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Abstract    
There are an increasing number of applications for point-of-care biosensing technologies that 

are able to monitor biochemical levels over a period, rather than as a measurement at a single 

time point. As with all point-of-care devices, cost and appropriate sensitivity for measurement 

in the clinical range of the target analyte are very important factors.  

In the study described in this thesis, impedimetric, affinity-based non-faradaic biosensors, 

which incorporate nanoparticles have been investigated to progress towards devices that are 

suitable for such point-of-care applications. To keep fabrication costs low, a simple colloidal 

dispersion technique, incorporating sonication was used to create sensor surfaces of zinc 

oxide (ZnO) and zinc oxide / copper oxide (CuO) nanoparticles. The nanoparticles acted to 

enhance the signals and thus increase the sensitivity. Using the nanoparticles, two sensor 

structures were evaluated; the first was formed by dropping the nanoparticle colloidal 

suspensions on to polyethylene terephthalate (PET) substrates and the second was created 

by facilitating the absorption of the nanoparticle colloidal suspensions in to nitrocellulose 

membranes.  

Results of the analysis of the sensor structures, performed using scanning electron 

microscopy, Raman spectroscopy and electrical analysis, are presented. In order to evaluate 

the biosensing properties, C-Reactive Protein (CRP) was used as a model analyte. The 

progression from a 2D nanoparticle surface (on PET substrates) to 3D nanoparticle surface 

(nanoparticle impregnated membranes) resulted in a significant increase in the sensitivity.   

For example, the limit of detection improved from 0.4 ng/mL for the ZnO/CuO (1:2) nano-

surfaces to 16 pg/mL for the ZnO/CuO (1:2) nanoparticle membrane. Altering the ratio of ZnO 

to CuO within the suspension used to make the sensors structures, also resulted in variation 

in the sensitivity.  

This thesis also reports a flow assay based on ZnO and ZnO/CuO nanoparticle impregnated 

membranes, using impedance measurement with both planar and interdigitated electrodes. 

These new paper-based flow systems showed high sensitivity and wide detection ranges over 

approximately a 2 hour testing period (where samples were added at fixed time intervals). 
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Using CRP as the analyte, the dynamic range of the biosensor was demonstrated to 

encompass 10 pg/mL to 366,660 pg/mL on 4 mm gap planar electrode and 1 pg/mL to 3,166 

pg/mL on interdigitated electrode , with a calculated limit of detection of < 5 pg/mL for both 

nano-ZnO and nano-ZnO/CuO membranes. This technique, which combines the benefits of 

nanoparticle technology, impedimetric measurement and flow immunoassays, offers great 

potential for the development of real-time, low-cost, point-of-care biosensing devices. 
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Chapter 1   

 Introduction 
 

The development of new analytical approaches that can be applied at point-of-care or point-

of-test and allow monitoring of variations in biochemical levels over time is in increasing 

demand across healthcare, environmental and other fields. Biosensors that can provide 

continuous information about changing levels of biologically important molecules within our 

bodies have vast potential in terms of management of chronic conditions, as well as screening 

and aiding personalised healthcare. Continuous monitoring can provide instant feedback on 

important biochemical changes and can permit prediction and learning, offering superior 

performance compared with a single measurement that may miss a pathologically important 

transient or deliver an erroneous result caused by noise or natural fluctuation. 

In the healthcare sector, continuous monitoring of diabetes patients’ glucose levels in blood 

or interstitial fluid is becoming common. However, the enzyme-based electrochemical 

sensing technique that is used is not readily applicable to monitoring many clinically 

important (or other) targets. Affinity-based sensors are much more flexible in terms of their 

range of possible targets, but the vast majority of these on the market or under development 

in research laboratories focus on single time point measurement. This is generally because 

the sensor surface becomes saturated with the target molecule and therefore preventing 

measurement over a prolonged period. 

This PhD project addressed some of the limitations associated with existing technology to 

progress towards an inexpensive, continuous monitoring sensor system, adaptable to a wide 

range of analytes. This chapter defines the hypothesis and objectives of the research project 

presented in this thesis. Relevant background information is cited to provide explanations for 

the direction of the investigation and to demonstrate the novelty of the approach.    
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1.1 Thesis Statement 

The hypothesis that was tested in this research project was: Nano-particle metal oxide 

semiconductor materials can be integrated within a porous structure to create a sensitive, 

rapid immunoassay biosensor for measurement of biological target by flow-based 

methodology. 

To test this hypothesis four objectives were defined to provide incremental development of 

the biosensor and to evaluate the elements of the device, using C-reactive protein (CRP) as 

the model analyte. 

(a) To develop an impedance-based biosensor, comprising a ZnO nano-surface, fabricated 

using a simple ultrasonic colloidal-dispersion fabrication methodology. 

(b) To evaluate the benefits of adding CuO to ZnO to enhance the sensitivity of the 2D nano-

surface biosensor.  

(c) To demonstrate that a 3D nano-structured biosensor can be fabricated by infusing ZnO 

and CuO nanoparticles in to a porous membrane. 

(d) To evaluate a flow based immuno–biosensor using ZnO/CuO nanoparticle porous 

structure for detection of CRP in real-time over a period of hours by flow-based methodology.  
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1.2 Biosensor Components 

Biosensors are bioanalytical devices which integrate technologies and techniques from 

multiple disciplines, such as physics, engineering, chemistry and biology, to deliver readable 

output signals in response to specific chemical species [1]. The basic concept involves the 

combination of a biological recognition element and a physicochemical transducer, with 

biosensors being applicable broadly, for detection, measurement and monitoring purposes in 

the healthcare, food safety, public health, environmental and security fields. Biosensors are 

commonly used as point-of-test or point-of-care devices because they can be portable, simple, 

easy to use, cost-effective and disposable. The majority of biosensors on the market and 

under development in research laboratories are focussed on the healthcare sector, where 

they are used to detect physiological analytes or biomarkers, i.e. biochemicals indicative of a 

disease or physiological conditions. In these applications, to make them effective point-of-

care tools for the early detection and monitoring of disease, biosensors must be adapted to 

measure real biological samples, e.g. blood serum and plasma, urine and saliva and have 

sensitivities and selectivities within appropriate clinical ranges, whilst delivering the benefits 

of rapid response, low cost  and simplicity of use [2].  

Figure 1.1 illustrates the basic elements of a biosensor. A biosensor utilises a biological 

recognition element, such as antibody, nucleic acid, enzyme and aptamer, immobilised on to 

a sensing surface. Sensing surfaces can have a variety of different forms, depending on the 

type of biosensor, including planar, membrane and nanofilms. The sensing surface is linked 

to, or forms part of, a transducer, which converts a chemical interaction on the sensing 

surface to a physical output in electrical or optical form. When the biological recognition 

element interacts with a specific target, such as antigen or DNA sequence, on the sensing 

surface an output signal which is proportional to the concentration of the target in the sample 

is produced. Various factors are used for validation of biosensor such as sensitivity, selectivity, 

reproducibility, stability and linearity [3]. The various components of a biosensor are 

described below.  
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Figure 1. 1 The principle of a biosensor (transducer mechanism adapted by [4–6]) 
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1.3 Bioreceptors 

1.3.1 Various Receptors  

The choice of a bioreceptor for a biosensor is dependent on the analyte (or biomarker) to be 

detected and the transducer employed. Biosensor types can be classified according to 

bioreceptor interactions, i.e. enzymes/substrates, antibody/antigen, nucleic acids/DNA, 

protein receptors/ligands, cellular structures/cells, or biomimetic materials.  

The working principle for enzyme-based biosensors is linked to their capability to specifically 

detect their target and to catalyse its transformation. There are many examples of enzyme-

based biosensors in the literature [4,7–10]. For example, Mozaffari et al. immobilised urease 

enzyme on to a sputtered nano-zinc oxide thin film on a conductive fluorinated tin oxide layer, 

for urea detection by the measurement of the electrochemical potential across the film [4]. 

This demonstrated the main advantages of enzyme-based biosensors, i.e. that the biosensor 

can be inexpensive and provide a rapid result. The main disadvantage of this type of 

biosensors is that the possible targets are restricted.  

Yew et al. utilised polycaprolactone (PCL) electrospin-coated test strip to fabricate a nucleic 

acid-based lateral flow assay [11]. The PCL nanofibers on nitrocellulose membrane improved 

the sensitivity of lateral flow assay detection for nucleic acid [11]. A second example is 

provided by Cao et al. [12]. This research team developed a sensitive DNA sensor based on a 

Schottky-contacted ZnO nanowire device for detection of the human immunodeficiency virus 

1 gene. The piezoelectric effect was used to measure the performance of the DNA sensor by 

testing its output current under different target cDNA concentrations [12]. Electrochemistry 

results showed inverse relationship between the output current and the human 

immunodeficiency virus 1 gene [12]. Compared with other sensors nucleic acid sensors have 

the ability to detect sequences of DNA and therefore ideally suited to detection of 

virus/bacteria. 

Aptamers are oligonucleotide or peptide molecules that bind to a specific target molecule. 

Chu et al. demonstrated an aptamer-immobilized AlGaN/GaN high electron mobility 

transistors that can be used to directly detect proteins with high sensitivity [13]. The 

operation of this sensors was based on the principle that the protein binding induced gate 
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voltage drop causing local charge density re-distribution in the gate electrode area which lead 

to subsequent changes in the charge density on the active channel [13]. An aptamer-

functionalized molybdenum disulphide (MoS2) nanosheet based biosensor was developed for 

detection of thrombin through the impedance changes of interactions between immobilized 

aptamer on the electrode surface and thrombin in the electrolyte [14]. Aptamers are 

adaptable to many applications and advantages including that they are small in size, 

chemically stability and cost effectiveness. Most aptamers are obtained through a 

combinatorial biology technique called SELEX  (Systemic Evolution of Ligand by Exponential 

enrichment) [5,15].  A major limitation associated with their use is the lack of high-quality 

aptamers for clinically important targets. 

 

1.3.2 Antibody-Based Biosensors 

Antibody-based biosensors (immunosensors) remain the most adaptable devices, capable of 

detection of a wide range of analytes and thus being well-suited to varied applications. Their 

operation is based on an immunochemical reaction between an antigen and an antibody, 

resulting in a biosensor with high specificity and rapid recognition of the target analyte. There 

are thousands of examples in the literature. For example, measurement of cardiac troponins 

(cTnT and cTnI), which are tissue-specific expression markers for coronary heart disease, was 

performed by Shanmugam et al. [16] using a blood circulation diagnostic test, delivering a 

sensitivity of 1 pg/mL. Osteopontin (OPN), a biomarker of a prostate cancer, was measured 

using an antibody-based biosensor based on single-walled carbon nanotubes at a sensitivity 

of 0.3 pg/mL [17]. Similarly, cortisol, a generic biomarker for stress, secreted in sweat, was 

detected by ultra-sensitive and highly specific electrical double layer modulated biosensor 

[18]. Other examples of antibody-based biosensors include those for the detection of 

epidermal growth factor receptor (EGFR) [19], brain natriuretic peptide [20] and insulin [21]. 

Antibody-based sensors can be categorised as those requiring a label and those that are label-

free. Syahir et al. [22] summarised a range of label-based biosensor detection methods that 

are commonly utilised i.e. fluorescently labelled probes [23], chemiluminescent labelling [24] 

and nanoparticles labelling [25]. Although the kinetics of biomolecular binding to the labels 

need to be considered, the benefit is the enhanced sensitivity that can be achieved by indirect 
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measurement of the label rather than the analyte. In contrast, label-free biosensors take 

advantage directly of properties of the analyte, for example molecular weight (such as 

microcantilevers [26], quartz-crystal-microbalance [27]) and refractive index (such as surface 

plasmon resonance [28]) to sense dynamic change [22]. The main advantage of label-free 

biosensors is that the interactions between biological recognitions are directly detected. Thus, 

the conjugation of a label to an assay component for the biosensor can be omitted along with 

any secondary label activation step. 

The positive attributes of adaptability and simplicity, together with high sensitivity and 

selectivity, as shown from the examples above, are the key reasons for the selection of an 

antibody as the bioreceptor in this research study. 

 

1.3.3 Antibody Immobilisation 

A key consideration in the development of an antibody-based biosensor platform is the 

orientation of the antibody relative to the sensing substrate, as this greatly affects the 

performance of the biosensor in terms of its sensitivity and selectivity. Welch et al. reviewed 

the orientation and characterisation of immobilised antibody and concluded that the 

orientation of surface immobilised capture antibody played an important role in immunology 

[29]. This importance is related to the antibody structure. Figure 1.2 shows a diagram of 

immunoglobulin G (IgG) which is an antibody most commonly used in biosensors. The IgG 

molecule consists of two light chains and two heavy chains which are joined by di-sulphide 

bonds to form a Y-shaped molecule. The regions which bind to an antigen are found at the 

ends of the “Y” in the Fab (fragment antigen binding) part of the molecule. The binding site is 

unique for a given antigen whereas the Fc (fragment crystallisable) part of the molecule is 

constant and is involved in antibody recognition on cell surfaces. Antigen recognition and 

binding is through the interaction of six Complementarity-Determining Regions (CDRs), 3 on 

the light chain and 3 on the heavy chain which make up the antigen binding site. There are 

two antigen binding sites on each IgG molecules and are responsible for the specific Ab-

antigen interactions. 
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Figure 1. 2 Structure of IgG and IgG immobilized in a random fashion on a surface 
(Adapted from [30]) 

 

Given that the two antigen binding sites are at the terminal ends of the “Y” it is important 

that the antibody is immobilised on the surface in a way that the antigen binding sites are 

exposed and available for binding with the antigen. There are two main approaches to 

antibody immobilisation, one is to chemically couple the antibody to the sensor surface 

through the creation of covalent bonds; the other approach is to physically absorb the 

antibody to the sensor surface through the non-covalent bonds. The formation of covalent 

bonds requires a 1 or more sequential chemical reactions that modify the protein structure 

of the antibody. There are many chemistries described  such as 11–Mercaptoundeconoic acid 

(MUA) [31], bis(sulfosuccinimidyl) suberate (BS3) [27] and self-assembled monolayers (SAM) 

of thiol molecules [32] but the N-Ethyl-N’-(3-dimethylamino-propyl) carbodiimide 

hydrochloride (EDC)/N-hydroxysuccinimide (NHS) chemistry is commonly used [26,33,34].  

Covalent binding attaches the antibody permanently to the sensor surface allowing vigorous 

washing procedures to be used in the assay but the chemical reaction may “attack” the 

antigen binding sites and reduce the ability of the antibody to bind to the antigen. Non-
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covalent attachment on the other hand does not modify the antibody structure as the 

attachment to the sensor surface is via , electrostatic, hydrophobic and physical interaction 

through van der Waals forces [30]. With both approaches for immobilising the antibody 

molecule, the orientation of the molecule on the surface is not controlled. Figure 1.2 shows 

the immobilized IgG in four exemplary molecular orientations: tail-on (Fc attached to the 

surface), side-on (one Fc and one Fab attached to the surface), flat-on (all three fragments 

attached to the surface) or head-on (both Fab’s attached to the surface) [30]. This results in a 

loss of potential antigen binding sites for the antigen on the sensor surface. Trilling et al. 

presented several immobilization methods: non-covalent and covalent surface attachment, 

yielding oriented or random coupled Abs [30]. 

In order to ensure that there is a maximum number of antigen binding sites available on the 

sensor surface the antibody should be attached via the Fc part of the molecule. This can be 

achieved in a number of ways, including formation of covalent bonds using a chemistry that 

only cross-links the Fc terminal amino acids [29], and the use of a second biological molecule 

on the sensor surface that binds with the antibody via the Fc such as protein G or streptavidin.  

The issue here is that the antibody capture molecule has to be first attached to the sensor 

surface as described above.  The use of self-assembled monolayers has been described to give 

a uniformly charged surface to electrostatically bind capture molecules such as Protein A [27] 

and Protein G [29].  

Controlling antibody orientation is a method commonly used to increase the sensitivity in 

immunological biosensors [35]. There are both advantages and disadvantages of such an 

approach. Choi et al. [28] immobilized anti-CRP on a surface, aligning the orientation of bound 

anti-CRP to expose the Fab’s via protein A, for use in reflectometric interference spectroscopy. 

The sensitivity of  CRP detection was enhanced, compared with the direct immobilisation of 

antibody without the use of protein A [28]. Ghisellini et al. found a 30% higher IgG coverage 

with an oriented antibody, constructed using the protein A layer, as compared with the 

randomly oriented one [36].  

But in some circumstances not all the intermediate antibody binding molecules will be active 

and result in capture of antibody molecules, resulting in a lower density of antibody, although 

orientated correctly (the quantity of adsorbed antibodies per area unit decreases) [35]. The 
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other major disadvantage of this method of antibody alignment is that the size of antibody 

capture linker pushes the antibody/antigen interaction further from the sensor surface and 

potentially beyond the electrical double layer region [15]. Further discussion of this will be 

provided in Chapter 2.  

For applications detecting changes in electrical properties on the sensor surface it is 

important to ensure that the antibody/antigen interaction is as close to the sensor surface as 

possible. Despite the loss of some antigen binding sites a simple adsorption of antibody to the 

sensor surface, immobilised through the formation of non-covalent bonds, has proved 

successful in generation sensitive biosensors. In one paper, where random immobilisation 

was used, the exposure of Fab structure maintained good conformation and binding ability 

[35]. Justino et al. fabricated carbon nanotube field effect transistor (CNTFET) devices, which 

showed linear detection range of 10-4 - 102 µg/mL for CRP with 1 µg anti-CRP antibodies 

immobilised on CNTFET surface by non-covalent adsorption [37]. 

Non-covalent immobilization can result in loss of the antibody from the sensor surface if the 

binding strength is not strong or if there are extreme changes in pH during the assay [8]. 

However, these disadvantages have not been realised with ZnO due to the high isoelectric 

point of 9.5. For example, Penicillinase enzyme was immobilised to ZnO using a simple 

physical adsorption method [8]. The result showed a good reproducibility and selective 

biosensor for the quick monitoring penicillin [8]. In another example, positively charged ZnO 

nanowires with biocompatible nature and larger surface area, were used to bind to Glucose 

oxidase through electrostatic attraction [38]. In another study, Shen et al. demonstrated that 

EGFR antibody bound to ZnO nanorods were more stable and reproducible than assays using 

the antibody not on a ZnO surface  [19]. The device showed a larger current increment due 

to the binding of the antibody to Hs68 when immobilised on ZnO nanorods [19].  

The approach taken in this study was to use a simple adsorption method to immobilise 

antibody on the ZnO and ZnO/CuO surfaces as strong electrostatic interactions hold the 

antibody firmly in place on the surface. Also, the antibody/antigen interaction occurs very 

close to the sensor surface.  It was decided that the simplicity of this approach outweighed 

the potential advantages of a complex immobilisation protocol to capture antibody on the 

surface via the Fc region through and addition layer on the sensor surface. 
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1.4 Substrates 

1.4.1 Solid Support Matrices 

Biosensor behaviour is strongly influenced by the substrate (sensing surface) geometry. 

Important attributes of a sensor surface are that it should be biocompatible and the chemical 

constituents of the material should not interfere with the attached protein. Glass substrates 

are commonly used as they fulfil these criteria. In addition, they possess other advantages, 

such as being optically transparent, having good binding properties through charges on the 

surface, being suitable for high processing temperatures and being inherent versatile [39]. 

Glass substrates are commonly used for optical biosensors. For example, ZnO nanorods were 

used in conjunction with FITC-labelled protective antigen affinity peptide on glass substrate 

for detection of a protective antigen (PA83) of anthrax, using optical ultraviolet emission 

images with a digital camera [40]. Similarly, the thiol-based cross-linker molecule dithiobis 

(succinimidyl propionate) (DSP) was incubated on a ZnO coated glass slide for 90 minutes [41]. 

Fluorescence imaging was used to quantify the fluorescence of Rhodamine 123 in order to 

determine how well DSP is bound to the ZnO surface [41]. A key weakness of glass is that it is 

rigid and fragile, compared to other plastic and flexible materials. 

Selvam et al. compared the performance of both rigid glass and flexible polyimide substrates 

with deposited gold and zinc oxide electrodes as electrochemical sensors and found that both 

electrodes demonstrated stable and consistent impedance trends for quantification of ethyl 

glucuronide (EtG) [42]. Polyethylene terephthalate (PET) is an example of a flexible substrate 

that is commonly used. Ahmad et al. [43,44] utilised hydrothermal growth at low 

temperatures, using drop seeding on to a PET substrates to produce ZnO nanostructures. 

Pradhan et al. utilised Au-coated PET substrate for an enzymatic glucose biosensor. This 

author identified that there were commercial advantages associated with the use of this 

substrate, specifically the lower cost and improved portability due to the light weight and 

flexibility [38]. For these reasons, flexible plastics, such as PET, polyimide, polyester are 

frequently utilised as wearable flexible biosensors, for example using inkjet printing to create 

a temporary ‘tattoo’ [45]. 
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1.4.2 3D Porous Membranes 

Wang et al. schematically presented the capacity for antibody immobilization on 3D matrix 

compared with a conventional 2D surface, as shown in Figure 1.3 [35]. It confirmed the 

greater quantity of effective antibodies per unit area sharply increases from 2D to 3D 

immobilisation [35]. 

 

 

Figure 1. 3 Schematic presentation of immobilization capture antibody (a) Random 
immobilization on 2D surface. (b) Random immobilization on a 3D membrane. (Adapted 
from [35]) 

 

The physical properties of a nitrocellulose membrane, particularly the pore size, is an 

important element of a lateral flow system, which affects the performance of the test [46]. A 

key benefit of performing an immunoassay on a nitrocellulose membrane is that pre-prepared 

antibodies can be simply dispense on to the membrane to perform the assay to form the test 

and control lines [46]. Currently, there are many journal articles which describe utilising 

membranes in colorimetric [46], fluorometric [47,48], and electrochemical [16,49] biosensing 

systems. In addition to ease of use, three-dimensional substrates/membranes also offer 

increased surface area for antibody binding so reducing the problem of steric hindrance that 

may prevent antigen capture [29]. Within the micropore/nanopores a phenomenon known 
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as 'macromolecular crowding' can be observed. Here, due to volume exclusion, the accessible 

free space and availability of the sample fluid become limited and this can have a profound 

effect on the properties of the confined biomolecules. Macromolecular crowding has been 

shown to increase the stability of biomolecules [50]. Nanoporous materials can also enhance 

charge screening through nanoconfinement, which affects electron transfer kinetics inside 

the nanopores [18]. The mass transport within the pores reduces the diffusion time and 

enhances the detection capability by higher surface to volume ratio [50]. The nanoporous 

membrane is also selective associated with pore size which reduces background noise from 

interfering molecules [50].  
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1.5 Transducers 

Antibody-based biosensors can commonly classified into the following groups: (1) Electrical 

biosensor, e.g. field effect transistors and capacitive sensors [37]; (2) Optical biosensors, e.g. 

based on fluorescence [46] and interference spectroscopy [28]; (3) Mechanical biosensors e.g. 

microcantilevers and surface acoustic wave devices [26]; and (4) Electrochemical sensors, e.g. 

based on potentiometry [51] and electrochemical impedance spectroscopy [52]. Examples of 

each type are provided below. 

 

1.5.1 Electrical Biosensors 

One of the main advantages of electrical detection methodologies is their capability of being 

easily integrated within standard electronic microfabrication formats, as well as requiring 

very small analytical volumes. One example is the field-effect transistor biosensor (bio-FET), 

which comprises 2 electrodes (the source and drain) integrated with a conducting material as 

well as the third electrode (the gate). When charged molecules (analyte) bind to bioreceptors 

on the gate, a change in the charge distribution of the underlying semiconductor material 

occurs, altering the conductance between the source and the drain and hence the output. 

Adaptation of the gate surface can enhance the properties of the bio-FET [5].  

Justino et al. presented results for carbon nanotube field-effect transistor (CNTFET) biosensor 

[37]. In a CNTFET biosensor, an array of carbon nanotubes is used as the channel material 

instead of bulk silicon as in the traditional FET structure. The electrical mechanism associated 

with the biosensor operation was that the amine groups of the antibodies reduced the 

number of holes in the nanotubes, which consequently reduced the drain current [37]. The 

advantage of this label-free sensing methodology was that a lower limit of detection at 10-4 

µg/mL and a broad detection range linear detection range of 10-4 - 102 µg/mL for CRP [37]. 

Compared with conventional FET biosensors, Chu et al. demonstrated an antibody and an 

aptamer-immobilized AlGaN/GaN high electron mobility transistors (HEMTs) for directly 

detecting various proteins including CRP in both buffer and human serum in 5 minutes with 

high sensitivity around 0.36 mg/mL [13]. The sensors are based on the principle that the 

protein binding induces a gate voltage drop, causing local charge density re-distribution in the 
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gate electrode area which leads to subsequent changes in the charge density on the active 

channel [13]. 

Although bio-FETs offer excellent sensitivity and the potential for inexpensive mass 

manufacture of devices, the key challenges relate to the practical implementation of the 

devices particularly the integration with microfluidic systems for real sample. However, the 

new advancements in microfluidics are set to overcome these issues in the future.  

 

1.5.2 Optical Technologies 

Biosensors utilising optical transducers are common both in the research laboratories and as 

commercial products. In optical biosensors, the transduction process induces a change in 

optical properties, such as the absorption, transmission, reflection, or refraction in response 

to the chemical change caused by the biological interaction. Optical biosensors have been 

fabricated where an optical label is utilised to indicate binding in an immunoassay. Wu et al. 

[46] fabricated a fluorescence biosensor based on quantum dot (QD) labels and a lateral flow 

test strip for CRP detection. The QD florescence signal was measured on the test line and 

control line after 3 minutes, the output being captured under a 365 nm UV light. The ratio of 

quantum dots to antibodies was a key point for optimising biosensor performance. This QD-

based lateral flow immunoassay offered a broad detection range from 0.5 to 1000 ng/mL with 

a 99.9% correlation coefficient [46]. Sensitivity has been further improved through the use of 

fluorescent nanospheres (FNs). One FN contains a number of quantum dots, has a 380-fold 

higher luminescence compared with one QD [48]. An immunofluorescent nanosphere (IFN)-

based lateral flow assay strip has been shown to be more sensitive than conventional Au-

based lateral flow test strip for CRP detection, with a limit of 27.8 pM. Results were generated 

within 20 minutes, with florescence intensity and bioactivity of fluorescent nanospheres 

remaining stable for 6 months [48]. Another label-based approach involves the use of 

coloured nanoparticles. Cai et al. [47] developed a rapid immunoassay based on Nile-red 

doped nanoparticles/CRP monoclonal antibody conjugate. This immunochromatography 

technique based on carboxyl polystyrene nanoparticle is simple and fast (3 minutes) with a 

detection limit of 0.091 mg/L, and provides quantitative analysis in the range of 0.1 - 160 mg/L. 

The advantage of label-based biosensors is that they can be utilised for a wider range of 
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biomarkers and can deliver could sensitivity [47]. The disadvantage is that the addition of a 

label adds complexity to the measurement process.  

By contrast, reflectometric interference spectroscopy (RIfS), another type of optical biosensor, 

is label-free. The principle of operation is that when an analyte is applied to the sensing 

surface, there is red-shift in the wavelength due to the increase of optical thickness [28]. The 

difference in wavelength before and after the adsorption is used as an index of analyte 

binding. Choi et al. adapted of this technique for a continuous flow CRP biosensor in which 

anti-CRP was immobilised on a silicon nitride-coated chip using protein A to ensure aligned 

orientation, for the RIfs sensing [28]. This provided an alternative to the more commonly used 

surface plasmon resonance sensors [53]. In general, label-free optical biosensors show 

promise regarding detection and measurement of targets in real complex samples, avoiding 

or limiting the sample preparation phase.  

 

1.5.3 Mechanical Biosensors 

Mechanical biosensors measure force, displacement or mass changes associated with a 

biological interaction on the sensing surface. Among mechanical biosensors, piezoelectric 

approaches have become the most established techniques, as compared with other 

techniques such as surface acoustic wave and micro-cantilevers. One example of a 

combination of these approaches is reported by Yen et al. [26]. This research team produced 

a piezoresistive microcantilever biosensor that was composed of several layers, i.e. a 

structural insulation layer of nitride and oxide, a piezoresistive polysilicon layer, an insulation 

layer of nitride, a gold layer for surface reactions, and a passivation layer of nitride [26]. The 

induced change in surface stress, caused by deflection of the cantilever due to immobilised 

antibody molecules binding with the target, was measured [26]. A response curve to CRP 

concentrations in the range from 1 μg/mL to 200 µg/mL had a linear range between 10 to 110 

μg/mL [26]. This technique also demonstrated the saturation of responses beyond 100 μg/mL 

[26]. The advantage of this technique was that the microcantilever could be modified to be 

able to detect CRP by designing surface area for exposure of immobilised antibody. In the 

laboratory, cantilever biosensors demonstrate very high sensitivity, fast response time, and 

they also benefit from ease of miniaturization for the development of point-of-care sensors. 
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The disadvantage is that the response of microcantilever was extremely sensitive to 

temperature change and other factors.  

Another example of a mechanical biosensor is the quartz-crystal-microbalance (QCM) 

biosensor. These devices determine the mass change on a sensor surface due biological 

interaction by measuring the change in frequency of a quartz crystal resonator.  Kentaro et al. 

developed a wireless QCM biosensor for detection of CRP with a mass-amplified biomarker 

in the form of a bio-nanocapsules [27]. Each nanocapsule captured about 60 IgG molecules 

[27]. The resonance frequency decreased significantly for the resonator chip exposed to CRP 

when they were injecting anti-CRP antibodies [27]. The detection limit is lower than 10 pg/mL 

[27]. Compared with optical techniques, QCM is more sensitive to water-associated adsorbed 

protein [27]. But there are few disadvantages, such as long detection time with low-

throughput measurement [27]. 

 

1.5.4 Electrochemical Biosensors 

Electrochemical biosensors are generally based on an enzyme-catalysed oxidation/reduction 

reaction that produces or consumes electrons. Analytical techniques used for measurement 

of the electron transfer or charge distribution include are potentiometric, capacitive and 

impedimetric methods. One of the key benefits of enzyme-based reactions is that the sensor 

can provide a rapid and reliable result with good performance [54]. The use of multiple tests 

over period of time to show change in analyte concentration, results in assay variability and 

high reagent consumption. This is reduced by continuous flow measurements. Zhang et al. 

developed a continuous monitoring method for the dynamic methylation process and 

obtained more objective and precise information in less time and lower reagent consumption 

[55].  

More recently researchers have utilised nanomaterials to improve standard electrochemical 

biosensor performance. For example, Ibupoto et al. [51] fabricated a disposable antibody-

immobilized zinc oxide (ZnO) nanotube based potentiometric biosensor. ZnO nanotubes, with 

the high isoelectric point (IEP) value, about 9.5, showed a strong affinity for low IEP protein 

molecules which promoted the binding of proteins and provided a high electron transfer [51]. 
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The electrochemical assay of antibody immobilized ZnO nanotube based sensor electrode 

showed a linear logarithmic response from 0.01 ng/mL to 1000 ng/mL with good regression 

coefficient, approximately 0.99, with a result produced in less than 10s once the analyte was 

added [51]. Batra et al. also found that ZnO thin film with large surface area for effective 

loading of cholesterol oxidase (ChOx) [56]. The prepared bioelectrode ChOx/ZnO/Pt/Si is 

highly sensitive to the detection of cholesterol over a wide concentration range, 0.12 - 12.93 

mM for 5 second response time [56]. It showed the antibody immobilized ZnO nanotubes 

revealed the good linearity and fast response time.   

The electrochemical biosensor normally converts the detected analyte into an electrical signal 

that can be measured. The biosensor has the advantages of high sensitivity with fast response 

time by direct transduction of electrons. The electrodes can also be modified and improved 

with combination of carbon-based or non-carbon-based nanomaterials. However, the 

traditional electrochemical biosensors are limited on types of analyte due to electrical 

properties. And they are quite strict under biocompatible environment especially ionic 

strength with optimum temperature and pH. 

 

1.5.5 Impedimetric Biosensors 

Electrochemical impedance spectroscopy (EIS) is commonly applied for monitoring the 

changes in the capacitances of an electrochemical biosensor or the charge transfer resistance 

(RCT) when biomolecules bind to the bioreceptors on the sensing surface. Bryan et al. [52] 

presented a sensitive and reusable electrochemical impedimetric biosensor for the detection 

of CRP in blood serum. EIS spectra were collected across the 0.05 Hz to 10 kHz frequency 

range. It was found that charge transfer resistance increased linearly with logarithmic CRP 

concentrations in the range 0.5 - 50 nM [52]. Nanomaterials have also been shown to improve 

electrochemical impedimetric biosensor performance. Yagati et al. [57] developed an 

impedimetric biosensor based on an indium tin oxide (ITO) electrode array, functionalised 

with a reduced graphene oxide-nanoparticle hybrid, for the detection of CRP. A calibration 

curve was plotted based on the change of impedance at 10 Hz across the 10-1 ng/mL to 104 

ng/mL range [57]. The biosensors of both of these authors [52,57] were faradaic using redox 

couple ferro/ferricyanide ([Fe(CN6)]3-/4-) to ensure a significant change in charge transfer 
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resistance following binding of CRP. More details about comparisons of faradaic and non-

faradaic EIS is provided in the next chapter, section 2.1.  

Impedance spectroscopy can also be used to interrogate non-faradaic biosensors. For direct 

non-faradaic analyte detection, capacitance changes are measured in the absence of faradaic 

currents following a biological interaction on the sensing surface [58]. No redox probe is 

required for non-faradaic sensors, some of which are referred to as capacitive sensors [59]. 

The principle of operation of this sensor is that changes in dielectric properties and charge 

distribution caused by the formation of antibody-antigen complexes on the sensing surface 

give rise to variations in impedance [60]. Qureshi et al. [60] fabricated a multianalyte 

capacitive immunosensor based on a gold interdigitated electrode capacitor. Dielectric 

constant values were calculated in the frequency range from 50 to 173 MHz by analysing the 

differences relative to the control results. The biosensor proved capable of detection of CRP 

in the range of 25 pg/mL to 25 ng/mL [60]. 

There are a number of advantages of impedimetric-biosensors compared with other devices, 

including low cost, low power and high sensitivity with minimal hardware demand [61]. 

Similarly to other label-free biosensors, less sample preparation is necessary compared with 

labelled approaches and for non-faradaic biosensors this benefit is enhanced by the lack of 

requirement for a redox probe [41]. Similarly to other electrochemical sensors, impedance 

responses can be utilised to dynamically monitor analyte concentrations [62]. A further 

advantage of capacitive sensors is that a sensor surface can be easily decoupled from the 

sensor itself, thus providing the potential for inexpensive measurement with disposable 

sensor surfaces (rather than sensors). It is for these reasons that a non-faradaic impedimetric 

approach was used in this research study.  
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1.5.6 Comparison of Biosensors 

Traditionally, immunoassay technologies, such as enzyme-linked immunosorbent assay 

(ELISA), have been use for measurement of diagnostic biomarkers. ELISA is a traditional well-

plate-based test with antibodies by enzyme-labelled bound to a plastic well to measure added 

antigen bound to the antibodies. Although ELISA is the most utilised method for detection of 

biomarkers, there are several drawbacks to this method which prevents its use as a rapid 

diagnostic and which are a driver for the development of biosensor technologies. Firstly the 

method is expensive and time-consuming [63]. Secondly, the method generally requires 

specialised laboratory procedures, such as the need for use of labels, detection times of 

several hours and large volumes of reagents [63,64]. Nowadays, the ELISA technique has been 

used as a comparison with other point-of-care devices for early diagnostics and there are 

numerous examples in the literature. For example, Malkoc et al. compared their label-free 

EIS system with ELISA measurements, illustrating comparable performance, but 

demonstrating the benefit of the EIS approach in terms of portability and ease of use [21].  

Table 1.1 compares a limited number of biosensors illustrating a number of transduction 

methods, bioreceptors and antibody immobilisation methods. Key important comparative 

features are incubation and/or analysis time and sensitivity plus limit of detection. Although 

it must be noted that in most cases the total sample preparation time was not provided, so 

there is some difficulty in obtaining true comparison. However, from the table it can be seen 

that short response time is possible with impedimetric sensors, particularly from the sensor 

developed by Mozaffari et al. [4]. The table also shows that both covalent and non-covalent 

immobilisation techniques are commonly used with both techniques delivering biosensors 

with good performance parameters. The use of nanocrystalline-based membrane or nano-

particles has consistently enhanced the sensitivity of biosensors, e.g. [17]. Even relatively 

simple techniques, such as immunochromatography, has benefited from the use of carboxyl 

polystyrene nanoparticle delivering results relatively rapidly with high sensitivity across a 

broad range [51]. Nanostructured metal oxide semiconducting films have also shown to offer 

good performance, for example, biosensors using ZnO surfaces demonstrating sensitivities 

about 4 times higher than devices fabricated from planar gold [16]. Combining non-faradaic 
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impedimetric sensing with the benefits of nanosurfaces has delivered very high sensitivity and 

presumably rapid measurement time [13].  

 

Table 1. 1 A small selection of biosensors illustrating different types and performance 

Biosensors / 
Transducer 

Biological 
recognition 

element 
 

Sensing surface/ 
Layer 

 

Antigen/ 
Tested range 

Incubation 
time / Time 
for analysis 

Sensitivity / 
Detection 

limit 

Refs 

Electrochemical 
biosensor  

Antibody to cardiac 
troponin-T (cTnT) 
(Covalent 
attachment using 
crosslinking 
molecule) 

Planar gold, 
nanotextured ZnO 
and nanostructured 
ZnO  

1, 10 and 100 
ng/mL cTnT in 
PBS and HS 
buffer 

15 minute 
incubation 
time 
(No analysis 
time 
reported) 

1 pg/mL for 
cTnT in HS 
on nano-
ZnO 
electrodes 

[16] 

Electrical 
biosensor 
Indium–
Gallium–Zinc–
Oxide thin film 
transistor   

Antibody to 
(epidermal growth 
factor receptor) 
EGFR  
(Non-covalent 
conjugation with 
ZnO nanorods on 
the micro-sink) 

Indium–Gallium–
Zinc–Oxide thin film 
transistor on the 
glass substrate and 
an extended 
sensing pad 

0.1 ng/mL EGFR 
in the total 
protein solution 
of extracted 
from Squamous 
cell carcinoma 
(SCC) 

8 minute 
preparation 
time (No 
analysis time 
provided) 

Selectively 
detects 36.2 
fM of EGFR 
in the total 
protein 
solution of 
0.1 ng/mL 
extracted 
from SCC 

[19] 

Electrochemical 
biosensor 
Flexible 
nanoporous 
membrane EIS 
biosensor  

Antibody to α -
cortisol  
(Covalent 
immobilisation by 
Dithiobis 
[Succinimidyl 
Propionate] (DSP) 
linker) 

ZnO deposited on 
nanoporous 
polyamide 
substrate 

1 pg/mL to 100 
ng/mL cortisol 
hormone  

15 minute 
incubation 
time 

1 pg/mL 
cortisol in 
synthetic 
sweat and 1 
ng/mL in 
human 
sweat 

[18] 

Electrochemical 
biosensor  
Non-Faradaic 
Impedimetric 
Sensor 

Antibody to brain 
natriuretic peptide 
(BNP)  
(Covalent 
immobilisation by 
DSP linker) 

The printed circuit 
board (PCB) sensor 
with interdigitated 
electrodes 
interfaced with 
nanoporous 
alumina membrane 

1 fg/mL to 100 
ng/mL brain 
natriuretic 
peptide (BNP) 

15 minute 
incubation 
time 

10 fg/mL [20] 

Electrochemical 
biosensor  
EIS 

Antibody to insulin 
(Covalent self-
assembled linker 
onto the electrode 
surface) 

Gold disk working 
electrode, silver/ 
silver chloride 
reference and 
platinum counter  

0 ρM to 1500 
ρM target 
insulin within 
the 
physiological 
insulin range 

N.A. 2.26 ρM [21] 

Electrical 
biosensor 
A label-free, 
highly sensitive 
and transparent 
immunosensor  

Antibody to 
osteopontin (OPN) 
(Covalent 
immobilisation on 
the single walled 
carbon nanotubes 
(SWCNTs)) 

carboxyl group 
functionalized 
SWCNTs deposited 
between two gold/ 
indium tin oxide 
electrodes on a 
glass substrate 

1pg/mL to 
1mg/mL in PBS 

60 minute 
incubation 
time / less 
than 1 minute 
detection 
time 

0.3 pg/mL [17] 
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Electrical 
biosensor 
AlGaN/GaN 
high electron 
mobility 
transistor 
(HEMTs) 

Aptamer (ssDNA) 
to Human 
Immunodeficiency 
Virus-1 Reverse 
Transcriptase (HIV-1 
RT) (Covalent 
immobilisation on 
gold gate electrode 
opening via S-Au 
self-assembly) 

EDL AlGaN/GaN 
HEMTs are 
designed as a 
separated gate 
electrode from the 
active channel of 
the HEMTs 

Measured 
concentrations 
are 1 fM, 10 fM, 
100 fM, 1 pM 
and 10 pM. 

5 minute 
incubation 
time 

N.A. [13] 

Electrochemical 
biosensor 
Impedimetric 
biosensor 

Aptamer (ssDNA) to 
thrombin (Covalent 
conjugation with 
molybdenum 
disulphide (MoS2) 
nanosheet via thiol 
moiety) 

MoS2 nanosheets 
on a silicon 
substrate with 
platinum electrodes 

2.67 pM–267 
pM in PBS 
 
53 pM–854 pM 
in diluted 
human serum 

15 minute 
incubation 
time  

267 fM in 
PBS/ 
53 pM in 
human 
serum 

[14] 

Electrochemical 
biosensor 
Impedimetric 
biosensor  

Urease enzyme 
(Urs) to urea  
(Non-covalent 
immobilisation by 
electrostatic 
adsorption) 

Sputtered Nano-
ZnO thin film on 
conductive 
fluorinated-tin 
oxide (FTO) layer 
FTO/Nano-ZnO/Urs  
-serving as sensing 
electrode 

Linear range of 
0.83–23.24 mM 

Short 
response time 
of less than 4 
seconds 

0.40 mM for 
urea and 
sensitivity 
of 0.637 kΩ 
per mM 

[4] 

Optical 
biosensor 
A nucleic acid-
based lateral 
flow assay 

Synthetic target 
oligonucleotide 
(Non-covalently 
bound to the gold-
labelled detecting 
probes (AuNP-DP) 
at the test lines)  

lateral flow test 
strips with  
electrospun 
polycaprolactone 
(PCL) fibres on the 
nitrocellulose 
membrane 

Tested range  5 
nM -0.1 nM.  

N.A. 0.5 nM  [11] 

Optical 
biosensor 
Lateral flow 
immunoassay 
with optical 
labels 
 

Antibody to C-
reactive protein 
CRP (Covalent  
immobilisation on  
carboxylic groups 
on the surface of 
the red fluorescent 
nanoparticles) 

Antibody-antigen 
complexes were 
captured on the 
nitrocellulose 
membrane 

Analysed range 
0.1–160 mg/L. 

3 minute 
detection 
process 

0.091 mg/L [47] 

Optical 
biosensor 
Reflectometric 
interference 
spectroscopy 
(RIfs)  

Antibody to C-
reactive protein 
CRP (Covalent 
immobilization via 
protein A on a 
silicon nitride)  

The silicon nitride-
coated silicon 
substrate (SiN chip) 
treated with 
trimethylsilylchlorid
e (TMS), followed 
by UV-irradiation to 
generate silanols  

0.01 to 10 
µg/mL 

UV-light was 
irradiated for 
15 minutes/ 
5 minute 
stabilisation 
time 

N.A. [28] 

Electrochemical 
biosensor 
Potentiometric 
biosensor 

Antibody to CRP 
(Covalent 
immobilisation on 
ZnO nanotubes 
mixed with solution 
of glutaraldehyde) 

ZnO nanotubes-
based sensor 

electrodes 

0.01 ng/mL to 
1000 ng/mL 

Less than 10 
second 
response time 

0.001 
ng/mL 

[51] 

Electrical 
biosensor 
Schottky-
contact ZnO 
nanowire 
biosensor 

ssDNA to human 
immunodeficiency 
virus 1 (HIV1) gene  
(Non-covalent 
immobilisation by 
electrostatic 
adsorption) 

ZnO nanowires on a 
polyethylene 
terephthalate 
substrate 

1 × 10−10 and 1 
× 10−7 M  

N.A. N.A. [12] 
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1.6 Flow Systems 

The first lateral flow tests presented qualitative results based on the presence or absence of 

a signal line and then test design has progressed toward semi-quantitative and quantitative 

assays and the integration of hand-held readers [65]. Traditional lateral flow immunoassays 

(LFIA) are designed to provide a cost effective, simple, rapid and portable means of testing of 

analytes. Gold nanoparticles (AuNP) are commonly used as reporters. The idea behind the 

LFIA is that a sample (liquid) containing the target analyte moves within the various 

compartments of the strip with no application of external forces by capillary action. This leads 

to the interaction between the analyte and the molecules within the strip. Conventionally a 

lateral flow strip consists of sample pad, conjugate pad and absorbent pad as well as 

nitrocellulose membrane with test line and control line, as seen from Figure 1.4 [66]. 

 

 

Figure 1. 4 Typical configuration of a LFIA strip [66]. 

 

The analyte-detector antibody complex and free analyte target flow through the membrane 

by capillary force in LFIA system and bind to a line of antibody immobilised within 

nitrocellulose membrane capturing the reporter agents and forming a visible line in the 

nitrocellulose. The formation of the line is dependent on the affinity of the antibody/antigen 

interactions along with other factors such as those associated with capillary flow. These also 

include practical issues, for example, if adsorption occurs at the point of dispensing, the buffer 

may actually spread further than the capture reagent. This is because the rate at which the 

capture reagent adsorbs in to the nitrocellulose could cause the applied reagent spread into 
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a wider line. To overcome this problem, the reagent can be dispensed at a higher 

concentration in a low volume to apply the same mass. Li et al. recognised [67] this 

phenomenon and found, as expected, that red blood cell (RBC) flow rate was significantly 

slower than the plasma and was strongly affected by the addition of calcium (Ca2+) ions. 

Consequently, travel time could be used to determine the relative viscosity of sample fluids. 

Research is also reported on methods for improved measurement of the test and control lines. 

For example, analysis of the image taken by a commercial smartphone, with an attached 

microlens and 3D-printed chip-phone interface, of a gold nanoparticle-based colorimetric 

LFIA has been used to quantify the levels of CRP in a sample [63].  

The application of lateral flow assay type technologies has broadened with development of 

paper-based biosensors. Many of these are simple adaptations of the LFIA. For example, Oh 

et al. [68] introduced an additional antigen line in sandwich AuNP-conjugate-antigen 

conventional LFIA which interacted with CRP antibody solution in nitrocellulose membrane. 

However, many variations of the standard LFIA format are reported. For example, Hegener et 

al. presented a paper-based diagnostic device which consisted of a sample pad, a porous 

membrane, and a wicking pad [69].  The aim was to distinguish anticoagulation patients taking 

vitamin K antagonists, so that anticoagulant dose could be adjusted appropriately [69]. Yew 

et al. utilised polycaprolactone (PCL) electrospin-coated test strips to create a nucleic acid-

based lateral flow assay [11]. The PCL nanofibers on nitrocellulose membrane improved the 

sensitivity of LFIA detection for nucleic acid  with the limit of detection (LOD) of 0.5 nM [11].  

Within healthcare there is an unmet need for point-of-care, continuous, dynamic, non-

invasive monitoring of biochemical markers to understand health conditions [62]. Flow 

systems offer this capability. One solution is the development of lab-on-chip systems that 

incorporate microfluidic channels to move reagents and the sample to a sensor chamber [70]. 

This approach is complex and expensive contrary to the paper fluidic systems. Carrell et al. 

advocated the integration of sensing, such as electrochemical sensors, with lateral flow 

systems to improve detection limits and increase diagnostic practicality [71]. Kinnamon et al. 

developed a portable electronic device to demonstrate the feasibility and translatability of a 

real time cortisol biosensor into an economical and compact form factor for eventual 

wearable integration [49]. The efficacy of the device was established using both a lab 
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potentiostat and developed miniaturised electronics by performing measurements to 

demonstrate a dose response in continuous dosing studies [49]. 

The key advantages of paper-based biosensors for flow assays remain their low cost and ease 

of use. Therefore, techniques to adapt and improve these should not impact greatly on these 

features. An additional benefit of a flow system is that it is well suited to continuous 

monitoring of an analyte. In the research work presented in this thesis a flow system is 

developed which retains the advantages of the technique whilst creating a biosensor with 

increased sensitivity utilising the nanoporous membrane for enhanced biomolecule capture.  
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1.7 Zinc Oxide and Copper Oxide Nanoparticles 

Section 1.5.6 evidences that nanoparticles can play a crucial role in improving the 

performance of antibody-based biosensors. Semiconductor oxide nanoparticle-based layers 

need low temperature and short or easy annealing process to convert a precursor and to form 

sensing surfaces [39]. Furthermore, metal oxide nanostructured affinity based biosensors can 

be downsized with high sensitivity and selectivity due to nano-scale dimensions and increased 

surface area for biomolecular binding [16].  

 

1.7.1 ZnO Nanoparticles 

From a structural perspective, zinc oxide crystallizes in two main forms, hexagonal wurtzite 

and cubic zinc blende. The wurtzite structure is most stable at ambient conditions and thus 

most common. ZnO wurtzite nanostructures are composed of Zn2+ and O2- ions which are 

stacked alternatively along the c-axis [1]. Because of the presence of zinc interstitials and 

oxygen vacancies, ZnO is intrinsically a n-type semiconductor material [1]. ZnO can produce a 

piezoelectric effect once it is strained due to the non-centrosymmetric crystal structure [72]. 

The Fermi level, EF, is defined by the condition of charge neutrality including free-carriers 

(holes in p-type semiconductors and electrons in n-type semiconductors) concentrations in 

valence and conduction band [73]. The band gap (Eg) is determined by the differences of the 

top valence band and the lowest conduction band [73]. ZnO has a wide band gap at 3.37 eV, 

which allows for an ability to sustain large electrical field [18].  

When an electrolyte interfaces with a ZnO nano-surface (semiconducting material), 

polarization of charges in sensing surface occurs and a complementing charge layer is formed 

in the fluid [42]. This electrical double layer is described in more detail in Chapter 2. At 

physiologically relevant pH values, as ZnO has high isoelectric point (IEP), at approximately 

9.5, it has a positively charged functionalised surface. This facilitates electrostatic 

immobilisation of negatively charged biomolecules, as generally they have a lower IEP [1]. 

ZnO nanostructures have other advantages, for example their high surface to volume ratio 

which results in improved sensitivity. Also, their biocompatibility and non-toxicity allows the 

biomolecules to retain activity while immobilised on the surface. In addition, ZnO material 
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and methods of nanoparticle fabrication are low cost. This combination of properties makes 

ZnO nanoparticles particularly suitable for biosensing applications. 

 

1.7.2 CuO Nanoparticles 

CuO is a semiconductor with a relatively narrow band gap of 1 eV - 1.57 eV and is defined as 

p-type with copper vacancies acting as acceptors for hole conduction [74]. CuO material is 

frequently added to ZnO structures forming the p-CuO/n-ZnO junctions with electron-hole 

recombination. The higher resistance of ZnO/CuO layers indicates the formation of a p-n 

junction which are depleted of electrons from ZnO layer more effectively than oxygen 

adsorption [75]. Todorova-Balvay et al. [76] researched the immobilisation of human 

antibodies for metal-ion affinity chromatography and found that the affinity of IgG(s) for Cu 

is larger than Zn. The mixture CuO nanoparticles with ZnO also increased the signal response 

of the biosensor. Widiarti et al. [77] found that the addition of CuO decreased the band gap 

energy of the composite which enhanced the conductivity of the material, as the electrons 

can be easily excited from the valence band to the conduction band. They also demonstrated 

that this enhanced antibacterial activity. Compared with ZnO nanostructures, biosensors 

fabricated by ZnO/CuO composite have been shown to be more sensitive [75]. 

 

1.7.3 Fabrication of ZnO and CuO Nanostructures 

A number of methods have been used to synthesize ZnO and ZnO/CuO films and other types 

of nanostructures on substrates for biosensors, such as ZnO micro-pompons [78], nanowires 

[79], nanorods [19,80,81], nanofibres [82] and nanotubes [83,84]. Vapour deposition 

techniques are the frequently preferred techniques for production of thin films and other 

highly regular structures, because they result in films with high purity, reproducible properties, 

and smoothness. Physical vapour deposition (PVD) [85] describes a variety of vacuum 

deposition techniques. The basis of the process involves converting a material from a 

solid/liquid to a vapour phase and then back to a thin film on a substrate. 
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The most common PVD processes are sputtering and evaporation. One example is radio 

frequency (RF) magnetron sputtering system [4]. Sputtering is the process whereby atoms or 

molecules of a material are ejected from a target by the bombardment of high-energy 

particles. RF magnetron sputtering method is a high-rate vacuum coating technique which 

can be precisely controlled. It can also be utilised for functionalising terminated sites on thin 

film. Magnetron sputtering is recognised as the most scalable technique with low crystalline 

inequality [73]. The pulsed laser deposition [86] is a second PVD technique which uses a high-

power laser to create the vapour rather than being based on the RF power under background 

gases with suitable growth pressure. In a similar way to RF magnetron sputtering, laser 

deposition requires consideration of a number of key factors that may influence the quality 

of deposition during the process, such as background gas, growth pressure, substrate 

temperature, laser energy density, target to substrate distance and the pulse repetition rate. 

For example, thin films of ZnO/CuO composites of thickness of 120 nm have been deposited 

onto a glass substrate using the pulsed laser deposition technique at an oxygen pressure of 

100 mT with substrate temperature of 300 °C [86]. Compared with PVD, which, in general, 

utilises a vapour condensed on substrates without chemical reaction, in typical chemical 

vapour deposition (CVD), the substrate is exposed to one or more volatile precursors, which 

react or decompose on the substrate surface to produce the desired deposit [87]. The key 

disadvantages of these vapour deposition techniques are the high cost of equipment and 

operating processes.  

By comparison the wet chemical bath method, followed by calcination, is one of the most 

common techniques for synthesising ZnO nanostructures for biosensors because it is 

relatively simple and requires inexpensive equipment. The disadvantage is that the ZnO 

nanostructures fabricated based on wet chemical method are highly dependent on the 

fabrication protocol and quite unique, for example ZnO micro-pompons [78] and waxberry-

like ZnO microstructures [88].  

Other techniques are utilised to produce specific ZnO and ZnO/CuO structures. For example, 

electrospinning is a simple and versatile technique for fabrication of ZnO nanowires and 

nanofibers. This method uses electric force to draw charged threads from solutions up to fibre 

to create fibres of hundreds of nanometers.  Zhao et al. [89] created single mesoporous ZnO 
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nanofibres on substrate electrodes by electrospinning and subsequent annealing process 

which exhibited good biosensing performance, stability and high electrical communication 

efficiency [89]. The key advantage of this technique is that electrospun nanowires are 

relatively easily to fabricate with low cost for large-scale fabrication of nanowires. The 

disadvantage includes the use of organic solvent. Hydrothermal synthesis includes the various 

techniques of crystallizing substances from high-temperature aqueous solutions at high 

vapour pressures method [79,90]. Sanguino used a hydrothermal process to produce a high 

density of ZnO structures deposited on Au microelectrodes, however, the lack of deposition 

time caused the uneven coverage of the electrode [91]. 

The examples listed below are the main important fabrication methods contributed to 

experimental methodologies in this thesis. Drop casting method is a quick and easy method 

for fabrication of ZnO nanostructures in a large scale at low cost [92]. It involves dropping a 

solution on to a surface and allowing the solvent to evaporate to leave the required solid film. 

Anusha et al. [92] fabricated enzymatic glucose biosensor with ZnO porous nanostructure by 

simple drop casting technique. The ZnO nanoparticles formed in the surface range from 30 to 

50 nm which exhibited good biosensor properties with high sensitivity (62.14 µAmM−1 cm−2), 

and the detection limit of the biosensors was estimated for the electrode ZnO/Pt/CS/GOx  at 

16.6 µM glucose [92]. The disadvantage is that it is difficult to obtain a uniform coating and 

to control the thickness. However, the technique is quick, simple and inexpensive. Instead of 

dropping sol on glass substrate [92], Yang et al. utilised ZnO sonicated suspension to drop on 

glassy carbon electrodes to develop the hydrogen peroxide biosensors [93]. The as-prepared 

ZnO nanostructures were synthesised by citric acid assisted annealing process. The precursor 

made by mixing the solution of 0.16 M citric acid (C6H8O7·H2O) in ethanol and 1.8 M zinc 

acetate (Zn(CH3COO)2·2H2O) in distilled water. The precursor was stirred at 80 °C for 9 h 

followed by calcination at 400 °C for 2 h to obtain the ZnO nanopowders [93]. The suspension 

of as-prepared ZnO nanostructures were dispersed in ethanol by ultrasonication for 1 h. 5 µL 

of complex, which consisted of multiple fork-like ZnO nanostructures in suspension, was 

dropped onto the surface of glassy carbon electrode and dried at room temperature [93]. 

These methods were relatively simple to perform, and the key factor was the control of the 

precursor which may influence the shapes of ZnO nanostructures. 
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The drop cast and calcination method suffers from problems associated with aggregation of 

particles when they are in the form of a dry powder due to electrostatic charges. The sol made 

using precursors also needs to be carefully prepared to ensure a homogeneous suspension.  

In this research study, a new approach has been developed in which a nanoparticle 

homogeneous suspension is utilised in a drop cast process. A key element of this is using 

sonication to obtain a homogeneous solution.  

 

1.7.4 Sonication 

Sonication is a common, efficient and convenient way for dispersing nanoparticles in a fluid. 

Ultrasound helps in the dispersion of powders with the aim of fragmenting large agglomerates 

and to avoid subsequent aggregation. Generally, commercial ZnO powders consist of both 

strongly and weakly bonded aggregates. Chung et al. [94] compared the characteristics of ZnO 

nanoparticles in water prepared via ultrasonic dispersion using a probe and a bath. In an 

ultrasonic system, the transducer transfers energy into the fluid in the form of pressure waves 

to collapse agglomerates with the released pressure resulting in an increase in temperature 

in the surrounding fluid. The results of the experiments found that a probe immersed in a 

suspension was more effective than bath immersion to produce fine ZnO nanoparticles in 

water [94].  

Ultrasound has been utilised to enhance the fabrication of ZnO nanostructures in 

combination with a number of techniques. Chen et al. [95] applied an ultrasound-assisted 

method to grow ZnO nanorods via the reaction between zinc acetate dehydrate 

(Zn(CH3COO)2·2H2O) and sodium hydroxide (NaOH) in the ionic liquid 1-Butyl-3-methyl 

imidazole six hexafluorophosphoric acid salts ([BMIM][PF6]) aqueous solution. By comparing 

images it was found that very few active sites could produce nuclei to obtain flower-like 

structures without ultrasound. They summarised that ionic liquids such as [BMIM][PF6] played 

the dual role of diffusion controller and anisotropic growth director while ultrasound was an 

active site trigger [95]. Lee et al. [96] utilised the sonication technique by immersing 

nanopillar array film within aqueous solution (0.01 M zinc acetate dehydrate 
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(Zn(CH3COO)2·2H2O) and 1.57 M ammonia water (NH3·2H2O)) within 5 minutes to fabricate 

ZnO nanoparticles coated film without a significant surface damage [96].  

It is also common to use ultrasonic techniques for dispersions of other metal oxide 

nanomaterials. One very relevant method of producing electrodes was described by Zhang et 

al. [97] to produce titanium dioxide (TiO2)-modified carbon paste electrodes. Titanium dioxide 

hollow microsphere colloid powder was sonicated in buffer to produce a well-dispersed 

colloidal solution [97]. Then the well-dispersed solution was dropped on to a surface and 

dried in air [97]. This technique had the benefits of being simple, low-cost and could be carried 

out at room temperature. 

In summary, ultrasound is an effective technique to produce homogenous suspension of ZnO 

particles and the drop-and-dry method can be used to produce inexpensive nanoparticle films 

in a process that is simple without the need for expensive equipment, harsh chemicals or 

extreme temperatures pressure. Due to these benefits, in this research work these 

techniques have been combined and adapted to fabricate ZnO and ZnO/CuO films and 3D 

sensor structures. 
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1.8 Summary 

This chapter has described the components of a biosensor and for each element various 

systems/methods presented in the literature have been identified, to provide a comparison 

and to highlight the benefits of the approach adopted in this research study. The key findings 

from this literature survey were used to inform the aims and objectives (section 1.1) and are 

as follows. Antibody-based impedimetric biosensors can offer high specificity and sensitivity, 

as well as being adaptable for detection of a wide range of analytes. ZnO/CuO nanoparticle 

biosensors showed enhance performance (sensitivity and limit of detection) relative to 

sensors without nanostructures. Ultrasonic processing of the nanomaterials can result in 

enhanced performance and non-covalent antibody immobilisation could be used to 

effectively bind antibody on ZnO or ZnO/CuO. 3D porous membranes have been utilised to 

create flow-based biosensors. The challenge of the research study presented in this thesis is 

to combine and adapt the techniques identified in the literature to incrementally develop a 

sensitive, rapid immunoassay biosensor using nano-particle metal oxide semiconductor 

materials which are integrated within a porous structure for measurement of biological target 

by flow-based methodology. 

To deliver the research study objectives, this thesis is structured as follows. Chapter 2 explains 

the principle of non-faradaic impedance spectroscopy. The Debye length and circuit 

modelling were described and discussed. Chapters 3 and 4 focus on the development of a 

ZnO (Chapter 3) and ZnO/CuO (Chapter 4) nano-surface for detection of CRP on a 2D surface. 

The evaluation of ZnO and ZnO/CuO composite nano-surfaces was based on the signal change 

measured by impedance spectroscopy for detection of CRP. The biosensors were compared 

by using the signal change resulting from CRP binding to antibody on the biosensor surface. 

The addition of CuO to ZnO, in Chapter 4 investigated the enhancement of the sensitivity of 

the biosensor for the detection of CRP.  

To investigate the development of a 3D structured biosensor a nitrocellulose membrane was 

substituted as the biosensor substrate. Chapters 5 focused on the development of 3D 

ZnO/CuO nano-membranes for the detection of CRP in a porous structure. Chapter 6 then 

investigated how the porous structure could be used by flow-based methodology to measure 

binding of the target analyte to antibody on nano-crystalline surface. 
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Chapter 2   

 Impedimetric Biosensors 
 

In impedimetric measurement, the resistive and capacitive properties of a system are 

determined, via the application of a sinusoidal AC excitation signal. In impedance 

spectroscopy, an impedance spectrum is obtained by varying the frequency of the input 

voltage signal over a defined range in order that the resistive and capacitive elements of the 

system can be determined from the real and imaginary parts of the current responses. 

Impedance measurement/spectroscopy is used to detect immunological binding events, such 

as antibody/antigen binding occurring on the sensing surface of a biosensor. In this PhD 

project impedance spectroscopy/measurement was used in this way, providing a 

measurement of the binding on the sensor surfaces, and thus quantifying the analyte 

delivered to the zinc oxide and zinc oxide/copper oxide biosensors. 

This chapter presents the basic terms and concepts associated with impedimetric biosensors. 

The categories of faradaic and non-faradaic are described and examples from the literature 

of biosensors in both these classes are presented. This chapter also provides brief details of 

relevant physical principles, e.g. electrical double layer. The methods of analysing impedance 

spectroscopy data are also discussed.  

Finally, in this chapter a simple electrical circuit model for the biosensors studied in this PhD 

project is presented. The model builds on the Randles model [20], adapting for the unique 

properties associated with the non-faradaic sensors studied in this work. In addition, the 

measurement instrument is modelled to decouple the output features associated with the 

biosensor and instrument. The aim is to enhance understanding of the biosensor operation 

and thus aid future biosensor development.  
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2.1 Faradaic and Non-Faradaic Processes 

Electrochemical processes can be categorised in to two types. (1) Faradaic – in which charges 

(e.g. electrons) are transferred across a solid-solution interface. In biosensors, this electron 

transfer is caused by oxidation or reduction reactions. (2) Non-faradaic – in which no charge-

transfer reactions occur. Although charge does not cross the interface, external currents can 

be measured which are associated with movement of electrolyte ions, reorientation of 

solvent dipoles, adsorption/desorption, etc. at the electrode-electrolyte interface [98]. Both 

faradaic and non-faradaic processes can simultaneously occur when electrode reactions take 

place and impedimetric biosensors which are defined as faradaic, often exhibit both 

processes. In fact, impedance spectroscopy can be used to decouple the faradaic and non-

faradaic processes across an electrode-electrolyte interface. Affinity binding in the presence 

of redox active species is detected through changes in faradaic charge transfer across the 

electrode–electrolyte interface, whereas non-faradaic impedance spectroscopy leverages 

changes in interfacial capacitance to determine targeted biomolecule binding events [99].  

Commonly, faradaic electrochemical biosensors use a conventional three-electrode system in 

the presence of a redox probe, for example ferricyanide ([Fe(CN)6]3-/4−) [4]. In this 

arrangement, the redox probe is alternately oxidized and reduced by the transfer of an 

electron to and from the electrode, with the charge transfer resistance correlating with the 

quantity of target analyte [58]. By comparison, for non-faradaic biosensors, no redox probe 

is required [59]. In the absence of faradaic currents, capacitance effects dominate and  vary 

in accordance with the biological recognition events [58]. Consequently, some non-faradaic 

biosensors are referred to as capacitive sensors, with the electronic and ionic charges staying 

in or at the electrode where there is no redox reaction [100]. The main motivation for 

selecting the non-faradaic approach is that less complex sample preparation processes can 

be employed [59]. This is particularly relevant for point-of-care applications.  

A number of examples of impedimetric biosensors, mostly zinc oxide based structures, are 

listed in Table 2.1. The key conclusions from the publications in this table are:  

1. Non-faradaic biosensors can be effectively used for label-free detection of antigens, 

such as troponin-T [101], cortisol [18], pp65-antigen [59] and thrombin [14]. 
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2. Impedimetric biosensor are commonly used for enzymeless detection for example 

using antibody/antigen interactions [50]. 

3. The interfacial behaviour of faradaic and non-faradaic impedance spectroscopy 

biosensors can be described by Randles equivalent circuit [4,21]. For faradaic 

biosensors, the charge transfer resistance (Rct) can be extracted from the Nyquist plot 

and the change of Rct, is dependent on the binding of the target and used to determine 

the concentration of an analyte [102]. 

4. One form of non-faradaic biosensor is a capacitive biosensor with the change in 

capacitance being dominant [91]. 

5. A fixed frequency is frequently used for plotting dose response for non-faradaic 

biosensors. Low frequencies are usually selected. The frequency of 100 Hz is often 

chosen due to significant change in impedance between the different doses of antigen 

[50,101]. 

6. Non-Faradaic mode of operation allows detection without need of a reference 

electrode (which is required in Faradaic mode) because no DC potential is required. 

Instead, by charging and discharging the double-layer capacitance, it is possible to 

assess the dielectric changes due to the binding of the target analyte to the sensor 

surface/conductive substrate. This makes the technique amenable to miniaturization. 
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Table 2. 1 Comparisons of faradaic and non-faradaic biosensors 

Sensors Faradaic or 
non-faradaic 

Principle Detection sensitivity Data analysis Refs 

An impedimetric 
sensor fabricated 
on a printed 
circuit board 
(PCB) chip 

Non-faradaic Nanoporous alumina 
with pore diameter of 
200nm and pore depth 
of 250 nm was used as 
the signal amplifying 
medium 

10 fg/mL cardiac 
biomarker, brain 
natriuretic  

Nyquist plots [103] 

An impedimetric 
sensor fabricated 
on nanotextured 
zinc oxide thin 
films sputter 
deposited on 
printed circuit 
boards (PCB) 
 

Non-faradaic Due to the oxygen 
vacancies in the ZnO 
thin film; The double 
layer capacitance 
directly corresponds to 
protein binding effects 
on the sensor surface  

Limit of detection of 
troponin-T - 10 fg/mL 
and 100 fg/mL in PBS 
and human serum 

Nyquist plot [101] 

FTO/Nano-
ZnO/Urs 
biosensor based 
on uniform 
sputtered Nano-
ZnO thin film on 
the conductive 
fluorinated-tin 
oxide (FTO) layer  
 

Faradaic Sensor was immobilized 
urease enzyme (Urs) for 
urea detection; The 
corresponding current 
was measured by 
varying potential across 
the film 

Sensitivity for urea 
detection within 0.83–
23.24 mM and limit of 
detection as 0.40 mM 

I–V curves 
showing with 
increasing urea 
concentration 

[4] 

Capacitive 
biosensor was 
built from two 
copper IDE with a 
width and spacing 
of 50 µm which 
were covered 
with an insulating 
layer of parylene 
 

Non-faradaic Insulating layer helped 
prevent Faradaic 
currents; capacitance 
changes were 
measured in a liquid 
environment 

N.A. Capacitance (C) 
and phase shift 
variation were 
measured 

[91] 

Flexible 
nanoporous 
tunable electrical 
double layer 
biosensors 

Non-faradaic The double layer 
capacitance enhanced 
at the liquid-
semiconductor 
interfaces due to 
formation of 
biomolecular 
complexes 

High sensitivity of 
detection of 1 pg/mL or 
2.75 pmol cortisol in 
synthetic sweat and 1 
ng/mL in human sweat 

Imaginary 
impedance was 
measured for 
cortisol 
concentration in 
human sweat 

[18] 

A nanotextured 
surface on 
flexographic 
printed zinc oxide 
thin film 
 

Non-faradaic N.A. Limit of detection of 5 
pg/mL of the pp65-
antigen HCMV protein 

The change in 
capacitance and 
phase were 
measured from 

[59] 

Zinc Oxide based 
flexible 
bioelectronics 

Non-faradaic Using non-faradaic 
electron-ionic charge 
transfer, cyclic 
voltammogram 
indicated a significant 
enhancement of the 
oxidation current for 
glucose concentration 

Reliable limit of 
detection (LOD) of 0.1 
mg/dL glucose in 
human sweat 

Nyquist spectra 
with decreasing 
glucose 
concentration 

[50] 
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Proposed 
impedance 
spectroscopy 
Using 
interdigitated 
Microelectrodes 

Faradaic An aggregation-free 
faradaic EIS (f-EIS) 
technique was 
proposed to achieve 
the high detection 
sensitivity of amyloid 
beta (Aβ) 

The sensitivity of the 
proposed f-EIS sensor 
was enhanced 
approximately 7.40-fold 
and 10.93-fold 
compared to the f-EIS 
sensor and the non-
faradaic sensor, 
respectively. 

Impedance 
spectrum and 
phase were 
measured, 
overall % 
impedance 
changes were 
compared 

[102] 

Detection of 
Insulin Using 
Electrochemical 
Impedance 
Spectroscopy 

Faradaic The imaginary 
impedance was 
correlated to insulin 
concentration on a gold 
disk electrode with 
insulin antibody 
immobilized 

The lower limit of 
detection was found to 
be 2.64 ρM and 
dynamic range from 50 
ρM to 1500 ρM. 

Correlation of 
charge transfer 
resistance to 
target 
concentration 

[21] 

An aptamer-
functionalized 
molybdenum 
disulphide (MoS2) 
nanosheet based 
biosensor 

Non-faradaic Thrombin in human 
serum was detected 
through the impedance 
changes of interactions 
between immobilized 
aptamer on the 
electrode surface and 
thrombin in the 
electrolyte.  

A high sensitivity 
ranging from 267 fM to 
267 pM in PBS buffer, 
and a limit of detection 
of 53 pM for thrombin 
in 1% human serum 
samples 

Change in 
impedance 
(ΔZmod) for the 
calibration dose 
response with 
thrombin 

[14] 
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2.2 Principles of Impedimetric Biosensors 

2.2.1 Electrical Double Layer 

When a conductor/semiconductor is brought in to contact with an ionic liquid, an electrical 

double layer (EDL) is formed at the liquid-semiconductor interface. In biosensors, the 

capacitance change of the EDL relates to the concentration of bio-molecular binding at or 

near to the interface [18]. A diagram showing the creation of an EDL in an example scenario 

is shown in Figure 2.1. There is an EDL formed when a buffer solution containing C-Reactive 

Protein (CRP) is brought in to contact with an anti-CRP antibody-loaded ZnO nano-surface 

electrode. In the diagram, the distribution of positive and negative ions on the surface is 

depicted. In the Helmholtz model, charges are distributed at the surface of the two interfaces 

and the opposite signs of the charges form a double layer which can be modelled as a 

capacitor. The structure is sub-divided into four planes, i.e., the space charge layer (SCL), inner 

Helmholtz plane (IHP), the outer Helmholz plane (OHP) and the diffuse layer. In Figure 2.1, 

the position of the interface between these layers (illustrated by the black line) fluctuates 

across the surface because of the roughness of the ZnO surface. 

 

Figure 2. 1 A diagram of the charge distribution at ZnO surface adapted from [1]. 

 

For zinc oxide, an n-type semiconductor electrode, on contact with an electrolyte, electrons 

will be transferred from the electrode into the solution. There is thus a positive charge 

associated with the space charge layer which has a thickness of several nanometres [1].  The 

isoelectric point of ZnO is ~9.5, consequently the space charge layer is within the solid ZnO 

semiconductor with positive charges [1]. The Helmholtz double layer is considered to be 
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formed by two planar sheets of charges. The inner one is due to the ions in solution adsorbed 

at the surface of the solid and the outer Helmholtz plane (OHP) is due to the ions of opposite 

sign attracted by adsorbed ions, via Coulomb force. Finally, the diffuse layer is the region 

beyond the OHP, where there is an excess of free ions of one sign, which are free to move in 

the fluid rather than being firmly anchored. The electric potential decays exponentially 

towards zero in the diffuse layer [14]. Beyond Debye length, counterions’ screening effect 

predominates and the charge detection is reduced [18]. 

For impedance spectroscopy, characterisation of the electrode-electrolyte system interface 

requires information relating to conductivity, dielectric constants and capacitance [41]. The 

dielectric changes to different concentrations of protein marker targets can be compared due 

to charge accumulation in the protein layer and the electrodes [60]. Larger concentrations of 

target antigen result in greater changes in the relative dielectric permittivity within the 

electrical double layer, which for a non-faradaic response contributes to the increase in 

interfacial capacitance. The dielectric constant depends on the frequency of alternating 

electric field and also the chemical structure and the imperfections (defects) of the sensor 

surface material, as well as the temperature and pressure [104]. The surface charge of density 

consists of the bound charge and the free charge. The free charge portion produces the 

electric field, while the bound charge portion produces polarisation [104]. Not only dielectric 

constant and compact layer thickness, but the size of electrodes and the concentration of the 

supporting electrolyte varies electrical double layer capacitance [105]. 

The bulk solution resistance provides a value for the conductivity of the solution due to the 

ionic concentrations and the mobility of positive and negative ions [106]. Other factors that 

influence the resistance are the contact area between the solution and electrodes due to the 

length/width of electrode and substrates and the separation between the electrodes [106]. 

A number of researchers have examined the EDL associated with ZnO biosensors in some 

detail. Munje et al. [18] depicted the double layer at the liquid-semiconductor interface and 

demonstrated that the EDL capacitance changed actively with the concentration of bio-

molecular binding. They utilised a ZnO thin film as an active region in contact with liquid, in 

order to amplify the EDL formed at the liquid-semiconductor interface [18]. Shanmugam et 

al. [107] explained the electrochemical characterisation of ZnO nanoelectrode/electrolyte 
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interface when an EDL formed. Without combining with biological molecules, the ions at 

electrode surface formed Inner Helmholtz plane (IHP) and the ionic gradient distribution 

extending in to electrolyte is the outer Helmholtz plane (OHP). When DSP linker conjugated 

to electrode surface, it resulted in a change in potential drop between IHP and OHP which 

changed the capacitance of the EDL. When alpha-cTnT antibody was immobilised, it moved 

OHP further away from nanoelectrode. When antigen (cTnT) bound to antibody, it further 

perturbed charge distributions in EDL, which was monitored as a change of electrical double 

layer capacitance [107]. 

 

2.2.2 Debye Length 

The Debye length is a measure of a charge carrier's net electrostatic effect within a solution. 

It defines the characteristic distance at which a charged molecule is shielded such that the 

resulting electric potential decreases in magnitude by 1/e [108]. The Debye length is 

proportional to reciprocal of the ionic strength defined by equation (2.1) [108]. Ionic strength 

is the function of all concentration in solution defined by equation (2.2) [109]. 
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휀 is the permittivity, 𝑘 (=1.381 × 10-23 JK-1) is the Boltzmann constant, 𝑇 (K) is the absolute 

temperature, ⅇ (=1.6021 × 10-19 C) is the elementary charge [110]. In equation (2.1) and (2.2), 

𝐶𝑖 is the molar concentration (M) and 𝑍𝑖  is the charge number of the ion. 
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For a 1:1 electrolyte, e.g. sodium chloride (NaCl), the ionic strength is equal to the 

concentration. The Debye length, δ, can be simplified as equation (2.3) [14]. In this case, 𝑍𝑖=1. 

In equation (2.3), C is the molar concentration and 𝑁𝑎 is the Avogadro number [110]. 
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In this PhD study, the buffer of phosphate-buffered saline (PBS) concentration (0.01 M), 

contained 0.137 M of the sodium chloride (NaCl) ions, 0.003 M of potassium chloride (KCl) 

ions, 0.008 M disodium hydrogen phosphate (Na2HPO4) ions, and 0.0015 M potassium 

dihydrogen phosphate (KH2PO4) ions, giving a final pH of 7.4. The ionic strength of the buffer 

solution 0.01 M is calculated to be 0.1655 M. 

In equation (2.1) and (2.3), ⅇ is the charge of electron and 휀 is the permittivity (휀 = 휀𝑟휀0). The 

relative permittivity, 휀𝑟 of PBS is 80 [111] and 휀𝑟 is between 2 to 5 for CRP biomolecules [112]. 

𝑇  is the temperature with the unit of K. Room temperature of 293.15 K is assumed. 

Consequently, the calculated Debye length at the CRP concentrations is 0.67 - 1.06 and 1.50 

- 2.37 nm in 2.5× and 0.5× PBS electrolyte. However, the Debye length in this thesis is more 

complicated because nanoparticle-based sensing area is rough and non-uniform. 

CRP is a 115-kDa acute phase protein, which is naturally unglycosylated and is a stable 

pentamer formed by 5 non-covalently linked protomers [53,113]. The molecular weight and 

the estimated scale of CRP on the basis of the protein data bank1 is 116 kDa, 10 × 10 × 4 nm 

[114]. The anti-CRP antibody isotype is polyclonal IgG. The IgG size is 151 kDa, 16 × 5 × 5 nm 

[114].  

Analyte size and net charge must be considered when designing the biosensor through charge 

modulation within the EDL when measuring non-faradaic changes [14]. Most commonly, the 

Debye length is matched to or larger than the size of the binding biomolecules [14]. However, 

some authors have recognised that measurement can still be performed beyond the Debye 

length where there is still an electric potential gradient. Palazzo et al. [108] developed a bio-

electrolyte-gated organic field-effect transistor sensor to successfully detect binding events 

occurring at distances that are 3 times the Debye length value from the transistor gate. In this 

PhD project, this principle was utilised, measuring the antibody/antigen interaction beyond a 

distance of the Debye length from the nanoparticle/solution interface.   

 

                                                           
1 http://www.rcsb.org/pdb/home/home.do 
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2.2.3 Data Analysis 

The impedance spectrum of a biosensor, which is a function of frequency, can be presented 

as a Nyquist or a Bode plot. For a Nyquist plot, the real and imaginary components of 

impedance are plotted on the x and y axes. There are many examples of this format of data 

presentation in the literature. For example, Jacobs et al. [101] compared the performance of 

the anti-troponin-T capture antibody immobilised sputter deposited ZnO films with or 

without oxygen based on Nyquist plots corresponding to frequencies from 1 Hz to 1MHz in a 

impedimetric immunoassay. However, a single frequency of 100 Hz was selected to create a 

calibration curve using the modulus impedance values. Also, Selvam et al. [103] also used 

Nyquist plot to measure the impedance over the frequency range from 100 mHz to 1 MHz. 

This author also concluded that changes to the double layer capacitance are most significant 

at lower frequencies, less than 1 KHz. Finally, Munje et al. [18] developed ZnO surface 

functionalized with DSP linker and α-cortisol antibody biosensor. Nyquist plots were used to 

represent the impedance output in the range 1 Hz to 1 KHz. The authors derived the double 

layer capacitance from the  imaginary component of the impedance, concluding that a lower 

imaginary component  means higher double layer capacitance [18].  

To examine the performance of impedimetric biosensors other authors have utilised Bode 

plots, where the magnitude and phase are plotted separately, each as a function of frequency. 

For example, Munje et al. [50] fabricated a flexible electrochemical biosensor for label-free 

detection of glucose in human sweat. The magnitude of the impedance variations was 

analysed over the frequency from 1 Hz to 10 MHz. They found that at the frequency of 50 - 

100 Hz, the signal-to-noise ratio (SNR) was highest [50].  

The majority of studies on impedimetric biosensors in the literature use the impedance 

spectrum to identify the optimum frequency (or frequency range) at which the analysis should 

be performed. Consistently researchers have found that low frequencies, below 

approximately 1 kHz, are the optimum. This approach has also been used in this work, 

explanations for the frequencies selected are given in subsequent chapters. 
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2.3 Equivalent Circuit Modelling of Impedimetric Biosensors 

2.3.1 Electrochemical Impedance Measurement 

For impedance measurements most commonly, a sine wave, V(t) = V0 sin(ωt), which varies 

periodically with an angular frequency, ω = 2πf, rad/s, (where f is the frequency) is used. The 

current response I(t) to the applied voltage V(t) is also the sine wave, but I(t) is shifted over 

the time interval (Δt) (or phase shift, 𝜙=2πf(Δt)), relative to V(t) because of capacitance 

and/or inductance components of the impedance, Z.  Generally, it is assumed that there are 

no changes in impedance value during the observation time interval and therefore, time 

dependence is not included in the mathematical expression of impedance [61]. The 

impedance, Z, can therefore be written as: 

𝑍(𝑡) =
𝑉(𝑡)

𝐼(𝑡)
=

𝑉0

𝐼0

sin(2𝜋𝑓𝑡)

sin(2𝜋𝑓𝑡 + 𝜙)
=

1

𝑌
 

 
(2.4) 

 

𝑉0  and 𝐼0  are the maximum voltage and current signals respectively and 𝑌 is the complex 

admittance.  

The total impedance can be calculated from the components within a circuit, for example the 

equivalent circuit model described in next section 2.3.2. The capacitive reactance of a 

capacitor is given by the following equation, where 𝑗 denotes the imaginary component. 

𝑋𝑐 = −
1

𝑗𝜔𝐶
                         

 
(2.5) 

 

The total impedance of a circuit comprising solely of resistive and capacitive elements can be 

calculated as follows. The magnitude (modulus) of the impedance, |Z| can be calculated as 

follows. 

𝑍 = 𝑅 + 𝑗𝑋𝑐; |𝑍| = √𝑅2 + 𝑋𝑐2 (2.6) 

 

The phase angle 𝜙, as defined above can be calculated from the following equation. 

𝜙 = 𝑎𝑟𝑐𝑡𝑎𝑛 ⌊
𝑋𝑐

𝑅
⌋               

 
(2.7) 
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Selvam et al. [42] compared the phase plots of the impedance measured over a range of 

frequency from 1 Hz to 10 MHz. They found a 60 degree phase lag which indicated the 

capacitive nature of the sensor response [42].  

 

2.3.2 Randles Model 

The Randles equivalent circuit is commonly used for modelling the performance of 

impedimetric biosensors. This aids in the understanding of the mechanism of charge transfer 

and effects of the biomolecular interactions for quantification of target biomarker 

concentration [1]. The circuit schematic of the Randles model is shown in Figure 2.2. In this 

equivalent circuit, Rs represent the resistance of the solution (mainly electrolyte) and Cd is the 

constant phase that models the behaviour of the electrical double layer at the interface of 

electrode-electrolyte [15]. The total current through the electrode/solution interface is 

considered as the sum of the current from faradaic processes, if , and from the double-layer 

charging, iC [112]. This is often simplified to the electrical double layer capacitance. Rct 

represents the faradaic impedance charge transfer resistance, and the Warburg impedance 

Zw due to diffusion of the chemical reactants in solution [15,101]. These two elements 

represent the impedance of a faradaic reaction and therefore are not included in the Randles 

model for a non-faradaic impedimetric biosensor. 

 

Figure 2. 2 Randles model redrawn from [42,112]. 

 

In various publications in the literature, this basic model has been adapted to relate more 

closely to the biosensor under study. Other factors have been included in these models to 
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represent properties such as electrochemical cell’s geometry, electrode track resistance; 

electrode’s substrate material permittivity; electrolyte solution permittivity and other system 

parasitic elements, all of which affects the total impedance response of the biosensor 

[106,115]. The electrical double layer element Cdl may sometimes also be expanded to show 

the contribution of the individual immunoassay elements, such as a linker molecule, capture-

antibody and target antigen [116]. 

Associated with this study, a model has been created for the ZnO biosensor using the 

following approach. Estimated parameters gave baseline approximations for the expected 

impedances of the sensor physical structure and were validated by experimental 

measurement. To find the model parameters that resulted in the best agreement between a 

model's impedance spectrum and a measured spectrum, a non-linear least squares fitting 

algorithm was used. Finally, the dominance of each component of the sensor system on 

measurement stability was analysed [117].  

 

2.3.3 Equivalent Electrical Circuit of the 1% ZnO Nanoparticle Biosensor 

Building on the Randles model, an equivalent electrical circuit model has been developed for 

the 1% ZnO nanoparticles-based impedimetric biosensor studied in this PhD work for co-

planar electrode configuration. The biosensor structure comprises the following layers (a) co-

planar copper electrodes on a pcb substrate, (b) a polyethylene terephthalate (PET), (c) a ZnO 

nanoparticle layer and (d) antibody on the ZnO surface in contact with buffer solution (See 

Chapter 3 for details of biosensor construction). Finally, C-Reactive Protein (CRP) has been 

used as a model antigen to allow assessment and comparison of performance. The 

resistive/capacitive circuits, representing the constituent components of the biosensor, were 

included to build up the complete circuit model at the frequency of 100 kHz, as shown in 

Figure 2.3. Further, information on the model is provided in the publication by Eveness, Cao 

et al. [117]. 
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Figure 2. 3 Equivalent circuit model for the ZnO nanoparticle biosensor [117]. 

 

For modelling purposes a symmetrical system is assumed. The model includes the key 

elements of the Randles model for a non-Faradaic biosensor including the capacitance of the 

electrical double layer (CZnO+AB, CCRP) plus the resistance of the solution (Rpbs) and the 

capacitance Cpbs. Additional elements that are specific to the biosensor studied in this PhD are 

also incorporated in the overall circuit model. These include the resistance of the copper 

electrodes (this is a very small value but included in the model to illustrate each electrode 

node) and the Cpcb is the capacitance associated with the two co-planar electrodes on the 

printed circuit board (PCB) dielectric substrate. An equivalent capacitance of the PET 

substrate (Cpet) is included in series with the ZnO intrinsic capacitance (CZnO). The resistance 

value R for PET is extremely high, of the order of 106  (due to its high resistivity), and as a 

parallel open-circuit component would have negligible effect on the response of the model 

within the frequency bandwidth we are operating. Finally a parallel capacitance representing 

the effect of the antigen binding is included as a separate component from the electrical 

double layer capacitance component. This is a common representation in the literature [61]. 
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Consequently, the total interfacial capacitance is the accumulative effect of the ZnO 

nanoparticles, antigen and antibodies and can be written as: 

C𝑡𝑜𝑡𝑎𝑙 = 𝐶𝑍𝑛𝑂+𝐴𝐵 + 𝐶𝐶𝑅𝑃              (2.8) 
  

The model assumes sensor electrical parameter symmetry for both electrodes. The model 

was created by analysis of the real and imaginary parts of the measured impedance of the 

constituent layers of the biosensor, i.e. PCB, PET, ZnO nanoparticles, antibody functionalised 

ZnO  in contact with PBS and finally, CRP antigen [117]. The capacitive reactance (imaginary) 

was the dominant component used to construct a model from the measured impedance data. 

The resistive (real) component of impedance magnitude was found to be negligible 

contribution to the impedance magnitude and was omitted from the resultant equivalent 

circuit model. The model shows that the capacitive effects are dominant. Consequently, the 

biosensor could be referred to as a capacitive biosensor. The model’s response was validated 

by comparing the modelled impedance to that of the measured impedance spectra and 

simulated using Analog Devices LTspice® circuit simulator software as shown in the paper by 

Eveness, Cao et al. [117]. Estimated parameters gave baseline approximations for the 

expected impedances of the sensor physical structure and have been validated by 

experimental measurement. This is further investigated where analysis of the dominance of 

each component of the sensor system on measurement stability is tested [117]. 

When the antigen binds to the ZnO surface through capture by the receptor antibody, the 

measured decrease in the absolute impedance value due to increase in the overall negative 

charge with increasing CRP loading, which is demonstrated in Chapter 3. The equivalent 

electrical circuit model developed demonstrates a capacitive sensing system, with quantified 

changes to the capacitance of the EDL formed at the zinc oxide semiconductor-PBS interface. 

Larger concentrations of target antigen in a sample will result in a greater amount of 

molecular interaction at the EDL, resulting in greater changes in the relative dielectric 

permittivity at the electrical double layer, which for a non-faradaic response contributes to 

the increase in interfacial capacitance, presented as a parallel capacitance connected to the 

ZnO-Antibody interfacial capacitance.  
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2.3.4 Experimental Impedance Measurement Set-up and Results 

For each of the studies described in this thesis, the co-planar electrode was connected to a 

Cypher Instruments C60 Impedance-Amplitude-Phase Analyser (Cypher Instruments Ltd) 

configured to impedance-mode measurement, via a 0.5 m 50 Ohm impedance coax cable. 

The equivalent circuit associated with this arrangement is depicted in Figure 2.4. The output 

impedance parameters provided are obtained from the manufacturer’s specification. The C60 

generates a sine wave voltage excitation at 2 Vpp. Although 2 V ac is relatively high, most of 

the voltage will fall on the dielectric and hence the voltage on the electrochemical double 

layer is much smaller. The signal voltage across the sensor and the current flowing through 

the sensor is measured by the C60 to determine the impedance.  

 

 

Figure 2. 4 The equivalent circuit associated with C60 arrangement [117]. 

 

From the manufacturer’s specification, there is an upper boundary of measurement defined 

by the internal noise of the C60 and is equal to 455 kmeasured at open circuit. As shown 
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in Figure 2.4, the lower impedance boundary is set by the output resistance Rcontact (BNC 

contact resistance) and inductance LBNC (23 nH). This is normally a 10 mΩ resistive boundary 

at low frequencies [117]. The output capacitance of the C60 (CBNC) is 3 pF. The co-planar 

electrode was connected to the C60 impedance measurement BNC connector by BNC 50 Ω 

coaxial cable. The coax cable capacitance Ccoax is 104.5 pF. The correlation between 

impedance value and increasing concentrations of CRP was demonstrated in Chapter 3, which 

shows impedance decreasing for increase in CRP loading. Table 2.1 shows corresponding 

calculated capacitance for 1 ng/mL and 10 ng/mL of CRP. The capacitance for the antibody 

captured ZnO-ionic buffer interface to be in order several pico-Farads (3.7 pF) and is therefore 

dominant over the series connected ionic bulk buffer solution capacitance. 

 

Table 2.1 Modelled impedance values (at 100 kHz) representing each physical component 
of the sensor and the electrochemical quantities of the interfacial impedance: PBS buffer 

solution and the lower and upper concentrations of CRP [117]. 

Sensor system 

component 

Equivalent 

circuit 

element 

reference 

Estimated 

electrical 

value 

Model’s fitted  

capacitance 

(Farads) 

Coax Ccoax 100 pF 104.5 pF 

Bare PCB electrode Cpcb 3.0 pF 4.2 pF 

PET substrate Cpet 2.0 pF 2.0 pF 

1% Nano-structured ZnO substrate CZnO - 0.15 pF 

Bulk PBS Rpbs 200 Ω calculated 

Cpbs 12.4 pF calculated 

ZnO-PBS 

Interface EDL 

CZnO+AB -   

7.4 pF (3.7 pF total)  

 

1 ng/mL CRP CCRP - 3 pF (1.5 pF total)  

 

10 ng/mL CRP - 3.8 pF (1.9 pF total) 
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Modelling the measurement system parameters allows for the decoupling of the equivalent 

circuit parameters (and thus the elements of the output signal) of the biosensor from the 

impedance measurement instrument. 

There are two different electrodes used in this thesis, one is planar electrode and the other 

interdigitated electrode. Hugo et al. presented that a finite element analysis of the coplanar 

electrode layout investigated the influence of the geometrical parameters on the output 

signal with lower peak amplitude at the increase of the interelectrode distance [118]. The side 

by side planar electrode produces a non-homogeneous electric field, which resulted the 

impedance is very dependent on the vertical position [118]. Hugo et al. concluded that the 

standard planar or facing electrode configuration enables to measure cell/particle position 

and correct data [118]. The measurement imaginary parts of impedance were similar with the 

varied distance between two microelectrodes (120, 300 and 800 µm) [119]. The interdigitated 

electrode designed increases the overall capacitance due to increased surface area [120]. 
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2.4 Summary 

In this chapter, faradaic and non-faradaic impedimetric biosensors have been compared. For 

non-faradaic impedimetric biosensor, measurement of the change of capacitance in electrical 

double layer due electrical charge accumulation, which influenced by ionic strength and can 

be measured even beyond Debye length.  

The equivalent circuit model specific to the biosensors studied in this PhD has been presented. 

It is based on the non-faradaic representation of the Randles model and shows the 

capacitances and resistances associated with the constituent elements of the biosensor. The 

equivalent circuit model helps evaluate the dominance of each of the physical and 

biochemical equivalent electrical parameters for non-faradaic impedimetric biosensing 

measurement. The impedance behaviours of biochemical binding of CRP could be analysed 

using EIS to quantify the concentration of CRP in a capacitive non-faradaic sensing system. An 

equivalent circuit model of the instrumentation used to measure the real and imaginary 

components of the impedance of the system has been included. This allows for the decoupling 

of the measurement features associated with instrument from that of the biosensor. The 

limitations of the instrumentation have been mentioned. 

In order to investigate the relationship between impedance responses of surface interface 

and CRP concentration, the following Chapters 3 and 4 describe the fabrication of ZnO and 

ZnO/CuO nano-surfaces, via colloidal dispersion using sonication, for CRP detection. The 

background study assists design the experiments for detection of CRP on ZnO/CuO based 

nano-surfaces or membranes.  
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Chapter 3       

 Zinc Oxide Based Bio-surfaces  
 

The first experimental chapter investigates zinc oxide (ZnO) based nano-surfaces applicable 

for non-faradaic impedimetric biosensor on planar electrode. C-reactive protein (CRP) was 

used as the model analyte to evaluate the sensor performance. The thesis reports a non-

faradaic impedimetric biosensor formed from antibody coated ZnO nano-crystals which has 

been prepared using a rapid and inexpensive fabrication method which utilises colloidal 

dispersion enhanced by using sonication. This technique was used to prepare highly ordered 

and uniform nano-crystalline sensor surfaces on polyethylene terephthalate (PET) using 0.5%, 

1% and 5% concentrations (g/100 mL) of zinc oxide nano-crystal suspensions. In order to 

achieve sensing areas, anti-CRP antibodies were immobilised on sensing area without a 

washing step. Different concentrations of ZnO nano-surfaces are compared and discussed. 

Changes in impedance values, at a frequency of 138 Hz, were used to establish dose 

dependent responses for CRP antigen. It will be followed by the discussion on possibility of 

measuring electrical double layer capacitance based on semiconductor-liquid double layer 

non-direct contact with electrode. This chapter provides the underlying principles for the rest 

of the chapters and demonstrates the investigation of a capacitively dominant impedance 

test. 

The work presented in this chapter has been mostly published in Cao et al. [121]. I contributed 

to the research design and carried out all experimentation including nano-surfaces 

preparation and fabrication, surface characterisation, immunology assay and impedance test. 

I also processed the experimental data, discussed the results, and wrote the initial draft of 

the manuscript. 
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3.1 Introduction 

3.1.1 ZnO Nano-surfaces Fabrication 

In Chapter 1, the advantages of ZnO nanoparticles due to low-cost, biocompatibility, ability 

to absorb proteins and semiconductor properties were highlighted. Different methods for 

fabrication of ZnO nano-structures were also compared. The technique of colloidal dispersion 

of ZnO nanoparticles shows both disadvantages and advantages. The disadvantage of ZnO 

nano-crystals is that the crystals easily aggregate. During the process of growth, Park et al. 

[40] found that several ZnO crystallites of about 5-10 nm agglomerated and formed a 

horizontal hexagonal platelet, which was a different output compared with other published 

results. Through a comparison of different concentrations (1%, 3%, 5% and 7%) of ZnO 

dispersions either in water or methanol to make the surface of ZnO-polyester composite 

textile materials, Rimbu [122] demonstrated that the larger concentration leads to 

agglomerations and a diminished coating quality. In order to mitigate the problem of 

aggregation, the process of sonication can be used. For example, in order to fabricate an 

ultrasensitive biosensor for DNA detection, Liu at al. employed sonication to achieve water-

soluble ZnO/Au nanocomposites [123]. The advantage of the colloidal dispersion techniques 

is that ZnO nanocrystals of defined shape and size can be purchased ensuring that well 

characterised films can be created. 

In this chapter, preliminary results are presented of a biosensor that is fabricated using a 

colloidal dispersion technique, incorporating sonication, to create a ZnO nanocrystal surface. 

The advantage of this technique is that biosensor surfaces, with controlled compositions and 

nanostructures, could be created at low cost with standard laboratory equipment; the 

technique also being suitable for large scale synthesis. Non-faradaic impedance spectroscopy 

was used to interrogate the biosensor surface to create a compact biosensor.  

 

3.1.2 CRP Clinical Range 

In order to prove the functionality of the ZnO nano-crystal biosensor, C-reactive protein (CRP) 

was selected as the model antigen. CRP is a biomarker that, when elevated from a 

concentration of 1 mg/L to a level of, or above, 3 mg/L, indicates an infection or other active 
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inflammatory process. CRP is synthesised in the liver and released in response to 

inflammatory changes. It is regulated by interleukin-6, interleukin-1β and tumour necrosis 

factor-α [124] and is thought to be a key biomarker of systemic inflammation [125].  

CRP has been shown as a biomarker of various health outcomes, such as cardiovascular 

disease [126], obesity [127], diabetes [128], cerebrovascular disease [129], chronic kidney 

disease [130], cancer [131]. The clinical range of CRP is levels of hsCRP of <1, 1 to <3, and >3 

mg/L have been suggested to define low, moderate, and high-risk groups for cardiovascular 

events [132]. 

 

3.1.3 Antibody Densities and Concentrations 

Antibody density affects the efficiency of antigen/antibody binding on the surface; this is why 

it is important to test and determine the appropriate antibody density after immobilisation 

[60,112]. In Table 3.1, there are some examples of antibody immobilisation details in antibody 

concentrations as well as sensing area sizes. Initially, the capacitance/dielectric properties 

using a large number of capacitors were tested after immobilizing appropriate amounts of 

antibodies on a given area of gold interdigitated (GID) electrodes. It was found that the 

immobilization of pure antibodies for detection of single target antigen often yielded low 

signal-to-noise ratio, and this method was suitable for concentrations over ng/mL levels [60]. 

The high antibody concentration may cause signal saturation, for example, at 5 µg/mL for 

anti-CRP and 1 µg/ml for anti-MPO, impedance reached saturation with the diatom 

membrane and the saturation doses for alumina were 1 µg/mL for anti-CRP as well as for anti-

MPO [133]. Due to the maximum antibody density, 3.77 ng/mm2 [112], obtained if the 

antibodies are modelled as a homogeneous sphere. The optimised antibody amounts based 

on defined sensing area (10 mm × 4 mm) will be 150.8 ng of antibody by roughly calculation. 
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Table 3. 1 Comparisons of antibodies captured 

Biosensors Sensing area  Antibodies 
volumes and 
concentration
s in solution 

Total 
amounts 
immobilise
d 

Incubation 
time and 
storage 
time 

Refs 

Label-free capacitive 
using gold 
interdigitated 
capacitor arrays 

3 mm × 3 mm 
dimension of 
each GID on 
capacitor 
surface 

20 µl of 100 
µg/mL of 
anti-CRP 
antibodies in 
PBS 

2000 ng of 
anti-CRP 
antibodies 

1 hour [60] 

Nanoporous alumina 
membrane-based 
biosensor using EIS 

N.A. 10 µl of 5 
µg/mL of 
anti-CRP 
antibodies in 
0.15 M PBS 

50 ng of 
anti-CRP 
antibodies 

N.A. [133] 

Reflectometric 
interference 
spectroscopy-based 
biosensor 

Silicon nitride 
(SiN) chips (L 
9 mm × W 9 
mm × H 0.725 
mm) 

50 µL of 50 
µg/mL of 
anti-CRP 
antibodies in 
10 mM 
acetate 
buffer 

2500 ng of 
anti-CRP 
antibodies 

Injected 
on the 
sensor 
surface at 
a flow rate 
of 10 
µL·min-1 

[28] 

Non-faradaic 
impedimetric sensor 

Lateral 
diameter 13 
mm of 
nanoporous 
alumina 
membrane  

150 µL of  (10 
ng/mL to 1 
µg/mL) 10 
ng/mL and 
750 ng/mL of 
anti-brain 
natriuretic 
peptide (BNP) 
antibodies in 
0.15 M PBS 

1.5 and 
112.5 ng of 
anti-BNP 
antibodies 

150 µL of 
10 ng/mL 
of anti-
BNP at 15 
minutes 
and 750 
ng/mL of 
anti-BNP 
at 30 
minutes 

[103] 

A three-line lateral 
flow assay strip for 

A piece of NC 
membrane 
(0.25 × 30 
cm2) was 
used 

Immobilize 1 
mg/mL 
antibodies in 
distinct zones 
by using a 
dispenser. 
The 
concentrated 
AuNP- 
antibody 

N.A. N.A. [68] 
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conjugate (12 
mL) was 
incubated on 
the 
conjugation 
pad humid 
chamber 
(25%)  (0.75 × 
0.38 cm2) 

A carbon nanofiber 
based biosensor using 
Cyclic voltammetry 
(CV) and 
electrochemical 
impedance 
spectroscopy (EIS) 

A 4-inch 
silicon (100) 
wafer with 
500 nm 
thermal oxide 
layer consists 
of 30 devices 
(or chips). 
Each device 
contains nine 
identical 
micro pads 
(electrodes), 
each with a 
surface area 
of 40,000 
μm2, 
arranged in 3 
× 3 array 
format 

50 μLof anti-
CRP (20 μM) 
solution in 
PBS (10 mM) 

20 μM  is 
2400 ng/ul, 
so with 
120,000 ng 
anti-CRP 

Incubated 
at room 
temperatu
re for 1 
hour 

[134] 

A reduced graphene 
oxide-nanoparticle 
hybrid impedimetric 
sensor 

ITO-coated 
electrode 
arrays on 
glass surfaces 
(7.5 × 2.5 cm) 
composed of 
eight working 
(sensing) disk 
electrodes (r 
=250 μm) 

20 μL of anti-
CRP (10 
μg/mL) 
solution in 
PBS (10 mM) 

200 ng of 
anti-CRP 

Kept in a 
humid 
chamber 
for 2 h 

[57] 

A glucose biosensor in 
sweat using Zinc 
Oxide based flexible 

Four arrays 
each 
contained 
five 
capacitors on 

3-5 μl of 10 
μg/mL α-
glucose 

20-50 ng α-
glucose 
oxidase 
antibody 

15 
minutes 

[50] 
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bioelectronics via 
non-faradaic EIS 

a SiO2 chip 
with a 3 mm 
× 3 mm 
dimension of 

oxidase 
antibody 

 

A Paper-Based 
Microfluidic 
Immunoassay with 
Smartphone (CRP-
Chip) 

Round 7 mm 
diameter 
absorbent 
pad and 
conjugate 
pad 

0.1 µL of anti-
CRP antibody 
(200 ng/µL) 
on the 
nitrocellulose 
membrane 

20 ng anti-
CRP 

N.A. [63] 

A portable cortisol 
biosensor using non-
faradaic EIS 

The sensing 
region of the 
sensor is 3 
mm × 6 mm 
in area 
allowing for 
~2.5 μL of 
total volume 
to saturate 
the sensing 
region. 

MoS2 

nanosheet 
was 
functionalize
d with 5 μL of 
100 ug/mL 
alpha-cortisol 
antibody in 
pH values 2, 
4, 6, and 8 of 
synthetic 
sweat 

500 ng 
alpha-
cortisol 
antibody 

Incubated 
for 15 
minutes 

[49] 

A hook effect-free 
immunochromatogra
phic assay (HEF-ICA) 

NC 
membrane30 
× 2.5 cm2 

10 µL of anti-
CRP 
monoclonal 
antibody (1 
mg/mL) was 
added to a 
mixture of 1 
mL of 20 nm 
AuNP colloid 
(1 OD) and 
100 µL of 
borate buffer 
(0.1 M) 

10 µg At room 
temperatu
re for 30 
minutes 

[25] 

Carbon nanotubes 
based disposable 
immunosensors on 
field effect transistors 

Defined 
electrode has 
a 1.5 mm 
width, and a 
1000 mm 
length 

A droplet of 1 
mL stock 
solution of 
anti-CRP (1 
g/L) in PBS 

1 mg Stored 
overnight 
at 4 °C 

[37] 
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3.1.4 Antigen Experimental Range and Timings 

The optimised detection range is associated with antibody concentration to optimise the high 

efficiency of the binding of antigen/antibody. In Table 3.2, it can be concluded that the 

incubation time is commonly at 15 minutes.  

 

Table 3. 2 Comparisons of antigen/target detection ranges on different biosensors 

Biosensors Antigen/Target detection range 
and seperate concentrations 

Incubation time Refs 

Label-free capacitive 
using gold interdigitated 
capacitor arrays 

25 pg/mL to 25 ng/mL of CRP in 
buffer 

(0, 25, 250, 500, 1000, 25000 
pg /mL) 

1 hour incubation 
time 

[60] 

Nanoporous alumina 
membrane-based 
biosensor using EIS 

1 pg/mL to 1 µg/mL of CRP in 
0.15 M PBS 

The 0 dose, 0.001, 0.01, 0.1, 1, 
10, 100, 1000 ng/mL  

15 minute 
incubation time 

[133] 

Reflectometric 
interference 
spectroscopy-based 
biosensor 

0.01, 0.1, 1.0, and 10 µg/mL of 
CRP dissolved in 10 mM 4-(2-
hydroxyethyl)-1-
piperazineethanesulfonic acid 
(pH 7.4) buffer containing 10 
mM CaCl2 and 0.001% Tween 
20 

The CRP injection 
(50 µL) was flow 
rate of 20 µL·min-1; 

Baseline came to 
be stable within 5 
minutes of 
injection. 

[28] 

Non-faradaic 
impedimetric sensor 

1 fg/mL to 1 μg/mL of BNP in 
0.15 M PBS 

15 minute 
incubation time 

[103] 

A three-line lateral flow 
assay strip for 

CRP (1 ng/mL to 500 μg/mL) 
and pegylated-CRP were used 
as test antigens. Pegylated-CRP 
was mixed with meth- 
oxypolyethylene glycol 
succinate N-
hydroxysuccinimide (NHS-PEG) 
(1% in 10 mM PBS) and 1 mg/ 
mL CRP  

 

Incubated the 
mixture for 1 h, 
after which they 
dialyzed the 
mixture for 24 h in 
PBS; 

Required assay 
time at 10 minutes 

[68] 
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A carbon nanofiber based 
biosensor using Cyclic 
voltammetry (CV) and 
electrochemical 
impedance spectroscopy 
(EIS)  

From 50 ng/mL to 5 μg/mL of 
CRP in PBS (10 mM) 

1 hour incubation 
time 

[134] 

A reduced graphene 
oxide-nanoparticle hybrid 
impedimetric sensor 

0.1 ng/mL - 10,000 ng/mL of 
CRP in human serum. (control, 
0.1, 1, 10, 100, 500, 1000, 5000 
and 10,000 ng/mL) 

 

N.A. [57] 

A glucose biosensor in 
sweat using Zinc Oxide 
based flexible 
bioelectronics via non-
faradaic EIS 

A increasing doses of glucose 
concentrations from 0.01 to 
100 mg/dL (0.01, 0.1, 1, 10, 
100, 200 mg/dL in sweat) 

15 minute 
incubation time  

[50] 

A Paper-Based 
Microfluidic 
Immunoassay with 
Smartphone (CRP-Chip) 

0–2 µg/mL CRP in standard, 
plasma and serum (0, 0.5, 1.0, 
1.5, 2.0 μg/mL) 

A single CRP-Chip 
can perform the 
test in triplicate on 
a single chip within 
15 minutes. 

[63] 

A portable cortisol 
biosensor using non-
faradaic EIS 

Four cortisol concentration 
regimes (0.5, 5, 50, and 500 
ng/mL) in pH 4 and pH 8 
synthetic sweat 

Added at a rate of 
3 μL per 7 minutes 
for continous 3 
hours (7 minute 
incubation time) 

[49] 

A hook effect-free 
immunochromatographic 
assay (HEF-ICA) 

CRP was diluted with CRP-free 
serum from 0.01 µg·mL-1 to 500 
µg·mL-1 

15 minute 
incubation time 

[25] 

Carbon nanotubes based 
disposable 
immunosensors on field 
effect transistors 

Between 0.1 ng/mL to 100 
µg/mL CRP in PBS (0.1 ng/mL, 1 
ng/mL, 10 ng/mL, 0.1 µg/mL, 1 
µg/mL, 10 µg/mL, 100 µg/mL) 

 

15 minute 
incubation time at 
room temperature 

[37] 
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3.2 Materials and Methods 

Zinc oxide nanopowders (ZnO, 99.9+%, 80 - 200 nm) were purchased from US Research 

Nanomaterials Inc. The biological molecules including monoclonal mouse anti-human C-

reactive protein (4C28 Mab: C6) and human C-reactive protein (CRP) (8C72) were purchased 

from HyTest Ltd. Phosphate Buffered Saline (PBS, pH 7.3 ± 0.2 at 25 °C) was purchased from 

OXOID Microbiology products. The PBS buffer was diluted to 0.025 M adjusting the pH to 7.40. 

 

3.2.1 Nano-surfaces Preparation 

Accurately weighed quantities of ZnO nano-crystals were added to double deionized water to 

make a range of concentrations (g/100 mL) of ZnO suspensions: 0.5%, 1% and 5%. Chung et 

al. observed ZnO in the liquid dispersed by ultrasonic horn is effective in terms of the size 

reduction rate, the minimum achievable size, and sedimentation rates with the horn system 

consumed 48 W during operation [94]. The ZnO suspensions were stirred for one hour and 

then 1.5 mL aliquots were ultra-sonicated for 7 periods of 20 seconds, at 4 minute intervals 

using an exponential microprobe (Soniprep 150) at 30 watts. The intervals between the 

sonication aimed to cool down the heat due to sociation power. The 7 periods of 20 seconds 

aimed to have enough accumulated sonication time to form a colloidal suspension. The use 

of small aliquots enables the efficient dispersion of the nanoparticles without wastage. 200 

µL ZnO suspensions dropped onto clean PET surface. Subsequently, the 24 samples for each 

concentration (g/100 mL) in a batch were dried in oven at 65 °C for 80 minutes and cooled to 

room temperature and stored in a dry atmosphere with silica gel for up to 2 days. 

 

3.2.2 Characterisation of Nano-surfaces 

The morphology of ZnO nano-surface was analysed by scanning electron microscopy (SEM). 

The samples were coated with a thin layer of Au prior to analysis. A grayscale profile of each 

image was created using ImageJ software. Grayscale values along a horizontal line comprising 

966 points, were used to produce a ’Roughness Index’. A grayscale value (0 - 255) is a single 

number that represents the brightness of the pixel. The light areas indicate charge on the 

surface in the SEM with higher points reflecting electrons and accumulating charge more 
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easily. This means that “deeper” areas do not reflect or accumulate charge as readily and 

consequently have lower values. Consequently, The Roughness Index was defined as the 

summation of absolute changes in grayscale values between each two adjacent points. 

Consequently, the Roughness Index gives an indication of surface area; a larger index means 

a larger surface area. Grayscale value plots derived from the images of SEM results were 

plotted by placing a horizontal line across the image using ImageJ software. 

Raman spectroscopy was used to distinguish the chemical compositions of the ZnO nano-

crystal surfaces. A XploRA Raman spectrometer from Horiba, equipped with a confocal 

microscope was used. The Raman signals were collected in a range of 0 -3500 cm−1 using a 

785 nm red laser excitation. The laser beam was focused on the sample using objective 

magnification of 50×. 

 

3.2.3 CRP Sensor Fabrication and CRP Assay 

The sensing area (10 mm × 4 mm) of ZnO nanoparticles was defined by tapes (Figure 3.1a). 

Subsequently, 40 µL (100 ng) antibody (MAb isotypes: C6) was added to the surface (Figure 

3.1a). Ibupoto et al. [8] prepared the immobilised enzyme penicillinase on electrodes with 

grown ZnO nanorods by a cross linker for 20 minutes and kept them at 4 °C for about 16 hours. 

In this chapter, the biosensor was then dried in a desiccator with silica gel at 4 °C overnight 

for 18 hours (Figure 3.1c) without wash.  
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Figure 3. 1 Schematic illustration of biosensor fabrication and sensing: The ZnO sensing area 
was defined using tape (a); then the antibody was added to the ZnO surface (b); and dried 
at 4 °C overnight (c); different concentrations of antigen were prepared (d); and added to 
the immobilized antibody on the ZnO surface (e); the impedance was measured on a blank 
surface (f) and a surface subjected to the assay protocol (g). 

 

A Cypher Instruments C60 Impedance-Amplitude-Phase Analyser was used to measure the 

impedance of the nano-crystal surfaces (Figure 3.1f). The frequency was scanned from 10 Hz 

to 4 MHz at a voltage of 2 Vpp and a DC offset of 0.9 mV, with 300 test points. The impedance 

plots were analysed by Cypher Graph V1.21.0, Impedance Amplitude and Phase Analyser 

graphing application software. Impedance spectra of ZnO nano-surfaces were acquired on 24 

independent measurements at each of the three concentrations (g/100 mL) of ZnO used to 

prepare the surface. 

CRP was prepared at a range of concentrations: 0 (PBS only), 1, 2.5, 5, 10, and 15 ng/mL 

(Figure 3.1d). 75 µL of each concentration of antigen was added to the biosensor (Figure 3.1e) 

without wash. Following set incubation times, the impedance was measured (Figure 3.1g) 

without wash. Impedance measurements were also made at each stage of the assay process, 

namely: (1) On the nano-crystal surfaces with dry antibody; (2) Instantly, after adding 75 µL 

of different concentrations of antigen and (3) at 5 minute intervals until 30 minute incubation 

time had passed. In order to plot logarithmic concentrations of CRP, the measurement of PBS 

buffer only with no CRP (control), was defined as 0.1 ng/mL CRP (rather than 0 ng/mL). The 

difference in impedance was derived by subtracting the impedance value of control for the 
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blank from each impedance measurement of the CRP assay at the various concentrations. The 

calibration curve was plotted based on impedance change versus logarithmic concentrations 

of detection CRP.  

 

3.2.4 Statistical Analysis 

Statistical tests were performed on impedance results of each different concentrations (g/100 

mL) 0.5%, 1%, 5% ZnO nano-surface using Minitab. The %CV = (Standard Deviation/Mean*100) 

was used to compare variation and demonstrate reproducibility within groups. A 2-Sample t-

test for between group comparisons was used to prove significant differences, a p value of 

<0.05 was considered significant.  

A 4-parameter linear-log logistic curve of impedance changes in 0.5% and 1% ZnO nano-

surface, with the error bars, was created using R. 

In order to evaluate the capacitance of the system, a complex capacitance was defined as 

[135]: 

𝐶∗ = −
𝑧′′

ω|𝑍|2 − 𝑗
𝑍′

ω|𝑍|2 = 𝐶′ + 𝑗𝐶′′                                                     (3.1) 

Where 𝐶′  corresponds to the real part of the capacitance and 𝐶′′ corresponds to the 

imaginary part of the capacitance. 𝑍′ and 𝑍′′are the real and imaginary components of the 

measured impedance, respectively, and ω=2πf is the angular frequency of the measurement. 

From the capacitance data, Cole-Cole capacitance plots can be obtained [135].  
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3.3 Results and Discussion 

3.3.1 Validation of Nano-surfaces Fabrication 

Impedance spectroscopy of the three ZnO nano-surfaces (from concentrations of ZnO nano-

crystals suspensions of 5%, 1% and 0.5%) are shown in Figure 3.2. The results were plotted 

based on average impedance value of 24 samples for each concentration. These 

measurements were made on different sensors over a series of days. Figure 3.2 shows that 

the average impedance values decreases as the concentrations of ZnO suspension decreases. 

This is due to the high loading of zinc oxide in the 5% sample causing the maximum 

perturbation of the electromagnetic field of the impedance sensor, due to the increased 

positive charge associated with the ZnO crystals. 

 

 

Figure 3. 2 Impedance spectra (n=24) of three different concentrations of ZnO nano-
powders (blue: 5%, red: 1%, lime green: 0.5%) on PET substrates. 

 

The greatest difference between the impedance values of the nano-surfaces at different 

concentrations of ZnO occurred at a frequency of 138 Hz. This frequency was similar to 
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frequencies used in the literature. For example, Jacobs et al. [101] found that the most 

significant changes occurred around 100 Hz, when adding various concentrations of the 

protein troponin-T on to a ZnO surface. Jacobs reported that this was due to the fact that the 

electrical double layer is greater at low frequencies below 1000 Hz [101]. A statistical analysis 

of the impedance values taken at a frequency of 138 Hz are shown in Table 3.3. The %CVs 

demonstrate that the fabrication process is reliable as the 24 measurements were performed 

on individual sensor surfaces. Although all surfaces were highly reproducible, the highest 

concentration of ZnO nano-crystals resulted in the highest reproducibility. At all 

concentrations, there was a highly significant difference between the impedance of bare PET 

material and the impedance of the PET with ZnO (p < 0.001). 

 

Table 3. 3 Data analysis on impedance values on each set of ZnO nano-surfaces at fixed 
frequency 

Different concentrations of ZnO 

suspensions dropped on PET 

N Mean StDev CV (%) 

5 % 24 352870 2453 0.70 

1 % 24 345567 4117 1.19 

0.5 % 24 338387 5633 1.66 

 

3.3.2 Characterisation of Surface 

From the SEM images, Figure 3.3(a), 5% ZnO suspension, shows a surface with a more 

complete covering of ZnO compared with Figure 3.3(b), 1% ZnO suspension. This observation 

was as expected owing to the larger mass of ZnO applied. Figure 3.3(c) shows that the surface 

of 0.5% ZnO nano-crystals on PET is significantly different from the 1% and 5%, with abnormal 

sharp, platelet-like shapes. It is postulated that the relative absorption of ultrasound energy 

is greater by the crystals when there is a lower mass of ZnO material (0.5% ZnO), resulting in 

the fracture of the ZnO crystals forming the observed sharp platelets. It suggests that the size 

of composites could be due to the sonication-induced aggregation [123]. In other words, the 

lower concentrations of ZnO suspension are subject to larger sheer forces which may fracture 
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the existing nanocrystal structures and subsquent agglomerate results in the formation of the 

other ZnO nano-structures observed. 

 

 

Figure 3. 3 SEM images for ZnO nano-surfaces on PET via suspensions at different 
concentrations (g/100 mL) of ZnO nano-crystals: (a) 5% ZnO; (b) 1% ZnO; (c) 0.5% ZnO. 

 

From Figure 3.4 it is clear that even though the surface is covered with dense nanoparticles, 

there are still many voids resulting in a porous surface. The lower values of grayscale 

represent darker areas on the image where the substrate is revealed and the higher grayscale 

values represent the lighter areas with a maximum grayscale value of 255. The profile plot of 

5% ZnO shows a narrowest range of grayscale values compared with 1% and 0.5%, indicating 

that the surface of 5% is smoother than the others, with less deep holes and peaks across the 

nano-surface, reflecting the high density of ZnO nanocrystals present. This demonstrates that 

the colloidal dispersion technique and drop method provides uniformed ZnO films with 5% 

ZnO. In comparison, the 1% ZnO nano-surface gave full coverage of ZnO but with a rougher 

surface, whereas the 0.5% nano-surface showed many areas where the grayscale value was 

zero, indicating deep pits, revealing the underlying PET. The roughness index of the 0.5% ZnO 

nano-surface was calculated to be 8097, the 1% ZnO nano-surface was 10718 and 5% ZnO 

nano-surface was 2310. The results indicates that 1% ZnO nano-surface has the largest 

surface area; the 0.5% ZnO nano-surface had a relatively large surface area but there was 

incomplete coverage of the PET substrate whereas the 5% nano-surface is the least rough, 

with the smallest surface area. 
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Figure 3. 4 Plots of grayscale profiles along a horizontal line within images (mag ×2000) for 
nano-surfaces made by three different concentrations of ZnO suspensions: 0.5%, 1% and 5%. 

 

3.3.3 Raman Spectroscopy Analysis of the Surfaces 

Figure 3.5 shows the Raman spectra of bare PET (blue line) and PET covered with 1% ZnO 

nanocrystals (green line). There was a strong correlation with a Raman spectrum of pure PET 

[136], two strong, characteristic bands were observed at 1723 cm−1 and 1610 cm−1 which 

corresponded to C O stretching and benzene ring structures. The band at 854 cm−1 

corresponded to the ester C(O)O bending mode [136]. ZnO possesses C6v
4 symmetry (P63mc) 

space group; there are eight sets of optical phonons at Γ point of Brillouin zone: 

Γ=A1+2B1+E1+2E2, with A1, E1 and 2E2 modes are Raman active [137–139]. Published Raman 

spectra of ZnO nanorods [138,140], indicate significant bands at 438 cm−1 and 1050 cm−1 and 

a few weak bands at 330, 379, 535 and 585 cm−1. The strong peak at 438 cm−1 indicate high 

E2 mode, which represents ZnO wurtzite hexagonal spectrum [139]. The Raman spectrum of 

the ZnO surface shown in Figure 3.5, shows that the bands associated with the PET are 

attenuated due to being covered by ZnO, additional bands are seen at 324, 435, 532, 582 and 
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1050 with the significant bands at 324, 435 and 1050 cm−1. These results strongly indicate the 

ZnO nano crystals cover the surface. A Raman peak at 324 cm−1 represents a highly crystalline 

structure in the ZnO nanomaterials, while peaks at 584 and 673 cm−1 represent disordered 

material and impurities which assigned to the E1L and A1 phonon modes [139]. Comparing the 

intensity of two peaks at 324 cm−1 and 582 cm−1, the peak at 435 cm−1 was far greater, 

indicating that the nano-surface with ZnO crystals was highly ordered and uniform. 

 

 

Figure 3. 5 Raman spectra of bare PET (blue line) and PET covered by 1% ZnO nanocrystals 
(green line) at room temperature. Conditions of recording Raman Spectrum of bare PET: 
time acquisition 30s, wavelength 785 nm. Conditions of recording Raman Spectrum of nano-
ZnO on PET: time acquisition 50s, wavelength 785 nm. 
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Figure 3.6 shows the Raman spectra of 1% ZnO with capture antibody (green line) and ZnO 

without the capture antibody molecule (blue line). The main goal is to identify antibody on 

the surface of the ZnO through the spectra derived from antibody. The anti-Human C-reactive 

protein, used in this study is an IgG2a isotype. Bands associated with antibody were observed 

at 2937, 2576, 2211, 1125, 999 and 914 cm-1, providing strong evidence that antibody is on 

the surface because of the ZnO nanocrystals. Kengne-Momo [141] reports that IgG will give 

bands at 914 cm-1 (CH2 deformation (ρCH2); 2937 cm-1 (C–H stretching (νC–H) of aliphatic 

chains). Both of these bands are evident in Figure 3.6. In addition, the backbone skeletal νC–

C vibration bands were observed in the region of 999 to 1125 cm−1. 

 

 

Figure 3. 6 Raman spectra of ZnO nano-surface on PET (blue line) and ZnO with capture 
antibody on PET (green line). Conditions of recording ZnO with capture antibody on PET: 
time acquisition 150s, laser wavelength 785 nm. 

 

3.3.4 Calibration Curve Comparison of the Three ZnO Nano-surfaces with CRP 

Immobilised 

To examine the effect of varying the incubation period, measurements were performed on 1% 

ZnO nano-surfaces prepared with antibody and incubated for 5, 10, 15 minutes. Figure 3.7 

shows the plots were similar indicating that beyond 5 minutes the incubation time does not 

greatly influence the result, which suggests that binding of CRP to the antibody occurs rapidly. 
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The instability of impedance values at 15 minutes is due to ZnO nanoparticles degradation in 

buffer solution [142,143]. The dose dependent response of absolute impedance for each 

incubation time shows decreasing impedance with increasing CRP loading. The manufacturers 

technical specification state that the CRP was produced from a human source, which is 

assumed to be pentameric. This can be explained by the fact that in this experimental set-up 

the ZnO is positively charge, whereas the CRP is dominated by negative charge (the calculated 

isoelectric point of CRP pentamer is ~5.3 [144]). Impedance spectroscopy provides a 

measurement of the capacitance of an electrical double layer formed when a semiconducting 

material interacts with liquid electrolytes [18]. Consequently, when binding to the ZnO occurs, 

through capture by the antibody on the surface, there is a decrease in the overall positive 

charge with increasing CRP loading and a decrease in the absolute impedance value. This 

observation concurs with the literature where it is reported that, for non-faradaic biosensors, 

changes in the surface dielectric and charge distribution are induced when a protein target 

binds to the receptor, previously attached in the electrode, displacing water and ions from 

the surface [61]. 

 

Figure 3. 7 Impedance values from 1% ZnO nano-sensors, with 100 ng capture antibody with 
increasing concentrations of antigen: 0 - 15 ng/mL for 5, 10 and 15 minute incubation time. 
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The three different nano-surfaces were compared by measuring impedance changes with 100 

ng capture antibody by adding different concentrations of CRP from 0 to 15 ng/mL at 138 Hz 

with 10 minute incubation time. Figure 3.8 depicts Cole-Cole plots with dose response of CRP 

on three different nano-surfaces 0.5%, 1% and 5%. Figure 3.8(b) shows the most obvious 

capacitive shift with the concentrations of CRP on 1% ZnO nano-surface. Figure 3.9 also 

demonstrates the change impedance with increasing concentrations of CRP. 

 

 

Figure 3. 8 Cole-Cole plots for the CRP dose response (n=1) of each of three different 
concentrations of nano-surfaces with 100 ng antibodies loading at D-shape electrode 
representing the capacitance of the system calculated from impedance data (a) 0.5% (b) 1% 
(c) 5%. 

 

These experimental conditions were used because, as described above, reproducible 

differences between each type of samples were evident at 138 Hz. In addition, from Figure 

3.7, the absolute impedance behaviours have shown to perform reliably within a 10 minute 

incubation time. The modulus of the impedance differences (impedance value minus the 

blank) were employed to plot a calibration curve as shown in Figure 3.9. The impedance 
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difference plot shows increasing values of the modulus of the impedance difference with 

increasing concentrations of CRP for the 0.5% and 1% ZnO nano-surfaces. 

  

 

Figure 3. 9 Impedance change in response to increasing concentrations of antigen on 0.5% 
and 1% ZnO nano-surfaces (n=3) with 100 ng capture antibody. 

 

Figure 3.9 shows 4-parameter linear-log logistic curves, with the error bars, was created using 

R. Figure 3.9 also shows that biosensors prepared with 1% ZnO gave the significant higher 

output for each concentration of CRP compared with 0.5%. The performance of the 

biosensors is related to the availability of antibody on the surface to bind CRP when added to 

the surface. Increasing concentrations of antigen binds to a fixed amount of antibody in a 

dose dependent manner defined by the binding affinity. It is speculated that there is increased 

charge accumulation due to the bound antigen on the surface compared with the antigen in 

solution. This acted as a parallel capacitor to the modelling circiut, which increased the 

capacitance and reduced the impedance values. In addition, there will be an increased 

amount of isolated antigen flowing freely in solution, resulting in a decrease in the charge 

carriers and hence resistance of the solution. However, it will influence the sensitivity of the 
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sensing surfaces due to non-specific bindings in the solution with loose uncaptured antibodies. 

Surfaces fabricated using 1% ZnO showed the highest roughness Index implying it has the 

greatest surface area on which the anti-CRP antibody were captured. Figure 3.9 plots the 

impedance change against concentrations of CRP. The slope was calculated to represent the 

sensitivity. The calibration curve using 1% shows high sensitivity with an average 

enhancement of 5 times a greater signal compared with 0.5% ZnO. The biosensor based on 

1% ZnO nano-surface has the potential to be developed into a rapid, inexpensive and sensitive 

diagnostic test for CRP. The low sensitivity of 0.5% ZnO nano-surface is likely to be due to the 

fact that using 0.5% ZnO the PET surface is not fully covered and that the ZnO exists as “islands” 

of nanocrystals in a modified form due to the ultrasonication. Because of the thickness of 

flatter 5% ZnO nano-surface, it was easy to break during the process of protein immobilization. 

The impedance tests were unstable with big error bars excluded in Figure 3.9. As presented 

in Chapter 2, the C60 impedance analyser reaches a maximum impedance of 450 kOhms 

boundary at low frequencies. This results in background noise due to instability, which 

resulted in experimental impedance changes with big error bars.  

 

3.3.5 Comparisons of Non-Specific Binding 

Impedance comparisons of anti-CRP loading (0 ng, 100 ng and 200 ng) with 5 ng/mL CRP on 

1% ZnO nano-surfaces are shown in Figure 3.10. The results show that 200 ng loading of 

antibody gave a response two times greater signal than that of 100 ng antibody loading signal 

when the control (0 ng) was taken into consideration. Figure 3.10 also showed the weakest 

signal on 1% ZnO nano-surface with 0 ng capture antibody when 5 ng/mL CRP was added. As 

predicted, the figure shows that the signal generated is associated with the interaction 

between anti-CRP antibodies and CRP which was greater when there was a greater number 

of binding sites provided through the capture antibodies. 
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Figure 3. 10 Comparison of anti-CRP loading 1% ZnO nano-surface (n=3) at the frequency 
of 138 Hz for the detection of 5 ng/mL CRP. 

 

The response that was seen in the absensce of antibody represents the non-specific binding 

of CRP on the ZnO nano-surface. Assaifan et al. utilised PBS solution to replace the antigen 

solution on their ZnO biosensor to show a zero result without binding of antigen to antibody 

[59]. They concluded that the charge accumulation caused by the binding of antibody and 

antigen is the main factor in impedance change and not due to the changes of the testing 

solution or the EIS test itself [59].  
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3.4 Summary 

This chapter shows that zinc oxide nano-surfaces can be created simply and at low cost using 

a new colloidal dispersion technique, incorporating sonication. ZnO nano-surfaces showed 

the potential to develop a nano-crystalline based biosensor. The high isoelectric point is 

important for electrostatic attraction to biological molecules. The fabrication of ZnO nano-

surfaces is low-cost and results in enhanced behaviour of the biosensor, whilst being highly 

stable. Raman spectra of the surface indicated the ZnO crystal surfaces was highly ordered 

and uniform. Impedance analysis confirmed that the ZnO surfaces were highly reproducible, 

individual measurements being taken across many days. SEM analysis illustrated differences 

in the surfaces when three different ZnO suspension concentrations were applied. The 

highest concentration studied (5% ZnO) showed the smoothest surface whereas the lowest 

concentration (0.5%) showed incomplete coverage of the substrate. 1% ZnO demonstrated 

full coverage of the surface and the largest surface area which was quantified by a roughness 

index. After addition of the antibody to the ZnO surface, Raman spectroscopy confirmed that 

there was coverage of ZnO surface with the IgG antibody. 

At a fixed frequency of 138 Hz, a dose dependent response was observed from 0.1 ng/mL to 

15 ng/mL CRP for all 3 concentrations of ZnO (5%, 1% and 0.5%). The calibration curve using 

1% shows high sensitivity with an average enhancement of 5 times a greater signal compared 

with 0.5% ZnO. 1% ZnO nano-surface showed the best results with the highest sensitivity of 

the 3 plots. This may be explained by the fact that the 1% ZnO nano-surface has the highest 

roughness index of the 3 concentrations, calculated from Figure 3.4, and hence the largest 

surface area for binding. In contrast, the 0.5% ZnO nano-surface shows incomplete coverage, 

high variability of particle size and shape and also the lowest sensitivity. Interestingly, during 

biosensor preparation, the 1% ZnO nano-surface was more stable than 5% during the process 

of protein immobilisation. Finally, the method for fabrication of ZnO nano-surface via colloidal 

dispersion coupled with ultra-sonication is simple and inexpensive and therefore suitable for 

future application as the basis of disposable biosensors. 

The next chapter builds on this work to develop ZnO/CuO nanosurfaces. The signal outputs 

are analysed to explore the effect of CuO within a nano-structured surface of a biosensor. 

  



76 
 
 

Chapter 4        

 Copper Oxide-Enhanced 

Composite Nano-surface Biosensor  

 

Following on from the previous chapter, the 1% zinc oxide (ZnO) nano-surface shows good 

behaviour being stable and enhancing sensitivity for detecting C-Reactive Protein (CRP). The 

second experimental chapter investigates the improvement in performance when copper 

oxide (CuO) nanoparticles are mixed with ZnO nanoparticles to develop non-faradaic 

impedimetric biosensor. In order to achieve sensing areas, anti-CRP antibodies were also 

immobilised on ZnO/CuO nanoparticle surface in a technique that includes no wash step. To 

demonstrate the enhancement of copper oxide (CuO) mixture with ZnO nanoparticles, 

different combinations of CuO and ZnO colloidal suspensions are used to fabricate nano-

surfaces. The surfaces were characterised and compared using techniques including 

measurement of the phase changes using impedance spectroscopy. This chapter provides the 

evidence, which is then built on in the remaining chapters, to demonstrate the enhanced 

sensitivity achieved using a combination of ZnO and CuO nanoparticles. 

The work presented in this chapter has been mostly published in Cao et al. [145]. I contributed 

to the research design and carried out the experimentation including nano-surfaces 

preparation and fabrication, surface characterisation, immunology assay and impedance test. 

I also processed the experimental data and discussed the results, wrote the initial draft of the 

manuscript. 
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4.1 Introduction 

The previous experimental chapter has proven the validity of using ZnO nano-surface as a 

biosensing area for detection of CRP by non-faradaic process. This experimental chapter 

presented here investigated mixtures of ZnO and CuO nanoparticles to fabricate nanocrystal 

surfaces for the immobilisation of anti-CRP antibodies. An enzyme labelled antibody was used 

to assess protein uptake on the nano-surfaces. The fabrication of the nano-surfaces used a 

simple and inexpensive colloidal dispersion technique. ZnO nanocrystals were deposited on 

PET, coated with anti-CRP antibodies and then sandwiched between two glass coverslips for 

the detection of CRP. The bottom glass slip is to provide support for the sensor. The upper 

glass slip is to seal the biosensor without liquid evaporation. The binding of CRP to the 

antibody on the biosensor surface was detected and quantified using impedance 

spectroscopy. Fabrication of the ZnO/CuO nano-surfaces was straight forward, with a process 

that is compatible with large scale manufacture. 

Enhancement of material properties have been demonstrated by incorporating other 

materials or elements within a ZnO matrix. For example, the implantation of iron oxide (Fe3O4) 

in ZnO nanosheets decreases the charge transfer resistance and also ensures that the 

nanosheets are photostable and reusable, and thus suitable for application as photocatalysts 

[146]. In order to enhance the electrocatalytic properties of a modified electrode, carbon 

xerogel-zinc oxide composites were synthesized by the sol-gel method, contributing to good 

material conductivity [147]. 

The addition of CuO to ZnO has been shown to improve sensitivity by enhancing the redox 

property and electron transfer. ZnO surfaces have been created by an electro-spinning 

method followed by hydrothermal treatment, with CuO subsequently being added by a wet 

method [75]. These ‘CuO-decorated ZnO hierarchical nanostructures’ were employed to 

enhance the performance of a hydrogen sulphide (H2S) gas-sensor. Furthermore, a novel free-

standing ZnO-CuO composite film, which was fabricated by a modified hydrothermal method, 

in order to remove the need for a substrate [148], formed the basis for a gas sensor which 

showed a good improvement in response for sensing carbon monoxide (CO) gas compared 

with pure ZnO nanowires [148]. Finally, a ZnO-CuO composite matrix was fabricated on an 

indium tin oxide coated corning glass substrate by pulsed laser deposition [86]. The inclusion 
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of CuO resulted in excellent redox properties, and consequently, in the absence of any 

external mediator, good oxidation and reduction peaks were visible on a cyclic 

voltammogram. The improvement in properties in these composite nanoparticles has been 

related to the decrease in the band gap energy. In fact, it has been shown that the higher the 

concentration of CuO in a ZnO-CuO composite, the smaller the band gap [77]. 

However, for all of these examples plus others in the literature, the formation of ZnO/CuO 

composite nanoparticles/nano-surfaces requires complex processes, typically involving high 

temperature and long time periods. For example, ZnO nanowires have been grown by thermal 

evaporation and CuO films have been synthesized by thermal oxidation (at 400 °C for 12 hours 

in 80 % oxygen/20% argon atmosphere); the Cu films initially being produced by a radio 

frequency sputtering technique [149]. Methods described for fabricating CuO/ZnO 

nanocomposites are also complex. For example, Widiartiet et al. [77] added copper(II) 

sulphate pentahydrate (CuSO4·2H2O) to citric acid stirring until homogenous and the 

precursor solution made by ethylene glycol mixed with Zn(CH3COO)2·2H2O, deionized water 

and citric acid by vigorous stirring for an hour. The solution was added by NaOH drop by drop 

stirring for one hour and kept for 48 hours for aging. The gel was washed and dried in oven 

to constant weight and then calcined at 500 °C for 4 hours [77].  
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4.2 Materials and Methods 

4.2.1 Nano-surfaces Preparation 

Preliminary experiments were carried out to find the optimised combinations of nano-

surfaces. The nanoparticles-based surfaces were produced using 1:1 volume ratio of 1% or 5% 

concentrations (g/100 mL)  of nano-ZnO and CuO suspensions shown in Appendix Figure S4.1. 

The 5% CuO sensors were not stable during the process of antibody immobilisation. Figure 

S4.2, Appendix A, shows a number of sensors that had been prepared using 5% CuO. In all 

cases the nanoparticles fractured and broke away from the surfaces. The lower concentration 

of 0.5% ZnO nano-surfaces gave uneven nanoparticles distribution. Although ZnO 

nanoparticles had the ability to smooth the surface, too much nanoparticles created cause 

the break easily. So the optimised concentration of using ZnO and CuO is 1%. 

To create both 1% ZnO and 1% CuO suspensions, 0.15 g ZnO nanoparticles (ZnO, 99.9+%, 80 

- 200 nm) was added to 15 mL double deionized water and 0.1 g CuO nanoparticles (CuO, 

99.5+%, width 10 - 30 nm, Length: 200 - 800 nm) was added to 10 mL double deionized water. 

The suspensions of both 1% ZnO and 1% CuO were stirred at room temperature for 1 hour. 

Five different nano-surfaces were produced using 1% ZnO and 1% CuO by volume ratio as 

follows: 0% CuO (ZnO only), 33% CuO (2:1 ZnO/CuO via volume ratio), 50% CuO (1:1 ZnO/CuO), 

67% (1:2 ZnO/CuO) and 100% CuO (CuO only). The methods were the same as Chapter 3, then 

1.5 mL aliquots of each preparation (prepared by volume ratios) were ultra-sonicated for 7 

periods of 20 seconds, at 4 minute intervals using an exponential microprobe (Soniprep 150) 

at 30 watts. Small volumes of nanoparticle suspension were well dispersed using sonicated 

probe. The intervals between the sonication aimed to cool down the heat due to sociation 

power. The 7 periods of 20 seconds aimed to have enough accumulated sonication time to 

form a colloidal suspension. 200 μL of each suspension were dropped on to clean PET 

substrates (20 mm x 20 mm) separately to make ZnO/CuO nano-surfaces. Subsequently, the 

12 samples for each different nano-surfaces were dried in an oven at 65 °C for 80 minutes 

and cooled down to room temperature, then stored in a dry atmosphere with silica gel for up 

to 2 days [121]. The samples can be kept for years for Raman, SEM tested after production in 

dry atmosphere. For impedance test, the samples behave stable in a year based on phase 

analysis comparison shown in Appendix Table S4.1. 
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4.2.2 Characterisation of Nano-surfaces 

The morphology of pure ZnO and mixed ZnO/CuO composite nano-surfaces were analysed by 

the Quanta 200 Scanning Electron Microscope|Thermo Fisher Scientific. The samples were 

coated with a thin layer of Au prior to analysis. SEM picture of CuO only could not be obtained, 

as the CuO is highly conductive and there was a risk that the nanoparticles would contaminate 

the SEM. 

Atomic Force Microscopy (AFM) was used to examine the topology of the different nano-

surfaces using Bruker Innova Atomic Force Microscope with an antimony (n) doped silicon tip. 

Each AFM image was analysed using the NanoScope Analysis software. Image surface areas 

were compared within a 3 µm by 3 µm scan area. Calculation of the total surface area and 

mean roughness ( 𝑅𝑎 ) within the scanned region provided a method of comparing the 

roughness of the various nano-surfaces. 

Raman spectroscopy was used to analyse the chemical compositions of the pure 1% ZnO and 

mixed 1% ZnO/CuO (1:2) nano-surfaces. An XploRA Raman spectrometer from Horiba, 

equipped with a confocal microscope, was used. The Raman signals were collected in a range 

of 0 - 3500 cm−1 using a 785 nm red laser excitation. The laser beam was focused on the 

sample using objective magnification of 50×. 

 

4.2.3 Surface Uptake of Antibody 

Due to the maximum antibody density, 3.77 ng/mm2 [112], i.e. a sphere with the same 

molecular weight as the antibody but with an homogeneous distribution of mass, that has a 

radius of 3.6 nm and a molecular weight of 150 kDa, the optimised antibody amounts based 

on my defined sensing area (10 mm × 4 mm) will be 150.8 ng of antibody by roughly 

calculation. The maximum volume (75 µL) can contain on the nano-surface (experimental 

experience). The calculated 2.5 ng/µL concentration of anti-mouse Ig-HRP was diluted in PBS. 

To understand how ZnO and CuO capture protein on their surfaces an antibody-enzyme 

conjugate was used in place of the anti-CRP. Here, 75 µL anti-mouse Ig-HRP (2.5 ng/µL) from 

Bio-Rad Antibodies Inc. was dropped on each surface within the sensing area and dried in a 
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desiccator with silica gel at 4 °C overnight for 18 hours, same as biosensor CRP assay in next 

section 4.2.4. Anti-HRP stock solution was stored and diluted in 0.05 M PBS [56] with pH 7.40. 

The 75 µL volume of anti-mouse Ig-HRP is the maximum amount can be covered on the 

surface in order to fully react. Following a thorough wash, to remove unbound protein, with 

0.05 M PBS, 40 µL 3,3’,5,5’-Tetramethylbenzidine (TMB) was added on the surface for 10 

minutes after which 50 µL stop 3,3’,5,5’-Tetramethylbenzidine solution was added. The colour 

intensity of each test was read at 450 nm using a microplate reader (EZ Read 400). The relative 

amounts of surface bound antibody were defined by the optical density of the tests of the 

different sensor surfaces. 

Data were presented with one blank sample on each nano-surface, without anti-mouse Ig-

HRP, as a control and two test samples (with antibody) on each nano-surface. 

 

4.2.4 CRP Sensor Fabrication and CRP Assay 

The sensing area (10 mm × 4 mm) of each ZnO/CuO nano-surface on PET was defined by tape. 

Subsequently, 40 µL (100 ng or 200 ng) of monoclonal mouse anti-human C-reactive protein 

from HyTest Ltd (Turku, Finland) was added to the surface. Anti-CRP antibodies were stored 

and diluted in 0.025 M PBS with pH 7.40. The biosensor was then dried in a desiccator with 

silica gel at 4 °C overnight for 18 hours. The nano-surface biosensors were then aligned above 

a pair of D-shape electrodes to perform impedance measurements. 

A Cypher Instruments C60 Impedance-Amplitude-Phase Analyser was used to measure the 

impedance of the nano-crystal surfaces. The frequency was scanned from 10 Hz to 4 MHz at 

a voltage of 2 Vpp with a DC offset of 0.9 mV, with 300 test points. The impedance plots were 

analysed by Cypher Graph V1.21.0, Impedance Amplitude and Phase Analyser graphing 

application software. Impedance spectra of the ZnO/CuO nano-surfaces were acquired in 

triplicate for each of the following types of surface: 1% ZnO and 1:1, 1:2 and 2:1 volume ratio 

of 1% ZnO and 1% CuO suspensions. 

The impedance amplitude and phase were measured after 10 minute incubation time 

following the addition of 40 µL of different concentrations of human C-reactive protein (CRP) 

from HyTest Ltd and sealing the sensing region to form a chamber using cover slip. The specific 
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concentrations of CRP were as follows: 0, 1, 5, 10 and 100 ng/mL diluted in 0.025 M PBS with 

pH 7.40. 

The cross-section of one of the biosensors (ZnO only) is illustrated in Figure 4.1. This shows 

the sensing area with ZnO nanocrystals, on PET and dry anti-CRP antibodies for the detection 

of CRP sandwiched between two coverslips. 

 

 

Figure 4. 1 The cross-section illustration of biosensor. 

 

The sensor response was plotted using readings taken at a frequency of 138 Hz, for the reason 

described in section 3.3.1. Impedance values were compared with both 100 ng and 200 ng 

anti-CRP capture antibody. The phase change was defined as the difference of the phase value 

after adding CRP, after 10 minute incubation, and the control. Only CRP in buffer was added 

to the surfaces, no non-specific proteins were in the system. The changes of phase only show 

the difference of antibody-antigen bindings when adding various concentrations of CRP. In 

order to plot logarithmic concentrations of CRP, the measurement of PBS buffer only with no 

CRP (control), was defined as 0.1 ng/mL CRP (rather than 0 ng/mL). The calibration curve was 

plotted based on phase change versus logarithmic concentrations of CRP. 

 

4.2.5 Statistical Analysis 

Calculation of thickness of ZnO nano-film was using ImageJ software with 20 measurements 

collected and histogram distribution was plotted by R software. 
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A Kruskal-Wallis test was used to analyse the phase change with the ratio of CuO/ZnO and 

level of significance was defined as p<=0.05. A Kruskal-Wallis test was used to analyse the 

absorbance values and data of phase change, level of significance was defined as p<=0.05. 

A 4-parameter linear-log logistic curve, with the error bars, was created using R. The 

estimated limit of detection (LoD) was defined as the intercept on the y axis of the calibration 

curve, plus 3 times the standard deviation of the blank and calculated using R. The mean value 

and Standard deviation of the “intercept” at the working zero found using the 4-parameter 

logistic curve. 

The %CV = (Standard Deviation/Mean*100) was used to compare variation and demonstrate 

reproducibility within groups.  
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4.3 Results and Discussion 

4.3.1 Morphological Study 

Figure 4.2 shows SEM images of nano-surfaces of 1% ZnO and different combinations of 1% 

ZnO and 1% CuO suspension after ultra-sonication with the ratio of 2:1, 1:1 and 1:2 ZnO/CuO. 

(Figure S4.3 shows other magnifications of nano-surfaces of 1% ZnO and different 

combinations of 1% ZnO and 1% CuO suspension after ultra-sonication with the ratio of 2:1, 

1:1 and 1:2 ZnO/CuO.) It was found that the surfaces appeared uniform at magnification of 

10,000× and 20,000×. SEM images were taken and selected at specific area but representative 

as a whole surface characterisation. Figure 4.2(a) clearly shows the columnar wurtzite 

structure of ZnO nanoparticles with a number of voids within this structure. Figure 4.2(b-d) 

show the effects of adding increasing amounts of CuO nanoparticle flakes (marked by triangle 

frame) to the nano-surface (67% CuO, 50% CuO and 33% CuO respectively). It can be seen 

that the CuO plates pack into the spaces within the ZnO structure (marked by rectangle frame) 

having the effect of creating a smother and less “pitted” surface. 
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Figure 4. 2 SEM images of nano-surfaces: (a) 1% pure ZnO (b) 1% ZnO and CuO suspensions 
with the ratio of 1:2 (c) 1:1 (d) 2:1. 

 

Figure 4.3 shows 3D surface model AFM images (areas of 3 µm by 3 µm) of pure ZnO and CuO 

as well as a mixed ZnO/CuO nano-surface. Figure S4.4 shows 3D surface model AFM images 

(areas of 1 µm by 1 µm) of pure ZnO as well as a mixed ZnO/CuO nano-surface. Figure S4.5 

shows 3D surface model AFM images (areas of 10 µm by 10 µm) of pure ZnO and CuO as well 

as a mixed ZnO/CuO nano-surface. The reason for choosing the scan area of 3 µm by 3 µm is 

that Figure S4.4 shows AFM images (areas of 1 µm by 1 µm) cannot provide the whole scale 

of the surface, and Figure S4.5 AFM images (areas of 10 µm by 10 µm) cannot distinguish the 

surface characteristics more in details. Therefore, the scan area of 3 µm by 3 µm was a balance 

to compare the surface characteristics. 
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Figure 4. 3 AFM 3D images of 3 µm by 3 µm area of the nano-surfaces: (a) 1% pure ZnO; 
(b) 1% pure CuO; (c) 1% ZnO and CuO suspensions with the ratio of 1:2. 

 

The images demonstrate that the CuO nanoparticles are distributed evenly across the ZnO 

nano-surfaces for the mixed ZnO/CuO surface of Figure 4.3(c). Consequently, the smaller CuO 

nanoparticles tend to smooth the surface of the mixed nanostructure relative to the ZnO 

nano-surface. Table 4.1 shows both surface area (m2) and mean roughness (𝑅𝑎) of nano-

surfaces. 𝑅𝑎  gives a good general description of the height variations among the nano-

surfaces. From Table 4.1, the ZnO nano-surface shows largest surface area. Although CuO 

nanoparticles are smaller than ZnO nanoparticles they exist as flake like structures with a very 

high surface area, reflected in the large roughness measured. Interestingly, the mixed nano-

surface had both the smallest surface area and roughness. Inspection of the SEM images 

suggests that the CuO nanoparticles fill deep voids between ZnO nanoparticles and that the 

CuO nanocrystals appear to lay flat on the ZnO nanocrystal. This is probably due to the fact 
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that ZnO (n-type) and CuO (p-type) nanoparticles have opposite charges resulting in attraction 

between the two materials. 

 

Table 4. 1 Image surface area comparisons of nano-surfaces, analysed by NanoScope 
Analysis software. 

Different types of 

mixed nano-surfaces 

Image surface area (m2) 

of 3 m scan size 

Mean Roughness 

(𝑅𝑎) (nm) 

1% ZnO 14.6 109 

1% CuO 14.1 120 

1% ZnO: 1% CuO (1:2) 10.3 65.7 

 

A simple numerical calculation was applied to quantitatively explore the correlation between 

the deposited 1% ZnO suspension and the nano-surface formed. As the first approximation, 

the ZnO film volume is equal to 𝑉 =
1

4
𝜋 ⅆ2ℎ (where d and h are shown in Figure 4.4). This 

volume is associated with the volume of drop of 200 μl 1% ZnO suspension. So the mass for 

each film surface made by ZnO nanoparticles was M=2 mg. The details of the ZnO 

nanoparticles specific surface area (SSA) is s=4.8 - 6.8 m2/g (information provided by the 

manufacturer). For the AFM capture zone in scan range x2, Table 4.1 shows the average of 

ZnO height as mean roughness, 𝑅𝑎=109 nm. As a second approximation, the AFM detection 

volume was calculated by  𝑣 = x2 ∙ 𝑅𝑎 . (It was assumed that the ZnO nanoparticles were 

distributed among the film evenly.) Using the values explained above the value of the surface 

area of nanoparticles, 𝑆𝐴𝐹𝑀, could be determined by the following equation in equation (4.1) 

to calculate the approximated surface area on AFM detection volume. 

𝑆𝐴𝐹𝑀 = 𝑀 ⋅ 𝑠 ⋅
4𝑥2𝑅𝑎

𝜋 ⅆ2ℎ
 

(4.1) 

This quantitative analysis, produced values of 𝑆𝐴𝐹𝑀 =13.32 - 18.88 μm2. This matched the 

results analysed by software at 14.6 μm2, providing further evidence that the ZnO 

nanoparticles were evenly distributed with uniform shapes and sizes. It also demonstrates 

that there was little loss of nanoparticles during the fabrication of ZnO nano-surface. 
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Figure 4. 4 A simple numerical calculation: (a) Schematic representation of ZnO film, where 
the diameter d=1.5 cm estimated by the formed ZnO film and (b) SEM image of cross-section 
of ZnO film which presented as estimated ZnO thickness (c) Histogram of Thickness of ZnO 
nano-surface on PET substrate using R with the average height h=4.00 µm, data measured 
using ImageJ. 

  



89 
 
 

4.3.2 Raman Spectroscopy Analysis of the Nano-surfaces 

Figure 4.5a (green) shows bands at 90, 324, 435, 532, 582 and 1050 cm−1. This strongly 

indicates that the ZnO nanocrystals cover the surface of the PET. 90 and 435 cm-1 prove the 

presence of the phonon modes E2 (low) and E2 (high) of ZnO wurtzite phase [86]. From the 

magnified region (Figure 4.5b) of ZnO/CuO composite spectra, it is shown that there are two 

obvious peaks at 270 - 340 cm-1 and 580 - 630 cm-1. CuO belongs to C2h
6 space group with nine 

one-centre optical phonon modes with symmetries, 4Au+5Bu+Ag+2Bg; only three Ag+2Bg 

modes are Raman active [150–152]. Rashad et al. showed three Raman peaks at 282, 330, 

and 616 cm-1 on pure CuO nanoparticles with 10 nm  2 nm particle size measured in TEM 

images [150]. Figure 4.5c reveals two bands at 290 and 340 cm−1 which represents Ag and Bg 

symmetry respectively [74]. The other band is distinguished at about 590 cm−1 representing 

Bg symmetry in the Raman Spectrum [74]. Wang et al. found an additional two peaks on the 

Raman spectra of ZnO/CuO composite at 286 and 627 cm-1 representing crystalline CuO [148]. 

Batra et al. [86] also observed the onset of well-defined phonon peaks at 216 cm-1 and 625 

cm-1 which were attributed to Ag and Bg modes according to the vibrations of oxygen atoms 

in the CuO matrix. Therefore, the results of Raman spectroscopy in this study prove the 

formation of ZnO/CuO composite nano-surface due to the coexistence of Raman modes of 

ZnO and CuO. 
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Figure 4. 5 Raman spectra: (a) Raman spectra of pure ZnO (green line) and ZnO/CuO 
composite (blue line) nano-surfaces at room temperature. Conditions of recording the 
Raman Spectrum of the ZnO nano-surface: time acquisition 50s, wavelength 785 nm. 
Conditions of recording the Raman Spectrum of mixed ZnO/CuO nano-surface: time 
acquisition 300s, wavelength 785 nm; (b) The inset shows a magnified view of the 100-800 
cm-1 section of the Raman spectra of ZnO/CuO composite (blue line) nano-surfaces; (c) The 
inset shows a magnified view of the 280-620 cm-1 section of the Raman spectra Raman 
spectra of pure CuO nano-surfaces was tested at room temperature. Conditions of recording 
the Raman Spectrum of the CuO nano-surface: time acquisition 150s, wavelength 785 nm. 
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4.3.3 Antibody Capture on ZnO/CuO Nano-surfaces 

To understand the uptake of protein on the ZnO and CuO nano-surfaces and mixtures, a fixed 

amount of antibody, tagged with an enzyme, was added to the different nano-surfaces and 

detected through the generation of a coloured product by the enzyme tag. The colour 

generated gave a direct indication to the amount of antibody on the surfaces. The absorbance 

values of the coloured product are given in Table 4.2, the controls all had absorbance values 

less than 0.06, which are significant less than absorbance values obtained when antibody was 

present (p=0.002). There was no significant difference between the amount of antibody 

bound to ZnO or CuO, but some variability was seen with mixtures of ZnO and CuO. The results 

indicated that 1:1 ratio of ZnO/CuO had less antibody binding that the pure metal oxides and 

the 2:1 mixture demonstrated greater binding of antibody. Although absorbance values 

associated with the 1:2 ZnO/CuO surface was higher than both pure ZnO and CuO and higher 

than the 1:1 mixture, statistical significance was not obtained. Proteins have multiple positive 

and negative charges on the surface and immobilisation to the nanocrystal surface is largely 

due to electrostatic interactions. Pure ZnO and CuO interact with proteins only through 

negative charges or only positive charges, respectively. Whereas mixtures of ZnO and CuO 

will interact with proteins through both positive and negative charges on the surface 

immobilising greater numbers of protein molecules as seen with the 2:1 and 1:2 mixtures. 

The fact that the 1:1 mixture showed significantly less binding than the pure metal oxide 

surfaces could be a result of the ZnO and CuO cancelling out some charges thereby reducing 

the numbers of charges available for interacting with protein molecules. Although there were 

differences in the physical surface area between the pure metal oxides and the mixtures this 

was not reflected in the amount of protein that bound to the surfaces. This could be due to 

the fact that the amount of antibody-enzyme complex did not saturate all the binding sites 

available on the surfaces. 
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Table 4. 2 Absorbance values associated with anti-mouse Ig-HRP on various nano-surfaces 
after washing. (n=2) 

ZnO/CuO Nano-

Surfaces 

Average 

Absorbance 

95% Confidence 

Interval 

   

CuO 0.579 0.5692 - 0.5888 

1:2 ZnO/CuO 0.5955 0.42204 - 0.76896 

1:1 ZnO/CuO 0.416 0.38268 - 0.44932 

2:1 ZnO/CuO 0.656 0.65208 - 0.65992 

ZnO 0.5545 0.51432 - 0.59468 

 

4.3.4 Detection of CRP on Different ZnO/CuO Composite Nano-surfaces 

The isoelectronic point (pI) of ZnO (9.5) and CuO (8.7-10.3) means that the nano-surfaces are 

positively charged at the pH of the buffer system. Anti-CRP binds strongly through 

electrostatic interactions to the surface. 

The buffer solution containing CRP, placed on the biosensor contains salt ions and has a pH 

7.40. CRP is dominated by negative charge (pI of CRP is ~5.45). At a fixed frequency of 138 Hz, 

the increased accumulation of negative charges of antigen binding to antibody on the nano-

surfaces causes a decrease in impedance as shown in Figure 4.6(a). Figure 4.6(b) shows that 

the impedance of nano-surfaces decreased when PBS buffer and 1 ng/mL CRP was incubated 

for 10 minutes on a 1% ZnO/CuO (1:2) nano-surface, relative to the spectra obtained from 

200 ng dry anti-CRP antibody. 
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Figure 4. 6 EIS data: (a) Impedance spectroscopy of 1% ZnO/CuO (1:2) of 200 ng dry antibody, 
adding PBS and 1 ng/mL CRP for 10 minutes with magnified impedance - 10 to 1000 Hz (b) 
and phase - 10 to 1000 Hz (c). 

 

This figure also shows the large changes in impedance are at low frequencies due to the 

electrical double layer as described in section 3.3.1. The phase angle value in Figure 4.6(c) 

also decreased when adding CRP (1 ng/mL) onto the surface. Consequently, when binding to 

antibodies on the ZnO/CuO nano-surfaces, there is an increase in the overall negative charge 

with increasing CRP loading and a decrease in the absolute impedance and phase value. 

 

Figure 4.7 shows the phase change for 1, 10 and 100 ng/mL of CRP respectively, together with 

standard error bars. Figure S4.6 in Appendix shows the impedance change for 1, 10 and 100 

ng/mL of CRP respectively, together with standard error bars. 
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Figure 4. 7 Comparisons of anti-CRP loading (100 ng and 200 ng) on different surfaces for 
the detection of 1 ng/mL CRP (n=3) with standard error bars. (Exception: pure 1% ZnO nano-
surfaces with 200 ng capture antibody (n=4)). 
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Figure 4.7 compared with Figure S4.6 shows the better effect of adding increasing amounts 

of CRP to the sensor surface coated with anti-CRP with loadings of 100 ng and 200 ng, for 

biosensors fabricated from a pure ZnO nano-surface and from ZnO/CuO nano-surfaces with 

volume ratios of 1:1, 1:2 and 2:1 of ZnO:CuO. There were no results for pure CuO nano-

surfaces or surface with higher ratios of CuO because the surfaces were fragile and easily 

broke away from the underlying substrate. Figure S4.2 shows the break of flatter 5% CuO 

nano-surfaces during the process of protein immobilization, the same as 1% CuO. 

From these results it can be seen that the biosensors fabricated using 200 ng antibody 

generated larger output signals compared with the biosensors fabricated using 100 ng 

antibody. This is an expected observation as there are more binding sites available for antigen 

capture resulting in greater protein loading on the surface and thus a greater signal 

generation with 200 ng of antibody. 

Interestingly, Figure 4.7 illustrates that increasing the relative amount of CuO in the nano-

surface increases the signal output for all concentrations of CRP. Across all concentrations of 

CRP, 67% CuO (1:2 ZnO/CuO) gave the greatest change in output signal, whereas the sensors 

with no CuO gave the smallest responses. The effect of increasing the CuO content of the 

sensors was statistically significant at higher CRP concentrations for the sensors fabricated 

with 200 ng antibody, p=0.055 for 100 ng/mL CRP and p=0.059 for 10 ng/mL CRP. For 1 ng/mL 

CRP concentration for the sensors fabricated with 200 ng antibody, there was not a significant 

effect of the CuO content, p=0.288. The effect of increasing the CuO content of the sensors 

was not showing statistically significant at higher CRP concentrations for the sensors 

fabricated with 100 ng antibody, p=0.329 for 100 ng/mL CRP and p=0.326 for 10 ng/mL CRP. 

For 1 ng/mL CRP concentration for the sensors fabricated with 100 ng antibody, there was a 

significant effect of the CuO content, p=0.032. This is likely to be due to the small changes in 

signal with less background of antibody.  

The explanation for the improvement in the output with increased CuO could relate to an 

increase in the efficiency of charge accumulation on the nano-surface as a result of CRP 

binding to the antibody and a decrease in the resistance to the transient currents within the 

ZnO-CuO composite. Batra et al. [86] demonstrated that ZnO-CuO composites have better 

conductivity than ZnO only, which is attributed to the low band gap energy of CuO (1.2 eV) 
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and the participation of holes within the semi-conductor structure. The higher resistance of 

ZnO-CuO sensor indicates the formation of a p-n junction depleting electrons from ZnO layer 

more effectively [75]. Wang et al. [148] compared ZnO-CuO composite nanotube sensor with 

a ZnO sensor; the response of both increased with increasing of gas concentrations. The initial 

resistance of ZnO-CuO composite at 300 °C showed higher resistance because of the high 

resistance of CuO phase in the composite [148]. They also found that the sensitivity of ZnO-

CuO composite is over three times greater than ZnO with both faster response and recovery 

times because p-type CuO forms a heterocontact interface with the ZnO [148]. The phase 

change is based on the relative charge accumulation on different nano-surfaces. Greater 

levels of CuO will increase the resistance and the sensitivity to charge accumulation. In all 

cases but one, increasing the concentration of CRP added to the biosensors resulted in an 

increase in output signal, the maximum output occurring for 1:2 ZnO/CuO at 100 ng/mL CRP 

with an antibody loading of 200 ng. 

 

4.3.5 Calibration Curve Comparisons of Different Nano-surfaces with Capture 

Antibody 

Figure 4.8 shows a comparison of the sensor response using biosensors fabricated with 1:2 

ZnO/CuO and biosensors fabricated with no CuO, each coated with 200 ng anti-CRP. (The 1:2 

ratio was selected as this offered the maximum impedance output value for each CRP 

concentration in Figure 4.7.) Figure 4.8 shows 4-parameter linear-log logistic curves, with the 

error bars. It shows that the biosensor fabricated using ZnO/CuO showed a three-fold 

increase in signal at the higher concentrations of CRP compared with the pure ZnO nano-

surface. Although the ZnO only biosensor gave an increasing signal with increasing CRP 

concentration this was not significant.  
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Figure 4. 8 Phase change response versus antigen (CRP) concentration for sonicated 
ZnO/CuO of 1:2 (n=3) (red) and pure ZnO nano-surfaces (n=4) (blue) with 200 ng capture 
antibody measured at the frequency of 138 Hz, – standard error bars are shown. 

 

The 4-parameter logistic curve of sonicated ZnO/CuO of 1:2 nano-surfaces shows that above 

10 ng/mL CRP the biosensor becomes saturated with no significant difference seen in the 

signal generated for 10 and 100 ng/mL CRP. In addition, there was a significant difference 

between the control and 1 ng/mL (p<0.05). The limit of detection (LOD) for 1% ZnO nano-

surfaces with 200 ng anti-CRP was 3.3 ng/mL, while for 1% ZnO/CuO (1:2) nano-surfaces with 

200 ng anti-CRP it was 0.4 ng/mL. It shows high sensitivity response on phase change of 1% 

ZnO/CuO (1:2) nano-surfaces with 200 ng anti-CRP. The %CV was used to compare the groups 

of phase change of 1% ZnO nano-surfaces and 1% ZnO/CuO (1:2) nano-surfaces with 200 ng 

anti-CRP. 1% ZnO/CuO (1:2) nano-surfaces shows the average of %CV on each concentration 

of CRP with 10.1% compared with 1% ZnO nano-surfaces with 37.1%. It shows the coefficient 

of variation of phase responses on 1% ZnO/CuO (1:2) nano-surfaces are just on biological 

variation.  
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The results above demonstrated that the ZnO/CuO nano-surfaces are more sensitive with 

higher concentrations of CuO. It is known that mixtures of ZnO and CuO have higher resistivity 

compare to ZnO due to the formation of P-N junctions where the CuO and ZnO crystals are 

adjacent. Referring to Chapter 2 section 2.3.2, the equivalent circuit of a non-faradaic 

impedance network shows a resistor-capacitor circuit. At mid frequencies, such as those used 

in this study, a resistance increase will result in higher impedance output. This may result in 

an increase of the sensitivity with the addition of CuO nanoparticles. 

The limit of detection for nano-crystalline based biosensing nano-surfaces was compared with 

other ZnO biosensors for the detection of CRP described in the literature. Wang et al. [153] 

described a ZnO biosensor for CRP, which had a detection limit of 100 ng/mL, using a quartz 

crystal microbalance and Ibupoto et al. [51] described the use of ZnO nanorods to measure 

CRP using a potentiometric technique which was able to detect 10 ng/mL CRP. Finally, Borse 

and Srivastava described a lateral flow technology using quantum dots as the detection 

technology which gave a detection limit of 300 ng/mL for CRP [154]. The results presented in 

this chapter demonstrate the nano-surfaces with ZnO and with CuO all show the ability for 

the sensitive detection of CRP. 
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4.4 Summary 

ZnO/CuO composite nano-surfaces were fabricated using a colloidal dispersion technique, 

incorporating sonication. SEM images and AFM 3D surfaces indicated that the nano-surfaces 

were modified when increasing amounts of CuO were added to form ZnO/CuO nano-surfaces. 

The results illustrated that the smaller CuO nanoparticle flakes filled the large voids in the ZnO 

surface and also align themselves flat against the ZnO surface area due to electrostatic 

attraction, thereby reducing the overall surface area. 

Although there was not a significance difference in the antibody loading on the 1:2 ZnO/CuO 

compared with the ZnO only nano-surface, there was a significantly higher signal produced 

from the biosensor fabricated with 1:2 ZnO/CuO compared with the biosensor fabricated with 

ZnO only. Compared with ZnO nano-surfaces, ZnO/CuO nano-surfaces are more sensitive with 

higher resistance which results the increase of output signal. This suggests that the electrical 

interaction between ZnO and CuO nano-structures plays an important part in the generation 

of the enhanced signal.  

Using an antibody loading of 200 ng and the 1:2 ZnO/CuO nano-surface, 1 ng/mL CRP was 

easily detected in 10 minutes, with the potential that sub-ng/mL concentrations could be 

detected with a calculated limit of detection of 0.4 ng/mL, which could potentially be lower 

following further optimisation of the biosensor. In addition to enhanced sensitivity, the 

biosensor is easily fabricated and provides a rapid result, making it well suited to the 

development of point-of-care devices for the healthcare sector.   

The next chapter will describe the transformation of the ZnO/CuO composite nano-surface to 

a ZnO/CuO composite 3D membrane, in order to benefit from the advantages of lateral flow 

assay. This will make the biosensor even more suitable for point-of-care diagnosis. In this work, 

impedance phase change will again be measured using the non-faradaic impedance 

spectroscopy in which ZnO nano-membrane and 1:2 ZnO/CuO nano-membrane will be 

compared.  
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Chapter 5      

 Nanoparticle-Based 3D Membrane 

for Impedimetric Biosensor Applications 

 

In the third experimental chapter nanoparticle-based membranes, prepared with sonication 

and without sonication, and their application to biosensing technology are presented. In order 

to compare the sensitivity of nano-membranes, CRP was used as the model target, allowing 

differences in the performance of the nanocrystal structures in the 3D matrix to be analysed. 

To demonstrate the capacitive change due to combination of mixture of antibody and antigen, 

nano-membranes with and without antibody capture are compared using impedance 

spectroscopy. A discussion of the benefits of sonication is presented by comparing limits of 

detection. The work presented in this chapter is aimed at single-use biosensing applications. 

The work presented in this chapter has been mostly published in Cao et al. [155]. I contributed 

to the research design and carried out all the experimentation including nano-membranes 

preparation and fabrication, surface characterisation, immunology assay and impedance test. 

I also processed the experimental data, discussed the results, and wrote the initial draft of 

the manuscript. 
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5.1 Introduction 

In this chapter the fabrication and evaluation of nano-ZnO and nano-ZnO/CuO nitrocellulose 

membrane biosensors, formed using a colloidal sonication technique is presented. The 

biosensors are label-free and non-faradaic, i.e. there is no charge transfer between the 

biomolecule complex and the sensor electrodes. The membranes were analysed using 

scanning electron microscopy (SEM) and energy-dispersive spectroscopy (EDS) analysis and 

performance of the biosensors was characterised by the measurement of CRP using 

impedance spectroscopy. For non-faradaic impedimetric biosensors, at the liquid-

semiconductor interfaces, the electrical double layer forms a large interfacial capacitance 

with high density of charge accumulation [18]. This capacitance changes actively with the 

concentration of biomolecular binding [18] and in this work, excellent limits of detection for 

the biosensor are demonstrated.  

Three-dimensional membranes are widely used in biosensing. Recently their utilisation 

alongside ZnO nanoparticles has been reported. For example, Al-Hinai et al. grew ZnO 

nanorods on the top surface of a poly(ether sulfone) membrane on a flat glass plate to form 

a biosensor [156]. Selvam et al. utilized gold and ZnO electrodes integrated on flexible 

polyimide compared with glass as electrochemical sensors to perform detection and 

continuous monitoring of EtG from human sweat in a wearable configuration using 

chemiresistive mechanism of detection via impedance change on the sensor surface with 

assay immobilization steps. [42]. In the case of ZnO electrodes on the glass and flexible 

substrates, Selvam et al. observed a high levels of sensitivity with detection limits of 0.0001 

μg/L and 0.001 μg/L respectively [42].  

Munje et al. developed a flexible biosensor, including a ZnO thin film active region by 

deposition of nanoparticles on to a nanoporous polyamide membrane [50]. This was 

compared with planar glass substrates associated with glucose and cortisol detection in 

synthetic sweat [50]. The research team found ~3.5 fold increase in capacitance for ZnO thin 

film on nanoporous substrate is compared to the ZnO thin film on planar glass substrate for 

baseline to 100 mg/dL concentration at 100 Hz frequency [50]. For cortisol immunoassay, 

they observed ~15 times increase in capacitance for ZnO thin film on nanoporous substrate 

compared to the ZnO thin film on planar glass substrate for baseline to 100 ng/mL 
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concentration at 1 Hz frequency [50]. This indicates that an increased capacitance is observed 

for nanoporous substrates over planar glass substrates, with the electrical double layer 

formed at the liquid-semiconductor interface being amplified in the presence of the nano-

porous substrate with an associated enhancement in charge storage [18].  

There have been no previous reports of impregnating a porous membrane with ZnO (or CuO) 

to form the active layer of a biosensor, as described in this paper. Nitrocellulose membrane 

also helps to build a systematic biosensor by flow-based technology which will be mentioned 

in the next experimental chapter.  
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5.2 Materials and Methods 

5.2.1 Membrane Preparation 

Fabrication process for the 1% nano-ZnO nitrocellulose membranes: 0.6 g ZnO nanoparticles 

(ZnO, 99.9+%, 80 - 200 nm from US Research Nanomaterials Inc.) were added to 60 mL 

double-distilled water. A 1% (w/v) ZnO suspension was stirred for 1 h at room temperature. 

Nitrocellulose blotting membranes (Sartorius) with 0.45 μm pore size were cut using a Biodot 

guillotine to form a 15 mm × 15 mm square. The 40 samples of nano-membranes were 

immersed in the ZnO colloidal suspension and sonicated for 15 minutes in a sonication bath 

(Langford Ultrasonics) with a power of 300 W at 40 Hz. Another 40 samples of nano-

membranes were immersed for 15 minutes without sonication for comparison. Finally, all the 

membranes were rinsed in deionised water 3 times and dried in sealed box with silica gel 

before being used for the immobilisation of antibody. 

Fabrication process for the 1% nano-ZnO/CuO nitrocellulose membranes: In the process 0.2 

g ZnO nanoparticles and 0.4 g CuO nanoparticles (CuO, 99.5+%, width 10 - 30 nm, Length: 200 

- 800 nm from US Research Nanomaterials Inc.) were added to 60 mL double deionized water. 

1% ZnO (w/v) was mixed with 1% CuO (w/v) nanopowders in water for 1 h to give 1:2 

(v/v)/(wt%:wt%) ZnO/CuO colloidal suspension. The 40 samples of nano-membranes were 

then soaked in the ZnO/CuO suspension and subjected to sonication for 15 minutes as 

described above; another 40 samples of nano-membranes immersed for 15 minutes were 

without sonication for comparison. Finally, all the membranes were rinsed using deionised 

water 3 times and dried in atmosphere with silica gel before being coated with antibody. 

 

5.2.2 Characterisation of Membranes 

The cross-section of a nanoparticle nitrocellulose membrane was prepared using a double 

edge razor blade and examined using a FEI Quanta 650 field emission scanning electron 

microscope (ESEM) with Everhart-Thornley Detector (ETD). The morphology of cross-sections 

of untreated nitrocellulose membranes, a nano-ZnO nitrocellulose membrane and a nano-

ZnO/CuO nitrocellulose membrane, were analysed. To perform the SEM analysis, samples 

were mounted on an aluminium stub and coated with a thin layer of Au using an Emscope 
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SC500 Gold sputter coating unit prior to analysis. For the ZnO/CuO nitrocellulose membrane, 

a Gaseous Secondary Electron Detector (GSED), with a high pressure at 3 Torr, was also used 

in the SEM.  

EDS (Oxford Instruments AZtec EDS) was used to analyse the chemical compositions of the 

sonicated nano-ZnO and nano-ZnO/CuO nitrocellulose membranes.  

 

5.2.3 CRP Sensor Fabrication and CRP Assay 

To prepare the membranes for the assays, 40 μL (200 ng) of monoclonal mouse anti-human 

C-reactive protein (4C28, from HyTest Ltd, Turku, Finland) was diluted in 5 mM phosphate 

buffered saline (PBS) at pH 7.4 (OXOID Microbiology products). The capture antibody was 

immobilised on to the nitrocellulose membranes (from the upper side to lower side) until it 

was fully wet. For IgG, the approximate loading capacity is 1 μg/cm2, and the binding capacity 

is 11.250 - 4.5 µg (Nitrocellulose blotting membranes with 15 mm × 15 mm) [65]. Therefore, 

for 3D membrane, the protein binding capacity is not an issue. The anti-CRP antibody was 

readily immobilised in the membrane through electrostatic interaction as the ZnO 

nanostructures distributed within the nitrocellulose membrane were positively charged (as 

the pH of the buffer was 7.4 and the isoelectric point of ZnO and CuO is around 9.5 [157,158]), 

whereas the anti-CRP antibody used in this study is predominantly negatively charged. The 

membranes were then dried in a desiccator with silica gel at 4 °C overnight for 18 h. Anti-CRP 

antibody is immobilised on membrane not only through electrostatic interaction [159], but 

also other physical absorption processes, such as hydrophobic interactions and van der Waal’s 

forces, forming non-covalent interactions. Wang et al. schematically presented the capacity 

of antibody immobilization on 3D matrix compared with a conventional 2D surface, to 

illustrate that it is much higher, shown in section 1.4.2 Figure 1.3 [35]. This work confirmed 

that the quantity of effective antibodies sharply increases from 2D to 3D immobilisation [35]. 

After the overnight incubation, the nano-particle nitrocellulose membranes were repeatedly 

(4 times) immersed in 5 mM PBS and then blocked with 1% (w/v) skimmed milk for 30 s. 
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Human C-reactive protein (CRP) (8C72, from HyTest Ltd, Turku, Finland) was diluted in 5 mM 

PBS. The PBS buffer molar concentration is decreased compared with previous two 

experimental chapters because ions in solution can interfere with electrostatic interactions 

between the membrane and the capture reagents. The Debye length is increased with 

reduced lower concentration of PBS buffer as well. Then, 40 μl of CRP at different 

concentrations were placed on the membranes to facilitate a slow liquid absorption in to the 

membrane until it was fully wet. The specific concentrations of CRP were as follows: 0 (PBS 

only), 0.1, 0.5, 1, 5, 10, 15 ng/mL. 

During the impedance testing, the membranes were laid on a glass coverslip (from Deltalab, 

22 mm × 22 mm and 0.13 - 0.16 mm thick), and positioned on a 23 mm diameter D-shape 

electrode pair with 1 mm gap, with the lower layer and hence the highest density of 

nanoparticles closest to the electrode. (The gradated porosity and associated variation in 

nanoparticle density are described in section 5.3.1). A second coverslip was placed on top of 

the membrane to prevent evaporation during the measurement. The schematic diagram of 

the arrangement is shown in Figure 5.1. The impedance amplitude and phase angle were 

measured and analysed after 10 minutes incubation time with the added CRP. The impedance 

values were recorded at each concentration of antigen, with 3 replicates of the nano-

particles/nitrocellulose membranes, measured from 10 Hz to 4 MHz. 

 

Figure 5. 1 Illustration of the ZnO nanoparticle nitrocellulose membrane sandwiched 
between two coverslips positioned above the electrodes. 
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A Cypher Instruments C60 Impedance-Amplitude-Phase Analyser was used to measure the 

impedance change of the nano-particles nitrocellulose membranes associated with 

antibody/antigen interactions. The frequency was scanned from 10 Hz to 4 MHz, with 300 

test points, at an AC peak-to-peak voltage of 2 V with a DC offset of 0.9 mV. The impedance 

plots were analysed by Cypher Graph V1.21.0, Impedance Amplitude and Phase Analyser 

graphing application software. The change of impedance amplitude and phase angle was 

evaluated as function of antigen (CRP) concentration in the buffer. Rather than correlate the 

overall impedance to different concentrations of CRP, a single frequency is determined to give 

the maximum relative changes and a stable reading [20]. As mentioned in previous chapters, 

138 Hz was chosen for nano-surfaces for plotting calibration curves. For nitrocellulose 

membranes, the sensor responses were taken at a frequency of 100 Hz, which results in better 

behaviour and fit to the calibration curves. The slight shift of frequency chosen is due to 

varieties of substrates. Phase changes with ZnO and ZnO/CuO (1:2) nanoparticle 

nitrocellulose membrane were compared with or without sonication. The phase change was 

defined as the difference of the impedance phase value of the biosensor after 10 minute 

incubation with CRP and the phase angle of the control. Results were plotted using a 

logarithmic scale on the x-axis.  

 

5.2.4 Statistical Analysis 

The ZnO and ZnO/CuO nanoparticles as well as membrane voids’ sizes are measured by 

ImageJ software. Numbers of n=10 for voids and n=20 for nanoparticles were selected to 

measure the average size.  

A 4-parameter linear-log logistic curve, with the error bars, was created using R. The 

estimated limit of detection (LoD) was defined as the mean of the intercept on the y axis of 

the calibration curve, plus 3 times the standard deviation of the intercept and calculated using 

R. The mean value and standard deviation of the “intercept” at the working zero found using 

the 4-parameter logistic curve. 

The coefficient of variation %CV = (Standard Deviation/Mean*100) was used to demonstrate 

reproducibility for each membrane type. 
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A Wilcoxon rank sum test was used to analyse the differences in phase changes between ZnO 

and ZnO/CuO (1:2) nano-membranes with and without sonication at each concentration, the 

level of significance was defined as p<=0.05. Analysis was performed using R.  
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5.3 Results and Discussion 

5.3.1 Characterisation of Membrane 

The nitrocellulose membranes used in this study showed gradated porosity (Figure 5.2) and, 

as seen in the scanning electron micrograph of Figure 5.2(a), can be divided into three layers. 

The upper layer has the smallest pore sizes and structures shown in Figure 5.2(b), whereas 

the lower layer has a loose pore structure between the white support matrix as shown in 

Figure 5.2(d). The horizontal lines visible in the white fillers indicate the cutting direction of 

the nitrocellulose membrane. The nitrocellulose membrane is manufactured by casting the 

nitrocellulose in solvents, which causes the significant asymmetry in the porous structures 

due to the evaporation of solvent [160]. 

 

Figure 5. 2 Scanning electron micrographs of the nitrocellulose membrane cross-section: (a) 
whole cross-section at 1,000× magnification; (b) upper layer of nano-ZnO/nitrocellulose 
membrane (with small pore structures) at 30,000× magnification; (c) middle layer of nano-
ZnO/nitrocellulose membrane (with bigger and loose pore structures) at 30,000× 
magnification; (d) lower layer of nano-ZnO/nitrocellulose membrane (with biggest pore 
structures) at 30,000× magnification. 
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During the fabrication of the nano-particle nitrocellulose membranes, the membranes were 

incubated in nano-particle colloidal suspensions. Figures 5.3(a) to 5.3(c) show scanning 

electron micrographs of the three layers of the nitrocellulose membrane. A smaller number 

of nanoparticles entered the upper structure due to the lower porosity, as seen in Figure 

5.2(a). The nanoparticles easily entered the lower layer of the membrane as seen in Figure 

5.2(c) by the force of sonication and then diffused into the middle layer, as shown in Figure 

5.2(b). Figure 5.3(c) clearly shows a high number of the columnar wurtzite structures of the 

ZnO nanoparticles at average diameter of 142 nm (n=20) (measured from Figure S5.1 in the 

lower layer of the nitrocellulose membrane).   

 

 

Figure 5. 3 Scanning electron micrographs of nano-ZnO nitrocellulose membrane cross-
section at 80,000× magnification: (a) upper layer; (b) middle layer; (c) lower layer. Scanning 
electron micrographs of nano-ZnO/CuO nitrocellulose membrane cross-section at 80,000× 
magnification: (d) upper layer; (e) middle layer; (f) lower layer. 

 

Imaging of the conductive nano-ZnO/CuO nitrocellulose membrane was performed using a 

Gaseous Secondary Electron Detector, as the CuO particles became charged under normal 

SEM conditions (seen as lighter areas at nano-crystal margins), and are shown in Figures 5.3(d) 

to 5.3(f). As with the ZnO membranes, Figures 5.3(d) to 5.3(f) show an increasing number of 

ZnO and CuO nanoparticles distributed within the membrane, with the highest density of the 
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CuO nanoparticle (at average of diameter of 30 nm (n=20) and length of 260 nm (n=20), as 

shown in Figures S5.2 and S5.3) flakes and columnar wurtzite structure of ZnO in the lower 

layer of the nano-ZnO/CuO membrane. Figure 5.3 also reveals that the ZnO/CuO 

nanostructures formed a larger size of voids compared with ZnO, which is beneficial for the 

antibody capture. The voids in the ZnO/CuO nanostructures in nitrocellulose membrane had 

an average size of 536 nm (n=10) (measured from micrograms shown in Figure S5.4) 

compared with average 188 nm (n=10) for the ZnO nanostructures (measured from Figure 

S5.5.) It can be seen that the mixture composite ZnO/CuO nanoparticles has larger average 

particle diameter than pure ZnO nanoparticles. This observation concurs with results 

provided by Chatkaewsueb et al  [161]. 

The Appendix shows how representative images were chosen from SEM work to include in 

the main part of the thesis (Figures S5.6 to S5.9).  

 

5.3.2 EDS Results 

From the scanning electron micrographs, both ZnO and CuO nanoparticles were observed to 

be densest in the lower layer of the membrane, so the EDS analysis was performed on the 

lower layer. The result of atomic composition analysis by EDS on the cross-section of the nano-

ZnO and nano-ZnO/CuO nitrocellulose membrane is shown in Figure 5.4 and Figure 5.5. The 

following elements were detected: C, (Cu,) O, Zn and Au. Figure 5.4 shows the results for zinc; 

5(a) is the SEM image, 5(b) is the EDS spectrum and in Figure 5.4(c) the yellow areas show the 

regions where the Zinc is concentrated. Figure 5.5 shows the results of the EDS analysis on 

the ZnO/CuO membrane. The distribution of the 6 elements within the lower layer of the 

nitrocellulose membrane is shown in Figure 5.5(b). The intensity of the coloured areas 

highlights the element location and loading within the matrix. The nanoparticle density was 

greatest between the fibres of the support matrix of the membrane, which also had the 

largest pore size within the layer. A small amount of Al was detected at the edge of the 

membrane, from the SEM stub. Referring to Figure 5.5(a), the carbon originates from the 

nitrocellulose and Au from the sputtered layer used in the sample preparation. The grayscale 

intensity of the zinc and copper in Figure 5.5(a), had a ratio of Zn to Cu 1:2.08, corresponding 
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to 1:2 ratio of ZnO/CuO in the original nanoparticle colloid suspension. This confirmed that 

the fabrication methodology resulted in proportional absorption in to the membrane of the 

ZnO and CuO nanoparticles. 

 

 

Figure 5. 4 SEM/EDS spectrum/mapping showing the distribution of Zn on the lower layer 
cross-section of the nano-ZnO membrane: (a) SEM image; (b) EDS spectrum and (c) EDS 
mapping of the elements of Zn. 
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Figure 5. 5 EDS spectrum/mapping on the lower layer cross-section of the nano-ZnO/CuO 
membrane: (a) EDS spectrum and (b) EDS mapping of the elements: O, C, Au, Cu, Zn and Al. 

 

5.3.3 Calibration Curves Using Different Nano-membranes with Capture Antibody 

Figures 5.3(d) to 5.3(f) and Figure 5.5(b) evidence that the ZnO/CuO nanoparticles are 

distributed within the porous membrane following sonication. The cross-section of the 

biosensor developed in this study is schematically depicted in Figure 5.1. This shows the 

sensing nanoparticle nitrocellulose membrane with antibody coating, which is sandwiched 

between two glass cover slips and positioned above two electrodes. The electrodes face the 

lower layer of the membrane, which was loaded with nanoparticles for capturing biological 

molecules. Impedance spectroscopy was used to quantify binding of CRP to the antibody on 
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the nano-ZnO/CuO membranes, with and without sonication, and the nano-ZnO membranes, 

with and without sonication, for these non-faradaic biosensors.  

The impedance was recorded for CRP concentrations between 0 and 15 ng/mL, with 3 

replicate nano-ZnO and ZnO/CuO membranes with or without sonication and with or without 

antibody immobilised, over the frequency range 10 Hz to 4 MHz (bode plots are shown in the 

Appendix Figure S5.10-5.11). In this study the most significant changes were observed below 

1 kHz, around 100 Hz. This observation concurred with other published work. Selvam et al. 

measured the impedance of their non-faradaic biosensor over the frequency range 100 Hz to 

1 MHz and found the changes to the double layer capacitance were most significant at 

frequencies less than 1 kHz [20]. Kinnamon et al. selected 100 Hz for their calibration dose 

response, as this maximised the percentage change in impedance relative to the baseline 

measurement, performed post-antibody functionalization [49]. 

Figure 5.6 shows the impedance amplitude and phase values measured on both the nano-

ZnO membranes and the nano-ZnO/CuO membranes with different concentrations of CRP 

after a 10 minute incubation at 100 Hz, the mean of 3 replicates. For both the nano-ZnO 

membranes and the nano-ZnO/CuO membranes, the impedance decreases with CRP 

concentration. As both ZnO and CuO are semiconducting materials, an electrical double layer 

is formed when they interact with the liquid electrolytes, resulting in charge accumulation at 

the interface region. When binding of the CRP molecules (~116 kDa) to the antibodies occurs 

adjacent to this interface, the double layer capacitance is enhanced, resulting in the observed 

change in the impedance. Note that in Figure 5.6C, the error bars of impedance response on 

nano-ZnO/CuO membranes look large compared with the other plots. This is due to the fact 

that the range of the impedance change is small, thus the scale is magnifying the error bars. 

From Figure 5.6, the lines of best fit have lower residuals for the phase angle compared with 

the amplitude of the impedance. Consequently, subsequent calibration curves were plotted 

using the change in the absolute phase relative to the PBS control using a logarithmic scale 

on the x-axis.  
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Figure 5. 6 Impedance amplitude/kOhms (Z/kΩ) and phase change/degree (φ/°) on nano-
ZnO nitrocellulose membranes (n=3) and nano-ZnO/CuO nitrocellulose membranes (n=3) 
after a 10 minute incubation time with increasing concentrations of CRP, measured at a 
frequency of 100 Hz. 

 

Figure 5.7 shows the phase change for six different nano-particle/nitrocellulose membranes 

at a frequency of 100 Hz. In Figure 5.7, the average phase change of samples fabricated 

without the sonication stage (the red bar represents nano-ZnO membrane and the light blue 

bar represents nano-ZnO/CuO membrane) is lower compared with the phase change for 

samples prepared with sonication (the green bar represents nano-ZnO membrane and the 

pink purple bar represents nano-ZnO/CuO membrane). The phase change for nano-ZnO/CuO 

membrane after sonication approximately doubles compared with no sonication, whereas for 

the nano-ZnO membrane there is an approximate 3-fold increase. This indicates that the 

sonication has a greater effect on ZnO nano-particles than on the ZnO/CuO mixture in terms 

of signal enhancement. These results demonstrate the importance of the sonication process 

in the fabrication of the biosensor. However, despite this, the ZnO/CuO membranes remain 

superior in terms of the amplitude of the signals relative to the control. The sonication had a 
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highly significant effect on the signal generated from the membranes (p<0.0005 by Kruskal-

Wallis chi-squared test).  

 

Figure 5. 7 Impedance phase change/degree (∆φ/°) response to seven concentrations of 
antigen (CRP) on the six different types of membrane. For the 3 nano-ZnO membranes (n=3): 
with 200 ng capture antibody and without sonication (red), without capture antibody and 
with sonication (yellow) and with 200 ng capture antibody and with sonication (green). For 
the 3 nano-ZnO/CuO membrane (n=3): with 200 ng capture antibody and without sonication 
(light blue) and without capture antibody but with sonication (dark blue), with 200 ng 
capture antibody and with sonication (pink purple).   

 

Table 5.1 shows pairwise comparisons, using a Wilcoxon rank sum test, on four types of 

membranes with antibody immobilised. The phase responses of the nitrocellulose 

membranes show a significant difference between sonicated and non-sonicated membranes 

for both the nano-ZnO and ZnO/CuO membranes (p<0.05).  
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Table 5. 1 The significant differences in the membrane treatment analyzed by a Wilcoxon 
rank sum test among four different nano-particles/nitrocellulose membranes with antibody 
immobilised. 

A Wilcoxon rank sum 

test 

ZnO-ns ZnO/CuO-ns ZnO/CuO-s 

ZnO/CuO-ns 0.019 - - 

ZnO/CuO-s 0.013 0.013 - 

ZnO-s 0.013 0.054 0.024 

 

 

Figure 5.7 also shows the phase change for both nano-ZnO membrane and nano-ZnO/CuO 

membrane biosensors without capture antibody, but blocked with skimmed milk. The results 

were significantly lower than those obtained with the membranes containing antibody. 

Unsurprisingly the composition of the membranes was not statistically significant with 

respect to the biosensors with no capture antibody (p=0.565). This control did show a slight 

increase in signal output with increasing concentrations of CRP, which can be attributed to 

non-specific binding of CRP to proteins on the surface.  

With antibody in the membranes, for both the nano-ZnO membrane and the nano-ZnO/CuO 

membrane, dose response relationships were evident from Figure 5.7. This indicates that the 

charge interactions of antigen binding with antibody resulted in significantly larger output 

signals. It is speculated that there is increased charge accumulation due to the bound antigen 

on the surface compared with the non-specific binding of CRP. 

The coefficient of variation (CV) was used to compare the variability of the data from ZnO 

with that from the ZnO/CuO membranes, with 200 ng anti-CRP. The average CV of the phase 

response at each concentration of CRP for the nano-ZnO/CuO (1:2) membrane is 9.6% 

compared with 15.6% for the nano-ZnO membrane, i.e. the ZnO/CuO membrane has better 

reproducibility. The ZnO/CuO membrane and ZnO membrane without sonication show CVs of 

12.6% and 28.5% respectively. This demonstrates that the sonication stage of the fabrication 

process improved the reproducibility of nanoparticle membranes and the sonication process 
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gave significantly higher results; for ZnO sonicated vs non-sonicated p=0.035 and for ZnO/CuO 

p=0.025. 

The 4-parameter logistic curve fits of the phase change data for both nano-ZnO and nano-

ZnO/CuO membranes with sonication are shown in Figure 5.8. It can be seen that the dose 

response curve with nano-ZnO membrane appears to become saturated at CRP 

concentrations above approximately 5 ng/mL, while with nano-ZnO/CuO membrane appears 

to saturate at approximately 15 ng/mL. The addition of CuO enabled an average enhancement 

of 1.4 times a greater signal across the range of 0.1 to 15 ng/mL. One explanation of this 

difference is the enhanced effect of nano-confinement in the ZnO/CuO membrane biosensor. 

This occurs when binding molecules are matched in size to the voids in the nanoparticle 

structure, resulting in charge screening due to the electric field distribution inside the 

structure [50]. Figure 5.3 shows that the ZnO/CuO membranes have a closer packed structure 

with smaller voids, due to the smaller size of the CuO nanoparticles.  

 

Figure 5. 8 Phase change/degree (∆φ/°) response versus antigen (CRP) concentration for 
sonicated nano-ZnO nitrocellulose membranes (blue) and nano-ZnO/CuO nitrocellulose 
membranes (red) with capture antibody (n=3) measured at the frequency of 100 Hz, –  
standard error bars are shown. 
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Table 5.2 shows the comparison of LoDs of nano-ZnO and nano-ZnO/CuO membranes with 

and without sonication. The LoD for the 1% nano-ZnO sonicated membranes with 200 ng anti-

CRP was calculated to be 27 pg/mL, while the LoD for 1% nano-ZnO/CuO (1:2) sonicated 

membranes with 200 ng anti-CRP was 16 pg/mL. Table 5.2 shows that the sonication has 

made a significant difference to the LoD on nano-ZnO/nitrocellulose membrane. The nano-

ZnO/nitrocellulose membrane is a 92.6 times improvement, while nano-ZnO/CuO 

nitrocellulose membrane is a 1.25 times improvement. Both nano-ZnO/CuO nitrocellulose 

membranes with and without sonication show enhanced behaviours, i.e. lower limits of 

detection. It is hypothesised that the better detection limit and reduced enhancement due to 

sonication observed with the ZnO/CuO membranes is due to a decrease in the size to the 

voids in the nanoparticle structure compared with the ZnO membranes. This enhances the 

effect of nano-confinement, as described above, resulting in amplification of the signal and a 

smaller number of binding events being required to bring the signal above the noise threshold 

of the impedance instrument. 

 

Table 5. 2 Limits of detection of the phase change calibration curve for non-sonicated and 
sonicated ZnO and ZnO/CuO membranes. 

LoD Nano-ZnO 

non-sonicated 

membrane 

Nano-ZnO 

sonicated 

membrane 

Nano-

ZnO/CuO non-

sonicated 

membrane 

Nano-

ZnO/CuO 

sonicated 

membrane 

Blank 

mean+3× 

standard 

deviation 

 
 
 

2.5 ng/mL 

 
 
 

27 pg/mL 

 
 
 

20 pg/mL 

 
 
 

16 pg/mL 

 

In many articles in the literature, CRP is utilised as the model analyte to characterise new 

types of biosensor. A number of examples of sensitive CRP biosensors are listed in the 

Appendix Table S5.1, and a selection is highlighted below. Dong et al. developed a paper-

based microfluidic lateral flow immunoassay using gold nanoparticles to deliver a colorimetric 

output [63]. The key advancement presented related to the integration of the sensor with a 
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smartphone using a microlens [63]. The assay was able to detect the target protein up to 2 

µg/mL, however the detection limit was only 54 ng/mL and thus substantially inferior to the 

value presented in this work [63]. Justino et al. adopted the approach of enhancing sensitivity 

with nanoparticles, using carbon nanotubes on the sensor surface of a field-effect transistor. 

This showed improved performance for CRP detection, with a LoD of 0.1 ng/mL [37].  

Impedimetric biosensors for detection of CRP have been developed by a number of research 

groups. For example, Bryan et al. presented a sensitive and reusable biosensor, using a well-

established technique of analysing the charge transfer resistance to determine the CRP level 

[52]. A LoD of approximately 19 ng/mL was presented [52]. Yagati et al. also developed a 

faradaic impedimetric biosensor. This research team realised the benefit of using 

nanoparticles, utilising graphene oxide to achieve an improved LoD of 0.08 ng/mL [57]. 

However, compared with all these previous studies, the non-faradaic impedimetric nano-ZnO 

and nano-ZnO/CuO membrane biosensors presented in our paper, show excellent limits of 

detection. 

The advantages of the non-faradaic impedimetric methodology are reinforced by reports in 

the literature. Lin et al. developed a non-faradaic biosensor for CRP using a biogenic silica as 

the nanoporous template with the pore densities (40 pores of 40 nm diameter per 1 µm2) 

integrated on to the microelectrode platform as the sensor surface, rather than ZnO/CuO 

nanoparticles within a 3D microporous membrane, as described in this paper. However, the 

approach also resulted in a low value for the LoD, i.e. 1 pg/mL. The advantages associated 

with the simplicity of measuring a change in capacitance were also highlighted [133]. Tanak 

et al. developed a non-faradaic electrochemical impedance spectroscopy-based biosensor for 

detection of CRP. In this case, 100 nm thin film of ZnO, deposited on the gold interdigitated 

electrodes was used and a LoD of 0.01 μg/mL in serum was achieved [41]. Neither of these 

studies utilised, ZnO or CuO nanoparticles nor a nanoporous membrane and they did not 

include an insulating layer between the electrodes and the sensor surface. However, the low 

LoD values, evidence the promising nature of the non-faradaic approach. 
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5.4 Summary 

Both nano-ZnO nitrocellulose membrane and nano-ZnO/CuO nitrocellulose membrane 

biosensors can be fabricated using a simple and inexpensive colloidal sonication technique. 

Following fabrication, the cross-section of nitrocellulose membrane contained increased 

densities of nanoparticles from the upper to the lower layers. The loading of ZnO and CuO 

nanoparticles within the membrane remained in proportion to the concentration of each type 

of nanoparticle within the original colloidal suspension. The sonication force is critical to assist 

the nanoparticles to be embedded into the lower layer of the membrane.  

Figure S5.12, Appendix B compares phase change measured on both the nano-ZnO and the 

nano-ZnO/CuO nanoparticles-based PET (Chapter 4) at 138 Hz and nitrocellulose membranes 

(Chapter 5) at 100 Hz with the same concentration of CRP of 1, 5 10 ng/mL. It shows the 

similar enhanced impedance phase behaviour on nano-ZnO/CuO nanoparticles based on both 

PET and nitrocellulose membranes. However, Nano-ZnO membranes show an approximate 

3-fold larger change than with PET, which is the reason why ZnO nanoparticles based sensors 

were kept for the following research. 

The addition of CuO nanoparticles of nano-ZnO/CuO nitrocellulose membrane biosensors 

showed enhancement of performance on impedance spectroscopy at 100 Hz across a 

concentration range of 0.1 ng/mL to 15 ng/mL CRP. The nano-ZnO nitrocellulose membrane 

biosensors revealed dose dependent responses with saturation occurring at approximately 5 

ng/ml. The sonicated nano-ZnO and nano-ZnO/CuO nitrocellulose membranes showed limits 

of detection of 27 and 16 pg/mL respectively. Sonication during biosensor fabrication 

enhanced performance, with the nano-ZnO membrane showing an approximate 3-fold 

increase and the nano-ZnO/CuO nitrocellulose membrane showing an approximate 2-fold 

increase in phase change with sonication. The nano-ZnO/CuO nitrocellulose membrane with 

sonication showed the optimum results in terms of the highest gradient and broadest 

detection range. Further work is being carried out to fully evaluate the biosensor and improve 

reproducibility, particularly through automating the fabrication process. 

In addition to the simple and inexpensive fabrication methodology, which is compatible with 

large scale manufacture, and the excellent limits of detection, other advantages of this 
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biosensor fabrication technique include the lack of contact between electrodes and 

measurement matrix and the fact that no redox active species are required. This biosensor 

fabrication methodology can be adapted to the measurement of any other analytes where an 

appropriate biological binding partner can be obtained and may be particularly suited to 

measurements, where high sensitivity or low sample volumes are required. These benefits 

make it a promising technique for adaption as a point-of-care diagnostic device. 

The next chapter will describe the fabrication of a system by flow-based methodology on a 

nano-ZnO or ZnO/CuO composite 3D membrane. This will make the biosensor designable for 

point-of-care applications where monitoring over a period is required.  
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Chapter 6        

 Nano-membrane Based Biosensors 

for Detection of C-Reactive Protein by 

Flow-Based Methodology 

 

Following from previous chapter, both ZnO and ZnO/CuO nano-membranes shows good 

characteristics for sensing CRP, with low limits of detection. In this last experimental chapter, 

nano-membrane, designed flow measurement, are fabricated and discussed. In order to 

optimise and compare the sensitivity of flow detection, two different electrodes are 

investigated. In contrast to the previous chapter, the sample containing the antigen is carried 

to the sensor at fixed time by capillary flow, facilitated by the arrangement of the sample and 

absorption pads. To demonstrate the capacitive changed due to accumulation of antibody-

antigen in the 3D matrix, a mathematical model was used to confirm the impedance response 

over the time period. A discussion on flow rate is also presented. 
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6.1 Introduction 

6.1.1 Background 

Based on the previous three experimental chapters, it has been demonstrated that non-

faradaic biosensing technology can be created using either nano-surfaces or nano-

membranes. Using ZnO and ZnO/CuO nano-membranes on an insulating layer of glass above 

D-shape (1 mm gap) electrodes, measurement of CRP at low limits of detection has been 

shown.  

In this chapter, new nano-membrane-based biosensors by flow-based methodology are 

presented. In order to develop a non-faradaic impedimetric biosensor for measurement of 

CRP over a broad detection range, ZnO/CuO nanomaterials and nitrocellulose membrane 

were utilised and the impedance responses obtained as immunoassays were performed. Non-

faradaic impedance spectroscopy is known to be an effective technique to measure real time 

interfacial changes in the electrical double layer (EDL), as a time-sensitive biomarker tracking 

system [162]. Furthermore, it has been shown that increased roughness, for example by the 

addition of nanoparticles, can increase the capacitance in the EDL [163].  

In contrast to the last chapter, the addition of antigen is carried out at fixed times, with the 

sample being moved to the sensor surface by capillary flow. The dynamics of the flow is 

dependent on the fabrication of flow set-up, i.e. the sample pad and the absorbent pad. 

Binding takes place within the porous structure. The advantage of porous material is the 

increase of the sensor surface area and thus the interaction between target molecule and 

receptor [120]. This arrangement has the potential to be integrated in to a lab-on-a-chip 

design, which offers great flexibility in application area in a similar way to other lab-on-a-chip 

impedimetric designs [119]. 

Preliminary investigations on nano-ZnO nitrocellulose membranes (n=3) with 200 ng antibody 

capture (blue) on 1 mm gap planar electrode after a 9 minute fluidic time with accumulative 

concentrations of CRP, measured at a frequency of 100 Hz showed the saturation at 

accumulative concentration after 1660 pg/mL (Figure S6.1). Therefore in this study the other 

two different electrodes were investigated and discussed in order to optimise and compare 

the sensitivity by flow-based detection. To demonstrate the capacitive change due to 
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accumulation of antibody-antigen in the 3D matrix, a mathematical model is introduced 

based on data analysis of the impedance magnitude to compare affinity in order to determine 

the numbers of binding molecules. This is introduced in the next section. A discussion on flow 

rate is subsequently presented. 

 

6.1.2 Affinity 

Antigen binding to an antibody is a dynamic process determined by the law of mass action. The 

strength of the antibody/antigen interaction gives the affinity (K) of the reaction with units being 

M-1. 

 𝐴𝑏 + 𝐴𝑔   
𝐾𝑎
⇄
𝐾𝑑

   𝐴𝑏 ⋅ 𝐴𝑔 

 

 
(6.1) 

 
𝐾 =

𝑘𝑎

𝑘𝑑
 

(6.2) 

The affinity is the ratio of the association constant (𝑘𝑎) and dissociation constant (𝑘𝑑), when 

measured kinetically (these are often called the on-rate ( 𝑘𝑜𝑛 ) and the off-rate ( 𝑘𝑜𝑓𝑓 ) 

respectively). The association rate is a measure of how quickly an antibody binds to its target 

antigen which is related to diffusion and the probability that an antigen molecule will contact 

the antibody in the right orientation to enable binding. The dissociation rate is a measure how 

quickly the antibody/antigen complex dissociates and is related to the strength of the non-

covalent bonds between the molecules. At equilibrium the rate of binding matches the rate 

of complex dissociation.  

The units for the association rate are M-1s-1 and for the dissociation rate the units are s-1.  

Antibody binding strength is often expressed as the equilibrium dissociation constant 𝑘𝐷 with 

the units being expressed as Molarity (M). Lower 𝑘𝐷 values equate to higher affinity antibody 

binding to the antigen, typical values for 𝑘𝐷 are 10-10 to 10-5 M. 

 
𝑘𝐷 =

𝐾𝑑

𝑘𝑎
 

(6.3) 

Antibodies with the same affinity may have quite different properties in how quickly they take 

up antigen or release antigen. Tajima et al. concluded that orientation-controlled antibodies 

had a lower equilibrium dissociation constant than randomly oriented ones [114]. 
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Most antibodies will slightly increase association rates with increasing interaction 

temperature [34]. Hadzhieva et al. found that the antigen density qualitatively influenced the 

entropy change of the low affinity antibody [34]. For example, at low antigen density, the 

thermodynamic parameter value of CH103 (the lowest affinity antibody in five HIV-1 

neutralizing antibodies) had a negative value, which was gradually transformed to positive as 

the antigen density increased [34]. 

 

6.1.3 Design Considerations and Flow Rate 

There are two types of materials that are commonly used as sample pads: cellulose fibre 

filters and woven meshes. Woven meshes work well to distribute the sample volume evenly 

over the conjugate pad [65]. 

The ionic strength of the buffer should be reduced as much as possible [65]. Ions in solution 

can interfere with electrostatic interactions between the membrane and the capture reagents. 

In addition, physiological concentrations of buffer salts and sodium chloride promote the 

solubility of most proteins and reduce the hydrophobic attraction of the nitrocellulose 

membrane. Thus, the molarity of the buffer should be lowered to the minimum (< 10 mM) 

required to maintain a stable pH [65].  

The definition of capillary flow is that a sample moves along a membrane strip when liquid is 

introduced at one end [65]. The alignments of strips will influence the flow rate, such as 

contact between the materials, degree of overlap, compression within the housing [164]. The 

liquid flow path is complex within a material or between materials [164]. The flow rate is not 

constant throughout the length of the strip; in fact it decays exponentially as the liquid 

progresses along the porous matrix [65]. The physical and chemical attributes of the 

membrane affect its capillary flow properties, which are important to test strip functionality 

[65]. 

Both the antibody fixed to the membrane and mobile antigen as well as the antibody-antigen 

complex are affected by the flow rate. The amount of complex formed, R, is equal to K, a rate 
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constant related to the affinity of the antibody for the antigen, times the concentrations of 

the reactants Ab and Ag [65]. At a flow rate: 

 R = K [Ab][Ag] (6.4) 

Gervais et al. developed a capillary-driven multiparametric microfluidic chips for detection of 

CRP in human serum [165]. There is an increased signal generated with increased incubation 

time due to slower flow rates and more time to interact [165]. Binding capacities depend on 

binding constant, protein concentration and the number of binding sites as well as non-

specific binding for column chromatography [166]. 
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6.2 Materials and Methods 

6.2.1 Nanoparticles-Based Flow Test Strip Fabrication 

The test strip consists of three components: (1) a sample pad made of glass fibre; (Glass Fibre 

Conjugate Pad Sheets (GFCP203000) was from EMD Millipore Corporation with thickness of 

0.43 mm +/- 0.08 mm. The glass fibre sheet functioned as sample pad which was cut with the 

rectangle size of 20 × 15 mm.) (2) A nitrocellulose membrane; (from the Sartorius lab with 

0.45 µm pore. The membranes were cut using Biodot guillotine in to squares of size of 15 × 

15 mm.) The nano-ZnO and nano-ZnO/CuO nitrocellulose membranes were fabricated by 

methods mentioned in section 5.2.1 with sonication. (3) An absorbent pad made of cellulose 

fibre. (Cellulose fibre Sample Pad Sheets (CFSP223000) was from EMD Millipore Corporation 

with thickness of 0.825 +/- 0.0635 mm. The flow rate is 180 mL/min +/- 50. The cellulose fibre 

sheet functioned as absorbent pad which was cut with the rectangle size of 100 × 15 mm.) 

In the flow system, two types of electrode were compared – planar electrodes and 

interdigitated. The importance of the electrode structure has been demonstrated in previous 

work. Zhang found that the EDL capacitance varies with the size of electrodes [105]. Hugo et 

al. presented a finite element analysis of coplanar electrodes, showing that the electrodes 

produce a non-homogeneous electric field. This resulted in impedance values which were 

very dependent on the relative positions of the electrodes [118]. In addition, interdigitated 

electrode designs have been shown to increase the overall capacitance due to increased 

surface area [120]. 

In this study, the nitrocellulose membranes were laid on a glass coverslip (from Deltalab, 22 

mm × 22 mm and 0.13 - 0.16 mm thick), which was positioned on either a 23 mm × 23 mm 

electrode with 4 mm gap planar electrode or a 23 mm × 23 mm interdigitated electrode, line 

width and gap is 1 mm, as shown in Figure 6.1. The capacitance of electrodes compared with 

1 mm gap D-shape electrode is shown in section 6.5 Appendix Table S6.1. The lower layer of 

nitrocellulose membrane with the highest density of nanoparticles faces towards the 

electrode, same as previous chapter. (The gradated porosity and associated variation in 

nanoparticle density will be described in section 6.3.1). There is no second coverslip placed 

on top of the membrane during the fluid flow and measurement.  
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Figure 6. 1 The drawings of electrode design: (a,b) the design of planer electrode and (c,d) 
the interdigitated comb electrode. (a,c) the drawings of electrodes and (b,d) designed 
sensing area with coverslip as insulating material between nitrocellulose membranes and 
electrodes as non-direct contact. The liquid molecules (not scaled) shows the flow direction. 

 

The flow-based system is illustrated in Figure 6.2. The overlap distance between the glass 

fibre and nitrocellulose membrane was defined as parameter X=3 mm and the overlap 

distance between the nitrocellulose membrane and cellulose fibre was defined as parameter 

Y=3 mm. It was important to keep the distance overlapped constant, because the flow speed 
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changes with different overlapping distances. Also, distances X and Y affects the overloading 

of liquid, influencing the reaction time and cause the errors of the impedance tests. The flow 

assembly was developed with an angle at 7.75 degree (measured by ImageJ shown on Figure 

6.2(b) created by two cover slips. Because the flow rate of glass fibre is much higher than 

nitrocellulose membrane, in order to avoid leaking, the 7.75-degree angle space between 2 

cover slips was selected to allow the storage of liquid and help slow the release of liquid. 

 

 

Figure 6. 2 Illustration of flow-based system: (a) Schematic diagram of strip by flow-based 
methodology; Illustration of flow-based system composed by components: glass fibre, 
nitrocellulose and cellulose fibre; (b) The photo of the flow-based biosensor system with 
angle shaped by two overlapped cover slips on electrodes and 3D printing model (seen 
Figure 6.3), and the degree was analysed by image J; (c) Dimensions of width and length of 
components arrangement with angle formed by two overlapped cover slips. 
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A 3D printed backing structure, shown in Figure 6.3, was used as a holder for the membranes 

and offers the advantage of easy handling and provides a high level of mechanical strength 

[65]. In a batch process, nitrocellulose membrane is cast onto a cover slip on specific electrode, 

the belt side (bottom layer) is masked, requiring that reagents be applied to the air side (upper 

side) shown in Figure 6.3 (c).  
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Figure 6. 3 3D printing design and assembly: (a) Drawing of 3D printed model design of 
sensor holder; (b) Photo of 3D printed structure; (The distance of the dots was designed to 
be the same width as sample pad and absorbent pad and was used to fix the pads of the 
strip. The electrode board was embedded above the sunken square to create the flow 
assembly almost at same horizontal level.) (c) Photo of complete flow system: materials 
(sample pad, nitrocellulose membrane and absorbent pad) alignment with angle formed by 
two overlapped cover slips on interdigitated electrode with flow rate calculation marks. 
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6.2.2 CRP Sensor Fabrication and CRP Assay 

The developed nanoparticle-based flow assay was used for sensitive and rapid detection of 

CRP. To prepare the membranes for the assays, 40 µL of 5 µg/mL monoclonal mouse anti-

human C-reactive protein (4C28, from HyTest Ltd, Turku, Finland) was diluted in 5 mM PBS, 

purchased from OXOID Microbiology products, and was immobilised on to the nitrocellulose 

membranes (from the upper side to lower side) until it was fully wet. Based on the size of 

each nitrocellulose membrane (15 mm × 15 mm × 140 µm), it has a volume of 31.5 µL. If its 

porosity of air is 70%, the volume of air is referred as the bed volume of the membrane 

calculated (0.7 × 31.5 µL) [65]. The total volume of liquid reagent required to wet it completely 

is 22.05 µL [65]. The anti-CRP antibody was easily immobilized in the membrane on the ZnO 

nanostructures, which were distributed thoroughly within the nitrocellulose membrane, as 

the ZnO nanostructures were positively charged, whereas the anti-CRP antibody is dominated 

by negative charge. Nitrocellulose membrane which also has binding abilities is normally used 

in the Western Blot, when proteins are separated in the electric field within the membrane 

after electrophoresis in polyacrylamide gel based on non-specific bindings [159]. 

The anti-CRP antibody was immobilised in the membrane with molecules adopting a random 

distribution and orientation; this has been discussed in previous chapter. In many reagent 

application protocols reported in the literature, the capture reagent ends up being evenly 

distributed throughout the thickness of the membrane [65]. In some cases, the antibody may 

be more concentrated on the side to which it is applied; but for the most part, no discernible 

gradient is observed [65]. Further experiments may need to be designed to explore this in 

further detail, beyond the experimental set-up described here. The number of antibody 

molecules on the sensor surface was based on 10 ng of the added antibody binding to the 

surface (further discussed in section 6.2.6). In experiments to investigate this value, it was 

found that the antibody number had little effect on the results at the CRP concentrations used, 

which means there is sufficient antibody to run the system by flow-based methodology, as 

shown in Tables S6.2 and S6.3. The antibody selected was monoclonal in order to provide 

good specificity. 

The membranes were then dried in a desiccator with silica gel at 4 °C overnight. Under 18 

hours of the overnight incubation, 200 ng anti-CRP antibody were immobilised in three 
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different membranes (blank nitrocellulose, nano-ZnO nitrocellulose and nano-ZnO/CuO 

nitrocellulose membranes). After the overnight incubation, the nano-particles/nitrocellulose 

membrane was washed in 15 mM PBS buffer by dipping in for 4 times and then blocked with 

5% skimmed milk (Skimmed milk powder (SMP) was purchased from Tesco) for 1 h blocking 

at 4 °C in fridge. The blocking method using skimmed milk was improved from dip process 

used in the previous chapter to 1-hour solution-immersion process to provide enough time 

for covering the porous structure created by nanoparticles in nitrocellulose membrane. 

Afterwards the membranes were washed by dipping them into 15 mM PBS buffer and gently 

placing them on absorbent tissues to remove excess PBS buffer. 

 

6.2.3 Valuation of Flow-Based Test Strip and CRP Assay 

Robustness of whole system is achieved by the electrode board shown in Figure 6.1 placed in 

a plastic holder shown in Figure 6.3. Sample pad (glass fibre), nitrocellulose membrane (after 

immobilisation of antibodies) and absorbent pad (cellulose fibre) were placed using double-

side tape together with two glass cover slips forming the angle seen in Figure 6.2.  

As mentioned in section 6.2.2, based on the size of nitrocellulose membranes (15 mm × 15 

mm × 140 µm), the total volume of liquid reagent required to wet it out is 22.05 µL [65]. Based 

on the size of glass fibre pad (sample pad 20 mm × 15 mm × 0.43 mm +/- 0.08 mm), the total 

volume of liquid reagent required to wet it out is 90+/-16.8 µL [65]. The total volume of liquid 

of the CRP concentrations loaded into the pad was determined by the bed volume of the 

sample pad and the nitrocellulose membrane, at around 130 μL. 

To start the flow-based technology, on the 4 mm gap planar electrode system, 150 µL of 5 

mM PBS buffer was added to the edge of glass fibre. The glass fibre absorbed the liquid slowly 

to fully wet by wicking to activate the flow assay. Over the 9 minute fluidic period, the 150 μL 

solution of PBS buffer was completely absorbed and migrated along the strip. At 9 minutes, 

80 μL of an increased concentration of CRP was added. Various concentrations of CRP (8C72) 

purchased from HyTest Ltd were diluted in 5 mM PBS (pH 7.3 ± 0.2 at 25 °C) from VWR 

supplier. The 80 µL of increasing concentrations of CRP (10, 50, 100, 500, 1000, 5000, 10000, 

50000, 50000, 50000, 100000, 100000 pg/mL) were dropped onto the same sample pad area, 
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in a continuous manner every 9 minutes. The cumulative doses of CRP were calculated as 

shown in section 6.5 Appendix Table S6.2. 

To start the flow-based technology, on the interdigitated electrode system, the immunoassay 

process is same as planar electrode system. Various concentrations of CRP (8C72) purchased 

from HyTest Ltd were diluted in 5 mM PBS. The 80 µL of increasing concentrations of CRP (1, 

5, 10, 50, 100, 500, 500, 1000, 1000 pg/mL) were dropped onto the same sample pad area, in 

a continuous manner every 9 minutes.  The cumulative doses of CRP were calculated as shown 

on section 6.5 Appendix Table S6.3. The reason for changing to a lower range of 

concentrations of CRP is due to the results of Preliminary experiments tried on the 

interdigitated electrode, shown in Figure S6.2. It shows that dose response on interdigitated 

electrode saturates when using the previous concentrations of CRP.  

The sample was absorbed and migrated through the nitrocellulose membrane by capillary 

forces. Due to the flow rate through the glass fibre and nitrocellulose, the sample could not 

be absorbed by nitrocellulose instantly, the excess fluid accumulated in the angle space made 

by two glass slips, shown in Figure 6.2. After 9 minute measurement of an individual sample 

was complete, the extra liquid in the corner between the cover slips was all absorbed and this 

acted to prevent the nitrocellulose from drying out, ready to receive the next sample. 

A Cypher Instruments C60 Impedance-Amplitude-Phase Analyser was used to measure the 

impedance of nanoparticle-based nitrocellulose membrane. As discussed in previous chapters, 

the double layer capacitance was dominant at frequencies below 1000 Hz. The frequency was 

scanned from 10 Hz to 1 KHz at a voltage of 2 Vpp with a DC offset of 0.9 mV, with 100 test 

points, in order to shorten the detection time to 3 minutes in contrast to full frequency sweep 

(10 Hz to 4 MHz with 300 test points) that takes around 5 minutes. The CRP could bind to the 

nanoparticles/antibody conjugates among the membranes via antigen and antibody 

interaction. The impedance amplitude and phase angle were measured every 3 minutes over 

9 minutes (at 0, 3 and 6 minutes) and ready for adding next concentration, with 3 or 4 

replicates of the nano-particles/nitrocellulose membranes, measured from 10 Hz to 1 KHz.  

The calibration curve was plotted based on changes in impedance magnitude/phase value 

versus accumulative concentration of CRP. As in the previous chapter, the sensor impedance 
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responses at a single frequency of 100 Hz were analysed and compared with control, ZnO and 

ZnO/CuO (1:2) nanoparticle nitrocellulose membrane on both the 4 mm gap planar and 

interdigitated electrode. As a control, impedance and phase changes with ZnO and ZnO/CuO 

(1:2) nanoparticle nitrocellulose membrane were compared with or without CRP 

concentrations plus with or without anti-CRP antibodies under flow-based system. The 

changes in impedance magnitude/phase value were defined as the difference of the 

impedance magnitude/phase value of the biosensor after 9 minute fluidic time with 

accumulative CRP concentration and the impedance magnitude/phase value of the control 

(PBS buffer). The changes in impedance magnitude and phase value were plotted using a 

logarithmic scale on the x-axis. PBS buffer (acting as a blank) is defined as 0.1 pg/mL for 

plotting on a log axis on planar electrode. PBS buffer (acting as a blank) is defined as 0.01 

pg/mL for plotting on a log axis on interdigitated electrode. 

 

6.2.4 Statistical Analysis 

A 4-parameter linear-log logistic curve, with the error bars, was created using R. The 

estimated limit of detection (LoD) was defined as the mean of the intercept on the y axis of 

the calibration curve, plus 3 times the standard deviation of the intercept. The mean value 

and Standard deviation of the “intercept” at the working zero was found using the 4-

parameter logistic curve. 

Two-sample Kolmogorov-Smirnov tests comparing differences on both curves, were 

performed using R. 

 

6.2.5 Modelling the Response 

The change in impedance magnitude over time, with the addition of increasing amounts of 

CRP was used to fit a model response that used a defined set of parameters associated with 

the antibody.  The 𝑘𝑎  and 𝑘𝑑 values, numbers of antibody molecules on the surface and the 

dose of CRP at given time points were optimised to give the best fit to the experimental data. 
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This resulted in an estimate of the affinity of the antibody on the sensor surface expressed as 

the M-1 (𝑘𝐴) or M (𝑘𝐷). 

The model used an iterative numerical approach to calculate the number of bound CRP 

molecules (𝐵) on the sensor surface at one second intervals, based on the units of 𝑘𝑎 and 𝑘𝑑, 

M-1s-1 and s-1 respectively.  An initial condition of 𝐵=0 was used and each iteration resulted in 

an increase in 𝐵 due to a given association rate and number of CRP molecules in the sample 

flowing across the sensor surface at the given time point of the iteration. Then 𝐵  was 

modified by subtracting the number of CRP molecules leaving the sensor surface defined by 

the dissociation rate, the new value for 𝐵 was then used as the starting point in the next 

iteration. Over time the concentration was modified according to the time points when the 

concentration of CRP in the sample was changed. Initial 𝑘𝑎, 𝑘𝑑  values were chosen based on 

reports in the literature using the same antibody [27], the number of antibody molecules on 

the sensor surface was based on 10 ng of the added antibody binding to the surface. In 

experiments to investigate this value, it was found that the antibody number had little effect 

on the results at the CRP concentrations used. A scaling factor was used to relate the number 

of bound molecules on the sensor surface with the impedance value. The scaling factor used 

in all experiments was 290, in order to match experimental values with the fitted 

accumulative concentrations of binding complex by model. 

 
𝐼𝑚𝑝𝑒ⅆ𝑎𝑛𝑐𝑒 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑇𝑛 =   𝐼𝑚𝑝𝑒ⅆ𝑎𝑛𝑐𝑒 𝑎𝑡 𝑇0 − (

𝐵

290
) 

 

(6.3) 

Where time n refers to the time that each measurement was made.  𝑇0  was the initial 

impedance reading put into the model. 

Separate experimental data was fitted to the output of the model and the parameters 

modified until the best fit between the experimental and modelled data was achieved. The 

values of 𝑘𝑎  and 𝑘𝑑  were used in the model at this point was deemed to be the binding 

characteristics of the antibody and used to calculate the antibody affinity. 
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6.2.6 Validation of Flow Rate 

Average flow rate was defined by the absorbent pad (cellulose fibre) flow distance 

(cm)/measurement time (min) in order to evaluate the capillary flow rate with concentrations 

of analyte, seen in handwriting on the pad in Figure 6.3 (c). R software was used to plot the 

flow rate. An exponential model fitting was applied to data. 
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6.3. Results and Discussion 

6.3.1 Characterisation of Membrane 

The results of SEM imaging of the membranes used in this study produced identical results to 

those shown in Chapter 5 (see Figures S5.6 to S5.9 in the Appendix). As mentioned in section 

5.3.1, there are three layers of nitrocellulose membrane: upper layer, middle layer and lower 

layer. The upper layer has the smallest pore sizes and the lower layer has a loose pore 

structure between the white support matrix with high density of columnar wurtzite structure 

of ZnO nanoparticles and the CuO nanoparticle flakes.  

 

6.3.2 Calibration Curves 

The nanoparticles-based nitrocellulose membranes were immobilised with anti-CRP 

antibodies, and mounted onto the flow assembly, ready for CRP detection by flow-based 

technology. As shown in previous experimental chapters, either impedance magnitude, |Z|, 

or phase value was used as the analysis method to plot the response, depending on which 

gives a better behaviour. Due to the fact that the measurement using the C60 were close to 

the manufacturer specified boundary limits when measuring below 10 KHz, the biosensor 

response had issues with measurement noise, seen as instabilities in the output trace. The 

data in the previous two chapters with measurement performed on the 1 mm D-shape 

electrode show a good response with a phase measurement because the electronic detection 

circuit and sensor are capacitively dominant, with changes affecting the phase angle. In the 

sensor arrangement used in this chapter, phase change responses, which were calculated 

with accumulative concentration of CRP, didn’t show good response due to noise  (Appendix 

Figure S6.3).  It is speculated that this is because of the flow of liquid causes permittivity 

fluctuations in the capacitive sensor (further investigated with the control sensor, described 

in section 6.3.3.), as well as the influence of the accumulative concentration of CRP. 

Figure 6.4 shows calibration curves of change in impedance magnitude in both nano-ZnO and 

nano-ZnO/CuO membranes on two different electrodes against the CRP concentrations, 

plotted by 4-parameter logistic curve method using R. The limits of detection were calculated 

and are shown in Table 6.1. As shown in Figure 6.4, the impedance change increased with 
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increasing accumulative concentration of CRP dose. It can be seen that this flow-based test 

using non-faradaic impedance measurement can be able to detect quantitatively CRP for 

around 2 hours. For the planar electrodes, the dynamic range is broad, from 10 pg/mL to 

beyond 366,660 pg/mL. For the interdigitated electrodes, the dynamic range is from 1 pg/mL 

to 3,166 pg/mL. Seen from Appendix Figure S6.2 the impedance magnitude results saturate 

of nano-ZnO/CuO nitrocellulose membranes on interdigitated electrode after a 9 minute 

fluidic time with accumulative concentrations of CRP from 6660 to 266660 pg/mL. 

 

Figure 6. 4 Impedance change (Z/kOhms) on different nano-membranes on two separate 
electrodes: (a) nano-ZnO nitrocellulose membranes (n=3) and (b) nano-ZnO/CuO 
nitrocellulose membranes (n=3) on 4 mm gap planar electrode. (c) nano-ZnO nitrocellulose 
membranes (n=4) and (d) nano-ZnO/CuO nitrocellulose membranes (n=3) on interdigitated 
electrode after a 9 minute fluidic time with accumulative concentrations of CRP, measured 
at a frequency of 100 Hz. 
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Table 6. 1 limits of detection on 4 different sensing flow assembly 

LoDs (pg/mL) Nano-ZnO Nano-ZnO/CuO 

4 mm Planar 2.64 0.47 

Interdigitated 0.02 4.10 

 

For planar electrode, the limit of detections were calculated to be 2.64 pg/mL on nano-ZnO 

membranes and 0.47 pg/mL on nano-ZnO/CuO membranes. It shows the same behaviours as 

previous chapters, i.e. nano-ZnO/CuO membranes behave best on planar electrodes. But for 

interdigitated electrode, nano-ZnO membranes have a better response with the limit of 

detections calculated to be 0.02 pg/mL compared with 4.10 pg/mL on nano-ZnO/CuO 

membranes. ZnO/CuO membranes on interdigitated did not show the expected sensitivity 

due to lower affinity, which will be discussed in section 6.3.4. The limit of detections might be 

also related with error bars and reproducibility of each sample of nanoparticles-based 

membrane as well.  

The capacitance of 4 mm gap planar electrodes is smaller, which results in a larger impedance 

compared with the interdigitated electrodes with same membrane. Referring to the 

capacitance values on Table S6.1, the 4 mm gap planar electrode has 1.905 pF while 

interdigitated electrode has capacitance of 9.15705 pF. It explained why Figure 6.4 has larger 

change in impedance magnitude on (c,d) compared to (a,b) at similar accumulative 

concentration of CRP. As mentioned in previous chapters, the mixture ZnO/CuO nanoparticles 

can magnify the signal compared with purely ZnO. The impedance changes of nano-ZnO/CuO 

membranes are 0.2 larger than nano-ZnO on interdigitated electrode. From SEM on section 

6.3.1, it shows rougher porous structures inside of nano-ZnO/CuO membranes. The depletion 

layer between the ZnO/CuO nanoparticles also decreased the capacitance which increases 

the impedance [167]. Meanwhile, the increased surface area in nano-ZnO/CuO membranes 

can increase the capacitance with binding events, due to charge accumulation, which is 

assumption why impedance magnified on nano-ZnO/CuO membranes with CRP binds. 

Consulted to capacitance on Table S6.1, higher capacitance of electrode board magnifies the 

impedance change. It didn’t show much difference on 4 mm gap planar electrode due to 

lowest capacitance.  
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In summary, the impedance changes of both nanoparticles-based nitrocellulose membranes 

increased with increasing accumulative concentration of CRP on both planar and 

interdigitated electrodes with LoDs less than 5 pg/mL. Compared well with other research 

work published in the literature. For example, Kinnamon et al. [49] developed a non-faradaic 

label-free cortisol biosensor using molybdenum disulphide (MoS2) nanosheets integrated into 

a nanoporous flexible electrode system. Their sensor was able to establish flow-based dosing 

studies between four cortisol concentration ranges (0.5, 5, 50, 500 ng/mL) for a 3+ hour 

duration with a limit of detection of 1 ng/mL [49]. Sensing was achieved by measuring 

impedance changes for electrochemical measurements by generating the 100 Hz sine wave 

and creating a 20 mVrms signal [49]. The big difference is that  Kinnamon et al. [49] used a 

vertically-aligned metal electrode sensor system in conjunction with confined semi-

conductive MoS2 nanosheets. The similarity is that impedance changes were determined to 

be primarily a result of capacitive reactance due to the modulation of the surface charge along 

the metal oxide nanoparticles-double layer interface [49]. 

 

6.3.3 Responses of Bare Nitrocellulose Membranes and PBS 

Figure 6.5 shows the plot of impedance change (kOhms) on blank nitrocellulose membranes 

(n=3) without nanoparticles, but with 200 ng capture antibody and skimmed milk powder as 

a blocking agent. It shows there is dose dependent biological bindings between CRP molecules 

and the capture antibody directly linked to the membrane. However, compared with plots in 

Figure 6.4, the results in Figure 6.5, without nanoparticles, indicate saturation at much lower 

CRP concentrations (approximately 103 pg/mL for the planar electrodes and 101 pg/mL for the 

interdigitated electrodes). This demonstrates that the capture antibody is less effective on 

the membrane substrate directly with only a proportion providing capture sites for the CRP 

molecules. This also shows the importance of the nano-crystalline structures in extending the 

dynamic range of the sensor and the increasing the potential for flow-based sensing 

methodology. 
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Figure 6. 5 Impedance change/kOhms on blank nitrocellulose membranes with 200 ng 
antibody capture on two separate electrodes: (a) blank nitrocellulose membranes (n=3) on 
4 mm gap planar electrode; (b) blank nitrocellulose membranes (n=3) on interdigitated 
electrode after a 9 minute fluidic time with accumulative concentrations of CRP, measured 
at a frequency of 100 Hz. 

 

Previous chapter section 5.3.3 Figure 5.8 on 1 mm gap planar electrode showed the phase 

change of CRP concentrations placed on the membranes with and without antibodies on both 

nanoparticles-based membranes are significant different which indicates the charge 

interactions of antigen binding with antibody resulted in significantly larger output signals. 

Figure S6.1 showed change comparison in phase values on nano-ZnO nitrocellulose 

membranes (n=3) without 200 ng antibody capture (red) and nano-ZnO nitrocellulose 

membranes (n=3) with 200 ng antibody capture (blue) on 1 mm gap planar electrode after a 

9 minute fluidic time with accumulative concentrations of CRP, measured at a frequency of 

100 Hz. There are 2 points at low concentration less significant, but the overall significance 

with a p-value of 0.0086 using the Two-sample Kolmogorov-Smirnov test. The control without 

antibodies has been done on 1 mm gap planar electrode with same flow-based system 

mentioned in this chapter.  

Figure 6.6 (a) shows the plots of the impedance change (kOhms) on nano-ZnO/CuO 

nitrocellulose membranes (n=3) with 200 ng capture antibody with addition of accumulative 

CRP concentrations (black) and with only PBS (red) at the equivalent time points. Figure 6.6(b) 
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shows the equivalent plots but for the interdigitated rather than planar electrodes. Two-

sample Kolmogorov-Smirnov tests show, there are highly significant differences on both 

curves. It shows in Figure 6.6 (b) on interdigitated electrode, there are 4 points at low 

concentration less significant, but the overall significance with a p-value of 0.0033. Figure 6.6 

(a) shows significant differences all way through on planar electrode with a p-value of 0.0009. 

 

Figure 6. 6 Impedance change (Z/kOhms) Comparisons of nano-ZnO/CuO membranes (with 
200 ng antibody capture) on two separate electrodes with addition of CRP concentrations 
(black) vs. pbs buffer only (red) with standard error bars: (a) nano-ZnO/CuO nitrocellulose 
membranes (n=3) on 4 mm gap planar electrode and (b) nano-ZnO/CuO nitrocellulose 
membranes (n=3) on interdigitated electrode after a 9 minute fluidic time with 
accumulative concentrations of CRP, measured at a frequency of 100 Hz. 

 

In the absence of CRP (control PBS only), the output impedance values were significantly less 

than those observed when the analyte was present. This indicates that there was less charge 
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accumulation within the membrane with small changes observed caused by the impedance 

spectroscopy system or interruption of fluid flow.  

 

6.3.4 Results by Flow-Based Methodology 

Figure 6.7 shows the experimental data, together with modelled impedance, over the 

duration of the experiments, where (a) and (b) are on nano-ZnO membranes and (c) and (d) 

are on nano-ZnO/CuO membranes, and time = 0 represents the first addition of a given CRP 

concentration (10 pg/mL on planar electrode and 1 pg/mL on interdigitated electrode). 

Results are shown for both planar (Figure 6.7 a,c) and interdigitated electrode (Figure 6.7 b,d) 

on ZnO and ZnO/CuO nano-membranes. The figures show the experimental data (red points) 

and the modelled response (black line).  

 

Figure 6. 7 Experimental results (red points), and modelled data, plotted versus time for (a) 
nano-ZnO on planar electrode; (b) nano-ZnO on interdigitated electrode; (c) nano-ZnO/CuO 
membranes on planar electrode and (d) nano-ZnO/CuO membranes on interdigitated 
electrode.  
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The average absorbance results in Table 6.2 (taken from Table 4.2 in Chapter 4) indicate that 

all the nano-surfaces were capable of capturing antibody on their surface using the simple 

drying technique used in this work. The ZnO/CuO surface, as described in Chapter 4, had a 7% 

greater protein uptake than ZnO. Table 6.2 shows that although there were similar amounts 

of antibody captured on the surface the affinity of the antibody was different on the two 

surfaces. 

 

Table 6. 2 Comparison of affinity and ELISA results on both nano-ZnO membranes and 
nano-ZnO/CuO membranes 

 nano-ZnO membranes nano-ZnO/CuO membranes 

Average absorbance 0.5545 0.5955 

𝑘𝐷 on planar electrode 4.00 x 10-8 M 7.69 x 10-8 M 

Affinity 𝐾 on planar electrode 2.50 x 107 M-1 1.30 x 107 M-1 

𝑘𝐷 on interdigitated electrode 3.89 x 10-8 M 8.33 x 10-8 M 

Affinity 𝐾 on interdigitated 

electrode 

2.57 x 107 M-1 1.20 x 107 M-1 

 

Antibody on the nano-ZnO membranes demonstrated a greater affinity for CRP than the 

antibody on the nano-ZnO/CuO membranes with both electrode types giving a similar result 

– 𝑘𝐷  for ZnO was 3.89 x 10-8 M on interdigitated electrodes and 4.00 x 10-8 M on planar 

electrodes. In contrast the 𝑘𝐷  for the ZnO/CuO membranes was 8.33 x 10-8 M for the 

interdigitated electrodes and 7.69 x 10-8 M for the planar electrodes. An approximate two-

fold difference.  

The effect of the lower affinity of the antibody to CRP on the ZnO/CuO surfaces is seen by 

comparing the Figure 6.7 upper (a,b) panels with the lower panels (c,d). It is seen that with 

the ZnO/CuO surface, with very low concentrations of CRP being added to the system (1 and 

5 pg/mL shown in panels c and d in Figure 6.7) the signal quickly comes to an equilibrium with 

equilibrium being approached at higher concentration of CRP being added. Using a planar 
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electrode on the nano-ZnO/CuO membranes, higher concentrations of CRP were added to 

the system and in Figure 6.7 (c) it can be seen that the signal is starting to reach an equilibrium 

at accumulative concentration at 16,660 pg/mL (refer to 1,332.80 pg cumulative CRP does in 

section 6.5 Appendix Table S6.2).  In comparison the results obtained using the nano-ZnO 

membranes in Figure 6.7 (a,b) show the signal does not show signs of reaching saturation for 

both planar and interdigitated electrodes. 

As would be expected, the biological interactions on the sensor surface are not influenced by 

the electric field distribution within the sensor membranes, as seen by the very similar 𝑘𝐷  

values for the given membranes on the different electrode designs. The affinity difference 

that is observed when the CuO is added to the surface may be due to properties of CuO 

nanoparticles compared with biocompatible ZnO nanoparticles. It is known that the surface 

to which an antibody is immobilised will have an influence on the affinity of the antibody 

[114].  

Metal ions environment can change antibody affinity. For example, Todorova-Balvay et al. 

utilised four different transition metal ions: copper(II), nickel(II), zinc(II) and cobalt(II) to 

modulate the affinity of the protein interactions in affinity chromatography for the 

purification of proteins [76]. Protein adsorption was different depending on the metals used. 
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6.3.5 Flow Rate 

The product detail giving the flow rate of cellulose fibre is 180 mL/min +/- 50, which depends 

on the size/area of membrane used. It is assumed that 80 μL is flowing through the cellulose 

fibre without loss or evaporation for 9 minutes on each addition. Therefore, the volumetric 

flow rate of liquid was 16.67 μL/min in the experiments described in this chapter, far less than 

the 180 mL/min. It proved that there is enough time for all the liquid to flow through. 

As seen from the Figures 6.8 and 6.9 with exponential model, with both ZnO and ZnO/CuO 

nano-membrane with antibody capture, the flow rate plots exponential line shift right to 

larger flow rate shown both on Figures 6.8 and 6.9, which corresponds to SEM results with 

larger voids created by nanoparticles in the membrane.  
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Figure 6. 8 Average flow rate (Black lines show regression fits with data points measured) 
on the planar electrode for CRP concentrations 10 - 166,660 pg/mL (Nitrocellulose 
membranes with 200 ng antibodies: (a) blue: blank; (b) green: ZnO; (c) red: ZnO/CuO).  
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Figure 6. 9 Average flow rate (Black lines show regression fits with data points measured) 
on the interdigitated electrode with increasing concentrations of CRP, 1 - 3,166 pg/mL. 
(Nitrocellulose membranes with 200 ng antibodies: (a) blue: blank; (b) green: ZnO; (c) red: 
ZnO/CuO). 
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The flow rate can also be increased by increasing the overlap [164] between the sample pad 

and the nitrocellulose membrane, shown in Figure 6.2. Under the evaluation of the flow 

system, whether the complex of antibody-CRP can be detected is the key important issue. 

There are several issues that need to be considered in the future for development of flow-

based assay. The biological complex may have the issues of stability and variability, caused by 

contamination of nature and activity [164]. Commonly, porous materials may fill with sample, 

but may have little or no active flow in some areas [164].   
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6.4 Summary 

This chapter presents the development of a sensitive biosensor for CRP, based on 

nanoparticles/nitrocellulose membrane with limit of detection of less than 5 pg/mL. The 

sensors could provide flow-based measurements for up to 2 hours with additions of up to 

100,000 pg/mL accumulative concentrations of sample every 9 minutes on planar electrodes.  

For the flow-based sensor, the nanoparticles-based nitrocellulose membranes were 

assembled with glass fibre as sample pad and nitrocellulose fibre as absorbent pad in a 3D 

printed holder with an appropriate overlap. The affinity of the flowing system was modelled 

to prove the accumulative antibody-antigen complex increased during consequent addition 

of CRP samples.  

The membrane with porous structures helps increase surface area and effective contact 

between antibody and antigen. The nitrocellulose membrane alone, with attached antibody, 

quickly saturates with addition of CRP samples. However, with the ZnO and ZnO/CuO 

nanoparticle coated membranes on two different electrodes, the dynamic range of the sensor 

can be increased. The antibody protein binds strongly and electrostatically to the ZnO and 

ZnO/CuO (with the electrostatic interactions reducing the process of sample preparation).  

It can be found that the different electrodes are suitable for detection of different ranges in 

concentrations of CRP. The electrodes can be easily substituted without change of flowing 

assembly system. 

This affinity model shows that the flow-based detection is feasible for the concentration of 

CRP added during the experiment. It can be seen from the experimental data that the sensor 

membranes do not become saturated. 

The impedance change observed for both nano-ZnO and nano-ZnO/CuO membranes was 

similar for each electrode design. Despite the lower affinity of antibody to CRP on ZnO/CuO 

membranes, change in the impedance over the duration of the experiments was greater using 

the nano-ZnO/CuO membrane. This suggests strongly that, although the CuO has a negative 

effect on the antibody affinity, it has a positive effect on the signal, as shown in the previous 

chapter and this chapter where the mixture of ZnO and CuO nanoparticles helped enhance 

the signal. 
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In the future, an important area of work is to simulate the flow-based system. COMSOL 

simulation could be used to highlight the electrode features and fluidic wicking pattern of 

membrane in order to optimise fluid-based continuous detection platform [120]. For 

manufacture, the overlaps have to be consistent so that the flow dynamics are uniform and 

avoid the inconsistent flow arising on pad [65]. The optimised blocking agent is important to 

recognise against the processing speed and mechanical systems [65]. Automation machinery 

can assemble lateral flow test strips rapidly and accurately [164]. In the next chapter 

Conclusion, future work will mention manufacture considerations and future application in a 

little more detail. 
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Chapter 7        

 Conclusion  

7.1 Key Findings 

It is considered that the objectives of this research, as stated in Chapter 1, have been satisfied. 

The results are promising, with a new, sensitive and rapid immunoassay biosensor, fabricated 

from nano-particle metal oxide semiconductor materials integrated within a porous structure, 

for flow-based measurement of a biological target, being demonstrated. The salient points of 

the study are brought together below. 

In Chapter 1 relevant literature was reviewed and each of the elements of the biosensors 

fabricated and evaluated in the experimental Chapters 3 to 6, was discussed. Comparison of 

approaches presented in the literature explained the methods adopted this research study. It 

was concluded that antibody-based impedimetric biosensors can offer high specificity and 

sensitivity, as well as being adaptable for detection of a wide range of analytes. Zinc 

oxide/Copper oxide (ZnO/CuO) nanoparticle biosensors showed enhance performance 

(sensitivity and limit of detection) relative to sensors without nanostructures. Ultrasonication 

of the nanoparticles can result in enhanced performance and non-covalent antibody 

immobilisation could be used to effectively bind antibody on ZnO or ZnO/CuO. Nanoporous 

materials could be used to increase the sensor surface area and enhance charge screening 

through nanoconfinement, which affects electron transfer kinetics inside the nanopores.   

Chapter 2 summarises the basic principles of non-faradaic impedance spectroscopy, from the 

literature. In the context of biosensors used in this research study, an approximation of the 

Debye length was calculated and related to the binding elements on the biosensor. The 

inclusion of the nanoparticles layers within the biosensor resulted in structure that had 

greater complexity than that represented by standard the Randles model. In order to create 

a more realistic representation an empirical approach was used, characterising the 

composition of each of the different layers of the sensing system: the interfacial surface, the 
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buffer solution, the nano-ZnO film, PET substrate, the electrodes and substrate. The 

limitations of the impedance measurement set-up were also defined. 

In experimental Chapter 3, the fabrication of ZnO based nano-surfaces was presented. An 

important part of this chapter was the demonstration of a new colloidal dispersion technique, 

incorporating sonication, which allow sensor surfaces to be created simply and at low cost on 

an insulating layer. Raman spectra of the surface indicated the ZnO crystal surfaces was highly 

ordered and uniform. SEM analysis showed the variations in the roughness of the ZnO nano-

surfaces formed from suspensions of various concentrations of ZnO nano-crystals; 1% showed 

the greatest surface roughness and the optimum biosensor characteristics. Impedance 

analysis of a biosensor formed from the nanosurfaces on an insulating layer positioned above 

the electrodes, confirmed that the ZnO surfaces were highly reproducible. 

In experimental Chapter 4, to enhance sensitivity, copper oxide (CuO) nanoparticles were 

mixed with ZnO to form the suspension used to create the sensor surfaces. SEM and AFM 

images showed variations in the nano-surfaces with various ratios of ZnO to CuO. SEM images 

demonstrated that the CuO nanocrystals filled the deep voids between ZnO nanoparticles, 

laying flat on the ZnO nanocrystal and reducing the overall surface area. It was speculated 

that this was due to the fact that ZnO (n-type) and CuO (p-type) nanoparticles have opposite 

charges resulting in attraction between the two materials. Using impedance analysis of 

biosensors targeting CRP, 1:2 ZnO/CuO ratio suspension resulted in the sensor with the best 

sensitivity, even though the antibody loading was shown to be approximately equivalent on 

all samples. This suggests that the electrical interaction between ZnO and CuO nano-

structures plays an important part in the generation of the enhanced signal. Importantly the 

new ZnO/CuO nano-surface, resulted in an improvement in biosensor performance compared 

with the ZnO nano-surface, with a limit of detection of 0.4 ng/mL being calculated for the 

biosensors formed from a 1:2 ZnO/CuO suspension of nanoparticles compared with 3.3 ng/mL 

(as shown in Table 7.1).  
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Table 7. 1 Summary of different types of nano-surfaces/nano-membranes 

Biosensors with 
antibody capture 

Contact 
electrodes/ 
Impedance 

Analysis 

Frequency 
(Hz) 

Experimental 
detection 

range 
(ng/mL) 

LOD Detection 
time 

(minutes) 

0.5 % ZnO nanosurface 
(100 ng) 

1 mm gap D-
shape/ 

Impedance 
change 

138 1-15 n.a 10 

1% ZnO nanosurface 
(100 ng) 

n.a 

1% ZnO nanosurface 
(200 ng) 

1 mm gap D-
shape 

With coverslip on 
the top/Phase 

change 

138 
 

1-100 3.3 
ng/mL 

10 

1% ZnO: 1% CuO 
(1:2) nano-surface 

(200 ng) 

0.4 
ng/mL 

1% ZnO nanomembrane 
(200 ng) 

1 mm gap D-
shape/ 

Phase change 

100 0.1-15 27 
pg/mL 

10 

1% ZnO: 1% CuO 
(1:2) nanomembrane 

(200 ng) 

16 
pg/mL 

1% ZnO nanomembrane 
(200 ng) 

4 mm gap planar 
electrode/Impeda

nce change 

100 0.01 - 366.66 2.64 
pg/mL 

9 

1% ZnO: 1% CuO 
(1:2) nanomembrane 

(200 ng) 

0.47 
pg/mL 

1% ZnO nanomembrane 
(200 ng) 

Interdigitated 
electrode/Impeda

nce change 

100 0.001 - 3.166 0.02 
pg/mL 

9 

1% ZnO: 1% CuO 
(1:2) nanomembrane 

(200 ng) 

4.10 
pg/mL 

 

Chapter 5 analyses the benefits of the transition from a 2D to 3D sensor surface. Both nano-

ZnO and nano-ZnO/CuO nitrocellulose membrane biosensors were evaluated. The colloidal 

sonication technique was again utilised and energy-dispersive spectroscopy (EDS) analysis 

showed that the loading of ZnO and CuO nanoparticles within the membrane remained in 

proportion to their concentrations in the original colloidal suspension. The sonication force 

was critical to assist the nanoparticles to be embedded into the lower layer of the membrane 

and enhanced performance, with the nano-ZnO and nano-ZnO/CuO nitrocellulose 

membranes showing an approximate 3 and 2-fold increase respectively in impedance 

compared with the non-sonicated membranes. The nano-ZnO and nano-ZnO/CuO 

nitrocellulose membrane-based biosensors (with sonication) showed limits of detection of 27 

and 16 pg/mL respectively as presented in Table 7.1. 
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In Chapter 6 the progression to a flow-based measurement is described. The nanoparticles-

based nitrocellulose membranes were assembled with glass fibre as the sample pad and 

nitrocellulose fibre as the absorbent pad in a 3D printed holder. A limit of detection of less 

than 5 pg/mL was demonstrated (see Table 7.1) with continuous addition of sample every 9 

minutes over approximately a 2 hour testing period. Both ZnO and ZnO/CuO nanoparticle 

membranes were evaluated with the nano-ZnO/CuO membrane showing a broader detection 

range compared with nano-ZnO membrane. An affinity model concurred with the 

experimental data showing that for the concentration of CRP added during the experiments, 

the sensor membranes do not become saturated. The interdigitated electrode, with higher 

capacitance, showed larger impedance changes relative to the planar electrodes, but with a 

reduced dynamic range. 

A summary of comparison of sensitivity with limit of detection on nano-surfaces and nano-

membranes on electrodes is shown in Table 7.1.  

The key attributes of the non-faradaic sensor systems investigated in this research work are 

the fact that the sensor preparation method is low-cost and simple, but biosensors with low 

limits of detection are delivered. The sensors can also be readily constructed to operate as a 

sensor permitting detection of analyte over an extended period with repeated addition of the 

sample by flow-based methodology. This work presented in this thesis has the potential for 

development in to a highly sensitive detection system for point-of-care use, particularly 

where flow-based measurement over a defined period is preferable. Areas of improvement 

to the system to work towards this goal are provided in the next section.  

At the time of submission of this thesis, three related research papers have been published, 

one has been submitted for review and a further is in preparation.  
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7.2 Suggestions for Future Work 

7.2.1 Targets 

In this research C-reactive protein (CRP) was used as the target analyte in order to evaluate 

and compare the various sensor constructions. If CRP detection was the proposed future 

application, then additional optimisation of the sensor design, including quantity and 

distribution of antibody, would be required. However, the sensors could be adapted for a 

large variety of targets, including other proteins or nucleic acids. The system can easily be 

adapted for detection of other biomarkers due to principle of operation in which an 

antibody/antigen interaction results in a change in the capacitance at the sensor surface 

interface which is measured non-faradaic impedance spectroscopy. A second important area 

of investigation relates to non-specific binding in order to evaluate the selectivity of the 

system. For example, if a human sweat sample is proposed, the influence of the complex 

mixture of proteins, hormones, steroids and other molecules must be considered to establish 

how the sensors react with non-specific binding.  

 

7.2.2 Fabrication and Design 

Further investigation of the active region of the sensor could result in improved performance. 

It is well established that binding interactions that occur within a Debye length of 

electrode/electrolyte interface result in a larger change in the electrical double layer 

capacitance. Investigation of shorter binding partners may be an option. The dimensions, 

charge density and permittivity of electrodes will change electrical double layer capacitance, 

which needs to be considered.  

Nitrocellulose membranes can also be replaced by other membranes, for example 

poly(vinylidene difluoride (PVDF), or nylon membranes with modified surface [159] which 

should result in improved performance. One limitation is that the mechanism of the electrical 

double layer within the porous membranes and the impact of the biological binding is unclear. 

Further empirical modelling of the sensor may help to gain greater understanding of the 

various components within the system.  
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It may be interesting to design a miniature system, and for this the size of electrodes and 

nanoparticles layers must be improved. Peng et al. fabricated a graphene-like hexagonal zinc 

oxide monolayer (g-ZnO) which showed good performance [168]. It is worth investigating the 

electrical properties of monolayer and also biological bindings on surface chemistry, but this 

would be constituting another PhD in itself. 

The assembly of the substrate and electrodes function well for this research. The sensors 

presented in this thesis are based on insulating materials above the electrodes, which had 

benefits of ease of use and the reusability of the electrodes. However, the majority of the 

electrical field was dropped across the insulator and the gap between the electrodes. 

Investigation of alternative arrangements would be interesting, including nanoparticles-

based substrates (insulating material) which could be embedded between the two electrodes 

[49], in order to increase the useful area of electrical field. 

 

7.2.3 Antibody Immobilisation 

To improve the sensitivity of sensor system, antibody affinities are an important aspect to 

research. A number of factors could be taken in to account. For example, orientation-

controlled antibodies have low equilibrium dissociation constants [114] and three-

dimensional substrates offer increased surface area for antibody binding, which can minimize 

steric hindrance that may prevent antigen capture [29]. However, these improvements must 

be weighed up against the importance of keeping the biosensor. low cost particularly as 

currently, low concentrations (5 ng/µL) of antibody are used with small volumes (40 µL). The 

optimised concentration of antibody can be established in the future according to the re-

scaled sensing area. 

 

7.2.4 Electrical Impedance Spectroscopy 

Due to the fact that the capacitance of electrical double layer is small, the amplification 

approach of impedimetric signals is potentially beneficial [58]. The minimisation of noise 

contribution is essential to  improve the system. Importantly the impedance analysis system 

must provide a highly stable impedance magnitude and/or phase change output across the 
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frequency range used. The coax connection is a significant parasitic contributor [117], 

resulting a more resistance behaviour at low frequency [115]. In order to remove parasitic 

capacitances of coax or BNC cables, an open calibration can be performed in the future [115]. 

Parasitic environmental effects can be minimised by reducing the length of cable or directly 

connecting the sensor electrode PCB to the BNC output [117]. 

 

7.2.5 Future Applications 

In addition to the improvements discussed in the sections above, for the ideas presented in 

this thesis to have future commercial applications in, for example, in clinic settings, a number 

of steps are needed. The system needs to  optimised for the chosen target and careful control 

of the sensor manufacturing processes will be required to obtain good repeatability. The 

fluidic system will require re-designing to ensure consistent flow through the active sensor 

regions. Modelling will be important to validate results and ensure reliability of data. 

Substantial testing of the system with real samples and in clinical settings will be an essential 

step towards a useful, practical device. Although this is a long process, I am an advocate for 

the technology and hope one day that it will be used in a clinical application for real-time 

monitoring for diagnosis and to support treatment of disease. 
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The nano-surfaces were stable in storage for CRP assay stored in a dry atmosphere with silica 

gel for up to one year shown in Table S4.1. A Mann-Whitney test between group comparisons 

proved no significant differences with p value at 0.574. It shows the same batch of nano-

surfaces showed the similar behaviours as biosensors for CRP detection. 

Table S4. 1 Phase value comparisons based on 100 ng anti-CRP antibody loading 1% ZnO 
nano-surfaces (n=2) 

Concentration of CRP (ng/mL) 1 10 100 

Average degree of phase change taken on 30/06/2016  0.13 0.31 0.26 

Average degree of phase change taken on 28/07/2017 0.09 0.22 0.26 

 

 

Figure S4. 1 The different combinations of ZnO:CuO (5%:5%; 5%:1%; 1%:5%; 1%:1%) nano-
surfaces with volume ratio 1:1. 
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Figure S4. 2 The break of flatter 5% CuO nano-surfaces during the process of protein 
immobilization. 



178 
 
 

 

Figure S4. 3 SEM images of nano-surfaces: (a,b) 1% pure ZnO (c,d) 1% ZnO and CuO 
suspensions with the ratio of 1:2 (e,f) 1:1 (g,h) 2:1. 
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Figure S4. 4 AFM 3D images of 1 µm by 1 µm area of the nano-surfaces: 1% pure ZnO; 1% 
ZnO and CuO suspensions with the ratio of 2:1 and 1:2. 

 

 

Figure S4. 5 AFM 3D images of 10 µm by 10 µm area of the nano-surfaces: 1% pure ZnO; 
1% pure CuO; 1% ZnO and CuO suspensions with the ratio of 2:1 and 1:2. 
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Figure S4. 6 Comparisons in change of impedance magnitude of anti-CRP loading (100 ng 
and 200 ng) on different surfaces for the detection of 1, 10 and 100 ng/mL CRP (n=3) with 
standard error bars. (Exception: pure 1% ZnO nano-surfaces with 200 ng capture antibody 
(n=4)) 
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Figure S5. 1 Scanning electron micrograph of nano-ZnO nitrocellulose membrane cross-

section at 120,000× magnification, with labels of diameter measurement by ImageJ. 

 



184 
 
 

 
Figure S5. 2 Scanning electron micrograph of nano-ZnO/CuO nitrocellulose membrane cross-
section at 80,000× magnification, with labels of diameter of CuO nanoparticles 
measurement by ImageJ. 

 

 
Figure S5. 3 Scanning electron micrograph of nano-ZnO/CuO nitrocellulose membrane cross-
section at 80,000× magnification, with labels of length of CuO nanoparticles measurement 
by ImageJ. 
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Figure S5. 4 Scanning electron micrograph of nano-ZnO/CuO nitrocellulose membrane 

cross-section at 20,000× magnification, with labels of voids size measurement by ImageJ. 

 

 
Figure S5. 5 Scanning electron micrograph of nano-ZnO nitrocellulose membrane cross-

section at 80,000× magnification, with labels of voids size measurement by ImageJ. 
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Figure S5. 6 Scanning electron micrographs of the nitrocellulose membrane cross-section: 
(a) 600× magnification of nano-ZnO nitrocellulose membrane (whole view); (b) lower layer 
of nano-ZnO nitrocellulose membrane (full of ZnO nanoparticles) at 120,000× magnification; 
(c) 1,000× magnification of nano-ZnO/CuO nitrocellulose membrane (whole view); (d) lower 
layer of nano-ZnO/CuO nitrocellulose membrane (full of ZnO/CuO nanoparticles) at 
160,000× magnification. 
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Figure S5. 7 Scanning electron micrographs of the nitrocellulose membrane cross-section: 
(a) upper layer of nitrocellulose membrane at 30,000× magnification; (b) upper layer of 
nitrocellulose membrane at 8,000× magnification; (c,e) middle layer of nitrocellulose 
membrane at 30,000× magnification; (d,f) middle layer of nitrocellulose membrane at 
8,000× magnification; (g) lower layer of nano-ZnO/nitrocellulose membrane at 30,000× 
magnification; (h) lower layer of nano-ZnO/nitrocellulose membrane at 30,000× 
magnification. 
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Figure S5. 8 Scanning electron micrographs of nano-ZnO nitrocellulose membrane cross-
section: (a) upper layer at 15,000× magnification; (b) middle layer at 30,000× magnification; 
(c) lower layer at 120,000× magnification. 
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Figure S5. 9 Scanning electron micrographs of nano-ZnO/CuO nitrocellulose membrane 
cross-section: (a) whole middle-lower cross-section at 2,400× magnification; (b) upper layer 
of nano-ZnO/CuO nitrocellulose membrane at 40,000× magnification; (c) middle layer of 
nano-ZnO/CuO nitrocellulose membrane at 20,000× magnification; (d) middle layer of nano-
ZnO/CuO nitrocellulose membrane at 80,000× magnification; (e) middle layer of nano-
ZnO/CuO nitrocellulose membrane at 160,000× magnification; (f) middle-lower layer of 
nano-ZnO/CuO nitrocellulose membrane at 160,000× magnification; (g,h,i) lower layer of 
nano-ZnO/CuO nitrocellulose membrane at 80,000× magnification.  
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Figure S5. 10 Bode plots of nano-ZnO/nitrocellulose membranes (n=3) with and without 
anti-CRP antibodies on detection of 0 ng/mL (blue) and 10 ng/mL (red) CRP: (a) ZnO nano-
membranes with anti-CRP antibodies; (b) ZnO nano-membranes with anti-CRP antibodies 
at frequency of 10 and 1000 Hz; (c) ZnO nano-membranes without anti-CRP antibodies; (d) 
ZnO nano-membranes without anti-CRP antibodies at frequency of 10 and 1000 Hz. 
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Figure S5. 11 Bode plots of nano-ZnO/CuO/nitrocellulose membranes (n=3) with and 
without anti-CRP antibodies on detection of 0 ng/mL (blue) and 10 ng/mL (red) CRP: (a) 
ZnO/CuO nano-membranes with anti-CRP antibodies; (b) ZnO/CuO nano-membranes with 
anti-CRP antibodies at frequency of 10 and 1000 Hz; (c) ZnO/CuO nano-membranes without 
anti-CRP antibodies; (d) ZnO/CuO nano-membranes without anti-CRP antibodies at 
frequency of 10 and 1000 Hz. 

 



192 
 
 

 

Figure S5. 12 Comparison of phase change measured on both the nano-ZnO and the nano-

ZnO/CuO nanoparticles-based PET (Chapter 4) at 138 Hz and nitrocellulose membranes 

(Chapter 5) at 100 Hz with the same concentration of CRP of 1, 5 10 ng/mL.
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Table S5. 1 Comparisons of antibody-based sensors on CRP detection 

Biosensors Principle Antibodies 
volumes and 

concentrations in 
solution 

Total 
amounts 

immobilised
/ Incubation 

time and 
storage 

time 

Antigen/ Target 
detection range 

and separate 
concentrations 

Incubati
on time 

Sensitivity/ 
Linear range 

Refs 

A Paper-Based 
Microfluidic 
Immunoassay with 
Smartphone (CRP-Chip) 
under 
polydimethylsiloxane 
(PDMS) Microlens 

The colorimetric 
CRP test signal in 
the CRP-Chip is 
imaged using the 
smartphone 
module 

0.1 µL of anti-CRP 
antibody (200 
ng/µL) on the 
nitrocellulose 
membrane 

20 ng anti-
CRP/ N.A. 

0–2 µg/mL CRP 
in standard, 
plasma and 
serum (0, 0.5, 
1.0, 1.5, 2.0 
μg/mL) 

Within 
15 
minutes 

The linear 
detection 
range of the 
CRP-Chip is up 
to 2 µg/mL and 
the detection 
limit is 54 
ng/mL 

[63] 

Carbon nanotubes 
based disposable 
immunosensors on 
field effect transistors 

The drain current 
reduced with the 
exposure of 
antibody 
molecules 
because the 
amine groups of 
antibodies 
provide electrons 
for nanotubes, 
which reduced 
the number of 

A droplet of 1 mL 
stock solution of 
anti-CRP (1 g/L) in 
PBS 

1 µg by the 
non-
covalent 
adsorption/ 
stored 
overnight at 
4 °C 

Between 0.1 
ng/mL to 100 
µg/mL CRP in 
PBS  

15 
minutes 
at room 
tempera
ture 

10-4 to 102 
µg/mL 

[37] 
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major charge 
carriers 

 

A sensitive and 
reusable faradaic 
electrochemical 
impedimetric biosensor 

The resistance of 
the interface 
responds in a 
calibratable 
manner to target 
protein binding 

 

10 mM CRP 
antibody solution 

1 hour Across a 0.5–50 
nM range CRP 

10-15 
minutes 

LOD around 19 
ng/mL in buffer 
solution/60 
µg/L–6.0 mg/L 
Linear range 

[52] 

A reduced graphene 
oxide-nanoparticle 
hybrid impedimetric 
sensor 

The normalized 
impedance 
magnitude clearly 
changed with 
increasing CRP. 

20 μL of anti-CRP 
(10 μg/mL) 
solution in PBS 
(10 mM) 

200 ng of 
anti-CRP/ 
kept in a 
humid 
chamber 
for 2 h 

0.1 ng/mL - 
10,000 ng/mL of 
CRP in human 
serum. (control, 
0.1, 1, 10, 100, 
500, 1000, 5000 
and 10,000 
ng/mL) 

 

3 hours Detection 
limits of 0.06 
and 0.08 ng/mL 
in PBS and 
human serum 

[57] 

Biogenic nanoporous 
silica-based biosensor 
using EIS 

The electrical 
double layer 
formed when the 
biomolecules are 
added, resulting 

10 µL of 5 µg/mL 
of anti-CRP 
antibodies in 0.15 
M PBS 

50 ng of 
anti-CRP 
antibodies/ 
N.A. 

1 pg/mL to 1 
µg/mL of CRP in 
0.15 M PBS 

The 0 dose, 
0.001, 0.01, 0.1, 

15 
minutes 

The sensitivity 
is ∼1 pg/mL 
and the linear 
dose response 
range from 1 

[133] 
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in a change in 
capacitance.  

1, 10, 100, 1000 
ng/mL 

pg/mL to 1 
µg/mL. 

A non-faradaic 
electrochemical 
impedimetric biosensor 
for procalcitonin and C-
reactive detection 

ZnO thin film on 
gold electrodes. 
Measure binding 
interaction on 
senor surface 
without needing 
a redox molecule. 
The imaginary 
part of 
impedance is 
inversely 
proportional to 
the electrical 
double layer 
capacitance. 

10 μL of 10 μg/mL 
PCT antibody and 
20 μg/mL CRP 
antibody  

100 ng PCT 
and 200 ng 
CRP 
antibody/ 
incubated 
for 90 
minutes 

In the range of 
0.01 ng/mL to 
10 ng/mL PCT in 
whole blood/ 
from 0.01 
μg/mL to 20 
μg/mL CRP in 
human serum 
and 0.01 μg/mL 
to 10 μg/mL CRP 
in whole blood.  

15 
minutes 

0.10 μg/mL of 
CRP in human 
serum and 
whole blood 

[41] 
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Figure S6. 1  Impedance phase change/degree (φ/°) on nano-ZnO nitrocellulose membranes 
(n=3) with 200 ng antibody capture (red) and nano-ZnO nitrocellulose membranes (n=3) 
without 200 ng antibody capture (blue) on 1 mm gap planar electrode after a 9 minute 
fluidic time with accumulative concentrations of CRP, measured at a frequency of 100 Hz. 
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The capacitance of a 23 mm × 23 mm electrode with 4 mm gap planar electrode and a 23 mm 

× 23 mm D-shape electrode with 1 mm gap planar electrode is calculated from website: 

https://www.emisoftware.com/calculator/coplanar-capacitance/. The capacitance of a 23 

mm × 23 mm interdigitated electrode is calculated from website: https://www.rfwireless-

world.com/calculators/interdigital-capacitor-calculator.html. Capacitance was calculated 

using 4.7 as dielectric constant. The results of capacitance are listed shown in Table S6.1. 

 

Table S6. 1 Capacitance results of three different types on electrodes used 

Electrodes Types 1 mm gap D-shape 

planar 

4 mm gap planar Interdigitated 

Capacitance (pF) 2.753 1.905 9.15705 

 

https://www.emisoftware.com/calculator/coplanar-capacitance/
https://www.rfwireless-world.com/calculators/interdigital-capacitor-calculator.html
https://www.rfwireless-world.com/calculators/interdigital-capacitor-calculator.html
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Table S6. 2 Concentration and molarity of CRP added concentration calculation on nano-ZnO and nano-ZnO/CuO membrane on planar 
electrode (10 ng antibody calculated molecule number is 40,200,000,000) 

Fluidic Time 
(min) 

0 9 18 27 36 45 54 63 72 81 90 99 108 

Concentrations 
of adding CRP 

(pg/mL) 

PBS 10 50 100 500 1,000 5,000 10,000 50,000 50,000 50,000 100,000 100,000 

Cumulative 
concentration 
of adding CRP 

(pg/mL) 

0 10 60 160 660 1,660 6,660 16,660 66,660 116,660 166,660 266,660 366,660 

Cumulative 
Antigen dose 

/pg 

0.0 0.8 4.8 12.8 52.8 132.8 532.8 1,332.8 5,332.8 9,332.8 13,332.8 21,332.8 29,332.8 

Molarity of 
cumulative CRP 

(pM) 

0.000000 0.000007 0.000041 0.000108 0.000447 0.001125 0.004515 0.011295 0.045193 0.079092 0.112990 0.180786 0.248583 

The number of 
molecules (agn) 
of cumulative 

CRP does added 

0 4,088,136 24,528,814 65,410,169 269,816,9
49 

678,630,5
08 

2,722,698
,305 

6,810,833
,898 

27,251,51
1,864 

47,692,18
9,831 

68,132,86
7,797 

109,014,2
23,729 

149,895,5
79,661 
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Table S6. 3 Concentration and molarity of CRP added concentration calculation on nano-ZnO and nano-ZnO/CuO membrane on 
interdigitated electrode (10 ng antibody calculated molecule number is 40,200,000,000) 

Fluidic Time (min) 0 9 18 27 36 45 54 63 72 81 

Concentrations of 
adding CRP 

(pg/mL) 

PBS 1 5 10 50 100 500 500 1,000 1,000 

Cumulative 
concentration of 

adding CRP 
(pg/mL) 

0 1 6 16 66 166 666 1,166 2,166 3,166 

Cumulative 
Antigen dose /pg 

0.00 0.08 0.48 1.28 5.28 13.28 53.28 93.28 173.28 253.28 

Molarity of 
cumulative CRP 

(pM) 

0.0000000 0.0000007 0.0000041 0.0000108 0.0000447 0.0001125 0.0004515 0.0007905 0.0014685 0.0021464 

The number of 
molecules (agn) of 

cumulative CRP 
does added 

0 408,814 2,452,881 6,541,017 26,981,695 67,863,051 272,269,831 476,676,610 885,490,169 1,294,303,729 
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Figure S6. 2  Impedance magnitude (Z/kOhms) on nano-ZnO/CuO nitrocellulose membranes 
(n=2) on interdigitated electrode after a 9 minute fluidic time with accumulative 
concentrations of CRP (preliminary experiments with addition of same concentrations as on 
planar electrode), measured at a frequency of 100 Hz. 
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Figure S6. 3 Impedance phase change/degree (φ/°) on different nano-membranes on two 
separate electrodes: (a) nano-ZnO nitrocellulose membranes (n=3) and (b) nano-ZnO/CuO 
nitrocellulose membranes (n=3) on 4 mm gap planar electrode. (c) nano-ZnO nitrocellulose 
membranes (n=4) and (d) nano-ZnO/CuO nitrocellulose membranes (n=3) on interdigitated 
electrode after a 9 minute fluidic time with accumulative concentrations of CRP, measured 
at a frequency of 100 Hz. 
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