solution and sample is
straightforward using this continuous analysis scheme (Danielsson
et al., 1976a). The method combines the advantage of the enzyme
selectivity and the short analysis time, low reagent consumption,
particularly when the enzymes are immobilized and used in a flow
injection analysis (FIA) mode (Linhares et al., 1987). A large num-
ber of enzymatic reactions have been studied by this device among
which urea and glucose detection were studied extensively in
serum and different food stuffs (Danielsson et al., 1976b; Bjarnason
et al., 1998; Salman et al., 2008). Recently cholesterol study, heavy
metal study and fructose determination is also reported by this
device (Raghvan et al., 1999; Pirvutoiu et al., 2002; Bhand et al.,
2010). The objective of the present work is to demonstrate the
application of enzyme thermistor for selective determination of
adulterated milk urea using immobilized urease enzyme.

Herein we present a simple, economical and highly stable FIA-ET
biosensor for analysis of urea in adulterated milk. We have success-
fully demonstrated an application for urea detection in milk which
is first time by this instrument. The proposed biosensor can facil-
itate continuous analysis of milk urea in dairy industry. Another
important feature of the presented biosensor is the lower detec-
tion limit and an excellent dynamic range of detection, 1–200 mM
urea with a sample throughput of 30 within an hour. The biosen-
sor comprise of immobilized enzyme Urease (Jack bean, EC 3.5.1.5)
on controlled pore glass (CPG) which selectively hydrolyses urea
present in the sample. The urea hydrolysis reaction is given below

CO(NH2)2 + H2O
Urease−→

PB
2NH3 + CO2 + �H

2. Experimental

2.1. Biochemical and reagents

Enzyme urease (Jack beans lyophilized 5 U mg−1, EC 3.5.1.5),
urea, sodium dihydrogen phosphate monohydrate, disodium
hydrogen phosphate monohydrate, glutaraldehyde solution 25%
and tri-ethanol amine were obtained from Merck, Germany. Amino
silanized CPG spherical beads (Trisoperl, size 125–140 �m, pore
size 50 nm) were purchased from VitraBio (Germany). All other
chemicals used were GR grade. Maxsignal® urea enzymatic assay
kit was purchased from BIOO SCIENTIFIC, USA.

2.2. Solution preparation

Phosphate buffer (PB) 100 mM, pH 7.2 was prepared by mix-
ing 100 mM of sodium dihydrogen phosphate monohydrate and
100 mM of disodium hydrogen phosphate monohydrate in double
distilled water. PB was degassed before analysis. A stock solution
of urea (400 mM) was prepared by dissolving 2.4024 g in 100 mL of
PB (100 mM, pH 7.2). Working solution of urea was prepared daily
prior to use.

2.3. Enzyme immobilization

Enzyme immobilization was achieved by glutaraldehyde cross-
linking on amine functionalized CPG beads (Weetall, 1976). In brief,
urease was covalently immobilized on amino propyl CPG beads
according to the following procedure: 352 mg of CPG was acti-
vated with 2.5% glutaraldehyde in 100 mM PB, pH 7.2. The reaction
was allowed to take place for at least 1 h inside desiccators under
reduced pressure. The product which changed its colour to brick

red was washed exhaustively with distilled water. Urease 200 mg
(1000 U) dissolved in 1 mL PB was added to the wet activated CPG.
The coupling was allowed to proceed for 30 min at room tem-
perature and overnight at 4 ◦C under gentle shaking. The enzyme
preparation was washed with buffer. Tri-ethanolamine (35 mg)
was added to terminate all the unreacted groups on the matrix and
then washed with 100 mM PB, pH 7.2. The immobilized urease was
packed into a delrin column by a slurry packing method for the use
in FIA mode.

2.4. Instrumentation/FIA-ET-system

The schematic set-up for FIA-ET biosensor for urea analysis
is presented as Fig. 1. The set up consists of a peristaltic pump
(Gilson Minipuls Evolution, France), an injection valve (type 50
from Rheodyne, Cotati, USA), sample loop (0.1 mL), enzyme ther-
mistor, Wheatstone bridge equipped with a chopper-stabilized
amplifier and data recorder. PTFE tubing (0.8 mm id) was used for
connections. The carrier buffer was 100 mM PB, pH 7.2.

2.5. Procedure

For urea analysis, calibration standards were prepared by dilu-
tion of urea stock solution in 100 mM PB, pH 7.2. The immobilized
urease column was mounted inside ET and was allowed to equi-
librate with surrounding. Degassed carrier buffer was passed
through the column initially at a higher flow rate (0.9 mL min−1).
Subsequently, the flow rate was brought down to the optimum
value of 0.5 mL min−1 at which a stable baseline was achieved. Stan-
dards/spiked samples were injected and data were collected using
a data acquisition system connected to the Wheatstone bridge. All
measurements were carried out by injection of 0.1 mL sample at a
flow rate of 0.5 mL min−1. After each sample analysis, the sample
loop was thoroughly rinsed with PB. The milk samples were spiked
with known amount of urea after appropriate filtration and dilution
and injected in to the system.

3. Results and discussion

3.1. Optimization of the FIA biosensor system

3.1.1. Ionic strength and pH of buffer
The influence of the ionic strength and pH on the activity of

the enzyme urease was studied. Measurements were carried out in
the flow system with varying ionic strength (10, 50, 100, 150 and
200 mM PB) and pH (6.8–7.8) for PB for 100 mM urea. The results are
presented in Fig. 2a and b respectively. It is evident from Fig. 2a that
with increase in the ionic strength of PB, response signal increases
up to 100 mM, and then the signal starts decreasing. Thus further
experiments were carried out with 100 mM PB. Fig. 2b, clearly sug-
gests that urease exhibit maximum activity at pH 7.2 flow rate

Fig. 1. Schematic set-up for flow injection analysis-enzyme thermistor (FIA-ET)
biosensor for urea analysis.
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Fig. 2. Effect of ionic strength of the PB on the response of FIA-ET biosensor for 0.1 mL
injection of 100 mM urea, flow rate 0.5 mL min−1. Effect of pH of the phosphate buffer
on the response of FIA-ET biosensor for 0.1 mL injection of 100 mM urea, flow rate
0.5 mL min−1.

0.5 mL min−1 was found optimum to have sufficient contact time
between the enzyme and the substrate.

3.1.2. Matrix matching
Commercial milk samples of different fat content (0.5%, 1.5%,

and 3.5%) were purchased from local market of Goa, India. The
matrix effect in the analysis of urea in milk samples was inves-
tigated. In FIA system, fat present in milk may lead to matrix
related quenching and block the flow in FIA, which can decrease the
device sensitivity or completely clog the column. Various sample
pre-treatment techniques such as combination of centrifugation,
filtration and dilution were tested to select the optimum pre-
treatment procedure for milk urea analysis. Milk samples were
centrifuged at 10,000 rpm for 10 min at room temperature. The
centrifuged milk samples were diluted with PB to obtain different
ratios of milk:PB and further spiked with known amount of urea.

It was observed that 1:4 dilution of milk and PB was most respon-
sive for urea analysis. To obtain the calibration curve for urea in
spiked milk samples, a simple strategy was worked out to remove
the fat and also to obtain a suitable dilution to avoid clogging of
the urease column. In brief, milk samples were centrifuged, diluted
and filtered through 0.45 and 0.22 �m filter (Whatman, USA). Milk
analysis was carried out within the same day after sample prepa-
ration.

3.1.3. Calibration of urea biosensor in PB
The immobilized urease column was kept inside the thermis-

tor and allowed to equilibrate overnight. The buffer solution was
filtered, degassed and pumped via FIA manifold, until a constant
baseline is achieved. Urea standard solutions 0.1, 1, 10, 50, 100,
150, 200, 250 mM (1 mM urea solution corresponds to 60.6 ppm)
were prepared in carrier buffer and injected in to the flow stream.
Response signals were recorded using a data acquisition system
connected to Wheatstone bridge and plotted as current (�A) vs.
urea (mM). All samples were injected in triplicates. The Michaelis
constant, KM for urea was calculated using Lineweaver–Burk plot.
The KM was found to be 100 mM. A good linear response was
obtained for urea hydrolysis in the range of 1–200 mM with min-
imum detection limit of 0.1 mM (6.06 ppm), which is presented in
Fig. 3. Linear fit of data shows a good correlation between urea and
immobilized urease (R2 = 0.99, % R.S.D. = 0.96).

3.1.4. Calibration of urea biosensor in milk
Spiked milk urea standard solutions (0.1–250 mM) of different

fat content (0.5%, 1.5% and 3.5%) were injected in to the flow stream,
and response signals were recorded. All samples were injected
in triplicates. The FIA-ET biosensor showed an excellent dynamic
range for milk urea in the range 0.1–250 mM with a good linear-
ity (1–200 mM). The results are presented in Fig. 3. (R2 = 0.99, %
R.S.D. = 0.95). An actual sensor signal recorded for triplicate mea-
surement of 50 and 100 mM spiked milk urea samples is presented
in Fig. 3.

3.1.5. Urea recovery from milk samples
A known amount of urea standard solution was added to cen-

trifuged, diluted and filtered milk and analysed in FIA-ET. Based
on the response signal, recoveries were calculated. Table 1 shows
the recovery results obtained for milk urea. Excellent recoveries in
the range of 97.56–108.70% were obtained for urea in milk. This
ensures the reproducibility of the presented biosensor.

3.1.6. Sensitivity, detection limit and dynamic range
A broad linear range, 0.1–200 mM was obtained with the lower

limit of detection 0.1 mM (6.06 ppm). The upper limit of detection
as high as 200 mM was achieved with sensitivity of 4.17% mM−1

for buffer urea. For milk urea, a broad linear range, 0.1–200 mM
was obtained with the upper limit of detection 250 mM and sensi-
tivity of the signal 4.58% mM−1. The reported heat of reaction for
urea hydrolysis by urease is −61 kJ mol−1. In our case the calcu-
lated heat of reaction in diluted milk urea samples was found to be
−46.81 kJ mol−1. The broad dynamic range obtained for milk urea
makes the biosensor highly suitable for analysis of adulterated milk
samples.

Table 1
Determination of urea recovery from commercial milk samples spiked with known amount of urea using FIA-ET biosensor.

Sample Added amount of urea (mM) Recovered amount of urea (mM) Recovery, % Found ± S.D. R.S.D. %

Milk 1 41 44.6 108.7 44.6 ± 0.4 0.89
Milk 2 41 42.6 103.9 42.6 ± 0.4 0.93
Milk 3 41 40 97.56 40.0 ± 0.5 1.25
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Fig. 3. Calibration plot obtained for urea using urease column in 100 mM PB, pH
7.2 for 0.1 mL of sample injection, flow rate 0.5 mL min−1 at 30 ◦C, R2 = 0.99, %
R.S.D. = 0.96. Calibration plot obtained for urea using urease column in milk with
0.5%, 1.5% and 3.5% fat. (Inset: linear range obtained for 0.5% fat milk urea. R2 = 0.99,
% R.S.D. = 0.95). Response signal recorded for two different milk urea concentrations
(50 mM and 100 mM) using FIA-ET biosensor. Urea dissolved in filtered milk sam-
ples, sample volume 0.1 mL, flow rate 0.5 mL min−1 acquired using data acquisition
system with recorder.

Fig. 4. Stability of urease column response to 0.1 mL, 100 mM urea using FIA-ET
biosensor observed for continuous 180 days at 30 ◦C. Samples were injected ran-
domly during the period.

3.1.7. Response time and sample throughput
The response of the FIA-ET biosensor was highly reproducible

with a variation coefficient less than 2.5% at 30 ◦C and it was
estimated from 20 repeated injection of 100 mM urea of 0.1 mL.
Response time for urea hydrolysis by urease took about 2 min.
Thus, up to 30 samples can be measured within an hour. Increased
throughput can be achieved by reducing the sample injection vol-
ume down to 0.25 mL.

3.1.8. Operational stability
An excellent dynamic range is achieved while the sensor is con-

tinuous in use at room temperature. The operational stability of
the system was continuously monitored over the period of 180
days. About 15 measurements were made every day for 0.1 mL,
100 mM urea. The operational stability is over the studied period
is presented in Fig. 4. The immobilized urease inside the thermis-
tor presented excellent stability, over the first 30 days the enzyme
activity was found 90% of the original response and there was no
appreciable loss of activity. However after a period of 45 days oper-
ation, about 16% decay in response was observed. Similarly the
response was monitored after 75, 150 and for 180 days and sig-
nals recorded were respectively 82%, 73% and 70% of the original
response.

3.1.9. Comparison of FIA-ET and commercially available
colorimetric assay

The analytical features and figures of merit of the presented milk
urea biosensor were compared with Maxsignal® Urea Enzymatic
Assay Kit (BIOO Scientific, USA). The kit measures the concen-
tration of urea using the urease enzyme, which converts urea to
ammonia. An alkaline hypochlorite solution is then added to the
reaction mixture. The colour produced from the reaction is mea-
sured using a colorimetric multiplate reader at 620 nm. The limit of
detection of urea in milk using the commercial kit is 40 ppm. The kit
is designed to be used with a microplate reader. The kit is provided
with reagents and a 96 well plate to perform the assay (catalogue
no. #:1051 Ref.1051-01 BIOO Scientific, USA). Spiked milk urea
samples corresponding to 8, 25, 50, 100 and 200 ppm were anal-
ysed simultaneously using the FIA-ET and the colorimetric assay.
The results obtained are presented in Fig. 5. For colorimetric mea-
surements (Multilabel Plate Reader Victor X4, PerkinElmer, USA
was deployed with 620 nm filter). The parameters such as detection
range, analysis time, sensitivity, sample throughput and cost per
sample were compared. The dynamic range and the upper limit of
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Fig. 5. Comparison of the results for milk urea concentration obtained with the
FIA-ET biosensor and commercially available colorimetric plate assay (for FIA-ET
R2 = 0.99 and for colorimetric kit R2 = 0.98).

detection for the milk urea using the kit were found much lower as
against presented biosensor, which offers a manifold higher linear
range 0.1–200 mM. The analysis time for the thermal biosensor is
2 min per sample with throughput of 30 h, whereas with commer-
cial kit, up to 72 samples can be analysed within an hour. For FIA-ET
biosensor, a higher sensitivity is observed. As many as 500 samples
were analysed with the single urease column over the period of 180
days. The result suggests that the presented system is robust and
suitable for urea determination in adulterated milk samples and
can be easily adapted for routine analysis.

4. Conclusions

A flow injection analysis-enzyme thermistor biosensor for
detection of urea in adulterated milk is developed and demon-
strated. The method was optimized and had been successfully
applied to determine urea in adulterated milk samples. The biosen-
sor is stable at room temperature for more than 180 days and

still in working condition with 30% loss of original response. Broad
dynamic range (0.1–250 mM) of the sensor facilitates the urea anal-
ysis in milk. Reported method is highly reproducible, cost effective,
reliable and robust. It fulfils the need of dairy processing plant for
monitoring of milk urea.
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Abstract— The widespread use of antibiotics within the farming 
industry is one of the factors that have been linked to the 
appearance of these residues in milk. A flow injection analysis-
electrochemical quartz crystal nano-balance (FIA-EQCN) 
biosensor is presented for label free analysis of sulphadiazine 
residues in milk. The biosensor constituted a polyclonal antibody 
of sulphadiazine covalently immobilized to a gold coated quartz 
crystal mounted on a flow cell attached with FIA-EQCN setup. 
The biosensor showed linearity in the range 50 to 200 μg kg -1, 
with minimum detection limit of 10 μg kg-1,  R2 0.97 and % R.S.D. 
0.83. Good recoveries were obtained (98.6–100.5%) for 
sulphadiazine in the spiked milk samples. A good correlation was 
observed between the sulphadiazine concentrations measured 
through FIA-EQCN and the commercial ELISA kit. These 
results indicate that utilizing this system could be very effective to 
detect low level of sulphadiazine residues in milk. 

Keywords- Antibiotic resudues; Flow injection analysis; Quartz 
crystal nanobalance; Milk; Sulphadiazine.  

I. INTRODUCTION  
Antibiotics are one of the most important bioactive and 
chemotherapeutic group of compounds. In veterinary medicine 
antimicrobial drugs are routinely used to treat mastitis in dairy 
cows, but the efficiency of antibiotics as growth enhancers 
also has led to their use as supplements in animal feed. 
Sulphonamides are a family of chemotherapeutics that are 
widely used for therapeutic and prophylactic purposes in 
animal diseases. In the treatment of mastitis, sulphonamides 
are usually administrated in the case of infections caused by 
gram-negative pathogens, e.g. E. coli. Toxicological data 
show that sulphonamides have antithyroid effects in both 
animals and humans [1]. Sulphadiazine (SDZ) is a member of 
the sulphonamide or sulpha drug family which play an 
important role in veterinary medicine by controlling many 
bacterial and protozoan diseases [2]. The occurrence of these 
antibiotic residues in food carries the risk of increasing the 
number of resistant bacteria and transferring antibiotic 
resistance genes to human pathogens. Apart from the 
consequences for public health, economic reasons have also 
led to a control of antimicrobial residues in food [3] 
Indiscriminate use of antibiotics may produce residues in milk, 
and subsequently induce allergic reactions in humans. In 
addition, antibiotics give rise to an increase in the antibiotic 
resistance of pathogenic bacteria, which may result in health 
hazards [4].  
Early detection of contaminants in food requires sensitive and 
reliable analytical methods that should ideally be accessible to 
non-skilled users. Maximum residual level (MRL) for 

sulfonamides has been established by the authorities to protect 
the consumer’s health, e.g. against bacterial resistance. The 
European Commission (EC) has thus set up MRL for 
sulfonamides to 100 μg kg-1 [5-6]. The widespread use of 
antibiotics outside human medicine is the cause of the 
alarming emergence in humans of bacteria that have acquired 
resistance to antimicrobials. This situation is causing a serious 
threat to the public health, as more and more infections can no 
longer be treated with the presently known antidotes [7].  
Various analytical methods have been reported for the analysis 
of sulfonamides, such as high-performance liquid 
chromatography (HPLC) [8-9], gas chromatography–mass 
spectrometry (GC–MS) [10] and enzyme-linked immuno 
sorbent assay (ELISA) [11]. HPLC and GC–MS are sensitive 
and specific but are very laborious and expensive. They are 
suitable for confirming but not for screening a large number of 
samples [12]. Apart from conventional techniques, biosensors 
based on Surface Plasmon Resonance (SPR) have also been 
reported addressing clinical, environmental, and food safety 
for antibiotic residue analysis [13-14]. 
As a sensitive surface mass sensor, Quartz Crystal 
Microbalance (QCM) has emerged as promising technique. 
The principle of QCM detection is based on the frequency 
changes of the crystal that is proportional to the mass changes 
on the crystal surface. 
Because of its simplicity, convenience, and real time response, 
QCM has been increasingly used in many fields of biological 
studies [15]. One of its most popular applications is for 
immunoassay. The QCM immunosensor, which is generally 
based on specific recognition between immobilized and target 
molecules, exhibits extremely high detection sensitivity for 
biological macromolecules including proteins, microbes and 
whole living cells [16].  To implement a QCM immunosensor, 
antibody or antigen needs to be immobilized on the crystal 
surface to capture target molecules. Thus, the development of 
small ligands with high binding affinity and low cost is of 
great interest. 
QCM biosensor integrated in a flow injection analysis (FIA) 
system has the advantage to work continuously and to monitor 
on-line label free binding of the analyte. Complicated and 
time-consuming drying procedures used in conventional 
ELISA are eliminated and a highly automated test 
performance can be achieved [17]. In addition, the binding 
results in a change of resonance frequency of the crystal and 
thus immunological marker, such as enzyme or fluorescence 
labeled tracers are not necessary. Such an FIA-EQCN system 
is suitable for rapid label free analysis of bio-specific 
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interactions. In this paper, an FIA-EQCN system was set up 
and used for analysis of SDZ residues in milk samples with 
immobilized polyclonal anti SDZ antibody (pAb-SDZ). 

II. EXPERIMENTAL 

A. Reagents and Solutions 
Sodium dihydrogen phosphate monohydrate, disodium 
hydrogen phosphate monohydrate, glutaraldehyde solution 
25%, sodium chloride, glycin and cystamine chloride were 
obtained from Merck (Germany). Anti-sulphadiazine 
polyclonal antibody Ig fraction isolated from sheep, 
sulphadiazine and sulphadiazine ELISA kit were purchased 
from Randox (UK). For sample handling, micropipettes 
(eppendorf®, Germany) were used. Centrifugation of milk 
sample was done by minispin (eppendorf®, Germany). 
Shaking and filtration of the samples were done by Spinix 
shaker (Tarsons, India). For preparing all the solutions, water 
produced in a Milli-Q system (Millipore, Beford, MA, USA) 
was used. pH meter (Seven Multi Mettler Toledo, 8603, 
Switzerland) were used. All other chemicals used were of 
analytical grade and used as received. 

 

B. Apparatus 
The experimental set-up used are presented as Figure 1A 

and 1B.  FIA-EQCN system from Elchema (USA) was 
deployed as biosensor. The gold quartz crystal (10 MHz) was 
connected to the frequency-measuring unit, which contains a 
reference crystal with the same characteristics as the measuring 
crystal. The gold quartz crystal was placed in a plexiglass flow-
cell, sandwiched between two O-rings, with its upper electrode 
in contact with the liquid and its lower electrode in air. The 
volume of the flow cell was 50 μl (Ø = 8mm and height =1 
mm).. A peristaltic pump (Gilson, France) was connected 
through a 6-port injection valve to the flow-cell. The pump was 
connected in such a way that it reduced the pressure exerted on 
the crystal. Samples were filled in a 100 μl loop of the 6-port 
injection valve and injected into the carrier buffer. The output 
from the oscillator was measured by the frequency unit, which 
calculated the mass by using a conversion factor (1Hz 
equivalent to 1ng). A personal computer controlled the data 
acquisition.  The flow cell was placed in a Faraday cage to 
shield the crystal from external electromagnetic sources. 

 

 
Figure 1. (A) Schematic of FIA-EQCN biosensor set-up. 

 
Figure 1. (B) Picture of flow cell used in FIA-EQCN biosensor with mass                    
change read-out 

 

C.  Solution preparation 

Phosphate buffered saline (PBS) was prepared by 
dissolving appropriate amount of Na2HPO4, NaH2PO4 and 
NaCl. The pH of the buffer was adjusted to 7.4. For 
sulphadiazine standard solutions, appropriate amount were 
dissolved in PBS and further diluted to meet the calibration 
standards. For milk sample analysis, stock solution of 250 μg 
kg-1 was prepared and further dilutions of the same milk gave 
the range of SDZ concentration as 200- 10 μg kg-1. All the 
solutions were stored at 4 °C when not in use. 

D. Immobilization protocol 

The methodology employed for pAb immobilization was 
based on multilayer assembling on the gold surface of the 
piezoelectric transducer gold quartz crystal. The cleaned gold 
quartz crystal was incubated for 12 h in an aqueous solution 
with 15 mM cystamine. The crystal was then washed with 
double distilled water and was incubated in glutaraldehyde 
solution (2.5% v/v for 30 min.). Subsequently, the crystal was 
washed with PBS to remove residual glutaraldehyde molecules. 
The crystal was finally exposed to the pAb solution (1:500 
dilutions, 10 μg/ml) for 1 h and then rinsed with PBS. To block 
reminiscent aldehyde groups the modified crystal surface was 
exposed to glycine solution (4% w/v for 30 min) and washed 
with PBS. Schematic presented as Figure 2. 

 
 

Figure 2.  Schematic of immobilization procedure for coupling of SDZ-pAb to 
gold quartz crystal for FIA-EQCN biosensor. 
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E. Experimental Procedure 

The pAb-immobilized gold quartz crystal was mounted in 
the flow-cell via two-silicon rubber O-rings and rinsed with 
100 mM L 1 PBS (pH 7.4) continuously at a flow rate of 50 μL 
min 1. After a stable baseline was achieved, 100 μL of standard 
sulphadiazine solutions were injected into the fluid system via 
the 6-port injection valve. The real time kinetic curves of mass 
change versus time were recorded 

III. RESULT AND DISCUSSION 

A. Optimization of the FIA-EQCN system 
The influence of the ionic strength and pH of the working 

buffer on the mass binding activity of the pAb was studied. 
Measurements were carried out in the FIA-EQCN system with 
varying ionic strength (10, 50, 100, 150 and 200 mM) and pH 
(6.8–7.8) of PBS for 100 μg kg -1 SDZ. Based on optimized 
experimental data further experiments were carried out with 
100 mM PBS and pH 7.4 which exhibit maximum mass 
binding activity. Flow rate of 50 μL min 1 was found optimum 
to have sufficient contact time between the immobilized pAb 
on gold quartz crystal and the analyte. Commercial milk of 
3.5% fat content, was purchased from local market of Goa, 
India. The matrix effect of milk in SDZ analysis was 
investigated. In FIA system, fat present in milk may lead to 
matrix related quenching and block the flow in FIA, which can 
decrease the device sensitivity or completely clog the flow. 
Thus, various sample pre-treatment techniques such as 
combination of centrifugation, filtration, and dilution were 
tested to select the optimum pretreatment procedure for milk 
analysis. Milk samples were centrifuged at 10,000 rpm for 10 
min at room temperature. The centrifuged milk samples were 
diluted with PBS to obtain different ratios of milk: PB and 
further spiked with known amount of SDZ. It was observed 
that 1:4 dilution of milk and PBS was most responsive for 
analysis. To obtain the calibration curve for SDZ in spiked 
milk samples, a simple strategy was worked out to remove the 
fat and also to obtain a suitable dilution to avoid clogging of 
the flow in FIA- EQCN system. 

B. Surface charecterisation of immobilized gold crystal 
The surface of the gold quartz crystal before and after 
coupling to SDZ-pAb were characterized by scanning electron 
microscopy (SEM) by Zeiss EVO-50 (Germany). Figure 3 
shows the SEM micrograph of the bare gold quartz crystal and 
PAb immobilized gold quartz crystal at magnification 25×. 
 

 

Figure 3. SEM image of gold crystal surface; (A) before pAb coupling and (B) 
after pAb coupling. 

C. Dose response curve of SDZ 
The pAb immobilized gold quartz crystal was kept in a 
Plexiglas flow-cell, sandwiched between two O-rings and 
degassed PBS solution was pumped via FIA manifold, until a 
constant baseline is achieved. SDZ standard solutions from 
10μg kg -1 to 200μg kg -1   were prepared in carrier buffer and 
injected in to the FIA-EQCN system. Response signals were 
recorded using a data acquisition system connected to 
resonator and plotted as mass change vs. Concentration of 
SDZ. All samples were injected in triplicates. A good linear 
response was obtained for SDZ binding in the range of 50–200 
μg kg -1 with minimum detection limit of 10μg kg -1, which is 
presented in Figure 4. Linear fit of data shows a good 
correlation between immobilized pAb and SDZ (R2 = 0.97, % 
R.S.D. = 0.83). 
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Figure 4. Calibration graph for different sulphadiazine concentrations 
obtained from FIA-EQCN Biosensor 

 

D. Recovery studies from milk samples 
The potential application of the developed FIA-EQCN system 
for detection of SDZ in milk was tested. All milk samples 
were assumed as initially SDZ free. A known amount of SDZ 
standard solution was added to centrifuged, diluted and 
filtered milk and analyzed in FIA-EQCN system. Based on the 
response signal, recoveries were calculated. Table 1 shows the 
recovery results obtained for milk samples. Excellent 
recoveries in the range of 98.6–100.5% were obtained. This 
ensures the reproducibility of the presented biosensor. 
 

TABLE I.  RECOVERY STUDIES OF SULPHADIAZINE  FROM SPIKED MILK 
SAMPLES 

 
Added  

SDZ mean 
(μ gm kg -
1)(n= 3) 

Found  
SDZ mean 
(μ gm kg -

1) (n=3) 

Mean 
recovery % 

(n=3) 

Found SD 
± mean 

% RSD 
mean 

50 49.6 99.2 0.26 ± 46 0.96 

100 98.6 98.6 0.40 ± 41 1.10 

200 201 100.5 0.10 ± 01 0.21 

 

674



.  
 
 

 
 

E. Cross reactivity 
Cross-reactivity studies were performed in PBS using standard 
solutions of different sulfonamides. Most common 
sulfonamides like Sulphadiazine, Acetyle-Sulfadiazine, 
Sulfathiazole, Sulfamethazine, Sulfaquinoxaline, and 
Sulfamethoxazole are tested for cross reactivity with 
sulphadiazine specific PAb. As shown in table 2, Very high 
cross-reactivity was obtained for sulphadiazine and acetyl 
sulphadiazine, which contains more related structure with 
sulphadiazine, are recognized by the antiserum with a cross-
reactivity of 100% and 92%, respectively. Sulfathiazole and 
Sulfamethazine shows cross reactivity of 1.2% and 0.2% 
respectively. Sulfaquinoxaline and Sulfamethoxazole shows 
less than 0.1% cross reactivity. 
 

TABLE II  CROSS REACTIVITY OF SULFADIAZINE BIOSENSOR WITH OTHER 
SULPHONAMIDES 

 
Sulphonamides % Cross Reactivity 
Sulfadiazine 100 

Acetyle- Sulfadiazine 92 

Sulfathiazole 1.2 

Sulfamethazine 0.2 

Sulfaquinoxaline <0.1 

Sulfamethoxazole <0.1 

 

F. Cross comparision and validation 
The results obtained from the FIA-EQCN measurements were 
cross validated against commercial ELISA kit. Validation 
experiments against ELISA method confirmed the reliability 
of the FIA-EQCN biosensor test. In EQCN measurements, 
mass changes increases with increase in the concentration of 
SDZ whereas in the ELISA measurements, optical density of 
the reactant decreases with increase in the concentration.  It is 
clear from the Figure 5 that one technique is supplementary to 
another technique as the results are inversely proportional. The 
obtained results from both the methods show good co-relation 
in terms of sensitivity and reproducibility. The % RSD 
obtained shows the difference of ±0.5% by both methods. In 
addition, the methods show linearity in the same range as from 
50 to 150 μg kg-1. 
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Figure 5. Comparison of the results for Sulphadiazine concentration obtained 
with the FIA-EQCN biosensor and commercially available ELISA kit 

IV. CONCLUSION 
FIA-EQCN based biosensor approaches show promise, being 
capable of detection of antibiotics at levels below the MRL. A 
FIA-EQCN biosensor for analysis of SDZ residues in milk is 
developed and demonstrated. The method was optimized and 
had been successfully applied. The large detection range (10 
μg kg-1 to 200 μg kg-1) of developed biosensor facilitates to 
analyze SDZ above MRL value. It has been possible to 
regenerate the sensor for multiple usages. The validation of 
the presented sensor supports that label-free approaches may 
become practical for routine analysis. 
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Abstract There is a need for analytical methods capable of monitoring urea levels in urine for
patients under clinical monitoring to appraise renal function. Herein, we present a practical
method to quantify levels of urea in human urine samples using flow injection analysis-
enzyme thermistor (FIA-ET) biosensor. The biosensor comprises a covalently immobilized
enzyme urease (Jack bean) on aminated silica support, which selectively hydrolyzes the urea
present in the sample. Under optimized conditions, the developed biosensor showed a linear
response in the range of 10–1,000 mM, R2=0.99, and response time of 90 s in 100 mM
phosphate buffer (PB) (flow rate of 0.5 mL/min, sample volume of 0.1 mL, and pH 7.2). The
urea-spiked human urine samples showed minimal matrix interference in the range of 10–
1,000 mM. Recoveries were obtained (92.26–99.80 %) in the spiked urine samples. The
reliability and reproducibility of the developed biosensor were found satisfactory with percent
relative standard deviation (% RSD)=0.741. The developed biosensor showed excellent
operational stability up to 30 weeks with 20 % loss in original response when used continu-
ously at room temperature. These results indicate that the developed biosensor could be very
effective to detect low and high levels of urea in urine samples.

Keywords Urea . Urine . Enzyme thermistor . Immobilized urease . Aminated silica gel

Appl Biochem Biotechnol (2014) 174:998–1009
DOI 10.1007/s12010-014-0985-0

G. K. Mishra : A. Sharma : K. Deshpande : S. Bhand (*)
Biosensor Laboratory, Department of Chemistry, Birla Institute of Technology and Science, Pilani, KK Birla
Goa Campus, Goa 403726, India
e-mail: sunil17_bhand@yahoo.com

G. K. Mishra
e-mail: geeteshmishra26@gmail.com

A. Sharma
e-mail: atulsharma407g@rediffmail.com

K. Deshpande
e-mail: kanchi_43@yahoo.com

Present Address:
K. Deshpande
Department of Chemistry, Goa University, Goa 403206, India



Introduction

Determination of urea has numerous applications in a wide range of fields such as clinical
diagnostics, environmental monitoring, and food science. However, the most important
application of urea determination lies in clinical analysis to appraise renal functions. Being a
waste product of the kidney, urea is an important biomarker that is routinely monitored to
determine the functional ability of the renal system [1, 2]. The normal range of urea in urine
and blood is between 8 and 20 mg/dL [3]. Elevated urea levels in serum and urine are
indicative of renal dysfunction, urinary tract obstruction, dehydration, diabetes, shock, burns,
and gastrointestinal bleeding. However, reduced urea level may cause hepatic failure, nephritic
syndrome, and cachexia [4].

In recent years, several analytical methods such as reverse phase ultra-fast liquid
chromatography [5], colorimetric method based on the reaction of urea and diacetyl-
monoxime derivatives [6], infrared spectrometry [7], and high performance liquid
chromatography [8] have been utilized for urea determination. Furthermore, biosensor
techniques such as potentiometry, conductimetry, amperometry, and coulometry have
also been extensively studied for the detection of urea by urease-catalyzed hydrolysis
products [9–12].

The growing demand for clinical diagnostics in relation to kidney diseases has
stipulated the development of new methods for the rapid and accurate measurement
of urea in samples like urine and serum. Thermal biosensors have been considered to
be a practical alternative due to their robustness, simplicity, low cost, and extended
stability. Another advantage of thermal biosensors is the universal detection principle
that has been combined with the specificity of biological reactions. A number of
enzymatic reactions for the analysis of urea, glucose, lactate, cholesterol, heavy metals,
and fructose have been studied by thermal biosensors among which urea detection was
studied extensively in serum and milk [13–18].

Recently, we have demonstrated a flow injection analysis-enzyme thermistor (FIA-
ET) biosensor for urea adulteration in milk [19], which was for the first time studied
by this instrument comprising urease (Jack bean, EC 3.5.1.5) immobilized on con-
trolled pore glass (CPG). The objective of the present work is to demonstrate the
application of the enzyme thermistor for the analysis of urea in urine samples. A low-
cost amine-functionalized silica gel microparticle matrix was used as column material
for the immobilization of urease. Herein, we present a highly stable, sensitive, and
economical FIA-ET biosensor for the analysis of urea in urine samples. The presented
biosensor can facilitate the regular and continuous monitoring of abnormal urea
concentrations to keep track of the functional ability of the renal system. Another
important feature of the presented biosensor is the lower detection limit (10 mM) and
an excellent dynamic range of detection—10-1,000 mM urea with a sample through-
put of more than 20 within an hour.

Experimental

Reagents and Materials

Enzyme urease (Jack beans lyophilized 5 U mg−1, EC 3.5.1.5), urea, sodium dihydrogen
phosphate monohydrate, disodium hydrogen phosphate monohydrate, glutaraldehyde solution
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25 %, and tri-ethanol amine were obtained from Merck, Germany. Functionalized silica gel
(amino-3, ca. 1.4 mmol, particle size 40–83 μm) was procured from Across Organics, NJ,
USA. All other chemicals used were of GR grade.

Solution Preparation

Phosphate buffer (PB) 100 mM, pH 7.2, was prepared by mixing 100 mM of sodium
dihydrogen phosphate monohydrate and 100 mM of disodium hydrogen phosphate
monohydrate in double distilled water. PB was degassed before the analysis. A stock
solution of urea (1,000 mM) was prepared by dissolving an appropriate amount of
urea in 100 mL of PB (100 mM, pH 7.2). The working solution of urea was freshly
prepared prior to use.

Enzyme Column Preparation

Enzyme immobilization on amine-functionalized silica gel was achieved by glutaral-
dehyde cross-linking as reported earlier with slight modifications as presented in
Fig. 1a. In brief, urease was covalently immobilized on amine-functionalized silica
gel according to the following procedure: 250 mg aminated silica gel was activated
with 2.5 % glutaraldehyde in 100 mM PB, pH 7.2. The reaction was allowed to take
place for at least 1 h inside the desiccators, under reduced pressure. The activation of
the aminated silica gel support was confirmed by the presence of a brick red color
(formation of Schiff base). Activated silica gel was successively washed with double
distilled water and PB. Urease 200 mg (1,000 IU) dissolved in 1 mL PB was added
to the wet activated silica gel. The coupling reaction was allowed to proceed for
30 min at room temperature and overnight at 4 °C. The enzyme preparation was
washed with PB. Tri-ethanolamine (200 mM) was added to terminate all the unreacted
groups and then washed with 100 mM PB, pH 7.2. The immobilized urease was
finally packed into a Delrin column by a slurry packing method.

Instrumentation

The schematic setup for the FIA-ET biosensor for urea analysis is presented in
Fig. 1b. The experimental setup consists of a peristaltic pump (Gilson Minipuls
Evolution II, France), a six-port injection valve (Rheodyne, Cotati, USA), sample
loop (0.1 mL), enzyme thermistor, Wheatstone bridge equipped with a chopper-
stabilized amplifier, and Pico logger data recorder (Picotech, UK). PTFE tubings
(0.8 mm i.d.) were used for the connection. PB (100 mM, pH 7.2) was used as the
carrier buffer.

Procedure

For urea analysis, calibration standards (10–1,000 mM) were prepared by dilution of urea
stock solution (1,000 mM) in 100 mM PB, pH 7.2. The immobilized urease column was
mounted inside the ET and was allowed to equilibrate with the surrounding. Degassed
carrier buffer was passed at an optimum flow rate of 0.5 mL min−1 at which a stable
baseline was achieved. Samples were injected and data collected using a data acquisition
system connected to the Wheatstone bridge. All measurements were carried out by
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injection of 0.1 mL sample at a flow rate of 0.5 mL min−1. After each sample analysis,
the sample loop was thoroughly rinsed with PB. The urine samples were spiked with a
known amount of urea and, after matrix matching with appropriate dilutions, were
injected into the FIA-ET system.

Fig. 1 a Schematic representation of immobilization of enzyme urease to aminated silica matrix. b Schematic
representation of the experimental setup of the FIA-ET biosensor for urea analysis in urine (A buffer reservoir, B
injection valve, C reference probe, D thermistor, E immobilized urease column, F heat exchanger)
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Fig. 2 aEffect of ionic strength of PB on the response of the FIA-ET biosensor to 0.1mL injection of 200mMurea.
b Effect of pH of PB on the response of the FIA-ET biosensor to 0.1 mL injection of 200 mM urea. c Effect of flow
rate of PB on the response of the FIA-ET biosensor to 0.1 mL injection of 200 mM urea
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Result and Discussion

Optimization of the FIA-ET Urea Biosensor

A series of experiments were performed to determine the influence of ionic strength and pH of
PB, the flow rate and sample volume on the activity of enzyme urease, and the sensitivity of
the biosensor. Measurements for optimization of the flow system were carried out with varying
ionic strength (10, 50, 100, and 200 mM) and pH (6.8–7.4) for PB. Flow rates of 0.25, 0.5,
0.75, and 1.0 mL min−1 and sample volumes of 0.05 and 0.1 mL were investigated against
200 mM urea. As presented in Fig. 2a–c, the results indicate that the performance of the FIA-
ET was highly reproducible under optimized conditions of PB (ionic strength of 100 mM,
pH 7.2, flow rate of 0.5 mL min−1, and sample volume of 0.1 mL).

Matrix Matching

Urine samples from different individuals were collected and the matrix effect in the analysis of
urea in the urine sample was investigated. Various measurements of ionic strength and pH of
urine samples were performed for appropriate dilutions of urine with PB. It was observed that
1:4 dilution of the urine sample with PB was the most responsive for urea analysis. To obtain
the calibration curve for urea in spiked urine samples, a simple dilution strategy was developed
to avoid the effect of ionic strength and pH on the urease column. Urine analyses were carried
out within the same day after sample preparation.

Surface Characterization of the Silica Matrix

The surface morphology of the aminated silica matrix was characterized using a JEOL (JSM
6560 LV) Scanning Electron Microscope (SEM) operated at×400 magnification and an
accelerating voltage of 8 kV as presented in Fig. 3a(A, B). Figure 3a(A) shows the bare
surface of the silica particle before the attachment of the enzyme molecule. Figure 3a(B) shows
the enzyme molecule attached to the silica matrix. From both figures and enlargements, it is
clearly distinct that the enzyme molecules are coupled to the silica matrix. Furthermore,
Fourier transform infrared (FT-IR) spectroscopy was also applied to measure the surface
properties of the aminated silica matrix coupled to the enzyme. The surface was characterized
before and after immobilizing the enzyme to the silica particles. Spectra were recorded using
IR Affinity 1 (SHIMADZU, Japan) with attenuated total reflectance (ATR) attachment Specac
Diamond ATR AQUA using 40 scans at 4 cm−1 resolution collected under vacuum condition.
The ATR FT-IR spectra are shown in Fig. 3b. The insets in Fig. 3b(1a, 2a, 1b, 3a) show the
results for amine-functionalized silica surface. In Fig. 3a(1a), the presence of two peaks at
2,963 and 2,858 cm−1 represents the asCH2 and sCH2 vibration. In Fig. 3b(1b), four different
peaks at 1,562, 1,506, 1,488, and 1,471 cm−1 are due to the asymmetric and symmetric
bending of primary amine. The presence of one peak at 669 cm−1 with two associated peaks at
686 and 648 cm−1 confirms the presence of –Si–C– bond in amine-functionalized silica (not
shown in inset). In Fig. 3b(2a), the formation of Schiff base after treatment with glutaraldehyde
is confirmed by the appearance of two different peaks at 1,702 for –C=N– of Schiff base and
1,651 cm−1 –CO of free aldehyde group. In Fig. 3b(3a), the presence of peak at 1,641 cm−1 is
attributed to –C=O of peptide bond between immobilized urease enzyme and glutaraldehyde-
activated silica particle. In Fig. 3b(3a), the presence of peaks at 1,528 and 1,477 cm−1 with two
associated peaks at 1,459 and 1,443 cm−1 is due to asymmetric and symmetric bending
vibration of –NH– of secondary amide. The peaks that appear at 1,234 and 1,076 cm−1 are
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due to –C–N– and –Si–O–Si bond. A broad band from 3,257 cm−1 may be attributed to –NH–
stretching vibration.

Calibration of Urea Biosensor in PB

The packed column with immobilized urease enzyme was installed inside the thermistor and
allowed to equilibrate with the carrier buffer. The filtered and degassed PB was pumped
manifold via FIA until a constant baseline was achieved. Mock urea standard solutions in the
range of 10–1,000 mM (1 mM urea corresponds to 60.06 ppm) were prepared in PB and
injected into the flow stream. Response signals were recorded using a data logger acquisition
system connected to the Wheatstone bridge and plotted as current (mV) vs. urea (mM). All
samples were measured in triplicates. The Michaelis constant, KM, for urea was calculated
using Lineweaver–Burk plot and found to be 448 mM. A good linear response was obtained

Fig. 3 a SEM micrograph of the bare and enzyme-coupled silica matrix at magnification of×400. b FT-IR
characterization of 1 aminated silica matrix, 2 glutaraldehyde-activated silica matrix, and 3 immobilized urease
on silica matrix. Inset: 1a, 1b, 2a, and 3a represent the corresponding FT-IR characteristic peaks
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Fig. 4 a Calibration plot obtained for urea using the FIA-ET biosensor in 100 mM PB, pH 7.2 for 0.1 mL of
sample injection, flow rate of 0.5 mL min−1 at 30 °C, R2=0.99, % RSD=0.02. b Calibration plot obtained for
urea-spiked urine samples using the FIA-ET biosensor in 100 mM PB, pH 7.2 for 0.1 mL of sample injection,
flow rate of 0.5 mL min−1 at 30 °C, R2=0.99, % RSD=0.741. Inset: real-time response obtained from the FIA-ET
urea biosensor for urea concentrations 10–1,000 mM
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for urea hydrolysis in the range of 10–1,000 mM, which is presented in Fig. 4a. Linear fit of
data shows a good correlation between urea and immobilized urease (R2=0.99, percent relative
standard deviation (% RSD)=0.02).

Calibration of Urea Biosensor in Urine

Urine samples spiked with urea standard solutions (10–1,000 mM) were injected into the
flow stream and the response signal was recorded. The FIA-ET biosensor showed an
excellent dynamic range for urea present in spiked urine in the range of 10–1,000 mM with
good linearity and the minimum detection limit was 10 mM. The results are presented as
Fig. 4b (R2=0.99, % RSD=0.960). Various biosensors reported in the literature for the
analysis of urea are listed in Table 1. Most of the reported biosensors used urease as
biorecognition element and have good detection range. However, the presented FIA-ET
urea biosensor is capable of detecting urea in a urine sample in a broad dynamic range of

Table 1 Comparison of the FIA-ET biosensor with other reported biosensor methods for the analysis of urea

S. no Matrix Transducer Dynamic range References

1 Urine Thermal biosensor 10–1,000 mM Present work

2 Urine, blood, water Capacitance biosensor 0.1 pM–10 mM [1]

3 Urine Potentiometric bioelectronic tongue 1–1,000 mM [2]

4 Blood Potentiometric 1–1,000 mM [20]

5 Blood, serum Potentiometric 0.05–0.072 mM [21]

6 Urine, blood Colorimetric 0.17–0.44 M [22]

7 Urine, blood Amperometric 10–250 μM [23]

8 Urine Enzyme-based biosensor 0–714.3 mM [24]

9 Urine, serum Enzyme-based biosensor 0–100 mM [25]

10 Urine, serum Amperometric biosensor 0.1–35 mM [26]

Table 2 Determination of recovery from urine samples spiked with known amounts of urea using the FIA-ET
urea biosensor

Urine samples Urea added (mM) (n=3) Urea found (mM) (n=3) % Recovery Mean ± SD % RSD

Sample 1 0.5328 0.5219 97.97 0.97±0.016 1.64

Sample 2 1.0237 0.9445 92.26 0.94±0.012 1.28

Sample 3 2.0086 1.9767 98.41 1.97±0.071 3.60

Sample 4 3.1277 2.9511 94.36 2.95±0.016 0.54

Sample 5 3.9692 3.9613 99.80 3.96±0.016 0.40

Sample 6 4.8124 4.7315 98.32 4.73±0.022 0.46

Sample 7 6.0250 5.7695 95.76 5.77±0.034 0.59

Sample 8 6.9983 6.7612 96.61 6.76±0.021 0.31

Sample 9 7.9598 7.6810 96.50 7.68±0.106 1.38

Sample 10 8.8393 8.5633 96.88 8.56±0.123 0.14

Sample 11 9.7647 9.3846 96.11 9.38±0.022 0.23
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10–1,000 mM that covers the requirement of clinical industries to determine the functional
ability of the renal system.

Recovery Studies from Spiked Urine Samples

A known amount of urea standard was spiked to a diluted urine sample and analyzed using the
FIA-ET biosensor. Recoveries were calculated from the obtained response signal. Table 2
shows the recovery results obtained from urine urea. Excellent recoveries were obtained in the
range of 92.26–99.80 % in the spiked urine samples. This ensures the reproducibility and
sustainability of the developed biosensor.

Reliability and Reproducibility of the Urea Biosensor

In order to determine the reliability and reproducibility of the developed urea biosensor,
several measurements were performed in triplicate. Figure 5 shows the real-time triplicate

Fig. 5 Real-time triplicate sensor signal recorded from the FIA-ET urea biosensor for 0.1 mL sample of 200 mM
urea, flow rate of 0.5 mL min−1 at 30 °C

Table 3 Intraday and interday reliability of the FIA-ET urea biosensor

Intraday reliability Interday reliability

Urea
concentration
(mM)

Intraday mean
(mV) (n=3)

Mean ± SD % RSD Day Interday mean
(mV) (n=3)

Mean ± SD % RSD

100 1.3145 1.31±0.017 1.29 Day 1 2.3721 2.37±0.021 0.89

200 2.3664 2.36±0.016 0.67 Day 2 2.3605 2.36±0.019 0.80

500 5.2284 5.22±0.026 0.49 Day 3 2.3479 2.34±0.015 0.65

Day 4 2.3518 2.35±0.002 0.10

Day 5 2.3305 2.33±0.002 0.08
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sensor signal recorded from the FIA-ET urea biosensor on the urea-spiked urine sample. The
obtained signal confirms the reproducibility of the sensor response. Table 3 presents the
intraday and interday reliability of the developed biosensor.

Stability of the Sensor Signal

Stability of the sensor signal was investigated by making repetitive measurements over a
period of 30 weeks. The sensor showed good operational stability when continuously mon-
itored at room temperature. In an earlier reported work, CPG beads (125–140 μm particle
diameter and 50 nm pore size) were used as a column matrix. The column was stable up to
180 days at room temperature with about 70 % original response. In the present work, amine-
functionalized silica gel microparticle (particle size 40–83 µm) was used as the column matrix
to reduce the cost of the column and cost of per sample analysis. To check the stability of the
sensor signal, about 20 measurements were made every week against 200 mM urea. The
stability of the sensor signal is presented in Fig. 6. The sensor showed excellent stability over
the initial 5 weeks with no appreciable loss of enzyme activity. After 15 weeks of continuous
use, enzyme activity was found about 90 % of the original response. However, after a period of
20 weeks of operation, about 14 % decay in response was recorded. Similarly, the response
was monitored within 25 and 30 weeks and signals recorded were 85 and 80 % of the original
response, respectively. The presented urea biosensor is cost effective and shows good stability
as reported earlier for the FIA-ET biosensor.

Conclusion

The FIA-ET biosensor for the analysis of urea in human urine samples is developed and
demonstrated. A low-cost urease-immobilized aminated silica gel column matrix has been
tested successfully, without compromising operational stability. This significantly reduces the
cost of analysis per sample. A broad dynamic range has been obtained for urine urea analysis

Fig. 6 Operational stability of the sensor signal, response to 0.1 mL, 200 mM urea over the period of 30 weeks
at room temperature. Inset: real-time triplicate sensor response obtained from the FIA-ET urea biosensor against
200 mM urea of the initial week and the 30th week of operation
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(10–1,000 mM). The system has been automated for real-time analysis with a response time of
90 s. Results indicate that the developed biosensor is highly stable, simple, and economical.
The method was optimized and had been successfully applied to determine urea levels in urine
samples. The biosensor has been found to be stable at room temperature up to 30 weeks with
20 % loss of original response. The presented biosensor can facilitate the regular and
continuous monitoring of abnormal urea concentrations to keep track of the functional ability
of the renal system.
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a b s t r a c t

This work presents the development of an ultrasensitive biosensor for detection of streptomycin residues
in milk samples using flow injection analysis-electrochemical quartz crystal nanobalance (FIA-EQCN)
technique. Monoclonal antibody specific to streptomycin was immobilized on to the thiol modified gold
quartz crystal surface. A broad dynamic range (0.3–300 ng/mL) was obtained for streptomycin with a
good linearity in the range 0.3–10 ng/mL for PBS and 0.3–50 ng/mL for milk. The correlation coefficient
(R2) of the biosensor was found to be 0.994 and 0.997 for PBS and milk respectively. Excellent recoveries
were obtained from the streptomycin spiked milk samples in the range 98–99.33%, which shows the
applicability of the developed biosensor in milk. The reproducibility of the developed biosensor was
found satisfactory with % RSD (n¼5) 0.351. A good co-relation was observed between the streptomycin
recoveries measured through the developed biosensor and the commercial ELISA kit. The analytical
figures of merit of the developed biosensor confirm that the developed FIA-EQCN biosensor could be very
effective for low-level detection of streptomycin in milk samples.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Streptomycin (SRT), a member of aminoglycoside, finds wide
application in modern agriculture and dairy for treatment of
mastitis in cattle's (Haasnoot et al., 2003). Antibiotics such as
aminoglycoside are being used either individually or in combina-
tion with other drugs for the treatment of inflammatory diseases
or as feed additives. Monitoring of antibiotics is very important for
safety of milk or milk products for human consumption. The
presence of these residues even in minute amount can trigger
potential health hazard such as allergic reactions in hypersensitive
individuals, toxicity, or they can be act as potential carcinogens
(Conzuelo et al., 2012). Antibiotics also give rise to an increase in
the antibiotic resistance of pathogenic bacteria. Apart from the
consequences for public health, economic reasons have also
led to the control of antimicrobial residues in food. Milk con-
taminated with antibiotics may inhibit the starter cultures used in
the production of other milk products (Ferguson et al., 2002).
Several regulatory agencies have set the maximum residual limit
(MRL) for antibiotics in milk for consumer protection. In particular,

European Union (EU) has fixed the limit at 200 ng/mL for SRT in
milk whereas in The United States; the tolerance limit for SRT in
milk is 125 ng/mL. The Codex committee has set a combined
MRL of 200 ng/mL for SRT and dihydro-streptomycin (DHSRT)
(Commission Regulation (EU) No. 37/2010, 2009; Baxter et al.,
2001).

A wide range of analytical methods currently exists for the
detection and quantitative measurements of SRT. Microbial inhibi-
tion assay (Currie et al., 1999), enzyme immunoassay (Abuknesha
and Luk, 2005) and enzyme linked immuno-sorbent assay (ELISA)
(Heering et al., 1998) are commonly employed as screening tests.
Conventional analytical techniques such as liquid chromatography
(Ye et al., 2008) and liquid chromatography-mass spectroscopy
(Zhu et al., 2008) have been described for confirmatory analysis.
Although the chromatographic techniques are sensitive and spe-
cific, they are restricted to confirmatory analysis being very
laborious and expensive (Wang et al., 2006). Moreover, the long
and tedious sample preparation involved prior to chromatographic
analysis also limit sample throughput. An effective monitoring
technique for regulation of these antibiotics require specific
sensitivity, rapid, reliable and economical methods able to detect
them at or below the MRL levels (Conzuelo et al., 2013).

Biosensors are a recent addition to analytical instrumentation
capable of performing residues testing and offer the potential for
rapid, quantitative high-throughput analysis. One such testimony
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for analysis of SRT in milk is Surface plasmon resonance (SPR)
based optical biosensor (Baxter et al., 2001). Compared with
expensive and complicated optical instrumentation of SPR, quartz
crystal microbalance (QCM) is more suitable for wide general-
ization and applications. Owing to its simplicity, convenience, and
real time response, QCM has been increasingly explored in many
fields of biological studies (Yang et al., 2009a, 2009b). The
principle of QCM is based on the frequency change of the crystal
that is inversely proportional to the mass change on the crystal
surface under appropriate conditions. The observed mass change
can be correlated to the analyte binding on the surface of crystal.
QCM has the advantages of minimal electrical requirements,
adaptability to microfluidic techniques, inexpensive fabrication,
utility in a flow cell, and label free detection. QCM biosensor
integrated in a flow injection analysis (FIA-QCM) system has the
advantages in terms of reproducibility, speed of analysis, control of
contact time and concentration profiling in kinetic studies
(Malitesta et al., 2012).

To implement a FIA-QCM biosensor, biomolecules need to be
immobilized on the crystal surface to capture target analyte.
Various immobilization methods including thiolation, silanization
and immobilization via cross-linking are used for binding of the
biomolecules on the crystal surface. Recently antibody immobili-
zation by way of self-assembled monolayers (SAMs) of thiolated
antibody, exploiting carboxyl-amine coupling of the antibody over
the SAMs of different thiols or sulfide compounds have been
demonstrated (Park et al., 2004).

In this study, we present for the first time an ultrasensitive
detection of SRT antibiotic in milk samples using flow injection
analysis-electrochemical quartz crystal nanobalance (FIA-EQCN)
biosensor. the biosensor comprised monoclonal antibody specific
to SRT (mAb-SRT) immobilized on the thiol modified gold crystal
surface. the broad detection range (0.3–300 ng/mL) of developed
biosensor facilitates ultra-sensitive detection of SRT in milk. the
remarkable features of the developed FIA-EQCN biosensor are; its
precision in reproducibility and reliability. based on the state of
the art, we could able to achieve the sensitive detection of SRT as
low as 0.3 ng/mL in milk using FIA-EQCN, which are summarized

in Table 1. this approach shows promising potential, being capable
of detecting antibiotics at level below the MRL.

2. Materials and methods

2.1. Materials and Reagents

Anti-streptomycin monoclonal antibody-IgG fraction isolated
from Mouse was purchased from M/s Abcam, Cambridge, UK.
Streptomycin sulfate was procured from M/s MP Biomedicals,
Santa Ana, California, USA and Streptomycin ELISA kit was pro-
cured from M/s Biooscientific Austin, Texas, USA. Sodium dihydro-
gen phosphate monohydrate, disodium hydrogen phosphate
monohydrate, sodium chloride, 11-mercaptoundecanoic acid (11-
MUA), 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydro-
chloride (EDC), N-hydroxy succinimide (NHS), glutaraldehyde
solution 25%, sodium chloride, glycin and cysteaminium chloride
were obtained from M/s Merck KGaA, Darmstadt, Germany. L-
cysteine hydrochloride was procured from M/s Himedia labora-
tory, Mumbai, India. Centrifugation of milk is carried out by
minispin centrifuge and for sample handling micropipettes are
used. Both are procured from M/s Eppendorf, Hamburg, Germany.
All the solutions were prepared in 0.22 mm membrane filtered
Milli-Q system RO water, procured from M/s Millipore, Billerica,
Massachusetts, USA, Seven Multi pH meter was used for pH
measurements, procured from M/s Mettler Toledo, Greifensee,
Switzerland. All other chemicals used were of analytical grade
and used as received.

2.2. Instrumentation for FIA-EQCN biosensor

The experimental set-up used for present study is shown as
Fig. 1. EQCN-700 system integrated with flow cell model FC-6 (M/s
Elchema, Potsdam, New York, USA) was deployed for construction
of FIA-EQCN biosensor. The gold quartz crystal (10 MHz, AT cut)
was connected to the frequency-measuring unit, which contains a
reference crystal with the same characteristics as the measuring
crystal. The gold quartz crystal was placed in a plexiglass flow cell,

Table 1
Comparison with earlier reported biosensors for streptomycin detection.

S. no. Matrix Detection limit Detection technique Reference Year

1. Milk 0.3 ng/mL FIA-EQCN biosensor Present work 2014
2. Milk, Honey 7 pg/mL Electrochemical Que et al. (2013) 2013
3. Honey 0.1 mM Aptasensor Zhou et al. (2013) 2013
4. Food 10 ng/g HPLC Benjing et al. (2012) 2012
5. Food 5 pg/mL Electrochemical immunoassay Liu et al. (2011) 2011
6. Honey 15.9 mg/kg Chemiluminescence immunoassay Wutz et al. (2011) 2011
7. Milk 4.5 mg/L Immunoassay Bilandžić et al. (2011) 2011
8. Milk 2 ng/mL and 20 ng/mL ELISA and Immunochromatographic Assay Wu et al. (2010) 2010
9. Milk 100 mg/mL TLC/Bioautographic method Kaya and Filazi (2010) 2010

10. Milk 1.2 ng/mL iSPR based Immunosensor Raz et al. (2009) 2009
11. Meat, Juice 0.1 mg/mL Solid-phase fluorescence immunoassay (SPFIA) Pyun et al. (2008) 2008
12. Milk 2.01 ng/mL SMM–FIA Ce et al. (2008) 2008
13. Milk 3.0 ng/mL ELISA Samsonova et al. (2005) 2005
14. Milk 5.06 mg/L Immunoassays Knecht et al. (2004) 2004
15. Milk, Honey Milk 10 mg/kg LC-MS/MS Bruijnsvoort et al. (2004) 2004

Honey 2 mg/kg
16. Milk 3.2 ng/mL Immunochemical rapid test Strasser et al. (2003) 2003
17. Milk 65 ng/mL Immunoassay Haasnoot et al. (2003) 2003
18. Milk, Honey, Meat Milk 30 mg/kg Optical biosensor Ferguson et al. (2002) 2002

Honey 15 mg/kg
Kidney 50 mg/kg
Muscle 70 mg/kg

19. Milk 4.1 ng/mL Optical immunobiosensor Baxter et al. (2001) 2001
20. Milk 0.03 mg/kg Solid-phase extraction/Flourometric detection Edder et al. (1999) 1999
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sandwiched between two O-rings, with its upper electrode in
contact with the liquid and its lower electrode in air. The volume
of the flow cell was 50 μL (Ø¼8 mm and height¼1 mm). A
peristaltic pump (M/s Gilson Inc., Villiers-le-Bel, France) was
connected through a 6-port Rheodyne injection valve (M/s, Idex
health and science, Oak Harbor, Washington, USA) to the flow-cell.
Samples were filled in the 6-port injection valve and injected into
the carrier buffer. The measurements of direct mass change were
taken using Voltascan 5 software. The EQCN-700 system has
inbuilt hardware and provides the data only as mass change. The
inbuilt frequency unit, which calculated the mass by using a
conversion factor (1 Hz equivalent to 1 ng approx.), measured
the output from the oscillator. The calculation for conversion of
1 Hz to 1 ng is provided in the Supplementary details. Though the
output signal from the EQCN-700 system is in mg (auto calibrated),
the mass change (Δm) is converted in to ng to impart more clarity
in calibration graph. A personal computer controlled the data
acquisition. The flow cell was placed in a Faraday cage to shield the
crystal from external electromagnetic sources.

2.3. Biosensor preparation

The methodology employed for preparation of biosensor for
SRT analysis in milk was based on multilayer assembling on the
surface of gold quartz crystal. In brief, a clean gold quartz crystal
was immersed overnight in 4 mM ethanolic solution of 11-MUA
under ambient condition. The gold quartz crystal was gently
washed with absolute ethanol to remove unbound 11-MUA
residues and dried with nitrogen stream before use. For coupling
of the mAb-SRT antibody, the carboxyl group of SAM on modified
electrode was activated by 1:1 EDC/NHS (100 mM each) mixture
for 2 h. Subsequently, the crystal was washed with membrane
filtered water to remove excess EDC/NHS. Finally, solution of
10 mg/mL (1:1000 in PBS) mAb-SRT was added carefully over
the activated surface of SAM followed by overnight incubation

(8–12 h) at 4 °C. The coupled gold crystal was washed to remove
unbound antibody and mounted on the flow cell to use in FIA
mode.

2.4. Solution preparation

Phosphate buffer saline (PBS, 100 mM) was prepared by dis-
solving appropriate amount of Na2HPO4 and NaH2PO4 containing
137 mM NaCl and 2.7 mM KCl in membrane filtered RO water. The
pH of the buffer was adjusted to 7.4 before use. For preparation of
standards, known amount of SRT was dissolved in PBS and further
diluted to meet the calibration standards. For analysis in milk,
samples were centrifuged and diluted (1:4) in PBS. A stock
solution of SRT (300 ng/mL) was prepared and further diluted to
meet the calibration standards in the range of 0.001–300 ng/mL.
All the solutions were freshly prepared before the experiment and
stored at 4 °C when not in use. The commercial milk sample of
3.0% fat was procured from local market of Goa, India. The matrix
effect on analysis of SRT in milk samples was investigated. In FIA
system, fat present in the milk may lead to clogging of the fluidic
channels and thus, can decrease the biosensor performance. To
avoid such problems, a simple strategic approach was worked out
to obtain the calibration curve for SRT in spiked milk samples.
Combination of several sample pre-treatment techniques such as
centrifugation, filtration, and dilution of milk with PBS was done
for SRT analysis in milk. In brief, the milk samples were centri-
fuged at 6000 rpm for 20 min at room temperature and filtered
with 0.22 mm filter (Whatman, USA) and diluted with PBS to
obtain different ratios of milk and PBS (1:2, 1:4, 1:6.1:8). A known
amount of SRT was spiked in diluted milk samples and it was
observed that 1:4 dilution of milk sample with PBS showed
maximum binding for SRT with immobilized antibody on modified
crystal surface.

Fig. 1. Schematic of FIA-EQCN biosensor for analysis of streptomycin in milk. R – buffer reservoir, P – peristaltic pump, V – 6-port injection valve.
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3. Result and discussion

3.1. Optimization of experimental variables

3.1.1. Surface modification
Earlier reported protocols for SAMs were used for optimization

of surface modification to immobilize mAb-SRT on gold quartz
crystal, with slight modifications. 11-MUA (4 mM) (Park et al.,
2004), cysteaminium chloride (10 mM) (Silva et al., 2010) and L-
cysteine (10 mM) (Zhang et al., 2009) were tested. The concentra-
tions of different surface modifiers and cross-linkers were opti-
mized and mAb-SRT antibody was attached to the surface. The
SAMs based on 11-MUA showed the maximum mass change
against mAb-SRT coupled gold quartz crystal for SRT standard

which confirms the maximum binding. Thus, further experiments
were carried out using 11-MUA. Fig. 2a represents the binding
responses obtained with different SAM's.

3.1.2. Antibody dilutions and binding capacity of the gold crystal
It is very important to optimize the concentration of antibody

(bioreceptors), which critically affects their conjugation onto the
electrodes as well as their ease of access toward analytes with
minimum physical steric hindrance (Ahmed et al., 2013). To
determine optimum antibody concentration and to check the
maximum binding efficiency, different dilutions of mAb-SRT were
injected into the FIA system on the SAMs modified crystal surface.
The mAb-SRT antibody was diluted with PBS as 1:100, 1:500 and
1:1000. As shown in Fig. 2b, it was found that 1:1000 dilution of

Fig. 2. (a) Optimization of different Self Assembled Monolayer's. Inset: representation of different thiols attached to the gold quartz crystal. (b) Optimization of antibody
dilutions for analysis of streptomycin. Inset: binding capacity of the gold crystal through different layers of antibody. Carrier buffer – PBS (100 mM), pH 7.4, flow rate 0.1 mL/
min.
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mAb-SRT showed the maximum binding on optimized monolayer
surface. However, antibody dilution of 1:100 and 1:500 showed
minimum binding which agrees with the hypothesis that too high
a density of bioreceptors can actually hinder binding because of
steric hindrance at high concentration. Recently, Holford et al. has
also demonstrated that a high concentration of antibody de-
creased biosensor sensitivity, as it did not facilitate bioreceptor
binding on the surface, probably due to steric hindrance (Holford
et al., 2013). Hence, all the further experiments were carried out
using 1:1000 dilutions. Simultaneously, experiments were carried
out to study the maximum binding capacity of modified crystal
with mAb-SRT. Optimized dilution of antibody solution in buffer
was passed to the modified crystal surface and real time binding
response was recorded. Saturation of the modified SAMs layer on
crystal surface was observed during the second run of antibody as
evident from Fig. 2b (inset).

3.1.3. Effect of influential parameters of FIA system
Different influential parameters like phosphate concentration,

pH of the carrier buffer and flow rate of the FIA system were
optimized before the experiment was performed. Measurements
were carried out with different phosphate concentrations (10, 50,
100 and 200 mM) and pH (6.8–7.6) of PBS for 10 ng/mL SRT. It is
evident from supplementary Fig. S1 that the 10 ng/mL SRT showed
the maximum binding in 100 mM PBS, similarly, maximum bind-
ing was found at pH 7.4 as presented in supplementary Fig. S2. The
effect of flow rate on SRT binding on modified crystal surface,
immobilized with mAb-SRT was tested. The SRT standard
(10 ng/mL) was passed over the mounted crystal in different flow
rates (0.01, 0.1, 0.5 and 1 mL/min). As shown in supplementary Fig.
S3, flow rate of 0.1 mL/min provides sufficient contact time for
binding of SRT to immobilized mAb on gold crystal, thus gives the
maximum response. These optimized parameters (phosphate
concentration 100 mM, pH 7.4 and flow rate 0.1 mL/min were
used throughout the experiment.

3.2. Surface characterization of mAb-SRT immobilized gold crystal

Fourier Transform InfraRed (FT-IR) spectroscopy was applied to
measure the surface properties of the AT-cut gold quartz crystal

coupled through 11-MUA SAMs via the carbodiimide cross-linking
reaction. The surface was characterized before and after coupling
of mAb-SRT at each step during the experiment. Spectra were
recorded using IR Affinity-1 (M/s SHIMADZU Corp., Kyoto, Japan)
with attenuated total reflectance (ATR) attachment Specac Dia-
mond ATR AQUA. The spectra were recorded using 40 scans at
4 cm�1 resolution collected under vacuum condition. The FT-IR
spectra are shown in Fig. 3. FT-IR spectrum of bared gold surface is
shown as Fig. 3(a). Spectrum of gold surface treated with 11-MUA
is shown as Fig. 3(b) where it showed the C‒H Stretches in
asymmetric and symmetric mode at 2925 cm�1 and 2848 cm�1.
The broad region from 2500–3500 cm�1 with out-of-plane bend-
ing for O‒H at 935 cm�1 confirming the presence of COOH group
of 11-MUA. The broad region with asymmetric and symmetric
Stretches at 1676 and 1619 cm�1 confirm the presence of C=O of
acid. Two-associated peak for C–H deformation(scissoring) was
found to be at 1488 and 1448 cm�1. Three associated peak for long
chain carbon of 11-MUA appears at 684, 635 and 537 cm�1. As
shown in Fig. 3(c), after immobilization of Ab on gold crystal, new
absorption bands appears at 1645 and 1552 cm�1 which confirm
the presence of amide bond (CO-NH) in between 11-MUA and
mAb-SRT. The presented FT-IR spectra confirms the attachment of
mAb-SRT to the modified surface of gold quartz crystal.

3.3. Biosensor performance in PBS and milk

The mAb-SRT immobilized gold quartz crystal was mounted in
Plexiglas flow-cell and degassed PBS was passed until the constant
baseline was achieved. Freshly prepared SRT standard in PBS
(0.001–300 ng/mL) were injected into the FIA-EQCN system,
starting from lower to higher concentration. The response signals
of different concentrationwere recorded using the data acquisition
system (DAQ-716) and plotted as mass change (Δm) vs. concen-
trations. The obtained data from the Voltascan 5 software was
treated using OriginPro 8 software and the data of best fit was
plotted. In the developed FIA-EQCN biosensor, results were ob-
tained as mass change resulting from the real time binding of SRT
to the mAb-SRT immobilized via the SAMs on the quartz crystal.
The mass change (Δm) is converted in to ng to impart more clarity
in the calibration graph. The background value (50 ng/mL) is

Fig. 3. FTIR characterization of immobilized antibody on modified gold crystal. The spectra's were recorded using 40 scans at 4 cm�1 resolution collected under vacuum
condition.
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exhibited from the interaction of the antibody coupled quartz
crystal with the carrier buffer (PBS 100 mM, pH 7.4) at a flow rate
of 0.1 mL/min. Good dynamic range was obtained for SRT in PBS
from 0.3 to 300 ng/mL with linear range of 0.3–10 ng/mL. The
correlation coefficient (R2) of the biosensor performance in PBS
was 0.994 with % R.S.D. (n¼3) 0.23–2.13 and the linear equation
was y¼67.0564x (ng/mL)þ202.64. Furthermore, the usefulness of
the developed biosensor was also evaluated in the milk sample by
analyzing 1:4 diluted milk with PBS. Known concentrations of SRT

(0.001–300 ng/mL) were spiked in the diluted milk samples to
construct a calibration graph. A good dynamic range was obtained
in SRT spiked milk from 0.3 to 300 ng/mL with linear range of 0.3–
50 ng/mL. The correlation coefficient of the developed biosensor in
milk was found to be 0.997, with % R.S.D. (n¼3) 0.13–1.10 and
the linear equation was y¼64.024x (ng/mL) þ205.4033. Based on
the calculation of baseline peak to peak noise root mean square
(RMS) i.e. 6.7 and the sensitivity of the calibration curve i.e.
67.0564 ng/mL for PBS and 64.024 ng/mL for milk, the minimum

Fig. 4. (a) (i) Logarithmic representation of calibration graph for streptomycin analysis in PBS. Inset: linear fit data representation for streptomycin analysis in PBS. (ii)
Logarithmic representation of calibration graph for streptomycin analysis in milk. Inset: linear fit data representation for streptomycin analysis in milk. (b) (i) Actual data
graph for (a) response of functionalized gold crystal (b) response of mAb-SRT immobilized gold crystal (c) response of 0.001 ng/mL SRT spiked milk sample (d) response of
0.005 ng/mL SRT spiked milk sample. (ii) (a) Response of 0.01 ng/mL SRT spiked milk sample (b) response of 0.1 ng/mL SRT spiked milk sample (c) response of 0.05 ng/mL
SRT spiked milk sample (d) response of 1 ng/mL SRT spiked milk sample. (c) Cross reactivity of streptomycin with other antibiotics. Carrier buffer – PBS (100 mM), pH 7.4,
flow rate 0.1 mL/min.
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limit of detection for SRT in PBS and milk was determined as
0.3 ng/mL. The obtained results are presented as Fig. 4a(i) and (ii)
for PBS and milk respectively. Sensitivity and the detection range
of the developed biosensor is attributed to the affinity interaction
between the antibodies and the antigen, since the specific mono-
clonal antibody against SRT was immobilized on the SAM surface
which selectively graft the target analyte (SRT). To support the
ultrasensitive detection of the developed biosensor, screen shot for
real time binding of mAb-SRT to SRT (0.1 ng/mL and 1 ng/mL) have
been provided in the supplementary section as supplementary
Figs. S4 and S5 respectively. Actual readings were plotted for
baseline of functionalized gold crystal and mAb-SRT immobilized
crystal together with response of 0.001 and 0.005 ng/mL SRT and
presented as Fig. 4b(i). For comparison, actual interaction data of
0.01, 0.1, 0.5 ng/mL and 1 ng/mL SRT spiked milk were also plotted
and presented as Fig. 4b(ii). Obtained real time mass change (Δm)
and cumulative mass change values for baseline (functionalized
gold crystal and mAb-SRT immobilized crystal) and SRT (0.001,
0.005, 0.01, 0.1, 0.5 and 1 ng/mL) spiked milk have also been
included in the supplementary section as supplementary Table
ST3. The dissociation constant (Kd) for SRT spiked in PBS and milk
with immobilized mAb-SRT on modified gold crystal was deter-
mined using ligand binding kinetics in sigma plot 11.0.0 and found
to be 1.33�10�10 M and 1.161�10�10 M for PBS and milk
respectively.

3.4. Cross reactivity

Cross-reactivity studies were performed to check the group
specificity of the developed biosensor against the most structurally
similar molecule dihydrostreptomycin (DHSRT) and other three
non-targeted aminoglycosides namely gentamycin (GENTA), neo-
mycin (NEO) and kanamycin (KANA). Apart from aminoglycosides,
one sulfonamide e.g. sulphadiazine (SDZ) was also tested for cross
reactivity, which is commonly used in veterinary medicine and
may present in milk (Mishra and Bhand, 2012). Cross-reactivity
was tested in 1:4 diluted milk samples using 10 ng/mL standard

solutions of above mentioned antibiotics. mAb-SRT immobilized
crystal was fixed on flow cell and solutions of different antibiotics
were passed individually through the FIA system at the flow rate
of 0.1 mL/min. As shown in supplementary Table ST1, very high
cross-reactivity was obtained for SRT and DHSRT (100% and 93.8%
respectively) on mAb-SRT immobilized gold crystal, which con-
tains more related structure with SRT. Other aminoglycosides e.g.
GENTA, KANA and NEO showed no significant cross reactivity with
mAb-SRT antibody and obtained results were less than 0.1% for all
the three aminoglycosides. Similarly, no cross-reactivity was ob-
served with SDZ. Fig. 4c shows the real time response for cross
reactivity with different antibiotics. Obtained results demonstrate
that there is no significant interference produced by any other
non-targeted antibiotics, which may commonly be present in the
milk. The results indicate the remarkable specificity of the devel-
oped FIA-EQCN biosensor.

3.5. Recovery studies from spiked milk samples

The potential application of developed FIA-EQCN biosensor has
been tested for the detection of SRT in the diluted milk samples.
Initially, all the milk samples were assumed to be free of SRT.
Known amount of SRT (1 ng/mL) was spiked in the diluted milk
samples from the prepared stock solution. Based on the response
signals recorded from FIA-EQCN biosensor, recoveries were calcu-
lated. Supplementary Table ST2 shows the % recovery obtained for
SRT spiked milk samples. The recoveries obtained (98–99.33%)
from the developed biosensor indicates the potential application
of the FIA-EQCN biosensor for the ultra-sensitive detection of SRT
in milk sample

3.6. Precision of FIA-EQCN biosensor performance

Precision of developed biosensor was tested by determining
intra and inter run analysis on the same modified gold quartz
crystal immobilized with mAb-SRT antibody and with the
diverse sets of immobilized crystals. A known amount of SRT

Table 2
Analytical performance and validation of FIA-EQCN biosensor.

Repeatability of FIA-EQCN SRT biosensor on same crystal

SRT concentration
[ng/mL]

Response-1 (Δng) Response-2
(Δng)

Response-3
(Δng)

Response-4
(Δng)

Response-5 (Δng) S.D.7Mean
(n¼5)

% R.S.D.

10 279.461 280.951 280.1 278.91 281.2 280.1270.9 0.351

Reproducibility and performance of FIA-EQCN SRT biosensor on different crystals

Sensors SRT
Concentration
[ng/mL]

Response-1
(Δng)

Response-2 (Δng) Response-3 (Δng) S.D.7Mean
(n¼3)

% R.S.D.

Sensor-1 10 279.40 280.94 280.10 280.1570.7 0.2781
Sensor-2 10 280.65 281.20 279.64 280.49670.7 0.282
Sensor-3 10 279.60 280.34 281.34 280.4370.8 0.310
Sensor-4 10 281.56 280.40 280.00 280.65470.8 0.290
Sensor-5 10 279.84 281.781 282.94 281.5271.5 0.5581

Comparison of FIA-EQCN SRT biosensor with commercial kit

Milk sample SRT added
[ng/mL]

SRT found (n¼3) Mean7S.D. (n¼3) % RSD % Recovery

FIA-EQCN Commercial
kit

FIA-EQCN Commercial kit FIA-EQCN Commercial
kit

FIA-EQCN Commercial kit

Milk-1 10.0 10.03 10.02 10.0370.06 10.0270.1 0.601 1.60 100.3 100.2
Milk-2 10.0 9.971 9.871 9.97170.1 9.87170.1 1.502 1.31 99.70 98.70
Milk-3 10.0 10.02 10.06 10.0270.09 10.06170.1 0.901 1.781 100.21 100.61
Milk-4 10.0 10.13 10.11 10.1370.1 10.1170.1 1.381 1.281 101.30 101.10
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concentration (10 ng/mL) was spiked in the diluted milk sample
and successively analyzed for biosensor performance (n¼5). The
baseline was corrected before each analysis and mass change
(Δm) was calculated based on the obtained responses. The
biosensor showed a good reproducibility in Δm values with
Standard deviation of 280.1370.9 and calculated % R.S.D (n¼5)
0.351 within the same crystal. Similarly, the biosensor perfor-
mance was tested on diverse sets of immobilized crystals. Satis-
factory results were obtained for SRT analysis in diluted milk
samples when analyzed using different sets of biosensor. The % R.S.
D. (n¼5) was found in range of 0.2781–0.5581. The obtained
results were summarized in the Table 2. These results indicate the
precision and reproducibility of the biosensor thus can be used as
potential tool for analysis of SRT in milk samples.

3.7. Validation of FIA-EQCN biosensor

The results obtained from the FIA-EQCN measurements were
cross-validated against commercial ELISA kit. Different diluted
milk samples were spiked with a known amount of SRT
(10 ng/mL) and analyzed through the developed biosensor and
commercial ELISA kit. Analysis was performed to determine %
recovery for obtained results. The recoveries obtained from the
FIA-EQCN biosensor (99.70–101.30%, % R.S.D. (n¼3) 0.601–1.502)
was more or less similar to the results obtained from the ELISA kit
(98.70–101.10%, % R.S.D. (n¼3) 1.281–1.781). It is evident from the
Table 2 that the obtained results from both the methods show
good co-relation in terms of sensitivity and reproducibility. The
developed biosensor is reliable and as precise as the commonly
used ELISA method.

4. Conclusion

A FIA-EQCN biosensor was developed and demonstrated for
analysis of SRT residues in milk samples. Specific monoclonal
antibody against SRT was immobilized on the gold crystals after
SAMs formation. The developed biosensor could detect an ultra-
trace level of (0.001 ng/mL) in milk samples. A good reproduci-
bility was obtained with Standard deviation of 280.1370.9 and
calculated % R.S.D. (n¼5) 0.351 within the same crystal and % R.S.
D. (i¼5) in range of 0.2781–0.5581 on diverse set of crystals.
Precision of these results showed the reproducibility and relia-
bility of the biosensor. The obtained recoveries (98–99.33%) for
SRT spiked milk samples encourage the application of developed
biosensor towards the quantification of SRT in milk sample.
Validation of the presented biosensor against commercial ELISA
kit (Biooscientific, USA) also proofs that developed biosensor
provides much sensitive detection (0.3 ng/mL) as compare to the
commercial kit (5 ng/mL). The developed biosensor could com-
plete the analysis in less than 17 min. and exhibited a great
potential for automated analysis. This approach may become
practical for routine automated analysis for detection of SRT in
milk samples.
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1. Introduction 

 

Detection of contaminated water by pathogenic 

microorganism is an important concern for ensuring water 

safety, security and public health. A clean and treated water 

supply to each house may be the norm in Europe and North 

America, but in developing countries, access to both clean 

water and sanitation are not in the prime focus thus waterborne 

infections are common. Two and a half billion people have no 

access to improved sanitation, and more than 1.5 million 

children die each year from water borne diarrheal diseases [1]. 

According to the WHO, the mortality of water associated 

diseases exceeds 5 million people per year. From these, more 

that 50% are microbial intestinal infections [2]. Escherichia 

coli (E.coli) is a natural inhabitant of the intestinal tracts of 

humans and warm-blooded animals. The presence of this 

bacterium in water indicates that fecal contamination may have 

occurred and consumers might be exposed to enteric pathogens 

when consuming water. Hence, E. coli is often preferred as an 

indicator organism because it is specifically stands for fecal 

contamination [3]. Rapid and reliable detection of E.coli is 

critical for the management of the waterborne diseases 

threatening human lives worldwide. The occurrence of 

potential E. coli is extensively studied in water resources in the 

developing world, since it is an important health concern as a 

large population depends on both processed and unprocessed 

surface waters for drinking and domestic purposes [4]. Despite 

the potential public health threat from waterborne E. coli, there 

are no accepted methods for the rapid, accurate detection in 

surface waters. Current measures of microbial water quality 

rely exclusively on “indicators” of fecal pollution (e.g., fecal 

coliform bacteria or generic E. coli). However, there are no 

established correlations between the prevalence or 

concentration of these “indicators” and specific pathogens [5]. 

Conventional methods for bacterial identification usually 

involves various culturing techniques and different 

biochemical tests which are very time consuming and usually 

requires 2-4 days. Hence, there is a need for adequate 

monitoring technologies targeting representative pathogenic 

bacteria like E. coli at low levels within hours to prevent 

mortality and morbidity caused by waterborne outbreaks. The 

effective testing of bacteria requires methods of analysis that 

meet a number of challenging criteria. Analysis time and 

sensitivity are the most important limitations related to the 

usefulness of bacterial testing. An extremely selective 

detection methodology is also required, because low numbers 

of pathogenic bacteria are often present in a complex 

biological environment along with many other non-pathogenic 

bacteria [6]. Tedious and time consuming detection methods 

has prompted several groups in the recent years to develop 

other techniques to reduce the detection time like Polymerase 

Chain Reaction (PCR) and Enzyme Linked Immunosorbent 

Assay (ELISA). However, both techniques have limitations 

that exclude their widespread implementation. These 

limitations include accurate primer designing, requirement of 

specific labeled secondary antibody and their failure to 

distinguish spore viability [7-10]. Biosensor techniques are 

particularly attractive for the detection and identification of 

pathogenic organism since they have potential sensitivity and 

selectivity. They are easy to use, provides results in few 

minutes, require minimal reagents, and can be deployed in 

fields.  

In recent years, several biosensors techniques have 

played important roles in detection of pathogenic bacteria in 

different matrices. Among them immuno-sensors and DNA-

based biosensors are mostly used. A variety of immuno-

sensors have been developed based on the antibody of the 

target bacteria, which utilizes fluorescence [11], 

Abstract 
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electrochemical impedance spectroscopy (EIS) [12,13], quartz 

crystal microbalance (QCM) [14] and surface plasmon 

resonance (SPR) [15]. However, these biosensors lack in 

practical applications because of their single use nature and 

instability of antibodies in unfavorable conditions. Moreover, 

DNA-based biosensors require efficient DNA extraction and 

need DNA amplification using PCR as bacterial cells contain a 

low copy number of DNA [16,17]. Among the reported 

biosensors, EIS has emerged as sensitive techniques for 

bacterial detection due to multiple advantages, such as fast 

response, low cost, and capability of miniaturization. EIS 

based sensors are particularly attractive since they allow label-

free detection with high sensitivity [18]. In EIS, traditionally, 

macro sized metal rods or wires were used as electrodes 

immersed in the medium to measure impedance and it is 

suitable to analyze the electrical properties of the modified 

electrode, i.e. when an antibody coupled to the electrode reacts 

with the antigen of interest [19,20]. Radke et al reported an 

impedimetric biosensor with micro electromechanical systems 

(MEMS) technology integrated with biosensing methods to 

detect whole E. coli bacterial cells in food and water [21]. 

More recently, Queirós et al developed a label free DNA 

aptamer biosensor incorporated in a biochip and used for in 

situ detection of E. coli outer membrane protein in water 

samples [22]. These reported techniques support the fact that 

the EIS with label free approach is cost-effective because it 

does not require any labels, expensive instrumentation and 

allows portability.  

The surface chemistry of the biosensor to immobilize 

biological receptors is an important factor affecting detection 

sensitivity and specificity. Various surface chemistry 

techniques has been developed for their applications as 

platforms for antibody-based biosensors. Self-assembled 

monolayer’s (SAMs) have been investigated extensively since 

they provide a means for the molecular design on a bio-inert 

surface with specific functions. They were exploited to provide 

model surfaces for investigating cell behavior in bioanalysis. 

The design flexibility of the SAMs technique allows the 

immobilization of biological macromolecules and living 

organisms, such as cells, proteins, antibodies, and DNA, on 

different substrates. Thiol SAMs are widely used mainly on 

gold and silver surfaces due to their many advantages: they are 

resistant to nonspecific adsorption and form a well-ordered and 

dense monolayer structure that can easily be prepared on a 

surface by mild incubation for a sufficient time [6, 21, 23]. 

Recently, relatively new techniques such as microfluidics and 

nanoparticle-based magnetic separations have been integrated 

with EIS biosensors with the purpose of improving bacterial 

detection efficacy [24-26]. 

Recently, our group developed a practical and highly 

sensitive, cost effective, label-free impedimetric 

immunosensor with the help of two-electrode system for ultra 

sensitive detection of aflatoxin M1 (AFM1) in milk using 

impedimetric immunosensor based on functionalized Ag-wire 

electrode [27].  

In this work, we demonstrate a simple, cost effective, 

label-free impedimetric immunosensor for detection of E. coli 

in water exploring earlier reported two-electrode system. To 

test the biosensor performance as a proof of concept for 

bacterial detection, a generic strain of E.coli MTCC 723 was 

used as a surrogate for the waterborne pathogen 

Enterotoxigenic E.coli (ETEC). The immunosensor is based on 

the use of anti-E.coli polyclonal antibodies immobilized on the 

Ag-wire electrode surface. The antibody immobilization and 

its ability to selectively graft E.coli on the sensing surface 

were fully characterized by fluorescence microscopy 

techniques. The developed immunosensor is highly sensitive, 

allowing for the detection of 10
2 

– 10
8 

CFU/mL of E.coli 

bacteria. This detection range is attributed to the affinity 

interaction between the antibodies and the antigen (E. coli). 

 

2. Experimental Details 

 

2.1. Reagents and instrumentation 

Ag-wire (diameter = 0.25 mm) and Bovine serum 

albumin (BSA) was procured from ACROS Organics, USA. 

Polyclonal antibody to E. coli raised from goat (2 mg/mL) 

(pAb-E.coli) and Fluorescein isothiocyanate (FITC) labeled 

polyclonal antibody against E.coli raised from rabbit (0.75 

mg/ml) was purchased from AbCam, UK. Sodium dihydrogen 

phosphate monohydrate, disodium hydrogen phosphate 

monohydrate, sodium chloride, 11-mercaptoundecanoic acid 

(11-MUA), 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide 

hydrochloride (EDC), N-hydroxy succinimide (NHS), ethyl 

alcohol 200 proof was purchased from TEDIA, USA. 

Glutaraldehyde solution 25%, sodium chloride, glycin and 

cysteaminium chloride were obtained from Merck (Germany). 

L-cysteine hydrochloride was procured from Himedia labs 

India. For sample handling, micropipettes (eppendorf®, 

Germany) were used. All the solutions were prepared in a 0.22 

µm membrane filtered Milli-Q system RO water (Millipore, 

Beford, MA, USA), Seven Multi pH meter (Mettler Toledo, 

8603, Switzerland) was used for pH measurements. All other 

chemicals used were of analytical grade and used as received. 

Certified ultra high pure nitrogen (99.9%), pH meter (Seven 

Multi Mettler Toledo, 8603, Switzerland) were used. 

Fluorescence images were taken on upright microscope (BX-

51Olympus, Japan). Impedance measurements were carried 

out using IVIUM CompactStat impedance analyzer, 

Netherland. All the bacterial sample handing and dilutions 

were done under biosafety cabinet class II type B2 (NuAire, 

USA). 

 

2.2. Preparation of buffers and other solutions 

0.1 M phosphate buffered saline (PBS) was prepared 

by dissolving appropriate amount of Na2HPO4, NaH2PO4 

containing 0.0027 M potassium chloride and 0.137 M sodium 

chloride. The pH of the buffer was adjusted to 7.4. All buffer 

solutions were stored at 4
0
 C when not in use. 

 

2.3. Experimental set-up 

The experimental set-up consist of  a pair of pre-

functionalized Ag-wire electrode immersed in  the single well 

of Nunc 384 polystyrene well plate (obtained through Sigma 

Aldrich, USA) (capacity 120 µL/well) containing 90 µL 

bacterial suspensions of different concentration. The operation 

of presented sensor was based on the pair of Ag-wire as an 

electrical transducer. The effective surface area of the Ag-wire 

electrode was calculated and found to be 7.85 mm
2
. The Ag-

wire surface was functionalized with attached pAb-E.coli over 

the SAMs, to form a biological transducer. The binding of the 

bacterial cells to the biological transducer causes the change in 

impedance. This interaction was measured using two electrode 

set-up. The electrode set-up and the well plate were placed in a 

custom-made faraday cage to shield the electrodes from 

external electromagnetic sources. The schematic of 
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experimental set-up is presented as Figure 1. In the presented 

set-up, the two pre-functionalized Ag-wire electrodes were 

dipped in to the micro well plate. The functionalized Ag-wire 

electrodes were connected to IVIUM CompactStat impedance 

analyzer in 4-Electrode mode controlled through software 

(IVIUM soft). In the 4-Electrode mode, the first electrode was 

configured as working electrode (working and sense electrode 

combined together) and second electrode was reference 

electrode (reference and counter combined together). The 

impedance change caused by antigen–antibody interactions at 

the electrode surface was measured at 1-100 KHz applied 

frequency and 10 mV applied potential. 

 

2.4. Immobilization of antibody to the Ag-wire surface 

Initially the surfaces of the bare Ag-wire electrodes 

was washed ultrasonically in membrane filtered RO water for 

5 min to remove inorganic particles. Following this, the 

electrodes were immersed into piranha solution (H2O2/H2SO4, 

30/70 v/v) for 30 sec. The electrodes were washed with 

distilled water followed by drying under ultra pure nitrogen 

stream. This cleaning procedure was repeated before every 

step. The pAb-E.coli was covalently coupled on Ag-wire 

electrode through SAMs as described elsewhere [28] with 

some modifications. Firstly, the concentration of cysteaminium 

(CYST) was optimized and a set of clean Ag-wire electrode 

were immersed overnight into a solution of 10 mM CYST in 

0.1 M phosphate buffer saline (PBS, pH 7.4) under ambient 

condition. The electrodes covered by SAMs were gently 

washed with RO water to remove any unbounded CYST 

residues. The electrodes were dried with nitrogen stream 

before use. For coupling the pAb-E.coli, the carboxyl group of 

SAMs on modified electrode was activated by incubated in 

glutaraldehyde solution (2.5% v/v) for 30 min. Subsequently, 

the electrodes were washed with PBS to remove residual 

glutaraldehyde molecules. Finally, pAb-E.coli was attached to 

the electrode by carefully spreading the solution (1:1000 in 

PBS) over the activated surface followed by overnight 

incubation at 4
0 

C. To block reminiscent aldehyde groups the 

modified electrode surface was exposed to glycine solution 

(4% w/v) for 30 min and washed with PBS. The unused 

antibody coupled electrodes were washed and stored at 4
0 

C 

for future use. The schematic for immobilization of antibody to 

Ag-wire surface is presented in Figure 1 together with the 

schematic of experimental set-up. 

 

2.5. Bacterial culture and dilutions  

The bacterial culture of E. coli (MTCC 723), 

Salmonella infantis (MTCC 1167) and Streptococcus pyogenes 

(MTCC 1928) used in the present study were procured from 

the microbial type culture collection and gene bank, IMTECH 

Chandigarh, India. The strains were grown aerobically for 16 h 

at  37°C  in Brain Heart Infusion broth, pH 7.40+ 0.2 (BHI 

broth, Hi-Media, India). The bacterial cultures were 

maintained as frozen stock at -80 °C in BHI broth containing 

15% (v/v) glycerol when not in use. The initial concentrations 

of the bacterial cultures were obtained using serial dilutions 

and plate counting methods. The concentration of E. coli 

(MTCC 723) is also confirmed by taking optical density at 600 

nm (OD600) and found corresponding to bacteria concentration 

of 1.16 ×10
9 

CFU/mL. The stock solution of bacterial 

concentration diluted serially in PBS to achieve the 

concentrations of calibration plot (1.16 ×10
2
 to 1.16 ×10

8
 

CFU/mL). 

  

 
 

Figure 1. Schematic representation of Ag-wire electrode based impedimetric immunosensor with EIS measurement setup together with 

surface modification of Ag-wire electrode for immobilization of E.coli antibody. 
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3. Results and Discussion 

 

3.1. Optimization of the immunosensor  

3.1.1. Optimization of antibody concentration 

The binding of the E.coli and anti-E.coli antibody on 

the electrodes directly affects the sensitivity of the 

immunosensor. The amount of anti-E.coli antibody plays an 

important role in this process. The change in impedance of the 

immunosensor depends upon antigen- antibody binding and 

incubation time. Hence, the effect of both the parameters has 

been investigated. Several anti-E.coli dilution ratios with PBS 

were evaluated (1:100, 1:1000 and 1:10000) and the maximum 

change in impedance was recorded for dilution of 1:1000 as 

shown in Figure 2. Incubation time of 5 min was found to be 

optimal for impedance measurements. Thus, these optimized 

parameters were used for further investigations. 

 

3.1.2. Influence of applied frequency 

Antigen–antibody interaction results in impedance 

change at the electrode and the electrode/electrolyte interface, 

known as interface impedance, which can be measured at 

different frequency ranges. The impedance measurement is 

conducted in the range of 1Hz to 100 KHz. Since electrode 

impedance is dominated at low frequency, we have 

investigated the impedance change at 1Hz, 10 Hz and 100 Hz. 

Impedance change for antigen–antibody was found to be 

maximum at 10 Hz as shown in Figure 3. Thus 10 Hz was 

chosen for quantitative analysis of E.coli bacteria. 

 

3.1.3. Influence of applied potential 

In impedance immunosensor the applied 

voltage/Potential should be quite small, usually 10 mV or 

lesser since the current voltage relationship is often linear for 

small perturbations [29]. The impedance measurement were 

conducted for different applied potential from 0.1 mV to 10 

mV. It was observed that at low applied potential, the current 

voltage waveform is distorted, whereas a better response was 

found at 10 mV applied potential as depicted in Figure 4. 

Stable and non-distorted waveform at 10 mV, validate fruitful 

impedance measurement. Thus, this applied potential was 

chosen for impedance measurement for quantitative analysis of 

E.coli bacteria in water.  

 

3.2. Selection of SAMs for binding of E.coli 

Well-established protocols for SAMs were used for 

optimization of surface modification to immobilize pAb-E.coli 

on the Ag-wire electrode surface, with slight modifications. 

11-MUA [23], CYST [28] and L-cysteine [30] SAMs were 

tested for the immobilization of pAb-E.coli on the electrode 

surface. The concentrations of different surface modifiers and 

cross-linkers were optimized and pAb-E.coli antibody was 

attached to the surface. The SAM based on CYST showed the 

maximum % Impedance change for the binding of E. coli to 

pAb-E.coli antibody, thus the further experiments were carried 

out using CYST. Figure 5 represents the % Impedance change 

with respect to different E.coli concentrations obtained with 

different SAM’s. 

 
 

Figure 2. Impedance value at 10 Hz for dilutions of pAb-E.coli 

antibody with PBS (0.1 M, pH 7.4) for 104 CFU/mL E.coli. 
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Figure 3. Impedance value for various concentration of E.coli at 

1 Hz, 10 Hz and 100 Hz. 

 

 
 

Figure 4. Voltage-current waveform at (a) 0.1 mV applied 

potential and (b) 10 mV applied potential. 

 



 

5 

 

Chemical Sensors                                                                           Chemical Sensors 2015, 5: 4 

Cognizure 

www.cognizure.com/pubs    © Cognizure. All rights reserved. 

 

 

 

 

 

3.3. Surface characterization of pAb-E.coli modified 

electrodes  

The binding of pAb-E.coli to Ag-wire electrodes was 

confirmed by fluorescence microscopy using IX71 inverted 

microscope (Olympus, Japan). Two functionalized Ag-wires 

(reference wire without pAb-E.coli and sample wire coupled 

with pAb-E.coli) were incubated with FITC labeled secondary 

antibody against E.coli (pAb-FITC) (1:1000) for 2 h at room 

temperature. Before excitation, both reference and the sample 

wire were rinsed with 0.1 M PBS to remove unbound pAb-

FITC. Figure 6 (a) shows fluorescence image of reference and 

(b) the sample Ag wire, after excitation. It can be observed; the 

labeled secondary antibody specifically recognized the anti- 

E.coli, demonstrating an optimal immobilization of the 

primary capture antibodies to the activated SAM. The binding 

of the pAb-FITC to the pAb-E.coli of the thiolated Ag-wire is 

clearly distinguished from the fluorescence images. 

 

3.4. EIS studies for bacterial binding 

The antigen–antibody interaction of pAb- E.coli and 

E. coli Ag-wire electrode surface was studied using EIS. 

Figure 7 shows the impedance for different concentrations of 

E.coli (10
2
- 10

8
 CFU/mL) in water resulted from interaction of 

antigen–antibody on functionalized electrode surface. EIS is a 

useful technique to capture such interaction. This interaction 

results in change of electrical properties such as capacitance  

and  resistance  at  the  electrode  surface  allowing  for  label-

free biosensing  [31].  The  Impedance/capacitance  change  is  

commonly  used  as  indicator  of  antigen–antibody  

interaction  for  non-faradic  biosensor [32]. In the EIS 

measurement, pAb–E.coli interactions  create  a  new  charged  

layer  as  a  capacitance  that  is  in series  with  the  double  

layer  capacitance.  A  decreased  double  layer capacitance  

and  increased  impedance  was  observed  at  the  lower  

frequency. This confirms that the change in impedance is 

resulting from binding of the antigen (E.coli). It is also clear 

from figure that the total impedance decreases linearly with the 

increasing frequency in the low frequency range from 10 Hz to 

1 kHz, while it becomes independent of the frequency in the 

high frequency range from1 kHz to 100KHz. At low 

frequencies (<1 kHz), since the double layer capacitance offers 

essentially high impedance, it becomes the main component 

contributing to the total impedance, such that the medium 

resistance can be neglected. This region is defined as the 

double layer capacitive region in which the electrode 

impedance can be detected. When in the high frequency range 

(>1 kHz), the double layer capacitance almost offers no 

impedance, and its contribution to the total impedance is near 

zero. Thus, the only contribution to the total impedance at high 

frequencies is the medium resistance that is independent of the 

frequency. In  the  higher  frequency  region  (10  Hz  to  100  

kHz)  it  was  observed  that  impedance remains constant. A 

significant change was measurable in the low  frequency  

region  (10–1KHz)  with  highest  impedance  change observed  

at  10  Hz.  
 

3.5. Calibration of immunosensor for E. coli detection in 

water 

The E.coli bacterial samples were spiked in water 

samples to meet the calibration standards. Before spiking the 

standards, water was filtered through the bacteriological 

membrane filter (0.22 µm) and tested for presence of any other 

E. coli strain i.e. E. coli O157:H7 using Singlepath® E.coli 

O157, a gold labeled immuno sorbent assay (GLISA) rapid test 

(obtained from Merck-Millipore, Germany). Impedance data 

were recorded for the functionalized electrodes after exposing 

it to increasing E. coli concentration (10
2
–10

8 
CFU/mL) in 

 
 

Figure 5. Percentage impedance change for different self-

assembled monolayers (Cysteaminium, L-Cysteine and 11- 

MUA) for different concentrations of E.coli (102–108 CFU/mL). 

EIS: 1-100 KHz applied frequency and 10 mV applied potential. 

 

 
 

Figure 6. Surface characterization of pAb-E.coli modified 

electrodes using fluorescence microscopy (a) Image of control 

Ag-wire electrode, inset: non-subtracted background image of 

Ag-wire electrode (b) Image of pAb-E.coli coupled Ag-wire 

electrode attached with FITC labeled secondary E.coli antibody, 

inset: non-subtracted background image of Ag-wire electrode. 

 

 
 

Figure 7. Impedance spectra for different concentrations of E. 

coli (102- 108 CFU/mL) in water. EIS: 1-100 KHz applied 

frequency and 10 mV applied potential. 
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water. A frequency of 10 Hz at applied potential 10 mV was 

selected for analysis since at this frequency significant change 

in impedance response was observed. The specific interaction 

of pAb-E.coli and E. coli gave rise to an overall increase in 

impedance change from baseline response at the 

electrode/solution interface for E. coli concentrations. The % 

impedance change was calculated corresponding to different 

concentrations of E. coli. The resulting calibration curve in 

water is shown as Figure 8. A linear range for E. coli detection 

10
2
–10

8 
CFU/mL with SD=0.802 and R

2
=0.99 was achieved. 

Limit of detection (LOD) was 10
2 

CFU/mL and sensitivity of 

the immunosensor is found to be 4.73. Actual water samples 

were tested for the presence of E. coli using the developed 

immunosensor and compared with the spiked water sample 

with different concentrations of E. coli (MTCC 723) as 

presented in Table 1. For comparison the impedance value at 

10 Hz were considered. All the tested water samples were 

found free of E.coli. Several examples of impedimetric 

immunosensor for the detection of different E. coli strains are 

reported in the literature. Lu et al achieved LOD of 10
3
 

CFU/mL for E.coli K12 using gold-tungsten micro-wire based 

three electrode EIS system with 10
3
-10

8 
CFU/mL linear range 

[12]. Li et al achieved LOD of 10
3
 CFU/mL of E.coli 0157:H7 

using ferrocene -peptide conjugates based three-electrode EIS 

system with 10
3
–10

7 
CFU/mL linear range [33]. The lowest 

LOD for E.coli 0157:H7 reported by Barreiros dos Santos et al 

is 2 CFU/mL using three electrode EIS system using gold disc 

as working electrode, they have achieved linear range of 

3×10–3×10
4
 CFU/mL [13]. Setterington et al described a 

novel approach for detection of E.coli 0157:H7 using cyclic 

voltammetry in combination with immunomagnetic separation 

and achieved LOD of 6 CFU/mL from the pure culture in 

concentration range 10
0
- 10

2 
CFU/mL [34]. Among the 

reported EIS techniques, the immunosensor reported by us is 

rapid and low cost for detection of E. coli in water with a good 

linear range. 

 

3.6. Sensing specificity of the immunosensor 

The specificity of the immunosensor towards E. coli 

was tested against Salmonella infantis and Streptococcus 

pyogenes MTCC 1928. All the bacterial suspensions were 

taken at 10
4 

CFU/mL. The impedance measurements were 

carried out at frequency  range of  1 Hz  to  100  KHz  using  

EIS  at  10  mV  applied potential.  In  the  optimized  

condition,  the  response  signal  for  pAb-E.coli binding with 

bacterial suspension was measurable  in  10  min. Results are 

presented as Nyquist plot in Figure 9. From the Nyquist plot, it 

is clear that the imaginary part (capacitive reactance) increased 

by 20% for binding of E.coli with pAb-E.coli as compared to 

Salmonella infantis and Streptococcus pyogenes. The response 

of Salmonella infantis and Streptococcus pyogenes towards 

pAb-E. coli can be attributed to  non-specific adsorption on the 

Ag-wire electrode surface. 

 

Table 1. Analytical results for actual water samples analyzed using developed immunosensor. 

 

 

 

 
 

Figure 8. Calibration curve obtained for label-free impedimetric 

immunosensor for E.coli in water, linear range for E. coli 

detection 102–108 CFU/mL with SD=0.802 and R2=0.99. Limit of 

detection = 102 CFU/mL. EIS: 1-100 KHz applied frequency and 

10 mV applied potential.  
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4. Conclusions 

 

In the presented work, a label free impedemetric 

immunosensor for rapid detection of E.coli MTCC 723 in 

water sample is developed and demonstrated. For biosensor 

development, polyclonal antibody against E.coli was 

immobilized over the SAMs of cysteaminium. Sensitivity and 

specificity of the developed immunosensor were evaluated by 

monitoring the changes in electrochemical impedance of the 

Ag-wire after bacterial cells were deposited on its surface. A 

linear trend of increasing impedance was obtained when the E. 

coli concentration increased from 10
2 

to 10
8 

CFU/mL. EIS 

analysis has proved that the developed immunosensor was able 

to detect 10
2 

to 10
8 

CFU/mL E. coli in water samples. The 

developed immunosensor is specific for detection of E.coli. 

The sensor does not require any additional reagents such as 

fluorescent or enzyme labels for sensor response and showed 

stable signals. Development of the presented immuno-sensor 

also supports that the label-free approaches may become 

practical for routine analysis of bacterial contamination in 

water. 
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Figure 9. Nyquist plot for sensing specificity of the 

functionalized Ag-wire immunosensor validated for E.coli 

against Salmonella infantis and Streptococcus pyogenes. 

Concentrations of bacterial suspensions are 104 CFU/mL. EIS: 1-

100 KHz applied frequency and 10 mV applied potential. 
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