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Abstract 

Biosensors have found great interest due to their advantages over the conventional 

lab-based, time-consuming, sophisticated analytical systems. For the fabrication of the 

biosensor, surface engineering at sensing zone and incorporation of nanomaterials play an 

important role in achieving the higher sensitivity. The surface engineering strategies 

facilitates stable immobilization of the recognition molecules; whereas the incorporation 

of the nanomaterials offers enhanced electronic properties and larger area, which 

eventually helps to deliver the sensitive determination of target analyte. In this work, we 

have developed the sensor systems, which not just provide sensitive analyses, but it 

actually detects the analytes of industrial/clinical importance in significant levels. In 

addition, this thesis work is inclined to resolve the few contemporary griming issues, such 

as food safety and silent clinical diseases viz. hypovitaminosis, liver and bone diseases, 

and carcinoid syndromes. 

We have designed the study in four different sections, where in the first part; we 

have developed a colorimetric biosensor using an engineered paper surface, where the 

antibody has been covalently immobilized for the selective determination of the alkaline 

phosphatase in milk to assure the milk pasteurization process. The dynamic range for this 

biosensor was found to be of 10-1000 U/mL with the detection limit of 0.87 (±0.07) U/ml 

(RSD < 4.2%), which falls in the range of alkaline phosphatase level present in the raw 

milk. The sensor shows the stability for 8 weeks and successfully recovered alkaline 

phosphatase between 91-100% when spiked in pasteurized milk.  In addition, we have 

fabricated a miniaturized disposable device for onsite determination based on the 

developed biosensor. 
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In the next section, we have attempted to enhance the analytical capabilities of the 

alkaline phosphatase biosensor. For that, we have designed an electrochemical biosensing 

system using nanomaterials assisted engineered sensor surface. Here, we have used 

electrochemically synthesized Au-nano-dendroid over the screen-printed carbon paste 

electrode surface and conjugated with the graphene oxide sheets for anchoring the bio-

recognition elements. This biosensor probe was used for the determination of alkaline 

phosphatase, where we obtained the dynamic range and LOD of 100-1000 U/L and 9.32 

(± 0.12) U/L (RSD < 3.4 %), respectively. The biosensor was employed for determining 

“serum alkaline phosphatase” since, it serves as biomarkers for various pathophysiological 

conditions associated with cancer relapse, bone, and liver diseases. This shows remarkable 

selectivity toward alkaline phosphatase even in the complex serum sample. The obtained 

level of the alkaline phosphatase is comparable with clinically accepted techniques.  

The sensitivity in the electrochemical sensor systems depends on the charge 

transfer phenomenon, where the surface area plays an important role. Thus, we have 

employed porous nanomaterials for engineering the sensor surface as these materials are 

reported of having relatively larger surface contributed by its morphological features. 

Here, we have incorporated porous graphene-1,8-diaminonepthelene nanocomposite to 

fabricate the electrochemical sensor probe at Au nanoparticles deposited glassy carbon 

electrode surface. Since the charge transfer is a function of the electrochemical behavior 

of analyte, we have chosen vitamin C as a model molecule, as it shows the direct 

electrochemical activity at its oxidation potential. This sensor shows excellent analytical 

performance, where the dynamic range is found in between 1x10-14 M and 1x10-3 M with 

the DL of 4.4 (± 0.02) x 10-17 M (RSD < 3.9%). This sensor probe has been used in clinical 

urine and fruit juice for determining vitamin C.  In addition, the fabricated biosensor is 
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used for determining vitamin C level in the contrasting physiological conditions of 

neurodegenerative mice model has been utilized.  

In the complex matrices viz. urine, blood, serum, in vitro, ex vivo, and in vivo 

samples, interference and fouling of electrodes are the major concerns. In view of this, we 

have studied the impact of nanomaterial assisted engineered surface for electrochemical 

biosensing systems in the next part of the study. In this section, we have developed a 

biosensor using the Au-nanorattle-reduced graphene oxide engineered sensor surface. This 

sensor probe was used for the determination of small monoamine neurotransmitter 

serotonin, as it serves as indicator molecules in carcinoid tumors and in serotonin 

syndrome at its elevated level. The analytical performance was obtained with the dynamic 

range of  1x10-3 M - 3x10-6 M and the detection limit of 3.87 (±0.02) x10-7 M, (RSD < 

4.2%) which falls in the ranges of normal and pathophysiological conditions including 

carcinoid tumor and pre-eclampsia.  

Thus, this work explores the role of surface engineering and incorporation of 

nanomaterials in the design and development of sensitive as well as selective 

optical/electrochemical biosensing approaches. In the future, these proof-of-concepts 

models may lead to the commercially acclaimed prototypes for onsite detection in various 

matrices.  
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(B) scan rate dependent plot obtained from the LSV 
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Figure 5.7 

AFM micrographs (2D and 3D) of the bare electrode 

surface (i), AuNPs deposited electrode surface (ii), and 

AuNRTs-rGO-Naf deposited surface (iii) with respective z-
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1. The need of miniaturized diagnostics: 

Among various global challenges, food safety and health-related concerns are the 

major threats to humankind and it has tremendous importance. The exponential boom of 

population across the world have not only increased the demand for food exponentially 

but also affected the healthcare system greatly (McNally,2013; Speidel,2000). To meet 

this demands, various technological advancements have been observed recently, where the 

introduction of high yielding crops, food processing, and its preservation have majorly 

been employed to overcome the deficit (Godfray et al.,2010). Nevertheless, the nutritional 

values, as well as the quality of these processed /preserved food items, became a major 

concern (Amit et al.,2017). For ensuring the nutritional values, a number of regulatory 

bodies have been established in public as well as private sectors. These regulatory bodies 

not only ensures the quality output of the processed food but also checks the unauthorized 

productions (Kotsanopoulos and Arvanitoyannis,2017; Sharma et al.,2010). The major 

spoilage of food items is due to the post-packaging microbial attack, improper 

transportations, and poor preservation practices at retailing points, which eventually causes 

quality degradation. In addition to this, public healthcare systems have been disrupted 

because of improper sanitation, hygiene, and exposure to the various kind of infectious 

bio-chemicals. Not only these, the shift in dietary habits and sedentary lifestyles are 

causing serious non-communicable diseases, which serves as the major factors for 

unhealthy life (Stamatakis et al.,2019). According to the World Health Organization 

(WHO), a mega mass of several million are being infected per year due to food adulterates, 

various disease causing chemicals, and unhygienic lifestyles (Organization,2015).  

In current scenarios, such issues related to food inspection and clinical diagnoses are 

done after the appearance of physical indicators, where the conventional 

detection/diagnostic systems are adopted (Mahato et al.,2018c).  At the conventional 
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quality controls and clinical-setups, various standard techniques are employed for the 

checkup, where instruments-based bio-molecular analyzers viz. spectrophotometers, 

fluorimeters, and chromatographic instruments are used to get the accurate determination 

of the causative agents. In addition, various techniques such as colorimetric, titrimetric, 

blotting, ELISA, radioimmunoassay, etc. are also used for precise estimations for various 

biomolecules (Chandra,2016). Although, these techniques are very powerful, however, 

they require well-equipped infrastructure, dedicated laboratory space, trained personnel, 

and large amount of sample, which not only restrict for delivering cheaper detection but 

also limits them for onsite determination (Mahato et al.,2018c).  Therefore, it is very 

important to develop efficient miniaturized diagnostic devices that can perform bio-

molecular analyses in remote areas, with low sample volumes, and having the ability to be 

operated by untrained personnel even in emergency conditions (Rateni et al.,2017). The 

recent paradigm of such analyses has been shifted towards the estimation of causative 

agents at a particular stage, where the bio-molecular indicators/ biomarkers begin to appear 

in minute level or at low concentrations(Mahato et al.,2018a). To achieve such 

ultrasensitive analyses, miniaturized point-of-care diagnostic devices have been developed 

which has been proven as an outstanding alternative for detection of numerous target 

molecules. For instance, detection of such indicators in food quality at this point could be 

able to check the contact-based mass spoilages; whereas, estimations of any biomarker in 

the clinics may provide the information regarding potential severity of infections and 

disorders. Therefore, biomarker based miniaturized bioanalytical systems have found great 

attention in food quality controls and clinics due to their capability of predicting the food 

spoilage as well as diseases diagnoses, respectively.    
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2. Introduction to biomarkers: importance in diagnostics: 

Bio-molecular indicators or biomarkers for food quality estimations are the chemical 

or bio-chemical moieties that are found in the raw/processed food items that serve as an 

indicator of spoilage conditions (Pinu,2016). These biomarkers usually consist of 

adulterated chemicals, any pathogenic microbe or their metabolites, and other indicator 

molecules present in the food items (Garcia-Aloy et al.,2019). Similarly, clinical 

biomarkers are the moieties of chemical or biochemical origin, which are usually found in 

body tissues/fluids in various clinical conditions exhibiting a genuine real time indicator 

of diseases or its progression (Mahato et al.,2018a). The commencement of such clinical 

biomarkers in any diseased case are of either cellular, subcellular, or supramolecular 

origins which includes specific products / by-products of intracellular physiological 

processes (Henry and Hayes,2012; Mahato et al.,2018a). Depending of the biomedical 

usage, biomarkers are classified under predisposition, diagnostic, prognostic, and 

predictive biomarkers (Barh et al.,2014). Any molecule associated with the genetic setup 

of an individual is known as the predisposition biomarker and has the existence since birth 

(Meyer,2012). Diagnostic biomarkers are exclusively found after the onset/progress of 

disease/disorder either in form of altered levels or appearance of new biomarkers (Ziegler 

et al.,2012). Prognostic biomarkers uncover the likelihood of reappearances of the diseases 

after their treatment, whereas the predictive biomarkers are the set of biomarkers used for 

envisaging the best suitable therapeutic route for personalized medicine (Nalejska et 

al.,2014). The diagnoses based on biomarkers offers identification of associated 

mechanisms of diseases / disorder for minimizing the risk factors in various clinical cases 

(Laskowitz et al.,2009). Therefore, the biomarkers based determinations have found great 

attention not only in clinical diagnoses, but also in the quality control unit of various 

industries. Among numerous strategies of bio-molecular analyses, biosensor based 
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analytical system has been found a great attention due to its tremendous miniaturization 

capability, robustness, selectivity, sensitivity, and point-of-care determinations even at 

trace levels.  

3. Introduction to biosensors:  

According to International Union of Pure and Applied Chemistry biosensors are 

defined as “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” (McNaught and 

McNaught,1997). Historically, Clark and Lyon have reported the first biosensor in 1962, 

which was based on oxidase enzyme electrode for the detection of glucose. A decade later, 

yellow spring instruments under the trade name “Model 23A YSI analyzer” 

commercialized its variant in 1975. Since then a number of milestones have been observed 

in the biosensor development targeting various applications including food safety, clinical 

diagnoses of diseases etc. (Chandra,2016; Newman and Turner,1992; Palchetti and 

Mascini,2010) 

Fundamentally, the biosensors are bio-analytical devices that detect the molecules of 

chemical or biochemical origin by electrical, thermal or optical signals using the specific 

reactions mediated by enzymes, immuno-systems or whole cells (Chandra,2016). It 

consists of bio-recognition element, transducer, amplifier, and readout components (figure 

1.1) (Mahato et al.,2018b; Mahato et al.,2018c). The bio-recognition element plays a 

pivotal role in perceiving the changes (chemical or physical) occurred in its proximity, 

which is then used for the sensing of target analyte. A stimulus generated after the 

interaction between target  
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Figure 1.1: Detailed schematic representation of the various components of biosensor (reprinted with the permission of Mahato et.al., 

Springer Inc.) 
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analyte and bio-recognition element is then converted into quantifiable signal by the 

transducer coupled with the bio-recognition element.  The amplifier strengthen weak 

signals passed by transducer, which are conventionally employed by incorporating 

external electrical circuit-based amplifiers in biosensor modules. In recent, advancements, 

the signal amplification has also been employed using mediators to the sensing mechanism 

or incorporating various nanomaterials and their composites. Mediators are the molecules 

that assist the flow of signals from bio-recognition point to transducer surface during the 

sensing process.   

3.1. Classification of biosensors based on transducers: 

The biosensors have been categorized under mainly three major types depending on 

the transducer used viz. optical, mechanical, and electrochemical biosensors, which are 

described in the following sections below. The detailed classification of biosensors based 

on various transducers has been shown in the figure 1.2. 

3.1.1. Optical biosensor:  

These biosensors are based on the change in optical properties viz. absorption, 

fluorescence, surface plasmon, luminescence etc., where the signal generation occurs in 

terms of altered phase, polarization, or frequency of input light in response to physical or 

chemical changes at the biosensor surface (Damborský et al.,2016). In absorption 

biosensing a particular energy level of the electromagnetic spectrum of light is used as 

analytical signal. In the presence of target analyte and successful complexation of it with 

the probe, this absorption shifts towards high or low energy levels, producing an output 

signal. The amplitude of these shifts can be correlated with the concentration of analytes 

for quantification (Ligler and Taitt,2011). 
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Figure 1.2. Classification of biosensor based on transducer surface. 
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The absorptive phenomena shown by analyte in response to the interacting 

electromagnetic radiations, when induces the absorption shift in visible frequency range, 

the sensor shows a color change in the presence of analyte. The absorptive phenomena 

shown by analyte in response to the interacting electromagnetic radiations, when induces 

the absorption shift in visible frequency range, the sensor shows a color change in presence 

of analyte is called as colorimetric biosensor are very promising due to the simplistic 

fabrication and naked eye detection (Aldewachi et al.,2018). Another approach in optical 

biosensing is based on fluorescence phenomenon, where the fluorescent properties of 

analytes have been exploited, where these are commonly based on the fluorescence based 

analytical approaches, viz. imaging, fluorescence resonance energy transfer, Fluorescence 

recovery after photobleaching etc. based techniques offers the molecular level selectivity 

(Strianese et al.,2012) 

3.1.2. Mechanical biosensor:  

Another major class is reported as mechanical biosensors, where mechano-physical 

properties of the probe materials are used to detect the analytes of chemical or biological 

origin (Hwang et al.,2009). Commonly, three types of mechanical biosensors have been 

reported so far, viz. surface acoustic wave, quartz microbalance, and nano-mechanical 

systems (Dagdeviren et al.,2016). Among all formats of mechanical biosensors, nano-

mechanical system is widely accepted due to its high sensitivity and miniaturizability. The 

operational part of these systems consists of cantilever probe and mechanical transducer 

where the probe surface is modified to obtain better analytical performance. The signal is 

then transferred to amplifier and processor for the quantification. The analytical 

performance of the system is majorly dependent on the material properties as well as the 

dimension of cantilever probe (Tamayo et al.,2013). The fundamental processes involved 

in mechanical biosensors are the change in mass, surface stress, young’s modulus, and 
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viscoelasticity after bio-molecular adsorption or coupling to the immobilized bioreceptor. 

These nano-mechanical based biosensors are mainly operated in the two modes viz. static 

and dynamic modes (Tamayo et al.,2013).  

3.1.3. Electrochemical biosensor:  

Electrochemical (EC) biosensors are another class of biosensors, which employ 

various electrochemical techniques (Prasad et al.,2016). Transducers in this format change 

chemical stimuli to the readable electrical signals. These biosensors have been widely 

explored due to their numerous advantages over other modes, which include better 

analytical performance, robustness, quick analysis, selectivity, and quantification of 

analytes in highly miniaturized experimental settings (Mahato et al.,2016). Fundamentally, 

these biosensors work on the principle of electron flow due to the chemical changes 

(particularly the redox processes), which directly generates the electrical signal 

(Chandra,2016). These are preferred over the optical- and mechanical-based techniques 

because of its remarkable detectability, experimental simplicity, and low-cost fabrication. 

Not only this, EC biosensors deliver better performances in terms of the detection limits 

and ranges, where the detection limits have reported up to the sub-attomolar or even lower 

levels with wider dynamic linear ranges. Other benefits associated with the miniaturization 

and integration capabilities of EC prototypes with smartphones and printed circuit boards 

have provided a unique ability for high-performance commercial products (Mahato et 

al.,2018a). EC biosensors are further classified under voltammetry (Bhatnagar et al.,2018), 

amperometry (Chandra et al.,2011), potentiometry (Ashmawy et al.,2019), and 

impedometry (Kashish et al.,2017) based biosensors.   
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3.2. Classification of biosensors based on bio-recognition elements: 

Depending on the bio-recognition elements used in the biosensors, these are classified 

under bio-catalytic (e.g. enzymatic, bio-mimicked, nano-catalyst, direct electro-transfer 

etc.) and bio-affinity (e.g. immuno-sensor, geno-sensor, cyto-sensor, apta-sensor etc.) 

based biosensors, where the generation of signals depends on the interaction between bio-

recognition elements and target molecules (Eggins,2013). The bio-catalytic receptor 

operates by cleaving the target analyte in order to obtain the signal during sensing process. 

In one such example, a cholesterol biosensor reported by Cevik and co-workers, where the 

cholesterol oxidase enzyme was immobilized on to the conducting 4‐(4H‐dithienol[3,2‐

b : 2′,3′‐d]pyrrole‐4)aniline polymer, (DTP(aryl)aniline) polymers at the sensor surface. 

Here, cholesterol oxidase catalyzes cholesterol to provide the analytical signals (Cevik et 

al.,2018). In bio-affinity based sensors, the sensor signal is obtained by the affinity-based 

interactions viz. antibody-antigen immuno-complexation, avidin-biotin streptavidin 

interaction, aptamers-ligand coupling etc.  For instance, the breast cancer detection 

reported by Jayanthi et al. using immuno-sensing approach, where immobilized antibody 

and the target analyte (ubiquitin-conjugating enzymes 2C) gets immuno-complexed and 

thereby generates the analytical signals (Jayanthi et al.,2019). The detailed classification 

of biosensors based on the bio-recognition elements is shown in figure 1.3. 
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Figure 1.3: Types of biosensors based on various bio-recognition elements. 

3.3. Label and label-free biosensing strategies: 

Depending on the involvement of external labels (agents that facilitate the analytical 

process) in the determination of analytes, the biosensing methods have been categorized 

under two major categories, which includes label-assisted and label-free modes.   

3.3.1. Label assisted biosensing methods:   

In this type, the detection of target analyte uses an additional moieties for signal 

generation. For instance, in an amperometric nanobiosensor reported by Pallela and 

coworkers, where the developed sensor surface was used for capturing the target metastatic 

cell following sandwich ELISA format. Here, the signal generation was obtained after 

treatment of hydrogen peroxide, which was catalyzed by labeled hydrazine linked with the 

reporter antibody (Pallela et al.,2016). In another example, a colorimetric determination 

system has been reported for the of hydrogen peroxide detection,  where target analyte was 

analyzed in terms of the blue color formation assisted by a chromogenic compound 
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3,3',5,5'-Tetramethylbenzidine (Üzer et al.,2017).  In both cases, quantifiable signals were 

obtained only due to the presence / mediation of redox and chromogenic labels. Such type 

of the determinations is termed as label-assisted detection methods or processes. 

3.3.2. Label-free biosensing methods:  

When the target analyte itself is capable of providing the analytical signals, then it is 

termed as label-free biosensor (Sang et al.,2016). In these type of detections, the target 

analytes are either redox active molecules or the sensor has capability to catalyze / interact 

the analyte molecule to generate sensing signal. Conventionally, the most common mode 

for label-free analyses is based on impedometric and potentiometric sensing. Not only this, 

the optical signatures in terms of effective optical performance in porous silicon nano-

chips are also considered to be a label-free format for sensing of various targets including 

bacteria, DNA, proteins etc. Many researchers traditionally and even in current scenario 

have detected various small molecules (viz. drugs, heavy metal ions, metabolites etc.) 

based on direct electron transfer reaction, which is also considered as label-free biosensing 

and a method of choice. In a label-free impedometric sensing cancer cells were detected 

and differentiated from normal cells utilizing their surface chemistry using aptamer 

immobilized on a nano-conducting surface (Chandra et al.,2013a). In another study, a 

label-free sensor was developed for the electrochemical detection of dopamine using the 

self-assembled peptide layers, where it electro-catalyzed at the sensor surface to give 

measurable signals (Matos and Alves,2011).  In another example, a sensor for detection of 

glucose has been fabricated using self-assembled immobilization of glucose-oxidase at the 

reduced graphene oxide-magnetic nanoparticles (Pakapongpan and Poo-arporn,2017). In 

these cases, the targets; cancer cells, dopamine, and glucose itself contributes towards the 

signal generation at the sensor surface.  
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4. Biosensor probe development and characterization: 

In all biosensing systems, the detection probe plays an important role, which 

significantly contributes to the analytical performance of the biosensor. The transducer 

materials are coupled with highly selective bio-recognition elements. For example, in 

electrochemical biosensors working electrode is functionalized for the selective detection 

of analytes, where the electrode surfaces are attached with antibodies, aptamers, enzymes, 

etc (Chandra et al.,2017). The selection of these bio-recognition elements is dependent on 

the nature of the target molecules. For instance, if the target molecule is protein biomarker, 

antibodies are preferred as recognition element (Shan and Ma,2017). However, to 

introduce the temperature stability to the probe, aptamers have been greatly applied in the 

sensing matrix in recent years (Jarczewska et al. 2016). Similarly, enzymes are applied in 

the matrix which generally produces electroactive species. The classical example is 

immobilization of glucose oxidase for glucose detection, where hydrogen peroxide is 

generated and detected at the electrode surface (Kausaite-Minkstimiene et al.,2017; Shen 

et al.,2017). These bio-recognition elements immobilized onto the sensor surface, where 

various strategies are employed for the modification including adsorption and covalent 

attachments. In adsorption based technique, the bio-recognition moieties are adsorbed onto 

the electrode surface by means of physical forces (Banica,2012). Moreover, sometimes 

these are entrapped within the immobilization matrix, but such processes are not always 

preferred due to their tendency of leaching out during operation. To overcome such 

limitations, covalent modifications are adopted using various bio-conjugate techniques. 

The fundamental process of these techniques is the activation of bio-recognition elements 

and / or modified electrode surface (Chandra,2016; Chandra et al.,2017).  In the second 

step, covalent coupling process is employed for constructing the probe, offering highly 

stable sensor surface compared to physically adsorbed or entrapment-based methods. So 
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far, various such techniques are employed based on coupling reaction using carbodiimides, 

carbonyldiimide, etc.(Arya et al.,2011; Wan et al.,2010). In addition to these, silane, 

biotin–avidin, streptavidin–biotin cross-linkers are extensively used for immobilizing the 

bio-recognition elements covalently over the modified electrode surface (Fu et al.,2011; 

Kim et al.,2017; Shuai et al.,2017). 

For the detailed characterization of various components of biosensors viz. 

nanomaterials, nanocomposites, engineered surfaces etc., various techniques have been 

employed. UV–visible spectroscopy (UV–Vis) enables preliminary determination of the 

particles or nanomaterial formation (Verma et al.,2014). The appearance of characteristics 

absorption confirms the preparation of the nanomaterial; however, in some cases, the poor 

dispersion of nanomaterials in solution restricts this technique for the characterization, 

such as graphene-based nanomaterials. Excellently dispersible nanomaterials show a 

characteristics absorption maxima depending upon the constituents and size of the grain 

or particle (Plascencia-Villa et al.,2016). Furthermore, the correlational size dependencies 

can also be obtained using the UV–Vis characterization (Plascencia-Villa et al.,2016). 

However, the exact sizes and morphologies of nanomaterial and surface topology of the 

modified electrodes are investigated by the scanning electron microscopy, atomic force 

microscopy or transmission electron microscopy (Kumar and Kumbhat,2016). The size 

distribution of dispersible engineered nanomaterials can be characterized by dynamic light 

scattering (DLS), which categorizes the particles on the basis of their hydrodynamic sizes, 

where hydrodynamic size is the equivalent size of the dispersed nanomaterial with the 

layer of other constituents along with water above it (Pecora,2000). This size depends on 

the physical properties of colloidal solution including the viscosity, temperature, and 

diffusion coefficient. The surface charge on nanostructured materials is another important 

property, which is determined by measuring the zeta potential (Berne and Pecora,2000). 
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During the course of probe fabrication, these nanomaterials play an important role for 

covalent immobilization of the bio-recognition elements (Baranwal et al.,2016). For 

instance, gold nanoparticle-based probe fabrication requires a strong adsorption forces to 

adhere the electrode in order to prevent the leaching out effects (Chandra et al.,2013b). 

Alternatively, this has also been achieved by entrapping the particle inside various 

immobilizing matrices. The confirmation of presence and adherence of nanomaterial on to 

the probe surface can be confirmed by various surface characterization techniques, 

including Fourier transformed infrared spectroscopy, Raman spectroscopy, energy 

dispersive X-ray spectroscopy, elemental mapping, and X-ray photoelectron spectroscopy 

(XPS), where elemental and functional group details are obtained (Chung et al.,2018).  

Fundamentally, such techniques are based on identification of either chemical bond or 

elemental composition by exploiting various physical properties of the materials, which 

also help in characterizing the essential probe modification stages. Furthermore, electrical, 

and optical properties of materials are dependent on the crystal structures which has been 

defined as the crystallinity and is obtained by X-ray diffraction (XRD), as well as the 

selective area electron diffraction (SAED) (Tang and Ouyang,2007).  

Apart from these techniques, electrochemical characterization of the probe has also 

been employed, where the probes were assessed after each level of modifications, using 

amperometric, voltammetric, impedance based techniques. In all cases, the significant 

change in signal confirms the successful probe modification (Bollella et al.,2017; Quan et 

al.,2006; Zhu et al.,2012b). In recent years, a number of nanomaterial assisted bio-sensing 

mechanisms are reported (Choudhary et al.,2016; Lan et al.,2017; Li et al.,2015; Lu et 

al.,2017; Zhu et al.,2012a). In context to this, a number of nanomaterials including 

nanoparticles and nanocomposites have been used (Lan et al.,2017; Li et al.,2015; Lu et 

al.,2017). For instance, gold, silver and platinum nanoparticles with/without surface 
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modification have widely been explored to design biosensor for different clinically and 

industrially important analytes (Kashish et al.,2017; Li et al.,2010). 

5. Analytical performance of biosensor:  

The analytical performance of any biosensor is assessed by various parameters, 

including dynamic range, limit of detection, limit of quantification, selectivity, stability, 

reproducibility, self- life, and the capability of target detection in complex real sample 

matrices (Eggins,2008). The mathematical modeling for these studies is usually done with 

regression plot. In this model, regression line is drawn for the different intensities of 

signals with varying concentrations of the analyte (shown in Figure 1.4).  

5.1. Linear dynamic range: 

It is a range in the calibration plot, where signal is directly proportional to the 

concentrations of analyte. The wider the dynamic range, the greater will be the clinical 

significance, as more number of concentrations can be extrapolated by these values for 

quantitative detection. 

TH-2383_156106049



17 
 

Figure 1.4: Standard calibration plot used for calculating LOD, LOQ, Sensitivity and the dynamic range (reprinted with the 

permission of Mahato et.al., Springer Inc.). 
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5.2. Limit of quantification (LOQ):  

LOQ suggests that amount of analyte, which is detectable by the biosensors.  

10 BlankSD
LOQ

Slope
= ---------------------------------------------------- Equation 1.1 

Where LOQ is the limit of quantification; SDBlank is the standard deviation of blank and 

the slope signifies the sensitivity of probe for a particular analyte. 

5.3. Limit of detection (LOD):  

The minimum amount of analyte that can be detected due to the biochemical reaction 

happening at the sensor surface. This is generally calculated by using the equation 1.2 

3 BlankSD
LOD

Slope
= ---------------------------------------------------- Equation 1.2 

Where LOD is the limit of detection, SDBlank is the standard deviation of blank and the 

slope signifies the sensitivity of probe for a particular analyte. 

5.4. Selectivity:  

It is the most important criterion for the biosensor evaluation. It is the ability of 

biosensor for discriminating out the non-specific targets from the sample of analysis. 

5.5. Shelf-life:  

The working lifetime is related to the stability of biosensor, which usually depends 

on the retainment of activity of bio-recognition elements and life-time of the coupled 

transducers. 
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5.6. Sensitivity:  

This is the property of a biosensor by virtue of which its responses to the fluctuation 

of analyte concentrations. It is defined by the slope of the regression line, where steeper 

slope signifies the relatively better sensitivity. This tells that the biosensor is capable of 

differentiating a small change due to the presence of target molecules very efficiently. 

The mathematical expression can be written as follows (equation 1.3). 

      
Q P

Q P

y y
Sensitivity Slope of the regression line

x x

−
= =

−
   ---------------- Equation 

1.3 

Px , Qx  , Py , and Qy  are the coordinates of two points in the calibration plot, related to 

analyte concentrations and their corresponding signals. 

These parameters describe the analytical performance of the developed biosensors 

and help to analyze their suitability for various kind of applications including, 

biomedical, food safety, environmental monitoring etc.  

6. Concept of surface engineering and importance of nanomaterials in 

biosensors:  

Surface engineering is a most important step in sensor designing and their application 

in diverse matrices (Tiwari et al.,2016; Yüce and Kurt,2017). It involves the development 

of a stable and sensitive electrode surface by involving numerous modification steps 

including; wet chemistry approaches, nano-engineering, bio-conjugation, and signal 

amplification strategies (Chandra,2016). One of the major advantage of surface 

engineering is its tunability and optimization capability for the design and development of 
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wide range of biosensors. Therefore, sensor surface development plays a pivotal role 

towards the commercial viability and tremendous analytical performance of biosensors. 

Owing to the unique optical and electronic properties, nanomaterials have been used 

in biosensing systems to enhance their sensitivity by achieving the signal amplification 

(Ju,2011). Other properties viz. minuscule size, high surface area have added additional 

advantages for the immobilization of various recognition elements in greater extent. The 

incorporation of nanomaterials in the sensing matrices facilitates fast electron transfer 

between electrode and target, electro-catalysis, pre-concentration of analytes, and 

antifouling effects towards various interfering molecules (Merkoçi,2009). These unique 

characteristics of nanomaterials have been greatly explored, not only for the detection of 

small molecules based on direct electrochemistry but they are also well investigated for 

the detection of nucleotides, proteins, cells etc.  Another role of nanomaterials in biosensor 

fabrication is to provide stable immobilization of the bio-recognition element to obtain 

higher sensitivity and amplified signal. Other aspects of the fabrication of biosensor is for 

downscaling the sensor to obtain miniaturized detection kits, which also requires various 

types of nanostructured materials and their composites. The major types of nanomaterials 

utilized in the development of various biosensor are shown in figure 1.5 (Mahato et 

al.,2018c). The synthesis of these nanomaterials are important aspects for their 

compatibility in biosensing application. Briefly, these nanomaterials can be synthesized 

by various ways: physical, chemical, and bio-mediated processes. Broadly, these 

approaches are classified under the top–down and bottom–up approaches (Baranwal et 

al.,2016). In the top–down approach, bulk materials are transformed into the nano-sized 

structures by means of mechanical attrition whereas, the bottom–up techniques follows 

synthetic processes. These syntheses show the addition of atoms followed by nucleation 

and thereafter ripening of the structures (Mahato et al.,2019). The major limitations to top–
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down approach are the generation of surface defects on the nanostructures, which 

significantly alters the surface chemistry thereby making the nanostructures unsuitable for 

biosensing mechanisms  

In the bottom–up strategies, such limitations are not reported; however, the time of 

syntheses is of utmost concern. Although, there are various practical problems related to 

both the strategies, yet nanomaterial designed by these approaches have been greatly 

applied in development of various nanocomposites, nanoscafolds, and their direct coating 

on to the electrode surface / support matrix for the development of biosensors. 

7. Support matrices for biosensors:  

The type of support matrices are selected based on the biosensing applications and 

signal transduction systems. These support matrices offers the surface to develop sensor 

probe / biosensor / detection zone. For instance, electrochemical biosensor requires the 

conducting support matrices, which should have the potential to facilitate the electron 

transfer at the electrode. Thus, to provide conductive matrices in cheaper cost carbon based 

materials / electrodes have been extensively used. In addition, for colorimetric based 

determination, the colorless matrices are desirable so that the matrix effects can be 

minimized in order to obtain the sensitive colorimetric detection.
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Figure 1.5: Different types of nanomaterials used for biosensing application  (reprinted with the permission of Mahato et.al., Springer 

Inc.).
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Moreover, the other factors including production dynamics and economics also plays an 

important role in the selection of matrix, where cheap and best suitable matrices are 

preferred. Therefore, various cheaper matrices are being used as the support materials for 

colorimetric and electrochemical based sensor probe fabrication viz. paper, thread, silk, 

carbon paste, glassy carbon etc. This section describes about the significance of various 

support matrices, which are cheaper and widely used for the low-cost biosensor 

developments. 

7.1. Paper as support matrices: 

Being an adequate and cheap matrix, it is widely used for delivering the low-cost 

disposable biosensors. Chemically, the composition of paper is cellulose a bio-polymer of 

glucose, and physically it is fibrous matrix, offering high porosity for the microfluidic 

wicking process. In context to the biosensor fabrication, this matrix can be used for the 

covalent or noncovalent immobilization of the bio-receptors. In the colorimetric format of 

biosensing, the white color background offers the naked eye detection (Mahato et 

al.,2017). Not only this, the paper matrices are also impregnated with various 

nanomaterials forming nano-paper electrode, which has been recently utilized for the 

electrochemical sensing of various molecules (Guo et al.,2018; Huang,2018). 

7.2. Carbon paste as support matrix:  

For the conducting matrices, carbon paste matrices / electrodes are of first choice due 

to their excellent reproducibility at probe fabrication and capability to offer higher 

sensitivity at relatively cheaper cost. Carbon paste based support materials consist of the 

graphite powder and pasting agent, which offers conductivity for electron flow, thus 

suitable for electrochemical determination. In order to improve the electron transfer they 

are often doped with metallic nanoparticles and conducting polymers (Noh et al.,2012). In 
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addition, the final finished surfaces based on these support matrices are readily 

functionalized by depositing other nanomaterials coupled with bio-recognition element 

over its surface for selective analysis. Using the carbon paste, conventional and screen-

printed electrodes are available for electrochemical biosensing applications. 

7.3. Glassy carbon as support matrix:  

Other most commonly used surfaces for biosensor design is the glassy carbon 

electrode, which is relatively more conducting, reproducible, and reusable compare to 

other electrodes (Zhang et al.,2016). The most important properties are high temperature 

resistance, hardness, low density, low electrical resistance, low friction, low thermal 

resistance, extreme resistance to chemical attack and impermeability to gases and liquids, 

which makes it widely acceptable for various electrochemical based sensing 

(McCreery,2008).   

8. Techniques used for biosensors studies: 

8.1. Techniques for sensor probe assessment: 

The sensing probe is core component of any biosensor, which is responsible for the 

analytical performances. Thus, it is important to validate its fabrication for obtaining the 

optimum performances. These assessments of biosensors are also called as probe surface 

characterization, where the probes stability and determination capabilities are majorly 

analyzed. For example, if the biosensor is of electrochemical format, the electronic 

properties of the surface should be analyzed prior to the analysis of the target compound, 

whereas if the sensor probe is colorimetric, the color formation capabilities due to the 

biochemical reaction occurring at the sensor should be critically examined.  
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8.1.1. Colorimetric assessment: 

The colorimetric biosensor relies on the color change at testing zone of the biosensor, 

which is usually facilitated by the catalytic capability of the sensor probe. Here, the 

catalysis of chromogenic substrate develops colorimetric signals at sensor surface. Using 

the colorimetric format, numbers of bioanalytical system have been reported by adopting 

the liquid based assays for quantification of target analytes. In addition, few attempts have 

also been given to build the sensing models with reagent-less yes / no systems by 

incorporating them in the dipstick and lateral flow formats.  This section describes the 

major techniques used for the assessment of colorimetric biosensor. 

8.1.1.1.Assessment based on spectrophotometer: 

The UV-Visible range of electromagnetic spectrum has been used in such assessment 

to quantify the appearance / disappearance of the chromogenic substrate / product 

(Adiguzel,2017). In this technique, the functionality of testing probe is analyzed with the 

correlation of absorbance. For the assessment of proper probe fabrication, various controls 

are studied using UV-Vis spectra. For instance, Nirala et al. have reported a colorimetric 

biosensor based on molybdenum sulfide (MoS2) nanocomposite coupled with the 

cholesterol oxidase as bio-recognition element where  3,3',5,5'-tetramethylbenzidine has 

been used as a chromogenic indicator molecule. Here, in the presence of cholesterol 

initiates the sensing reaction, where it was cleaved and produces hydrogen peroxide by the 

action of cholesterol oxidase, which was further decomposed in presence of MoS2 to give 

the chromogenic reaction with 3,3',5,5'-tetramethylbenzidine. The sensing capability of 

probe was tested with gradual appearance of intense blue color which was then quantified 

using the absorbance at λ max  (652 nm) (Nirala et al.,2015).  
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8.1.1.2.Assessment based on digital image colorimetry: 

This technique has been commonly employed to quantify the strip based colorimetric 

yes / no tests. Here, the color change at sensor surface is captured followed by the 

quantification of analytes using the correlation with change in color intensities. This 

analysis involves the acquisition of images of concentration dependent color changes and 

their analysis to obtain the correlation between colorimetric responses and concentrations 

of the target (Lin et al.,2018). The image analyses use grayscale, CMYK (cyan, magenta, 

yellow, and key/black), or RGB (red, green, and blue) based profiling systems, where RGB 

systems are widely accepted due to its simplicity (Soldat et al.,2009). Using the digital 

image colorimetry based techniques, a number of colorimetric biosensor systems have 

been reported. For instance, Lathwal and coworkers have reported malaria detection 

system using digital image colorimetry on paper strip following immuno-sensing 

(sandwich type) approach, where tagged HRP enzyme is employed for the colorimetric 

signal. The detection of target analyte (Plasmodium falciparum histidine-rich protein 2) 

was confirmed after its immuno-complexation with capture and reporter antibodies 

followed by the chromogenic signal development at the sensor surface. The colorimetric 

signal generation was obtained from HRP, hydrogen peroxide and 3,3',5,5'-

tetramethylbenzidine system, which produces the blue color in presence of the target 

analyte (Lathwal and Sikes,2016).  The color formation was then captured and digital 

image colorimetry based analysis using RGB system was performed to obtain quantifiable 

signals.  

8.1.2. Electrochemical assessments of biosensor: 

The electrochemical assessment of biosensors is done using classical three electrode 

system containing working, counter, and reference electrodes (Bard et al.,1980). For 
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electrochemical biosensors, the electron transfer behavior and stability of the sensor probe 

plays an important role, which has been assessed by using various studies at the sensor 

surface. Rendles Sevcik and Brown Anson models are most widely accepted for the 

studying charge transfer behavior at electrode surface and interface(Eggins,2008). To 

study these models the voltammetric responses at every step of fabrication is recorded and 

the magnitude of anodic / cathodic peak currents (Ipa / Ipc) are utilized for further analysis 

to deduce the electron transfer properties at the modified surfaces. The stability of sensor 

and charge transfer dynamics at the surface are the other parameters, which are deduced 

by scan rate study. In addition, the electrochemical impedance spectroscopy has also been 

used for assessing the sensor probe, especially in case of deposition /functionalization of 

the sensing elements (Chandra,2016).   

8.1.2.1. Electrochemical behavior assessment of sensor probe using voltammetry: 

Voltammetric techniques are used for the assessment of electrochemical behavior of 

modified surfaces. This technique measures the electrochemical response of sensor surface 

when the voltage is applied (Compton and Banks,2011). In this case, the potential is varied 

to observe the oxidation / reduction of the electro-active molecules interacting at electrode 

surface. The commonly used mediator molecules are ruthenium hexacyanoferrate and 

Ferrocyanide / ferricyanide redox couples. In the voltammetric technique, potential is 

applied to the three electrode system and current responses are recorded, where the current 

responses come from the occurrence of redox activity at the interface. The strength of 

current responses in subsequent fabrication process tells about the behavior of the modified 

surface for its suitability in electrochemical determinations. For example, Zhang et al. have 

developed a sensor for simultaneous detection of dopamine, ascorbic acid and uric acid 

using poly(2-(N-morpholine)ethane sulfonic acid)  / rGO modified electrode. Here, the 

increase in the current response was observed in subsequent fabrication process. This 
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gradual increment tells about the increasing conductivity at the surface area on subsequent 

steps of probe fabrication, inferring that the sensing surface is capable of giving 

electrochemical signals (Zhang et al.,2018). These techniques are further categorized 

depending on the applied potential forms used viz. linear sweep voltammetry, cyclic 

voltammetry, differential pulse voltammetry etc.  

8.1.2.2. Electrochemical behavior assessment of sensor probe using impedometry: 

In above all methods, the electron flow or the developed charge at sensor surface is 

studied for obtaining the electrochemical responses (Orazem and Tribollet,2017). In 

impedometric technique, the insulating behavior of surface is used to assess the sensor 

probe fabrication and its analytical responses. Here, the varying alternating potential is 

employed to obtain the component of impedance viz. reactance, capacitance, and 

inductances (Bard et al.,1980; Eggins,2008). Using these obtained coordinates, the spectra 

are modeled, which consists of real and imaginary impedance values for studying the 

resistances in charge transfer at the electrode surface. The representation in this case is 

called Nyquist plot. Similarly, other plots have also been used including Bode plot, where 

the frequency dependent impedances are recorded for studying the insulating behavior of 

the sensor surface (Bard et al.,1980; Chandra,2016). For instance, a biosensor reported by 

Rushworth et al. for the specific detection of Alzheimer's amyloid-beta oligomers, where 

the sensing probe is analyzed by using impedometric method. Here, the increase in 

resistance to the surface charge transfer is observed on sequential addition of the probe 

components and the target molecule (Rushworth et al.,2014).  
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8.2. Techniques for real-sample analysis: 

After the characterization of sensors and sensing capabilities assessments the analytical  

performances of the developed biosensors are analyzed. This is done by detecting the 

target molecules in various real sample matrices viz. beverages, blood serum, urine, saliva, 

tears etc.  Sometimes, unavailability or complexity of clinical samples leads to 

inconsistencies in various levels in study. To overcome such issues, spike-recovery and 

standard addition methods have been employed over the years. These methods test the 

analytical performances in mimicked real samples, where these samples are prepared with 

the native interfering constituent molecules. The selection of the interfering analytes in 

mimicked samples is usually the coexisting molecules in the environment or similar 

structured molecules, which can potentially introduce interferences in detections. 

8.2.1. Spike and recovery method: 

In this method, the biosensor probe is analyzed for its interfering effects due to the 

presence of various unknown molecules present in real samples (Ravisankar et al.,2015). 

In this method, a known  amount of the target analyte is taken and injected to the collected 

real samples and their recoveries were performed using fabricated biosensor.  

The significantly lower level of recovered analyte levels infers a strong interference 

from the molecules present in the sample, which are limiting the performance of the sensor 

(Bhatnagar et al.,2018). If the recovery response is close to the spiked value, biosensing 

probe doesn’t experience any hindrance from the matrices, whereas the significantly 

higher signals indicate the inherent presence of target analytes in the tested real sample. 

The mathematical calculation of % recovery and its interpretation is given below (equation 

1.4)  
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% 100
Observed Neat

Recovery
Expected

−
=   ----------------------------------------- Equation 1.4 

where “Observed” signifies the value of analyte concentration recorded after spiking of 

analyte; “Neat” signifies the value of analyte concentration present in sample before 

spiking. The “Expected” is exact concentration of analyte spiked into the sample. 

8.2.2. Standard addition method: 

In various real samples, the inherent presence of target analytes elevated the recovery 

percentages. In order to quantify the unknown levels of these inherently present 

concentrations, standard addition method is employed (Saxberg and Kowalski,1979). In 

this analysis, the sensor probe is used to obtain the unknown concentrations of the target 

present in the real sample matrices. By this assessment, the credibility of the biosensor is 

evaluated for its biomedical applications.  

9. Objectives and goals of the study: 

The objectives of this study are to achieve better sensitivity of biosensors by employing 

the surface engineering and nanomaterial assisted techniques. We have also tried to 

develop the sensor systems, which not just provide very wide dynamic ranges, but it 

actually detects the target molecule in industrially / clinically significant levels. At the 

same time, this thesis work is inclined to resolve the few griming issues, such as food 

safety and silent clinical diseases viz. hypo-vitaminosis, liver and bone diseases, and 

carcinoid syndromes. The work done in this thesis was aimed towards designing the 

miniaturized, deliverable, rapid and accurate biosensors for the ultrasensitive detection of 

clinical and food safety biomarkers utilizing novel engineered surfaces and nanomaterials.  
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The objectives are as follows: 

Objective #1:  Paper-based miniaturized immunosensor for naked eye ALP detection 

based on digital image colorimetry integrated with smartphone 

Objective #2: Clinically comparable impedimetric determination of ALP based on 

electrochemically tuned Au-nanodendroids- graphene oxide nanocomposite in human 

serum 

Objective #3: Development of miniaturized electrochemical nanobiosensor based on 

AuNPs-porous graphene-1,8-DAN for vitamin-C detection in juice, human urine, and 

neurodegenerative diseased mice brain 

Objective #4: Novel electrochemical biosensor for serotonin detection based on gold 

nanorattles decorated reduced graphene oxide in biological fluids and in vitro model.
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10. Thesis overview: 

The overall study in the thesis is centered on the development of various biosensors by 

employing engineered surfaces and nanomaterials for obtaining the sensitive 

determination of analytes in bio-fluids. The entire study is sectioned into five chapters, 

where chapter I introduced the fundamental understanding of surface engineering, 

nanomaterials, and biosensors as discussed in the earlier sections. On the basis of the 

information in the literature we have designed four chapters (II - V) where various 

biosensors have been developed by utilizing novel surfaces and nano-biomaterials.  In the 

chapter II, we have developed a colorimetric biosensor using an engineered paper surface, 

where the antibody has been covalently immobilized for the selective determination of the 

alkaline phosphatase in milk to assure the milk pasteurization process. In chapter III, we 

developed an electrochemical biosensor by incorporating nanomaterials for the sensitive 

determination of serum alkaline phosphatase in clinically relevant range. The chapter IV 

describes the development of biosensors based on porous nanomaterial and metal 

nanoparticles composite for ultrasensitive vitamin-C detection in various bio-fluids and 

mouse brain. In the chapter V, we have developed a biosensor by incorporating Au-

nanorattles with reduced graphene oxide for the electrochemical determination of 

serotonin urine, blood serum, and in vitro model. A pictorial representation of the work 

carried out has been comprehensively described in figure 1.6
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Figure 1.6: Pictorial representation of the thesis work. 
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naked eye ALP detection based on digital image 
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1. Introduction: 

Here, our aim was to fabricate a biosensor based on engineered surface. For that, we 

have incorporated chemically modified surface for the immobilization of bio-recognition 

elements. During the study, the selection of the target analyte was done to address the 

problems of milk quality assessment, which is a griming socio-economic challenge, 

especially in the developing countries including India. As the milk is an adequate stable 

food ingredient enriched with high amount of proteins, carbohydrates, fats, vitamins, 

calcium, and phosphorus, it has been commercially accepted for revenue generation since 

long (Gaucheron,2011). The milk quality and its freshness have been a major concern, as 

the post-milking invasion of microbes causes sourness and are capable of harboring 

pathogenic bacteria, which not only downgrades the taste and quality of the milk, but also 

adds high chances of food borne diseases if consumed (Jay-Russell,2010; Klinger and 

Rosenthal,1997). In industries, raw milk is processed through pasteurization to kill the 

pathogenic microbes, which is an important step to maintain / extend the shelf-life of milk.  

To ensure the effective pasteurization, several methods, including methylene blue, phenol-

based tests (Fasken and McClure,1940), and microbial culturing are commonly used in the 

quality control centers of various industries (Nayak,2018; Panigrahi et al.,2018; Yalcin 

and Atasever,2018). In methylene blue (MB) based tests, the dye is used as the redox 

indicator, which is injected into the milk samples followed by heat treatment and kept until 

the appearance of color change and therefore it takes 30 minutes to 480 minutes for the 

assessment depending on the milk samples (Barkworth and Hosking,1952). Due to its 

time-consuming process, it is not always preferred in the quality controls, especially where 

the number of samples are very large. Additionally, the commercial phenol-based tests 

utilizes the modified Scharer’s colorimetric method, where liberated phenol is measured 

with the help of an indicator 2,6-dibromoquinonechloroimide (Payne and Wilbey,2009; 
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Scharer,1938) These tests requires sophisticated spectrophotometers and involves 

multistep procedure, which restricting them for onsite detection. Tests based on the 

microbial culture requires special laboratory facility and usually takes longer time for 

analysis. Limitations associated to these conventional testing procedures makes them non-

robust and unsuitable for the assessment in miniaturized settings for determination at the 

point of collection, which is foremost need to ensure the quality of milk. Therefore, it is 

important and would be interesting to attempt a new biomarker-based method to 

differentiate the pasteurized and raw milk utilizing advanced bioengineering approaches. 

Among various indicators of pasteurization and good quality milk, ALP, a 

metalloenzyme is widely targeted because of its heat resistant property, which has close 

destruction point to the killing temperature of pathogenic microbes (Rankin et al.,2010; 

Soares et al.,2013). Moreover, considerably high concentrations of ALP is found in raw 

milk, which denatures after the pasteurization process (Rankin et al.,2010), hence in an 

ideal situation the pasteurized milk should be devoid of ALP. Additionally, it has also been 

reported that in case of mastitis the ALP concentration in milk is tremendously high 

(Babaei et al.,2007; Kitchen,1981). Therefore, processing of such milk in industry requires 

special attention, and to do so, the detection of ALP in raw and pasteurized milk has 

tremendous commercial as well as health interest. In view of such importance of ALP in 

milk, several attempts have been taken to detect the ALP by various approaches; including 

spectroscopic (Al-Qadiri et al.,2008), fluorimetric (Kulmyrzaev et al.,2005; Rola and 

Sosnowski,2010), electrochemical (Ito et al.,2000; Serra et al.,2005), electro-chemi-

luminescence (Park et al.,2011), and ELISA (Chen et al.,2006). Despite of their 

recognizable detection performance in native milk; multistep nature, requirement of 

sophisticated bulky analytical instruments as well as trained personnel, limits their usage 

in remote settings and in home kitchens. Therefore, development of a new user-friendly 
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and economical method for ALP detection is of great interest. In order to develop such 

miniaturize devices, various research and development activities have been performed in 

recent past to introduce a portable testing kits (Chandan et al.,2015).  

Among all types of testing kits, paper-based detection systems have found commercial 

interest because of their low-cost, adequate availability, and environment-friendly nature 

(Mahato et al.,2017). A paper-based approach has rarely been attempted for the detection 

of ALP in milk samples. In one such approach, ALP has been detected based on a 

colorimetric lateral flow assay (LFA) (Yu et al.,2015), which sometime suffers due to the 

irregularities in porosity causing interruption in flow of target molecule in the paper matrix 

due to the clogging of pores (Hosseini et al.,2017). This method based on LFA relies on 

the indirect ALP detection using adsorbed antibodies in the sensing matrix (Yu et 

al.,2015). The adsorbed antibodies in a sensing matrix are not homogeneously oriented 

compared to antibodies those are immobilized on to the surface using various conjugation 

methods (Tajima et al.,2011; Trilling et al.,2013). This may eventually compromise the 

analytical performance of biosensors. Therefore, it is extremely important to have stable 

and well oriented immobilization of antibodies onto the paper matrix and a dot-spot-based 

sensor chip. Stable immobilization of antibody retaining its biological activity can be 

achieved through conventional covalent immobilization processes (Akhtar et al.,2018; 

Chandra et al.,2012). Apart from this, the paper-based onsite colorimetric detections are 

mostly qualitative / semi-quantitative in nature (Yetisen et al.,2013), therefore several 

attempts have been given to quantify the “yes/no” signals, but the usage of additional 

analyzer confines the applicability of these in limited resources. Recent paradigm has been 

shifted toward the elimination of such dedicated analyzers and thus, smartphone being an 

omnipresent self-sufficient device has recently found the global attention for personalized 

analyses. A technique based on the image analysis also called DIC, that have gained 
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attention for quantitative colorimetric estimations, which is one of the rapidly emerging 

robust technique (Rateni et al.,2017). Fundamentally, the DIC is based on image 

acquisition and its processing to obtain the quantifiable data-points, where former is 

performed by digital camera and latter is done with the help of analyzer software or 

smartphone-based application (Rateni et al.,2017). The digital images of color changing 

object are recorded and thereby the pixel values of these images are extracted for DIC 

analyses using 8-bit convention, which is universally accepted for the image analysis. 

According to this convention, colored image consists of three primary color channels, 

where 256 (0-255) unit pixel values are allocated of every primary color for the different 

shades i.e. red (R), green (G), and blue (B) (Choodum et al.,2017; Parkin,2016), which 

vary on the intensity and color change. Using these unit pixel values, one can obtain the 

calibration plot for almost every dose dependent colorimetric changes for biomolecular 

analysis (Lin et al.,2018; Peng et al.,2017). 

In view of these, we have developed a very simple, onsite, quantitative detection of 

ALP using DIC-based paper sensor in milk. For that, an office punch crafted filter paper 

discs were used to fabricate sensing probe to obtain the naked eye ALP detection. The 

sensor-probe was fabricated by functionalizing paper discs for the covalent immobilization 

of Anti-ALP. The step-by-step characterization of the sensor-probe was evaluated by FTIR 

and DIC. The analytical signals were obtained based on the reaction between ALP bound 

sensor-probe and BCIP generating quantifiable blue-green precipitate, which were further 

processed using smartphone to obtain the quantitative results. Direct detection of ALP in 

commercial as well as raw milk obtained from the villages were performed using standard 

addition and spike-recovery methods. The selectivity and shelf-life of the developed 

biosensor was examined to evaluate its real market potential. Finally, a miniaturized 
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prototype was developed for ALP detection to establish the direct in-kitchen household 

applicability of the designed biosensor.  

2. Experimental: 

2.1. Materials, apparatus, and reagent preparation: 

ALP was procured from Roche, USA and anti-ALP, BCIP & p-nitrobenzoic acid 

(C7H5NO4) were purchased from Sigma Aldrich, USA. Ascorbic acid (C6H8O6), 1-(3 

dimethylaminopropyl) 3-ethyl carbodiimide hydrochloride (EDC: C8H17N3.HCl), sodium 

nitrite (NaNO2), disodium hydrogen phosphate (Na2HPO4), potassium dihydrogen 

phosphate (KH2PO4), sodium chloride (NaCl), zinc chloride (ZnCl2), calcium chloride 

(CaCl2), casein hydrolysate, Magnesium chloride (MgCl2), serum albumin (BSA), lactose, 

citric acid, potassium chloride (KCl) and n-hydroxysuccinimide (NHS: C4H5NO3) were 

purchased from SRL India. The Whatman filter paper (grade 1) was procured from 

Whatman Inc., Merck-Millipore, USA. Vitamin A and vitamin B capsules were procured 

from Pfizer, USA. Tween-20 and tris-HCl were procured from Hi-media, USA. All the 

chemicals in the experiment have been used were of analytical grade. 

All images of the paper discs have taken by the smartphone camera and its detailed 

specification has been indicated in table 2.1. Office paper punching machine (Kangaro ® 

500; India) was used to obtain the paper discs of same size. The characterization of 

modified paper surfaces has been done with Fourier transformed infrared spectroscopy 

(FTIR) (Model: make: Perkin Elmer, USA) and Atomic force microscopy (AFM) (Model: 

Innova SPM Make: Bruker).  
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Features Specification 

Camera pixel 12 x 106 

Make (model) Xiaomi (Redmi 3s Prime) 

F stop f/2 

Exposure time 1/50 sec 

ISO speed ISO-125 

Color representation RGB 

Flash No flash used 

White balance Auto 

Camera and object distance (Image 

acquisition height) 

32 centimeters 

 

Table 2.1: Details of smartphone camera and imaging conditions 

 Phosphate buffered saline (PBS) (pH 7.4; 0.01M), PBS-Tween (pH 7.4; 0.01M, 1% 

tween) and tris-HCl (0.1M) buffers were prepared by following the standard protocols, 

where the salts were dissolved in deionized water. For PBS buffer preparation, the cold 

spring harbor method was followed, where 1.41  gram of Na2HPO4 (0.01M), 0.24g of 

KH2PO4 (0.0018M), 8.00g of NaCl (0.137M), and 0.20 g of KCl (0.0027M) salts were 

dissolved in one liter of deionized water and mixed it thoroughly (Sambrook,1989). PBS-

Tween buffer was prepared using 500 ml of 0.01M PBS buffer with 5 ml of tween-20 (1% 

(v/v)).  Zn enriched Tris-HCl (pH 7.4; 0.1M) buffer was prepared by mixing tris-HCl salt 

in deionized water with trace amount of ZnCl2, which was used to prepare the dilutions of 

ALP. 4-carboxybenzenediazonium salt solution was prepared by sequential dissolution of 

369 mg of p-nitrobenzoic acid, 260 mg of sodium nitrite, and 72 mg of ascorbic acid in 90 

ml hydrochloric acid (1M). 
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2.2. Fabrication of  P/DS/EDC-NHS/Anti-ALP biosensor: 

At first stage, Whatman filter paper (P) grade 1 was chosen as the base material for 

sensor-probe fabrication. The paper discs were snipped using office paper punching 

machine and were carboxylated using 4-carboxybenzene diazonium (DS) solution for six 

hours followed by thorough washing with distilled water forming P/DS surface. 

Thereafter, the washed P/DS discs were treated with freshly prepared EDC/NHS (143 

mM-100 mM) to activate the –COOH groups at P/DS surface. This was followed by 

immobilization of Anti-ALP (1.7µg/µL), which occurred due to the interaction between 

the –NH2 groups of Anti-ALP and –COOH groups of functionalized P/DS surface. The 

final sensing probe after Anti-ALP immobilization was represented as P/DS/EDC-

NHS/Anti-ALP probe. In order to minimize the nonspecific interaction of ALP and to 

avoid false positive signals, the P/DS/EDC-NHS/Anti-ALP probe was treated with 1% 

BSA for 30 mins. In order to remove the unabsorbed BSA, the sensor-probe was washed 

using sterile PBS-Tween (1.0%) for 1.0 min followed by gentle rinsing with PBS. The 

formation of each layers of the developed biosensor was examined by FTIR and DIC. The 

detailed schematic representation of probe fabrication process and principle involved in 

signal generation have been shown in scheme 2.1 

2.3. Detection of ALP using the P/DS/EDC-NHS/Anti-ALP biosensor:  

The detection of ALP relies on the immunocomplexation reaction between P/DS/EDC-

NHS/Anti-ALP probe and ALP. For this purpose, varying concentrations of ALP was 

treated with the designed sensor-probe and allowed to react for 13.0 minutes. After this, 

the immunocomplexed assembly (P/DS/EDC-NHS/Anti-ALP/ALP) was gently washed 

with PBS and allowed to react with BCIP (10.0 mM), producing a blue-green colored 

complex catalyzed by ALP, which was bound to the P/DS/EDC-NHS/Anti-ALP probe 

surface. A detailed biochemical reaction involving the color generation has been shown in 
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figure 2.1. The color change on paper discs were then recorded by smartphone camera in 

photographic conditions as mentioned in the table 2.1. This was followed by the image 

processing and colorimetric quantification, where the colored images of the paper surface 

were processed to obtain the corresponding RGB values. To eliminate the errors in pixel 

values in capturing condition and to avoid the false positive signals of the darker imprints 

left by the evaporated liquids at the edges of paper substrate, a uniform selective area was 

adapted for the image analysis. The selective area not only eliminates the dark rings and 

patches, but also provides the accurate changes in the pixel values by taking mean intensity 

values of the distributed uniform area. The effective RGB intensities of the colored paper 

discs were estimated by equation 2.1, 

RGB ( )

10

RGB ( .)

 log ( )
Blank

RGB

Conc

I
Effective I

I
= -------------------------------------------------- Equation 2.1 

where, IRGB is the mean pixel intensities of  Red, Green, and Blue color channels obtained 

from selected area of BCIP treated P/DS/EDC-NHS/Anti-ALP/ALP discs. 
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Scheme 2.1: Schematic representation of the ALP biosensor fabrication and detection principle. 
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Figure 2.1: Detailed reaction mechanism of the BCIP in presence of ALP. 
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3. Results and discussion: 

3.1. Selection of color channel for biosensing studies: 

In order to evaluate the sensing capability of the biosensor, the RGB convention of 

image analysis is followed, where we first selected the most sensitive channels of these 

primary colors. In digital images, the IRGB reflects pixel intensity of the true color (blue-

green color in our case), which is composed of the intensities of three primary color 

channels, denoted as IRed, IGreen, and IBlue. In the colorimetric changes, gradual 

intensification of appeared color signifies the absorption of the complementary color 

(Firdaus et al.,2014). In order to find out the color channel that provides maximum 

sensitivity for the analytical applications of the designed biosensor, we individually tested 

and compared the R, G, and B color channels. Figure 2.2 (A-D) shows the time dependent 

appearance (blue-green color) of the biosensor surface and its corresponding histograms 

in RGB as well as R channels at 1.0 (A), 4.0 (B), 8.0 (C), 12.0 (D) minutes. Thereafter, we 

calculated the time dependent Effective IRed, Effective IGreen, and Effective IBlue from 1.0 to 

12.0 minutes separately and plotted the time dependent plot (Figure 2.3). It was interesting 

to note that the maximum signal was obtained for Effective IRed (0.0094 (± 0.0007) 

a.u./minutes), compared to the Effective IGreen (0.0019 (± 0.0005) a.u./minutes) and 

Effective IBlue (0.0002 (± 0.0011) a.u./minutes), which was statistically significant (p < 

0.001; n = 3). Therefore, in all subsequent biosensing experiments, Effective IRed has been 

used as an analytical signal, which was calculated using equation 2.2.  

Red  ( )

Red 10

Red  ( .)

 log ( )
Blank

Conc

I
Effective I

I
= ----------------------------------------- Equation 2.2 

where, IRed is the mean pixel intensity of red channel obtained from the selected area 

of BCIP treated P/DS/EDC-NHS/Anti-ALP/ALP discs. 
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Figure 2.2: (A-D) Histogram showing gradual change of RGB and R intensities with time 

(from 1 minute to 12 minutes).  
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Figure 2.3: Shows the plot obtained from the time dependent study of the Effective IRed, 

IGreen, and IBlue
. 

3.2. Characterization of P/DS/EDC-NHS/Anti-ALP biosensing probe:  

The characterization of the sensing probe was done by DIC and FTIR. At first 

phase, to confirm the step-wise construction of the biosensor, an immunocomplexation 

experiment was performed. For this purpose, ALP was allowed to react with the 

P/DS/EDC-NHS/Anti-ALP sensing probe followed by washing and treatment with BCIP, 

which forms the blue-green precipitation as shown in figure 2.4 (i). In order to confirm 

that the signal was merely due to the immunocomplexation followed by the catalytic 

reaction between ALP and BCIP, we characterized the sensing surface by performing 

series of control experiments. In the first experiment, ALP was allowed to react with the 

Anti-ALP unimmobilized paper surface followed by its interaction with BCIP 

(P/DS/ALP/BCIP) (ii). In the second experiment, no BCIP was treated after at the 

immunocomplexed sensor-probe (P/DS/EDC-NHS/Anti-ALP/ALP) (iii); whereas, in the 

TH-2383_156106049



58 
 

third control experiment, no ALP was reacted with the sensing probe, but it was treated 

with BCIP in the final step (P/DS/EDC-NHS/Anti-ALP/BCIP) (iv). Interestingly, in all 

control experiments, no significant Effective IRed was observed (p < 0.001; n = 3), 

compared to the Effective IRed which was observed in the case of complete sensing probe 

i.e. P/DS/EDC-NHS/Anti-ALP/ALP in presence of BCIP. These results clearly indicate 

that the sensing probe has been correctly developed and is able to detect ALP.  

 

Figure 2.4: Histograms showing the comparative Effective I
Red

 of the sensing probe (i) 

P/DS/EDC-NHS/Anti-ALP/ALP/BCIP; (ii), (iii), and (iv) represents controls; 

P/DS/ALP/BCIP, P/DS/EDC-NHS/Anti-ALP/ALP, and P/DS/EDC-NHS/Anti-ALP/BCIP, 

respectively. The respective visuals of paper discs shown above the histogram. 
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In order to reconfirm the biosensor construction, each layer of the sensor-probe was 

characterized using FTIR. The representative FTIR spectra for bare paper (P) substrate, 

diazonium treated paper (P/DS), EDC-NHS activated paper (P/DS/EDC-NHS), and 

antibody immobilized paper surface (P/DS/EDC-NHS/Anti-ALP) have been shown in 

figure 2.5.  

Figure 2.5: FTIR spectra of different stages of the probe fabrication, where (i) P, (ii) P/DS, 

(iii) P/DS/EDC-NHS, and (iv) P/DS/EDC-NHS/Anti-ALP. 

For the P (i), peaks between 1000 -1200 cm-1, 2995 cm-1, and 3257 cm-1 were 

observed, which are due to the C-O-C and C-C-C vibrations, C-H stretching, and O-H 

stretching vibrations, respectively. After the treatment with diazonium solution, (ii) the 

appearance of peak at 1700 cm-1 and 1515 cm-1 correspond to the carboxyl group (C=O) 

and  aryl (C=C), respectively; which are most likely due to the addition of caboxybenzyl 
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flanking groups on to the cellulose fiber of the paper forming (P/DS). After the treatment 

of EDC/NHS at the P/DS surface, two representative peaks at 1638 cm-1 (amide I) and 

1570 cm-1 (amide II) were observed in spectrum (iii), which was due to bending vibrations 

of amide bond formed after the coupling of NHS with carboxybenzyl flanking groups. 

Similar peaks in the FTIR spectra of EDC/NHS functionalized surface have also been 

observed previously (Massad-Ivanir et al.,2011). The Anti-ALP immobilized paper 

surface (P/DS/EDC-NHS/Anti-ALP) was characterized by the presence of two 

representative bands of protein IR spectrum (iv) i.e. amide I and amide II. Multiple peaks 

present between 1600-1700 cm-1 band were assigned to the C=O stretching vibrations of 

amide I. A new sharp peak at 1544 cm-1 was clearly observed in the band between 1510-

1580 cm-1 due to the N-H bending vibrations and the C-N stretching vibrations of amide 

II present in the peptide moieties of Anti-ALP. These stretching vibrations are directly 

related to the protein (Anti-ALP) backbone conformation, which clearly indicates the 

immobilization of Anti-ALP onto the paper surface.  

Further, in order to validate the sensor-probe fabrication, we have characterized 

the fabricated probe surface using AFM, where we recorded the surface morphologies after 

every steps of modification  and z-deflection (Figure 2.6) was evaluated as reported earlier 

(Arun et al., 2016). Firstly, the surface morphology of untreated paper (P) was captured, 

where the appearance of fibrous topology with z-deflection of 67.38 nm was observed as 

shown in figure 2.6 (i). Thereafter, we examined the P/DS surface, where we observed 

granular surface with increased z-deflection (98.20 nm), which is due to the coupling of 

carboxybenzyl moieties on the paper surface after 4-carboxybenzenediazonium treatment 

(ii). In the next step, we observed the P/DS/EDC-NHS surface, where a clear change in 

TH-2383_156106049



61 
 

the surface topology was observed with further increase in the z-deflection (102.90 nm) 

(iii).  

 

Figure 2.6: AFM micrographs showing the 3D, 2D surface topologies, and z-deflection 

profiles of (i) P, (ii) P/DS, (iii) P/DS/EDC-NHS, and (iv) P/DS/EDC-NHS/Anti-ALP 

modified surface
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However, after the immobilization of anti-ALP, the z-deflection increased significantly 

over two folds (240.42 nm) and a significant change in the surface topology was observed 

(iv), which was due to the interaction of high molecular weight anti-ALP interacted with 

the sensor surface. The characterization results obtained from DIC, FTIR, and AFM 

complements each other, indicating the successful fabrication of biosensing probe. 

3.3. Analytical performance of P/DS/EDC-NHS/Anti-ALP biosensor: 

After the successful characterization of the sensor-probe, its analytical performance 

was evaluated by detecting the ALP in dose dependent manner. For this purpose, at first, 

the sensor-probe was treated with the buffer without ALP followed by BCIP, where no 

Effective IRed was obtained. This is because of no colored product formation due to the 

absence of ALP in the sensing assembly. Thereafter, the P/DS/EDC-NHS/Anti-ALP probe 

was treated with the different concentrations of ALP followed by the treatment of BCIP 

and color change was recorded using the smartphone camera. Figure 2.7 displays the 

Effective IRed responses of the developed biosensor in absence and presence of different 

concentrations of ALP between 10 - 1000 U/mL.  

The change in the color of the paper surface clearly shows increase in Effective IRed 

with increase in the ALP concentrations, indicating that the developed sensor can 

effectively detect ALP. Based on the Effective IRed responses, two calibration plots were 

obtained. The linear regression equations for ALP are expressed for low and high 

concentrations calibration plots are as follow: Effective I red(a.u.) = 0.06549(± 0.00797) + 

0.0023(± 0.000183) [ALP] (U/mL) and Effective I red(a.u.) = 0.2930(± 0.0146)+ 0.00030( 

± 0.000028)[ALP](U/mL), with a correlation coefficients of 0.996 and 0.949, respectively. 
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Figure  2.7 :  Calibration plots obtained from the responses of different ALP concentration 

ranging from 10 to 1000 U/mL using the P/DS/EDC-NHS/Anti-ALP probe. Dose 

dependent color changing of the paper discs (in bottom panel). 

 

The detection limit of ALP was determined to be 0.870(± 0.07) U/mL (RSD < 5.1%) 

based on the standard deviation of three repeated measurements of the blank (95.0 % 

confidence level, n = 3). The detection ability of the designed biosensor falls well in the 

range of ALP concentrations present in the raw milk of healthy cow, which was reported 

to be ~ 191.0 U/mL (Kitchen,1981). It is worth mentioning that the overall detection time 

for ALP in this miniaturized, instrument-less, and commercially-viable method is merely 

13.0 minutes, hence, it could be of tremendous use for onsite analysis. 
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3.4. Interference study:  

Selectivity is one of the most critical parameter to evaluate the biomedical values of 

any biosensor (Chandra,2016; Mahato et al.,2018; Pallela et al.,2016). Thus, we performed 

selectivity assay using molecules present in milk viz. citric acid, bovine serum albumin 

(BSA), lactose, casein, vitamin A, vitamin B, and commonly present ions (Ca++, Na+, K+, 

and Mg++) separately, under the similar experimental conditions. Figure 2.8 shows a 

comparative Effective Ired for ALP and interfering molecules, where no signals were 

observed for any of the tested interfering molecules compared to ALP. This was due to the 

absence of ALP in the sensing matrix, which only generates blue-green precipitate 

meditated through BCIP. The selectivity of sensor-probe was mathematically analyzed by 

determining the selectivity coefficient ( selk ) using equation 2.3, 

( )

( )
         

interferent

sel

ALP

Signal
k

Signal
= --------------------------------------------- Equation 2.3 

where selk  is the coefficient of selectivity, ( )
interferent

Signal is the signal strength shown by 

probe when treated with the interfering molecules, and ( )
ALP

Signal is the signal strength 

corresponds to the presence of ALP, followed by the treatment of BCIP. 

The selk  values for the interfering molecules were found to be extremely low ( selk << 1), 

indicating that the fabricated biosensor is highly selective towards ALP. We also 

performed the T-test and calculated the p-values, which was found to be < 0.001 (n = 3) 

for the interfering molecules, indicating that the selectivity results are statistically 

significant. 
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Figure 2.8: Selectivity assay of P/DS/EDC-NHS/Anti-ALP sensor probe towards 

interfering molecules and mixed sample analysis. 

In real sense, ALP coexists with the interfering molecules in the milk sample, so 

to make the experimental design more factual, we have performed mixed sample analysis. 

For this purpose, the ALP was mixed in a solution containing all the interfering molecules 

in the same concentration found in the milk followed by ALP detection using the 

developed sensing probe. Interestingly, the sensitivity for ALP detection in this case was 

found to be 98.6 % (n = 3) compared when ALP was detected alone, indicating the 

capability of designed sensor for selective detection of ALP even in a mixed sample 

solution.  
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3.5. Real sample analysis: 

The practical implications of the sensor was evaluated by detecting ALP in milk 

samples. For this purpose, two different methods were adopted; (i) standard addition and 

(ii) spike-recovery methods. The intention of standard addition method was to evaluate the 

unknown concentration of ALP in raw milk samples obtained from villages.  For this 

purpose, ALP was detected in raw milk samples (here no ALP was spiked), using the 

P/DS/EDC-NHS/Anti-ALP sensor-probe obtained from different locations. Interestingly, 

in this case, a clear Effective IRed was observed (encircled point of standard addition plot), 

which increases with the increase in ALP concentrations when spiked from 25-100 U/mL. 

A standard addition plot was obtained which gives a linear regression equation for ALP 

detection as follows: Effective IRed (a.u.) = 0.05726(± 0.00615) + 0.00153(± 1.59 x 10-

4)[ALP](U/mL) with the correlation coefficient of 0.989. The representative standard 

addition plot is shown in figure 2.9, where the unknown concentration of the ALP in the 

raw milk was obtained to be 17.5 ± 1.32 U/mL based on the standard deviation of three 

repeated measurements (95.0 % confidence level, n = 3). Importantly, the ALP 

concentration observed in our study using the developed biosensor is comparable to the 

ALP level in raw milk of cow which has been reported in the literature (Kitchen,1981; 

Singh and Ganguli,1975). Next set of experiments were based on spike-recovery method, 

which was done to evaluate % recovery of ALP from pasteurized milk samples at various 

concentrations. In this case, known concentrations of ALP was spiked in the pasteurized 

milk samples and % recoveries of ALP were calculated using equation 2.4. 

( )[A] [B]
        % Recovery

[ ]
 

ALP ALP

ALP
C

−
= ----------------------------- Equation 2.4 

Where, [A]ALP  and [B]ALP  are the analytical responses of ALP in the spiked and blank 

samples, respectively; and [ ]ALPC is the analytical response of ALP in the standard 

solutions. 
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Figure 2.9: Standard addition plot obtained for ALP detection in raw milk sample. 

Figure 2.10 shows a dose depended comparative response of ALP biosensor in milk 

samples, where increase in the Effective IRed was observed with increase in ALP 

concentrations, however, no signal was observed when only pasteurized milk samples 

were analyzed (no ALP added). The sensitivity assay based on % recovery experiment was 

performed, which shows that the ALP biosensor is able to detect 91.0 % to 100.0 % of 

ALP from the milk samples. The analytical details for recovered ALP concentrations, 

RSD, and % recovery for all the tested concentrations are represented in Table 2.2. The 

detection limit of ALP in the milk sample was determined to be 1.51 ± 0.17 U/mL (RSD 

< 11.2 %) based on the standard deviation of three repeated measurements of the blank 

(95.0 % confidence level, n = 3). These results clearly indicate that the developed sensor-
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probe can effectively detect ALP in raw and pasteurized milk samples, hence it could be 

useful to differentiate pasteurized / boiled and raw milk effectively.   

 

Figure 2.10: Comparative dose dependent detection of ALP in pasteurized milk (black 

bars) and PBS (red bars) based on % recovery. 

 

3.6. Prototype design and ALP analysis in home kitchen: 

After getting enthusiastic results in real samples, we extended our work towards 

the development of a biosensing prototype, which could help in safe, environmentally 

benign storage, and easy handling for in-kitchen analysis. The prototype has been 

fabricated using a cellulose acetate transparent film (CATF) of dimensions of 20.0 (L) mm 

x 20.0 mm (W) and 0.25 mm (T), which acts as a supporting layer for the developed paper  
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Table 2.2: Recovery table of ALP from spiked milk samples  

sensor-probe (P/DS/EDC-NHS/Anti-ALP). The details of the prototype design has 

been shown in figure 2.11 (i). The modified paper surface (diameter  = 5.0 mm) was pasted 

onto the CATF sheet using glue followed by placing the O-ring of outer diameter of 8.0 

mm enclosing the paper disc. This not only provide reservoir for washing / solution 

exchange, but also provides mechanical strength to the fabricated sensor-probe 

(P/DS/EDC-NHS/Anti-ALP). In the next step, the upper lid of CATF with hole of 4.0 mm 

diameter was pasted covering the O-ring. The effective distance between sensor-probe and 

the upper CATF lid was 1.5 mm, which was sufficient enough for the sample processing. 

In order to show the applicability of developed prototype ALP detection on kitchen was 

performed. To do so, ALP containing milk sample was injected through the hole at sensing 

area of the chip followed by Effective IRed analysis as discussed in earlier section. 

Interestingly, a blue-green precipitate was observed in the prototype and sensor was able 

to detect 91.0 % of ALP from the originally spiked concentration. 
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Figure 2.11: (i) A detailed description of designed prototype with dimensions and (ii) the actual prototype showing the color change  (a) 

before and (b) after interaction of ALP with the P/DS/EDC-NHS/Anti-ALP sensor probe. Images of (iii) dose dependent color chart, (iv) 

portable kit, and (v) light weight device. 
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Thus, the designed miniaturized ALP sensing kit is extremely powerful for ALP 

detection and is very handy for the onsite analysis. The real prototype developed has been 

shown as figure 2.11 (ii), which shows before (a) and after (b) ALP analysis. 

3.7. Storage conditions, stability test, and reproducibility assay:  

The P/DS/EDC-NHS/Anti-ALP probe was stored at 4°C after the fabrication in 

moist condition and the Effective IRed were recorded weekly. We have also studied the 

shelf-life of the probe, where we tested Effective IRed  of P/DS/EDC-NHS/Anti-ALP probe 

for every third day. The Effective IRed response obtained by the probe shows that the sensor 

retained the sensitivity of 98.0 % up till 14th day, while decrement of the signal was 

recorded to 88.0 (± 2.15) % till 28th day. The considerably good shelf-life up to four weeks 

was most likely due to the stable immobilization of anti-ALP and retention of its biological 

activity on functionalized paper disc (figure 2.12).  

 

Figure 2.12: The result on the shelf life study of the P/DS/EDC-NHS/Anti-ALP sensor 

probe tested after capturing 750 U/mL of ALP. 
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It is also worth mentioning that the chemical modifications steps performed on the paper 

disc does not adversely affect the immobilized anti-ALP. After four weeks the signal was 

dropped up to 84.0 %, which was most likely due to the loss of biological activity of anti-

ALP and /or the degradation of the chemical modification steps. The reproducibility of the 

biosensor was evaluated, which showed the RSD < 4.7% (n = 3) and disc to disc RSD was 

< 5.2% even when the same fabrication process was followed. This minor variation was 

most likely due to the negligible variation in the sensor fabrication process and handling 

errors. 

4. Conclusions  

The present study describes the first report of development of dot-spot, 

economical, paper-based biosensor for ALP detection in milk based on DIC integrated 

with smartphone. The fabrication of sensor-probe was characterized by DIC, FTIR, and 

AFM. The selection of color channel for colorimetric analyses was demonstrated for the 

first time in a paper matrix to the best of our knowledge, where the maximum sensitivity 

was observed for red channel. The limit of detection of proposed biosensor is 0.870 (± 

0.07) U/mL, which is suitable for discriminating the raw milk (contains ~ 191.0 U/mL 

ALP) from the pasteurized/boiled milk at point of collection in merely 13.0 minutes 

without using any additional instrument. The biosensor was found to be highly selective (

selk << 1; p< 0.001; n = 3) towards ALP and shows 91 -100 % recoveries of ALP from 

raw milk samples. Based on the sensing principle, a miniaturized kit has been developed 

and demonstrated for ALP detection in kitchens, indicating is real household and 

prospective industrial potential. In future, the sensing platform / principle described herein 

can be extended towards the detection of various molecules in different matrices.  
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Here in this present study, we have obtained a colorimetric system, which is 

capable of delivering the excellent determination of ALP in milk samples. However, it is 

limited in clinical serum samples, as the dynamic range of the fabricated system does not 

cover the normal and clinical range of ALP in serum. Thus, we have further extended the 

study to obtain the biosensing systems for ALP detection in clinical serum samples. For 

that, we have adopted electrochemical system, where the incorporation of the 

nanomaterials has been employed to obtain higher sensitivity. The detailed discussion is 

given in the next chapter.
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Chapter- III 

 

Clinically comparable impedimetric 

determination of ALP based on electrochemically 

tuned Au-nano-dendroid-graphene oxide 

nanocomposite in human serum 

TH-2383_156106049



79 

 

1. Introduction: 

In this part of study, we have attempted to improvise the ALP determination system 

by adopting multilayered nanomaterials assisted electrochemical biosensing approach. 

The foremost reason for this adaption is to achieve the lower detection limit and attaining 

the clinically relevant dynamic range, which is reported as the 40-140 U/L in case of 

normal adult, which increased slightly higher in case of infants, kids and pregnant women. 

The clinical ranges above than 350 U/L were reported in the case of liver and bone 

associated disorders. Moreover, elevated serum ALP level is also found in various case of 

cancer relapse (Buonaguro et al.,2019) and at the onset of hepatitis C (Bodlaj et al.,2010; 

Keshaviah et al.,2007). In current clinical scenario, the serological determinations of ALP 

is performed using the method reported by the McComb and coworkers, where the 

detection signals were obtained from the formation of chromogenic product p-nitrophenol 

(McComb and Bowers,1972). This chromogenic product was obtained using the inherent 

transphosphorylation capability of ALP. Inspired by this spectrometric methods, various 

other methods have also been reported for the determination of ALP using a wide range of 

substrates, viz. 5-Bromo-4-chloro-3-indolyl phosphate (Xi et al.,2016), nitro blue 

tetrazolium (Takehana et al.,2019), 4-Aminophenylphosphate etc (Jiang et al.,2016). In 

addition to the colorimetric detection of ALP in blood serum, chemi-luminiscence, 

fluorescence, and surface-enhanced Raman spectroscopy based determination techniques 

have also been employed (Hallaway and O'Kane,2000; Kim et al.,2011; Ruan et al.,2006). 

Apart from these, electrochemical based techniques (viz. voltammetric, amperometric etc.) 

are employed for the determination of the ALP in recent past, where the product from ALP 

catalysis has been targeted for its quantification (Lee et al.,2018; Wang et al.,2009). These 

reported methods not only used the indirect format for the estimation process but also 

involves incorporation of the multiple enzymes in the sensor fabrications, which 
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eventually introduced the higher complexity and non-robustness. Additionally, all such 

detection strategies are susceptible for the insensitive, false positive determination, 

especially in the real sample environments due to the possible coexistences of the other 

peroxidases and redox active molecules in the real samples (King and Delory,1948).   

In recent past, the advances in nano-fabrication strategies have paved to obtain the 

robust biosensors for the direct determination of the bio-analytes (Chandra,2016; Chandra 

et al.,2017), where various metallic nanocomposite have been used by exploiting their 

excellent optoelectronic properties (Baranwal et al.,2016; Mahato et al.,2019). In recent 

days, branched like metallic structures based nano-composite have been employed in 

various applications, where energy storage and nano-catalysts were widely explored. In 

addition, these structures have also been attempted in various biosensing methods due to 

the capability of availing relatively larger surface area for the electron conduction at the 

sensor surface (Valera et al.,2019), that eventually contributes sensitive determination. 

However, most of the reported biosensor using metallic dendrites follow the direct 

electrochemical transfer method, where the target analyte participates in electro-catalysis 

at the sensor probe surface to generate the electrochemical signal. Few works have also 

been reported by immobilizing the recognition elements by physical adsorption on these 

nanostructures (Fu et al.,2017; Wang et al.,2018), which are considered to be unstable due 

to its susceptibility for leaching out. Therefore, these metallic branch-structured 

nanomaterials are limited when there is need of stable coupling of the bio- recognition 

element onto it due to the absence of flanking groups for covalent immobilization of the 

bio-receptors. Thus, branched structured based nanocomposite have been used for 

coupling the bio-recognition elements by incorporating additional materials comprising 

flanking functional groups for bioreceptor molecular immobilization. In one of these 

strategies the composite consisting of branched Au-metallic-structure and conducting 
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polymers of poly-pyrrole has been used for the immobilization of the antibody (Valera et 

al.,2019), which may suffer for less sensitivity caused by loss of conductivity due to the 

disruption of molecular planarity in presence of added functional group upon the 

functionalization (Berezhetska et al.,2015; Jimison et al.,2012). In order to overcome such 

limitations, GO has been used for the sensor matrix fabrication due to the excellent 

availability of flanking groups for covalent immobilization. Interestingly, to the best of 

our knowledge this combination has never been utilized to immobilize bioreceptor for 

immunosensors. Therefore, it is interesting to use such kind of new materials for such 

fabrications to obtain sensitive determinations. 

Here in this work, we demonstrate an immuno-sensor based on the Au-branched 

structures (Au-nano-dendroids) and GO nanocomposite using the electrochemical 

impedance spectroscopy (EIS). This sensor matrix was designed for the label-free direct 

determinations of serum ALP, where anti-ALP is used as a bioreceptor. The fabrication of 

sensor probe has been done in a stepwise manner at screen-printed carbon electrode 

(SPCE) surface, where the sequential depositions of AuNPs, Au-nano-dendroid, graphene 

oxide (GO) sheets were achieved followed by the immobilization of anti-ALP using EDC-

NHS bio-conjugation technique. The sensor probe has been characterized systematically 

using Fourier Transformed Infrared Spectroscopy (FTIR), scanning electron microscopy 

(SEM), cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and 

digital image colorimetry (DIC). The analytical performance has been evaluated using EIS 

in the spectral range of 106 to 10 Hz. The interferences due to the coexisting molecules 

have also been evaluated which shows the sensor probe is extremely selective towards the 

ALP. The sensor probe has been tested in the blood serum sample to assess the analytical 

capability in the clinical samples, where spike-recovery and standard addition methods 

were adopted. The unknown concentration of ALP in the serum sample has also been 
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evaluated using standard addition method, which was obtained to be 83.15 U/L and is 

comparable with clinically determined ALP level in serum. The shelf-life of the fabricated 

SPCE/AuNPs/Au-nano-dendroids /GO/Anti-ALP probe has also been evaluated and was 

found to be stable for 8 weeks. 

2. Experimental: 

2.1. Chemicals and instrumentation: 

Chemicals used in the experiment have been used in analytical grade. Alkaline 

phosphatase (ALP),  was procured from Roche scientific, USA. The antibody of ALP 

(anti-ALP), Graphite flakes (C), nafion (C7HF13O5S·C2F4) were procured from Sigma 

Aldrich, USA. Potassium chloride (KCl), Potassium permanganate (KMnO4), Potassium 

ferrocynide (K4Fe(CN)6.3H2O), Potassium ferricynide (K3Fe(CN)6), Sodium chloride 

(NaCl), Sodium phosphate monobasic (NaH2PO4), Sodium phosphate dibasic (Na2HPO4) 

were procured from SRL research laboratory, India. Serum albumin, immunoglobulin, 

glycine, alanine, glucose, glutamic acid, uric acid, cysteine, and citric acid were procured 

from hi-media chemicals. The acids solvents phosphoric acid (H3PO4), sulphuric acid 

(H2SO4), hydrochloric acid (HCl: 30%), ethanol (C2H5OH) and acetonitrile (C2H3N) were 

procured from Merck Millipore. All the chemicals used in experimentation were of AR 

grade and were used without any purification steps. Double distilled water (DW) (Milli-

Q; 18.5 MΩ) was used throughout the experiment. Phosphate buffered saline (PBS: 5mM, 

pH-7.0) was prepared using a previously reported method. The phosphate-buffered saline 

(PBS; 5 mM; pH 7.0) has been prepared using the standard protocol. Briefly, sodium 

monobasic (5 mmoles) and sodium dibasic (5 mmoles) salts have been dissolved in ultra-

pure double distilled water having the conductivity of 18.2 MΩ.cm (at 25 ̊ C). The Zobell’s 

solutions were prepared by dissolving the Potassium ferrocyanide (5 mM) and potassium 

ferricyanide (5 mM) salts into the phosphate-buffered saline. 
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FTIR (Cary 630: Agilent, USA) and scanning electron microscope (SEM: Sigma: 

Carl Zeiss Ltd, Germany) were used for characterizing the modified surfaces during the 

stepwise fabrication of the sensing probe, where the FTIR spectra were recorded in the 

range between 400 and 4000 cm-1 wavenumbers. The probe fabrication steps were also 

characterized using the electrochemical workstation (Autolab: Metrohm, Netherland), 

where screen-printed carbon electrode (SPCE) with working electrode is at the center, 

circumfused counter electrode along with the Ag/AgCl reference electrode. The 

electrochemical impedance spectroscopy (EIS) was performed using the frequency 

response analysis module of Autolab, where the spectra were recorded at open circuit 

potential (V) vs. Ag/AgCl with the modulation aptitude of 10mV in the variable frequency 

range of 10 Hz to 1000 KHz. The analysis of obtained spectra was done by obtaining the 

resistance to charge transfer (Rct), which is parallel in the equivalent circuit of impedance 

spectra.  Smartphone (Xiaomi; Redmi Note 5 pro) based camera has been used for 

capturing the color change followed by the digital image colorimetry for quantifying the 

change in color.   

2.2. Synthesis of graphene oxide: 

For the synthesis of GO modified Hummer’s method is adopted. Briefly, 0.450 g of 

graphite flakes were treated with the 60 ml of the solution mixture prepared with 

concentrated H2SO4 and H3PO4 (9:1). Thereafter, KMnO4 (2.64g) was added slowly and 

solution was allowed to stir for 6 hours. After that, H2O2 (30% v/v) was mixed and agitated 

for 10 minutes followed by HCl (30%) treatment. Thereafter, the product was extracted by 

spinning it ae 5000 rpm followed by overnight drying to obtain the GO.  

2.3. Digital image colorimetry based control study:  

For the DIC based study, 50 μL of 5 mM BCIP solution was employed on to the final 

probe after immuno-complexation at working electrode region. The captured ALP 
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catalyzes BCIP to a blueish green colored compound 5,5'-dibromo-4,4'-dichloro-indigo. 

After 30 minutes, this solution over the working electrode was taken out to the 

hydrophobic cellulose acetate thin sheet with a white background and the appeared color 

was captured using the smartphone camera. Thereafter, the captured image was  processed 

using the RGB (Red, Green, and Blue) profiler application at the droplet region and values 

were extracted to trace the color change. Further DIC analysis in the control studies was 

also performed using the procedure followed by the technique reported earlier (Mahato 

and Chandra,2019). Briefly, the effective normalized intensities corresponding to the color 

change were obtained using equation 3.1. 

R  ( )

R 10

R  ( .)

 log ( )
Blank

Conc

I
Effective I

I
= ----------------------- Equation 3.1 

Where IR is the mean pixel intensity of red channel, which is obtained from selected area 

analyses. 

2.4. SPCE/AuNPs/ Au-nano-dendroid /GO/Anti-ALP Sensor probe fabrication:  

The sensor probe has been fabricated by sequential surface modifications on to the bare 

SPCE. In the first step, SPCE has been modified with the electrochemically deposited 

AuNPs. In this step, the AuNPs were deposited electrochemically on to the bare SPCE, 

where the acidic solution of HAuCl4 (0.005% in 0.5M H2SO4) was taken as an electrolyte 

in three electrode system and allowed for consecutive five LSV scans under the potential 

window of 1.5 V to 0.4 V.  The provided voltage and time for deposition of -0.6 V and 60 

seconds, respectively. In the next step, Au-nano-dendroids were synthesized 

electrochemically on to the SPCE/AuNPs modified surface. The deposition of the Au-

nano-dendroids was achieved by the electrochemical deposition process, where chrono-

amperometric technique was employed, which has been performed at - 0.3 V for 600s 

using the three electrode system containing HAuCl4 solution (5% in KCl 0.1M) as an 

electrolyte. In the further step, the synthesized GO has been coated onto the 
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SPCE/AuNPs/Au-nano-dendroid modified electrode surface. Briefly, the GO solution 

(1mg/mL) was prepared by dissolving the GO in the ethanol and coated 2 μL of the 

solution by spin coating method followed by 30 minutes of drying. The dried 

SPCE/AuNPs/ Au-nano-dendroid /GO electrode surface was then activated for the anti-

ALP immobilization. For that, 50 microliters of the solution containing EDC-NHS (100 

mM-100 mM) was treated and incubated for 30 minutes. After this incubation, the EDC-

NHS was washed and 4 microliters of anti-ALP (pH 7.0) were treated and allowed to react 

with the SPCE/AuNPs/Au-nano-dendroid/GO modified surface for next 30 minutes. After 

the incubation, the probe surface was gently washed to remove the unreacted anti-ALP 

followed by the 0.1% BSA blocking to overcome the false positive results.  The final 

modified sensor probe was termed as SPCE/AuNPs/Au-nano-dendroid/GO/anti-ALP. The 

step-by-step sensor probe fabrication and detection principle have been shown in the 

scheme 3.1. 
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Scheme 3.1:  Schematic representation of the SPCE/AuNPs/ Au-nano-dendroid/GO/anti-ALP probe fabrication or ALP determination in clinical 

serum sample. 
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3. Result and discussions: 

3.1. Characterization of GO: 

After the successful synthesis of GO using the modified hammers method, it has been 

systematically characterized using the TEM, EDX, SAED, and XRD technique. In the first 

step, the GO was exfoliated before the TEM imaging, where clear transparent sheet was 

observed, indicating the successful synthesis of the graphene sheets (figure 3.1A ). In the 

following step, to know the elemental composition of  the graphene sheets EDX have been 

recorded, where the clear elemental composition of C and O have been obtained, which 

indicates the sheets consisting the graphene oxides. Thereafter, the material properties of 

the GO have been studied using SAED and XRD,  where the clear SAED ring pattern and 

the peak in X-ray diffrectograms show crystalline nature of the material.  

 

Figure 3.1: Characterization of GO, showing (A) TEM micrograph, (B) EDX spectrum, 

(C) SAED pattern, (D) X-ray diffrectogram of GO. 
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3.2. SPCE/AuNPs/ Au-nano-dendroid /GO/anti-ALP sensor probe 

characterization:  

The fabrication of SPCE/AuNPs/Au-nano-dendroid/GO/anti-ALP sensor probe has 

been characterized using the physical as well as electrochemical techniques.  For this 

purpose, FE-SEM, FTIR, CV, and EIS have been used. Firstly, the fabrication process has 

been assessed by FE-SEM, where the surface topological changes have been analyzed. For 

that, the FE-SEM micrographs of bare electrode surface, AuNPs deposited electrode 

surface, dendroid synthesized AuNPs deposited electrode surface, GO deposited on the 

dendroid grown electrode surface, and Anti-ALP immobilized at the GO modified 

electrode surface were captured (figure 3.2).  From the figure, clear small bright uniform 

dot imprints have been observed at the AuNPs deposited electrode surface (ii), which was, 

however, not observed at the bare electrode surface (i). This indicates the successful 

deposition of AuNPs on to the electrode surface. In the next micrograph, a layer of 

irregular protruded features at the modified surface was observed at (iii), indicating the 

deposition of dendroid like Au-nanostructures. Thereafter, in the micrograph next to this 

(iv), the patches of small flakes were observed over the dendroids Au-nanostructures 

modified surface, indicating the successful deposition of GO over the previously modified 

surface. Thereafter, at the final step of modification, the EDC-NHS has been treated to 

immobilize the Anti-ALP. The FE-SEM micrograph recorded after the immobilization of 

anti-ALP (v), shows a clear change in surface topology with granular structure, indicating 

the successful anti-ALP immobilization. In order to confirm these modifications, 

corresponding FTIR spectra for bare SPCE, SPCE/AuNPs, SPCE/AuNPs/Au-nano-

dendroid, SPCE/AuNPs/Au-nano-dendroid/GO, SPCE/AuNPs/Au-nano-

dendroid/GO/EDC-NHS, and SPCE/AuNPs/Au-nano-dendroid/GO/EDC-NHS-anti-ALP 

were recorded and analyzed the changes during the modification process (figure 3.3).  
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Figure 3.2:  FE-SEM micrographs of modified electrode surfaces (i) bare electrode (ii) AuNPs deposited electrode, (iii) Au dendroid  structure 

synthesized electrode, (iv) subsequent GO deposited on the dendroid grown electrode surface, (v) Anti-ALP immobilized using EDC-NHS at the 

previously modified probe surface (GO deposited dendroid surface). 
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In the FTIR spectrum corresponding to the bare SPCE, peaks at 3255 cm-1 and 1065 cm-1 

were observed. These correspond to the -OH and C-C stretching vibrations, which are 

present in the carbon paste and used a binder. In the FTIR spectra taken after the 

SPCE/AuNPs, the peaks were observed much fainted, due to the deposition of AuNPs over 

the carbon paste material of SPCE. Not only in this step, the peaks completely disappeared 

in the next step of modification, where Au-nano-dendroid were grown which is due to the 

further metallic layering over the SPCE.  

 

Figure 3.3. FTIR spectra of the of the electrode surfaces including SPCE (i), 

SPCE/AuNPs(ii), SPCE/AuNPs/ Au-nano-dendroid (iii), SPCE/AuNPs/Au-nano-

dendroid/GO (iv), SPCE/AuNPs/Au-nano-dendroid/GO/EDC-NHS (v), and  

SPCE/AuNPs/ Au-nano-dendroid /GO/EDC-NHS-anti-ALP (vi) surfaces. 

This layering of nano-dendroids was prominently visualized by the naked eye, 

where the color of SPCE surface changes from dark black to golden brown color. In the 
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next spectrum, the appearance of peaks at 3253 cm-1, 1645 cm-1, 1420 cm-1, and 1065 cm-

1 were observed, which are due to the –OH, C=O, C-OH, and C-C vibrations of GO 

confirming the successful deposition of the GO at SPCE/AuNPs/ Au-nano-dendroid 

electrode surface. The appearance of new vibrational peaks along with the subtle shift has 

been observed in the next spectrum at EDC-NHS treated SPCE/AuNPs/Au-nano-

dendroid/GO surface, where the broad peak at the 3253 cm-1 gets narrower and appearance 

of a new peak at 1546 cm-1  was observed. In addition to this, the slight shift of –C=O peak 

at 1635 cm-1 was found, indicating the successful formation of EDC-NHS mediated amide 

linkage at the present GO with the flanking sulpho-NHS. In the next spectrum, the 

persistence of peaks at different positions along with the amide signature peaks at 1558 

cm-1(amide I) and 1635 cm-1(amide II) and the appearance of a new peak at 974 cm-1 (C-

C-C) were observed, indicating the successful immobilization of the anti-ALP.  

Thereafter, in order to characterize the charge transfer behavior of fabricated 

SPCE/AuNPs/ Au-nano-dendroid /GO/anti-ALP probe, we have assessed the fabrication 

process using electrochemical techniques. The deposition of AuNPs was characterized 

using the LSV technique where consecutive scans were performed. The clear reduction 

peak at 0.095 (V) vs. Ag/AgCl was observed. This reduction peak is most likely due to the 

reduction of Au3+ of the solution phase to Au0 at the electrode surface, which eventually 

forms AuNPs at SPCE electrode (figure 3.4 A). Interestingly, when the subsequent scans 

were performed, the increment on reduction peak was observed, indicating its gradual 

increment in charge transfer and enhanced conductivity of the modified surface. In the 

subsequent step, the nano-dendroid structures have been grown on to the SPCE/AuNPs 

modified electrode surface using chrono-amperometric technique. Figure 3.4 B shows the 

chorno-amperometric response due to nano-dendroid deposition, the gradual increment of 

the current in the beginning is due to the increased conductivity of the surface. After few 
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seconds, the amperometric response attained its plateau, indicating the initiation of Au-

nano-dendroid formation over the SPCE/AuNPs modified surface. On further 

continuation, the current response was observed constant at the plateau level, indicating 

the vertical growth of the Au-nano-dendroid (figure 3.4 B).  

 

Figure 3.4: (A) LSV responses for electrochemical deposition of gold on to the SPCE 

electrode; (B) chrono-amperometric response for the vertically grown gold nano-dendroid 

on to the SPCE/AuNPs surface at potential of 0.6V 

In the next step, modified electrode was assessed by recording LSV under the 

experimental conditions of the window -0.2 V to 0.6 V at a scan rate of 50 mV/s in 5mM 

Zobell’s solution. Figure 3.5 shows the LSV responses for bare SPCE (black), 

SPCE/AuNPs (red), SPCE/AuNPs/ Au-nano-dendroid (blue), SPCE/AuNPs/Au-nano-

dendroid /GO (grey), and  SPCE/AuNPs/Au-nano-dendroid /GO/anti-ALP (pink). The 

representative peaks were observed at the 0.26 (Ipa) due to the electrochemical behavior 

of the mediator. It is interesting to note that the anodic peak current was found to be 

increased when SPCE/AuNPs was analyzed. This increment is due to the deposition of 

AuNPs over bare SPCE, making the surface conducting as well as increasing the effective 

surface area for charge transfer.  Thereafter, Au-nano-dendroid were deposited over the 

SPCE/AuNPs surface, the LSV response has been observed with further increments in 
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peak currents, indicating the SPCE/AuNPs/Au-nano-dendroid modified surface is capable 

of giving amplified signal. This amplification of the signal is due to the further increment 

of the surface area for charge transfer and its conducting behavior. In the next step, GO 

was deposited over the previously modified electrode surface and the LSV has been 

recorded at SPCE/AuNPs/ Au-nano-dendroid/GO surface and peak currents were 

analyzed. The effective current was decreased due to the less conducting behavior of GO.  

 

Figure 3.5:  CV responses of the modified surfaces (i) SPCE (black), (ii) SPCE/AuNPs 

(red), (iii) SPCE/AuNPs/ Au-nano-dendroid (blue), (iv) SPCE/AuNPs/ Au-nano-dendroid 

/GO (gray), (v) SPCE/AuNPs/ Au-nano-dendroid /GO/Anti-ALP (pink). 

Further, in the final step of probe fabrication, anti-ALP was conjugated using the 

EDC-NHS bio-conjugation technique over the SPCE/AuNPs/Au-nano-dendroid /GO 

modified surface and the LSV was recorded. The effective peak currents were found to be 

decreased in these modified electrodes, which is due to the insulating nature of anti-ALP. 

Finally, the fabricated sensing probe was termed as SPCE/AuNPs/Au-nano-

dendroid/GO/anti-ALP.  The electrochemical behavior of any fabricated surface depends 

on the charge transfer phenomena occurring at electrode/electrolyte interface, where the 

diffusion of charge carriers play an important role in electrochemical sensing.  In order to 
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assess the importance of modified surfaces for charge transfer capability in such 

phenomenon, we have deduced the diffusion coefficients of bare SPCE and every layer of 

the modified electrode using Randles-Sevick’s model and found 1.5 fold greater transfer 

of charged species through SPCE/AuNPs/ Au-nano-dendroid /GO/anti-ALP modified 

electrode surface than the bare SPCE. The findings of Randles-Sevcik’s model clearly 

suggests that the developed SPCE/AuNPs/Au-nano-dendroid/GO/anti-ALP sensing 

surface is relatively conducting and capable of transferring greater amount of charged 

species in order to provide better sensitivity. The results obtained by LSV were also 

validated using the EIS, where spectra in the Nyquist plot were recorded for bare SPCE 

(black), SPCE/AuNPs (red), SPCE/AuNPs/Au-nano-dendroid (blue), SPCE/AuNPs/Au-

nano-dendroid/GO (grey), and SPCE/AuNPs/ Au-nano-dendroid /GO/ anti-ALP(pink) 

surfaces to obtain the resistance in charge transfer (Rct) (Figure 3.6 A).  

 

 

Figure 3.6: (A) EIS responses of the modified surfaces (i) SPCE (black), (ii) SPCE/AuNPs 

(red), (iii)SPCE/AuNPs/ Au-nano-dendroid (blue), (iv) SPCE/AuNPs/ SPCE/AuNPs/ Au-

nano-dendroid /GO/anti-ALP /GO (gray), (B) Histogram showing the corresponding  Rct 

values.  
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The Rct values obtained were 381.13 ±2.92,  352.71 ±2.72, 311.13 ± 2.42, 316.36 ±2.46, 

and 331.81 ± 2.58 for the bare SPCE (black), SPCE/AuNPs (red), SPCE/AuNPs/ Au-nano-

dendroid (blue), SPCE/AuNPs/ Au-nano-dendroid /GO-Naf (grey), and SPCE/AuNPs/ 

Au-nano-dendroid /GO/anti-ALP(pink) surfaces, respectively (Figure 3.6 B). These 

results confirm that the developed SPCE/AuNPs/Au-nano-dendroid /GO/anti-ALP probe 

is capable of delivering the sensitive detection; hence, it is suitable for electrochemical 

analysis. In order to assess the process involved at the electrode / electrolyte interface, scan 

rate study has been performed, where the LSV at SPCE/AuNPs/Au-nano-

dendroid/GO/anti-ALP sensor probe has been recorded with varying scan rates between 

10-100 mV/s (shown in figure 3.7). Thereafter, the scan rate dependent plot is obtained, 

where peak currents were plotted against the square root of the scan rates.  

 

Figure 3.7: (A) LSV responses of SPCE/AuNPs/Au-nano-dendroid/GO/Anti-ALP 

modified surface at different scan rates (10-100 mV/s) (B) scan rate dependent plot 

obtained from the LSV responses  

The linear relationship between current and square root of scan rate clearly suggests that 

the involvement of the diffusion controlled process at the electrode/electrolyte interface. 

The continuous increment of the peak currents with the scan rate also indicates the stable 
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fabrication of the probe, which otherwise could be nonlinear increment with increasing 

scan rates. 

3.3. Control studies for the SPCE/AuNPs/Au-nano-dendroid/GO/anti-ALP 

sensor probe:  

Before assessing the analytical performance of the designed SPCE/AuNPs/Au-nano-

dendroid/GO/anti-ALP sensor, its immuno-complexation ability with ALP was confirmed 

by performing the droplet assisted digital image colorimetry by exploiting the catalytic 

activity of the ALP. For that, we have incubated the sensor probe along with the modified 

control surfaces with the 50 μL of 10 mM BCIP solution, which is a substrate for the ALP 

and gives the blue-green colored complex (figure 3.8 A). Figure 3.8 B shows the effective 

intensities corresponds to the modified (i) SPCE/AuNPs/Au-nano-dendroid/GO, and 

EDC-NHS activated surfaces of (ii) SPCE/AuNPs/Au-nano-dendroid/GO/blocking 

agent/ALP, (iii) SPCE/AuNPs/Au-nano-dendroid/GO/anti-ALP/blocking agent, and (iv) 

SPCE/AuNPs/Au-nano-dendroid/GO/anti-ALP/blocking agent/ALP surfaces.  

Figure 3.8: (A) The colorimetric responses of controls (i-iii) and ALP immuno-complexed 

SPCE/AuNPs/Au-nano-dendroid/GO/anti-ALP sensor probe at the droplet extracted from 

the SPCE chip before and after (30 miniutes) the BCIP treatment. (B) Corresponding DIC 

responses. 
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The effective intensity corresponds to SPCE/AuNPs/ Au-nano-dendroid/GO/anti-

ALP/blocking agent/ALP surface was found to be 0.78 units, which is significantly 

(p<0.01, n=3) higher from the controls, suggesting the successful immuno-complexation 

of ALP with SPCE/AuNPs/Au-nano-dendroid/anti-ALP/blocking agent sensor probe and 

no adsorption of ALP in the fabrication process. 

3.4. Analytical performance:  

After the validation the ALP sensing by the fabricated SPCE/AuNPs/Au-nano-

dendroid /GO/anti-ALP sensor probe, we have performed the dose dependent study for its 

analytical performance, where the dosage of different concentrations of ALP has been 

treated with the fabricated sensor. Briefly, the biosensor probe was incubated with the 

different concentrations of ALP for 30.0 minutes (optimized) followed by the gentle 

rinsing of the probe using sterile PBS buffer and the EIS measurement using Zobell’s 

solution (pH-7.0 mM, 5 mM). Figure 3.9 A shows the characteristics EIS responses of the 

SPCE/AuNPs/ Au-nano-dendroid /GO/anti-ALP before binding, which were found to be 

increased with the increasing concentration of ALP. This gradual increment of the Rct is 

contributed by ALP immuno-complexation, which eventually introduces the insulating 

layer to charge transfer, where the Rct values were increased in the Nyquist plot. A 

calibration plot was drown based on the Rct values obtained from EIS responses in a dose 

dependent study (figure 3.9 B). The linear dynamic range was found between 100-1000 

U/L. The linear regression equation is expressed as follows: Rct (Ω) = 0.058 (± 0.001) 

[ALP] – 4.072 (± 1.117). The limit of detection has been calculated is 9.10 (± 0.12) U/L 

(RSD < 3.7 %,) based on the standard deviation of the three times consecutive analysis of 

the blank (95% confidence value, n=3). This clearly shows that the developed sensor has 

a great potential for the detection of the ALP. It is worth mentioning that the linear dynamic 

range of the biosensor falls within the ranges of various clinical conditions, which indicates 
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the significance of the fabricated SPCE/AuNPs/ Au-nano-dendroid /GO/anti-ALP 

biosensor in potential clinical diagnostics.  

 

Figure 3.9: (A) Dose dependent EIS responses of ALP (100-1000 U/L) at SPCE/AuNPs/ 

Au-nano-dendroid /GO/Anti-ALP modified sensor probe, (B) calibration plot obtained 

from the dose dependent spectrum. 

3.5. Selectivity assay:  

In order to study the selectivity of the fabricated  SPCE/AuNPs/ Au-nano-dendroid 

/GO/anti-ALP biosensor probe, the assessment of the sensor probe was obtained at 

potential interfering molecules found in biological fluids including, serum albumin, 

immunoglobulin, glycine, alanine, glucose, uric acid, cysteine, and citric acid. No 

interfering signals were observed from these under the tested experimental window. The 

selectivity of SPCE/AuNPs/ Au-nano-dendroid /GO/anti-ALP probe was mathematically 

deduced by determining the selectivity coefficient using the following equation 3.2 

( )

( )
         

interfere

AL

nt

sel

P

Signal
k

Signal
= ------------ Equation 3.2 
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Where selk  is the coefficient of selectivity, ( )
interferent

Signal   is the signal strength shown 

by probe when treated with the interfering molecules, and, ( )
ALP

Signal  is the signal 

strength corresponds to ALP. 

The calculated values for interfering molecules were extremely low ( selk  << 1), 

indicating that the fabricated sensor is highly selective towards ALP. The results were 

statistically analyzed by performing the T-test of the obtained Rct values, where p values 

were found to be << 0.001 (n = 3) for all the tested interfering molecules, indicating the 

selectivity results are of statistical relevance. Figure 3.10 shows the histogram shows the 

selectivity assay based on EIS analysis using the SPCE/AuNPs/ Au-nano-dendroid 

/GO/anti-ALP biosensing probe. 

 

Figure 3.10: Selectivity assay of SPCE/AuNPs/ Au-nano-dendroid /GO/anti-ALP sensor 

probe. 

3.6. Real sample studies:  

For the commercial viability, the capability of the fabricated biosensor has been 

assessed using the real sample. Here we have used serum sample for the further assessment 
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of the SPCE/AuNPs/ Au-nano-dendroid/GO/anti-ALP sensor probe. The whole study has 

been done systematically; where in the first step, spike and recovery model was used. In 

this method, a known concentrations of the ALP were spiked to the real sample and were 

recovered using fabricated sensor probe using equation 3.2 

( )[A] [B]
        % Recovery

[ ]
 

ALP ALP

ALP
C

−
= ------------------------------------ Equation 3.2 

Where, [A]ALP  and [ ]ALPB  are the analytical responses of ALP in the spiked and blank 

serum samples, respectively; and [ ]ALPC is the analytical response of ALP in the standard 

solutions.  

In this study, the dose dependent EIS responses from the serum samples containing no 

ALP/ ALP were recorded using the fabricated probe, where an increase in the Rct values 

was observed on increase in ALP concentrations. Figure 3.11 shows the histogram 

showing the Rct values obtained from the comparative dose dependent responses obtained 

from serum sample assessments using the sensor probe. The sensitivity using sensor probe 

was performed, where the % recovery obtained between 116% and 148% of ALP from the 

serum samples. The analytical details of recovered ALP, % recovery, and RSD has been 

shown in table 3.1. The detection limit was determined which was found to be 13.15 (± 

0.17) U/L (RSD < 7.8%) based on the standard deviation of consecutive five times 

responses of the blank (95 % confidence level, n=5).   The recovered concentrations 

obtained in this study were observed way greater than the spiked concentration, indicating 

the presence of residual ALP in the serum sample. Therefore, in the next phase, we have 

extended the study to find the residual (unknown) concentrations of the ALP in the serum 

sample. Here, the serum samples were collected from the volunteer and the collected 

sample was used for the ALP assessment using the fabricated SPCE/AuNPs/ Au-nano-

dendroid/GO/anti-ALP sensor probe and by clinical method simultaneously. For the 
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assessment using sensor probe, standard addition method has been adopted, where the 

probe is first tested using the five times diluted (in PBS) serum sample (no ALP spiked), 

and thereby subsequent spiking of the known concentration was done and the responses 

were recorded.  

Figure 3.11: Comparative dose dependent detection of ALP in blood serum and PBS 

based on % recovery. 

. 

Table 3.1: Details of the recovered ALP concentrations, % recovery and RSD. 
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Thereafter, using the EIS responses from the biosensor probe, standard addition plot was 

obtained, the linear regression equation for ALP found to be Rct (Ω) = 0.058 (± 0.036) 

[ALP] +1.94 (± 0.677) with the correlation coefficient of 0.98. The representative standard 

addition plot has been shown in the figure 3.12, where the concentration of ALP in the 

serum sample was calculated as 83.15 (± 2.45) U/L (RSD < 2.9 % ) (16.63 U/L x 5 dilution 

factor).  

Figure 3.12: Standard addition plot obtained for ALP detection in serum sample. 

The clinical validation of the fabricated sensor probe was done by determining the ALP 

level of the same serum sample, where the observed ALP level was found to be 79.31 (± 

5.0) U/L. The concentration of ALP obtained by our sensor and the routine clinical assay 

were comparable, indicating the direct clinical application of the fabricated sensor in 

hospitals. 

3.7. Storage conditions, stability, and reproducibility assessment: 

The fabricated SPCE/AuNPs/Au-nano-dendroid/GO/anti-ALP biosensor probe was then 

stored at 4o C after its fabrication and the sensors were used for the determination of ALP 

after every week and the Rct values were recorded. The Rct responses obtained by the 

sensor probe shows that it retained the sensitivity of 98.03% until 8th week, while the 

significant decrement of the signal was observed afterwards, which is most likely due to 
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the loss of biological activity of anti-ALP and/or the degradation of the chemical 

modification steps. The considerably good shelf life up to eight weeks was most likely due 

to the stable immobilization of anti-ALP and retention of its biological activity on SPCE 

sensor chip (figure 3.13).  

Figure 3.13:  Time dependent response of the fabricated SPCE/AuNPs/ Au-nano-

dendroid /GO/Anti-ALP sensor probe. 

The reproducibility of the fabricated SPCE/AuNPs/Au-nano-dendroid/GO/anti-ALP 

biosensor was evaluated, which showed the RSD below than the < 2.3% even when the 

same fabrication process was followed, indicating the sensor fabrication is highly 

reproducible, and this variation is most likely due to the negligible deviation in the sensor 

fabrication steps and handling errors. 

4. Conclusions: 

We have developed a screen-printed based biosensor for the determination of ALP in 

clinical serum using the Au-nano-dendroid - GO based nanocomposites. The developed 

nanocomposite was characterized using various techniques including TEM, SAED, EDX, 

and XRD. Thereafter, SPCE/AuNPs/ Au-nano-dendroid/GO/Anti-ALP sensor was 
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fabricated by following sequential deposition of the nanocomposite onto the SPCE chip. 

The fabricated SPCE/AuNPs/ Au-nano-dendroid /GO/Anti-ALP sensor probe is capable 

of delivering the ALP detection with wide range of concentration (100 - 1000 U/L) 

covering the ALP levels in various pathophysiological conditions (viz. bone disease, liver 

disease, carcinoid syndrome, etc.). The limit of detection was obtained to be 9.10 (±0.12) 

U/L. The biosensor showed high selectivity towards ALP even in presence of various 

coexisting molecules including, albumin, globulin, alanine, glucose, citric acid, uric acid 

and glutamic acid (ksel<< 0.08). The shelf life of the biosensor has also been evaluated, 

where the sensor probe was found to be stable up to 8 weeks. Apart from these, the 

fabricated biosensor has many attractive features such as its robustness, easy fabrication, 

and deliverable at the point of care use.  
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Chapter- IV 

 

Development of miniaturized electrochemical 

nanobiosensor based on AuNPs-porous 

graphene-1,8-DAN for vitamin-C detection in 

fruit juice, human urine, and neurodegenerative 

diseased mice brain 
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1. Introduction: 

Here, we have studied the impact of porous nanomaterials based composite for 

engineering the sensor surface in electrochemical detections. For that, vitamin C (Vit-C) 

has been chosen as a model molecule, which is chemically known as ascorbic acid. Owing 

to its excellent antioxidant properties, it has found various physiological roles in living 

body (Wang et al.,2017). Its deficiency has been reported in many diseases including, 

scurvy and various neurodegenerative disorders such as cerebral ischemia, Alzheimer’s, 

and Parkinson’s disease (Kocot et al.,2017; Moretti et al.,2017), and is characterized as 

hypovitaminosis C, where the threshold serum level of Vit-C is 11µM or below. In its 

acute severity, the hypovitaminosis tends to the avitaminosis C as in the case of sudden 

infant death syndrome (SIDS) (Hattersley,1993; Prasad et al.,2008) due to no or trace level 

of Vit-C in biological fluid.  Since SIDS occurs to neonates and infants, the blood serum 

based tests carry high risks of infection due to its invasive nature. Thus, to know the extent 

of such severity of Vit-C depletions, urine-based non-invasive tests would be one of the 

solutions, as Vit-C level in urine is reported to have the correlation with serum level of 

Vit-C (Teruuchi and Mochizuki,1959). In view of these, the ultrasensitive detection of Vit-

C levels in various matrices may help clinicians to diagnose diseases associated with Vit-

C levels. The classical Vit-C detections are majorly done by using titrimetric and 

fluorimetric methods. In the titrimetric process, Vit-C is titrated against 

dichloroindophenol (Evelyn et al.,1938) and potassium iodate (Deshmukh and 

Bapat,1955), which are also susceptible to other coexisting molecules. The fluorimetric 

methods are based on the oxidation of Vit-C followed by reaction of o-phenylenediamine 

producing fluorescent active quinoxaline derivatives are also susceptible to the 

accompanying fluorescence quenchers and enhancers (Tarrago-Trani et al.,2012). 

Therefore, these methods suffer from false positive signals due to the presence of 
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interfering molecules in complex biological matrices including urine, serum etc. The 

advanced techniques for Vit-C detection in biological samples have also been reported 

using capillary zone electrophoresis (Tang and Wu,2005), liquid chromatography (Lima 

et al.,2016), flow injection coupled with spectrophotometric (Al-Shwaiyat et al.,2018), 

fluorescence (Kong et al.,2017), and chemiluminescence detectors (Xu et al.,2018). Apart 

from these, instrument assisted techniques viz. Fourier transform infrared (FTIR) 

(Oliveira-Folador et al.,2018; Yulia et al.,2014) and  FT-Raman (Yang and 

Irudayaraj,2002) have also been reported for Vit-C detection, however, complexities in 

generated data due to their wavelength-dependent penetration depth can potentially lead 

to a falsified Vit-C detection (Fabian et al.,2005). Owing to the high precision and 

sensitivity, the commercial estimation of Vit-C has been done by ultra-performance liquid 

chromatography (UPLC) (Klimczak and Gliszczyńska-Świgło,2015) and high 

performance liquid chromatography (Mazurek and Jamroz,2015), that are highly advanced 

and extremely powerful systems. However, extreme sophistication, multistep nature, 

requirement of large sample volume, and inability of miniaturization limits their usage for 

understanding the close association of Vit-C in different physiological states. In order to 

address such limitations, various state-of-the-art methods have been reported following 

biosensor based methods (Chandra,2016), where electrochemical nanobiosensors have 

widely been studied for Vit-C detection based on its direct electron transfer behavior 

(Pisoschi et al.,2014). The main boundaries to these systems are the close redox potential 

of accompanying interfering molecules (Kamyabi and Shafiee,2012) and higher detection 

limits (Pisoschi et al.,2014). Importantly, the developed electrochemical nanobiosensors 

have never been applied to detect Vit-C in contrasting physiological states such as Vit-C 

level in healthy and diseased brain models, which are important to show its real clinical 

promise. Therefore, it would be interesting to develop a novel label-free biosensing 
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strategy, which can offer a selective and sensitive detection of Vit-C in various real sample 

matrices. To do so, the possible ways includes are the introduction of novel nanocomposite 

materials that selectively catalyze Vit-C and / or segregate the oxidation peak potential 

effectively from other coexisting interfering molecules. Among all types of nanostructured 

materials, in recent years porous graphene based composites have greatly been studied for 

its application in waste water treatment (Tabish et al.,2018), adsorbent (Zhu et al.,2017), 

redox flow battery (Cao et al.,2017), and energy storage devices (Hooch Antink et al.,2018). 

Recently, the application of porous graphene has also reported for the detection of 

chemical (Yu et al.,2018) and biological (Yang et al.,2017) molecules, however, it has 

never been applied for Vit-C detection and for bio-molecular analysis in complex matrices 

such as mammalian / human tissues and cells.  Therefore, porous graphene based 

nanocomposites could be an interesting and important material for nanobiosensor design 

and applications.  

In the present work, we have hydrothermally synthesized a nanocomposite (PG-DAN) 

based on porous graphene and positively charge 1, 8-DAN for the detection of Vit-C 

(scheme 4.1A). The synthesized PG-DAN nanocomposite was characterized using 

scanning electron microscopy (SEM), field emission transmission electron microscopy 

(FETEM), and FTIR. A sensing probe was fabricated by coating the PG-DAN onto the 

AuNPs electro-deposited glassy carbon electrode (GCE) (scheme 4.1B), which was 

characterized by atomic force microscopy (AFM), cyclic voltammetry (CV), and 

electrochemical impedometric spectroscopy (EIS). Thereafter, the dose dependent 

detection of Vit-C was performed using the fabricated nanobiosensor probe to assess its 

analytical performance, i.e. linear dynamic range (LDR) and DL using differential pulse 

voltammetry (DPV). The practical applicability of the fabricated nanobiosensor was 

examined by testing Vit-C in human urine samples using spike and recovery method. The 
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fabricated nanobiosensor was also applied for the comparative analysis of Vit-C levels in 

brain tissues of healthy and diseased mice  models suffering from neurodegenerative 

disorders, which has also been validated using the high pressure liquid chromatography 

(HPLC) technique. Interference due to various components was studied and the long-term 

stability of designed nanobiosensor was evaluated. 

2. Experimental: 

2.1. Chemicals and instruments: 

Potassium ferricyanide (K3Fe(CN)6), Potassium ferrocyanide (K4Fe(CN)6.3H2O), sodium 

chloride (NaCl), Sodium phosphate dibasic (Na2HPO4), potassium chloride (KCl), Sodium 

phosphate monobasic (NaH2PO4), potassium permanganate (KMnO4), and glucose 

(C6H6O6) were purchased from Sisco Research Laboratory, India. Vitamin C (C6H8O6), 

citric acid (C6H8O7), uric acid (C5H4N4O3), urea (CH4N2O), Thiourea (CH4N2S), EDTA 

(Ethylenediaminetetraacetic acid ; C10H16N2O8), perchloric acid (HClO4),  dopamine 

hydrochloride (C8H11NO2·HCl), graphite flacks (C), 1,8-diaminonaphthalene (C10H10N2), 

ammonium persulphate ((NH4)2S2O8), chloroauric acid (HAuCL4), nafion 

(C7HF13O5S·C2F4), and acetaminophen (C8H9NO2) were purchased from Sigma-Aldrich, 

USA. The acids solvents phosphoric acid (H3PO4), sulphuric acid (H2SO4), hydrochloric 

acid (HCl: 30%), hydrogen peroxide (H2O2), trifluoroacetic acid (CF3COOH),  ethanol 

(C2H5OH) and acetonitrile (C2H3N) were procured from Merck Millipore. All the 

chemicals used in experimentation were of AR/HPLC grade and were used without any 

purification steps. Double distilled water (DW) (Milli-Q; 18.5 MΩ) was used throughout 

the experiment. Phosphate buffered saline (PBS: 5mM, pH-7.0) was prepared using a 

previously reported method. (Kashish et al.,2017) The electrochemical characterization of 

the electrode was performed in 5 mM ferricyanide and ferrocyanide solution (Zobell’s 

solution; 5mM, pH-7.0) prepared in PBS.  
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For the characterization of synthesized material, FTIR (Cary 630: Agilent, USA), 

and Field emission-transmission electron microscope (FETEM: Jeol-2100F: Jeol Ltd. 

Japan), scanning electron microscope (SEM: Sigma: Carl Zeiss Ltd, Germany) were used. 

The FTIR spectra were recorded in the range between 400 and 4000 cm-1 wavenumbers. 

The sensor probe surface was characterized by atomic force microscope (AFM: Innova 

SPM: Bruker, United States). All the electrochemical analyses have been performed using 

electrochemical workstation (Autolab: Metrohm, Netherland) with the conventional three 

cell electrode system, comprising glassy carbon electrode (GCE) as working, platinum 

electrode as counter and Ag/AgCl electrode (in saturated KCl) as reference electrode. The 

electrochemical impedance spectroscopy was performed using the frequency response 

analysis (FRA) module of electrochemical workstation, where the spectra were recorded 

at open circuit potential (V) vs. Ag/AgCl with the modulation aptitude of 10mV in the 

variable frequency range of 0.1 Hz to 100 KHz. The obtained spectra were analyzed using 

the circuit comprising of solution resistance connected in series and the resistance in 

charge transfer (Rct) connected in parallel. For the mice acclimatization shelter IVC cages 

were used procured from Techniplast, Italy. The chromatographic analyses were 

performed using Dionex ultimate 3000 UHPLC system synchronized with Chromoleon 

console 7.2.8 version software. 

2.2. Synthesis of PG-DAN: 

Firstly, the GO was synthesized following modified Hummers method.(Zaaba et 

al.,2017) Briefly, 0.225 g of graphite flakes were treated with the 30 ml of the solution 

mixture prepared with concentrated H2SO4 and H3PO4 (9:1). Thereafter, KMnO4 (1.32g) 

was added slowly and solution was allowed to stir for 6 hours. After that, H2O2 (30% v/v) 

was mixed and agitated for 10 minutes followed by the HCl (30%) treatment. In the next 

step, the product was extracted by centrifugation at 5000 rpm and dried overnight (scheme 
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4.1A (i-ii)). The synthesized GO was further used for the preparation of PG-DAN 

nanocomposite. To do this, the GO (22.5 mg), and the 1,8-DAN (11.25 mg) along with 

ammonium persulphate (0.02M) was suspended in 15 ml of water/acetonitrile mixture 

(2:1) and sonicated for 1 hour. Thereafter, the obtained suspension was transferred into the 

autoclave vessel and the mixture was heated hydrothermally at 180 ºC for 18 hours. The 

content was then extracted and dried overnight using freeze drier (scheme 4. 1A (iii-v)). 

2.3. Sample preparation for high performance liquid chromatography: 

For the HPLC analysis the mice brain samples (healthy /diseased) were prepared by 

following the standard protocol (Thrivikraman et al.,1974). For that, the brain tissue of 

dissected mice was extracted in the mobile phase extraction medium containing Perchloric 

acid (0.05 M), thiourea (0.002 M), and (0.001 M) disodium EDTA. Briefly, 10 µL of 

extraction medium was used for per milligram of brain tissue sample and it was kept in 

chilled ice for precipitate down the protein contents.  Thereafter, the samples were 

centrifuged at 13000 rpm for 25 min at 4°C and supernatant was collected. For further 

dilution of standards and samples supernatant, the mobile phase (0.01% of trifluoroacetic 

acid) was used. The Vit-C was analyzed on syncronis C18 particle size 3μm, dimensions: 

150 X 4.6 mm with gradient mode. The mobile phase composed of solvent A (0.01% of 

trifluoroacetic acid) and solvent B (100 % of methanol) filtered with 0.2μM filter. Further, 

the gradient was set as follows: Tmin/% proportion of solvent (B): o/5, 0-3/5, 5-8/95, 8-12/95, 

12-13/5, 13-20/5. The flow rate of the mobile phase was set at 0.5 ml/min and the detection 

was carried out using a photodiode array detector at 244 nm.  The total run time for the 

experimentation was 20 minutes and the retention time of ascorbic acid was found to be 

5.2 min (Grotzkyj Giorgi et al.,2012).
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Scheme 4.1: (A) Schematic representation of PG-DAN synthesis and (B) fabrication process of GCE/AuNPs/PG-DAN-Naf probe. 
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2.4. Fabrication of GCE/AuNPs/PG-DAN-Naf nanobiosensor probe:  

The detailed process of GCE/AuNPs/PG-DAN-Naf sensing probe fabrication is shown 

in scheme 4.1(B). At first, GCE electrode was polished with 0.05 µm alumna slurry on a 

microcloth pad and was rinsed with DW. After this,  AuNPs were electrochemically 

deposited onto the GCE using a potential step method in an acidic solution (0.5 M H2SO4) 

containing 0.0025% HAuClO4 by performing linear sweep voltammetry (LSV) from +1.5 

to +0.4 (V) vs. Ag/AgCl. The provided conditions for AuNPs electrodeposition conditions 

are as follows: 60.0 s deposition time, − 0.6 V deposition potential, 0.1 V s−1 scan rate, 

and three times potential scanning. Thereafter, the GCE/AuNPs electrode was rinsed with 

DW and dried. In the next step, 10 mg/mL of PG-DAN was mixed with 0.1% nafion 

ultrasonically for 4 hrs and then the nanocomposite mixture was coated onto the 

GCE/AuNPs surface. After drying, the electrode was washed with PBS in order to remove 

the unbound materials from surface. Thereafter, electrode was dried and the final 

nanobiosensor probe was termed as GCE/AuNPs/PG-DAN-Naf.  

2.5. Diseased and healthy mice brain sample preparation:  

Mice (25-30 g) of 8-10 week old were procured from Palamur biosciences Telangana, 

India for real sample studies. The mice were housed in individually ventilated cages (IVC) 

with supplied corncob bedding of corncob granules (Sparcobb, Bangalore) and kept under 

controlled environment of humidity (65±10%) and temperature (25±2°C). The reversed 

12/12 hrs light and dark cycle were maintained while housing animals for entire study 

period. Food as dry solid pellets (SAFE, France) along with filtered tap water access was 

provided ad libitum to animals throughout the study. The acclimatized mice were then 

randomly chosen and grouped (6 each) for control and diseased for further studies, where 

group 1 mice were taken as healthy and group 2 mice were diseased induced with the 
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neurodegenerative disorder. Thereafter, the mice were sacrificed on 7th day with cervical 

dislocation and brain was removed out and dissected following a standard protocol 

(Spijker,2011). The excised homogenized brain was further used to prepare the sample for 

Vit-C analysis using GCE/AuNPs/PG-DAN-Naf nanobiosensor probe 

3. Results and Discussions: 

3.1. Characterization of the PG-DAN nanocomposite: 

Scheme 4.1(A) shows overall development process of PG-DAN nanocomposite, where 

a black-colored nanocomposite cake was obtained as a final product (iv and v). Thereafter, 

we have systematically characterized this nanocomposite using SEM, TEM, and FTIR.  

Interestingly, in the SEM analysis of PG-DAN, a clear porous matrix was observed (Figure 

4.1(A)), which was not observed when GO was analyzed separately (Figure 4.1(B)). The 

PG-DAN nanocomposite was also investigated using TEM where porous network like 

structures were observed (inset of figure 4.1(A)) that authenticates the porous nature of 

synthesized PG-DAN.  

 

Figure 4.1: FESEM micrograph of (A) PG-DAN (in inset, exfoliated TEM image) and  

(B) GO. 
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We further extended the analysis to know the changes in functional groups and thus 

performed FTIR spectroscopy where we have recorded the spectra of precursor molecules 

(GO and 1,8-DAN) and PG-DAN nanocomposite separately, which was used to fabricate 

the sensing probe. The representative FTIR spectra for (i) GO (ii) 1,8-DAN monomer, and 

(iii) PG-DAN shown in figure 1(D). From the spectra of GO, peaks at 3290, 1707, 1548, 

1390, 1201, and 1040 cm -1 were observed due to hydroxyl (O-H) stretching, carboxyl 

(C=O) stretching, C=C stretching, C-OH, C-O-C, and C-O bending vibrations, 

respectively, indicating the successful synthesis of GO (Ossonon and Bélanger,2017).  

Figure 4.2: FTIR spectra  corresponding to (i) GO, (ii) 1,8-DAN, and (iii) PG-DAN. 

In the spectrum of 1,8-DAN, peaks at 1580, 1297, and 3360 cm-1 were observed due 

to characteristics peaks of aryl (C=C), (CN), and (NH) stretching vibrations, respectively. 

Thereafter, we have recorded the FTIR spectrum of PG-DAN, where no peak at 3290 cm-

1 (OH stretch) was evident, indicating that GO has been reduced during the hydrothermal 

treatment process. While, peaks at 3360 cm-1 (NH) and 1297 cm-1 (CN) stretches were 
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observed due to presence of 1,8-DAN in the composite. Importantly, the two new peaks at 

1660 cm-1 (amide I) and 1540 cm-1 (amide II) were observed which were most likely due 

to the coupling of 1,8-DAN with GO forming amide linkage by replacing the existing 

carboxyl OH flanking groups.  

3.2. Characterization of GCE/AuNPs/PG-DAN-Naf nanobiosensor probe: 

Using the synthesized PG-DAN nanocomposite a nanobiosensor probe was fabricated 

as described in Scheme 4.1(B). The modified probe surfaces were characterized using 

AFM, where we recorded the surface topologies and z-deflection profiles (Figure 4.3) after 

every step of modification. 

Figure 4.3: The AFM micrographs (3D and 2D) and z-deflection profile of different 

probe surfaces (A) bare electrode, (B) AuNPs deposited electrode, and (C) PG-DAN-Naf 

coated surfaces. 
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 Firstly, the bare electrode surface was captured, where smooth morphology was observed 

with the z-deflection of 2.10 nm. After electro-deposition, change in the surface topology 

with clearly visible spherical nanostructures were observed due to the formation of AuNPs. 

The z-deflection in this case was increased and was found to be 7.42 nm. When PG-DAN-

Naf was coated at the AuNPs deposited electrode surface, distinct morphological changes 

and a z-deflection of 150.30 nm were observed due to the presence of PG-DAN 

nanocomposite matrix. Thereafter, to assess the charge transfer properties of fabricated 

GCE/AuNPs/PG-DAN-Naf probe, we characterized the fabrication process using 

electrochemical methods. For that, the formation of AuNPs was characterized by LSV, 

where a clear reduction peak at 0.095 (V) vs. Ag/AgCl was observed which was due to the 

reduction of Au3+ to Au0 on electrode surface, forming AuNPs (Figure not shown). 

Interestingly, the peak current at 0.095 V increased with three consecutive LSV sweeps, 

indicating the formation of highly conducting electrode surface. In the next step, modified 

electrode was characterized by recording CV in the potential window of -0.8 V to 0.8 V at 

a scan rate of 50 mV/s in 5mM Zobell’s solution. Figure 4.4(A) shows the CV responses 

for bare GCE (black), GCE/AuNPs (red), GCE/PG-DAN-Naf (blue), and 

GCE/AuNPs/PG-DAN-Naf (green) surfaces. Representative voltammogram due to the 

redox process of [Fe(CN)6]
3−/4− was observed at bare GCE, while anodic (Ipa) and cathodic 

(Ipc) peak currents increased when GCE/AuNPs surface was examined. This was due to 

presence of deposited AuNPs on the GCE surface, which increases the conductivity and 

surface area of electrode. Further, bare GCE was modified with synthesized 

nanocomposite (PG-DAN-Naf) and CV was recorded to analyze the electrochemical 

compatibility of PG-DAN. Interestingly, we observed the increased Ipa and Ipc compare to 

the bare GCE and GCE/AuNPs surfaces, indicating that the nanocomposite is  conducting 

and capable of giving amplified signal. It is interesting to note that, a new redox peak at -
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0.03 / -0.21 V was observed for PG-DAN-Naf coated surface in CV, which was not present 

when bare GCE and GCE/AuNPs electrode was analyzed in the similar experimental 

conditions. This redox peak was most likely due to the electrochemical behavior of DAN 

present in sensing matrix (Jin et al.,1995). In final step, when we fabricated 

GCE/AuNPs/PG-DAN-Naf probe, maximum Ipa and Ipc were observed which was due to 

the synchronous effects of AuNPs and PG-DAN. Based on the results, GCE/AuNPs/PG-

DAN-Naf sensing probe was applied for the analytical applications.  

 

Figure 4.4: (A) CV and (B) EIS responses at different surfaces of bare GCE(black), 

GCE/AuNPs(red), GCE/PG-DAN-Naf(blue), and GCE/AuNPs/PG-DAN-Naf (green) in 

PBS buffer containing potassium ferro/ferri cyanide (5mM; pH- 7.0; Scan rate: 50mV/S 

); histogram showing Rct values in the different surfaces (in inset). 

The charge transfer through modified electrode is a complex phenomenon. In order to 

investigate the charge transfer behavior and stability of final sensing probe for 

electrochemical analysis, we have performed scan rate studies at bare GCE, GCE/AuNPs, 

GCE/PG-DAN-Naf, and GCE/AuNPs/PG-DAN-Naf.  Here, CV responses were recorded 

at different scan rates (i.e.10-100 mV/s) in 5mM Zobell’s solution. The peak currents in 

CV responses were obtained and plotted against the square root of scan rates for bare GCE, 

TH-2383_156106049



122 
 

GCE/AuNPs (figure not shown), GCE/PG-DAN-Naf (figure not shown),  and 

GCE/AuNPs/PG-DAN-Naf  (Figure 4.5). The Ipa and Ipc were found to be directly 

proportional to the square root of scan rates in all cases with the correlation coefficient 

between 0.997 and 0.999; indicating the stability and diffusion-controlled charge transfer 

processes at electrode surface.  

 

Figure 4.5: (A) CV responses of GCE/AuNPs/PG-DAN-Naf sensor probe at different scan 

rates (10-100 mV/s) in PBS buffer containing potassium ferro/ferri cyanide (5mM; pH- 

7.0; Scan rate: 50mV/S ), (B) Plot obtained using the Ipa and Ipc of scan rate dependent 

CV responses. 

To assess the importance of modified surface towards electrochemical sensing, we 

have calculated the diffusion coefficients (D) of bare GCE and each layer of the modified 

electrode using Randles - Sevcik’s model (equation 4.1). 

( )5 3/2 1/2 1/2  2.69 10    pI n ACD v=  ……………….. Equation 4.1 

Where, Ip is the peak current (in ampere), n is the number of electron transferred in 

redox process (here n=1), A is the electrode surface area (in cm2: here A = 0.01 cm2 ), C 

is the concentration of electroactive species (in mole cm−3), D is the diffusion coefficient 

(in cm2 s-1), and v is the scan rate (in V s−1). 
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The D values for bare GCE, GCE/AuNPs, GCE/PG-DAN-Naf, and GCE/AuNPs/PG-

DAN-Naf modified surfaces were found to be 6.47 x 10-4, 9.54 x 10-4, 1.61 x 10-3, and 2.66 

x 10-3 cm2s-1, respectively, which clearly indicates the 4.12 fold higher transfer of charged 

species through the GCE/AuNPs/PG-DAN-Naf modified electrode surface than the bare 

GCE. The findings of Randles-Sevick’s model clearly suggests that the developed sensing 

surface is highly conducting. The results obtained by CV were also validated using the 

EIS, where spectra in the Nyquist plot were recorded for bare GCE, GCE/AuNPs, 

GCE/PG-DAN-Naf, and GCE/AuNPs/PG-DAN-Naf (Figure 4.4(B)) surfaces to obtain the 

Rct. The Rct values obtained were 3441± 68.832 Ω, 2120 ± 42.41 Ω, 298.5 ± 17.97 Ω, and 

50 ± 4.10 Ω for the bare GCE, GCE/AuNPs, GCE/PG-DAN-Naf, and GCE/AuNPs/PG-

DAN-Naf surfaces, respectively. It is interesting to note that the lowest Rct was obtained 

for GCE/AuNPs/PG-DAN-Naf surface compared to other tested surfaces. In this case, this 

was due to the fastest electron transfer kinetics at electrode/electrolyte interface. The 

results obtained in EIS also corroborates with the results of CV analysis. These results 

confirm that the developed GCE/AuNPs/PG-DAN-Naf probe is highly stable, conducting, 

and sensitive; hence, it is suitable for electrochemical analysis.  

3.3. Analytical performance of GCE/AuNPs/PG-DAN-Naf nanobiosensor 

probe: 

The GCE/AuNPs/PG-DAN-Naf nanobiosensor probe was further applied for detection 

of Vit-C. Here, the nanobiosensor was dipped in 5 mM PBS (Blank / no Vit-C) and LSV 

was recorded by sweeping the potentials between - 0.30 and 0.60 V. In this case, a peak at 

0.07 V was observed, which was most likely due to the direct electron transfer of DAN 

present in the sensing matrix. Similar redox potentials for DAN has also been reported 

elsewhere (Abdelwahab et al.,2009; Jin et al.,1995). Thereafter, the GCE/AuNPs/PG-

DAN-Naf electrode was dipped in a solution containing 10-3 M of Vit-C and LSV was 

TH-2383_156106049



124 
 

recorded in the similar potential window. Interestingly, a sharp current response was 

observed at potential of 0.02 V for Vit-C. Comparable peak potential for Vit-C has also 

been reported at GCE/graphene nano-platelets electrode (Lim et al.,2014). In order to 

confirm and validate the peak observed at 0.02 V was merely due to the Vit-C interaction 

with nanobiosensor probe, we performed two separate control experiments. In first 

experiment, a concentration dependent study was performed, where we tested 10-9, 10-6, 

and 10-3 M of Vit-C. Figure 4.6 (A) shows the representative LSV curves, where current 

responses increased linearly with higher Vit-C concentrations, which was found to be 

significant to the current response when blank was analyzed (p << 0.001) Figure 4.6 (B). 

The linear regression equation for concentration dependent plot is expressed as follows: 

ΔI (mA) =  0.173 (±0.0032) + 0.0015 (± 0.000487) log Conc [Vit-C (M)] with the 

correlation coefficient of 0.975, indicating the ability of GCE/AuNPs/PG-DAN-Naf 

nanobiosensor probe for Vit-C detection correctly Figure 4.6 (C).  

 

Figure 4.6: (A) LSV responses of the GCE/AuNPs/ PG-DAN-Naf probe in PBS and 

different concentrations of Vit-C (10-9, 10-6, and 10-3), (B) histogram showing comparative 

LSV response with and without Vit-C interaction to the sensor surface, and (C) dose 

dependent linear plot. 
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In second experiment, a scan rate dependent study was performed at 10-3 M of Vit-C 

between 10 and 100 mV s−1. Here, the oxidation peak current was found to be directly 

proportional to the square root of scan rates due to the diffusion control electrochemical 

process of Vit-C only. The results obtained from both the control experiments validate that 

the designed nanobiosensor probe is stable and is able to detect Vit-C accurately. After 

this, we further investigated the analytical performance of designed GCE/AuNPs/PG-

DAN-Naf nanobiosensor by detecting various concentrations of Vit-C. Figure 4.7(A) 

shows the representative DPV curves, where the current response increases with the 

increase in Vit-C concentrations. Based on the DPV responses, a calibration plot was 

obtained which shows the LDR between 10-14 and 10-3 M of Vit-C (Figure 4.7 (B)).  

 

Figure 4.7: (A) DPV responses of the GCE/AuNPs/PG-DAN-Naf probe with varying 

concentrations of AA (10-14 to10-3 M) and (B) shows the obtained calibration plot 

corresponding to the DPV signals.  

The linear regression equation of the calibration plot for Vit-C detection was expressed 

as follows: ΔI (mA)= 0.0214 (± 1.98 x 10-4) + 8.22 x 10-4 (± 1.8 x 10-5) log Conc [Vit-C 

(M)] with the correlation coefficient of 0.996. The DL of Vit-C was determined to be 4.4 

(±0.02) x 10-17 M ((RSD< 4.2%, 95 % confidence level, n=3) using equation 4.2.  
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------------- Equation 4.2         

Where, SDB is standard deviation of blank; x is the limit of quantification or lowest 

concentration measured. 

Importantly, in our case obtained DL is significantly lower as compared to the recently 

reported Vit-C nanobiosensors (Gopalakrishnan et al.,2018; Taleb et al.,2017). A 

comparison of analytical performance of the developed sensor with various recently 

reported Vit-C nanobiosensors is shown in table 4.1. It is important to note that our 

nanobiosensor probe possess facile fabrication steps and is devoid of any biomolecule even 

though it offers an unprecedented DL and a wide LDR. This clearly indicates the promise 

of developed nanobiosensor for robust and trace analysis of Vit-C in wide range of real 

sample matrices.  

3.4. Interference study: 

Another most critical parameter to analyze the biomedical values of developed 

nanobiosensors is selectivity (Mahato et al.,2018; Pallela et al.,2016).  In order to study 

the interfering effects, GCE/AuNPs/PG-DAN-Naf probe was tested towards citric acid, 

uric acid, glucose, dopamine, urea, and acetaminophen, which coexists with Vit-C in 

various matrices. No signal was observed for citric acid, uric acid, acetaminophen, 

dopamine, and urea under the tested operational potential window. In the case of glucose, 

no signal was observed due to its inherent electrochemically inactive behavior and / or 

inability to be oxidized non-enzymatically at developed sensing surface. 
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Sl 
No. 

Probe LDR DL Real sample / 
Animal experiment 

 

Detection 
time 

References 

1 Ag hierarchical 

nanostructures/GCE  

0.17 μM - 1.80 mM 0.06 μM NR No NR (Zhang et 

al.,2018) 
2 CdO Nanoparticles-SPCE  5 μM -150 μM 53.5 nM Canned juice No NR (Gopalakrishnan 

et al.,2018) 

3 NiFe2O4/SPE  0.5 μM -100 μM 0.1 μM Tablet No NR (Jahani,2018) 

4 ZnO nanoparticles/GCE 1 μM - 800 μM 0.312 μM Urine 
Serum 

No NR (Zhu and 
Xu,2017) 

5 PCN-333 (Al) MOFs-KB/GCE 14.1 ± 0.2 - (5.5 ± 

0.1) μM 

4.6 (± 0.1) μM NR No NR (Wang et 

al.,2017) 
6 MCNRs/GCE 10 μM -2770 μM 2.3 μM Injection dose, soft 

drink and fresh 

lemon juice 

No NR 

 

(Li et al.,2018) 

7 TiO2-AuNP-MWCNT-

DHP/GCE  

5.0 μM - 51 μM 1.2 μM Pharmaceutical and 

fruit juice 

No NR (Scremin et 

al.,2018) 

8 ANF-C700/GCE  1 μM - 60 μM 117 nM Urine samples No NR (Taleb et al.,2017) 

9 Cu(OH)2NR/SPE 0.0125 mM -10 mM NR Tablets and urine 
samples 

No NR (Raveendran et 
al.,2017) 

10 PG-DAN-Naf/AuNPs/GCE 10
-14

 M to 10
--3

 M 4.4×10
-17 

M Urine sample Mice 

brain 

30 

seconds 

Present work 

 

Table 4.1: Comparison table for the Vit-C determinations in recent literatures.   
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The selectivity of GCE/AuNPs/PG-DAN-Naf probe was mathematically deduced by 

determining the selectivity coefficient selk using the equation 4.3. 

( )

( )
         

interferent

sel

Vit C

Signal
k

Signal
−

= -------------------------- Equation 4.3 

Where selk  is the coefficient of selectivity, ( )
interferent

Signal is the signal strength shown by 

probe when treated with the interfering molecules, and ( )
Vit C

Signal
−

is the signal strength 

corresponds to Vit-C. 

The calculated selk  values for interfering molecules were extremely low ( selk << 1), 

indicating that the fabricated nanobiosensor is highly selective towards Vit-C detection. 

We also performed T-test for Vit-C and calculated p-values against all interfering 

molecules, which were found to be << 0.001 (n = 3), indicating that the selectivity results 

are statistically significant. Figure 4.8 shows the histogram obtained from DPV responses 

of Vit-C and different interfering molecules at the nanobiosensor probe.  

Figure 4.8: Selectivity assay responses of GCE/AuNPs/PG-DAN-Naf sensor probe. 
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3.5. Real sample analysis: 

3.5.1. Vit-C detection in urine and fruit juice samples:  

Firstly, both the real samples (urine and fruit juice) were equilibrated using the PBS in 

the ratio of 9:1 ratio (urine: buffer) and Vit-C of different concentrations were spiked 

followed by its detection using the nanobiosensor probe. It is worth mentioning that the 

urine samples were not subjected for any pretreatment step such as filtration or 

centrifugation before processing, however, the juice sample was kept for 15 minutes to 

settle down the fibrous parts. The results of these experiments were analyzed and % 

recoveries of Vit-C were calculated using equation 4.4.  

( )[S] [ ]
         % Recovery

[ ]

Vit C Vit C

Vit C

B

SS

− −

−

−
= --------------------------- Equation 4.4 

Where, [ ]Vit CS −  and [ ]Vit CB −  are the analytical responses of Vit-C in the spiked and 

blank urine samples, respectively; and [ ]Vit CSS − is the analytical response of Vit-C in the 

standard solutions.  

Figure 4.9 shows the signal response of Vit-C detected in urine samples where peak 

currents increased linearly with increase in the Vit-C concentrations from 10-14 to 10-3 M. 

The sensitivity of Vit-C detection was evaluated by comparing the Vit-C signals obtained 

from urine samples with blank buffer. Interestingly, the designed nanobiosensor is able to 

detect 88.56 to 99.50% of Vit-C from the urine samples. The analytical details for 

recovered Vit-C concentrations, RSD, and % recovery for all the tested concentrations are 

represented in table 4.2. Based on the dose dependent Vit-C detection in urine, a calibration 

plot was obtained which shows the linear regression equation as follows: ΔI (mA) = 

0.01968 (± 4.45 x 10-5) + 7.49 x10-4 (±4.74x10-5) log Conc [Vit-C (M)] with the correlation 

coefficient   of 0.965. The DL of 1.2 (± 0.01) x 10-16 M (RSD<1.6%) was obtained in urine 
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sample based on the standard deviation of three times consecutive analyses of the blank 

(95% confidence level; n=3), which indicates the fabricated nanobiosensors is powerful 

for real sample analysis and is highly reproducible.   

Figure 4.9: Vit-C determination using fabricated GCE/AuNPs/PG-DAN-Naf sensor-

probe in clinical urine sample.  

Table 4.2: Details of dose dependent detection of Vit-C in clinical urine sample. 

A considerably higher DL (i.e. low sensitivity) in case of urine sample was most likely 

due to the negligible matrix effect of urine components. Similar to the urine sample, the 

sensor probe was tested Vit-C in fruit juice samples, where the amount of Vit-C recovered 

was found between 87.18 and 98.9 %. Figure 4.10 shows the histogram of peak currents 
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obtained at different concentration of Vit-C spiked using the nanobiosensor. The details of 

recovered Vit-C concentrations, RSD, and % recovery at different concentrations are 

represented in Table 4.3.  

 

Figure 4.10: Vit-C determination using fabricated GCE/AuNPs/PG-DAN-Naf sensor-

probe in fruit juice samples.  

 

 

Table 4.3: Details of dose dependent detection of Vit-C in fruit juice sample. 

TH-2383_156106049



132 
 

3.5.2. Vit-C detection in brain of healthy and diseased mice: 

Since it has been reported that the levels of Vit-C in brain is significantly different in 

healthy and neurodegenerative diseased cases (Covarrubias-Pinto et al.,2015; Quinn et 

al.,2003), we have attempted to detect the Vit-C in healthy and diseased mice (C57BL/6j 

strain) brain using GCE/AuNPs/PG-DAN-Naf nanobiosensor probe. For this purpose, the 

brain tissues were isolated from healthy and diseased mice followed by its 

homogenization. The detailed steps involved in sample preparation from mice are shown 

in scheme 4.2 (A-B). The isolated brain tissue samples were then equilibrated with PBS 

followed by Vit-C detection using the nanobiosensor probe. Vit-C was spiked in the brain 

tissue samples in the similar LDR as done in blank buffer (i.e. 10-14 to 10-3 M) and % 

recovery was evaluated using equation 4.4. Figure 4.11 shows the comparative Vit-C 

signal responses in blank buffer (black bars), brain tissues of healthy (red bars), and 

diseased mouse (blue bars). In both the test experiments, current response increases 

linearly with increase in Vit-C concentrations from 10-14 to 10-3 M. It was interesting to 

note that the % recovery in case of healthy mice were between 124.77 and 132.77% (RSD 

< 1.7 %, n = 5); while, % recovery in diseased mice brain samples were between 87.65 

and 99.90% (RSD < 1.8 %, n = 5). Based on the dose dependent Vit-C detection in mice 

brain samples, calibration plots for both the cases were obtained, which show the linear 

regression equations as follows:   

ΔI (mA) = 0.0267 (± 2.69 0x 10-4) + 9.925 x 10-4 (±2.522 x 10-5) log Conc [Vit-C (M)] and 

ΔI (mA) = 0.0192 (± 2.968 x 10-4) + 7.050 x 10-4 (±1.855 x 10-5) log Conc [Vit-C (M)] 

with the correlation coefficients of 0.989 and 0.960 for healthy (red bars) and diseased 

(blue bars) mice brain samples, respectively. The DL of 6.1(± 0.01) x 10-17 M (RSD<1.8%) 

and 2.1 (± 0.03) x 10-16 M (RSD < 2.1%) was obtained in the brain samples of healthy and 

diseased mice, respectively  
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Scheme 4.2: Schematic representation for the process for (A) brain tissue isolation 

from mice (strain:C57bl/6j), (B) dissection of cortical tissues for the sample preparation. 

(In collaboration with National Institute of Pharmaceutical Education and Research – 

Guwahati) 
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based on the standard deviation of three times consecutive analyses of the blank (95% 

confidence level; n=3). This indicates the fabricated nanobiosensor is extremely powerful 

for trace Vit-C analysis in complex brain tissue samples. The analytical details of all the 

tested Vit-C concentrations, RSD, and % recovery in brain samples are shown in table 4.4.  

Figure 4.11: Vit-C determination using fabricated GCE/AuNPs/PG-DAN-Naf sensor-

probe in mice brain tissue samples. 

 

Table 4.4: Details of comparative dose dependent detection of Vit-C in healthy and 

diseased mice brain tissue sample. 
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Figure 4.12: The chromatograms for (A) Blank, (B) standard Vit-C (inset: dose dependent 

responses of the Vit-C in left and the obtained calibration plot in right), (C) Healthy mice 

brain, and (D) diseased mice brain for validation of contrasting level of of  Vit-C level 

(inset the histogram showing he contrasting levels of Vit-C in healthy and diseased mice 

brain samples)  
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It is worth mentioning that the significant difference in the Vit-C levels in healthy and 

diseased mice brain cells observed in our study (p < 0.001) was most likely due to the 

difference in residual Vit-C levels in the tested brain samples, which participated in 

respective signal generation. In order to validate the differential sensing of Vit-C by the 

developed nanobiosensor in the contrasting physiological states, complementary 

experiments were also performed using HPLC. All HPLC analysis was done using the 

same brain dialysate used in the electrochemical analysis to verify the results. For this 

purpose, firstly standard of Vit-C was injected in the column (figure 4.12 B), where a sharp 

peak was observed at 5.2 min due to the presence of Vit-C in the buffer solution, which 

was, however, not present when blank buffer (figure 4.12 A) was injected in the column. 

The peak at 5.2 min was merely due to the Vit-C, has also confirmed by its dose dependent 

analysis under similar experimental conditions (left inset of figure 4.12 B). Here, the signal 

increased with increase linearly with Vit-C concentrations between 1 ng/μL and 250 

ng/μL, as shown in the calibration plot (right inset of figure 4.12 B), confirming that the 

peak at 5.2 min in merely due to Vit-C.  After validating the standard Vit-C analysis in 

HPLC, we tested the Vit-C directly in healthy / diseased brain dialysate  (figure 4.12 C-

D). Interestingly, in this case significantly higher concentrations (p < 0.01) of Vit-C were 

observed in healthy mice brain samples compared to the diseased ones (inset figure 4.12 

D). Similar observations of significantly higher Vit-C levels in healthy mice brain 

compared to diseased one are reported in the literature (Glasø et al.,2004; Quinn et 

al.,2003). The real sample results obtained in our study clearly shows the potential of 

developing nanobiosensor for Vit-C detection not only in body fluids, but also in mice 

brain tissues, suggesting its prospective clinical application. It is interesting to note that in 

all sets of real sample analysis, the % Vit-C recovery was over 87%, suggesting that the 

TH-2383_156106049



137 
 

various real sample components (even unknown bio-chemicals) present in urine and mice 

brain do not foul or deteriorate the nanobiosensor surface.  

3.6. Reproducibility and stability studies: 

For the commercial viability of any nanobiosensor, the manufacturing reproducibility 

and stability is of major concern (Chandra et al.,2017; Mahato et al.,2017). In view of this, 

we have tested the fabricated GCE/AuNPs/PG-DAN-Naf probe for its reproducibility by 

detecting the current responses at five separately prepared nanobiosensors. The current 

responses in the tested probes were found to be negligibly altered when same fabrication 

steps were followed (RSD<4.1%), showing that the developed GCE/AuNPs/PG-DAN-Naf 

probe is highly reproducible. This small deviation was due to the minor variation in 

nanobiosensor fabrication and / or due to handling errors. The long-term stability has also 

been studied for the fabricated nanobiosensor at the concentration of 10-10 M Vit-C, where 

the nanobiosensor retained almost 95 ± 2 % of its original response up to six weeks (figure 

4.13).  

Figure 4.13: Time dependent responses of the fabricated GCE/AuNPs/ PG-DAN-Naf 

sensor probe. 

1 2 3 4 5 6
0.000

0.005

0.010

0.015

0.020


C

u
rr

e
n

t 
(

A
)

Time (weeks)

TH-2383_156106049



138 
 

Over this period, the current response decreased with time, suggesting that the 

developed GCE/AuNPs/PG-DAN-Naf nanobiosensor probe is stable up to six weeks.  

4. Conclusions:  

A facile, selective, stable, and highly sensitive nanobiosensor for Vit-C determination 

has been fabricated based on AuNPs and PG-DAN nanocomposite. The nanobiosensor 

was characterized by using SEM, TEM, FTIR, AFM, and electrochemical techniques. A 

wide LDR for Vit-C detection was obtained between 1x10-14 and 1x10-3 M with the DL of 

4.4 (± 0.02) x 10-17 M (RSD < 4.2%) which was significantly lower compared to the most 

recent Vit-C nanobiosensor. The nanobiosensor was able to detect Vit-C in human urine, 

healthy and diseased mice brain samples with % recoveries between 87.65 % and 132.77 

% at various concentrations. To the best of our knowledge, we have demonstrated for the 

first time an attomolar level Vit-C detection in healthy and diseased mice brain using an 

electrochemical nanobiosensor composed of AuNPs, porous graphene - DAN 

nanocomposite. The nanobiosensor was found to be highly selective against the various 

interfering molecules and was stable up to six weeks. The nanobiosensor system fabricated 

has many striking features such as; simplicity, rapidity, label-free and low-cost detection, 

hence it could be a method of choice for Vit-C detection in various samples. In future, the 

developed nnaobiosensor system can be translated towards a genuine miniaturized sensing 

device for various applications. 

In this study, we have incorporated the porous - graphene- DAN based nanocomposite 

for the development of electrochemical sensing system and analyzed the analytical 

performance towards Vit-C, where we obtained the widest range and the least detection 

limit until date. However, the sensor probe was observed to be fouled on repeated usage 

in complex matrices due to the synergistic effect of the porous morphology of sensor 
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surface and the presence of various bulky moieties in matrices. Thus, we have further 

extended the study to improvise the biosensing system by incorporating special type of 

nanocomposite containing nano-rattles (core-cage) and reduced graphene oxide (higher 

surface area). The detailed discussion is given in the next chapter. 

5. Declaration: 

The animal protocol and experimental methods were approved 

(NIPS/NIPER/18/025) by the Institutional Animal Ethics Committee (IAEC), North East 

Technical Education Society (NETES) Institute of Pharmaceutical Sciences (NIPS), 

Mirza, Kamrup, Assam, India.
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1. Introduction: 

Biosensors are reported to develop the surface fouling in complex matrices such as 

blood, serum, and urine. Not only these, various other complex matrices of in vitro, ex 

vivo, and in vivo environments are also reported to exhibit the surface fouling due to the 

presence of bulky protein molecules, which eventually makes the biosensor less sensitive 

and non-reusable by blocking the interaction sites of the sensor probe for the interactions 

of target analytes.  In view of this, we have developed a new type of material (nano-rattle) 

and decorated it with reduced graphene oxide for the clinically relevant detection of 

serotonin. Serotonin is one of the principal neurotransmitter (NTs), chemically known as 

5-hydroxytryptamine and is regarded as molecule of contentment as it participates actively 

in controlling a number of behavioral as well as cognitive activities, such as sleep, anxiety, 

pain, hunger, learning, carnal activities etc (Godoy-Reyes et al.,2018). It is majorly 

produced by brain under physiological condition, where it functions in passing the 

information to various organs through central nervous system (Lacasse and Leo,2005). In 

addition, gastrointestinal tract has also been reported for secreting ST to control the 

intestinal movement (Camilleri,2009). The abnormal levels of ST have been related not 

only with various disorders viz. neurodegenerative diseases, autism, inflammatory 

syndromes, but also linked with a number of psychotic states such as depression, mood 

swing, attention-deficit hyperactivity disorder etc (Carver et al.,2009). The abnormally 

high serum level of ST is associated with various carcinoid tumors/syndromes, which 

commonly arises from gastrointestinal tract. Thus, ST determination in bio-fluids viz. 

serum and urine level have become one of the confirmatory tests for carcinoid tumors in 

clinics (Feldman,1986; Godoy-Reyes et al.,2018). The serum serotonin level in carcinoids 

have been reported > 400 ng/mL (i.e. 22.59 x 10-7 M) in case of tumorigenic growth, while 

further elevated level >1000 ng/mL (i.e. 56.74 x 10-7 M) was reported when tumors turn 
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metastatic. This is much higher than the normal clinical serum level of ST, which is up to 

300 ng/mL (i.e. 17.01 x 10-7 M) (Plapp,2019).  

In clinical tests for the confirmation of such severity, ST has been determined in 

various bio-fluids urine and serum samples using the conventional methods, which are 

majorly based on fluorimeter (Andén and Magnusson,1967), capillary electrophoresis 

(Šolínová et al.,2018), high performance liquid chromatography (Patel et al.,2005), 

enzyme-based immunoassay (Maurer-Spurej et al.,2002), chemi-luminescence (Barnett et 

al.,1998), ELISA (Chauveau et al.,1991) and mass spectrometry (Yılmaz et al.,2019). 

These clinically accepted methods are extremely powerful and sensitive techniques, but 

involves a tedious process, sophisticated high-end instruments, longer time for 

determination, and are often required the sample pretreatment before testing, which not 

only restricts their utility for real time implications but also limits their usage in onsite 

point-of-care everyday determinations. In order to address these issues, a number of 

advanced strategies have also been employed; where electrochemical biosensor based 

systems have found great attention due to their comparable clinical performance viz. high 

sensitivity, ultrafast detection, and miniaturizability (Baranwal and Chandra,2018; Moon 

et al.,2018). Despite the advancement in the developed electrochemical ST determination, 

they suffer because of interfering signals due to the presence of inherently coexistent 

molecules and NTs viz. ascorbic acid, dopamine, epinephrine, norepinephrine etc. These 

interfering signals in such cases are contributed by their close reduction potentials (Wu et 

al.,2003), which not only make the systems insensitive but also non-selective. Therefore, 

in order to eliminate such limiting factors, the nanomaterial-empowered strategies were 

employed, where nanomaterials were introduced to achieve better-resolved determination 

of NTs by tuning the effective reduction potentials (Baranwal and Chandra,2018). In this 

context, a number of nanomaterials mediated determination techniques were employed  
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by exploiting their intrinsic optoelectronic properties in nano-domain including a wide 

range of metallic and composites viz. metal oxides, polymers, and carbon based 

nanocomposites (Durairaj et al.,2018; Si and Song,2018). In recent advancements, caged-

nanostructures, particularly nanocages and nanorattles have found a wide attention for 

various application including, adsorbent, drug delivery agent, nanoreactor etc. due to their 

extremely high surface area, porosity, and enhanced synergistic shape as well as size 

dependent properties of the constituting materials (Ahlawat et al.,2019; Priebe and 

Fromm,2015; Singh et al.,2018).  

Since, ST biosensor relies on its electro-catalysis at probe surface, the electro-catalytic 

and conducting capability of constituent probe materials play a crucial role in the sensitive 

determination (Yang et al.,2015; Zestos,2018). In view of this, nanorattles-based 

conjugates could serve as a promising material for probe fabrication as these 

nanoconjugates not only provides larger surface area for electro-catalysis, but also capable 

of availing the selective channelization of redox active biogenic small molecules through 

its pores by restricting the bulky coexisting entities present in biological samples. These 

bulky groups often reported to foul the electrode surface and thereby decreases the 

sensitivity, when the biosensors are used in real matrices. Therefore, nanorattles based 

composites could be promising and important probe materials for ST biosensor design and 

application in various bio-based matrices.   

In this study, we fabricated a biosensor using gold nanorattles (AuNRTs) based nano-

composite for determining clinically relevant levels of ST in serum and urine samples. In 

vitro detection ability of the designed sensor probe was also examined by testing the ST 

in cellular environment.  For that, firstly we have prepared AuNRTs using seed-mediated 

controlled synthesis methods followed by its doping with rGO sheets for the preparation 

of the nanocomposite. The prepared nanocomposite was then extensively characterized by 
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UV-Visible spectroscopy (UV-Vis), Transmission electron microscopy (TEM), selected 

area electron diffraction (SAED), and energy dispersive X-ray photoelectron spectroscopy 

(EDX). Thereafter, the sensing probe was fabricated by using AuNRTs-rGO 

nanocomposite coating on to the electrodeposited GCE/AuNPs surface. The probe 

fabrication was characterized by atomic force microscopy (AFM), cyclic voltammetry 

(CV) and electrochemical impedimetric spectroscopy (EIS). Further, the probe was used 

for the determination of ST in standard conditions, where the dose dependent study was 

performed and analytical performance (viz. LDR and DL) was obtained using differential 

pulse voltammetry (DPV). The practical implications of the probe were examined in 

serum, urine, and in vitro cell samples using spike and recovery method. The selectivity 

test for the fabricated probe towards ST was assessed and the shelf-life of developed 

biosensor was also evaluated. 

2. Experimental: 

2.1. Chemicals and instruments: 

Chloroauric acid (HAuCl4), silver nitrate (AgNO3), hexadecyltrimethylammonium 

bromide (CTAB), sodium borohydride (NaBH4), and L-ascorbic acid (C6H8O6), citric acid 

(C6H8O7), glucose (C6H12O6), urea (CH4N2O), uric acid (C5H4N4O3), alanine (C3H7NO2), 

serum albumin, glutamic acid, norepinephrine (C8H11NO3), dopamine hydrochloride 

(C8H11NO2: HCl), and epinephrine (C9H13NO3), were procured from Sigma Aldrich, USA. 

Sodium phosphate dibasic (Na2HPO4), Sodium phosphate monobasic (NaH2PO4), 

Potassium ferrocyanide (K4Fe(CN)6.3H2O), Potassium ferricyanide (K3Fe(CN)6), and 

sodium chloride (NaCl) were procured from Sisco-research laboratories India. Graphite 

flakes (C), potassium permanganate (KMnO4), poly(allyl amine) hydrochloride (PAH), 

poly(vinylpyrrolidone) (PVP), and sulphuric acid (H2SO4) were procured from Merck 

Millipore, India.) 
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Phosphate buffered saline (PBS; 0.5 mM; pH- 7.0) and ruthenium hexamine 

(RuHex) solution (5mM; pH-7.0) was used throughout the experimentation. In 

electrochemical studies, the solutions of different concentration of analyte and interfering 

species were prepared using PBS. All solutions are prepared using deionized water (18.52 

MΩ cm) (DW) which was obtained from Milli-Q system. For in vitro cell culture 

experiments, human embryonic kidney cell line was procured from NCCS, Pune (India).  

Dulbecco’s modified eagle’s medium (DMEM), penicillin/streptomycin antibiotic (Pen-

Strep.), fetal bovine serum (FBS), trypsin-EDTA, Dulbecco’s phosphate buffer saline, 

disodium hydrogen phosphate, bovine serum albumin (BSA), and sodium dihydrogen 

phosphate for cell culture were obtained HIMEDIA, India. 

Material characterization (FE-TEM imaging, SAED, EDX) was done using 

transmission electron microscopy (JEOL-JEM 2100, Japan). UV-Visible 

spectrophotometer (Agilent) was used for the preliminary confirmation of the cubic 

AuNRTs synthesis and composite material characterization of the electrochemical studies 

(cyclic voltammetry and electro-chemical impedance spectrometry) of the fabricated 

probe was performed by electrochemical workstation (Autolab, Metrohm, Netherland). 

For the electrochemical studies the conventional three cell electrode system, comprising 

glassy carbon electrode (GCE) as working, platinum electrode as counter and Ag/AgCl 

electrode (in saturated KCl) as reference electrode have been used. The frequency response 

analysis (FRA) module of electrochemical workstation has been used for the EIS 

measurement, where all spectra were recorded at the open circuit potential (V) vs. 

Ag/AgCl with the modulation aptitude of 10mV in the variable frequency range between 

10 Hz to 1000 KHz. Thereafter, the resistance in charge transfer (Rct) was evaluated by 

analyzing the equivalent circuit of the spectra. 
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2.2. Synthesis of AuNRTs: 

AuNRTs have been synthesized using seed mediated process involving the 

preparation of Au-octahedron seed preparation followed by the sequential coating of Ag 

and Au. The next step consists of the selective etching of the Ag to obtain AuNRTs. 

Briefly, in the first step core seed (Au-octahedron) were synthesized by reducing HAuCl4 

with ascorbic acid followed by the coating of silver shell on to the Au-octahedral structures 

(Khalavka et al.,2009; Singh et al.,2017). Here, the seed was prepared by mixing of 

HAuCl4 (0.514 mL: 4.86 mM) in aqueous solution of CTAB (7.5 mL: 0.1 M), followed 

by the addition of deionized water (1.986 mL: 18.2 MΩ cm). Thereafter, the ice-cold 

NaBH4 (0.6 mL: 10 mM) was injected into the ‘seed solution’ and it was allowed to stir. 

After that 120 microliters of seed solution was added to colorless ‘growth solution’, which 

was prepared by dissolving HAuCl4 (82.3 μL: 4.86 mM), ascorbic acid (0.6 mL: 0.1 M) 

and CTAB (1.6 mL: 0.1 M) under magnetic stirrer. Further, the silver layer coating on it 

was achieved by the treatment of reducing solution of silver nitrate (0.5 mL: 10 mM) and 

ascorbic acid (2 mL: 0.1 M) to the synthesized Au-octahedrons followed by rigorous stir; 

and the solution was kept at 60 °C for 20 hrs. Then, the Ag-coated-Au-octahedrons were 

extracted sequentially using PAH (6 mg/mL in 6 mM NaCl) and PVP solutions (90 mM). In 

the final step, for synthesizing AuNRTs, HAuCl4 was added dropwise to the Ag-coated-

Au-octahedrons under moderate boiling conditions. The gradual appearance of dark blue 

color to the solution indicates the formation of AuNRTs. The solution was kept 

undisturbed for three hours in order to allow the settlement of AgCl salt comes out from 

the Ag-shell of precursor molecules during the galvanic conversion. 
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Scheme 5.1: Schematic representation for the synthesis/deposition of AuNRTs (A), rGO (B), and AuNPs (C) on the GCE electrode surface. The probe 

development using AuNRTs-rGO-Naf nanocomposite and detection of ST (D). 
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The schematic representation of AuNRTs synthesis has been shown in scheme 5.1(A). In 

order to obtain the concentrated purified solution, the AuNRTs solution was centrifuged 

at 5000 rpm for 1 hour and re-dispersed the pellet in deionized water. 

2.3. AuNRTs-rGO-Naf nanocomposite preparation and fabrication of 

GCE/AuNPs/AuNRTs-rGO-Naf sensor probe:  

The AuNRTs-rGO-Naf nanocomposite was prepared by doping AuNRTs in rGO 

containing Naf (0.1% in alcohol). For that, the AuNRTs were extracted in ethanol, where 

1 ml of the previously synthesized aqueous solution was centrifuged at 8000 rpm for 10 

minutes. Then, AuNRTs were re-suspended in 1 mL of ethanol. In the mean time, rGO 

solution was obtained by dissolving the rGO (10 mg/mL) in ethanol separately. Thereafter, 

these separately prepared solutions were mixed in the ratio of 1:5 (v/v) (optimized), which 

also contains 0.1% nafion. The solution was then sonicated for 4 hours in order to obtain 

AuNRTs-rGO-Naf nanocomposite solution. The sensor probe was developed using the 

obtained nanocomposite. In the first step, GCE electrode was polished with 0.05 µm 

alumina slurry on a microcloth pad and was rinsed with deionized water (DW). After this, 

AuNPs were electro-chemically deposited onto the GCE using a potential step method in 

an acidic solution (0.5 M H2SO4) containing 0.0025% HAuCl4 by performing linear sweep 

voltammetry (LSV) between +1.5 and +0.4 (V) vs. Ag/AgCl. The provided conditions for 

AuNPs electrodeposition conditions are as follows: 60.0 s deposition time, − 0.6 V 

deposition potential, 0.1 V s−1 scan rate, and five times scanning of the potential. 

Thereafter, the GCE/AuNPs electrode was rinsed with DW and dried. In the next step, the 

AuNRTs-rGO-Naf nanocomposite solution (2 µL) was spin coated onto the GCE/AuNPs 

modified surface. The final probe was termed as GCE/AuNPs/AuNRTs-rGO-Naf. The 

detailed process of GCE/AuNPs/AuNRTs-rGO-Naf sensing probe fabrication is shown in 

scheme 5.1. 
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2.4. Mammalian cell culture and human serum sample preparation:  

For the clinical implication of the fabricated GCE/AuNPs/AuNRTs-rGO-Naf 

sensor probe, human embryonic kidney cells and human blood serum were chosen for 

experiments in order to mimic the living complex biological systems. The human 

embryonic kidney cells (HEK cells) were cultured in DMEM medium in a T25 cell culture 

flask under aseptic conditions. The culture medium was supplemented with 100 units/mL 

of penicillin, 100 units/mL of streptomycin, and 10% heat-inactivated FBS. Then the 

culture flasks were incubated at 37˚C at 5% CO2 and 95% humid condition. For the 

electrochemical studies, the cells were collected after trypsinization with gentle pipetting 

followed by centrifugation at 3000 rpm for 3 minutes under cold environment. Thereafter, 

the supernatant was discarded and the pellet containing the HEK cells was thoroughly 

washed by mild centrifugation with sterile buffer and suspended in PBS (pH 7.0). The 

number of cells in final analytical solutions was maintained at 1 x 106 cells / mL. For the 

human serum sample, the blood was collected from IIT Guwahati hospital, Assam, India, 

consented with the volunteers, which was further processed to obtain the serum using 

standard protocol. The obtained serum was then equilibrated with the PBS (pH=7.0) before 

using it for electrochemical studies. 

3. Results and Discussions: 

3.1. Characterization of the AuNRTs-rGO nanocomposite:  

The AuNRTs-rGO nanocomposite has been systematically characterized using UV-

Vis spectroscopy, FESEM, HRTEM, and SAED.  In, UV-Vis spectrum (figure 5.1A (i); 

blue curve), a peak (λmax) at 657 nm was observed in case of AuNRTs due to the SPR 

arising from the porous shell structure of AuNRTs (Singh et al.,2017). In addition, a 

shoulder at around 540 nm is contributed by the inner solid octahedron core present inside 
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the cubic porous shell (Singh et al.,2017). The peak at 657 nm was reconfirmed by 

performing a dose dependent UV-Vis analysis, where spectrum was recorded with 

increasing concentration at 657 nm and hyperchromic peak shift was observed with 

increasing the concentration of AuNRTs (figure 5.1(B)). A dose dependent plot was 

obtained using the UV-Vis responses, which shows linear increment of peaks at λmax (657 

nm) indicating the peak λmax is merely due to the AuNRTs (inset figure 5.1B). In the UV-

Vis spectrum corresponding to rGO (figure 5.1 A  (ii); red), an absorption peak near λmax 

(260 nm) was observed due to the optical absorption of  π-π* transition of aromatic C=C, 

C=O, and C–O bonds. Interestingly, in the UV-vis spectrum of nanocomposite comprising  

AuNRTs and rGO (figure 5.1A (iii); grey) two clear peaks near the 260 and 660 nm 

appeared, which were observed separately when these materials were tested individually. 

These results clearly indicate the formation of AuNRTs-rGO nanocomposite.  

Figure 5.1: (A) UV-Visible spectra of the (i) AuNRTs (ii) rGO, and (iii) AuNRTs – 

rGO nanocomposite. (B) Dose dependent responses of the AuNRTs (inset: calibration 

plot). 

Further, in order to validate the presence of AuNRTs with the rGO, we have 

characterized the AuNRT-rGO nanocomposite using the TEM. Figure 5.2 (A) shows the 

representative TEM micrograph of the synthesized nanocomposite, where it is evident that 
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AuNRTs (black squares) are present not only on the surface of rGO sheets, but also found 

entrapped within the multi-folded rGO layers, indicating the successful formation of the 

nanocomposite. The size distribution of the particles was obtained using set of the TEM 

micrographs and the average size of the particles were found to be 45.50 (± 1.25) nm 

(shown in figure 5.2(B)).  

Figure 5.2: (A) Representative TEM micrographs of AuNRTs - rGO nanocomposite, (B) 

Particle size distribution of AuNRTs.  

To study the crystal structures, we have further characterized the nanocomposite using 

HR-TEM and SAED. The representative HR-TEM micrograph and SAED pattern are 

shown in the figure 5.3(A) and 5.3(B), respectively. From the HR-TEM micrograph, it is 

evident that the synthesized AuNRTs are of crystalline in nature with the inter-planer 

distances d was obtained to be 0.22 nm, which is due to the presence of gold in AuNRTs. 

The SAED image shows the multiple concentric rings around central maxima indicating 

the polycrystalline nature of the nanocomposite, which is comprised of two highly 

crystalline components viz. AuNRTs and rGO. Further, to validate the elemental 

composition of the nanocomposites, we have complemented the characterization by using 

EDX and observed the elemental composition of C, O, and Au with the weight percentage 
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of 85, 5, and 9 %, respectively (figure 5.3 (C)), indicating the nanocomposite have no other 

impurities. 

 

Figure 5.3: (A) HR-TEM micrograph and d-fringe of the AuNRTs, (B) SAED pattern shown by 

AuNRTs-rGO nanocomposite, (C) EDX of the AuNRTs - rGO nanocomposite. 

3.2. Characterization of GCE/AuNPs/AuNRTs-rGO-Naf sensor probe: 

Using the synthesized AuNRTs-rGO nanocomposite a sensor probe was fabricated as 

described in Scheme 5.1. In order to evaluate the electron transfer properties, the 

GCE/AuNPs/AuNRTs-rGO-Naf fabricated probe has been characterized extensively 

using the electrochemical methods. Firstly, the formation of AuNPs was characterized by 
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LSV, where a clear reduction peak at 0.095 (V) vs. Ag/AgCl was observed, which was 

due to the reduction of Au3+ to Au0 on electrode surface, forming AuNPs (Figure not 

shown). Interestingly, the peak current at 0.094 V increased with three consecutive LSV 

sweeps, indicating the formation of highly conducting electrode surface due to the further 

deposition of AuNPs.  

In the next step of characterization, the sensor probe was rinsed thoroughly with PBS, 

which is then dipped in to the electrochemical cell containing 5 mM RuHex solution (in 

PBS). Following this procedure to all modified surfaces, the linear sweep voltammograms 

were recorded at the scan rate of 50 mV/s and potential window of -0.75V to 0.4 V. Using, 

the voltammograms, the anodic peak current (Ipa) responses were obtained. Figure 5.4 

shows the representative LSV responses of bare GCE (black), GCE/AuNPs (red), 

GCE/AuNRTs-Naf (blue), GCE/rGO-Naf (pink), GCE/AuNPs/AuNRTs-Naf (grey), and 

GCE/AuNPs/AuNRTs-rGO-Naf (yellow). The Ipa of RuHex redox couple at bare GCE is 

obtained, which increase after the AuNPs deposition due to the enhanced conductivity and 

surface area for electron transfer. The similar increment in the current has also been 

observed at the GCE/AuNRTs-Naf modified surface, indicating the conducting nature of 

the AuNRTs and its capability of assisting electrochemical signal. In the next surface, we 

have replaced AuNRTs with rGO and the response of the GCE/rGO-Naf surface was 

recorded in the similar experimental conditions. The subtle increment of the current in this 

case was also observed in the LSV responses, indicating the further enhancement of the 

conductivity of the modified surface. Intriguing by these interesting results, we have used 

the combination of the probe components and tested the responses. In the next step, 

GCE/AuNPs/AuNRTs-Naf has been fabricated and LSV was recorded using the modified 

electrode surface, the further increment in peak current than the previously tested modified 

surfaces was observed. In the final surface modification, AuNRTs decorated rGO has been 
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employ to modify the electrode surface and LSV was performed using 

GCE/AuNPs/AuNRTs-rGO-Naf probe. It is interesting to note that, in this case maximum 

signal was observed due to the synergistic behavior of AuNRTs-rGO, which was present 

in the sensing matrix.  

 

Figure 5.4: LSV responses of the GCE, GCE/AuNPs, GCE/AuNRTs-Naf, GCE/rGO-Naf, 

GCE/AuNPs/AuNRTs-Naf, GCE/AuNPs/AuNRTs-rGO-Naf modified electrode surfaces. 

Therefore, for the further analyses we have used the GCE/AuNPs/AuNRTs-rGO-Naf 

as a sensor probe. In order to evaluate the importance of modified electrode surfaces 

towards electrochemical sensing, we have calculated the diffusion coefficients of bare 

GCE and for each layer of the modified electrode using Randles – Sevcik’s model 

(equation 5.1). 
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( )5 3/2 1/2 1/2  2.69 10    pI n ACD v=  ……………….. Equation 5.1 

Where Ip is the peak current (in ampere), n is the number of electron transferred in 

redox process (here n=1), A is the electrode surface area (in cm2: here A = 0.01 cm2), C 

is the concentration of electroactive species (in mole cm−3), D is the diffusion coefficient 

(in cm2 s-1), and v is the scan rate (in V s−1). 

The diffusion coefficient (D) values for bare GCE, GCE/AuNPs, GCE/AuNRTs-Naf, 

GCE/rGO-Naf, GCE/AuNPs/AuNRTs-Naf, and GCE/AuNPs/AuNRTs-rGO-Naf 

modified surfaces were found to be 2.19 x 10-4, 2.42 x 10-4, 2.51 x 10-4, 2.80 x 10-4, 3.05 x 

10-4, and 5.40 x 10-3 cm2s-1, respectively. The findings of Randles - Sevcik model clearly 

indicates the ~ 2.5 fold higher transfer of charged species through the 

GCE/AuNPs/AuNRTs-rGO-Naf modified electrode surface than the bare GCE, thereby 

suggesting that the developed sensing surface is highly conducting.  The results obtained 

by LSV were also validated using the EIS, where spectra in the Nyquist plot were recorded 

for bare GCE (black), GCE/AuNPs (red), GCE/AuNRTs-Naf, GCE/rGO-Naf (pink), 

GCE/AuNPs/AuNRTs-Naf (gray), and GCE/AuNPs/AuNRTs-rGO-Naf (yellow) (Figure 

5.5 (A)) surfaces to obtain the Rct. The Rct values obtained were 1307.26 (± 45.75) Ω, 

1257.12 (± 43.99) Ω, 1131.42 (±39.59 ) Ω, 1057.2 (± 37.00 ) Ω, 992.98 (± 34.75) Ω, and 

174.72 (±10.11)Ω for the bare GCE, GCE/AuNPs, GCE/AuNRTs-Naf, GCE/rGO-Naf, 

GCE/AuNPs/AuNRTs-Naf, and GCE/AuNPs/AuNRTs-rGO-Naf surfaces, respectively 

(figure 5.5(B). It is interesting to note that the lowest Rct was obtained for 

GCE/AuNPs/AuNRTs-rGO-Naf surface compared to other tested surfaces. This was due 

to the fastest electron transfer kinetics at electrode/electrolyte interface in this case. The 

result obtained in EIS also corroborates with the results of LSV analysis. 
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Figure 5.5: (A) EIS responses of the GCE, GCE/AuNPs, GCE/AuNRTs-Naf, GCE/rGO-Naf, 

GCE/AuNPs/AuNRTs-Naf, GCE/AuNPs/AuNRTs-rGO-Naf modified electrode surfaces, (B) 

histogram showing the respective Rct values obtained from the EIS spectra.  

The charge transfer is a crucial parameter for the modified surfaces due to its 

complexity. In order to investigate the charge transfer behavior and stability of modified 

electrode surfaces for electrochemical analysis, we have performed scan rate studies at 

bare GCE, GCE/AuNPs, GCE/AuNRTs-Naf, GCE/rGO-Naf, GCE/AuNPs/AuNRTs-Naf, 

and GCE/AuNPs/AuNRTs-rGO-Naf  (Figure 5.6). Here LSV responses were recorded at 

different scan rates (i.e.10-100 mV/s) in 5mM PBS containing RuHex solution and peak 

currents were plotted against the square root of scan rates. The Ipa was found to be directly 

proportional to the square root of scan rates in all cases with the correlation coefficient 

between 0.997 and 0.999; indicating the stability of sensor probe and diffusion-controlled 

charge transfer processes at modified electrode surfaces. These results confirm that the 

developed GCE/AuNPs/AuNRTs-rGO-Naf probe is highly stable, conducting, and 

sensitive; hence, it is suitable for electrochemical analysis.  
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Figure 5.6: (A) LSV responses of the GCE/AuNPs/AuNRTs-rGO-Naf modified surfaces at 

different scan rates (10-100 mV/s) and (B) scan rate dependent plot obtained from the LSV 

responses  

Thereafter, in order to confirm the macroscopic changes at the modified electrode 

surface, every deposition layers of final probe have been characterized using AFM by 

capturing the surface during the biosensor fabrication process and analyzed its surface 

roughness and z-deflection. Figure 5.7 shows the representative AFM micrographs and z-

deflection pattern of the surfaces at different stages of fabrication. i.e. bare electrode (i), 

AuNPs deposited electrode (ii), and AuNRTs-rGO-Naf deposited electrode (iii). Firstly, 

the surface topology of bare electrode was captured where smooth morphology was 

observed. Using the micrograph, mean surface roughness, and z-deflection have been 

calculated, which were obtained to be 0.50 nm and 3 nm, respectively. Thereafter, AuNPs 

deposited surface was captured, where the generated micrograph shows a granular 

morphology with the mean surface roughness and z-deflection of the 4.81 nm and 11 nm, 

respectively; indicating the successful deposition of AuNPs onto the electrode surface. In 

the final step of fabrication, more dense film like morphology was observed with the mean 
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surface roughness and z-deflection of 7.90 nm and 26 nm, respectively, indicating the 

stable coating of AuNRTs - rGO over the electrode surface. 

 

Figure 5.7:  AFM micrographs (2D and 3D) of the bare electrode surface (i), AuNPs 

deposited electrode surface (ii), and AuNRTs-rGO-Naf deposited surface (iii) with 

respective z-deflection profiles and mean surface roughness. 

3.3. Analytical performance of the GCE/AuNPs/AuNRT-rGO-Naf sensor probe: 

After the successful characterization, the GCE/AuNPs/AuNRTs-rGO-Naf sensor 

probe was applied for the detection of ST. At first, we have tested the suitability of 

fabricated probe for ST detection. For that, bare GCE was dipped in 5 mM PBS (Blank / 

no ST) and LSV was recorded by sweeping the potentials between 0.25 and 0.60 V, where 

no peak was observed. In the subsequent step, the LSV response was recorded in 5 mM 
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PBS containing 10-3 M ST using bare GCE probe, where a broad peak at 0.39 V was 

observed, which is due to the presence of ST in electrolyte solution. Thereafter, the 

modified GCE/AuNPs/AuNRTs-rGO-Naf sensor probe was tested in same PBS solution 

containing 10-3 M ST and LSV was recorded in the similar potential window separately. 

Interestingly, a sharp amplified peak at a relatively lower potential 0.36 V was observed, 

which is due to the electro-catalytic activity of the modified electrode. The signal response 

of GCE/AuNPs/AuNRTs-rGO-Naf sensor surface was found with the two-fold increment 

than the bare GCE in presence at the same concentration of ST (i.e. 10-3M), indicating the 

fabricated biosensor is capable of sensitive determination of ST (Figure 5.8 (A). In order 

to validate the peak observed at 0.37 V was merely due to the interaction of ST with sensor 

probe, we performed two separate control experiments. In first control experiment, a 

concentration dependent study was performed, where we tested 1x10-5, 3x10-5, 6x10-5, and 

1x10-4M of ST. Figure 5.8 (B) shows the signal response, where current increased linearly 

with increasing ST concentrations. The representative dose dependent LSV responses are 

shown in inset of figure 5.8(B). The linear regression equation for concentration dependent 

plot is expressed as follows: ΔI (µA) =  14.87 x10-6 (± 0.61x10-6) + 2.18x10-6 (±0.13x10-

6) Log Conc. [ST (M)] with the correlation coefficient of 0.96, indicating the ability of 

GCE/AuNPs/AuNRT-rGO-Naf sensor probe for ST detection correctly. In second 

experiment, a scan rate dependent study was performed at 10-3 M of ST between 10 and 

100 mV s−1 (Figure not shown). In this case, the oxidation peak current was found to be 

directly proportional to the square root of scan rates due to the diffusion controlled 

electrochemical process of ST only. The results obtained from both the control 

experiments validate that the designed sensor probe is stable and is able to detect ST 

accurately. Comparable peak potential for ST has also been reported at GCE/MWCNT-

NiO electrode (Fayemi et al.,2017). After this, we further investigated the analytical 
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performance of designed GCE/AuNPs/AuNRTs-rGO-Naf sensor by detecting various 

concentrations of ST, where differential pulse voltammetry (DPV) has been used for the 

further analysis as it offers sensitive determination (Bard et al.,1980). 

 

Figure 5.8: (A) LSV responses of the GCE/AuNPs/AuNRTs-rGO-Naf in presence of 

blank and different concentrations of Serotonin (1x10-5, 3x10-5, 6x10-5, 1x10-4M ). (B) Dose 

dependent LSV responses and corresponding calibration plot of serotonin at 

GCE/AuNPs/AuNRTs-rGO-Naf probe surface. 

Figure 5.9 (A) shows the representative DPV curves, where the current response 

increased linearly with the increase in the ST concentrations. Based on the DPV responses, 

a calibration plot was obtained, which shows the LDR between 3x10-6 and 1x10-3 M of ST 

(Figure 5.9 (B)). The linear regression equation of the calibration plot for ST detection was 

expressed as follows: ΔI (µA) =  3.80x10-6 (±0.38x10-6) Log Conc. [ST (M)] + 20.41x10-

6 (±1.66x10-6) with the correlation coefficient of 0.95. The DL in this case was determined 

to be 3.87 (±0.02) x 10-7 M (RSD < 4.2%, 95 % confidence level, n=3) using equation 5.2.  
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Figure 5.9:  (A) DPV responses of the serotonin in different concentrations, and (B) 

calibration plot obtained from the dose dependent DPV responses. 
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--------   Equation 5.2 

Where, SDB is standard deviation of blank; x is the limit of quantification or lowest 

concentration measured. 

It is worth mentioning that the detection range in our case falls well in the clinical 

range related to various pathophysiological conditions including carcinoid 

syndromes/tumors (Feldman,1986; Plapp,2019) and pre-eclampsia (Vural et al.,1999). 

3.4. Selectivity assay: 

For the biomedical usage of any biosensor, it should have to be selective towards 

the target analyte. Therefore, to analyze the selectivity of developed biosensor, the 

interference assay is performed. (Mahato and Chandra,2018; Mahato et al.,2018; Pallela 

et al.,2016). Here, firstly the fabricated GCE/AuNPs/AuNRTs-rGO-Naf probe was tested 
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towards ascorbic acid due to its coexistence in higher concentrations and close reduction 

potential (to ST) in the biological samples. Interestingly, in our case, no peak for ascorbic 

acid was observed. Not only this, citric acid, uric acid, glutamic acid have also been tested 

using the fabricated probe due to their coexistence with ST in various bio-fluids. In all the 

cases, no peak was observed, which were most likely due to the repulsion of these 

molecules from the negatively charged electrode surface. In addition to these, the 

interference effects of other coexisting molecules viz. glucose, urea alanine, and serum 

albumin present in bio-fluids have also been tested. In case of glucose, no peak was 

obtained due to its electrochemical inertness and inability of the probe to oxidize the 

glucose, whereas urea, alanine, and serum albumin were observed with no peaks in the 

operational window. In the biological matrices, other monoamine NTs viz. dopamine, 

epinephrine, and norepinephrine are profoundly reported in coexistence with ST; hence, 

the interference due to their presence is most likely event as they show close reduction 

potential to ST. Therefore, we have tested the GCE/AuNPs/AuNRTs-rGO-Naf fabricated 

probe for other NTs, where no current responses were observed at 0.36V, however, the 

peaks for these NTs were observed at 0.25 V. The results clearly indicates that these NTs 

do not interfere towards ST detection. The selectivity of GCE/AuNPs/AuNRTs-rGO-Naf 

probe was mathematically deduced by determining the selectivity coefficient selectivityK

using equation 5.3.  

( )

( )
         

interferent

selectivity

ST

Signal

Signal
K = -------------------------- Equation 5.3 
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Where selectivityK  is the coefficient of selectivity, ( )
interferent

Signal is the signal strength shown 

by probe when treated with the interfering molecules, and ( )
ST

Signal is the signal strength 

corresponds to ST. 

 

Figure 5.10: Selectivity assay of GCE/AuNPs/AuNRTs-rGO-Naf sensor probe. 

The calculated selectivityK  values for interfering molecules were found to be 

extremely low   ( selectivityk << 1), indicating that the fabricated sensor is highly selective 

towards ST. We also performed T-test and calculated p-values against all interfering 

molecules, which were found to be << 0.001 (n = 3), indicating that the selectivity results 

are statistically significant. Figure 5.10 shows the histogram obtained from DPV responses 

of the interfering molecules and ST at the GCE/AuNPs/AuNRTs-rGO-Naf sensor probe.  
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3.5. Real sample analysis: 

There are a number of pathophysiological conditions, where the variable levels of ST 

in urine, blood, and cellular systems were reported (Feldman,1986; Murugesan et 

al.,2018). Therefore, the detection ability of GCE/AuNPs/AuNRTs-rGO-Naf sensor probe 

was investigated in these matrices using spike and recovery method. Firstly, the urine 

samples have been tested, where urine samples were equilibrated with PBS and ST of 

different concentrations were spiked followed by its detection using the 

GCE/AuNPs/AuNRTs-rGO-Naf sensor probe. It is worth mentioning that the urine 

samples were not subjected to any pretreatment step such as filtration or centrifugation 

before processing. The results of these experiments were analyzed and % recoveries of ST 

were calculated using equation 5.4.  

( )[S] [ ]
        % Rec  overy

[ ]

ST ST

ST
SS

B−
= --------------------------- Equation 5.4 

Where, [ ]STS  and [ ]STB  are the analytical responses of ST in the spiked and blank 

urine samples, respectively; and [ ]STSS is the analytical response of ST in the standard 

solutions.  

Figure 5.11 shows the signal response of ST detected in urine samples (red bars), where 

peak currents increased linearly with the increase in ST concentrations from 3x10 -6 to 

1x10-3 M. The sensitivity of ST detection was evaluated by comparing the DPV signals 

obtained from urine samples with blank buffer (black bars). Interestingly, the designed 

biosensor is able to detect 96.23% to 98.49% of ST from the human urine samples. The 

analytical details for recovered ST concentrations, RSD, and % recovery for all the tested 

concentrations are represented in table 5.1. Based on the dose dependent ST detection in 

urine, a calibration plot was obtained which shows the linear regression equation as 
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follows: ΔI (μA) = 3.71(±0.33) x 10-6 log Conc [ST (M)] + 20.28 (±1.47) x10-6 M with the 

correlation coefficient of 0.959. The DL of 4.93 (±0.32) x10-7 M (RSD < 3.58 %) was 

obtained in human urine sample based on the standard deviation of three times consecutive 

analyses of the blank (95% confidence level; n=3), which indicates the fabricated 

biosensor is efficient to detect ST in human urine sample and is highly reproducible. 

Further, the fabricated probe was challenged for the determination of ST in relatively 

complex matrices. For this purpose, the fabricated probe was used for the determination 

of ST in clinical serum samples. Herein, human blood sample was obtained from nearby 

clinic and serum was extracted by following the standard protocol. Thereafter, the clinical 

serum was equilibrated with PBS and used for the determination of ST. Similar to the 

assessment in urine samples, here also, the different concertations (1x10-3 to 3x10-6) of the 

ST were spiked and DPV responses were recorded (figure 5.11; blue bars). Based on the 

DPV responses, % recovery for ST were calculated against every spiked concentrations, 

which were found in between 84.62 and 90.69%, indicating the fabricated probe is capable 

of detecting even in the complex matrix like blood serum. Based on the dose dependent 

responses of GCE/AuNPs/AuNRTs-rGO-Naf probe in serum samples, a calibration plot 

was traced and the regression equation was obtained as follows: ΔI (μA) = 3.31(±0.34) x 

10-6 log Conc [ST (M)] + 18.06 (±1.50) x10-6 M with the correlation coefficient of 0.947 

and the DL of 8.73 (±0.35) x10-7 M (RSD < 4.92 %). After demonstrating the ability of 

the sensor probe to the successful ST detection in biological fluids, we enthusiastically 

extended our investigation towards in vitro detection of ST using the fabricated sensor 

probe. For this purpose, ST was spiked in the cellular environment in the range between 

3x10-6 to 1x10-3 and analyzed the performance of fabricated sensor probe as performed in 

earlier cases. Figure 5.11 (gray bars) shows the dose dependent increment in ST signal 
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when tested in in vitro settings. Similar to the above, here also we have obtained a 

calibration plot after plotting the peak currents of responses against  

 

Figure 5.11: Comparative concentration dependent determination of ST in PBS (black 

bars) urine (red bars), in vitro human embryonic kidney cells (blue bars) and blood serum 

(gray bars). 

concentration spiked. The regression equation was obtained as ΔI (μA) = 3.45 (±0.38) 

x 10-6 log Conc [ST (M)] + 18.79 (±1.66) x10-6 M with the correlation coefficient of 0.932. 

The DL in this case was found to be 7.37 (±0.27) x10-7 M (RSD < 4.92 %), indicating the 

biosensor is capable of detecting ST even in cellular environments. Thereafter, the % 

recovery was calculated and found in between 86.19 and 94.88%. The obtained recovered 

ST concentrations, % recovery, and RSD for serum and in vitro cellular samples were 

reported in the table 5. 1 (A-C).
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Table 5.1: Recovery table of ST from the real samples (A) urine,  (B) blood serum, and (C) cell culture using the fabricated GCE/AuNPs/AuNRTs-

rGO-Naf sensor probe 

(A) Urine 

Spiked ST (M) Recovered  ST (M) RSD % Recovery 

3.00x10-06 2.95(±0.19)x10-06 6.75 98.4 

1.00x10-05 0.97(±0.06)x10-05 4.14 97.41 

3.00x10-05 2.92(±0.17)x10-05 5.97 97.37 

1.00x10-04 0.96(±0.05)x10-04 5.33 96.23 

3.00x10-04 2.95(±0.14)x10-04 4.86 98.49 

1.00x10-03 0.96(±0.03)x10-03 3.59 96.8 

(B) Blood Serum 

Spiked ST (M) Recovered  ST (M) RSD % Recovery 

3.00x10-06 2.72(±0.19)x10-06 4.48 90.69 

1.00x10-05 0.89(±0.06)x10-05 4.58 89.53 

3.00x10-05 2.55(±0.17)x10-05 4.52 85.07 

1.00x10-04 0.84(±0.05)x10-04 4.78 84.62 

3.00x10-04 2.55(±0.14)x10-04 5.58 85.22 

1.00x10-03 0.87(±0.03)x10-03 4.76 87.79 

(C) Cell culture 

Spiked ST (M) Recovered  ST (M) RSD % Recovery 

3.00x10-06 2.84(±0.13)x10-06 4.73 94.88 

1.00x10-05 0.93(±0.44)x10-05 4.69 93.23 

3.00x10-05 2.58(±0.12)x10-05 4.78 86.19 

1.00x10-04 0.87(±0.41)x10-04 4.50 87.82 

3.00x10-04 2.61(±0.01)x10-04 4.68 87.15 

1.00x10-03 0.91(±0.04)x10-03 4.65 91.86 
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It is interesting to note that the DL in all the real sample matrices was slightly higher 

compared to the standard buffer conditions, indicating the negligible matrix effect and 

excellent catalytic ability of GCE/AuNPs/AuNRTs-rGO-Naf sensor probe for the sensitive 

determination of ST even in unknown matrix components. 

3.6. Reproducibility and stability studies: 

Reproducibility and stability are the other parameters, which decide the 

commercialization of any such sensors (Chandra et al.,2017; Mahato et al.,2017). In order 

to test the fabricated GCE/AuNPs/AuNRTs-rGO-Naf sensor for its reproducibility, the 

current responses were recorded using the five separately prepared sensor probes. The 

current responses due to the GCE/AuNPs/AuNRTs-rGO-Naf probe were observed 

negligibly altered, when same fabrication procedure was followed (RSD < 3.9%), 

indicating the developed GCE/AuNPs/AuNRTs-rGO-Naf sensor probe is highly 

reproducible.  

Figure 5.12: Histogram obtained on shelf life study of the GCE/AuNPs/AuNRTs-rGO-

Naf sensor probe tested using 10-4 M ST 
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The small deviation was most likely due to the minor difference in sensor development 

and / or due to handling errors. The long-term stability has also been studied for the 

fabricated GCE/AuNPs/AuNRTs-rGO-Naf sensor probe, where the sensor was found to 

be stable until 8 weeks. Thereafter, the response decreases with time suggesting the 

developed GCE/AuNPs/AuNRTs-rGO-Naf sensing probe is stable up to 8 weeks. 

4. Conclusions: 

In this study, we have fabricated a novel facile robust biosensor based on the AuNRTs 

decorated -rGO nanocomposite for the determination of ST. After the successful 

characterization of the synthesized nanocomposite by UV-Vis, TEM, SAED, and EDX, it 

was employed to fabricate sensor probe and was characterized by AFM and 

electrochemical techniques. The biosensor shows excellent analytical performance with 

the wide DR of 3x10-6M -1x10-3M and DL of 3.87 (±0.02) x10-7 (RSD < 4.2%) M, which 

falls in concentrations for at various clinical conditions. The biosensor is capable of 

delivering highly selective and sensitive determination of ST in urine, blood serum 

samples, and in vitro (human embryonic kidney cells) models. The fabricated sensor shows 

excellent recoveries between 84.62 - 98.40% of ST in these samples, making it suitable 

for various clinical usages. To the best of our knowledge, we have demonstrated AuNRTs 

conjugated nanocomposite based electrochemical biosensor for ST determination for the 

first time. The biosensor shows high selectivity towards ST in comparison to the 

interfering molecules, and stable up to 8 weeks. The fabricated biosensor has many 

remarkable features including ease to handle, fast, label-free and inexpensive detection; 

thus, it could be a method of choice for ST determination in the biological and clinical 

samples. In the future, the developed biosensing system can be translated towards a 

genuine miniaturized sensing device for various applications. 
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1. Summary 

In this present work, we have studied the process of biosensor development by 

incorporating engineered surfaces and nanomaterials. In the first objective (chapter II), we 

have developed a biosensor by employing engineered paper surface to anchor the antibody 

for the selective determination of alkaline phosphatase. The biosensor showed the wide 

dynamic range from 10-1000 U/mL with the detection limit of 0.87 (±0.07) U/ml (RSD < 

4.2%) U/mL, which falls in the alkaline phosphatase range of the raw milk. The biosensor 

exhibits high selectivity towards the alkaline phosphatase (ksel<<1) and successfully 

recovered more 84% of the ALP, when spiked in pasteurized and raw milk. The biosensor 

is stable for four weeks. We have fabricated a point of use detection kit for the onsite 

determination of alkaline phosphatase in milk.  

In the second objective (chapter III), we have employed nanomaterials on to the 

surface of sensor for obtaining the enhanced sensitivity. Here, Au-nano-dendroid-

graphene oxide based metallic nanocomposite is used for the sensor fabrication. Here, we 

have developed a highly sensitive electrochemical biosensor for the determination of 

common biomarker for bone and liver health i.e. serum alkaline phosphatase, where the 

antibody of the serum alkaline phosphatase is immobilized covalently to the support matrix 

and sensor probe was characterized by using electrochemical techniques. Thereafter, the 

analytical performance of the sensor was rerecorded using electrochemical impedance 

spectroscopic technique. The sensor shows wide dynamic range of 100-1000 U/L with the 

detection limit of 9.32 (± 0.12) U/L (RSD < 3.4%). The stability of the sensor was found 

to be eight weeks. The sensor has shown remarkable sensitivity of the ALP determination 

in human serum sample where the level of 85.4 (± 0.31) U/L was obtained, which is 

comparable to the level obtained by clinically accepted method.  
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In the third objective (chapter IV), we have engineered the sensor surface by 

incorporating the porous nanomaterial to increase the area for the electron flow. Here, we 

have developed an ultrasensitive electrochemical nanobiosensor for vitamin-C detection 

based on porous graphene-1,8-diaminonepthelene nanocomposite coated on Au-

nanoparticles deposited glassy carbon electrode surface. The nanobiosensor probe was 

fabricated using synthesized nanocomposite and characterized by physical and 

electrochemical techniques. The analytical performance of the developed nanobiosensor 

was studied using differential pulse voltammetric technique, which showed a wide 

dynamic range between 1x10-14 M and 1x10-3 M with the detection limit of 4.4 (± 0.02) x 

10-17 M that is lowest compared to any Vitamin-C nanobiosensor reported in the literature 

till date. The practical applicability of fabricated nanobiosensor was examined by testing 

vitamin-C in human urine and fruit juice samples. Detection of vitamin-C was also 

performed directly in brain tissues of healthy as well as diseased mice models. The 

nanobiosensor was found to be highly selective (ksel<<1) towards vitamin-C and stable up 

to six weeks. 

In the fourth objective (chapter V), we developed a novel biosensor for the 

detection of serotonin using Au-nanorattles-reduced graphene oxide nanocomposite 

coated on to the Au-nanoparticle deposited glassy carbon electrode surface. The 

synthesized nanocomposite has been extensively characterized using the physical and 

electrochemical techniques and used for the sensor probe fabrication. The fabricated 

sensor probe surface was then characterized using electrochemical techniques and 

analytical performance were analyzed. The linear dynamic range was found to be of 1x10-

3 M - 3x10-6M, respectively, which falls in the ranges of normal and clinical 

pathophysiological conditions such as carcinoid tumor and pre-eclampsia. The limit of 

detection was obtained to be of 3.87 (±0.02) x10-7 (RSD < 4.2%) M. The fabricated 
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biosensor shows high selectivity (ksel << 1) towards the serotonin and capable of 

determining serotonin in different real matrices viz. urine, blood serum, and human 

embryonic kidney cell line. The shelf-life of sensor probe was then evaluated which was 

found to be stable for eight weeks.  

2. Future works: 

The future works that may be extended to: 

• The future direction of this study may lead to the development of portable modules 

for onsite detection. 

• The user interface of the DIC based determinations can be improvised for quicker 

onsite detection for milk quality checkups. 

• For the extension of the electrochemical biosensor for ALP, a portable customized, 

cheaper device may be developed using microcontrollers / smartphone for the 

onsite determination of ALP.  

• The work done in this study may be extended for the development of biosensors 

targeting various other molecules simply by tuning the existing antibody-antigen 

couple. 

•  The direct electro-chemical based multiplexed biosensors may be developed for 

the simultaneous determination of electrochemically active target analytes. 
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Figure A-1: Media highlights of ALP paper sensor 
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Figure A-2: Media highlights of ALP paper sensor 
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