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Abstract  
The alkaline phosphatase (ALP) biomarker is a membrane-bound enzyme widely distributed in the tissues 

of living organisms, which can instigate particular chemical processes, such as hydrolyses, to provide 

inorganic phosphate in the human body. ALP activity is routinely used as an indicator in point-of-care 

applications for some diseases. However, there is mystery about its biological role in terms of regulation 

during pathogenesis, due to the limitations of real-time monitoring detection tools. The current methods, 

although sensitive, are costly processes, are time consuming and are based on optical detection, which is 

hard to miniaturize. There is thus a demand for a reliable technique that addresses these issues and 

therefore enhances ALP detection in living systems. Our approach in the research is to develop an 

electrochemical method that will pave the way for performing direct, cost effective and simple monitoring 

of the ALP biomarker from release in cells for the purposes of clinical analysis.  

The thesis discusses a novel strategy that integrates cell culture and electrochemical techniques to 

develop a real-time detection method for monitoring ALP release from cells using an electric cell-substrate 

impedance sensing (ECIS) system. The integration of these techniques can enhance the detection of 

biological targets based on electrochemical changes in electrode interfaces. Our integrative approach took 

advantage of microelectrode arrays technology, facilitating the yield of recordings, signal shape, and 

signal-to-noise ratio. For the purposes of the research, electrochemical impedance devices had 40 

electrodes distributed in 8 wells that facilitated continuous visualization of cell adhesion, spreading, 

proliferation, and detachment. Amperometric sensors used three-electrode systems to monitor cellular 

signal transduction under a monolayer of cell culture conditions. The amperometric sensor application 

offers solutions that can be used in screening cellular ALP expression detected by electroactive species. 

This helps to avoid radioactivity, antibodies and mRNA tools that are presently used in clinics. The 

experimental optimization of the target sample was performed by using resazurin assay. The standard 

method for ALP detection was used for optimizing the conditions of the enzymatic assay during ALP 

release.  

Balb/c 3T3, A549 and MCF-7 cells displayed an optimal initial density of 40×103 cell/mL, whereas the Ht20 

cells displayed an optimal density of 80×103 cell/mL. This was compatible with the hemocytometer and 

microscope images. The kinetic enzyme assay of ALP release based on the absorbance analysis showed 

the optimum activity at 30 minutes incubation time and at 6 mM pNPP concentration. Electrochemical 

analysis allowed the highest activity after 10 minutes incubation with concentration of pAPP of 9.6 mM. 

Activity of ALP during the proposed differentiation strategy showed a significant difference in the values 

of electrochemistry compared to the values of absorbance.  The analysis produced findings that were 

compatible with capillary electrophoresis, which was used as a comparative study. The frequencies 

required for the target monolayers were optimized on the ECIS system, illustrating a linear relationship 

between concentration of cells and impedance magnitude. Cellular behaviour was investigated during ALP 

release, which corresponded to the resazurin-based assay.  Real-time ALP release monitoring was proven 

during differentiation of the colon cancer cell line. A concentration of sodium butyrate of 0.5mM and 1 

mM allowed impedance of 550 Ω and 400 Ω compared to the control and to 600 Ω for untreated cells. 

This indicated a correlation between the cell response and the concentration of sodium butyrate, which 

suggested that more investigation was necessary to determine the LOD of the developed methodology. 
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Relevant findings were also produced during an investigation of cell morphology and cells viability. This 

was also proven by amperometry in order to obtain sufficient real-time monitoring of ALP under cellular 

conditions.  

In conclusion, this PhD thesis presents and describes the real-time monitoring for the detection of the ALP 

biomarker in living cells, with suitable detection results. It contributes to the development of microfluidic 

testing that would facilitate work on small scale te chniques.   
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Chapter 1 

General Introduction  

Note: some part of this chapter has been published in Journal of Biosensors. Please refer to Appendix A 

for paper. 
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1.1 Motivation  

Future technologies like sensors or lab-on-a-chip nowadays dominated many fields in the point-of-care 

applications due to their low cost, fast detection and simple use.  Developing methodologies on these 

devices can enhance the reliability of clinical tests. Alkaline phosphatase (ALP) is one of the most 

commonly assayed enzymes in routine clinical practice. Due to its close relation to a variety of pathological 

processes, an abnormal level of ALP in blood serum is an important diagnostic biomarker of many human 

diseases, such as liver dysfunction, bone diseases, kidney acute injury, and cancer. On the other hand, ALP 

release has a quantitative indicator of gene reporter in mammalian cells. ALP which catalyzes the 

dephosphorylation process of proteins, nucleic acids, and small molecules, can be found in a variety of 

tissues (intestine, liver, bone, kidney, and placenta) of almost all living organisms and therefore have many 

isoenzymes. However, many sides of ALP isoenzymes' functions are still unknown. For example, the role 

of ALP regulation in the diseases still unknown, which makes huge challenges in the industry of drug 

delivery. In order to improve the understanding of the basis of diseases and effectiveness of 

pharmaceuticals, a real-time detection technique has to be improved. 

1.1.1 Aims and objectives  

The aim of this thesis was to develop a methodology of real-time monitoring for ALP release from living 

cells based on microelectrode arrays for clinical analysis. The available methods for ALP monitoring are 

the label-based assays that have been extensively used in enzyme immunoassays. This method has 

expensive reagents, which limits the extensive practice in laboratories. Therefore, ensuring convenient 

and reliable assay methods for real-time monitoring ALP activity is extremely important and valuable, not 

only for clinical diagnoses but also in the area of biomedical research.  

1.1.2 Chapter 1  

Chapter 1 has a discussion of general introduction and some of the background for this study. It presents 

an introduction to the analyte of interest, its isoforms and traditional methods as well as the secretion 

systems. This was followed by a discussion of chemical sensors for clinical analysis and outlining the 

properties of living cells and cell culture system. The viability assays used in this thesis was described and 

compared with others. Furthermore, the theory and technology including microelectrode arrays that 

enable impedance-based assays were covered.  

1.1.3 Chapter 2  

Chapter 2 focuses on the optimization of the resazurin assay conditions of the cells of Balb/c 3T3, A549, 

MCF-7 and Ht-29 in 48-well plate for obtaining the calibration curve of cell viability. First of all, the 

concentration of resazurin reagent was optimised, then the time of incubation of reszaurin with the cells 

was optimized and then the relationship between the cell concentrations against the fluorescent 

measurement was found. This was followed by optimizing the cells density with the purpose of 

simultaneously reach the inhibitive growth contact. The optimal densty of each cell line was used for the 

other assays in this thesis. Then the assay based fluorescent measurement was compared in a similar 
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manner with hemocytometer assay and microscope images. The results of resazurin were determined for 

all cells in the differentiation stage.   

1.1.4 Chapter 3  

Chapter 3 is concerned with optimization of ALP release from cells using absorbance detection technique. 

The first part of the chapter was to optimize the reagent components for the best expression of ALP from 

cells. This was performed by applying several buffers, solubilisation methods, investigation of trypsin 

effects, pH range, and concentrations of MgCl2 and NaCl. This was followed by conducting of kinetic 

enzyme assay including determination of standard curve of pNP, time of incubation with substrate (pNPP). 

Then that allowed to reach the optimal concentration of the substrate (pNPP) producing the calibration 

curve of ALP that is identified in the Units per Litre (U/L). The kinetic enzyme assay and linearity 

performance were applied and compared for all cells and the quantity of ALP was determined in the 

differentiation stage. 

1.1.5 Chapter 4  

Chapter 4 describes the electrochemical measurement of ALP release by applying linear sweep 

voltammetry detection technique and using graphite screen printed electrode. The graphite electrodes 

were characterized in potassium Ferri/Ferrocyanide solution by applying cyclic voltammetry in order to 

meet the stabilization condition of electrode surface. This was followed by conducting of kinetic enzyme 

assay including determination of standard curve of pAP, optimal time of incubation with substrate (pAPP), 

optimal concentration of the substrate (pAPP) all of which allow for producing the calibration curve of ALP 

that is identified in the Units per Litre (U/L). The kinetic enzyme assay and linearity performance were also 

applied and compared for all cells and the quantity of ALP was determined in the differentiation stage. 

1.1.7 Chapter 5  

Chapter 5 is concerned in illustrating the comparative study, which was capillary electrophoresis. This 

method was performed for all given cells in this thesis. The obtained calibration curve of (pNP) equation 

from this method was used to determine the quantity of ALP at the stage of inhibitive growth contact of 

each cell line and compare it with absorbance finding in chapter 3. By the end of this chapter, the 

experimental findings of absorbance and electrochemical was compared as well. The findings in this 

chapter can be used for future work. For example, designing experiments for monitoring isoenzyme of 

ALP inside the capillary.   

1.1.6 Chapter 6  

Chapter 6 describes the using of impedance-based assay for real time monitoring of ALP release during 

differentiation. Electric cell-substrate impedance sensing (ECIS) based microelectrode array was selected 

to measure the cellular responses. Pre-treatment was applied and optimal frequency of each cell line was 

observed. That was followed by linearity performance in order to examine the constant condition of the 

electrodes during the assay. Then it was proved the concept of real-time monitoring ALP using two ways 
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of differentiation; post-confluence culture and applying sodium butyrate for colon cancer cells. ALP 

activity was determined by amperometric method. 

1.1.8 Chapter 7  

Chapter 7 outlines the conclusions of the experiments carried out in this thesis and illustrates the future 

work. Finally, the publications, oral and poster presentation given while doing the thesis was arranged in 

appendix. 

1.2 Alkaline phosphatase (ALP) 

The detection of alkaline phosphatase (ALP) occurred in the late 19th century, and it was recognized as 

an enzyme family after Robison's contributions in 1932 [1]. McComb et al. (1979) summarized many 

scientific attempts to detect ALP and outlined many topics that are of significance for multidisciplinary 

researchers [1]. The primary importance of detecting ALP is to identify the possibility of diseases and carry 

out immediate preventive or treatment procedures [2]. In point of care applications, ALP is known to be 

measured in routine blood tests, with high levels of serum considered as indications of bone disease, liver 

disease, or bile duct obstruction. Recently, it appears to be a significant independent prognostic biomarker 

to indicate cancers [3]–[12].ALP levels have various reference ranges depending on age, gender and 

patient history.  ALP can be defined as an enzyme that liberates phosphate under alkaline conditions and 

is made in the liver, bone, and other tissues [13].  

X-ray crystallography technique characterizes ALP by obtaining a three-dimensional structure of the 

enzyme under study through diffracting its crystallized form [14]. Fersht et al. (1999) argue that the 

threedimensional structure is crucial in determining the functionality of the molecules. On the other hand, 

nuclear magnetic resonance technique uses energy transitions through a range of wavelengths. This 

technique characterizes enzymes by creating a difference in the spectrum. This appears in the strength of 

the electromagnetic field around the nucleus [14]. The approach thus provides more efficiency, allowing 

for the identification of atoms or particles and their specific functions. Figure 1.1 illustrates that ALP is a 

homodimeric enzyme shaped in two monomers (A&B), where the central core of ALP (Active sites) is 

formed by the link of the two monomers. Millán (2006) notes that this property allows it to have a stable 

heating capacity with a maximum capacity at very high pH. Similarly, an active site found on the enzyme, 

where one magnesium and two zinc ions are located, has the function of acting as a catalyst site. This 

occurs when mg2+ and zn2+ activate and inhibit, respectively, protein tyrosine phosphatase 1B (PTP1B). 

Millan (2010) identifies these occurrences as molecular dynamics simulations. Millan found that mg2+ and 

zn2+ compete for the same binding site in the active site only when the enzyme is in the closed 

conformation in its phosphorylated state [15]. At this point, the cations have different effects on 

hydrolysis, resulting in a difference in the establishment of the structural enzymology PTP1B.  

Details of ALP isoenzymes and tests regarding their physical and chemical properties are discussed below. 

Furthermore, we have discussed some other points, taking into account the methods of discriminating 

between those isoenzymes. 
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Figure 1.1: illustrates the 3D structure of ALP shaped in two monomers (A&B). The central core of ALP 
(Active sites) is formed by the link of the two monomers. The metals positioned on the edges of both 
monomers are responsible for the catalysis. In the licorice representation, the inorganic phosphate and 
metal ions are presented [16]. 

1.3 ALP isoenzyme and tests  

Mammalian ALPs are present as different isoenzymes. Figure 1.2 shows the four main isoenzymes of ALP, 

which are germ cell alkaline phosphatase (GCAP), intestinal alkaline phosphatase (IAP), placental alkaline 

phosphatase (PLAP) and tissue-nonspecific alkaline phosphatase (TNAP).  GCAP, IAP and PALP, are located 

in chromosome 2, whereas TNAP is located in chromosome 1. None of their precise physiological and 

neoplastic functions are known. However, TNAP is found to be responsible for calcification in bone, and 

for regulating the secretory activities in the liver. However, their main function is still unidentified. ALP 

isoenzyme can be referred to as a biomarker for cancer before tumors form. Fishman (1980) contends 

that PLAP is sometimes found in individuals with ulcerative colitis or polyposis of the colon, and it is 

through this that they increase the probability of contracting cancer [17]. Bukowczan et al. (2014) also 

found that PLAP has a relationship with different tumors, for example, renal cell carcinoma (RCC) [18]. 
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Figure 0.2: ALP isoenzyme with common names, place and function limitation [19]. 

Some physical and chemical properties are considered when discriminating between isoenzymes. 

Webster (2008) points out that the concentration of cysteine and histidine that inhibits alkaline 

phosphatase activity, and the phosphotransferase activity of different isoenzyme preparations are similar 

[13]. Other physical and chemical properties include heat stability at 56 °C and electrophoretic mobility. 

The concentrations of Zn ions, l-phenylalanine, and l-tryptophan required to inhibit enzyme activity by 

50% are different. This variety was exploited to discriminate ALP isoenzyme. Some traditional methods 

depend on deactivate ALP, including the use of selective inhibitors (e.g. l-phenylalanine, l-homoarginine, 

levamisole), or the use of heat treatment. This classic way is to heat up the ALP serum at 56°C for 10 

minutes. This would facilitate distinguishing between liver and bone ALP, for instance. Other methods 

that used such as gel electrophoresis and lectin, rely on sieving media or non-sieving media. They use 

polyacrylamide, agarose gel, or the wheat-germ lectin for limiting the mobility of ALP isonenzymes in 

buffers. Moreover, separation-based methods, which are conducted to distinguish ALP isoenzymes, are 

sometimes coupled with other techniques to give quantity of ALP. For example, chromatography 

methods, such as affinity chromatography [20], have been applied to distinguish ALP isoenzymes. They 

are sometimes associated with solid-phase immunoassay and provide data about ALP levels. However, 

although optimized by using wheat germ agglutinin (WGA) conjugates to the silica particle [21], this 

method is still insufficient. Liquid chromatography is applied instead with different anion exchange [22]. 

Per et al. (1992) used weak anion exchange to determine and separate ALP isoenzymes [23]. This assay 

has improved sensitivity and selectivity compared to electrophoresis methods. However, the temperature 

for the analytical column must be strictly controlled; otherwise retention times and peak heights will be 
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affected. These separation methods, although useful as research tools, have limited applications in the 

routine clinical laboratory.   

A number of approaches have been extensively developed to understand the gene expression of ALP in 

in vitro diagnostic tests, which identify the causes of disease, as well as tracking the effectiveness of 

pharmaceuticals. Therefore, accurate quantification of ALP levels provides a signature of ALP function and 

gives a better understanding about the prognostic level of ALP in different cancers. 

1.4 Traditional ALP methods 

Three main traditional methods have been adopted to achieve better quantification of ALP levels.  Firstly, 

the fluorescence-based methods include flow cytometry, histochemical and immunohistochemical 

techniques. The sample forms precipitate with substrates such as enzyme-labeled flouresence-97 (ELF97) 

phosphatase, naphthol phosphate, and menadiol diphosphate, which are coupled with salts and dyes, 

such as azo dye, diazonium salts and tetrazolium salts, to produce insoluble colored products detected by 

fluorescence. These methods allow high sensitivity and fast detection because they mesaure the intensity 

of light without comparing with a reference. However, their expensive instrumentations hinder their 

convenience. In addition, they require highly skilled personnel [15], [24], [25].  

Secondly, mRNA-based methods, such as a northern blot [26] and a reverse transcriptase-polymerase 

chain reaction (RT-PCR) [27], can detect real-time ALP levels. The northern blot method detects a specific 

isoform of ALP [26]. The RT-PCR approach is also based on RNA expression, however; it combines with a 

single nucleotide primer extension assay in order to discriminate ALP isoenzymes [26].  

Thirdly, immunoreaction-based methods, including western blot, radioimmunoassay (RIA), and 

enzymelinked immune-sorbent assay (ELISA) have been conducted to gain more selectivity and sensitivity 

[28]. Western blot involves electrophoretic sieving, which allows ALP to be separated by size and the 

results transferred to a membrane producing band. The membrane is incubated with labels of specific 

antibodies. This method, although sensitive, is time-consuming and has a high demand in terms of the 

experience of the experimenter. Additionally, it requires multiple optimization of the experimental 

conditions. In RIA, polyclonal are optimized to monoclonal antibodies to eliminate the cross reactivity. 

Thus, RIA is considered a method valid to detect ALP. RIA requires radioactive isotopes of iodine to act as 

an indicator.  In such assay, beads, such as polystyrene coated with polyclonal rabbit anti-ALP, are 

incubated with test samples and iodinated by Chloramine, a radioactive compound. The radioactivity is 

then counted by a gamma counter [29]. Although RIA is a sensitive method, it requires frequent 

preparation of radioactive antibodies, as well as exposure to radiation hazards. Additionally, it requires 

multiple steps for handling, storage, and disposal of radioactive materials.   

An alternative option that offers a sensitivity similar to that of radioassay but with no radiohazard is ELISA. 

In this technique enzyme conjugate and monoclonal antibodies are used. Colorimetric assay is then used 

in the presence of an appropriate chromophore (e.g., p-nitrophenyl phosphate) [30]. Although simple, 

this technique is a lab-based application [31]. In point-of-care application, ELISA-based antibodies may 

cause false results [32]. For example, the human body can continue producing antibodies, even though 
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the person may have previously had the disease and recovered. In addition, some people are poor 

producers of an antibody or have some interfering substance in their blood. Thus, the amount of antibody 

may be too low to measure accurately or may go undetected. Cross reactivity is highly likely to occur as a 

consequence of unrelated antibody. This would cause non-specific binding, thus resulting in positive 

signals for false reactions [33]. Another limitation with monoclonal antibodies is that immunoassays 

cannot identify the isoenzyme ALP [34], [35].  

Traditional methods mentioned earlier have some advantages. However, they require multiple external 

controls for quantitative analysis, as well as sequencing experiments to ensure reliability. Additionally, 

large sample volume, expensive instruments, and costly reagents are generally needed. In addition, 

clinical ramifications need simpler and more sensitive technique for testing of ALP expression.   

Enabling high throughput technologies, such as biosensors in point of care applications requires features 

that include portability, simplicity, and cost effectiveness. All of these can be achieved through 

electrochemical methods. 

1.5 Chemical sensors for clinical analysis  

The number of diagnosis requirements for infectious diseases and cancers are ever increasing, and 

traditional tools that are usually expensive and hard to access barely meet the large demand. Therefore, 

it is important to develop effective devices for point of care application that provides sensitive and 

selective results for early detection, hence improving prognosis. One of these devices is the biosensor, 

which is defined as a systematic gadget that can be utilized for identifying analytes, by combining a 

biological component with that of a physicochemical detecting transducer, with the aim of acquiring a 

quantifiable signal [36] [165]. Biosensors have two parts.  One is the biological recognition elements, and 

they are either natural (e.g., antibody, enzyme, and cell), semisynthetic (e.g., peptide nucleic acid), or 

synthetic (e.g., imprinted polymer). In living cells, growth inhibition and cell viability, for instance, are the 

parameter signals. Through this, there are many types of living cells derived from microsystems, such as 

bacteria, fungi, yeast, mammalian cells. Of these, the mammalian cells are the most commonly used in 

many fields, particularly in medical diagnostics and cytotoxicity testing, because they allow physiologically 

relevant studies. In addition, they allow for the probing of pathogenic or toxigenic substances in relevant 

samples.  Living cells are more likely than other elements to have specific reactions (e.g., redox reactions, 

changes of ionic composition and concentration) that can be used as sensing elements in electrochemical 

biosensors.   

The second major component of biosensors after biological recognition are transducers, which play an 

important role in conveying the biological parameters to measurable signals. Biosensors can also be 

divided according to transducer principles. For example, piezo-electric transducer can measure the 

resonant frequency of the reaction that occurs between the target analyte and the biological recognition 

elements as a result of applying mechanical stress. Another type of transducer is one that measures 

precisely optical signals. Essentially, they sense the biological recognition elements when the incident light 

interacts with the target analyte and produce optical signals, such as polarization or frequency, which can 

then be optically detected [37], [172]. Electrochemical transducers measure electrical properties, such as 
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current or voltage, which make them desirable in redox reaction measurements. Electrochemical 

transducers directly convert the biological events into electrical signals according to the method used. For 

example, if the amperometic method is used, then the current would be measured and the voltage would 

be measured through the potentiometric method and so on [37], [172]. Transducers, on the other hand, 

generally have to be portable, simple, easy to use, disposable and low cost in order to be applicable. 

Therefore, research is now concerned with miniaturizing them and on utilizing nanotechnology. 

Electrochemical transducers are more favorable, as they can be downsized, and their signals are highly 

accurate, compared to other transducers. In accordance, more details are given for techniques for 

measuring electrochemical reactions. 

1.5.1 Electrochemical cells 

Electrochemical detection takes place when redox reaction occurs. The redox reaction has two parts: 

oxidation and reduction. Oxidation refers to the loss of electrons, while reduction refers to the addition 

of electrons to a chemical species. Oxidation and reduction reactions occur at the same time, because 

when an electron is lost, it is gained elsewhere – this causes current to generate.   

The electrochemical reaction can be spontaneous if the electron naturally transfers in relation to the 

standard reduction potential (Galvanic). The higher the potential, the stronger the pull for electrons. In 

addition, the reaction can be electrolytic, where the electricity is used in the electrochemical cell and 

permits chemical reactions to occur that would not otherwise take place.  

The molecule that loses electrons is called the oxidized or reductant agent; the molecule that gains 

electrons is called the reduced or oxidant agent. The loss and gain of electrons takes place on surfaces 

called electrodes, which dipped in a solution. This solution is called an electrolyte, and it is important for 

the flow of ions in oxidation and reduction reactions. The oxidation and reduction reactions occur on 

anodic and cathodic electrodes, in which electrons flow from anode to cathode.   

The current that flows in an electrochemical cell is either Faradaic or non-Faradaic. Faradaic current 

indicates the redox reactions, while non-Faradaic current is caused by the electrode double layer and 

nonFaradaic can be avoided by increasing signal to noise ratios [38].   

The electrical double layer is established between the electrode and the solution in the time of applying 

potential in the cell. The surface of the electrode becomes charged, which attracts ions dissolved in the 

solution. The ions attracted to the surface of electrode has opposite chare thus forming inner and outer 

layers as shown in Figure 1.3.  

The inner layer is the one that is located near the electrode surface and is called the inner Helmhotz plane. 

It consists of solvent molecules and specifically adsorbed ions. The outer layer is located slightly further 

from the surface and is called the outer Helmhotz plane. It consists of solvated ions [39]. 
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Figure 0.3: The Electrical Double Layer [38]. 

When measuring current, the 3-electrode system is mostly used for electrochemical experimentation. The 

parts of the electrochemical setup is shown in Figure 1.4. The potential is linked between two electrodes; 

working electrode (WE) and reference electrode (RE). Whereas the current is linked between WE and 

counter electrode (CE). The potential and current can be measured by voltammetry methods, such as 

cyclic voltammetry, linear sweep voltammetry and amperometry [40].  

The working electrode is the one that directly impacts the performance of electrochemical assays in 

transferring electrons to or from the analyte. [39]. Therefore, the materials that it is made from can be 

conductive, e.g., metals, semiconductors, or graphite. Additionally, the materials that a working electrode 

are made from will mainly depend upon the reaction indicated. On the other hand, the reference 

electrode (e.g. Ag/AgCl) is the second main electrode as its role in electrochemical cell is to maintain the 

potential. The third important electrode probably is the counter electrode. Its surface area must be much 

larger than the working electrode in order to avoid reaching the kinetic limits of the process.  As the 

reaction occurs in a solution, then the ionic strength of the solution will be supported. This will reduce the 

resistance of the solution, which is defined in this case as an electrolyte.   
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Figure 1.4: The three-electrode system of electrochemical cells showing the diagram of linking the three 
electrodes with the ampere (A) and the volte (V). They are symbolled as WE RE and CE for  working 
electrode, reference electrode, and counter electrode, , respectively [40]. 

1.5.2. Nernst-Planck equation 

The measurable signal produced from electrodes is distance-dependent on transfer electron reaction: the 

smaller the distance, the faster the rate of electron transfer. This allows for sensitive detection. Moreover, 

the reaction rate is affected by the mass transport of particles.  This has three different forms: migration; 

diffusion; and convection.  Mass transport by diffusion is caused by the gradient in concentration. 

Migration occurs due to the movement of ions in the solution that are driven by electrostatic force. This 

can be controlled by increasing the concentration of the electrolyte. Mass transport by convection is 

caused by the mechanical motion of the solution (e.g. stirring). These three terms are expressed in the 

Nernst-Planck equation [38]. 

 

 

The mass transport represented in the equation is for one dimension to the electrode, which defined 

as  𝐽𝑗(𝑥) (mol cm−1sec−1). The first term is referred to the diffusion, which also refere to Fick’s law.  The 

𝐽𝑗(𝑥) = −𝐷𝑗
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negative sign shows that the material moves from high concentration to low concentration. The elements 

affecting mass transport in this term defined as the diffusion coefficient  𝐷𝑗 (cm2cm−1), and the 

concentration gradient  𝜕𝐶𝑗(𝑥) 𝜕𝑥⁄ . The second term is referred for the migration. It shows the effect of 

mass transport by the charged species, which can be reduced by increasing the background of the 

electrolyte. The elements in this term influenced the equation defined as the charge  𝑧𝑗, the diffusion 

coefficient, concentration for the species 𝑗  𝐶𝑗 (mol cm−3) and potential gradient  𝜕𝜑(𝑥) 𝜕𝑥 ⁄ . The last 

term is referred the convection of the solution and illustrates the effect of mass transport by velocity of 

solution [38].  It has two elements affected the equation, which are the rate of concentration for the 

species 𝑗  and its rate of moving in the solution  𝑣(𝑥)(cm sec−1). 

1.5.3. Cyclic voltammetry 

Cyclic voltammetry is important in characterizing electrodes as it provides kinetics information relating to 

the electrochemical reactions occurred at the surface of the electrodes [41].   

Cyclic voltammetry is used in order to observe the redox reaction, thus providing information about redox 

species, reduction and oxidation potentials, reversibility reactions, and stability of systems [265]. This data 

can be represented in a voltammogram (figure 1.5) where the pre-defined range of potential swept and 

then return to initial potential in an opposite direction. Maintaining the constant rate of sweep of 

potential with time is called the scan rate.  

 

Figure 0.5: The typical voltammogram of cyclic voltammetry for a reversible reaction [41]. 
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The voltammogram can measure different types of current as a result of its ability to apply a wide range 

of potentials., e.g., peak cathodic current (ipc), in which current flows when rate of reduction is maximum, 

and peak anodic current (ipa), in which current flows when rate of oxidation is maximum.   

The voltammogram can also be used to investigate different type of potentials, such as peak cathodic 

potential (Epc), which is the potential at which rate of reduction is maximum, and peak anodic potential 

(Epa), the potential at which rate of oxidation is maximum. These peaks are parameters of cyclic 

voltammetry. If the difference between potentials is high this means that the reaction irreversible. If it is 

small, this means that the reaction is reversible, therefore, the electron transfer is higher than the 

diffusion process [41]. The following equation can describe the reversibility of the reaction with respect 

of the potential of separation peaks: 

∆𝐸𝑝 = 𝐸𝑝𝑎 − 𝐸𝑝𝑐 = 2.303 
𝑅𝑇

𝑛𝐹
 

In this equation, the gas constant (R), the temperature in Kalvin (T), the number of electrons (n), and F  

the Faraday's constant (F) are important factors affecting the difference of potential (∆𝐸𝑝).  Therefore, 

by applying these constants at 25 °C with one electron, ∆𝐸𝑝 is expressed as 0.059 V.  If the measurement 

is higher than this, then the reaction will be irreversible.  

The following equation is used to calculate the formal reduction potential (𝐸°) and to determine the 

reversibility of a reaction: 

𝐸° =
𝐸𝑝𝑐 − 𝐸𝑝𝑎

2
 

 

1.5.4. Linear Sweep Voltammetry (LSV) 

Linear sweep voltammetry is equivalent to a one-segment cyclic voltammetry, where a fixed potential 

range sweeps linearly from a lower to an upper value, and current is measured as a function of time.  LSV 

has many useful applications. For example, it is used to study electron transfer kinetics reactions in 

evaluating biological systems. Likewise, LSV produces voltammograms that transform their aspect 

depending on factors that include: rate of the voltage scan; electron transfer reaction rate; and chemical 

reactivity of the electroactive species [42]. If LSV is applied then the system (electrode and electrolyte) 

should be stationary. Changes to the voltage cause the reactants in the electrolyte to react and produce 

more products. The accumulation of products at interface will change the current. The Nernst equation 

reveals how the electrode potential is dependent on the concentration in the electrolyte: 

𝐸 = 𝐸° −
𝑅𝑇

𝑛𝐹
𝑙𝑛

𝐶𝑅𝑒𝑑

𝐶𝑜𝑥
 

In this equation 𝐸 is the potential at working electrode and 𝐸° is the formal potential of redox reaction. 

Reduction occurs when   𝐸 < 𝐸°. Figure 1.6 shows the typical voltammogram of LSV. 
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Figure 0.6: The Typical Voltammogarm of LSV [42] 

The corresponding peak current (𝑖𝑝) to the potential can be calculated digitally using the current 

instruments. This can be demonstrated using the Randles-Sevcik equation (at 25 °C):  

𝑖𝑝 = (2.69 × 105)𝑛3 2⁄ 𝐴𝐷1 2⁄ 𝐶𝑖𝑣1 2⁄  

Randles-Sevcik equation has some elements affected the peak current ip. These elements are the number 

of electron (n), the electrode area A (cm2), the diffusion coefficient D (cm2 s– 1), the concentration of redox 

species C (mol cm-3) and the scan rate v (V s–1). The important of measuring the current is to quantify the 

amount of the concentration as they have a proportional relationship. 

1.6 ALP secretion system 

Due to the complicated nature of ALP in terms of its physical and chemical properties and the fact that it 

has various levels between people and iosenzymes that indicate related diseases, particular expression 

systems are required to express ALP and makes it detectable in vitro assays, which will be expanded upon 

in the next section.  

There are many expression systems for proteins, including mammalian cells, bacteria and yeast. Of these, 

mammalian cells help in the folding of proteins, post-translational modifications and product assembly. 

These are all important when harnessing mammalian cells for protein production [43]. In addition, 

mammalian cells have proved to be well suited to in vitro studies, with efficient expression systems that 

lead to good productivity, because they contain glycosylation, which is required for secretion and stability. 

However, mammalian cells are more complex and more expensive than other expression systems, such 

as bacteria and yeast. ALP is located in the membrane of mammalian cells and found to be in the 

periplasmic space of E. coli bacteria [2]. Figure 1.7 shows that ALP is made in the nucleus then formed into 

protein in the endoplasmic reticulum (ER). Then formed as an iosenzymes in the Golgi body. All these 
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processes are under natural pH. ALP then bonds to the cell membrane, where the pH is 7.5. This pH 

doesn’t allow ALP to induce, unless the environment surrounding it rises to alkaline pH. An example of 

this can be seen during cell metabolism, or necrosis inflammation, where HCO3- rises cause increased 

alkalinity in the cell membrane, thus activating ALP [44]. This is discussed more in the cellular process 

section. 

 

Figure 0.7: ALP produced in each stage in cells [45]. 

Details of a living cell as an expression system of the enzyme ALP are discussed below. Cell parts that 

include organelles, the cell membrane, the cytoskeleton, and the extracellular matrix (ECM) are also 

discussed.  Particular attention is given to the cellular processes that were exploited for cell viability in 

terms of metabolic activity and cell adhesion. 

1.7 Living cells 

1.7.1 The cell 

A cell is a biological term that refers to the basic unit that carries the fundamental molecule where life 

processes are composed. In cell theory, the historic scientific theory that all living organisms are composed 

of cells is universally accepted [46]. Cell theory has three basic principles. The first principle is that living 

organisms are made up of a single cell or more. The second principle is that some cells are formed through 

the replication of an existing cell. The third principle states that cells are the basic organizational unit of 

all organisms. Cells vary in size, organization, and shape. Even cells that are within the same organism 

exhibit different features in terms of organization, size, and shape.  Cells are small in size, since they are 

made up of a nucleus that only controls a specific volume of the cytoplasm. Moreover, the cell's surface 

area to volume ration limits its size. However, many small cells grouped together may have a bigger 

surface area than one large cell with the same volume. A big surface area is crucial, because oxygen, 

nutrients, and other materials needed by the cell enter through the cell's surface [46]. As the cell enlarges, 

its surface area diminishes, hindering the intake of the much-needed nutrients. Additionally, cells are 
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shaped differently based on their functions. For instance, the neurons are thin and long, while the white 

blood cells are round to allow for smooth movement.  

Additionally, the cell performs many processes that include cell division, growth, metabolism, motility, 

and protein synthesis. All these processes are important in carrying out bodily functions. For example, cell 

division ensures that the cells are renewed and reproduced to increase in number in a process called the 

life cell cycle. This process will be discussed in detail later in this chapter.  

Similarly, protein synthesis is an essential process, whereby cells generate new proteins, while some 

cellular proteins are lost through degradation. The process produces amino acids that act as the building 

blocks of information. For example, RNA strands are synthesized from the DNA template. The RNA is then 

transcribed into mRNA. The mRNA is free to move in the cell through complex processes resulting in a 

three-dimension protein molecule [47]. This happens in two main processes called transcription and 

translation.  

After successful cell division, more cells grow through the cellular metabolism function. Metabolism is a 

set of chemical reactions that are life-sustaining in the organism [48]. It takes place in two steps: 

catabolism and anabolism. In catabolism, the cell breaks down compound molecules into smaller 

molecules that are then oxidized to produce energy. Anabolism is a constructive process that involves the 

formation of complex molecules from smaller units using energy [49]. The complex sugars that are present 

inside organisms can be broken down to form monosaccharides. The various forms of monosaccharides, 

such as glucose, can be further broken down to form adenosine triphosphate (ATP) in a process called 

cellular respiration, which will be described in more detail in (2.2.1). The adenosine triphosphate then 

builds the glucose by forming precursors such as monosaccharides, amino acids, nucleotides, and 

isoprenoid. The ATP activates these precursors using energy to form complex molecules, such as 

polysaccharides, lipids, proteins, and nucleic acids.  

The other cellular process is cell motility. The cells do actually physical move, which can be seen in healing 

injuries. The cells are drivn by proteins (e.g Myosin). This protein is responsible of mechanical energy in 

the cells.  Myosin is a motor protein worked alongside with other proteins in the cytoskeleton like 

receptors, crosslinking, bundling, binding, adhesion. [50]. The movement of cells is similar to the movemnt 

of worms. In other words, the front of the cells protrudes then it adheres. Then the end of the cells 

deadheres, which allow the contraction of the cytoskeletal. This allows the cell to move forward. These 

steps are driven by forces caused by special cytoskeleton forces that include Myosin, the function of which 

is to hydrolyze the ATP and convert chemical energy to mechanical energy. This energy is then used during 

various body processes, including the immune reaction, healing injuries, and during cancer progress.   

Organisms that contain cells with a nucleus are referred to as eukaryotes, some organisms contain cells 

that do not contain a nucleus and membrane-bound organelles. Such organisms are called prokaryotes. 

As mammalian cells are the interest in this study, eukaryotes are discussed more below.  
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1.7.2 Cell parts 

A cell’s internal structure is made up of organelles that are responsible for cellular processes [47]. The 

three major organelles that make up the cell are the cytoplasm, the nucleus, and the cell membrane [51]. 

The cytoplasm is jelly-like, and it makes up the largest part of the body. The nucleus is the largest 

organelle, and it is responsible for cell reproduction. The cell membrane protects the cell. Moreover, the 

cytoskeleton helps cells to move, and the extracellular matrix (ECM) links cells with their surrounding 

medium. Figure 1.8 shows parts of an animal cell. Each part in the cell has a particular function. The 

functions of the cell parts that relate to this study are discussed more in each subtitle below. 

 

Figure 0.8: organelles of animal cells [51]. 

1.7.2.1 Organelles 

As mentioned above, the main components of a cell are the nucleus, the cell membrane, and the 

cytoplasm [51]. However, other organelles perform equally important functions, and they include: the 

endoplasmic reticulum (ER), lysosomes, ribosomes, mitochondria, and Golgi bodies.  The endoplasmic 

reticulum has two regions (one rough, one smooth) that have different functions and structures.  The 

smooth endoplasmic reticulum produces enzymes and hormones, while the rough ER produces protein. 

The lysosome contains acidic enzymes whose function is to digest macromolecules in the cell.  

The mitochondria are round organelles that are surrounded by a double membrane [51]. They play a vital 

role by releasing the adenosine triphosphate in a process called respiration. The process takes place 

during the Krebs cycle and in the presence of oxygen [52]. The Krebs cycle begins when the acetyl-CoA 

combines with oxaloacetate, a carbon acceptor molecule, to form citrate. This process is followed by 

chemical reactions, with the enzymes as a catalyst. The citrate is made of six carbon molecules, and during 
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the Krebs cycle, it releases two carbons to form carbon dioxide and NADH molecule. The other remaining 

carbons react to form an ATP molecule. Then the FAD electron carrier is reduced to FADH2 and HADH. 

The reaction regenerates the oxaloacetate, and the cycle is repeated [53]. Generally, one cycle releases 

two molecules of carbon dioxide, three NADH, one ATP, and one FADH. This process is important in 

metabolic activities, as well as cell viability. These topics are covered in detail later in this thesis in section 

(1.9.1).  

The three organelles discussed above, (mitochondria, ER and lysosomes) play a role in calcium 

homeostasis and signaling functions [47]. The ER releases calcium using the receptors that are 

ligandactivated. The lysosome and the mitochondria serve as a container and keeping the calcium within 

certain limits so that they can continue with the functions. This process may lead to an increase in the 

alkalinity level in the cell membrane, resulting in the formation of biomarkers. This may happen when the 

ligandactivated receptor is bonded to the ATP, and this raises the alkalinity in the areas surrounding the 

membrane. The calcium ions released from the intercellular stores, and the chloride and hydrogen 

carbonate ions exchanged through transporters are responsible for the high alkalinity. All ALP attached to 

the outer layer of the plasma membrane through the glycosylphosphatidylinositol (GPI) anchor. The 

enzymes that are anchored to the membrane tend to accumulate to form tetrameric clusters.    

Additionally, the membrane can generate the ALP, which in turn flows anchorless in a dimeric and 

plasmasoluble form. This process is more efficient in TNAPs than in IAP or PLAP. The release of TNAP takes 

place in two ways. The processes are further illustrated in figure 1.9, which shows how the GPI anchor of 

the ALP is split from the surface of the membrane by phospholipase C (PLC). The ALP and the GPI anchor, 

which was initially an intact structure linking insoluble membrane vesicles, can break away from the cell 

[54]. In this case, the anchor is split by the circulation of phospholipase D (PLD) to obtain soluble ALP. 

However, some ALP may fail to dissolve, leading to inflammatory liver diseases.  It has been found that 

ALP is affected by Ca2+ concentration [55]–[57]. Furthermore, the functional and molecular 

representation of calcium channels that are voltage-operated can be understood better using RT-PCR and 

patch-clamp methods [58]–[60]. These ion channels allow for significant detection of changes in the 

concentration of ALP.  

 

Figure 0.9: mechanism of ALP release 
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Another organelle that is located far away from the nucleus is the Golgi body or Golgi apparatus [47], [51]. 

This organelle manufactures, stores and transports products from the endoplasmic reticulum.  The Golgi 

apparatus also takes part in the removal and addition of sugars, which are linked to proteins, such as 

glycoprotein. The removal and addition of sugar change the glycoprotein into glycosylation, which is more 

stable and does not fold.   

Another vital organelle in the cell is the centriole [47], [51]. This organelle floats in the cytoplasm, and its 

main function is to separate the chromosomes during cell division. Finally, cytoplasm, a jelly-like 

substance, is a major organelle in which organelles are suspended. Many processes, such as protein 

synthesis and respiration, take place on this organelle. The cytoplasm also dissolves some substances, 

while moving others. 

1.7.2.2 Cellular membrane  

Cellular membranes are made from long, fatty chain molecules that contain charged phosphates, making 

one end of the chain soluble in water. The molecules further form two layers when the two ends of a 

molecule come together. Consequently, the inner layer is fatty, while the outer layer charges electrically 

when it comes into contact with water [61]. This is illustrated in figure 1.10 below. The layer is about 7.5 

nm, and it can fold to form a shell that can contain water. This is how a cellular membrane is basically 

formed. The two layers and their features enable the cellular membrane to survive in a watery 

environment, and at the same time maintain an independent intracellular cytoplasm. However, one 

implication of the double layer is that it does not contain much strength. Nevertheless, the interspersed 

cholesterol molecules offer some rigidity to the membrane, as shown in figure 1.10. Most of the stability 

in the cellular membrane, however, comes from the network of proteins surrounding the cell internally 

and externally. The proteins give the cell its shape and enables it to control its movement, transportation, 

and adhesion. 

The main macromolecules in the cell are essentially the proteins, and they serve various cellular functions. 

They constitute about 50% of the cellular membrane mass. Proteins can be broadly categorized into 

integral proteins and peripheral proteins [62]. Integral protein is connected to the cell membrane, while 

peripheral proteins are found on the inside and outside of the cell. Moreover, integral proteins form 

channels for the ions. Proteins are responsible for providing structural stability to the cell membrane, 

transporting ions across the membrane and discarding of other unwanted substances away from the cell. 

Other forms of protein include: the receptor protein, whose function is to bind the hormone and 

neurotransmitters; enzymes proteins that catalyze the chemical reactions at the surface of the 

membrane; and the glycoproteins, which process antibodies and are also responsible for cellular 

adhesion. More attention will be given to these proteins later in the chapter. The proteins that will be 

discussed in detail include the one that carries substances across the membrane, those that give the cell 

membranes structural stability, as well as proteins responsible for adhesion. It is important to understand 

the functions of these proteins in order to be able to interpret pharmacological manipulation results, as 

well as the cellular impedance and recorded action potential.  
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The cellular membrane is made in a special way to assist in its functions. The most remarkable feature of 

the membrane is its permeability [63]. The permeability properties are further illustrated in figure 1.10. 

The first property of the cell membrane is that it is permeable to allow small non-polar molecules and 

uncharged polar molecules to pass through the membrane. Secondly, the membrane is only slightly 

permeable to water. Thirdly, large polar molecules are impermeable to the cell membrane. For these 

molecules to pass through the membrane, protein pumps can be used to harness the ATP hydrolysis 

energy that can be used to move ions against the electrochemical slope. The other method is by using 

channel proteins to form passages across the membrane, which allow water or some ions to permeate 

along with the chemical concentration. The large nonpolar molecules can also be made to permeate 

through transport proteins, which involves binding a single molecule and taking it through a 

conformational change. 

 

Figure 110: The cell membrane [63]. 

The cellular membrane separates cells from their surroundings and allows the necessary molecules and 

ions to permeate through the cell using integral proteins that form channels for the ions and the molecules 

to pass through. Structural protein also plays a vital role in determining the shape of the cell, adhesions, 

and movement. These functions are discussed in the next section. Thus, every protein in the cell has its 

purpose. 

1.7.2.3 The cytoskeleton  

The cytoskeleton is a type of protein that is responsible for the movement, shaping, and transportation 

of substances across the membrane [50]. It is cohesive in nature and contains a network of structural 

filaments that are broadly categorized as actin, microtubules and intermediate filaments. These filaments 

differ in size and chemical composition [64]. 

The protein actin is involved in motility [65]. This protein is versatile and available in big numbers on the 

cellular membrane. The functions of the protein actin are primarily based on polymerization and 
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depolymerization of the filaments. These two processes are used to control the motility of the cell, as well 

as enabling the adhesion of the cell. The actin filaments arrange themselves to form bundles and networks 

that form a structure that makes the cell membrane more stable. The bundles are formed when the actin 

filaments combine and align themselves in a parallel manner, approximately 8 nm apart. These bundles 

generally protrude from the surface of the cell. These protrusions form the membrane fingers known as 

the microvilli and the filopodia. The filopodia help the cell to attach itself to solid surfaces, while the 

microvilli transport nutrients and other substances in and out of the cell. The two filaments are attached 

at the edges of a moving cell to make the cell stable on the lower surface. As the cell moves, 

polymerization changes the shape of the cell to maintain its stability and enable it to move. 

The actin filaments also extend to the interior of the cell membrane into the inner layer of the cell 

membrane [65]. The filaments spread out to form a network of loose filaments that cross one another at 

right angles.  These filaments can be grouped into two: two-dimensional web and three-dimensional 

structures. The two-dimensional web is linked to the plasma membrane, while the three-dimensional 

filaments extend to the cytosol. In both networks and acting bundles, the filaments connect to the plasma 

membrane through a binding protein that secures the lower surfaces of the membrane to the 

cytoskeleton.  

Moreover, microtubules form the largest part of the structure that supports the shape of the cellular 

membrane [66]. Whereas some structures are reasonably stable, others polymerize and depolymerize to 

form other stable shapes.  Microtubules attach to chromosomes and carry them to the center of the cell 

poles during cell mitosis. The chromosomes divide in this position. Additionally, various microtubules 

interact with proteins by sliding over one another to change their shape. This interaction enables the 

microtubules to carry polysomes, membrane vesicles, and other cytoskeleton components across the 

cytoplasm. The microtubules are structured in a tubular form with a diameter of about 25 nm. Their 

lengths range from less than a micrometer to over a hundred micrometers. These structures are long and 

stand alone in the cytosol. Contrary to the actin filament, they do not form dimensional crisscrossing 

dimensional networks [65].  

Finally, the intermediate filaments lie in the middles of the actin filaments and microtubules, based on 

the size. Their size is 10nm in diameter, giving them a centrally position relative to the actin filaments that 

have a diameter of 8nm, and the microtubule, whose diameter is 25nm. Intermediate filament extends to 

the cytosol and attaches to one end of the membrane. They are responsible for strengthening the plasma 

membrane as the cell changes shape during migration [64], [65]. 

1.7.2.4 Extracellular matrix  

The extracellular matrix refers to the collection of wide range of proteins such as glycoproteins, and 

proteoglycans (complexes of polysaccharides and proteins) that surround the cell membrane [67]. 

(Proteoglycans are complex proteins and polysaccharides, while glycoproteins are connected to 

carbohydrate chains). Extracellular matrix composition varies with the type of cell and tissue, as well as 

the cultural condition. However, most of the components are found in the cell culture medium that 

contains serum.   
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Moreover, the extracellular matrix links the cells in vivo and enables them to be fixed on the vitro surfaces. 

It also exerts some control over the shape of the cell by controlling the cell attachment in the underlying 

cell culture. Generally, cells are flat when they are attached to a surface and spherical when floating on a 

liquid [67]. The extracellular matrix alters the shape of the underlying side of the cell culture by changing 

the pattern of the self-assembled monolayers and connecting the ECM to the surface, thus controlling the 

cell attachment. Hence, the shape of cells can be controlled by changing the extracellular matrix. For 

example, they can be made into various shapes, such as oval or squares. Their direct life and death can 

also be controlled.  

Extracellular matrix can build link between cell membrane and the surrounded area of the cell culture. 

Therefore, it is important to understand the adhesion mechanism of this process, which is usually 

interpreted and recorded by impedance data acquired with the extracellular electrode. This is further 

described in section (1.9.2.1).  

When a cell rests on a solid surface, adhesion may occur [68]. It is important to note the specific points 

where the adhesion occurs. These points are referred to as adhesion plagues, or focal contacts. The 

formation of focal contacts depends on fibronectin and vitronectin proteins that are present in the culture 

media containing serum. The two proteins form part of the extracellular matrix.  Fibronectin and 

vitronectin proteins attach to the culture surface in a specific sequence recognized by integrin (cell surface 

receptors).     

Understanding cell properties is important in different fields, such as metabolic studies, drug toxicity, 

mutagenesis, and carcinogenesis. The properties can also be examined and used in screening drugs and 

developing biological substances in the large-scale manufacture of drugs. The major benefit of using cell 

culture techniques is that it can give consistent and reproducible results that are reliable. The next section 

will discuss in detail the cell culture techniques of mammalian cells, as this is the sample used in this thesis. 

1.8 Cell culture system  

1.8.1 Important  

Cell culture is a valuable technique, as a biological platform. It enable scientists to develop novel molecules 

for the intracellular detection application. In addition, high speeds of resolution, low cost, the mimicking 

of the human body and ethical issues play a major role [69]. Moreover, cell culture is an essential tool in 

cell and molecular biology [70]. It provides an exceptional model to study cell physiology and 

biochemistry. This technique passed through many steps to see the light from the turn of the 20th century 

to the 1930s. Alexis Carrel in 1912 enlight the idea of transplantations [71]. The efforts done to make this 

idea applicable always fail. However. In the 1950s, protocols of cell culture were eventually developed 

and led to the production of the first lines of immortalized cells. Those protocols are still recorded and 

developed.  More details are given below with respect to the mammalian cell culture conditions.  
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1.8.2 Definition  

Cell culture is an in vitro routine technique [72]. Cell culturing technique can be defined as the 

extraction of cells from their original environment (e.g., biological organ) and making them grow 

in an artificial environment. [73]. The cells could be obtained from living tissues from an 

organism, or they could be extracted using enzymes in a process known as disaggregation. They 

could also be extracted from an already developed cell line. A primary culture is the first culture 

where cells are grown after isolation from an organism [74]. After the cells have filled up the 

medium in which they grow and are consequently subcultured, they are then referred to as a cell 

line or sub-clones.   

Cell lines from primary cultures have a limited lifespan, making them finite cell lines. The loss of 

the ability to further proliferate is determined genetically by an event known as senescence. 

Some cell lines, however, are immortal. This is due to a process known as transformation, which 

occurs spontaneously, or can be induced chemically or using viruses. A cell line that has the ability 

to divide indefinitely, or finite cells that have this ability conferred upon them, are known as a 

continuous cell line. Continuous cell lines are sometime called transformed cells.  

1.8.3 Cell division 

Cell division is important for the renewal of cells in the body, proliferation, and reproduction. 

This occurs under the so-called life cell cycle. Figure 1.11 displays the four main phases the cell 

undergoes in its life cycle [75]. The cell stops in the preliminary phase (G0) for at least 12 hours 

in order for chemical components and protein to produce for the cell cycle. The cell then goes 

into the longest phase (interphase) where it goes through three stages: growth phase (G1), 

growth and duplication phase (S), and growth and preparation of division cell phase (G2). The 

final phase (cytokinesis phase) comes after the separation phase (Mitotic phase), which has four 

internal stages (prophase, metaphase, anaphase and telophase) [72].  M phase has two 

processes: mitosis and cytokinesis. The former responsible for dividing nucleus of the cell, 

whereas the latter responsible for dividing cytoplasm of the cells, all of which are beyond forming 

two new cells [76]. When the cell completes a phase it properly enters the following phase. When 

cells stops dividing that means it is in the quiescence called G0 phase. 
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Figure 0.11: The cell life cycle [76]. 

1.8.4 Culture types 

There are two main culture types: adherent cell culture and suspension cell culture [72]. The culture type 

depends on the cell type, e.g., lymphocytes prefer suspension type, whereas fibroblasts prefer attachment 

type. The adhesion process depends on the extracellular matrix (ECM) of cells and proteins in serum to 

adsorb on the artificial substrate (polystyrene). Protein adsorption occurs within seconds through 

intermolecular attraction forces between the protein and the material of the substrate [77], [78]. The 

exciting of function groups like carbonyl or amine groups can increase the hydrophilicity, which is 

preferable for cells adhesion. Notably, the adsorption continues for days, until cell-adhesive ligand 

removed from the surface degrade or foul due to secreted molecules. Therefore, the polystyrene 

undergoes many treatments in order to be suitable for long time cell adhesion [79]–[81]   

A further advantage of polystyrene is that it is light transparent. This facilitates the easy identification of 

cells’ health morphologies. Morphologies of adhesion cells can be categorized into three groups based on 

display under a microscope. Fibroblastic cells have a bipolar or multipolar morphology. They have an 

elongated shape and usually grow attached to a substrate. Epithelial cells have regular dimensions, or a 

polygonal morphology.  Lymphoblast cells have a spherical shape and often grow in suspensions. 

1.8.5 Culture condition  

Culture condition varies with the specific cell type. However, the in vitro environment where cells are 

invariably cultured often involves an appropriate vessel containing a culture medium that provides vital 

nutrients needed by the cell type. Growth factors, as well as hormones, are also incorporated in the 

medium. Specific gases are also provided for microorganisms to grow, including oxygen or carbon (IV) 

oxide [74]. A regulated physicochemical environment is provided to microorganisms to support their 

growth. This includes optimum pH, osmotic pressure, and temperature. In the event of surplus cells 

resulting from sub-culturing, the cells are preserved with an appropriate protecting agent, such as DMSO 
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or glucerol, and stored at very low temperatures of about -1300C until they are needed for sub-culturing 

again [82]. This is known as cryopreservation. During cell sub-culturing, a laminar air and flow cabinet is 

used in order to passage cells in aseptic manner. The Class II safety cabinet can protect the biologist and 

sample. This simply occurs by withdrawing the surrounded air into the hood through holes made in the 

surface and then passing sterilized air for the sample. Moreover it has a UV lamp that is used to sterilize 

the surfaces before and after each passage process. This can also reduce the contamination during 

experiments. In this section more details on media and buffer system are outlined. 

1.8.5.1 Culture media 

A cell line of mammalian origin requires amino acids, source of vitamins and metal ions, as well as an 

energy source, which is normally provided in media [83]. Cells also need another growth factors like 

proteins, lipids, and carbohydrates, which can be found in serum. Researchers developed simple media 

like Eagle’s basal medium (BME) that included different concentration of amino acid [84]. Later, BME 

media had their concentrations modified and named as Eagle’s minimum essential medium (MEM). MEM 

underwent another modification by Dulbecco (1959) and therefore named as Dulbecco’s minimum 

essential medium (DMEM).  Another media nominated as the name of its inventor “McCoy” has been also 

developed.  McCoy media is the basic of the RPMI 1640 media, which is a reference name of the place 

where this media was developed “Roswell Park Memorial Institute”. RPMI-1640 is used mostly for 

suspension cells.  A more complex medium may be required when there is a need to express a special 

function. Information about an appropriate medium for a specific cell line can be easily be found in the 

literature or in cell banks. Investigators can test various media where information is not provided. For 

example, Eagle's minimum essential medium (EMEM) is modified with sodium pyruvate. This is used 

mostly to reduce the effect of sodium bicarbonate (NaHCO3, 1.5 g/L) normally provided in media.  

Serum, on the other hand, has been provided to growth media of concentrations ranging from 5% to 20% 

[84]. Serum has different types depending on the effective of the growth factors contained. They are fetal 

bovine serum (FBS) and Newborn calf serum (NBCS). The former is favorable in cancer cells, which are 

known as fast consuming media. Whereas the latter is used for normal cells. 

1.8.5.2 Buffering system 

Mammalian cells can grow in neutral pH 7.2-7.4, which is maintained by buffers like sodium bicarbonate 

[85] 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES). When adding the sodium bicarbonate 

buffer to the media in the presence of the CO2 of the incubator and the CO2 of the cells, this allow 

balancing the ratio of bicarbonate/ carbonic acid. HEPES can maintain the physiological pH of the cells 

culture when the culture is in need for long time outside the incubator [83]. At a normal pH, most of the 

zwitterion ions contain negative anions and positive cations at the same time. Zwitterion ions can provide 

good buffer solutions, as they resist the change in the pH value of the solution. In the presence of acids, 

the double ions receive hydrogen ions, but in the case of a base, they give hydrogen ions and thus balance 

the pH value. 
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Phenol red is added to the media as a pH indicator. It has orange-red color in natural pH.  The change of 

color to yellow occur due to the losing of one proton and that indicates low pH. The change of color to 

fuchsia occur due to the losing of two protons and that indicates high pH [85].  Figure 1.12 shows the 

change of red phenol over a range of pH. A fall in pH in the growth medium shows a build-up of lactic acid, 

which is a metabolic by-product. Lactic acid inhibits cell growth since it is toxic to cells. The rate of change 

in pH is dependent on cell concentrations in the culture. The high cell concentration, the low pH. The 

desired temperature of mammalian cells is 37 °C, which is maintained by the incubator temperature 

system.  

 

Figure 0.12: The change of red phenol over range of pH [86]. 

1.8.6 Culture techniques 

1.8.6.1 Subculture  

Over time cells can proliferate and reach 100% confluence, which makes no space for growing. This 

exhausts media nutrients, and that cause cells to die. Moreover, the containers (e.g., polystyrene) lose 

their efficiency and cause cell-adhesive ligand remove from the surface. Therefore, passing cells to 

another substrate is important. This passaging process is called subculture [87]. Figure 1.13 describes the 

subculture process. Cells are washed twice with Hanks' balanced salts solution (HBSS) and detached by 

adding trypsin. HBSS is used when cells are exposed to atmospheric conditions and keeps their pH 

constant. Trypsin is an enzyme, which break down proteins that are responsible for cells adhesion. Trypsin 

should be incubated with cells for about 5-20 minutes, and then it should be inactivated by adding media 

to it that has serum. Serum has divalent cations calcium and magnesium that inactive trypsin. The mixture 

is then transferred into a tube for centrifugation.  The supernatant is discarded, and the cells are mixed 

with fresh media. A portion of this mixture can be taken and added to a new container filled up with the 

desired volume of fresh media (10% serum). The new container then is incubated to allow cells to attach 

again.   
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Figure 1.13: sub culturing techniques [87]. 

1.8.6.2 Seeding 

Seeding density is one factor that can affect cell growth, because proliferating ability of cells are different. 

There are cells need either high or low initial density for proliferate. Therefore, it is important to pay 

attention to the working area. Multi-well plates have different working areas, so optimizing the desired 

density of cells is recommended. Moreover, plating techniques are always taken into account in order to 

reduce errors of cell confluence in multi-well plates. For example, seeding cells in the middle wells of the 

multi-well plate is a good technique [88]. Media evaporates faster from cells that grow in the edge wells 

than those in the middle wells. These errors can also be limited by applying autoclaved water to the edge 

wells, as shown in figure 1.14.   

 

Figure 1.14: Schematic of 48-well plate; A the treatment edge and B non-treatment edge. Blue is 
autoclaved water and pink is the media [88]. 
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1.8.6.3 Growth phase 

Cell growth in a culture follows the various growth stages of the lag phase, where there is little growth, 

the log phase, where there is an exponential growth, and the stationary phase, where growth rate equals 

death rate (as shown in figure 1.15) [89]. Cell growth ceases when there is no more room for cells to 

proliferate. Cells should be subcultured before they reach confluence, specifically during the log phase. In 

this stage cells highly consume the nutrients in the media. Cells cultured at this stage take longer than 

normal to recover when they are seeded. Cells in a suspension are also passaged during the log phase. 

When cells in a suspension reach confluence, they clump together in the suspension, which appears turbid 

when shaken. Cancer cells are less sensitive to contact inhibitive growth. They can grow even after 

reaching the confluence stage and forming multilayers.  

 

Figure 0.15: Typical curve of cell growth [90]. 

1.8.7 Cell lines: 

Cancer is an urgent global challenge, as it causes one quarter of deaths worldwide. Statistics from 2019, 

show that lung, breast, and colorectal cancers rank first in terms of incidence [91]. Lung, colorectal cancer 

occupies first place in mortality, while breast cancer has moved to fifth place, according to the figure 1.16.  
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Figure 0.16: Statistics of cancer first ranked due to incidence or mortality [91]. 

 

Optimizing media and serum as described earlier, and the addition of hormones and growth factors leads 

to stable growth cell lines that are able to simulate cancer in vivo [73].   This section discusses the embryo 

cells lines that represent fibroblastic tissue type and cancer cells lines that represent epithelial tissue type, 

which are of interest in this thesis.  

Fibroblastic cells usually display a round morphology at the lag phase and a spindle shape. Fibroblastic 

cells normally reach the inhibitive contact faster and then fail to continue to grow. Therefore, at 

confluence phase, they get smaller to maintain their nutrition and stop growing. An example of these cells 

is embryo cells lines involving Balb 3T3 and NIH 3T3 mouse embryonic fibroblast cells lines and Chinese 

Hamster Ovary (CHO) cell lines.  

Cancer epithelial cells are extended and distributed over the surface. They have round morphology in the 

lag phase and are then shaped as polygonal. Epithelial cells are less sensitive to inhibitive growth contact 

than Fibroblastic cells. Therefore, some of them are more likely to grow in multilayers. Cancer cells are 

epithelial cells lines. For example, A549, Ht-29 and MCF-7 represent lung cancer, colon cancer and breast 

cells respectively.  

Embryo cells are extensively studied and preferred as they are easy tools for repeated studies [92]. They 

have adhesion properties similar to those in cancer cells. Also, they have the same mechanism of 

movements as the cancer cells. These common properties allow them to invade and metastasise. Some 

enzymes can be secreted form cancer cells, causing collapse of cell-cell or ECM-cell conjugated proteins. 

Example of these enzyme are the matrix metalloproteinases (MMPs).   

Several studies found a connection between alkaline phosphatase and lung [93]–[95] breast [96]–[98] and 

colon cancer [99], [100]. These studies evaluated the presence of ALP in the serum of patients. In the case 

of studying and modulating cell lines for those most common cancers, A549 [101], MCF-7 [102] and Ht-29 

[103] is the common model. Cell lines usually have many chromosomal, oncogene mutations, as well as 

gene amplification. The right model of cell line is likely the one that retains its characteristics during many 
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sub-culture processes. Therefore, it is important to choose the right model when conducting experiments. 

In this thesis, A549, MCF-7 and Ht-29 were chosen. A549 [94], has a high publication, with approximately 

22,000 more than other lung cell lines [104] MCF-7 [105] also has higher publication than other breast cell 

lines [106], [107] of about 28,000. Publication studies using the Ht-29 of colon cancer cell lines [108], [109] 

were estimated by 7200.  These cells keep their phenotypic properties, which make them optimal models 

for cancer investigation. Table 1.1 shows typical microscope images, characteristics and population 

doubling time of attached cells lines. 

Table 1.1: Microscope picture of attached cells lines and their characteristics and their tissue type. 

Name Microscope photo Characteristics Tissue type Ref. 

B
al

b
/c

 3
T3

 

 

This cell line was isolated from 

disaggregated 14- to 17-day-old 

BALB/c mouse embryos. It needs 

about 24 hour’s population doubling 

time. 

Fibroblastic 

[110] 

A
5

4
9 

 

This cell line was isolated from a 58-

year-old Caucasian male. It needs 

about 22 hour’s population doubling 

time. 

Epithelial 

[111] 

M
C

F-
7 

 

The cell line was isolated from a 69-

year-old Caucasian female. It needs 

about 29 hour’s population doubling 

time 

Epithelial 

[112] 

H
t-

2
9 

 

The cell line was isolated 

From 44-year-old 

Caucasian 

Female. It needs about 23-30 hours 

population doubling time 

Epithelial 

[113] 
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The live cell assays began to develop in the 1950s when immortalized cell line was established. It was used 

cytotoxicity assay. This endpoint assay allows for the monitoring of other end points, such as viability 

assay (live cells). More details are discussed in the following sections in terms of cell viability assays that 

of interest to this thesis. 

1.9 Viability assay  

For viability assay, it is useful to look at biological activity of cells (e.g., metabolic activity). The activity of 

cells can tell more about the cells. This section discusses the main metabolic assays, with particular focus 

on the resazurin reduction, the assay of this thesis. Metabolic assays can show the viability of cells, but 

they are limited in terms of analysis of cell physiology. Therefore, the impedance assay was purposed and 

discussed more in the second section. Impedance detection technique can monitor the tiny change in the 

cellular membrane by electrical property [114]. This is the technique of interest in this thesis. 

1.9.1 Metabolic based assay  

Metabolic assay exploits the function of mitochondrial respiratory chain in live cells, as explained in 

section (1.7.2.1). Reduction of all the oxidized salts provided is believed to be accomplished by reductase 

or diaphorase-type enzymes. These are assays that rely on cellular metabolism to distinguish viable from 

nonviable cells. Optical methods, such as colorimetric, fluorescent and bioluminescent, are exploited in 

determination viable cells based on metabolic activity. Those methods can estimate number of cells when 

optimizing the assay. The colorimetric assay involves tetrazolium compound (MTT), which converts to a 

purple color product called formazan. MTT assay has widespread uses in most academic labs, as shown 

by numerous publications [115]. However, the product is not soluble in water, causing incomplete 

solubilisation. Therefore, an additional step to solubilize the crystalline precipitate before taking the 

absorbency rate is developed and forms tetrazolium salts (XTT, MTS, WST-1, WST-8). This step allows for 

the formation of water- soluble formazan. The pH indicator, which is mostly red-phenol, affects 

colorimetric assays. Bioluminescence assays involve intercellular ATP changes, which are correlated with 

viable cells. This assay is more reliable and sensitive than MTT.  It can detect as few as 10 cells/well, which 

makes it useful for low-density populations. However, it requires cell lysis, which ends the assay and limits 

multiplexing. Fluorescent assay involves Acetoxymethyl ester of calcein (calcein-AM). The esterases inside 

cells convert calcein AM into green fluorescent dateable agent in case of alive cells and into red 

fluorescent agent in case of not alive cells. This assay is not affected by the pH indicator of media.  

However, it is highly toxic to some cells. Resazurin reduction assay allows fluorescent and colorimetric 

assays and is simpler, because it eliminates the solubilisation steps required in the previous method as 

well as providing reproducible signals, allowing multiplexing assay. The blue salts called resazurin convert 

to a pink resorufin and allow fluorescent signal.  The next section focuses on resazurin reduction assay, as 

it is part of this thesis.   
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1.9.1.1 Resazurin Reduction Assay 

This is a cell permeable redox indicator that helps in tracking the number of viable cells [116]. Physiological 

buffers can absorb resazurin, resulting in a color change to a deep blue solution. The solution is added to 

cells in a culture. Living and viable cells have an active metabolism and can, therefore, reduce the blue 

resazurin into a pink fluorescent solution in irreversible reaction.  Figure 1.17 shows color changes. For 

highly active cells, and probably higher density population of cells, the pink fluorescent color starts to 

shade and converts to the corresponding colorless dihydroresorufin in a reversible reaction. Cakir et al 

(2010) purposed the mechanism of resazurin reduction [117]. They believed that resazurin has the N-O 

bond separated and allow resorufin compound to produce. Whereas the resorufin converted to 

dihydroresorufin due to the electron-coupled proton transfer reaction according to the following diagram 

(figure 1.17). The fluorescent signal of resorufin is between   λex of 530 nm and λem of 590 nm. 

 

Figure 0.17: The reversible reaction of resazurin and the irreversible reaction of resorufin [117[. 

Resazurin assay allows for a linear relationship between the degree of color change and the number of 

viable cells. This proportional relationship only reflects the activity of cells, rather than the number of 

cells. This correlation permits simplifying resazurin assay to estimate cell number. Three main parameters, 

involving concentration of the dye used, time of incubation, and the density of cells population, are used 

for a linearity trend. Figure 1.18 shows a scheme representing an optimization protocol of in vitro 

cytotoxicity assay. Exposure of cells to resazurin reduces ATP, thus bringing about a cytotoxic effect. It is 

then that the concentration of resazurin should not exceed 800 µM. Incubation time is important to 

achieve adequate fluorescence. However, this is often dependent on the cell type, the cell density and 

the culture medium used. The incubation period should be put at a minimum to prevent reagent toxicity; 

however, it should be long enough to provide adequate sensitivity. Moreover, the method allows for 

multiplexing [118]. Care must be taken when doing multiplexing to avoid direct chemical interference. 
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Figure 0.18: Generalized scheme representing an optimization protocol of in vitro cytotoxicity assay. 

This assay can promise linearity with a low percent of coefficient variance (CV %). The fourth dimension 

parameter is the size of working area. This is important for 96-well, 384-well or 1536-well microplates, 

which can facilitate high throughput screening (HTS) applications [119]. The results of HTS make it easier 

to understand the initial reaction on a wide scan of samples and provide starting points for drug design. 

This sort of screening is further expanded to analyse physiological properties of samples (cells) by 

integrate microtiter with a device consisting of three layers: the substrate, the conducting layer and the 

insulating passivation layer (which is the cells in this integration). This device is called a microelectrode 

array (MEA) and is covered solely in section (1.10.2). This combination can define a cellular phenotype 

resulting from drug treatment. The following section discusses in details impedance-based assays. 

1.9.2 Impedance based assay  

1.9.2.1 Mechanism of cell adhesion 

Three main forces affect initial cell adhesion; electrostatic, electrodynamic and steric stabilization. The 

first force is getting weak due to the presence of ions in the media. The second force allows the initial 

interaction. The third force retains a distance between cell membrane and substrate due to the presence 

the polymer molecules in cell membrane that works as of strict compression and the opposite direction 

force occurred by the osmotic pressure of water all of which forms steric effects. These forces however 

are only responsible for the initial adhesion, which called nonspecific forces.  The specific forces are the 

one beyond actual cell adhesion on surfaces [120]. The later force depends on components of the media 

and serum to allow interaction with proteins presented in the extracellular matrix.  Those proteins help 

in creating focal points with the cytoskeleton proteins like actin and tubulin filaments. The specific forces 

are responsible of proliferation, shape and attachment of cells [120].  

Actin filaments and microtubule proteins contain motor proteins that move along the cytoplasm. They 

also convert chemical energy to mechanical energy by ATP hydrolysis. The action of mechanical energy 

depends on the motor protein present. Based on the motor protein type, the mechanical energy can 

either make the actin filament contract, act as a carrier during movement, or connect the actin filaments 
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to the cellular membrane.  Motor proteins contain a head and tail to allow for linkage. The head and the 

tail allow them to link to organelles and move along the microtubules. The movement is also made 

possible by the polymerization and depolymerization processes [121]. 

When the cells are migrating, they extend the leading edge to create micro-spikes and lamellipodia that 

enables the cell to attach itself to the underlying solid surface. They also allow the rear side of the cell to 

contract as a result of the extension. The extension forms focal contacts that act as anchorage points. As 

the cell attaches to the substrate, the actin filaments change their shape through polymerization, and, in 

turn, they bind to cell-surface receptors that connect the cell's cytoskeleton to the extracellular matrix. 

This process exerts hydraulic pressure, which pushes the cytoplasm forward to the foremost part of the 

cell. As this takes place, the membrane continues to move along with the acting filament. As the process 

continues, the previous focal contacts for the leading edge continue acting as the anchorage point for the 

lower side of the cell. With time, the focal points are released [120].  

In the case of adhesion, the membrane of an attached cell can tell a lot about its vital information (as seen 

in sections 1.7.2) whose part components are connected homogeneously and form a complex 

physiological state. These tiny physiological movements and adhesion can be detected through a 

technique known as electrochemical impedance spectroscopy (EIS), which senses the adsorption of 

matters. The next section covers the properties of cells that are exploited and applied in EIS, thus 

monitoring cell viability parameters. 

1.9.2.2 Dielectric properties of cells membrane 

First of all, the dielectric properties of a material is the ability of a material to allow current passes through 

it while the material itself is not electrically conductive. This type of material is called non-conductive 

materials. They have electrons that are not free to move as they are in the conductive metals, but rather 

tend to polarize if an electric field is directed on them, and in this case, they are called a capacitor. The 

electrons are directed to one end of the capacitor (forming a negative pole) while the positive electric 

charge increases at the opposite end (forming a positive pole) - and this is the meaning of the material's 

polarization.  The cell membrane also acts as capacitor.  That can be seen during the ion channel functions. 

The charged ions go either inside or outside the cells through its membrane, allow accumulation of 

charges between interfaces with different dielectric properties. Each cell has different dielectric 

properties due to its components and size [122]. When using cell membrane in electrical cells, its 

capacitance will dominate on the system. This is because cell membranes have extremely low 

conductivity, which is considerably less than that of the cytoplasm and the external medium [123], [124].   

The dielectric properties of cells and biological tissues are frequency dependent as well. The conductivity 

of cellular structures increases with frequency, leading to less charge accumulation. This change in cellular 

permittivity and conductivity takes place through a serious of steps known as frequency dispersions [124]– 

[126].  Table 1.2 show the main dispersion regions: -, - and -dispersions corresponding to correlating 

the biological events. The α-dispersion region occurs due to ionic diffusion, the β-dispersion occurs due 

to the change in interfacial polarization of the cellular plasma membranes, and the γ-dispersion occurs 

due to the presence of the water [127], [128].  



Chapter 1 

35 
 

Table 1.2:summarizes the main dispersion regions: -, - and -dispersions corresponding to correlated 
biological events. 

dispersion regions Frequency range Biological event 

α-dispersion centered at about 100 Hz The counter-ion cloud surrounding the surface 

of the cellular membrane becomes polarized, 

resulting in change at this region. 

β-dispersion 10 kHz-10 MHz Cellular membranes become electrically 

charged (through intra- and extra-cellular 

pathways) causing change in this region. 

γ-dispersion centered at about 10 GHz The dispersive behavior of water causes the 

measured permittivity to change at this region. 

 

1.9.2.3 Electrical Impedance Spectroscopy (EIS) 

EIS is an electrochemical technique originally used for corrosion studies and coating evaluations. However, 

it has been recently widely used in biotechnology, cell culture monitoring and disease modelling [123], 

[129] Impedance spectroscopy is based on applying an AC excitation signal and measuring the complex 

impedance, Z, of a system [130]. The measurements are scanned through a range of frequencies to define 

the impedance spectrum, hence the term spectroscopy [131]. The excitation current or voltage signal is 

normally very small, allowing for a non-invasive measurement, which is the main reason behind the wide 

use of impedance spectroscopy in biological applications [132][133].  

The EIS can determine both the resistive and capacitive (dielectric) properties of cells, as the membrane 

works as an insulator (capacitance), and ion channels leak some ions thereby charges increase and then 

cause conductance. Changes in membrane resistance due to the opening of channels should not 

significantly alter the capacitance of the measured impedance, since the channel density is relatively low.  

The measured complex impedance represents the ratio between voltage V(t) and current I(t), which are 

applied as a function of time. The angular frequency ( =2 f) and the phase ( ) are shifted between the 

voltage and the current. This is measured by the unit of impedance or resistance (ohm) and represented 

in the following equation [131]. 

 

The voltage and current are only in phase if the system is purely resistive. However, for cellular assays this 

is usually not the case, as the cell capacitive properties will cause a phase shift between the applied 
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voltage and measured current. Since cellular dielectric properties depend on frequency, a spectrum of 

impedances measured at different frequencies would provide more information on cell properties than 

single frequency measurements [131]. Basic plots to present impedance values are shown in the table 1.3. 

Complex impedance Z, the simplest, Nyquist plots can represent the impedance of real components. 

However, the measurement frequencies cannot be extracted from such plots, a drawback that is 

overcome by Bode plots. In Bode plots, the impedance magnitude, or its phase, is plotted on the y-axis 

against frequency on the x-axis in logarithmic scale.  

 

Table 0.3: Basic blots of impedance. 

Blots Typical Form Features 
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The complex impedance Z can be plotted as a vector in 

a complex plane where the length of the impedance 

vector indicates the magnitude |Z| and the angle 

between the vector, and the x-axis is the phase shift . 

N
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u
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t 
p
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Nyquist plots represents the impedance of real 

components and can be plotted on the x-axis against 

the imaginary component on the y-axis.  

B
o

d
e 

p
lo

t 

 

Bode plots represents the impedance of magnitude or 

its phase and can be plotted on the y-axis against 

frequency on the x-axis in logarithmic scale. 
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1.9.2.4 Electric Cell-Substrate Impedance Sensing 

Electric cell-substrate impedance sensing (ECIS) is a system that allows real-time quantifying of cellular 

function, when cells brought onto the electrodes will work as an insulator during passing current at 

different time and adherent cells, which impede the flow currents, will yield information about the cells. 

Giaever and Keese (1984) investigated cellular behaviour by using gold microelectrodes, and they noticed 

the following factors, all of which make this system more sensitive: size of working area of electrodes and 

distance between cells and electrodes [134] [135]–[137]. The size of working electrode should be less than 

1% of the counter electrode, which will achieve higher impedance for working electrodes. Current passed 

through an electrical circle is influenced by adherent cell confluence and leads to high impedance.   

However, the current discriminates three more pieces of information about cells at a particular range of 

frequency. Figure 1.19 illustrates the current pathways, which bring about data on cell-cell junctions, 

cellelectrode adhesion and the cell membrane capacitance.  When applying low frequency, the current 

will pass underneath or in-between cells, whereas high frequency current can merge with cell membranes 

and produce information about their properties [138], [139]. The range of frequency can set the purpose 

of the study. A frequency range of 60 Hz to 64 kHz was applied to many assays including cytotoxicity, cell 

growth, and wound healing [140]–[145] It was found that migration, spreading, and adhesion are being 

studied mostly at 4 kHz for MCF-7 [146], A549 [147] and Ht-29 [147] while more information is given for 

cell membranes at higher frequency [146], (taking into account the diameter of the electrodes). Enzyme 

secretions such as matrix metalloproteinases (MMPs) were studied on ECIS [148], [149]. 

When applying low frequency, the current will pass underneath or in-between cells, whereas high 

frequency current can merge with cell membranes and produce information about their properties [138], 

[139]. The range of frequency can set the purpose of the study. A frequency range of 60 Hz to 64 kHz was 

applied to many assays including cytotoxicity, cell growth, and wound healing [140]–[145]. It was found 

that migration, spreading, and adhesion are being studied mostly at 4 kHz for MCF-7 [146], A549 [147] 

and Ht-29 [147] while more information is given for cell membranes at higher frequency [146], (taking 

into account the diameter of the electrodes). Enzyme secretions such as matrix metalloproteinases 

(MMPs) were studied on ECIS [148], [149].   

MMPs are extracellular matrix enzymes, which are responsible for cancer invasion, and mycotoxins, which 

cause inflammation. This investigation was conducted using a sample of fungi and cancer cell lines. ALP 

enzymes secretions have been investigated. Mintz et al. (2018) undertook an electrochemical impedance 

study and used an immunoassay approach [134]. The nanowire surface was modified by immobilizing the 

anti-ALP, and the results indicated that the device was highly efficient at detecting low levels of ALP in the 

PBS solution ranging from 0.03 to 0.3 U/L, with high selectivity due to antigen-antibody interactions. The 

study demonstrates the potential of relevant and rapid multiparameter impedimetric ALP assays. 
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Figure 0.19: Electric cell-substrate impedance sensing (ECIS) cultureware. In the licorice representation, 
three pathways of the current: through cell-cell junction, underneath the cells, and through cell 
membrane [136]. 

1.10 Microarrays technology  

1.10.1 History 

The electrical activity of cultured cells has characteristically been researched using microwire electrodes 

or micropipettes. The cells that are being monitored are positioned in a dish located on the stage of a 

microscope. Micromanipulators are employed to place the recording electrode in the cells [150]. Figure 

1.20 shows the development stages of recording electrical activity of cultured cells. Intercellular recording 

is carried out cautiously by implanting a micropipette electrode in the membrane. This method results in 

a fragile connection, which limits the continuous recordings that are applied for long time. The second 

way connecting the micropipette with the cell membrane without implantation. This method is called the 

whole cell patch, which prevents damage to the cells. However, it has an unsteady interface, thereby 

limiting the experiment duration. Consequently, researchers considered moving a micropipette or 

microwire and places it near to the cellular membrane. Although the indirect monitoring method may be 

desirable, it is restricted due to the diminished electrical activity of the cultured cells. Efforts have 

subsequently been made to bring cells to the sensor. Planar microelectrode collection was utilized as a 

substrate to the cell's culture. The simple planar microelectrode allows the monitoring of a single cell (as 

shown in figure 1.20). When the electrode structure is altered, it permits the monitoring of many cells, 

thereby enhancing the signal strength. 

 



Chapter 1 

39 
 

 

Figure 0.20: The development stages of recording electrical activity of cultured cells [150]. 

Biocompatibility is a significant feature when developing cells on electrodes. When biocompatible 

ingredients are not used in the design, the specific sensing cells may not endure the execution of the 

primarily required signal transduction. There are different degrees of applying biocompatibility. 

Protracted studies where other constituents contact living tissue require industrious efforts to control 

biocompatibility. 

1.10.2 Microelectrode array 

Microelectrode arrays (MEA) are formed from a metallic conducting layer positioned between insulating 

layers, the passivation, and the substrate layer. Small holes that uncover the metal in certain parts are 

constructed in the passivation layer to delineate the gauge microelectrodes that are connected to the 

biological cells. The number, design, arrangement, and size of the microelectrodes rely on the application 

[151], [152]  

The size of the microelectrode depends on the characteristics of the cells being investigated. The sensing 

microelectrode size has a range of 10-30 µm of the normal cell size for a single study. In ECIS, the working 

electrode impedance must dominate in order to attain highly sensitive measurements. Consequently, the 

counter electrode impedance should be expressively smaller. This can be achieved by increasing its 

surface area. In addition, reducing the size of the working electrode increases the ability of the electrode 

to control solution resistance. [134] [153]. Keese and Giaever (1994) observed that reducing the area 

electrode amplifies the sensitivity of ECIS measurements [134], [139], [154]. In a study conducted by 

Abdur Rahman et al. (2007), an electrode with a diameter of 50 µm was established as a lower limit for 

microelectrode size. Non-uniform distribution of current and great interfacial capacitance occurred [155].  
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Capacitance, which is caused by passive electrode interconnections, decreases the sensitivity of the 

impedance dimensions [156]. When the thickness of the insulating layer is increased it decreases 

capacitive coupling between the solution and the electrode interconnections. This is because the width 

of the insulating layer is inversely proportional to the capacitance. Price et al. (2009) found that the ratio 

of lead trace area to the passivation covering thickness has a significant value of 5.5, through which the 

impedance influence of the coating is reduced [157]. ECIS normal 8W1E ranges have a passivated capacity 

of about 14 mm2 and a coating width of 2 µm. The ratio of passivation thickness to the passivation area 

is higher (~ 700), compared to the significant ratio stated by Price et al. Accordingly, ECIS ranges of a 

coating capacitive constituent must be maintained at high frequencies.  

The electrical action of microelectrodes should be taken into account when making an MEA chip. 

Electromagnetic interference, noise, and electrode impedance and current density should be considered 

[151]. Breckenridge et al. (1995) observed that a minimum expanse of 100 µm must be left between two 

electrodes in order to minimise signal attenuation and interference [158]. When planning interdigitated 

microelectrodes, the height, width, number, and spacing amid the interdigitated fingers affect the ratio 

of noise to signal and sensitivity of measurements. Consequently, they are to be optimized [152], [153], 

[159], [160]. The heat dissipation, power dissipation, and circuitry used have an impact on the appropriate 

working of the chip.  

Microelectrode arrays may be used as an integrated array or individually addressed depending on the way 

microelectrodes are linked. Integrated arrays offer an average response for a cell population which is 

useful for certain cellular assays, e.g., cytotoxicity assays. Individually assessable MEAs are used in neural 

networks studies, for instance. The manner of addressing electrodes must be considered when making 

the MEA system.  

1.10.2.1. MEA Materials 

Microelectrode arrays have three layers- the substrate, insulating passivation, and conducting layers. It is 

significant to choose the appropriate material to get the right sensitivity and electrode performance [151], 

[152], [161]. The primary factor is to identify the right substrate when constructing microelectrode arrays. 

Typical substrates are polymers [162], [163], silicon [156][164] [165], and glass [155], [166], [167]. Silicon 

is the best substrate for the construction of semiconductors. It is used for MEA construction for biological 

uses, since it facilitates incorporation of the electronics measurement. Glass is utilized as a MEA substrate, 

because it is transparent, offers high insulation and temperature resistance, and is biocompatible. 

Polymers are transparent, biocompatible, and cheaper compared to glass. Consequently, it is used for 

one-use electrodes. Biocompatibility, durability, cost, availability, and low impedance are to be 

considered when selecting microelectrode material [151], [152], [168], [169]. Platinum [36], [170]–[172] 

and gold [37], [155], [178]–[182], [159], [162], [166], [173]–[177] are the most used for making electrodes 

since MEAs introduced in 1970s [183]. Nowadays, gold nanomaterials are being used for modifying 

electrode [184][185]. They have low resistance and are inert [169]. Besides, their interfacial impedance 

may be reduced by enhancing surface roughness. Platinum black has been used for plating gold and 

platinum, because it leads to diminished impedance [151][186]. Nonetheless, it lacks durability and is thus 

unstable. Titanium nitride (TiN) may be used to plate platinum and gold, thereby providing lesser 
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impedance than the naked electrode [187], [188]. In addition to platinum and gold, other electrode 

materials may be used [167], [189]. For instance, indium-tin-oxide may be used due to its resistance to 

corrosion, its high transparency, and its biocompatibility. Graphene [190], glassy carbon [191], titanium 

[165], rhodium [192], and iridium [193] may be used. The major factor when selecting the passivating 

material is the dielectric constant impacting the electrode capacitance. Similarly, dielectric strength is 

vital, because, when exceeded, it might cause insulation amid solution and altering the voltage. The width 

of the passivation layer is also significant. If it is thin it decreases voltage [186]. If it is thick it reduces 

coating capacitance leading to sensitive measurement. Silicon nitride [181], polyimide [36], [172], silicon 

dioxide [182], and photoresist [155], [167], [170], [173], [175] are the most utilized electrodes. Silicon 

nitride has increased impermeability to ions. It is appropriate for unbroken insulative surface coating. 

While silicon dioxide has effective insulating characteristics, it is not impervious to ions. Some ions may 

penetrate the layer of the electrode. Polymers could be utilized for passivation, because they have 

increased biocompatibility and enduring dielectric features. 

1.10.2.2. Microelectrode Fabrication and modification 

Various approaches may be employed to fabricate MEAs. Fabrication of MEAs mostly uses 

photolithography [194]. A photolithographic technique makes it likely to fabricate contracted n ano-, as 

well as microelectrodes and multifaceted structures [195]. Screen-printing is cheaper and simpler 

compared to photolithography. In this procedure, the preferred electrodes are delineated by producing a 

thixotropic fluid using an accurate mesh screen or template with appropriate electrode designs in the 

squeegee [196]. Various ink materials are carbon nanotubes, silver, organo‐gold, platinum, dielectrics, 

carbon, gold, and graphite [151]. Laser ablation may be used for micromachining, microelectrode 

fabrication, and microelectronic device production. A laser beam designs the electrode material through 

rapid prototyping irradiation, and the cheap manufacture of sophisticated devices and chips. Modification 

procedures may be utilized to produce sophisticated designs [197] . When fabrication is completed, few 

superficial changes are completed to increase the chip performance [169]. Electrode coating using 

materials such as TiN or platinum black may be employed to decrease electrode impedance and upturn 

the surface area [151][186]. Enhanced cell attachment is facilitated by increasing the surface coating and 

roughness. Electrode hydrophilicity is important due to the fact that cells do not adhere to a hydrophobic 

surface [194]. 

1.11 Summary  

1.11.1 The research strategy: 

ALP monitoring in clinical analysis is a routine test for diseases that include liver and bone disorders. 

Recently, ALP has been identified as an early biomarker of many cancers [198], 199]. It has been found 

that ALP is correlated with cell proliferation, differentiation, and apoptosis [200]-[206]. Real-time 

monitoring ensures the generation of comprehensive and reliable information about these cellular 

activities [207]. The common strategies used to date for expressing ALP are as follows: intoxicating cells 

[208]-[210]; transfection of cells [211]–[215], starvation of cells [216],[217] and inducing differentiation 

in cells [218]-[220]. These methods are used to trigger specific conditions for in vitro studies. For example, 



Chapter 1 

42 
 

they are used for the purpose of developing anti-cancer drugs [221], simulating diseases [222], studying 

the function of genes [223] and understanding the basis of cancer progress [224], [225]. The research that 

has been carried out in these areas helps in the early detection of cancer and, thus, in finding an effective 

treatment [226]. Differentiation, on the other hand, has a direct impact on point-of-care application. 

Differentiation has different grades from which the cancer stage can be classified [227]. The grade of 

differentiation depends on the quantity of biomarker release. Currently, the traditional measurements of 

differentiation used in clinical analysis (e.g. immunohistochemistry) are unable to keep pace with the 

development of biosensors and recent innovations in technology. Thus, the demand for cell-based 

biosensors has focused attention on the development of a methodology for the real-time monitoring of 

ALP release. Biosensors can sense tiny biological changes and convert these into electrical signals (chapter 

1, section 1.5). These simple devices can serve to respond to increasing demands for cancer diagnosis 

and/or understanding of cancer. Accordingly, microelectrode arrays (MEA) are highly sensitive and can be 

exploited in electrochemistry. When cells grow on MEA, changes take place in electrochemical properties 

of MEA, including capacitance, resistance and diffusion current. The electrochemical properties can be 

detected by impedance-based assay.  Confluent tight cells are required for cell-based impedimetric 

sensing (chapter 6), which depends on analysis of the electrical resistance of cells adhered to electrodes 

[228]. Changes between cell-cell junctions due to ion expression will reveal minor changes in the 

conductance. This methodology will enable the monitoring of the physiological changes in living cells and 

it will record them straight away, thus enabling real-time analysis. Current research has so far relied on 

immunoassays, including: surface plasmon resonance [229]–[232]; field-effect transistors [233]–[235]; 

quartz crystal microbalance [236]–[238]; and electrochemical impedance spectroscopy (EIS) [239]–[246]. 

Correspondingly, this thesis addresses the need to develop a methodology for ALP release without affinity 

approaches.  

1.11.2 The research method 

EIS will be exploited in this thesis to reveal the tiny physiological movements and adhesion of cells during 

ALP release. This will provide convenient methods for real-time analysis of ALP, so far lacking in the 

scientific literature. To fill this literature gap and meet the aim of this thesis, post-confluence culture was 

suggested as a manner of differentiation. Post-confluence culture is a way in which cells can stress and 

thus express biomarkers without additional chemicals [247]. Consequently, the target density of cells is 

optimized in order to reach the stationary phase. In this phase, cells stop proliferating, because there is 

no space left. This induces differentiation in cells and causes biomarker release. The experiments were 

designed to make the cells reach the point of contact-inhibited growth. At this point, cells stopped growing 

and were, therefore, nominated as a control. Cells were left in the culture for two more days to enable 

quantifying of ALP activity (chapter 3 and 4). Cell viability assay was used to ensure cell adhesion. To 

measure the applicability of this experiment, the statistical analysis of z-factor and the p-value was 

recommended in order to test the excellency of the assay and to test the significant differences between 

the assay and the control.  The cell lines suggested for monitoring ALP release included Balb/c 3T3, MCF- 

7, A549, and Ht-29. The Balb/c 3T3 cells, which are an embryonic cell line, are important in simulating 

cancer cells [248], [249]. Cancer cells of A549, MCF-7, and Ht-29 are used as models of the top three 

cancers diagnosed worldwide. These are: lung (13%), breast (11%), and colon (10%), respectively [250]. 
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1.11.3 The research techniques 

1. Cell culture for maintaining samples of cells. 

2. Resazurin-based assay for optimising cell density  

3. Absorbance assay for optimising ALP release from cells  

4. Electrochemical assay for optimizing ALP release from cells 

5. Impedance assay for optimising cell adhesion during ALP release on microelectrode array 

1.11.5 Future contribution  

Two hypotheses relating to the future use of the developed methodology have been formulated. Firstly, 

the embryonic cells can be used in the investigation of gene regulation in cancer cells using the developed 

methodology [248]. Secondly, the embryonic cells can be transformed to simulate cancer cells. Thereafter, 

monitoring the converted state of cells from normal cells to malignant cells in a process called gene 

mutation could be performed using the developed methodology [249].  
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2.1 Aim and objectives  

The aim of the work focused on in this chapter was to optimize optimal density of cells for alkaline 
phosphatase release using a fluorescent detection method. Reaszurin was used as an indicator of cell 
viability. This optimised density would then be used for experiments of real-time monitoring alkaline 
phosphatase release, as discussed in chapter 3, chapter 4 and chapter 5. The following objectives were 
designed to achieve the aim of this chapter.  The novelty of this aim was that no optimization was done 
for resazurin concentration with the given cells.  

1. 1. To maintain cell confluence at 70% to 85% in 75T flask and make them available in the log 
phase.  

2. 2. To obtain the calibration curve for each cell line by optimizing parameters of the 
resazurinbased assays involves concentration of resazurin and incubation time.   

3. 3. To determine the optimal density of each cell line and verify cell number obtained by the 
fluorescent signal by using haemocytometer method and microscope images.    

4. 4. To investigate the cell viability of the given cells at post-confluence culture using statistical 

analysis. 

2.2 Introduction  

2.1.1 Principle  

Biological laboratory requires certain devices in order to monitor cells adhesion and cellular responses. 

Microscope device is normally used to observe the normal morphological shape of cell, thus 

determination if the cells attach or not attach on substrates. Attachment is a sign of healthy cells. This 

way allows monitoring of proliferation of cells as well.  However, microscope does not quantify of cell 

number. The common way of accounting cells is by using the haemocytometer device. This way is a 

standard assay in most of the biological laboratory; however, it is time-consuming, requires cell lysis as 

well as requires manual account. These limitations cause increment of human errors during conducting 

experiments. Accordingly, many assays are purposed in this field for measuring cell viability level by using 

dyes. These dyes can be detected based on different principles. For example, dye-exclusion principle, 

which uses the microscope to account cells inserted in the haemocytometer. A common dye for this 

method is Trypan blue, which is used to test the cell membrane integrity. Membrane of living cells will 

exclude the blue dye whereas the membrane of dead cells will be stained by the blue colour. This way 

requires cell lysis and allows accounting of the ratio between live/dead cells. Principle of luminescent is 

used Adenosine triphosphate (ATP) content to measure the living cells. The reaction of converting 

nonluminescent form "luciferin" into a luminescent form "oxyluciferin" are catalyzed by the enzyme of 

luciferase, and in the prsence of magnesium ion. This reaction will not occur in living cells unless they 

produce ATP. Producing ATP means cells alive. This can be detected by luminometric microplate reader. 

This is the most sensitive method, but it suffers from low reproducibility. It is suitable for very low number 

of cells. The colorimetric and fluorometric principles take advantages of cells metabolic activity (chapter 

1, section 1.9.1).  
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Metabolic based assays are simple, cheap, and are a one-step assay, thereby avoiding the disadvantages 

of the above-mentioned assay. Numerous dyes can be used to reflect metabolic activity through redox 

reactions in live cell membranes. One of these dyes is resazurin, which under constant experimental 

conditions, can provide a stable rate of fluorescence intensity and quantify cell numbers [1-3]. Resazurin 

can be defined as a cell permeable redox indicator that helps in tracking the number of viable cells (Figure 

2.1). Physiological buffers can absorb resazurin, resulting in a deep blue solution. Viable cells have active 

metabolisms and can therefore convert resazurin into a pink fluorescent solution [4].  

Cell viability that has been used during cancer biomarkers analysis was membrane integrity [5,6], flow 

cytometry [7], and phase-contrast microscope images [8]. These assays require cell lysis [9] and result in 

an endpoint assay [10]. Beside that the microscope device is undesirable for applications such as sensors 

or lab-on-a-chip [11,12]. Accordingly, since these methods showed limitations in applications of cellular 

adhesion, they made attention drawn towards metabolic-based assay. To the best of our knowledge, this 

is the first study that discusses cell viability during cancer biomarker release using a resazurin-based assay.   

 

Figure 0.1: reduction of resazurin into resorufin during metabolism activity of cells. 

2.1.2 Literature review  

The optimization of resazurin-based assay depends on various parameters, including resazurin 

concentration, incubation time and cell number. This is organised in three steps. (1) Different 

concentrations of resazurin are added to the culture medium of incubated cells. (2) At various time 
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intervals, the redox reaction, in which resazurin is reduced by the cells, is measured by fluorescence 

readings at 544 nm and 590 nm. (3) The optimal concentration of resazurin versus particular cell type is 

used at different cell numbers to facilitate the relationship between the fluorescent signal and the cell 

number at constant time. Several reports have shown the optimization of resazurin reduction assays [13] 

for cytotoxic agents, antifungal agents, antibacterial agents, the identification of parasites, and the drug 

sensibility of parasites for large-scale screenings, biofilm, and for cell expansion in matrix scaffolds using 

bacteria [14,15] fungi and yeast [16,17,18], parasites [19,20], and human cells [18,21]. Optimal 

concentration of resazurin appear to be not well grounded for the suggested cells. For example, the 

concentration of 44 µM of resazurin has been used for different cells lines (primary rat hepatocytes [22], 

renal tissue [23], engineered liver and kidney tissues [1] and kidney cell line [21]. Constant concentration 

of resazurin is inconsistent when measuring different metabolic activity for different cells. This 

optimization will provide simple and reproducible methods for quantifying cell number during ALP 

release.   

2.1.3 The Problem statement  

As describe in the literature review, the concentration of resazurin with cancer cells has not been dealt 

with in depth. The metabolism activity of cells varies from one to another, which reveal that a neglected 

area in this field. Therefore, it is important to define the optimal concentration of resazurin for each cell 

line. It is quite noticeable that Balb/c 3T3 cells, which is an embryonic cell line, is used as it is more sensitive 

to contact inhibition of cell growth than cancer cell lines. This model of cells will make it easy for indicating 

the stationary phase of other cells in this chapter.  

2.1.4 Summary  

In this chapter, calibration curves of reaszurin for each cell line was determined. The target density of the 

cells of Balb/c 3T3, MCF-7, A549 and Ht-29 were determined. All cells were maintained to reach inhibitive 

growth contact simultaneously in order to allow ALP release. The target density was identified as when 

cells proliferated for at least four days and then reached contact-inhibited growth. The cell viability was 

verified by using haemocytometer method and microscope images. The cell viability of the given cells at 

post-confluence culture was investigated using statistical analysis.  

2.3 Methodology 

2.3.1 Reagents 

Mouse embryo fibroblast cells (Balb/c 3T3 Line), breast carcinoma epithelial cells (MCF-7 line), lung 

carcinoma epithelial cells (A-549 line), colon carcinoma epithelial cells (Ht-29 line) purchased from (ATCC, 

the UK). 70% ethanol, and nanopure water provided from (Grade 18 MΩ, Tyndall National Institute, UCC). 

Newborn calf serum (NBCS), fetal bovine serum (FBS), Dulbecco’s modified Eagle’s medium (DMEM), 

minimum essential medium Eagle (MEME), and McCoy’s 5A Medium, Hank’s balanced salt solution 

(HBSS), Trypsin/EDTA solution, resazurin, Virkon®, magnesium chloride (MgCl2), sodium chloride (NaCl), 
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diethanolamine (DEA), Triton X-100, and para-nitrophenol phosphate (p-NPP), and calf intestinal 

phosphatase (ALP) purchased from (Sigma, Ireland). 

2.3.2. Instrumentation 

Cell culture hood (Esco Airstream® Class II), 5% CO2 incubator (Incusafe Panasonic), water bath 37 °C 

(Fisherbarnd), centrifugation (universal 320 Hittch zentrifugen and Eppendorf 5415D Centrifuge) were 

used. An inverted microscope and camera (Olympus), fluorescent plate readers (Spectra Max Gemini), 

absorbance plate reader (Diasource ELISA Reader), hemocytometer slide (Reichert Bright-Line), glass 

cover slips (menzel-gläser) and cell counter, pipettes (Rainin Pipet-X) and micropipettes (Gilson 

Pipetman®), pipette tips (Greiner Bio-One), pipettors (5 mL, 10 mL, and 25 mL), cell culture vessels (75T 

flasks, 1.5 mL, 15 mL, 50mL centrifuge tubes, 96- and 48-well plates), and syringes 45 nm filters (Sigma, 

Ireland) were also used. Figure 2.2 shows the typical equipment of cell culture lab. 

 

Figure 0.2: Typical equipment of cell culture lab. 

2.3.3 Cell Culture 

The cancer cell lines used during this project were stored in liquid nitrogen prior to being cultured. To 

begin cell growth, they were removed from storage and quickly defrosted (less than a minute). The entire 

contents (1 mL) of the cryogenic vial were then pipetted into a 15 mL-tube that contained 9 mL of 

prewarmed complete media (Table 2.1). The tube was centrifuged to dispose of dimethyl sulfoxide, which 

was present in the supernatant. The cells were re-suspended in 5 mL complete media and placed in a T75 
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flask that already contained 35 mL of completed media in order to reach a volume of 40 mL. The flask was 

incubated in the incubator at 37 °C and 5% CO2 to reach 70% confluence. 

Table 0.1: The media and serum of each cell line used for cell culture. 

 Cell lines Balb/c 3T3 A549 MCF-7 Ht-29 

Complete media 
Media DMEM DMEM MEME McCoy's 5A 

10 % Serum NBCS FBS 

Completed media represent the addition of 10% of serum to the media suitable for each cell line, 

according to the manufacturer’s recommendations. 

 

The cells were sub-cultured at least three times before optimization began. Figure 2.3 illustrated a 

schematic of sub-culturing cells three times before seeding.  Briefly, the subculture procedure was 

achieved by removing old media via a sterile plastic pipette, followed by two washes with pre-warmed 

HBSS. A total of 4 mL of trypsin was then added, and the flask was incubated for 5–8 min to allow the cells 

to detach. Then, 6 mL of complete media was added to inactivate the trypsin. The cell suspension was 

placed in a clean 15 mL centrifuge tube, and the cells were centrifuged for 5 min at 1000 rpm. The 

supernatant was removed, and the cell pellets were re-suspended in 5 mL of fresh media. The desired cell 

number was seeded in a 48-well plate, and the final volume of media was added. All experiments were 

applied in a 48-well plate.  

 

Figure 0.3: Schematic of sub-culturing cells three times before seeding. 

 

2.3.4 Determining the optimal concentration of resazurin  

Each cell line required a certain concentration of resazurin to ensure viability. Resazurin was dissolved in 

HBSS to a final concentration of 2 mM to make a stock solution. The stock solution was filtered using a 

syringe with 0.45 nm pores. To make an intermediate standard, the stock solution was diluted once more 

in complete media at 10% giving 200 μM. Two-fold serial dilutions were then made, starting with 200 μM. 
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This was then added to cells that were previously seeded in triplicate at the same density (250 × 103 

cell/mL). The plates were incubated with the various concentrations of resazurin at a final volume of 0.5 

mL for 24 h. The fluorescent signal was then recorded at 544 excitation and 590 nm emission wavelengths 

using the fluorescent plate reader. 

2.3.5 Determining the optimal time of incubation with resazurin  

Concentrations of 350 × 103 cell/mL were prepared and diluted in 2-fold using the complete media of each 

cell line. The dilutions were seeded in 48-well plates and incubated at 37 °C for 24 h to allow for 

attachment. Old media were replaced by the optimal concentration of resazurin in the case of each cell 

line. The plates were incubated and monitored after two hours and then continuously over a 24-h period. 

The fluorescent signal was taken at different times at 544 excitation and 590 nm emission wavelengths 

using the fluorescent plate reader. 

2.3.6 Determining the calibration curve of resazurin and cell numbers 

Resazurin is a metabolic-based assay that reflects cell viability. In order to make it an assay that measured 

the cell number, 2-fold serial dilutions of the cell number starting from 250 × 103 cell/mL were seeded in 

triplicate, and complete media were added for a final volume of 0.5 mL. Cells were incubated for 12 h to 

allow the cells to attach and avoid duplicating. Old media were replaced by the optimal concentration of 

resazurin in the case of each cell line. Four hours later, the fluorescent signal was recorded at 544 

excitation and 590 nm emission wavelengths using the fluorescent plate reader. The theoretical 

calibration curves were made from a cell concentration of (4–60 × 103 cell/mL). The resulting linear 

equation was used to estimate the fluorescent signal for the cell concentration applied in this assay. 

2.3.7 Determining the optimal density of cell lines. 

The target density for this chapter was identified as when cells proliferated for at least four days and then 

reached contact-inhibited growth. This was where the target analyte started to express. Five 

concentrations of cells were prepared (350, 160, 80, 40, 20 × 103 cell/mL). The final volume of complete 

media was 0.5 mL. The cells were incubated at 37 °C and monitored daily for five days. Old media were 

changed every two days to keep cells healthy and with sufficient nutrients. On day 1, resazurin was added 

to cells in plate 1, and four hours later, the fluorescence signal was recorded. The process was continued 

for the other plates until day 5. 

2.3.8 Determining cell number based resazurin assay. 

The optimal density of each cell line was seeded in triplicate, and cell growth was assessed at 24-h intervals 

over five days. Old media were changed every two days to keep cells healthy and with sufficient nutrients. 

To determine the daily fluorescent signal, media were replaced by the optimal concentration of resazurin 

in the case of each cell line. Four hours after this, the fluorescent signal was recorded. The linear equation 

of the obtained calibration curve was used to quantify the cell number daily over five days. 
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2.3.9 Microscope images  

Images of cell-confluence were taken at 24-hour intervals over 5 days using the inverted microscope and 

camera.  Due to the presence of phenol red, which interferes with the light of microscopes, cells were 

washed twice with HBSS. Images were then taken from the centre of the wells.   

2.3.10 Hemocytometer assay  

Cell viability was also determined using the hemocytometer assay for the optimal density. As previously 

noted, cells were seeded in triplicate, and cell growth was assessed at 24-h intervals over five days. The 

old media were changed every two days to keep cells healthy and with sufficient nutrients. After the 

washing and trypsinization processes, harvested cell pellets were re-suspended in complete media, a 

coverslip was used to cover the two counting chambers, and then a drop of the solution was inserted, 

allowing the solution to spread gently. Under the microscope as illustrated in figure 2.4, nine squares were 

observed to be accounting cells. Accounting cells had to be averaged and multiplied by the three 

demotions of the hemacytometer, where the width and height equaled 1 mm, and the depth equaled 0.1 

mm to get a final concentration of cell per mL using the following equation: 

 

𝐶 =
𝑛

10−4
 

where C is the final concentration of cell numbers per mL and n is the average of cell numbers counted 

from each square.    

 

Figure 2.4: Actual accounting of cell number using hemocytometer. 
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2.3.11 Cell viability at post-confluence culture 

Cells can be differentiated using post-confluence culture to ensure ALP release, which makes the 

determination of the cell viability of cells at post confluence culture important. Cells were seeded in 48well 

plates at a concentration of 40 × 103 cells/mL for the following cells: Balb/c 3T3, A549, and MCF-7, and at 

a concentration of 80 × 103 cells/mL for the Ht-29 cells. Cells had the media changed every two day to 

keep them healthy and with sufficient nutrients. After they achieved their exponential growth and met 

the 95–100% confluence (Day 4), the cells were maintained in growth media for a further two days. Old 

media were replaced by the optimal concentration of resazurin in the case of each cell line for the fourth, 

fifth, and sixth days. Cells were incubated with resazurin for four hours. Vehicle control of each cell was 

prepared by adding two drops of Virkon® in the complete media for 24 h the night before the assay. A 

reszurin control was added to media with no cells. The fluorescence signal was recorded for each day. 

2.3.12 Data analysis:  

Single factor of analysis of variance (ANOVA), MS Excel, and Origin were used in order to analyze the 

results of the experiments and to ensure the limitation of errors. Results were displayed as mean +/− SD. 

There were: n = 3 was replicated for each condition in each individual experiment and the displayed data 

represent the mean of at least three independent experiments. The coefficient of variation % and p-values 

and Z-factor were considered. 

2.4 Results and Discussion  

2.4.1 Determining the optimal concentration of resazurin  

Metabolic activity may differ between cells, which makes optimizing the concentration of resazurin 

important. Cells were plated in 48-well plates and incubated for 24 h to allow for attachment. Different 

concentrations of resazurin were added, starting with the highest possible concentration that would not 

be toxic to cells (~200 μM). This was then serially diluted to 1:2 to produce a range of μM/well. All 

measurements were done with 24-h incubation times. Figure 2.5 A–D shows that the resazurin reduction 

rate was positively proportional to the resazurin concentration. However, this gradual increase was 

limited by the highest concentration, where, after the optimal concentration, the rate of resazurin 

reduction decreased. Figure 2.5 A–C illustrates the highest reduction rate at 50 μM and then shows an 

inverse relationship. Figure 2.5 D shows the highest reduction rate at 100 μM, while 200 μM exhibited a 

high deviation. This data indicate that the optimal concentration of Balb/c3T3, A549, and MCF-7 was 50 

μM, and that of the Ht-29 cell was 100 μM. Figure 2.5 E shows the coefficient variance of the analysis data 

at various resazurin concentrations. At the lowest recorded concentrations of resazurin, the relative 

variability exceeded 20%. The CV% then fell and reached its lowest level at 100 μM. However, at higher 

concentrations, this trend reversed and CV% started to increase. These findings indicate that resazurin at 

a high concentration may be destructive to cells [24]. 
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Figure 0.5: Optimization of the concentration of resazurin at various cell lines. (A) Balbc/3T3 cell lines; (B) 
A549 cell lines; (C) MCF-7 cell lines; (D) Ht-29 cell lines; (E) coefficient variance % of resazurin concentration 
of vs cells numbers. Data are expressed as the mean ± SD of measurements of three independent 
experiments. 
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in a ratio of 1:2 to produce the range of cell density/well. After 24 h, the attached cells were incubated 

with a set volume of resazurin working solution for 2, 4, 12, or 24 h in order to cover all the recommended 

times (1–24 h). Figure 2.6 A–D shows that the number of cells was strongly correlated with the values of 

resazurin reduction. This correlation was linear from two to four hours, but it started to lose linearity 

when the incubation time increased from 12 to 24 h. Linearity after two hours was positively proportional 

to cell densities, but it still demonstrated a low slope, which may underestimate cell numbers. A 4-h 

incubation time proved to be a preferable incubation time. The slope at the 4–h incubation time was 

almost two times higher than that of the 2-h incubation time. The occurrence of high density may form 

1 10 100 1000

0

1000

2000

3000

4000

 

 

 Balb/c 3T3

(A)

R
F

U

Log
10

 resazurin concentrtation (mM) 

1 10 100 1000

0

1000

2000

3000

4000

 

 

 A549

(B)

R
F

U

Log
10

 resazurin concentrtation (mM) 

1 10 100 1000

0

1000

2000

3000

4000

 

 

 MCF-7

(C)

R
F

U

Log
10

 resazurin concentrtation (mM) 

1 10 100 1000

0

1000

2000

3000

4000

 

 

 Ht-29

(D)

R
F

U

Log
10

 resazurin concentrtation (mM) 

0 50 100 150 200

0

20

40

60

80

100

(E)

 

 

 Balb/c 3T3

 Ht-29

 Balb/c 3T3

 Ht-29

c
o
e
ff
ic

ie
n
t 
va

ri
a
n
ce

 %

Resazurin concentration/ µM



Chapter 2 

71 
 

hydroresorufin faster. This high density was avoided in this research study. A 12-h incubation time showed 

an increase at low density, and then the rate of resazurin reduction started to decline by (~1 × 105 

cell/mL). This incubation time was avoided to reduce errors for the rest of the investigation where 

proliferation needed to be detected. After 24 h, the incubation time levelled, since the lowest density had 

the same rate as the highest, making the 24 h suitable when time parameters were not recommended. 

Coefficient variance (CV %) was highly reproducible in the non-linearity assays, although it was high at low 

densities of cells. Figure 2.6 E shows that CV% exceeded a range of 20% at the lowest density of cells in 

the linear assays. It appears that four hours is the optimal time recommended. This is in agreement with 

Hamalainen–Laanaya’s contributions [25], which state that the cell density should be finely tuned in order 

to prevent the over-reduction of resazurin and ensure the applicability of the resazurin assay. 

 

Figure 0.6:  Effect of incubation time on fluorescence intensity measured during resazurin reduction using 
linear function model (2, 4, 12 hours) and rational function model (24 hours). (A) Balbc/3T3 cell lines; (B) 
A549 cell lines; (C) MCF-7 cell lines; (D) Ht-29 cell lines; (E) Coefficient variance % of incubation time vs. 
cells numbers. Data are expressed as the mean ± SD of the measurements of three independent 
experiments. 
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2.4.3 Determining the standard curve of Resazurin and cell numbers 

Cell numbers can be quantified by the calibration curves of resazurin reduction. The calibration 

curve of each cell line was generated by plating the cells lines (Balb/c 3T3, A549, MCF-7, and Ht-

29) at the same initial density (~250 × 103 cell/mL), then serially diluting in a ratio of 1:2 to 

produce a range of cell density/well. Eight hours later, and before dividing, resazurin solution was 

added according to the optimal concentration and incubated for four hours. Figure 2.7 A–D 

shows the experimental and theoretical calibration curves produced by acceptable data over the 

concentration range of (~4–250 × 103 cell/mL) of the four cell lines. In comparison with the 

theoretical calibration curves, which were calculated using the linear equation of cells ranging 

from (4–60 × 103) cell/mL, the experimental curves of the four cell lines displayed an exponential 

shape at the high concentration with adjusted R-squared of 0.97, 0.97, 0.99, and 0.98 for the cells 

of Balb/c 3T3, A549, MCF-7 and Ht-29, respectively [26]. The shape was most clear in the Balb/c 

3T3 cell lines, where cells reached the inhibitive growth point, and least clear in the MCF-7 cell 

lines. This saturating trend might result in different cell sizes. For example, the MCF-7 size was 

5–7 μm in diameter [27], this then limited the cell attachment to the plate surface. Therefore, 

the differences between the two curves, theoretical and experimental, were determined for each 

dilution ratio. Figure 2.7 F illustrates the significant data of cell number (~4–250 × 103 cell/mL), 

which were less than 10% for all cell lines. However, at the range of (125–250 × 103 cell/mL), the 

percentage of errors barely exceeded 10% for all cell lines. Notably, the repeatability of results 

can be interpreted in Figure 2.7 E. The relative variability of the lowest recorded cell numbers 

barely exceeded 20%, while at high cell numbers, the CV% was the lowest. 
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Figure 0.7: Experimental and theoretical standard curves of resazurin at various cell lines. (A) Balbc/3T3 
cell lines; (B) A549 cell lines; (C) MCF-7 cell lines; (D) Ht-29 cell lines; (E) Coefficient variance % of 
experimental curves vs. cells numbers. (F) Errors % of theoretical and experimental curves vs. cell number. 
Data are expressed as mean ± SD of measurements of three independent experiments. 
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contact-inhibited growth. Cell growth was monitored over five days and resazurin reduction was 

recorded. Figure 2.8A–D shows the growth curves of the four cell lines at the five different 

densities. Low density with an s-shape expressed logistic growth, whereas high density failed to 

exhibit an s-shape and levelled out from day 1. Balb/c 3T3 cell lines displayed an s-shape at 20–

40 × 103 cells/mL, but for the higher densities, 80–320 × 103 cell/mL showed approximately level 

density, although 80 × 103 cell/mL exhibited a little growth at day 1, which means that 40 × 103 

cell/mL is the optimal density of the Balb/c 3T3 cell lines (Figure 2.8A). The A549 cell lines 

behaved the same as the previous cell line, but the s-shape of the lowest density 20 × 103 cell/mL 

was quite unclear. From Figure 2.8B, it is clear that 40 × 103 cell/mL is the optimal density (Figure 

2.8B). Like the Balb/c 3T3 cell lines, the A549 cell lines at the higher densities ranged from 80–

320 × 103 cell/mL and levelled by day 1. Figure 2.8C shows that the MCF-7 cell lines displayed an 

s-shape of 20 × 103 cell/mL, but at a very low reduction rate of resazurin (~1000 nm). The 40 × 

103 cell/mL sample demonstrated a J-shape, which began to level by day 5. The higher densities, 

ranging from 160–320 × 103 cell/mL, did not show any growth behavior. This meant that 40 × 103 

cell/mL was the optimal density. Ht-29 behaved quite differently to the other cell lines, where at 

low densities 20–40 × 103 cell/mL, it showed a j-shape (Figure 2.8D), whereas at 80 × 103 cell/mL, 

it showed an s-shape, which makes it the optimal density. Like the other cells, the Ht29 cell lines 

at the higher density ranged from 160–320 × 103 cell/mL and levelled on day 1 and then started 

to decrease. The CV% of all five days was less than 20% on day 1, and on day 2, cell numbers 

barely exceeded 20%. This was probably because of the lag phase and cells adapt themselves in 

the new environment by responding to the induce of attachment to the substrate. This 

investigation facilitated the determination of the optimal density of each cell line and makes it 

applicable for this research study, where the expression of ALP versus cell viability was 

investigated [28, 29]. 
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Figure 0.8: Logistic growth curves of the different cell densities at various cell lines over five days. (A) 
Balbc/3T3 cell lines; (B) A549 cell lines; (C) MCF-7 cell lines; (D) Ht-29 cell lines; (E) coefficient variance % 
of growth curves vs. cells numbers. Data are expressed as the mean ± SD of measurements of three 
independent experiments. 

2.4.5 Microscope images 
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which explains the results found in Figure 2.7 B. By days 4 and 5, cells seemed to have no space to divide, 

so they shrank and started to proliferate, as these kinds of cells rarely form multilayers. MCF-7 cells, on 

the other hand, showed a longer lag phase and slowly divided from day 1 to day 3. Cells barely reached 

almost 70% confluence by day 4 and had space to confluence in day 5. These findings explain the j-shape 

displayed in Figure 2.7 C and ensured that no multilayer had formed. Ht-29 cells started to flatten in day 

1 and then had confluence from day 2 to day 4. Likewise, for Balb/c 3T3 and A549 cells, Ht-29 cells had no 

space to double. Ht-29 cells seem to have their extracellular matrix spread out and cover the area in day 

3. This extracellular matrix reduced when cells reached confluence in days 4 and 5. Another microscope 

or dyes might be used to display this division. 
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Figure 0.9: Microscope images of the four cells over five days. 
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2.4.6 Determining cell number and comparing to hemocytometer assay.  

The cell culture growth curve represents the number of live cells over a period of time and 

covering the four phases [30]. In the first two growth phases, cells are more likely to be 

consistent, while in the stationary phase, cells may be more differentiated. Morphology may 

become polarized, and has more spreading for the extracellular matrix. Therefore, determination 

of the viability of cells in using quantitative analysis was required. Resazurin reduction of each 

cell obtained from the previous experiment was used to estimate viable cells using the linear 

equation obtained by the calibration curve. For comparison, the number of cells was also 

compared to manual accounting using the hemocytometer assay. Figure 2.10 shows the 

comparison of the estimating cell number and accounted cell number. Estimating cell number 

had the same trend as the resazurin reduction assay previously described in Figure 2.8. The 

results given by the hemocytometer displayed logistic growth curve. However, there is slight 

difference between the two assays. Values of the estimated cell numbers in the Balb/c 3T3 and 

Ht-29 cells were higher than those manually accounted in all phases. A549 cells also had higher 

estimated values in all phases except for in the stationary phase. On the other hand, MCF-7 

demonstrated a different trend, as it showed a J-shape in the estimated cells and an s-shape in 

the accounted cells. However, the difference between these values on the day of control was 

high in the Ht-29 cells (84.96 × 103 cells/mL) and MCF-7 cells (70.51 × 103 cells/mL) compared to 

the difference in Balb/c 3T3 (58.18 × 103 cells/mL) and A549 cells (11.13 × 103 cells/mL). Overall, 

the growth curves given by the hemocytometer were sharper than the estimated ones. Notably, 

manual accounting had multiple steps, which increased the chance of losing cells, whereas cell 

number given by the resazurin assays were estimated theoretically based on a calibration curve, 

where the possibility of losing cells during assays was low. Moreover, the high standards 

deviation obtained in the estimated cell number can be minimized by increasing the number of 

the assay from n=3 to n=9. 
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Figure 0.10: Logistic growth curves of (A) Balbc/3T3 cell lines; (B) A549 cell lines; (C) MCF-7 cell lines; and 
(D) Ht-29 cell lines, over five days. (○) estimated cell number using linear equation of standard curve and, 
(□) accounted cell number using hemocytometer; all compared versus incubation time over five days. Data 
are expressed as the mean ± SD of measurements of three independent experiments. 

2.4.7 Cell viability at post-confluence culture 

The cell viability of cells at post-confluence culture was detected. Table 2.2 illustrates the fluorescent 

signal of resazurin produced during the fourth, fifth, and sixth days for each cell line as well as vehicle 

control and resazurin control. It is obvious from the data that there was a decrease in cell viability for all 

of the cells from day 4 to day 6. There was a significant difference between the data of cell viability of day 

5 and day 6 compared to that of day 4; but MCF-7 cells in day 5 showed no significant difference (p > 0.05) 

to the control value (day 4). MCF-7 had 70% confluence in day 4, which allow more proliferation (shown 

in Figure 2.9), which allowed more proliferation. The cells of Balb/c 3T3 and A549 displayed z-factor values 

between 0.5 and 1 for each culture day compared to the control (day 4). It is quite noticeable that the 

cells of Balbc/3T3 and A549 are more unlikely to form multilayers when reaching the contact-inhibited 

growth point. MCF-7 cells showed a quality assay in day 6, whereas Ht-29 cells illustrated a z-factor less 

than 0.5 for all the post-confluence culture compared to the control value. That was possible because of 

the high standard deviation (SD) for all the values in the three days. Notably, the z-factor value mostly 

depended on the SD. The cell viability of the vehicle controls of the cells of Balb/c 3T3 and MCF-7 was 

10.2% and 8.3%, respectively, while those of the cells of A549 and Ht-29 were 18.6% and 18.2%, 

respectively. Drops of Virkon® may need to be increased for the MCF-7 and HT-29 cells to make dead cells. 

Optimization of the assay control was then suggested. 
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Table 2.2: Summary of resazurin data of each cell line versus target days at post-confluence. 

 Balb/c 3T3 A549 MCF-7 Ht-29 

Day 4 3091.61±28.74  2784.46±43.35  (1887.34±5.36)  (2980.70±44.51)  

Day 5 2513.44±7.77 *§ (1952.29±0.82) *§ (1787.48±35.99)  (2655.06±34.07)* 

Day 6 1872.74±6.72 *§ (1415.29±44.35) *§ (1407.01±66.13) *§ (2512.21±48.32)* 

VC (412.6±9.9)  *§ (597.6±23.3) *§ (237.8±3.1) *§ (623.8±4.5) *§ 

RC (97.2±6.3) *§ (78.7±0.9) *§ (80.5±0.3) *§ (82.7±0.7) *§ 

The data of the cell viability assay-based resazurin was applied for the cells at post-confluence culture. 

Data are expressed as mean ± SD of the measurements of three independent experiments. VC (vehicle 

control,) and RC (resazurin control). Data compared to the control (data of day 4), * (p-value < 0.05 is a 

significant difference), § (1 > Z-factor > 0.5 is excellent assay). 

2.5 Conclusions 

ALP determination requires the real-time monitoring of cell behaviour. Various cellular phenotypes are 

related to gene expression, which helps to understand emerging diseases including cancers. Several 

previous studies have shown the relationship between ALP and cell viability [38, 39]. However, those 

studies were conducted under the standard cell culture assay. Function endpoints of those assays are 

labor-intensive, time-consuming, require detachment of cells, and thus hinder real-time assays and 

multiplex assays. Quantitative resazurin assays of cell viability have been proposed as a rapid and 

inexpensive method to evaluate the viability of cells during the release of ALP, which can further be used 

to verify studies of cell adhesion applications such as cell-based biosensors. The main parameters affecting 

the results obtained from the resazurin assay include the concentration of resazurin, incubation time, and 

cell number. The optimal incubation time of resazurin reduction was four hours for all cells. High 

incubation time is more likely to reduce resorufin and form non-detectable products. The research also 

focused on different cells, one embryonic fibroblast cell line Balb/c3T3, and three epithelial cancer cell 

lines, A549, MCF-7, and Ht-29. These cells have different metabolic activities, which were noticed in this 

study. Ht-29 cells showed the highest activity and had 100 μM as an optimal concentration of resazurin, 

whereas the others had 50 μM. 

Optimal density corresponding to the working area is very important in cell adhesion approaches. This 

enhances the detection of cell viability alongside the release of ALP, which may detect intracellular 

processes. Cells need to be proliferated for at least four days to release detectable ALP. This time can be 

further increased if a study is focusing on differentiation where optimizing density is required. Special 

attention is drawn to the morphology of cells, which was monitored and compared to the resazurin assay. 
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The cells showed logistic growth curves where the four phases were obvious. Cells that had a longer lag 

phase had less confluence (about 70–80%, like MCF-7 cells). In comparison, others, which had a smaller 

lag phase, had a gradual log phase and thus had almost 95–100% confluence by day 4. Cell growth is also 

influenced by the surrounding environment (e.g., media type, serum). The recommended type of media 

and serum were used according to the supplier’s recommendations. Cell viability of cells at post-

confluence culture was determined and data were compared statistically using mean, standard deviation, 

p-value, and z-factor. The data of embryonic cells, lung cancer cells, and colon cancer cells displayed 

significant differences in post-confluence culture compared to the control (day 4). Similarly, breast cancer 

cells showed a p-value < 0.05 in day 6 and p > 0.05 in day 5 compared to the control. The cell viability of 

vehicle controls of the cells Balb/c 3T3, A549, MCF-7, and Ht-29 were 10.2%, 18.6%, 8.3%, and 18.2%, 

respectively.   

The main aim of this chapter was achieved by providing convenient and reliable samples of living cells for 

sensitively and continuously assaying using resazurin-based measurements, which made it easier for 

optimizing the methodologies for ALP release in cells-based biosensor.  
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Phosphatases (ALP) Assays 
Note: Some results of this chapter have been published in Journal of Applied Science. Please refer to 

Appendix. 
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3.1. Aim and objectives  

The aim of this work detailed in this chapter was to optimize real-time monitoring of ALP release from 

two types of cells: embryo fibroblast cells (Balb/c 3T3); and cancer epithelial cells (A549, MCF-7, Ht-29). 

Spectrophotometric analysis-absorbance technique was applied. This optimization will be compared with 

the electrochemical detection of ALP release that is outlined in Chapter 4 and in Chapter 6.  

The novelty of this aim was that no colorimetric assay was done for ALP release from the embryonic cell 

line, Balb/c 3T3. In addition, ALP release has not been detected by colorimetry during differentiation of 

post-confluence culture for all given cells. 

The following objectives detail the aims of this chapter: 

1. To establish the activity of ALP at a constant rate by optimizing parameters, including 

solubilisation methods, trypsin effects, and pH range, as well as enhancer concentrations, such 

as MgCl2 and NaCl. 

2. To obtain the standard curve of ρ -nitrophenol (pNP), which will be used to compare the data 

with capillary electrophoresis experiments in Chapter 6.  

3. To optimize incubation time of the substrate ρ-nitrophenol phosphate (ρNPP) with ALP release.    

4. To determine the saturation point of the substrate ρ-nitrophenol phosphate (ρNPP) using 

nonlinear regression analysis of the Michaelis-Menten model.   

5. To determine the calibration curve of ALP and to identify the number of Units per Litre (U/L) 

that can be compared with electrochemical experiments in (Chapter 4).   

6. To investigate linearity performance of ALP release with different concentrations of the given 

cells. 

7.  To investigate the hydrolysis of different concentrations of the substrate ρNPP by ALP release 

from adhesion cells, and to determine Michaelis constants (Vmax) and (Km) for the substrate 

ρNPP for each cell. 

8.  To facilitate real-time monitoring of ALP release using post-confluence culture for 3 days.  

3.2 Introduction  

3.2.1 Principle  

ALP is a homodimeric protein. It has cofactors, including two zinc atoms and one magnesium atom in each 

subunit, all of which are important for active sites. These are formed by the link of the two subunits [1], 

[2]. ALP requires several alkaline pH environments ranging from 8 to 10 for activation.  As outlined in the 

Introduction, ALP is located in almost all living tissue and can be expressed in four isoforms: GCAP, IAP, 

PALP and TNAP. Abnormal levels of ALP release can be seen in illnesses (such as liver disease, bone 

disorders, etc.), or during pregnancy and during the rapid growth phases of childhood. Recently, ALP has 

been studied as a potential cancer biomarker, and its early detection could help in the treatment of the 

disease. 
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Real-time monitoring of ALP release offers insights into the basis of the disease, as well as the progression 

of cancer. ALP, like any enzyme, can catalyze biochemical reactions in the body. Therefore, more intense 

attention is necessary in order to simulate the enzymatic activity of the human body and to meet the 

experimental conditions in laboratories. As ALP is an enzyme, and thus a protein in nature, it makes 

denaturation possible. In experimental conditions, parameters, such as temperature and composition of 

solvent, need to be taken into account, as well as the potential presence of metal-ion cofactors, which are 

important for catalytic reactions, such as Mg2+ and Zn2+. With respect to the enzyme kinetics, 

concentration of substrate, temperature, pH, and enzyme concentration all affect the assay. Every enzyme 

has specific roles, e.g., in the case of ALP, it is to liberate the phosphate (PO43-) group.  The choice of 

substrates to be hydrolysed by ALP is also of importance, as it will determine the appropriate detection 

technique. For example, p-nitrophenyl phosphate (p-NPP) can convert to an absorbance compound 

(pnitrophenol (p-NP)). ALP release from cells catalyzes that transphosphorylation reaction in the presence 

of the transphosphorylating buffer, diethanolamine (DEA). Cofactors like magnesium and zinc ions are 

used for enhancing the reaction.  Optimal wavelength for the formation of p-NP is 405 nm and the change 

in absorbance can reflect the quantity of ALP release with directly proportional relationship. The following 

schematic illustrates the colorimetric reaction of ALP release (Figure 3.1) [3].   

 

Figure 0.1: schematic of the colorimetric reaction of ALP release. 

The development of convenient and reliable assay methods for real-time monitoring of ALP release is 

extremely important and valuable. This study is focused on quantifying ALP release from living cells in a 

laboratory setup by optimizing spectrophotometric assay as a less expensive alternative to current 

methodologies. 

3.2.2 Background 

Determination methods for ALP assay have undergone continuous developments since its discovery in the 

19th century when they were not sensitive enough for a reliable assay. It wasn't until the 1930s that 

methods began to become more reliable and accurate. However, the limitation of those methods was 

that they were time consuming due to dependency on the reaction rate.  One of the main steps forward 

that was achieved was optimizing the incubation time, reducing it from 48 hours to 30 minutes [4]. The 

phosphate esters mainly used were β-glycerophosphate and phenylphosphate. Later, Ohmori in 1937 

used the colour of the liberated nitrophenol for qualitative ALP assay and produced a phosphate group 



Chapter 3 

86 
 

[5]. Bessy, Lowery and Brock (1946) identified that the colour that developed as a result of the reactions 

was an indication of ALP activity. They later wrote a report where they explained the preparation of a 

lower-volume sample, which was enough to assay ALP [6]. Furthermore, pNPP was found to be faster and 

to have a better resolution than previously used substrates. Due to the simplicity of their assay, current 

clinical analysis depends on their principle for determination of ALP levels in blood serum. The yellow 

colour of PNP that is generated with the separation of the phosphate group by ALP can be easily detected 

using spectrophotometric techniques (absorption at 405 nm). The quantity of pNP formed refers to the 

ALP quantity in the sample. This methodology is standard, and it is frequently carried out in biochemistry 

laboratories in hospitals. Global companies, including Siemens Healthcare Diagnostics, apply this type of 

assay by using large instruments to address thousands of samples daily. Commercial kits provide highly 

specialised reagents, which are quite expensive. 

3.2.3 Literature review  

The link between ALP and cancers, including lung [7]–[9], breast [10]–[12] and colon cancer [13], [14] has 

been demonstrated in several studies. The main spectrophotometric analysis methods, including 

colorimetric [15]–[24], fluorescence [25], [26] and chemiluminescence [27]–[29] analysis, have been used.  

Real-time detection of ALP levels has been recorded for human serum [30]–[32] and for living cells 

[33][34][35]. Real-time capability is shown by emission-based assay using chemiluminescence [35] and 

fluorescence [34] for A549, Ht-29, MCF-7, SM43, NR8383 and mesangial cells.   

Nevertheless, emission-based assays are limited by their costs and by the turbidity of solution, which 

affects the measured readings. Moreover, fluorescent assays measure the change (e.g., on/off) of 

fluorescence intensity. This is because an increase or decrease in fluorescence intensity could  be affected 

by factors that include fluctuations in light source intensity, pH and media polarity. They are therefore 

subject to some limitations for practical applications. Absorbance assay, on the other hand, is 

economically more attractive. It is also simpler and involves no direct sample manipulation, thus 

preserving its integrity. Researchers have developed methodologies based on absorbance assay for ALP 

determination expressed from living organisms. ALP release from bacteria [36]–[39], yeast [40]–[43], and 

fungi [44]–[47] has been recorded. ALP release from cells has slight differences [8], [48]–[54]. Moreover, 

no colormiteric assay has been done for Balb/c 3T3 cells [55].  

It is quite noticeable that colorimetric techniques are more common in the detection of ALP release from 

the given cells [53], [56]–[59], followed by western blot [60],[61], northern blot [62], real-time RT-PCR 

[52], and commercial kits [63].  ALP release is reported to be investigated at different cell densities (1-200 

×104) cell/ml and within different working areas (6- 48- 96-well plates) [8], [52], [57], [60], [63]. Methods 

used for cell differentiation in order to monitor ALP release include the addition of sodium butyrate [52], 

[53], and post-confluence culture [52], [62]. A wide range of alkaline buffers, including Triz [59]–[61], AMP 

[56], glycine [8], and DEA [57], were used at pH ranges from 8 to 10.6.  In some other rare cases, protease 

inhibitors [60], [61] and Triton X-100 [58], [59], [64] were used. MgCl2 was added at different 

concentrations from 0.5-1 mM [8] [63], while NaCl was added at 150 mM [59], [60], [64]. Before adding 

buffer assay, cells were washed twice with PBS [57], [64] or thrice with NaCl solution [56], [59] at 4°C. 

Cells were centrifuged at 1000 rpm at times ranging from 2 minutes to 20 minutes [57], [59], [60], [64]. 

ALP assay buffer needs the pNPP substrate to be incubated with cells from 15 minutes to 4 hours [57], 
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[59], [64] The substrate pNPP was either added to the assay buffer and incubated with cells [8], [53], [56], 

[57], or added later to the cell lysate [58]–[60], [64]. 

3.2.4 The problem statement 

As previously discussed, ALP has been detected from Balb/c 3T3 cells, but no colorimetric assay has been 

conducted [65]. Therefore, optimization of this cell type formed the basis of the research outlined in this 

chapter. The other cells used in this thesis, including A549 [66], MCF-7 [56] and Ht-29 [65] have been 

investigated with colorimetric assay but with different purposes. The afore-mentioned studies depend on 

buffer components that are effective at high pH, the addition of MgCl2 and NaCl and the incubation of the 

sample with the buffer with or without the substrate. These slight differences require minor 

modifications. The process of measuring ALP release from cells requires the cells to be cleaned first from 

the old media as this would affect the absorbance detection. Second, the buffer used should also be 

transparent and water-soluble.  Previous studies involving the use of Triz, glycine, AMP and DEA have their 

own limitations. For example, Triz has poor buffering capacity for mammalian ALP, where a range of up 

to 10 pH is favourable. Glycine inactivates ALP at certain concentrations. AMP is normally provided as a 

pure solid with a melting point of up to 28 C, which means that it always solid in room temperature and 

not easy to use. More importantly, AMP is less transphosphorylating than other agents. DEA buffer has 

pKa 8.7, which is similar to that of Triz (pKa 8). However, it has good buffering capacity at 10, which is the 

optimal for mammalian ALP. Therefore, in this thesis DEA buffer was used and compared with other 

buffers in order to determine the optimum ALP activity for the given cells. The addition of Magnesium 

chloride (MgCl2) is important for ALP assays. The reproducibility of ALP measurements is affected by the 

addition of MgCl2. MgCl2 dissolves poorly in alkaline pH and requires storage under 4 °C [2]. The 

concentration of MgCl2 also influences the stability and activity of ALP, with high concentrations 

inactivating ALP. MgCl2 works as either a stabilizer for ALP in buffers, such as AMP, or as an activator for 

ALP in buffers that include DEA. For this thesis, the range of MgCl2 used was 0-10 mM, because a higher 

amount would inhibit the mammalian ALP [67] [2]. Moreover, the incubation conditions of MgCl2 with the 

assay mixture slightly impacts ALP measurements. Mg2+ is either incubated with the sample and substrate 

together or sample and substrate separately. The addition of MgCl2 to the sample and substrate was 

chosen, in line with that suggested by Bowers and McComb [4].   

Ionic strength is important for enzymatic assay, and that is the reason for the addition of sodium chloride 

(NaCl) in ALP assay (1977). NaCl is sometimes added to ALP assays at certain concentrations to avoid 

inhibition of the enzyme (1960). Concentrations of NaCl higher than 1 M inhibit mammalian ALP [4]. 

However, concentrations between 0.1-1 M show less resolution. Quantities of approximately 0.05 mM 

can provide better results [4] [68]. This data is related to ALP detection in serum from previous studies, 

where the amount used was 0.15 M. [68]. Therefore, the range of NaCl used in this thesis was from 0.20-

0.01 M.  

3.2.5 Summary  

In this chapter, ALP was determined during a period when cells were attached. However, for calibration 

assays, cells were detached to obtain different cellular concentrations and to measure the optimum ALP 
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level. Solubilization methods were also considered in addition to trypsinization, pH and concentrations of 

MgCl2 and NaCl in order to determine to what extent the given cells could express ALP. Quantity of ρ 

nitrophenol (pNP) was identified in order to compare the data with the capillary electrophoresis 

experiments that are discussed in Chapter 5. The kinetic enzyme assay including and incubation time and 

optimal concentration of ρ-nitrophenol phosphate (ρNPP) was optimised to obtain the saturation point 

from detached cells and attached cells. Calibration curve of ALP then was identified in units per litre to 

allow comparison with the electrochemical experiments discussed in Chapter 4. Stability condition of the 

assay was investigated by performing linearity analysis. In addition, the hydrolysis of different 

concentrations of the substrate ρNPP by ALP release from adhesion cells was discussed. The 

differentiation strategies of this thesis was applied in order to prove real-time monitoring of ALP by 

absorbance.  

3.3 Methodology  

3.3.1 Reagents 

Mouse embryo fibroblast cells (Balb/c 3T3 Line), breast carcinoma epithelial cells (MCF-7 Line), lung 

carcinoma epithelial cells (A-549 Line), colon carcinoma epithelial cells (Ht-29 Line), 70% ethanol, and 

nanopure water (Grade 18 MΩ) (Tyndall National Institute, UCC). Newborn calf serum (NBCS), fetal bovine 

serum (FBS), Dulbecco’s modified eagle’s medium (DMEM), Minimum Essential Medium Eagle (MEME) 

and McCoy's 5A Medium, Hank's balanced salt solution (HBSS), Trypsin/EDTA solution, resazurin, HCl, 

MgCl2, KCl, virkon®, Trizma® (TRIS base), 2-Amino-2-Methyl-1-Propanol (AMP), diethanolamine (DEA), 

Triton X-100, 4-nitrophenol (ρ-NP),  and para-nitrophenol phosphate (ρ-NPP) (Sigma, Ireland)..  

3.3.2 Instrumentation 

Cell culture hood (Esco Airstream® Class II); 5% CO2 incubator (incusafe Panasonic); Water bath 37 °C 

(fisherbarnd); Centrifugation (universal 320 Hittch zentrifugen) and (Eppendorf 5415D Centrifuge); 

Inverted microscope and camera (Olympus); Eppendorf® Thermomixer® R; (-80 freezer); Fluorescent 

platereaders (Spectra Max Gemini), Absorbance platereader (Diasource ELISA Reader); Hemacytometer 

slide (Reichert Bright-Line); Glass cover slips (menzel-gläser) and cell counter; Pipettes (Rainin Pipet-X) 

and micropipettes (Gilson Pipetman®); Pipette tips (Greiner Bio-One), Pipettors (5-mL, 10-mL, and 25- mL) 

cell culture vessels  (75T flasks, 1.5-mL, 15-mL, 50mL centrifuge tubes, 96- and 48-well plates); and 

syringes 45 nm filters (Sigma, Ireland).  

3.3.3 ALP release and cell culture  

3.3.3.1 Working buffers  

Three working buffers were used to determine the assay buffer that could produce stabiles results. It is 

important to determine the final standard curve of pNP and to compare the results given in this chapter 

with those obtained in chapter 6. Colorimetric measurements were carried out in triplicate using the 

wavelength 405 nm. 70 μL of the product pNP range at (15-500 μM) were prepared in 1M DEA buffer, 30 
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mM TRIS base or 10 mM AMP. Each concentration of pNP were prepared in the presence of 30 μL of 

sample mixed with of 5 mM of pNPP. 30μl of 1M NaOH was added as it was normally present in the 

reaction solution. The optical density of each point was read in a platereader against a free-pNP buffer as 

blank. Graph relating absorbance to concentration of pNP was prepared for regression analysis. 

3.3.3.2 Solubilisation methods 

ALP normally releases in media but the neutral pH of media and the supplements in media limit the 

absorbance detection. Therefore, it is important to standardize the assay solution by staining cells in a 

buffer.  Figure 3.2 summarizes the steps of ALP release assay. Plate A) shows ALP release during 

detachment of cells. Plate B shows ALP release during adhesion of cells.   

For preparing sample, the cells were sub-cultured three times before seeding began under aseptic 

conditions using protocol used in in chapter 2, section (2.3.3). The following steps were performed 

according to the protocol illustrated in chapter 2 (2.3.8) in order to release ALP from cells. The first step 

was to enhance ALP releasing at 4-day-old culture by seeding cells as a monolayer at 48-well plates, 

incubated at 37 ℃ and 5% CO2 and changing media every two days. The cell lines used during this study 

was mouse embryo fibroblast cells (Balb/c 3T3 Line). Media, supplements and washing buffer used for 

culturing cells were Dulbecco’s modified eagle’s medium (DMEM), Newborn calf serum (NBCS), and 

Hank's balanced salt solution (HBSS).  

The steps of plate A were followed up; cells were washed twice with HBSS and trypsinized at 37 °C for 2 

minutes. Trypsin was naturalized by media and then centrifuged at 1000 rpm for 5 minutes. To get rid of 

red phenol, cells were washed again with HBSS and centrifuged at 1000 rpm for 5 minutes. To ensure 

stable condition of cell number, the 4-day-old cells were normalized at concentration of (250×103 cell/ 

ml). Supernatant was discarded, and cell pellets were resuspended in 70 μl DEA buffer in the presence of 

5 mM MgCl2, 30 mM NaCl, 0.1% Triton X-100, 5mM pNPP and at pH of 9.5. All the previous steps were 

done in an ice bath. The vials simultaneously incubated at 37 °C for 30 minutes. 30μl of 1M NaOH was 

added to stop the reaction. The supernatant then centrifuged for 5 minutes to discard of cells and 

determine the solubilized ALP. Measurements were applied in a 96-well plate in triplicate, and absorbance 

was taken at 405 nm using spectrophotometer.  

Further steps were conducted to ensure that ALP solubilized properly. The first step was sonicating cells 

at 37 °C for 30 minutes. Then supernatant was collected for the measurement. In the second step, after 

incubating cells for 30 minutes with the assay buffer, they were frozen at -80 °C for one minute, then 

thawed at 37 °C for another one minute. The cycle of freeze-thaw was done once, twice or thrice and then 

supernatant was collected for the measurement in each thawing time.  
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Figure 0.2: A schematic diagram of ALP release. Plate A describes the methods of determination of ALP 
release from detached cells, where cells were washed with HBSS and then exposed to steps involving 
trypsinzing, washing and centrifugation and then exposed to the buffer assay. Plate B describes the 
methods of determination of ALP release from attached cells, where cells were only washed and then 
directly exposed to the buffer assay. The buffer assay involves 5 mM MgCl2, 30 mM NaCl, and 5 mM pNPP 
and adjusted to 9.5 pH. 

3.3.3.3 Trypsin effects  

Trypsin affects ALP release negatively. To ensure that ALP had no trypsin effect, the steps in figure 3.2 

(plate A) were followed, where cells were firstly washed twice with HBSS and then incubated with trypsin 

for 5, 15, 30 or 60 minutes. This was then followed by the naturalizing, washing and centrifugation steps 

to allow the discard of supernatant. Then cells of (250×103 cell/ ml) were incubated in 70 μl of the assay 

buffer of DEA in the presence of 5 mM, pNPP, 5 mM MgCl2, 30 mM NaCl, at pH 9.5 for 30 minutes. 30μl 

of 1M NaOH was added to stop the reaction. Microscope images were taken for cells at each target time. 

Measurements were applied in a 96-well plate in triplicate, and absorbance was taken at 405 nm using a 

spectrophotometer. 
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3.3.3.4 MgCl2 concentration  

Magnesium chloride (MgCl2) is known for activating ALP and the high concentration of ion Mg2+ in the 

buffer reduces the possibility of denaturation of the protein-ALP enzyme, therefore, optimizing the 

addition the ions Mg2+ in ALP assay buffer is important [1], [2]. In triplicate, various concentrations ranging 

from 2 mM to 10 mM were prepared to make the assay buffer and 0 mM MgCl2 was used as a blank.  After 

the washing, trypsinzing, naturalizing, and centrifugation steps illustrated in figure 3.2 (plate A), 

supernatant was discarded and cells of (250×103 cell/ mL) were incubated in 70 μL of the assay buffer of 

DEA, which had different concentrations of MgCl2 and in the presence of 5 mM, pNPP and 30 mM NaCl, 

at the pH of 9.5 for 30 minutes. 30 μL of 1 M NaOH was added to stop the reaction. Supernatant was 

added in a 96-well plate in triplicate, and absorbance was taken at 405 nm using a spectrophotometer. 

3.3.3.5 NaCl concentration  

Sodium chloride (NaCl) is known to enhance the enzymatic reaction and was optimized for ALP release 

assay. In triplicate, various concentrations ranging from 0.01 M to 0.2 M were prepared to make the assay 

buffer and 0 M NaCl was used as a blank. After the washing, trypsinzing, naturalizing, and centrifugation 

steps, which are illustrated in figure 3.2 (pate A), supernatant was discarded and cells of (250×103 cell/ 

mL) were incubated in 70 μl of the assay buffer of DEA, which had different concentrations of of NaCl and 

in the presence of 5 mM, pNPP and 8 mM MgCl2, at a pH of 9.5 for 30 minutes. 30 μL of 1 M NaOH was 

added to stop the reaction. Supernatant was added in a 96-well plate in triplicate, and absorbance was 

taken at 405 nm using a spectrophotometer. 

3.3.3.6 pH effect 

The enzyme ALP works more effectively at high pH, but when pH increases its effectiveness declines. 

Therefore, it is important to determine the optimal pH of the assay for ALP release. The DEA buffer had 

its pH varied from 7.5 to 10.  After the washing, trypsinzing, naturalizing, and centrifugation steps 

illustrated in figure 3.2 (plate A), and then the discarding of supernatant, cells of (250×103 cell/ mL) were 

incubated in 70 μl of the assay buffer of DEA in the presence of 5 mM, pNPP, 8 mM MgCl2, 50 mM NaCl, 

at the specified pH for 30 minutes. (30μL of 1M NaOH was added to stop the reaction) In triplicate, 96well 

plate measurements were applied, and absorbance was taken at 405 nm using spectrophotometer.  

3.3.6 Optimization of absorbance measurement 

3.3.6.1 Standard curve of pNP 

It is important to determine the final standard curve of pNP and to compare the results given in this 

chapter with those obtained in chapter 6. Colorimetric measurements were carried out in triplicate using 

the wavelength 405 nm. 70 μL of the product pNP range at (15-500 μM) were prepared in DEA buffer 

before or after optimization. Each concentration of pNP were prepared in the presence of 30 μL of sample 

mixed with of 5 mM of pNPP. 30 μL of 1 M NaOH was added as it was normally present in the reaction 

solution. The optical density of each point was read in a platereader against a free-pNP buffer as blank. 

Graph relating absorbance to concentration of pNP was prepared for regression analysis. 
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3.3.6.2 Time incubation  

Incubation period is important in enzyme assays and can be shown by allowing an appositive linear 

relationship between the time and optical density. This is to reflect the accuracy of the assays and to 

ensure that the enzyme does not denature during the assay. Cells were incubated for 3 minutes in trypsin, 

followed by the naturalizing, washing and centrifugation steps to allow discard of supernatant. 70 μL of a 

sample with 20 U L−1 of ALP activity mixed with 30 μL of pNPP 5 mM, 8 mM MgCl2, and 50 mM NaCl in 

buffer DEA  30 μL of 1M NaOH was added to stop the reaction. The absorbance of the product pNP formed 

was assessed for interval time of 10 minutes for 60 minutes and measured at 405 nm using a 

spectrophotometer. A graph relating absorbance to time was prepared for regression analysis.  

3.3.6.3 Concentration of the substrate pNPP  

The concentration of substrate pNPP is an importance parameter as it’s quantity can limit the ALP assay. 

The incubation time fixed at 30 minutes and 70 μL of a sample was assessed with different concentration 

of substrate range at (5, 2.5, 1.25, 0.63, 0.31, 0.16, 0.08, and 0.04 mM pNPP).  Each concentration was 

mixed with 30 μL of 20 U L−1 of ALP activity and in the present of 8 mM MgCl2, and 50 mM NaCl in buffer 

DEA. 30 μL of 1 M NaOH was added to stop the reaction. Change of absorbance was recorded at 405 nm 

using spectrophotometer. The non-linear regression analysis of the Michaelis-Menten model was applied 

between absorbance and concentration to determine constants. 

3.3.6.4 Calibration curve of ALP  

In order to compare data of optical detection with electrochemical detection, the calibration curve of ALP 

was applied.  70 μL of a sample was assessed with 30 μL of different concentration of ALP activity range 

at (1-1500 U/L).  Each concentration had 6 mM pNPP, 8 mM MgCl2, and 50 mM NaCl in buffer DEA. After 

30 minutes, 30 μL of 1 M NaOH was added to stop the reaction. Change of absorbance was recorded at 

405 nm using spectrophotometer. To quantify the unknowns, Lineweaver-Burk model was plotted 

between the absorbance and ALP concentrations to obtain the linear equation.  

3.3.7 Linearity performance of ALP release vs cell number 

To perform the linearity trend of ALP release versus absorbance values, different concentrations of cells 

were applied. After the washing, trypsinzing, naturalizing, and centrifugation steps that are illustrated in 

figure 3.2 (plate A), supernatant was discarded. Different concentration of cell numbers was normalized 

at the range of (250, 125, 63, 31, 16, 8, and 3) ×103 cell/ml. The cell concentration was incubated in 70 μl 

of the assay buffer in the presence of 6 mM, pNPP, 8 mM MgCl2, 50 mM NaCl, and pH of 9.5 for 30 minutes. 

30 μL of 1 M NaOH was added to stop the reaction. The optical density of each point was read in a 

platereader at 405 nm against a free-pNPP buffer as blank. Measurements were applied in a 96-well plate 

in triplicate, and absorbance was taken for each buffer at 405 nm using a spectrophotometer. A graph 

relating concentration of cell number to optical density was prepared for regression analysis.  
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3.3.8 Concentration of the substrate pNPP form adhesion cells 

Cells adhesion has a different response from that of liberating cells. Therefore, the concentration of 

substrate pNPP need to be assessed in order to allow real-time monitoring of ALP from each cell line. Cell 

lines of 4 days old culture were washed with cold HBSS twice according to the steps illustrated in figure 

3.2 (plate B). 2-fold serial dilution of pNPP starting with 5 mM was prepared in the range of (5, 2.5, 1.25, 

0.60, 0.30, 0.16, 0.08 and 0.04 mM) in the DEA buffer in the presence of 8 mM MgCl2 and 50 mM NaCl. 

Cells were incubated in 70 μL of the specified buffers for 30 minutes.  Then, 30 μL of 1M NaOH was added 

to stop the reaction. Measurements were applied to a 96-well plate in triplicate, and absorbance was 

taken at 405 nm using a spectrophotometer. The absorbance values were plotted against substrate 

concentration and fit by linear and non-linear regression analysis, Lineweaver-Burk model and 

MichaelisMenten model.  

3.3.9 Real-time monitoring of ALP release from cells at post-confluence culture 

To induce ALP and allow real-time monitoring, cells were differentiated using post-confluence culture. 

Cells were seeded in 48-well plates at a concentration of 40 × 103 cells/mL for the following cells: Balb/c 

3T3, A549, and MCF-7, and at a concentration of 80 × 103 cells/mL for the Ht-29 cells. Cells had the media 

changed every two days to keep them healthy and with sufficient nutrients. After they reached their 

exponential growth and met the 95–100% confluence (Day 4), the cells were maintained in growth media 

for a further two days. Cells were washed twice with HBSS in each target day. ALP assay buffer at pH 9.5 

was added in the presence of 8 mM MgCl2 and 50 mM NaCl, 0.1% Triton X-100, and 6 mM pNPP and 0 

mM pNPP as a blank for each cell line. Vehicle control of each cell was prepared by adding two drops of 

Virkon® in the complete media for 24 h the night before the assay. Cells were then incubated in the 70 μL 

of the specified buffers for 30 min, and then 30 μL of 1M NaOH was added to stop the reaction. 

Measurements were applied in 96-well plates in triplicate, and absorbance was taken at 405 nm using a 

spectrophotometer. Data was collected for statistical analysis.   

3.3.10 Statistics analysis  

The absorbance data of ALP activity represents the mean of at least three independent experiments and 

statistically compared to electrochemical and capillary electrophoresis assays using ANOVA analysis and 

unpaired t-test (p> 0.05).  

3.4 Results and Discussion  

3.4.1 ALP release optimization 

3.4.1.1 Working buffers 

For optimal absorbance detection of mammalian ALP, the optical active compound p-nitrophenol (pNP) 

is produced from the enzyme reacting with a p-nitrophenyl phosphate substrate. Hence, buffer materials 

that display a favourable response towards p-nitrophenol should be promising for this type of absorbance 
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development. Hence, different buffers, including AMP, Triz and DEA, were used to detect p-nitrophenol 

optically. The given buffers were prepared in deionized water at pH 9.5, as this pH is an optimal range for 

mammalian. Figure 3.3 shows the relating absorbance changes when using different buffers. The curves 

were plotted using linear polynomial fit model due to enzyme reactions.  It would appear that the curve 

of the DEA buffer provides the greatest improvement in analytical signal compared to the Triz and AMP 

curves.   
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Figure 0.3: Effect of buffer type on pNP concentrations using absorbance detection at 405 nm. All 
measurements were made at pH 9.5. (Linear polynomial fit model). 

 

This can be further confirmed by viewing the linearity parameters (table 3.1.). The data obtained while 

plotting linear fit model. However, upon carrying out an ANOVA analysis on the three curves for each 

buffer opposite to the DEA data, a P-value was higher than 0.05. Therefore, there is no significant 

difference between the three buffers. 

 

Table 0.1: Linearity parameters for pNP concentrations vs different buffers using absorbance detection at 
405 nm. 

Buffers Linear range (mM) R2 slope  intercept 

DEA 0.02-0.5 0.97 4.38 0.15 

Triz 0.02-0.5 0.98 3.24 0.08 

AMP 0.02-0.5 0.99  2.79 0.23 

The slope increased if the samples were subjected to DEA buffer (pH 9.5). The means of 3 replicates and 

coefficient regression R2 are given (Linear Model). 
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3.4.1.2 Solublisation methods 

Solubilisation methods were applied to attain the maximum enzyme expression ability of treated cells 

[69], which was then compared to the quantity of ALP released through the suggested methodology.  In 

Table 3.2, the solublisation method of ALP release was summarized from Balb c/3T3, and analysis 

parameter was added: means, 95% C.L. and p-values. The methods were: (a) trypsin only, (b) trypsin and 

sonication, (c) trypsin and freeze-thaw once, (d) trypsin and freeze-thaw twice, and (e) trypsin and 

freezethaw thrice. The quantity of ALP release from 250 ×103 cell/ml in the presence of 5 mM MgCl2, 30 

mM NaCl, and at pH 9.5 was analysed using absorbance at 405 nm. It is obvious that the highest results 

of ALP release were obtained from sample freeze-thawed twice whereas the lowest were obtained from 

the sonicate method. Moreover, the mean values of each method were compared to the trypsin only 

method by using Student’s t-test. There was a significant difference (p<0.05) between the absorbance 

values of the ALP release of trypsin only method and those which were sonicated, freeze-thawed once or 

freezethawed twice. There was no difference with that freeze-thawed three times due to high standard 

deviation. Despite the fact that the overestimated values of freeze-thaw cycles were expected, it differs 

from the method of trypsin only by (±0.11). Accordingly, this method was used in all steps of this thesis to 

meet the aim of determining ALP release when cells are at the attachment state. 

 

Table 0.2: effect of solublisation methods of ALP release. 

Solublisation methods Meann(SD) 

absorbance at 405 nm 

95% C.L. Statistical comparisons 

vs. trypsinized only 

Blank 0.093 (0.005) 0.0057 - 

Trypsinized only 0.475 (0.012) 0.0137 - 

Trypsinized /sonicate 0.432 (0.013) 0.0142 P<0.05* 

Trypsinized /freeze-thaw (1X) 0.550 (0.010) 0.0111 P<0.05* 

Trypsinized /freeze-thaw (2X) 0.580 (0.011) 0.0119 P<0.05* 

Trypsinized /freeze-thaw (3X) 0.533 (0.025) 0.0283 NS 

 

After the detachment step using trypsin, the sensitivity is significantly increased if the samples are 

subjected to sonication or freeze-thaw cycle once or twice (37 °C and -80 °C). The means of 3 replicates 

and 95% confidence limits (95% C.L.) are given. *P<0.05 using student’s t-test. NS, not significantly 

different. 

 

3.4.1.3 Optimization of factors affected ALP release 

Some factors were considered for assaying ALP release involving trypsin, ionic strength, pH and a proper 

concentration of essential ions that were responsible for catalyzing the reaction. Trypsin negatively affects 

ALP [70]. Therefore, it was incubated with samples several times from 5 minutes to 60 minutes. After the 

washing steps, cells were incubated with the assay buffer and absorbance was taken. ALP release 
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remained unchanged up to 15 minutes. And by increasing the incubation time of trypsin with cells to 30 

minutes and 60 minutes, the values of ALP release decreased by 12-15%. This met the findings 

investigated by Catherine et al. (1985) [70]. Microscopic images of cells showed slight differences in the 

morphology of cells during incubation with Trypsin at different time. In 5 minutes, some cells did not 

detached from the plate, while those in 15 minutes had just left the plate. This is shown by the spindle 

shape illustrated in the images inserted in figure 3.4 (A). The morphology of cells in 30 minutes and 60 

minutes had absolute circle shape and they already resuspened in the media.  It is important to determine 

the optimal concentration of MgCl2 for ALP release as Mg2+ ions are responsible for enhancing the 

enzymatic reaction [71]. ALP release was obtained in the presence of varying MgCl2 ion concentrations 

range from (2, 4, 6, 8 and 10 mM), and 0 mM was used as blank (Fig. 3.4 B). The analysis curve showed 

that a slight increase in ALP release occurred as MgCl2 concentration raised from 2 mM to 8 mM. The 

activation of alkaline phosphatase by MgCl2 also levelled off at 10 mM [72], which was corresponding to 

concentration used in ALP kit of Siemens company. ALP release is accelerated by the presence of cations 

like Na+ and K+ [73]. Addition of NaCl was reported for ALP release [68].  The experiment was carried out 

by applying the 2-fold serial dilution of NaCl starting from 0.2 M, and the 0 M was used as the control (Fig. 

3.4 C). In experiments to determine optimal concentration of NaCl, release ALP was monitored by 

measuring the absorbance change in the presence of varying NaCl concentrations. The analysis curve 

showed that a progressive increase in ALP release occurred as NaCl concentration was raised from 0 M to 

0.05 M. The values levelled off up to 0.2 M. The highest concentration shows high variance (about 9 % 

CV), because of the high viscosity of the solution and the hard separation of cell pellets from the 

supernatant. 0.05 mM obtained was suggested for further experiments. The influence of the pH value of 

the buffer on the performance of enzyme assay was investigated. Fig. 3.4 (D) shows a typical pH curve of 

enzyme reaction. At lower pH, the ALP values were lower, because this enzyme works properly in higher 

pH. The increment of the values of ALP continued from 7.5 to 9.5, followed by a decrement at 10 pH. It is 

obvious that ALP release is pH dependent and that 9.5 pH is the optimal.  When there is about (0.5±) of 

the optimal pH occurs, the values of absorbance change to lower. This might indicate sensitivity of the 

enzyme where its amino acid charge changed and caused enzyme denaturation. Therefore, the 

mammalian ALP has the optimal pH of 9.5 and at this pH the ALP is more stabilized and more active. All 

the experiments were carried out in pH 9.5 of DEA. 
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Figure 0.4: Optimization of factors affected ALP release from Balb/c 3T3 cells (250×103 cells/mL) using 
absorbance detection (405 nm) and DEA buffer. (A) Effect of Trypsin on ALP release at different incubation 
times. ALP release remains constant if trypsin is incubated with sample for up to 15 minutes. In the inset, 
the microscope images of cells exposed to trypsin. (B) The influence of concentration of MgCl2 on the ALP 
release. (C) The influence of increasing concentration of NaCl on the ALP release. (D) The influence of pH 
of DEA buffer on the ALP release. ALP release has the highest value if the buffer pH is 9.5 

3.4.2 Optimization of absorbance measurement  

DEA buffer displayed better results (Fig. 3.3), and therefore was chosen as the optimal buffer for 

application in the rest of the experiments. The buffer assay had, in addition, optimized like MgCl2 

and NaCl, which affect the performance of the standard values of pNP concentration. In order to 

obtain the linear equation of the standard curve of pNP and use it for comparison with the data 

found in chapter 6, different concentrations of pNP was made in the optimised DEA buffer and 

linear relationship was applied.  Figure 3.5 (A) showed good linear performance, with coefficient 
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regression R2 of 0.98, the slope was 5.3 and the intercept was 0.34. This would appear to indicate 

that the curve provides sensitivity greater than that not optimized (Table 3.1).  However, an 

ANOVA analysis of the data for not optimised DEA buffer and the data of optimized DEA buffer 

revealed a p-value that was higher than 0.05. Hence, there is no significant difference between 

the two buffers in sensitivity. 

The absorbance determination of ALP release versus time was performed and showed a linear 

dependence manner. When time of incubation increases, the ALP release increase. Figure 3.5 (B) 

shows that values raised slowly up to 40 minutes and then levelled off slowly. However, the 

linearity relationship has very good coefficient regression R2 of 0.9 8. In accordance with these 

results, an incubation time of 30 minutes was then selected for further absorbance experiments. 

Longer incubation time shows less variance, which also improve the response.  

In order to determine the optimal amount of substrate, it is obviously essential to ensure that 

the concentration of substrate is not the limiting factor. The absorbance values were plotted 

against substrate concentration and fitted by non-linear regression analysis to the Michaelis-

Menten model, with coefficient regression R2 of 0.98. The corresponding Vmax of 1.34 and km 

of 0.33 mM and the corresponding concentration of pNPP at 95 % of Vmax was 6 mM, which all 

were estimated from the analysis are shown in (Fig. 3.5 C). This amount is almost 20 times higher 

than the km which is saturated for the enzyme assay reaction [74]. These results are compatible 

with the study done by Sancenon et al. (2015) where pNPP hydrolysed by ALP reach the km in 

the range of 0.385 ± 0.250 mM  in room temperature and at pH of 9.5 [75]. The calibration curve 

of ALP was applied in order to convert absorbance values to an enzyme unit (e.g., U/L). Figure 

3.5 (D) shows that the absorbance values of ALP concentration (1-1500 U/L) were plotted using 

Lineweaver-Burk model with good linear regression of R2 of 0.99. The linear equation obtained 

was used later for normalising data to the enzyme unit of U/L.   
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Figure 3.5: Absorbance optimization of ALP release applied at 405 nm and pH 9.5. (A) standard curve of 
concentration of pNP (0.16-5 mM) relating to absorbance response (R2 = 0.98). (B) Optimization of 
reaction time for the enzymatic assay of ALP release. (C) Optimization of pNPP concentrations (0.2-5 mM 
pAPP) at 30 minutes incubation time. (D) The calibration curve of ALP activity ranging from 1.5-1500 U/L 
fitted by Lineweaver-Burk model (R2 = 0.99). 

3.4.3 Linearity performance of ALP release vs cell number 

The linear relationship between ALP release and cell number was analysed. It is usual to use a 

concentration of substrate about 10-20-fold higher than the Km in order to determine the level of an 

enzyme in a sample. Cells were exposed to the assay buffer in the presence of 6 mM pNPP following the 

steps in plate A in figure (3.2). The absorbance was linear for ALP released from the four cells (Fig. 3.6). 

This indicated a steady state conditions throughout the assay for all given cells. In Balbc/3 T3 cells, the 

highest value of ALP released was 0.96 while that of MCF-7 cells was 0.72, which was also the lowest value 

of ALP released among other cells. At the lowest concentration of (4×103 cell/ ml), the MCF-7 cells showed 

absorbance of 0.37, which is better than that observed from Balb/c 3T3 cells of 0.25. Both showed a linear 

response (R2 = 0. 84 for Balb/c 3T3 cells and 0.88 for MCF-7 cells). ALP release from A549 cells and Ht-29 

cells showed higher values 2.34 and 2.89, respectively, and better resolution than previous cells with a 

highly linear response (R2 = 0. 98) for both cells. Moreover, the latter value expressed from Ht-29 cells had 

levelled off from the concentration of (60×103 cell/ ml), which indicates one of the limitations of optical 

detection techniques. The short linearity interval displayed by Ht-29 cells also indicated that ALP release 

is at high concentration. It is suggested to reduce the cell number for future experiments when applying 

linear trend.   
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Figure 0.6: The linearity of the ALP release from the given cells was determined by linear regression analysis 
of the A405 absorbance values opposite different number of cells. 

3.4.4 Concentration of the substrate pNPP from adhesion cells 

When cells undergo many steps, the possibility of errors increases. In addition, cells are lost.  For example, 

the trypsin steps means that cells are exposed to the washing and centrifugation twice. This analysis 

follows the steps in figure 3.2 (plate B). 4 days-old cells were washed twice with cold HBSS and were 

incubated with the assay buffer at a concentration range of 0.1 to 5 mM pNPP. The absorbance values 

were plotted against substrate concentration and fitted by non-linear regression analysis to the 

MichaelisMenten model. Figure 3.7 illustrates the enzymatic reaction of release ALP from Balb/c 3T3, 

A549, MCF7, and Ht-29 cells versus different concentrations of the substrate pNPP. Due to the non-

regression (R2 was less than 0.9), the Lineweaver-Burk model was applied to determine the constants of 

Vmax and Km (as is illustrated in the insert). Each cell line shows linear regression with R2= 0.97. The 

corresponding constants and the corresponding concentration of pNPP at 95 % of Vmax was calculated 

for each cell line. Table 3.3 summaries the performance analysis. The Km values of pAPP from each cell 

line were as follows: Balb/c 3T3 = 0.18 mM, A549 = 0.24 mM, MCF-7 = 0.25 mM and Ht-29 = 0.93 mM. 

The Vmax values were as follows: Balb/c 3T3 = 0.604, A549 = 1.017, MCF-7 = 0.902 and Ht-29 = 1.986. The 
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corresponding concentration of pNPP at 95 % of Vmax was as follow: 3.4 mM for Balb/c 3T3 cells; 4.4 mM 

for A549; 4.75 mM for MCF-7; and, 17.67 mM for Ht-29. The differentiation of the parameters indicates 

the different activity of ALP in each cell line. The obtained kinetic data from Lung cancer cells and breast 

cancer cells were compatible with the study done by Sancenon et al. (2015) where the pNPP concentration 

at half maximal velocity in pH 9.5 was in the range of 0.385 ± 0.250 mM [75]. On the other hand, colon 

cancer cell lines exhibited the highest activity and the embryonic cell line has the lowest activity according 

to their substrate concentration consumed at half maximal velocity. It is suggested to increase the initial 

concentration of the substrate when applying kinetic enzyme assay for ALP release from Ht-29 cells in the 

future work. This can be seen by the curvature. The line curved at (1.6) and the plateau level estimated 

by the model was at (1.9).  

 

Figure 0.7: Optimization of pNPP substrate for adhesion cells fitted to the Michaelis-Menten model with 
R2 less than 0.9 for all cells. In the inset, the Lineweaver-Burk model of enzyme release and pNPP 
concentration with linear regression R2 higher than 0.9 for all cells. 

Table 0.3: A summary of the performance analysis of pNPP from different cells. 

Cells Vmax Km (mM) intercept slope R2 pNPP (mM) 

Balb/c 3T3 0.60 0.18 1.70 0.29 0.98 3.4 

A549 1.02 0.24 0.95 0.24 0.97 4.4 

MCF-7 0.90 0.25 1.46 0.28 0.99 4.8 

Ht-29 1.99 0.93 0.53 0.47 0.97 17.7 

After applying various concentrations of pNPP on adhesion cells and incubating for 30 minutes, 

absorbance was taken and the plots of M-M and L-B were fitted the data (n=3) with good regression 

analysis. Constants Vmax, Km and linear equation were determined. Optimal pNPP for ALP release from 

each cell line was calculated. 
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3.4.5 Real-time monitoring of ALP release from cells at post-confluence culture 

Real-time monitoring of ALP release from Balb/c 3T3 cells, A549 cells, MCF-7 cells, and HT-29 cells was 

conducted. ALP was induced by differentiation using post-confluence culture. Cells were cultured for two 

more days after reaching 95-100 % confluence on day 4. Table 3.4 summarizes the results of ALP release 

in the target days for each cell with the vehicle control (VC), and the blank. It is obvious that the ALP 

release increases gradually from day 4 to day 6. This rise was shown from all cells. Furthermore, the data 

in day 5 and day 6 was compared to the control (data of day 4) using an unpaired t-test.   

There was a significant difference between the data of ALP release from day 5 and day 6 compared to that 

released from day 4. Balb/c 3T3 cells had an average level of ALP of 0.489 on day 4 and the value increased 

on day 5 and day 6 (0.601 and 0.856, respectively). The value of lung cancer cells exhibited a sharp 

increment from day 4 to day 6, which was 0.721, 0.905 and 1.72. The breast cancer cells showed slight 

incensement from the fourth day to the sixth day, and that was 0.547, 0.670 and 0.724, respectively. The 

colon cancer had the highest release value of ALP (1.701) at confluence day compared to others and also 

for the post-confluence day 5 and day 6 of 2.262 and 2.856, respectively. Vehicle control of all cells showed 

less values. The cells of Balbc/ 3T3 and A549 cells had 0.172 and 0.178, respectively, whereas the MCF-7 

and Ht-29 cells had 0.218 and 0.274, respectively, all of which represented significant differences when 

compared to the control. The buffer blank of all data was very low as no substrate was added to the assay. 

Confluent cells are used in the releasing enzyme [52], [62]. This monolayer can provide the most 

physiologically relevant conditions of impedance assays [76].   

Table 0.4: Summary of ALP release from each cell line versus target days at post-confluence culture. 

 Day 4 Day 5 Day 6 VC Blank 

Balb/c 3T3 (0.489 ± 0.010) (0.601 ± 0.026) * (0.856 ± 0.020) * (0.172 ± 0.006) * (0.045 ± 0.01) * 

A549 (0.721 ± 0.021) (0.905 ± 0.006) * (1.723 ± 0.017) * (0.178 ± 0.015) * (0.053 ± 0.02) * 

MCF-7 (0.547 ± 0.019) (0.670 ± 0.018) * (0.724 ± 0.015) * (0.218 ± 0.016) * (0.064 ± 0.01) * 

Ht-29 (1.701 ± 0.036) (2.262 ± 0.031) * (2.856 ± 0.004) * (0.274 ± 0.072) * (0.055 ± 0.2) * 

After exposing cells to the corresponding optimal substrate concentration of pNPP, absorbance 405 

detection was used and obtained data were expressed as mean ± SD of measurements of three 

independent experiments with VC (vehicle control) that had dead cells, and the blank with no cells and no 

substrate. P-value of post-confluence culture compared to control (data of day 4), * p<0.05 significant is 

difference. 

3.5 Conclusion  

Alkaline phosphatase is a cancer biomarker, and real-time monitoring allows an understanding of the basis 

of diseases and progression of cancer. The aim of this research was to develop a methodology for realtime 

monitoring of ALP release from two types of cells: embryo fibroblast cells (Balb/c 3T3) and cancer 

epithelial cells (A549, MCF-7, Ht-29) using spectrophotometric analysis.   
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At alkaline pH, the enzyme ALP hydrolyzes the colourless p-nitrophenol phosphate to the yellow, 

pnitrophenol, with absorbance of 405 nm. Many buffering materials exhibit good buffering at high pH like 

DEA, AMP and Triz. These materials are preferable and recommended in alkaline enzymatic assays and 

therefore were investigated in this study. The absorbance values obtained from different concentrations 

of pNP as the final product of the enzyme assay in the presence of 1 M DEA buffer brought about the 

highest shift of absorbance compared to AMP and Triz, although no significant difference was shown (Fig. 

3.3). Hence, it was used throughout the experiments.   

The DEA buffer was decided to be the alkaline environment of enzymatic reaction of ALP release. To 

release ALP, cells membranes need to be broken and therefore 0.1% of Triton X-100 was added to the 

assay buffer. Accordingly, the results of ALP release from cells were determined and compared to 

solubilization methods, including sonication and freeze-thawing cycles. Such methods can attain the 

maximum enzyme expression from treated cells. It was found that freeze-thawing the samples twice 

brought about the highest enzyme level (0.580). As there was (±0.11) difference between the control 

methods (Trypsinized only) and the (freeze-thawing twice) of ALP release, it is recommended the method 

of (Trypsinized only) can express a proper ALP and facilitate the elimination of multiple steps (Table 3.2).  

In this study, liberating of cells from plate was required by using trypsin. The effect of trypsin addition was 

investigated. After incubation cells at different time with trypsin, ALP release was determined. It was 

found that ALP release remains constant if trypsin is incubated with a sample for up to 15 minutes (Fig.3.4 

A). DEA is a biological buffer, in which its pKa depends on the buffer concentration and temperature. 

Cofactors were important in enzymatic assays, which were investigated in this study. Findings revealed 

that magnesium chloride and sodium chloride brought about better resolution of ALP release if the 

concentrations of them added were not less than 8 mM and 50mM respectively (Fig. 3.4 B) and (Fig. 3.4 

C). ALP release was determined at pH range and at 37 °C. It was found that 9.5 pH displayed the best 

buffering (Fig. 3.4 D). 

The parameters considered for this assay were optimized and displayed well-standardized curve of pNP. 

(Figure 3.5 A). Slope and intercept were obtained for comparison in chapter 6. The positive linear 

dependence manner of enzymatic assay with time can show stability of the enzyme over the time. ALP 

release over time was investigated, and it was found that the assay is time-dependent and 30 minutes 

was recommended (Fig. 3.5 B). pNPP substrate was optimized using detached cells and had Michaelis 

constants (KM) of 0.32 mM, (Vmax) of 1.34.  As such, an optimal p-NPP concentration of (10-20 x Km), 6 

mM was found (Fig.3.5 C). In order to facilitate a comparison of the obtained data from 

spectrophotometric analysis with those obtained from electrochemical analysis, calibration curve of 

alkaline phosphatase was investigated (Fig. 3.5 D). Units were converted using the obtained linear 

equation for comparison in chapter 6. 

ALP release was determined from various cell number linearity analysis. All cells exhibited linear trend 

with good regression analysis (Fig. 3.6). Ht-29 exceeded the reference range of the spectrophotometer at 

the concentration of (~60×103 cell/ml) (Fig. 3.9 D). pNPP substrate was investigated during cellular 

adhesion, and it was found that there was a difference in (km) and (Vmax) values (Fig.3.7). The embryonic 

cells and lung and breast cancer cells displayed quite similar enzyme activity whereas colon cancer cells 
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has very high enzyme activity. Cells were differentiated using post-confluence culture for two days (day 5 

and day 6) and compared to control (day 4), where confluence reached 95-100%.  ALP release was 

increased gradually from day 4 to day 6. An incensement of ALP release was shown from all cells during 

the three days (Table 3.4).   

The main aim of this study was achieved by providing convenient and reliable samples of ALP release for 

sensitively and continuously assaying using absorbance measurements, which made it easier for 

optimizing the methodologies for ALP release using electrochemical measurements in next chapter. 
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Electrochemical Assay of Alkaline 

Phosphatases (ALP) 
Note: This chapter has been published in Journal of Biosensor. Please refer to Appendix. 
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4.1. Aim and Objectives  

The aim of the research outlined in this chapter was to optimize real-time monitoring of ALP release from 

two types of cells: embryo fibroblast cells (Balb/c 3T3) and cancer epithelial cells (A549, MCF-7, Ht-29), 

with electrochemical analysis-linear sweep voltammetry technique being applied. This optimization would 

then be compared with optical detection of ALP in chapter 3. The novelty of this aim was that no 

electrochemistry assay was done for ALP release from the given cells. In addition, ALP release have not 

been detected by electrochemistry assay during differentiation of post-confluence culture for all gievn 

cells. 

These aims were achieved through the following objectives: 

1. To characterize graphite screen-printed electrodes and use potassium Ferri/Ferrocyanide solution 

before and after the cleaning process.   

2. To obtain the standard curve of p-aminophenol (pAP) and thus observe the parameters of linear sweep 

voltammetry of pAP oxidation peaks.    

3. To optimize incubation time of the substrate ρ-aminophenol phosphate (ρAPP) with ALP release.    

4. To determine the saturation point of the substrate ρAPP using non-linear regression analysis (e.g. 

Michaelis-Menten model).   

8. To determine the calibration curve of ALP and identify the amount in Units per Litre (U/L) that can be 

compared with absorbance experiments in chapter 3.   

5. To investigate linearity performance of ALP release with different concentrations of the given cells.  

6. To investigate the hydrolysis of different concentrations of the substrate ρAPP by ALP release from 

adhesion cells and determine Michaelis constants (Imax) and (Km) for the substrate ρAPP for each cell.  

7. To allow real-time monitoring of ALP release using post-confluence culture for 3 days.   

4.2. Introduction  

4.2.1. Principle 

The determination of ALP release from cells is conducted by the absorbance principle, which is performed 

in the presence of p-nitrophenyl phosphate and DEA as the alkaline buffer and at absorbance of 405 nm. 

As described in chapter 3, this method is simpler and cheaper than other spectrophotometric methods, 

such as fluorescence [1]–[3] and chemiluminescence [4]–[6]. Therefore, it is still recommended by 

European Society for clinical chemistry and mostly applied by international companies like the (Siemens). 

Electrochemical principle is important, because the point-of-care testing increases dramatically and the 

absorbance techniques hardly meet the medical revolution. The detection of ALP using electrochemical 

detection contributes to the integration systems field, hence enhancing the detection of biological targets 
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based on the electrochemical change of electrode interfaces. This enhancement supports the 

pharmaceutical research and design system for drug analysis, and therefore, it is important to develop a 

methodology based on the electrochemical method for real-time ALP release.  

Electrochemistry allows integration in small devices that is required for point-of-care testing. 

Electrochemical detection techniques are relatively easy to use and offer relatively fast detection. This is 

reflected in Clark's work (1954) [7]. Electrochemical biosensors for ALP have rapidly developed since 1991, 

when Thomson and his team published their work comparing ALP resolution of electrochemical to results 

of optical detection [8]. The principle was based on hydrolyzing o-phosphate by ALP in the presence of 

the p-aminophenyl phosphate (pAPP), where the non-electroactive substrate under the alkaline 

environment served to generate an electroactive (pAP). The research of the group has contributed to 

developing ALP electrochemical detection, which has allowed researchers to take advantage of 

Thompson's contributions and apply different approaches (Table 4.1). 

Table 0.1: The research contributed to the development of ALP biosensors. 

Year Contribution Substrate  Biological 

sample 

Pros /cons    Ref. 

2000 Reduce the over-

potential  by using 

Tyrosinase  

Phenol 

phosphatse 

serum Good stability but has two 

reactions steps. 

 

[9] 

2009 minimized the reaction 

in one single step 

Phenol 

phosphatse 

- No biological sample was 

used 

[10] 

2012 amplify the 

electrochemical signals 

p-nitrophenol 

phosphate 

- ionic liquid was used for more 

conductivity 

[11] 

2013 self-assembled 

monolayers  to modify 

gold electrodes for 

redox cycling  

p-aminophenol 

phosphate 

- Enhancing detection by 

cysteamine, tris(2-

carboxyethyl) phosphine 

(TCEP), or nicotinamide 

adenine dinucleotide 

(NADH). 

[12] 

2015 signal amplification 

using a single molecular 

exonuclease-assisted 

signal 

- serum It is more sensitive than the 

immobilization-based 

electrochemical methods 

[13] 

 

So far, investigations of ALP release from MCF-7 of breast cancer, A549 of lung cancer, and HT-29 of colon 

cancer have only been carried out using fluorescence and chemiluminescence. The optimization achieved 
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as a result of spectropscopy would be negatively affected by the limitations (e.g., the cost, and the size of 

instruments). Accordingly, this chapter will explore the parameters of enzyme assay and apply 

electrochemical assay for ALP release from living cells. Figure 4.1 illustrated the schematic reaction for 

this study. 

 

Figure 0.1: Schematic of the electrochemical reaction of ALP release [8]. 

4.2.2. Background 

Investigation of ALP release as a quantitative indicator of gene reporting in mammalian cells began in 1988 

[14]. However, it was not until the development of the electrochemical immunoassay [15] that the 

electrochemistry of ALP release as a secretion enzyme from cells began to grow in popularity [16]–[18]. 

Almost ten years later, a proper protocol of ALP release was investigated using methods of molecular 

biology, biochemistry, enzymology, and chemiluminescence. These methods were conducted using 

genetic methodologies for manipulating ALP release from cells using different transfection and 

transformation tactics [19]–[23]. These findings enhance the detection of ALP using electrochemistry 

[24]–[27]. Kelso et al. (2000) exploited electrochemical immunoassay, and were likely the first to detect 

secreted ALP in media using screen-printed electrodes and 2-naphthyl phosphate [28]. Kelso's group took 

advantages of the developed progress from electrochemical immunoassay contributions. They infected 

CHO cell lines to release ALP, which showed sufficient results that could be further optimized to increase 

sensitivity. 

4.2.3. Literature review 

Electrochemical analysis can increase the effective detection of ALP release from cells. The initial protocols 

of developed methods of ALP release in vitro used the same strategies used for β-galactosidase, like 

JM109, chromosomal gene fusion, yeast-two hybrid system, and viral vectors of CRE- (CMV)-SPAP [45]. 

With gene-modified strategies in place, vector of (CRE-SRE- (CMV)-SPAP) were originally called 
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Cytomegalovirus —they were, after all, used for cell infection to allow ALP release [19]–[23], [28] They 

soon became known as gene modifiers when scientists realized that controlling ALP release of 

inflammation means modifying them in order to make them work more efficiently. Three of these 

modified vectors are pNFαB-SEAP, pSEAP2-control and pSEAP2-basic [29].  

Compared to the infection method, the use of modified vectors is a very delicate experiment, only 

appearing around the addition of plasmids. The addition of plasmids to cells occurred in the presence of 

Opti-MEM I media and lipofectamine and incubated for 5 hours and then replaced by the routine media. 

ALP release was carried out in the HEBES buffer and 5 mM pAPP 150 mM NaCl, 4.2 mM KCl and 11.2 mM 

glucose and by using platinum electrodes.  The developed methodology, however, allowed a detectable 

ALP release of 7 nA at 5X105 cell/ml compared to the control which was 3 nA using the amperometric 

technique. However, low ALP expression form MCF-7 cancer cells was because breast cancer cells is poor 

expressing genes compared to the benign breast tumour [30]. Moreover, the designed plasmid DNA 

required standards addition of lipofectamine for safe delivery of exogenous DNA into cells [31]. They used 

large working area about 8.8 cm2.  

The following development was add another step to the transfection method which was the infection 

method. It was believed that receptors expressed from genetically engineered cells will recognize the 

addition of endotoxin and then will activate NF-kB (nuclear factor kappa B) that is control expression of 

ALP release. Different concentration of Escherichia coli bacteria was used as source of endotoxin and 

incubated with 1.5 mM pAPP with cells for 24 hours [32], [33]. This method used embryonic kidney cell 

lines, which was commercially transfected has ALP released up to 60 nA from 1X105 cell/ml for 24 hours. 

Nevertheless, this data were shown at the optimal pH of endotoxin which was 6.5 and at alkaline pH the 

data started to shrink and saturated at about 25 nA. Moreover this method affect cell viability as the 

incubation with bacteria took 24 hours. 

In this method, more attention was paid to the electrolyte. After transfection, cells were washed with 10 

mM HEBES buffer and incubated for 10 minutes with the same buffer containing 150 mM NaCl, 4.2 mM 

KCl, 11.2 mM glucose, 1mM Na2HPO4 and at pH of 7. This solution was then transferred to the assay 

buffer, which was also HEBES, but at 9.5 pH in the presence of 4.7 mM pAPP. ALP release from treated 

cells was about 70 pA and that from non treated cells was 30 pA.  Although a proper ALP release was 

achieved and a significant difference appeared compared to the control, the experimental set up caused 

inappropriate cell viability. Cells stay alive for 1 hour after exposure to the indicator pAPP. The cell density 

in this assay was hard to control, which means that the number of cells shown does not reflect the actual 

ALP release. The assay also suffered from the rate reaction of pAPP, which caused high standard deviation.  

Thus, an attempt was made to develop the determination of the number of cells that undergo the assay 

and minimise the concentration of pAPP at about 1 mM [34]. This assay showed 95 % of viable cells at the 

first hour of incubation with assay buffer and viability reduced by 55% points to stay 40% alive after 2 

hours of incubation. The average of ALP release from treated cells was up or 10 pA, at the first minute. By 

10 minutes, it was 20 pA, and by 20 minutes it was 30 pA. When pAP could move into grooves made 

between microwells the oxidation current to 70 pA. Although the mobility (diffusion) that the assay could 

achieve (for pAP), the oxidation current stayed constant when time increase. Also untreated cells showed 
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betterregular increase with traditional design of microwell compared to that integrated with grooves, 

hence, more experiments were required for controlling the assay and reducing the background current.  

The overlap and the low current resulted in the enzymatic reaction of ALP release requires experiment 

optimization. There were a number of matters need to be considered, for example, interfering with 

endoALP, which believed it is the reason behind the noise. These matters were investigated by comparing 

ALP release in supernatant and in media for treated and untreated cells [35]. Studies have shown that, 

there is no ALP release in the supernatant of untreated cells and the data was the same as the background. 

ALP release was shown in the media of untreated cells with high standard deviation. On the other hand, 

ALP release in media from treated cells was as twice as that released in supernatant. This assay used 5-6 

X104 cell/ml and incubated with the substrate for 4 hours to indicate the results. As the endoALP became 

further related to ALP release, its level can be further optimised to allow reporter gene analysis. 

At the same time, the development methodology carried out for ALP release returned back to the 

immunoassay detection techniques and used ALP antibody-antigen immobilised on a substrate in the 

presence of 4.7 mM pAPP and HEBES buffer in order to test the accuracy of the assay. The findings 

observed relationship between cell number and ALP release, the lower cell number the higher standard 

deviation. The findings observed was high at lower cell number and indicated a positive relationship 

between cell number and ALP release. Prior research suggested that better electrochemical signal results 

in high ALP concentration, which can be achieved by increasing cell number.  It is worth noting that 

transfection methodology is more suitable for less cell number. Another method to monitor ALP release 

from 1000-2000 embryonic stem cells were applied in the presence of β-mercaptoethanol to avoid 

differentiation of cells [36]. Cells inserted into the working area and Triz buffer was added instead of the 

usual HEBES buffer and that involved 4.7 mM pAPP and pH of 9.5. The replacement buffers was because 

of the pH stability as the HEBES provide alkaline environment of up to 8.2, whereas ALP reaction needs 

higher pH around 9.5 to bring about a reliable electrochemical signal. Their findings were qualitative and 

compared the size of the cells’ aggregation to the resulting current and verified it by glucose addition as 

a positive control. However, the experiment conditions of 3 hours might influence the results. For 

example, the absence of glucose for 3 hours affected the viability of cells, hence deactivating ALP release. 

The long-time monitoring of ALP release caused accumulation of pAP in the buffer, thus illustrating high 

quantity of ALP release. 

The approach of addition or absence of supplements was avoided in the work done by Yildirim-Semerci 

et al. in 2015 [37].  They used an osteoblastic cell line, as it’s known for its self-differentiation and, 

accordingly, releasing ALP. Their methodology relied on associating ALP release to cell number, which was 

verified by Trypan blue assay. The measuring solution was 50mM of Triz buffer containing 5 mM pAPP, 

0.1 mM ZnCl2, 1 mM MgCl2 and had a final pH of 8.0. This method paid more attention to the component 

of assay solution. The obtained findings based on electrochemical activity assay were in line with 

incubation time, as there was an increase of ALP release when the incubation time of sample was 

increased. ALP increased in bone cells during the first stage. When the minimization step started, the ALP 

decreased, which was optioned in the previous method. However, cells number could increase as well 

and cause ALP increase. Also, electrode surface was isolated by cells conflunce and hindered pAP diffusion 

which might cause ALP levelling at day 6.. 
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Accordingly, the trend towards recording ALP from different cells lines is perhaps more favoured towards 

differentiation ALP. Ragones et al. in 2015 presented an electrochemical sensor that avoided attaching 

the electrode to cells and allowed for the direct measurement detection on close proximity or in contact 

with three different colon cancer cells involving Ht-29, HCT116 and Colo320 cells [38]. The sensor had a 

stable signature and good detection response to ALP enzyme even in repeated tests. The number of cells 

was 2 × 106 and 1 ×106 cells/ml), allowing pAPP oxidation peaks around 120 nA and 60 nA for Colo320 cell 

lines. Total electrolyte volume might influence the assay time as the volume was very shallow and parley 

covered the cells. 

4.2.4. The problem statement 

Exploiting advantages of the afore-mentioned studies and designing a methodology for ALP release using 

electrochemical analysis is of significance. There are multiple reasons why electrochemical methods of 

real-time monitoring are still being developed. Firstly, ALP release differentiated strategies fluctuate 

depending on cell type. The infection method was initially popular, then transfection methods took their 

place. This was followed by a combination of both methods for studying cells like CHO cell, Hela, and 

kidney cells. These methodologies are limited, as ALP shows less concentration. Other methods were 

developed, such as using some reducing agent (e.g., β-mercaptoethanol) that had to be used to stabilize 

cells under one condition and prevent differentiation and then allow ALP release based on the size of cells. 

The addition of that agent may result in the inactivity of intracellular ALP and that may be the reason why 

cells display low ALP [39]–[41] (besides the absence of glucose).  

ALP release could be carried from self-differentiation cells without addition like bone cell lines. This plan 

couldn’t differentiate between the quantities of ALP if it was of the cell number growth or was of first 

stage of growth bone where ALP is believed to be increased. It is so handy and merely by continuing 

monitoring ALP from different cells, which was done by choosing different cells lines of the same cancer. 

The sample carried out so far by way of electrochemical analysis were as a single-cell analysis [30], [31], 

[34], biopsies [42], tissues [43] and cells lines [33], [35], [37], [38]. The Cells lines used  were commercially 

engineered including MCF-7 and Hela, or infecting by bacteria including kidney cells lines. On the other 

hand, MBA-15 that derived from osteogenic cell line; and Ht-29, HCT116 and Colo320 that derived from 

colon cancer cells lines. The only embryonic cells have been used was stem cells [36]. This thesis is 

interested in releasing ALP from lung cancer cells, breast cancer cells and colon cancer cells. Moreover, 

Balb/c 3T3 embryonic mouse cells lines was used because it is a suitable transfection host [44].  

Secondly, previous literatures identified some limitations in electrochemical measurement, such as 

working area and volume size of the electrolytes corresponding to sample size. For example, the working 

are was about 3.5-8.8 cm2. This limited high throughput screening. Also, electrochemistry parameters are 

required during the assay, including the type of electrode, positioning of sample into the working area, as 

well as components of the electrolyte. For instance, above-noted studies for real-time ALP monitoring 

utilized fixed potential principle like amperometry. The potential is always seen at 0.3 V, as it is believed 

that this is the optimal where pAP can be detected. This potential, however, is suitable only with 

electrochemical immunoassay where antibodies are immobilized on the working area of electrodes [45], 

but when using bare electrodes, the potential shift will decrease [46], [47]. This notification was 
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mentioned during monitoring ALP from cancer and healthy tissues of biopsies. In that assay the potential 

reduced to 0.22 V, which is still higher.  

Also, sample positions within the working areas were an obstacle for electrical flow current to pass. This 

was solved by closing the electrode to the cell layers instead of growing cells on the top of the electrode. 

However, this way also illustrated low diffusion of the analyte through the assay, which was the reason 

beyond the solution volume that was shallow over the cells. Thirdly, the challenge of companion pH 

suitable for cell viability near 7.4 and suitable for ALP catalyse near 9.5 made the electrolyte components 

affect the ALP assay. Numerous attempts can be seen when using HEBES buffer or Triz buffer materials, 

the presence or absence of salts in the electrolyte and the variety of concentrations used of pAPP from 

0.1 -5 mM. Moreover, the incubation time of the substrate with the sample does not show a kinetic 

reaction where incubation time increases at 3, 3.5 and to 24 hours. 

4.2.5. Summary   

In this chapter, electrochemical assay was applied and the parameters of enzyme assay was determined 

for ALP release from living cells. Linear sweep voltammetry has been used, because it has a wide potential 

window, as it is a droplet-based assay and requires no stirring solution. These are important factors for 

point-of care application. Characterization of graphite screen-printed electrodes (graphite-SPE) was 

performed before and after cleaning process; standard curve of p-aminophenol (pAP) was obtained. 

Optimization of incubation time for the substrate ρ-aminophenol phosphate (ρAPP hydrolysed by ALP 

release was investigated and the saturation point of the substrate ρAPP was obtained. Linearity behaviour 

of the assay was analysed between cell number and current response. Two methods were used for 

realtime ALP release; non-adherent cells and adherent cells. The findings allowed comparison with optical 

data obtained in chapter 3.   

4.3. Methodology 

4.3.1. Chemicals and Instruments 

Alkaline phosphatase (ALP, calf intestinal phosphatase) or 4-aminophenol (p-AP) was purchased from 

Sigma (Ireland) and used to make stock solution at a final concentration of 1500 U/L or 5 mM. The alkaline 

buffer assay at pH 9.5 was made by adding sterile deionized water at grade 18 MΩ provided from Tyndall 

National Institute (UCC), which contained diethanolamine (DEA) 1 M, magnesium chloride (MgCl2) 8 mM, 

sodium chloride (NaCl) 50 mM, potassium chloride (KCl) 100 mM, para-aminophenol phosphate (p-APP) 

and HCl purchased from Sigma (Wicklow, Ireland). The electrochemical measurements were performed 

on screen printed carbon electrodes with each individual sensor consisting of a graphite working and 

counter electrode and Ag/AgCl reference electrode (graphite-SPE) (Kanichi Research Limited, England, the 

UK) with a working volume of 70 μL performed on palmSens portable poteniostat (Palm Instruments BV, 

Houten, the Netherlands). The graphite-SPE was cleaned before using for 20 min by Plasma Surface 

Treatment (Harrick plasma, Ithaca, NY, the US).  
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4.3.2. ALP Release and Cell Culture 

In order to release ALP from cells, the following steps were performed according to the protocols 

developed in chapter 2 (section 2.3.12). The first step was to enhance ALP release in 4-day-old culture by 

seeding cells as a monolayer on 48-well plates (Sigma, Ireland), incubating at 37 °C and 5% CO2 (incusafe 

Panasonic incubator) and changing media every two days. Figure 4.2 shows the two ways of optimization 

quantity of ALP from non- adherent cells (plate A) and adherent cell (plate B).  

 

Figure 0.2: A schematic diagram of ALP release. Plate A describes the methods of determination of ALP 
release from detached cells, where cells are washed with Hank′s balanced salt solution (HBSS) and undergo 
trypsinization, washing and centrifugation before being exposed to the buffer assay. Plate B describes the 
methods of determination of ALP release from attached cells, where cells are only washed before being 
directly exposed to the buffer assay. 

The cell lines used during this study were purchased from ATCC (UK), including mouse embryo fibroblast 

cells (Balb/c 3T3 Line), breast carcinoma epithelial cells (MCF-7 Line), lung carcinoma epithelial cells (A549 

Line), and colon carcinoma epithelial cells (Ht-29 Line). The media, supplements, and washing buffer used 

for culturing cells were Dulbecco’s modified Eagle’s medium (DMEM), minimum essential medium Eagle 

(MEME) and McCoy′s 5A medium, newborn calf serum (NBCS), fetal bovine serum (FBS), and Hank′s 

balanced salt solution (HBSS), which were purchased from Sigma (Ireland). Table 4.2 summarises the cell 

numbers used and the composition of media. The cells were sub-cultured three times before seeding 

began under aseptic conditions using a cell culture hood (Esco Airstream® Class II). 
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Table 0.2: A summary of the cell number and the composition of media used in this study. 

Cell Line Concentration (×103 Cells/mL) Media Supplements 

Balb/c 3t3 40 DMEM 10% NBCS 

A549 40 DMEM 10% FBS 

MCF-7 40 MEME 10% FBS 

Ht-29 80 McCoy′s 5A 10% FBS 

 

4.3.3. Stabilization of Graphite Screen-Printed Electrodes 

Graphite screen-printed electrodes (graphite-SPE) were first cleaned using iso-propanol and a plasmon 

cleaner device for 10 min or for 20 min and compared to non-cleaned electrodes. Potassium [Fe(CN)6]3−/4− 

(1 mM) was dissolved in 1.0 M of KCl. [Fe(CN)6]3−/4− solution (5 mL) solution (5 mL) was used to immerse 

the graphite-SPE. A Palmsens potentiostat device was used to carry out the cyclic voltammetry assay and 

to compare the data before and after the cleaning process. The cyclic voltammetry detection techniques 

were applied at scan rates from 5 mV/s to 200 mV/s and at initial potential of −0.2 V and final potential 

of 0.6 V versus the Ag/AgCl reference electrode. The potential range of each scan rate of cyclic 

voltammograms was plotted against the response current. The reduction peaks’ current (ipc) and 

oxidation peaks’ current (ipa) were plotted versus the square root of the scan rate ((mV/S)1/2). 

4.3.4. Optimization of Electrochemical Measurement 

Samples of cells were freshly prepared at a concentration of 250 × 103 cells/mL. The cells were washed 

twice with HBSS, centrifuged for 5 min at 1000 rpm and resuspended in the assay buffer. Graphite 

screenprinted electrodes were first cleaned using plasma cleaner for 20 min and linear sweep 

voltammetry measurements were carried out at potentials ranging from −1.2 V to 1.5 V vs. Ag/AgCl. The 

measurements were completed in triplicate at a volume of 70 μL and a scan rate of 100 mV/S. To 

determine a probable working range for the product pAP, serial dilutions of pAP, starting with 5 mM were 

prepared in the presence of 30 μL of sample mixed with 100 μM of pAPP. The linear sweep voltammetry 

was measured for each concentration at three separate electrodes. A free-pAP buffer was used as blank. 

A graph charting current response to concentration of pAP was prepared for regression analysis. The 

incubation time evaluation for ALP release was performed using 70 μL of a sample with 20 U/L of ALP 

activity mixed with 30 μL of pAPP 5 mM in buffer DEA and assessed at 5-min intervals over 60 min. NaOH 

(30 μL of 1 M) was added in order to stop the reaction. The reaction time was fixed to 10 min, and the 

activity of the sample was assessed with different concentrations of substrate range (5, 2.5, 1.25, 0.63, 

0.31, 0.16, 0.08, and 0.04 mM pAPP). The optimal concentration of substrate obtained was used in a 

calibration plot of ALP release. The sample was spiked with various concentrations of ALP (calf intestinal 

phosphatase) at a range of 1.51500 U/L. 

4.3.5. Linearity Performance of ALP Release vs. Cell Number 

In order to complete a linearity trend of ALP release versus current density, different concentrations of 

cells were used (250, 125, 63, 31, 16, 8, and 3 × 103 cells/mL). The cells were incubated in the assay buffer 
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for 10 min before measurement. Linear sweep voltammetry was applied in triplicate in three separate 

graphite-SPEs at a final volume of 70 μL, against a free-pAPP buffer that was used as a blank. We measured 

it at 100 mV/s and a potential range from −1.2 V to 1.5 V versus the reference of Ag/Ag/Cl. exhibited good 

anodic peaks at 100 mV/s. The wide range was chosen in order to identify if there was any other oxidation 

peaks for interferences during the assay. A graph relating the concentration of cells to the current density 

was prepared for regression analysis. 

4.3.6. Concentration of the Substrate pAPP from Adhesion Cells 

Adherent cells have different responses from non-adherent cells in terms of releasing ALP. Therefore, the 

concentration of substrate pAPP needed to be assessed in order to allow for real-time monitoring of ALP. 

The serial dilution of pAPP, starting with 5 mM, was carried out in the range of 5, 2.5, 1.25, 0.60, 0.30, 

0.16, 0.08 and 0.04 mM in the assay buffer. The range of diluted pAPP was incubated with cells for 10 min. 

The electrochemical assay was applied with a final volume of 70 μL against a free-pAPP buffer as blank. A 

graph relating the concentration of pAPP to current density fit by non-linear regression analysis to the 

Michaelis-Menten model for each cell line was completed. 

4.3.7 Real-time monitoring of ALP release from cells at post-confluence culture 

To meet the aim of this chapter and allowing ALP release, post-confluence culture strategy was used.  As 

described in chapter 3 section 3.3.9, cells were seeded in 48-well plates at concentration of 40 × 103 

cells/ml for the following cells: Balb/c 3T3, A549, and MCF-7, and at concentration of 80 × 103 cells/ml for 

Ht-29 cells. Cells had the media changed every two day for keeping them healthy and nutrientized and 

after they reach their exponential growth and meet the 95-100% (Day 4) the cells were maintained in 

growth media for a further two days. Cells were washed twice with HBSS in each target day. ALP assay 

buffer at pH 9.5 was added in the presence of 8 mM MgCl2 and 50 mM NaCl and 100 mM KCl involving 

9.67 mM of pAPP and 0 mM pAPP as a blank for each cell line. Vehicle control of each cell was prepared 

by adding two drops of Virkon® in the complete media for 24 h the night before the assay. Cells were then 

incubated in the 70 μl of the specified buffers for 10 minutes and then 30 μL of 1M NaOH was added to 

stop the reaction. Linear sweep voltammetry were applied in triplicate in three separate graphite-SPE 

against a free-pAPP buffer as blank. The detection was applied at 100 mV/s and potential range from -1.2 

V to 1.5 V versus Ag/AgCl reference electrode. Data was collected for statistical analysis. 

4.3.8 Statistics analysis  

The electrochemical data of ALP activity represents the mean of at least three independent experiments 

and statistically compared to colorimetric and capillary electrophoresis assays using unpaired t-test (p> 

0.05).  
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4.4. Results and Discussion 

4.4.1. Stabilization of Graphite Screen-Printed Electrodes 

Cyclic voltammetry was applied where 1 M KCl was used as the electrolyte for the standard reaction redox 

of ferri/ferrocyanide. Non-cleaned electrodes and cleaned electrodes for 10 min and cleaned electrodes 

for 20 min were compared. Figure 4.3 shows the cyclic voltammogram background of electrodes before 

and after cleaning using Plasmon cleaner. It is evident that the potential window of the cleaned electrodes 

(Figure 4.3 B,C) is narrow compared to that of non-cleaned electrodes (Figure 4.3 A). In the insert in Figure 

2, the linear relationship observed between the peak current and the square root of the scan rate with a 

high linear regression R2 of 0.98 is outlined. The anodic (ipa) and cathodic (ipc) current peaks display a 

sensitive performance in electrodes cleaned for 20 min compared to the other electrodes. The 

electrochemical performance of cleaned electrodes for 20 min in plasmon cleaner was more stable than 

others. The other electrodes displayed shifts in the potential as the scan rate increased. It appears that 

the faradic current was affected by any background current. Table 4.3 summarizes the influence of the 

scan rate on the half peak potential (Emid vs. Ag/AgCl) and peak-to-peak separation (∆Ep) of anodic and 

cathodic peaks. The anodic and cathodic peak ratio was 0.98–1.03 as the scan rate increased performance 

in electrodes cleaned for 20 min. This showed the reversible reaction of [Fe(CN)6]3−/4−. 

 

Figure 4.3: Cyclic voltammograms of 1 mM [Fe(CN)6]3−/4− on non-cleaned electrodes (A), cleaned 
electrodes (10 min) (B), and cleaned electrodes (20 min) (C). The inset demonstrates the curves of reduction 
peaks’ current (ipc) and oxidation peaks’ current (ipa) versus the square root of the scan rate ((mV/S)1/2). 
The cyclic voltammograms were carried out at an initial potential of −0.2 V and final potential of 0.6 V vs. 
the Ag/AgCl reference electrod. 
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Table 4.3: A summary of the influence of the scan rate on the half peak potential (Emid vs. Ag/AgCl) and 
peak-to-peak separation (∆Ep) of anodic and cathodic peaks. 

Scan Rate 
a Emid vs. Ag/AgCl b ∆Ep (mV) 

0 min 10 min 20 min 0 min 10 min 20 min 

5 0.2285 0.0768 0.198 175 146.4 76 

10 0.2465 0.08145 0.194 207 143.1 68 

20 0.261 0.09155 0.192 230 144.9 68 

50 0.2715 0.1163 0.192 247 137.4 64 

70 0.277 0.1225 0.191 260 151 62 

100 0.282 0.1305 0.191 270 153 62 

150 0.294 0.135 0.194 288 162 64 

200 0.298 0.1585 0.193 300 163 58 
a Measured from the value of 1/2(Epc + Epa) versus Ag/AgCl reference electrode. b ∆Ep = Epa − Epc. 

The potential of the oxidation peak as the scan rate increased for electrodes cleaned for 20 min was 0.19– 

0.19 V, and that of electrodes cleaned for 10 min was 0.2–0.3 V. Electrodes that had not been cleaned 

had a potential oxidation peak of 0.3–0.45 V as the scan rate increased. This indicates that the cleaning 

process can positively enhance electron transfer, and that a 20-min cleaning time is sufficient to overcome 

the limitations of diffusion processes. Moreover, the value of ∆Ep at 200 mV/s presented by non-cleaned 

electrodes was too high (300 mV), which indicates that some sort of contamination occurred on the 

electrode surface. Cleaning the surface electrodes was important as, after 10 min and 20 min, decrements 

of the value ∆Ep were observed, which were 163 mV and 58 mV, respectively. Considering the theoretical 

value of ∆Ep is 59 mV for single electron transfer of [Fe(CN)6]3−/4−, the closest experimental value achieved 

was 58 mV. Therefore, treatment with oxygen plasma for 20 min was constantly used for further 

electrochemical investigations. 

4.4.2. Optimization of Electrochemical Measurement 

For the electrochemical detection of mammalian ALP release, the electroactive compound p-aminophenol 

(pAP) is produced from the enzyme reacting with a p-aminophenyl phosphate substrate. The linear sweep 

voltammetry detection technique was applied to read the current generated at different concentrations 

of the product pAP. Figure 4.4 (A) shows the linear sweep voltammograms of different concentrations of 

pAP (0.16–5 mM). The measurements were carried out at a scan rate of 100 mV/s and at a range of 

potentials between −1.2 and 1.5 V. The current response of the pAP increased in potentials at points 

between 0 and 0.3 V. The insert curve shows the standard curve of the mass-transfer limited current of 

pAP. Furthermore, the values of intercept and slope of regression lines from these six concentrations were 

calculated as 5.931 and 11.866. The current response for the oxidation of pAP indicated a good linear 

relationship, where R2 was 0.996. pAP (5 mM) generated 180 μA, and the lowest concentration of 0.16 

mM generated 20 μA. These results indicate that the voltammetric detection of pAP did not affect the 

electrode surface during the assay.  
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The electrochemical determination of ALP release versus time was performed and showed a 

linear dependence. When time of incubation increased, the ALP release increased. Figure 4.4 (B) 

shows the linear sweep voltammograms of current increased as incubation time increased, 

reaching a steady state at 40 min. The linear sweep voltammograms were applied at 100 mV/S 

and at potentials ranging from −1.2 to 1.5 V vs. Ag/AgCl. In the insert of Figure 4.4 (B), the values 

of current increased rapidly up to 10 min and then continued slowly up to 40 min. They levelled 

off at between 40 and 50 min. The oxidation peak started to increase with increasing time after 

10 min, so 10 min was taken as the optimum incubation time for subsequent measurements. This 

corresponds to data already published by Sappia et al. [43]. The linearity relationship had a very 

good coefficient regression R2 of 0.998. 

The optimal concentration of substrate for the evaluation of enzyme activity using this method 

was investigated. The current responses of pAPP substrate at different concentrations ranging 

from 0.1 to 5 mM are shown in Figure 4.4 (C). ALP release was determined from the constant cell 

number of 250 × 103 cells/mL. The cells were incubated with the substrate concentration for 10 

min at 37 °C. The current responses reached a plateau at 1.25 mM of pAPP. The current values 

were fitted using the MichaelisMenten model with a coefficient regression R2 of 0.88. The 

corresponding Imax and km were 136.59 µA and 0.548 mM. The corresponding concentration of 

pAPP at 95% of Imax was 9.69 mM. The optimal concentration of pAPP was almost 20 times 

higher than the km [44]. 

Linear sweep voltammetry was applied for different concentrations of ALP (1.5–1500 U/L) to 

allow for conversion of the unit and to compare it to the absorbance values. Figure 4.4 (D) shows 

the Lineweaver– Burk plots of the current responses (1/current) versus ALP concentration 

(1/concentration) as obtained by linear sweep voltammetry with good linear regression of R2 of 

0.99. The intercept (Imax) and the slope (km/Imax) were 0.0058 and 0.767, and the LOD was 

0.043 U/L. LOD was calculated using three times of a standard deviation divided by the slope. 
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Figure 0.4: Linear sweep voltammograms of electrochemical optimization of ALP release applied at a 
potential of −1.2 V to −1.5 V, and a scan rate of 100 mV/S. (A) The linear sweep voltammograms of a 
concentration of pAP of 0.16–5 mM and in the insert is the standard curve of the current response. (B) 
Optimization of the reaction time for the enzymatic assay of ALP release and in the inset is current response 
versus time. (C) Optimization of pAPP concentrations 0.2–5 mM pAPP and in the insert is the current 
response versus concentrations of pAPP. (D) The calibration curve of ALP activity ranging from 1.5–1500 
U/L fitted by the Lineweaver-Burk model. 

4.4.3. Linearity Performance of ALP Release vs. Cell Number 

The linear relationship between ALP release and cell number was analysed. The final concentration of 

substrate pAPP was about 10–20-fold higher than the km. The linear voltammograms of ALP release from 

different concentrations of cells (4, 8, 16, 31, 63, 125, and 250 ×103 cells/mL) were determined for each 

cell line. Figure 4.5 illustrates the linear sweep voltammetry that was performed at a scan rate of 100 

mV/S and at potentials that ranged from −1.2 V to 1.5 V. The potential of the anodic response shifted as 

the cell number increased. The results are as follows: ALP release from Balb/c 3T3 cells shows oxidation 

of pAP beginning at −100 mV and ending at 150 mV. ALP release from A549 cells and MCF-7 cells shows 

oxidation of pAP beginning at −100 mV and ending at 200 mV. Ht-29 cells had slightly wider potential. We 

found oxidation of pAP beginning at −100 mV and ending at 300 mV. The oxidation peaks displayed by 

ALP release of the three cells, Balb/c 3T3, A549 and MCF-7, were narrower than those of Ht-29 cells. This 

indicated that Ht-29 cells release more enzyme amount than other cells. 
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Figure 0.5: Linear sweep voltammograms of ALP release for each cell range from 2–250 × 103 cells/mL at 
a scan rate of 100 mV/S, incubation time of 10 min and potential range from −1.2–1.5 V. In the insert, the 
linearity performance of the ALP release from the given cells versus the current responses with linear 
regression analysis is outlined. All the measurements were applied in triplicate in separate graphite-SPE in 
the presence of 9.7 mM pAPP and at final volume of 70 μL. 

There was good linear correlation between the current response and ALP released from the four cells. The 

cells of Balb/c 3T3 showed the highest value of ALP released at 75 μA, while MCF-7 cells had 50 μA, which 

was also the lowest value of ALP released among other cells at a concentration of 250 × 103 cells/mL. At 

the lowest concentration of 4 × 103 cells/mL, the MCF-7 cells showed a current response of 10 μA, while 

that of Balb/c 3T3 cells was 9 μA. Both showed a good linear response R2 of 0.95 and 0.98 for Balb/c 3T3 

cells and MCF-7 cells. ALP release from A549 cells and Ht-29 cells showed higher values of currents at 80 

μA and at 100 μA, respectively, and also a good linear response (R2 = 0.94 for A549 cells and 0.94 for Ht29 

cells). Moreover, the current response in Ht-29 cells had levelled off from the concentration of 1.25 × 103 

cells/mL, which indicates that the substrate concentration was running out. Ht-29 cells can release higher 

amounts of ALP compared to other cells. Therefore, this showed the importance of optimizing substrate 

concentration for each cell type. 

4.4.4. Concentration of the Substrate pAPP from Adhesion Cells 

The optimal concentration of pAPP for the evaluation of ALP release from adhesion cells was investigated. 

The linear sweep voltammograms of the pAP formed by ALP release from Balb/c 3T3 cells, A549 cells, 

MCF-7 cells, and Ht-29 cells with different concentrations of substrate ranging from 0.2 to 5 mM pAPP are 
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illustrated in Figure 4.6. The measurements were taken at a scan rate of 100 mV/s, initial potential of −1.2 

V and final potential of 1.5 V. pAP formed by enzymatic reaction at 37 °C after 10 min was measured. The 

oxidation peaks of pAP began at 0.0 mV and ended at 150 mV for all cells. The current values were plotted 

against substrate concentration and fitted by the Michaelis–Menten model (Figure 4.6, insert). The 

enzymatic reaction of ALP release from Balb/c 3T3, A549, MCF-7, and Ht-29 cells versus different 

concentrations of the substrate pAPP displayed good non-linear regression, with R2 = 0.97. The Km values 

of pAPP from each cell line were as follows: Balb/c 3T3 = 4.75 mM, A549 = 5.03 mM, MCF-7 = 10.19 mM 

and Ht-29 = 1.85 mM. The Imax values were as follows: Balb/c 3T3 = 96.5 μA, A549 = 69.24 μA, MCF-7 = 

82.68 μA and Ht-29 = 61.67 μA. The corresponding concentrations of pAPP at 95% of Imax were as follows: 

47.5 mM for Balb/c 3T3 cells; 50.3 mM for A549; 101.9 mM for MCF-7; and 18.5 mM for Ht-29. The 

differentiation of the parameters indicates the different activity of ALP in each cell line, where the colon 

cancer cell lines exhibited the highest activity and the breast cancer cell lines had the lowest activity 

according to their substrate concentration consumed at half maximal velocity. Quite notably, Balb/c 3T3 

cells and MCF-7 cells displayed high standard deviations which effected the related results of Imax and 

Km. Increasing the number of experiments from n=3 to n=9 was suggested. In addition, shoulders 

appeared in the oxidation peaks at potential of 0.5 V indicated that the substrate pNPP had not been fully 

consumed. Therefore, increasing incubation time from 10 min to 30 min was suggested. 

 

Figure 4.6. Linear sweep voltammograms of ALP release for adhesion cells in the presence of different 

concentrations of substrate pAPP (2–5 mM) at a scan rate of 100 mV/S, potential range of −1.2–1.5 V and 

incubation time of 10 min. In the insert, the concentration of pAPP substrate versus the current responses 

with non-linear regression analysis is outlined. All the measurements were applied in triplicate in separate 

graphite-SPE and at final volume of 70 μL. 
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4.4.5 Real-time monitoring of ALP release from cells at post-confluence culture 

Real-time monitoring of ALP release from Balb/c 3T3 cells, A549 cells, MCF-7 cells, and HT-29 cells was 

performed. ALP was induced by differentiation using post-confluence culture. Cells were cultured two 

more days after reaching 95-100 % confluence on day 4, which the cell proliferation decreases. Table 4.4 

summarized the results of ALP release in the target days for each cell with the vehicle control (VC), and 

the blank. It is obvious that the ALP release increases gradually from day 4 to day 6. This raise was shown 

from all cells. Furthermore, the data of post-conflunce culture (day 5 and day 6) was compared to the 

control (data of day 4) using unpaired t-test. There were a significant difference between the data of ALP 

release from day 5 and day 6 compared to that released from day 4. Balb/c 3T3 cells had average level of 

ALP of 14.46 on day 4 and the value increased on day 5 and day 6, which was 21.39 and 28.34. The value 

of lung cancer A549 exhibited a sharp increment from day 4 to day 6 and that was 27.85, 36.22 and 68.54. 

The breast cancer cells showed slight incensement from the fourth day to the sixth day, and that was 

22.43, 26.88 and 31.36, respectively. The colon cancer; Ht-29 had the highest release value of ALP (45.30) 

at confluence day compared to others and also for the post-confluence day 5 and day 6; (58.23) and 

(74.11). Vehicle control of all cells showed less values. Balb/c 3T3 and A549 cells had (5.12) and (6.52) 

whereas MCF-7 and Ht-29 cells had (3.47) and (8.25), all of which had significant difference compared to 

control. The buffer blank of all data was very low as no substrate added to the assay.  

Table 0.4: Summary of ALP release from each cell line versus target days at post-confluence culture. 

 Day 4 Day 5 Day 6 VC Blank 

Balb/c 3T3 (14.46 ± 0.012) (21.39 ± 0.015) ∗  (28.34 ± 0.045) ∗ (5.12 ± 0.009) ∗ (0.0002) ∗ 

A549 (27.85 ± 0.011) (36.22 ± 0.041) ∗  (68.54 ± 0.030) ∗  (6.52 ± 0.003) ∗ (0.0001) ∗ 

MCF-7 (22.43 ± 0.024) (26.88 ± 0.036) ∗  (31.36 ± 0.023) ∗  (3.47 ± 0.001) ∗ (0.0002) ∗ 

Ht-29 (45.30 ± 0.037) (58.23 ± 0.061) ∗  (74.11 ± 0.037) ∗  (8.25 ± 0.015) ∗ (0.0003) ∗ 

 

After exposing cells to the corresponding optimal substrate concentration of pAPP, LSV detection at 100 

mV/s was used and obtained data were expressed as mean ± SD of measurements of three independent 

experiments with VC (vehicle control) that had dead cells, and the blank with no cells and no substrate. 

Pvalue of post-confluence culture compared to control (data of day 4), unpaired t-test (* p<0.05 significant 

is difference). 

4.5 Conclusions 

Alkaline phosphatase is a cancer biomarker, and the monitoring of ALP release from cells contributes to 

an understanding of the basis of diseases and the progression of cancer. The aim of this chapter was to 

develop a methodology for monitoring ALP release from two types of cells: embryo fibroblast cells (Balb/c 

3T3) and cancer epithelial cells (A549, MCF-7, Ht-29), using electrochemical analysis. At alkaline pH, the 
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enzyme ALP hydrolyzes the non-electroactive p-aminophenol phosphate to generate the electroactive, 

paminophenol. The electrochemical behaviour of the sensors used was investigated using cyclic 

voltammetry and using the solution [Fe(CN)6]3−/4− as the model for single transfer electrons (Fig.4.3).   

A cleaning duration of 20 min for the sensors in the Plasmon cleaner gives good electrochemical behaviour 

(Table 4.3). The anodic and cathodic peak ratio was almost 1 (ia/ic = 1), and the half peak potential (Emid 

vs. Ag/AgCl) showed a reversibility reaction. The peak-to-peak separation (∆Ep) of anodic and cathodic 

peaks was 62 mV. Electrochemical optimization was conducted by linear sweep voltammetry detection 

with graphite-SPE at a scan rate of 100 mV/S and at a potential ranging from −1.2 V to 1.5 V vs. a reference 

electrode of Ag/AgCl (Fig 4.4). This demonstrated the standard curve of pAP, and allowed for observation 

of the potential where oxidation peaks occur. This was at 0–0.15 V of the current response (0–150 µA) 

displayed when the concentration of pAP (0.16–5 mM) was increasing. The oxidation peaks of pAP began 

at −100 mV and ended at 300 mV as the concentration increased. The samples were incubated with 

substrate for different amounts of time. They displayed a positive linear dependence and 10 min was 

selected as the time to do the rest of the experiments. The substrate pAPP was optimized using detached 

cells and had a Michaelis constant (km) of 0.55 mM, (Imax) of 136.59 and an optimal p-APP concentration 

of 9.69 mM. A calibration plot was obtained based on the optimization measurements from a range of 

1.5–1500 U/L. ALP release was determined from various cell numbers for linearity analysis (Fig 4.5). All 

cells exhibited linear trends with good regression analysis. The pAPP substrate was investigated during 

cellular adhesion, and km and Imax were calculated for each cell line and displayed different kinetic 

enzyme assay (Fig 4.6). ALP level was determined at post-confluence culture and all cells illustrated an 

increase of ALP level from day 4 to day 6 (Table 4.4).  

The aim of this chapter was achieved by determining the quantity of ALP released from each cells line at 

(95-100%) confluence and at differentiation (post-confluence culture). These findings were proofed in 

next chapter using impedance assay.  
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5.1 Aim and objectives 

The aim of the work detailed in this chapter was to introduce a comparative study of alkaline phosphatase 

release from living cells using p-nitrophenyl phosphate (pNPP) as substrate. Capillary electrophoresis 

analysis was carried out on samples of two types of cells: embryo fibroblast cells (Balb/c 3T3); and cancer 

epithelial cells (A549, MCF-7, Ht-29). The findings from this study will be compared with the absorbance 

data outlined in Chapter 3. ALP activity for spectrophotometric analysis (Chapter 3) and for 

electrochemical analysis (Chapter 4) will be examined in order to compare sensitivity.  

The novelty of this aim was that the ALP release from the optimal density (inhibitive growth point) of the 

given cells were determined by capillary electrophoresis  

The following objectives detail the aims of this chapter: 

1. To obtain the standard curve of ρ -nitrophenol (pNP) and unknown concentrations of ALP release from 

given cells using capillary electrophoresis experiments. This will be used to compare the data with 

absorbance analysis.  

2. To illustrate a comparative analysis of ALP activity obtained from spectrophotometric analysis (Chapter 

3) and from electrochemical analysis (Chapter 4). 

5.2 Introduction  

5.2.1 Principle 

Alkaline phosphatase is responsible for the dephosphorylating process in the cells. As described earlier in 

Chapter 1 (section 1.3), ALP has four main isoenzymes: germ cell alkaline phosphatase (GCAP); intestinal 

alkaline phosphatase (IAP); placental alkaline phosphatase (PLAP); and tissue-nonspecific alkaline 

phosphatase (TNAP), all of which have their own physiological role. For example, TNAP is expressed mostly 

in the liver, the kidney, and bones. The functional role of bone isoenzyme is seen in bone mineralization, 

while the function of liver and kidney isoenzymes remains unknown[1], [2]. The functional roles of the 

other isoenzymes- GCAP, IAP, and PLAP, are still not known (this is described in Chapter 1 in figure 1.2) 

[3]. Therefore, it is important to facilitate isoenzyme analysis. As described in Chapter 1 (section 1.3), the 

conventional methods used for the separation and analysis of ALP isoenymes are electrophoresis 

techniques, including affinity electrophoresis with wheatgerm lectin [4], [5] and isoelectric focusing in 

immobilized pH gradients [6], [7]. These methods require large samples and tedious sample 

manipulations. Enzyme-linked immunosorbent assay (ELISA) has also been used for isoenzyme analysis 

[8]. It is well-known that ELISA has limitations – it is a labor-intensive and expensive tool, and many 

sophisticated steps have to be carried out in order to obtain a specific antibody. 

Capillary electrophoresis (CE), on the other hand, has advantages over traditional assays. CE is faster and 

more capable when used with small samples. Moreover, it allow quantitative and qualitative analysis of 

isoenzymes. CE can be miniaturized [9] and integrated in different systems [10] [11]. CE can be defined as 
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a capillary positioned between two reservoirs, allowing electrophoretic mobility to occur during applying 

of an electric field.  

The capillary is usually made with glass. The glass is limited by high temperature and relatively low 

flexibility and robustness, all of which are improved by using fused silica. The silica’s outer surface is 

sometimes coated by polymer. The thinner fused silica capillary allows small volumes of samples. This 

enhances the ratio of surface-to-volume. The small size of the capillary tube also reduces the heat and 

voltage, which reduces the denaturing of protein during separation. Figure 5.1 illustrates a schematic of 

the principle of detection pNP in CE. (pNP) is the product of the enzyme reaction of alkaline phosphatase 

and the substrate (pNPP).  (pNP) has chromophores that make it sensitive for spectrometric detection. 

pNP has two functional groups; one is the OH and the other is NO2. These occupy opposite ends of the 

benzene ring. The absorption spectra occur in 405 nm for this compound. Fused silica is negatively charged 

[12] and the alkaline buffer in the two reservoirs has negative charge. This means that, combined, they 

are electrostatic repulsive forces.  [13]. The enzyme ALP is considered a protein, and the electrostatic 

repulsive forces that occur between the buffer and the wall prevent the attachment of protein in the wall.  

In this chapter the detection of ALP will be through the product formed as a result of the hydrolysis of 

pNPP to pNP. Inside the capillary, the product pNP is detected by absorbance when the separation occurs 

at a particular rate of migration. The linear equation that results from the peaks area and the different 

concentration of pNP, is used to determine ALP release from living cells. The objectives of this chapter is 

to illustrate the findings of the separation and compare it with the spectrophotometric analysis outlined 

in Chapter 3.   

 

Figure 0.1: Schematic of Capillary Electrophoresis Principle [15]. 

5.2.2 Background 

The basic concept of electrophoresis dates back to approximately 1931. Electrophoresis principle was 

defined as a separation of solutes based on different rates of migration when applying an electric field 

and in the presence of an electrolyte (running buffer). Arne Tiselius (1937) developed the technique and 
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used filter papers and gels as supporting media [16] His work allowed for the establishment of gel 

electrophoresis methodologies. It was not until 1960 that electrophoresis became a known technique to 

separate biological molecules with respect to their physical and chemical differences. Alkaline 

phosphatase was also one of those biological molecules separated by electrophoresis methods. In 1965, 

Beckman, Nilson and Baker performed starch gel electrophoresis on the enzyme ALP [17]. They 

determined different bands, indicating three different isoenzymes in the samples. Two years later, Yong 

investigated different inhibitors in order to define the isoenzymes using agar gel electrophoresis. In 1971, 

Savage et al. used polyacrylamide gel electrophoresis to study the migration rate of ALP, revealing 5 

different isoenzymes [18]. Previous experiments were applied with different type of gels with the purpose 

of identifying the sample that had the most ALP isoenzymes. Electrophoresis was improved to allow an 

efficient separation.  

One of the methods developed was capillary electrophoresis. Capillary electrophoresis has come a long 

way in its relatively short history [19], [20]. Lukacs and his professor, Professor Jorgenson, published a 

paper in 1983 that illustrated the possibility of using capillaries to overcome the limitations of gel 

electrophoresis. They noticed that the complex system of capillary zone electrophoresis made by Hjerten 

and Catsimpoolas could be improved to reduce the interferences between bands [21], [22]. Their 

experiments paved the way of other researcher since then.  Capillary electrophoresis is a complementary 

method to modern separation instruments that can be improved to allow microdevices of separation. The 

technique generates band-broadening in peaks better than modern separating methods, but it is less 

efficient than modern separation methods in terms of limit of detection and reproducibility. Therefore, 

more investigations are being undertaken in order to improve the efficient analytical separation of 

capillary electrophoresis. 

5.2.3 Literature review 

There is increasing interest in research that focuses on enzymatic reactions in fused capillary 

electrophoresis. Many detectors can be integrated to capillary electrophoresis including UV-Vis, 

fluorescence and electrochemical detector. The substrate for ALP analysis is related to the used detector. 

Researchers have long assumed that UV-Vis absorbance detector is the most suitable for detecting ALP 

activity. For instance, Xu et al (1998) evaluated the enzymatic reaction of ALP with pNPP [23]. Their assays 

illustrated Michaelis constant of 4.8 mM for the substrate pNPP, and LOD of 4.4 × 10−5 IU for the 

commercial ALP.  Enzyme detection needs complex conditions inside the capillary. Many of them might 

simply be optimized, including concentration, temperature, pH and component of buffer. Within the 

framework of these criteria, Iqbal (2011) characterized ALP activities by using a running buffer of sodium 

phosphate at pH 8.5 in the presence of the substrate pNPP, which was detected at 322 nm [25]. Iqbal 

modified the capillary with polycationic polybrene in order to control protein adsorption [26]. The 

modification with polycationic polybrene demanded optimization of pH [27]. Grodner et al. (2017) 

evaluated the inhibitory effect of a propylamine group for ALP activities [28]. The running buffer was 

sodium dihydrogen phosphate with a pH of 2.5, and the substrate pNPP was detected at 200 nm. This 

optimization resulted in a Michaelis’ constant of 1.5 mM, which is far better than Xu et al's findings. 

However, the shortcoming of the work of Grodner et al. was the use of very low pH - many experts contend 
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that the use of high pH is better for ALP separation. Gattu et al. (2018) identified a sequence enzyme assay 

of ALP using  capillary electrophoresis coupled to mass spectrometry [29]. ALP was immobilized in the 

capillary to provide efficient separation for peptides. What this new research does, then, is 

comprehensively studies enzyme assay parameters neglected by many earlier researchers, that 

concentration of substrate, pH puffer, and incubation time of sample inside the capillary was considered. 

Although the optimization done by Gattu et al optimization allowed Michael constant of km 1.100 mM, 

their findings were limited to peptide determination. Recent studies like these shed light on another 

parameter, migration time, which previous studies had not addressed. Takayanagi et al. (2020) discussed 

ALP activities with pNPP [30] and argued that there was a relationship between migration time and rate 

of reaction. They also considered the inhibition analysis of ALP, which was determined by the low signal.  

Another way to detect ALP is to apply a laser-induced fluorescence detector [31]. Most of the literature 

used laser-induced fluorescence detector, reported the approach of affinity binding [32]–[37]. ALP 

enzyme reaction using a fluorogenic substrate was monitored using fluorescence detector. Many 

troubleshoots were argued, for example, adhesion of ALP in the capillary, activation of ALP, using different 

metal chelators for inhibition and applying a range of labels (e.g. glycosphingolipids) at different buffers. 

Integrating the detector of laser-induced fluorescence with capillary electrophoresis provides great 

sensitivity for enzyme and protein analysis. The major limitation of laser-induced fluorescence detection 

is that most fluorogenic dyes are limited to functional groups presented compound and are not highly 

efficient with others. For example, Fluorescein isothiocyanate is less reactive at low concentrations of 

amines group, whereas rhodamine dye is more efficient with the succimidyl ester group. One more 

limitation of fluorescence detector is the lack of standardizing assay. This make researchers use 

nanomaterials, such as nanoparticles. Quantum dots [38] and magnetic nanoparticles [39] have been 

reported for ALP enzyme assay. The size of nanoparticles can provide unique physical properties, which 

enhance the immunoaffinity inside the capillary.   

Fluorescent-based assays are always expensive, which has led to a focus on electrochemical detectors, for 

example, conductivity detectors could be integrated to capillary electrophoresis. These two systems can 

be minimized to develop microdevices [40], [41]. The substrate used to investigate ALP by is disodium 

phenol phosphate, which converts to phenol [42], [43]. Sun et al (2004), argued that the use of a substrate 

of disodium phenyl phosphate that converted to phenol would achieve a lower LOD of 3.5×10−21 mol/L 

[24]. Ultimately, when it came to the nature of enzyme reaction, their aim was to study ALP from cell lysis. 

They separated ALP isoenzymes in mouse bone marrow cell lines using bicarbonate buffer for lysis 

solution. There has been some disagreement concerning the use of disodium phenyl phosphate due to 

indirect detection of the quantity of phenol formed. This require integration of amperometry to quantify 

the amount of phenol formed in each zone. Another chemistry group, Sun et al. (2006) used the technique 

to measure ion‐transfer currents. This protocol was an extension of work carried out by Bard et al. (1995), 

who investigated the current generated by redox reaction [44], [45]. Studies that rely on contactless 

conductivity cannot be considered as conclusive, because the process involving the integration of the two 

systems is still being developed [46], [47]. Conductivity detector integration is very suitable for molecules 

that has no redox group or display weak redox reaction, but remains briefly addressed in the literature in 
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terms of effects of pH [48] and conductivity [49]. Therefore, many sophistication and modification 

strategies are required to improve the interfaces of electrolyte and electrode surfaces. 

5.2.4 The Problem statement 

As identified in the literature, integration system of detectors with capillary electrophoresis is preferable 

for the identification of ALP isoenzyme assay. UV-vis is the simplest detector for the purposes of 

optimization measurement, and has been gaining importance in recent years. The substrate of pNPP was 

chiefly reported and therefore was used in this chapter. The optical substrate pNPP was used, as it is 

selfindicating and facilitates linear performance.  

Previous research has documented the chief conditions for optimizing enzyme reactions in capillary 

electrophoresis methodology. The most important variables in studies included: the running buffer and 

its pH; ionic strength; temperature of the capillary; and the relationship between incubation time and 

quantity of the product. The methodology of using two different buffer pHs (7.4 and 2.5) was reviewed 

for difcontinuous enzyme assay. This is very important for real-time monitoring of enzyme release in cell 

culture [50], [51]. The findings conducted by Ying et al. (2012) and Řemínek et al. (2015) of using two pH 

gradients were not related to ALP enzyme assay. In the case of ALP determination, the two pH gradients 

would be (7.4 and 9.5) – this has not been addressed in the literature. Another variable, which was the 

performing dynamic assay performed by Takayanagi et al (2020) for ALP analysis. The dynamic assay and 

its relationship with time was investigated for optimization of the continuous enzyme assay. These studies 

have helped to improve the set-up conditions of ALP assay. However, each assay has its own calibration 

issues. These include: limitations of the device, running buffer, applied voltage, component, and the type 

of the assay (continuous or discontinuous). The investigation of ALP revealed the relationship between 

the quantity of product formed and incubation time in serum and commercial sample. None of previous 

literatures used ALP release from living cells for UV-vis detector.   

A very rare study has studied ALP release from cells.  Sun et al. (2004) investigated ALP isoenzyme release 

from a Balb/c 3T3 cell line [24]. They inserted a cell inside the capillary followed by cell lysis dissolved in 

bicarbonate buffer, and they used cell lysis without cells as a blank. Nevertheless, use of a bicarbonate 

buffer that has pKa of 6.1 might limit the assay, because its pka is very different from the optimal pH of 

ALP. DEA is purposed in this study as it enhances the symmetric peaks.   They also used the substrate of 

disodium phenyl phosphate, which has a wavelength of 288 nm. This substrate displayed very low 

sensitivity in absorbance detection of about 10%, compared to pNPP, which has 100% sensitivity [52]. 

Therefore, Sun's group used another detection method, ampeopmetry, to determine the amount of 

phenol formed. This increased the steps in the experiment. 

Capillary electrophoresis is a separation method, and many sequences have to be done in experiments in 

order to allow validation assay for isoenzyme of ALP release from cancer cells. Cell lysis mixture or media 

is a complex environment for enzyme release from cells. Optimization of these components is very 

important for isoenzyme identification and selective inhibition assays. The samples in CE can be also 

diluted to approximately 100X due its sensitivity. In the assay carried out for this chapter, the NaCl and 

MgCl2 were diluted (10X), because the ionic strength of the buffer could have reduced the electrostatic 
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effects [14]. The standards and samples were injected, and a voltage of 15 kV was applied for the 

separation. 

5.2.5 Summary 

In this chapter the capillary electrophoresis technique was used to analyse ALP release from living cells. 

UV-vis absorbance detector mode was used. The enzymatic reactions that occurred in the tubes were 

stopped before capillary electrophoresis analysis was performed. A standard curve of ρ -nitrophenol (pNP) 

and of unknown concentrations of ALP release from cells was carried out in CE. A linearity equation of the 

standard curve was determined between peak areas and concentration of pNP. This simplified comparison 

with the absorbance analysis detailed in Chapter 3.   In addition, data obtained from Chapter 3 and 

Chapter 4 were compared to illustrate the sensitivity improvement in the developed method.  

5.3 Methodology  

5.3.1 Reagents and instruments 

4-nitrophenol (p-NP) was purchased from (Sigma, Ireland) and used to make a stock solution at a final 

concentration of 500 μM. The alkaline buffer assay of pH 9.5 was made by adding sterile deionized water 

at grade 18 MΩ provided from (Tyndall National Institute, UCC) and containing diethanolamine (DEA) 1 

M, magnesium chloride (MgCl2) 8 mM, sodium chloride (NaCl) 50 mM, para-nitrophenol phosphate 

(pNPP) and HCL purchased from (Sigma, Ireland). The capillary electrophoresis measurements were 

performed using 50 μm i.d. and 375 μm o.d. fused‐silica capillary (CM Scientific Ltd., Silsden, UK). Agilent 

7100 Capillary Electrophoresis System (Waldbronn, Germany) the software Agilent Chemstation (Version 

B.02.01) were also used. 

5.3.2 ALP release and cell culture 

The target density for this thesis was identified as being when cells proliferated for at least four days and 

then reached contact-inhibited growth. This was where the target analyte started to express. This was 

investigated to make the cells simultaneously reach contact-inhibited growth (Chapter 2 section 2.3.7). 

Accordingly, the findings of the experiments (Chapter 2 section 2.4.4) were used for all experiments in 

this chapter. The cells used during this study were Balb/c 3T3 cells, A549 cells, MCF-7 cells and Ht-29 cells. 

The initial concentration of each cell line and the corresponding media and supplements are shown in 

Table 5.1.  

Table 0.1: A summary of the cell number and the composition of media used in this study. 

Cell line 
Concentration (× 

103 cells/mL) 
Media Supplements 

Balb/c 3t3 40  DMEM 10% NBCS 

A549 40  DMEM 10% FBS 

MCF-7 40  MEME 10% FBS 

Ht-29 80  McCoy's 5A 10% FBS 
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In order to standardise the assay, the steps outlined in Figure 5.2 were followed - cells were washed twice 

with HBSS and trypsinized at 37 °C for 2 minutes. Trypsin was naturalized by media and then centrifuged 

at 1000 rpm for 5 minutes. To get rid of red phenol, cells were washed again with HBSS and centrifuged 

at 1000 rpm for 5 minutes. To ensure the stable condition of cell numbers, the 4-day-old cells were 

normalized at a concentration of (250×103 cell/ ml). Supernatant was discarded, and cell pellets were 

resuspended in the assay buffer. All the previous steps were done in an ice bath. The vials simultaneously 

incubated at 37 °C for 30 minutes, or 10 minutes for absorbance or electrochemical analysis. 30μl of 1M 

NaOH was added to stop the reaction. The supernatant then centrifuged for 5 minutes to discard cells and 

determine the solubilized ALP.   

 

 

Figure 0.2: A schematic diagram of ALP release from non-adhesion cells. 

 

For preparing unknown samples, the steps in Figure 5.3 were used. The cells were sub-cultured three 

times before seeding began under aseptic conditions using the same protocol as that in Chapter 2, Section 

(2.3.3). The following steps were performed according to the protocol illustrated in chapter 2 (2.3.8) in 

order to release ALP from cells. The first step was to enhance ALP release of 4-day-old cultures by seeding 

cells as a monolayer at 48-well plates, incubating at 37 ℃ and 5% CO2 and changing media every two days 

Before the addition of the assay buffer, cells were washed twice with cold HBSS. Cells were then incubated 

for 10 minutes or 30 minutes with the assay buffer for electrochemical or absorbance analysis.  



Chapter 5 

142 
 

 

Figure 0.3: A schematic diagram of ALP release from attached cells. Cells were washed with Hank's 
balanced salt solution (HBSS) before being exposed to the buffer assay. 

5.3.3 Capillary electrophoresis experiment (standard curve) 

Capillary electrophoresis was applied due to its selective monitoring of p-nitrophenol, and because it 

eliminates any interference with endogenous ALP in the sample [29]. 70 μL of the product pNP range at 

(15-500 μM) was prepared in DEA buffer. Each concentration of pNP was prepared in the presence of 30 

μL of sample mixed with of 6 mM of pNPP. 30μl of 1M NaOH was added as it was normally present in the 

reaction solution. For the unknown samples, 100 μL of sample mixed with 6 mM of pNPP were incubated 

for 30 minutes (Figure 5.2). 30 μL of 1M NaOH was added to stop the reaction. Capillary electrophoresis 

was carried out. The separation of standards and samples was performed in a 50 μm inner diameter 

fusedsilica capillary with a length of 15 cm. The running conditions included: a voltage of 15 kV; a capillary 

temperature of 20 ℃; and a wavelength of 405 nm. Injection of the sample was for 5 seconds and 15 

mbar. The data were collected and processed using the capillary electrophoresis system and Agilent 

ChemStation software. A graph relating peak area of absorbance to concentration of pNP was prepared 

for regression analysis. The slope and intercept of the reaction were used for normalizing the data of 

samples in molarity.  

5.3.4 Absorbance experiment (standard curve) 

Data recorded in Chapter 3 (Figure 3.5 A) were compared to the data found in this chapter using the 

standard curve of pNP according to procedures shown in (Chapter 3, Section 3.3.6.1).  Briefly, 70 μL of the 

product pNP range at (15-500 μM) were prepared in DEA buffer. Each concentration of pNP was prepared 

in the presence of 30 μL of sample mixed with of 6 mM of pNPP. 30 μl of 1 M NaOH was added as it was 

normally present in the reaction solution. For the unknown samples, 100 μL of sample mixed with 6 mM 

of pNPP were incubated for 30 minutes (Figure 5.2). 30 μl of 1 M NaOH was added to stop the reaction. 

The optical density of each point was read in a platereader against a free-pNP buffer as blank at 405 nm. 

A graph relating absorbance to concentration of pNP was prepared for regression analysis.  
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5.3.5 Absorbance experiment (calibration curve) 

A calibration plot of absorbance assay of ALP activity was obtained, as seen in Figure (3.5 D). 

LineweaverBurk model was plotted between the absorbance and ALP concentrations to obtain the linear 

equation and normalise the data. Briefly, ALP release was performed using 70 μL of a sample spiked with 

various concentrations of ALP (calf intestinal phosphatase) at a range of 1500-1 U/L dissolved in 30 μL of 

pNPP 6 mM in buffer DEA and incubated for 30 minutes. 30 μL of 1M NaOH was added to stop the 

reaction. For the unknown samples, 100 μL of sample mixed with 6 mM of pNPP were incubated for 30 

minutes (Figure 5.2). 30μL of 1M NaOH was added to stop the reaction. The optical density of each point 

was read in a platereader against a free-pNPP buffer as blank at 405 nm. A graph relating absorbance to 

concentration of ALP was prepared for regression analysis.  

5.3.6 Electrochemical experiment (calibration curve) 

A calibration plot of electrochemical assay of ALP activity was obtained and is outlined in Figure 4.4 (D). 

Lineweaver-Burk model was plotted between the current density and ALP concentrations to obtain the 

linear equation and normalise the data. Briefly, ALP release was performed using 70 μL of a sample spiked 

with various concentrations of ALP (calf intestinal phosphatase) at a range of 1500-1 U/L dissolved in 30 

μL of pAPP 9.69 mM in buffer DEA and incubated for 10 minutes. 30 μL of 1M NaOH was added to stop 

the reaction. For the unknown samples, 100 μL of sample mixed with 9.7 mM of pAPP were incubated for 

30 minutes (Figure 5.2). 30 μL of 1 M NaOH were added to stop the reaction. The optical density of each 

point was read in a platereader against a free-pNPP buffer as blank at 405 nm. A graph relating absorbance 

to concentration of ALP was prepared for regression analysis. Linear sweep voltammetry was applied on 

graphite screen-printed electrodes, which were cleaned for 20 minutes by plasma cleaner. The linear 

sweep voltammetry measurements were carried out at potentials ranging from -1.2 V to 1.5 V vs Ag/AgCl 

and at a scan rate of 100 mV/s. 

5.4 Results and discussion 

5.4.1 Comparison between capillary electrophoresis and colorimetric analysis for ALP release 

from living cells  

Capillary electrophoresis and absorbance analyses were conducted. The analyses were carried out in the 

presence of 70 μL of the product pNP in the range of (15-500 μM) and 30 μL of sample mixed with 6 mM 

of pNPP. Figure 5.4 (A) shows electropherograms of different concentrations of p-nitrophenol in the 

presence of 1 mM DEA adjusted to pH = 9.5, temperature 20 °C, voltage of 15 kV and wavelength of 405 

nm. pNP measurements were taken in a fused-silica capillary with an effective length of 15 cm and a 

diameter of 50 μm. The peaks of pNP displayed at migration time of 5 minutes. This also was confirmed 

by other studies [28], [30], [34]. The separation peaks were affected by the length of incubation time and 

by other studies [28], [30], [34]. The separation peaks were affected by the length of incubation time and 

by applied voltage [34]. CE is an ideal assay for further investigation of ALP isoenzymes, as it performs 

sensitive detection in alkaline buffer. This is an appropriate environment for ALP. The insert (Figure 5.4 A) 

details the calibration plot of pNP concentrations versus the peak areas, which displayed very good linear 
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regression of R2 = 0.99, slope of 70.13 mAU/ µM and intercept of 9.68 mAU. This was used for normalizing 

the peaks' areas of ALP release from living cells (Figure 6 B) with values obtained by colorimetric analysis. 

Figure 5.4 (B) displays the peak areas of pNP formed due to releasing ALP from cells. Ht-29 cells had the 

highest peak area of 23.75 mAU, whereas Balb/c 3T3 had the lowest peak area of 2.3 mAU. It was quite 

noticeable that ALP released from A549 cells was slightly higher than ALP released from MCF-7 cells, which 

was seen in the peak areas 6.05 mAU and 5.2 mAU, respectively. Figure 5.4 (C) shows the linearity studies 

of colorimetric assay carried out in the presence of different concentrations of pNP (14-500 µM). The 

regression analysis was 0.99, and the slope and intercept of the curves were found to be 5.53 and 0.34. 

These were used for normalizing data (Chapter 3) and comparing them with the capillary electrophoresis 

assay (data from Chapter 5). Figure 5.4 (D) shows the normalizing data of ALP release from cells 

represented by formation of the product pNP. Capillary electrophoresis and colorimetric assay displayed 

a good correlation.  No significant difference (p>0.05) resulted from the two methods. It is obvious that 

the lowest ALP level was determined by Balb/c 3T3 cells, which was (0.16-0.17 mM), whereas the highest 

level of ALP was of colon cancer cells and was in the range of (0.48-0.50 mM). Lung and breast cancer cells 

had almost the same levels of ALP, (0.21-0.22 mM) and (0.20-0.21 mM). Moreover, the ALP of lung cancer 

was slightly higher than breast cancer, and results showed very small standard deviation.  

 
Figure 5.4: Comparative studies of capillary electrophoresis and colorimetry toward ALP release from living 
cells. (A) Electropherograms of pNP concentration formed by ALP release from living cells. (B) 
Electropherograms of standard pNP concentration ((15-500 μM) and in the insert is the linear trend of 
peak areas. (C) The linear trend of absorbance to pNP concentration (15-500 μM). (D) Histograms of ALP 
release from living cells measured by capillary electrophoresis and colorimetry. 
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5.4.2 Comparison between absorbance and electrochemical analysis for ALP release from 

living cells  

ALP release from living cells was compared using absorbance and electrochemistry analysis. 

Figure 5.5 (A) shows the calibration curve of absorbance versus various concentrations of ALP 

ranging from 1.5-1500 U/L and fitted by the logistic model. The standards had 30 μL of sample 

dissolved with pNPP 6 mM in buffer DEA and were incubated for 30 minutes. Data in triplicate 

were plotted using Origin software. The correlation coefficient was found to be 0.99. In the insert 

(Figure 5.5 A) is the linear trend of Michaelismenten equation. The correlation slope (km/Vmax) 

and intercept (1/Vmax) were calculated from the constants and were used for comparing data 

with electrochemical assay. Figure 5.5 (B) shows the calibration curve of current versus various 

concentrations of ALP ranging from 1.5-1500 U/L and fitted by the logistic model. The standards 

had 30 μL of sample dissolved with pNPP 9.69 mM in buffer DEA and were incubated for 10 

minutes. Data in triplicate were plotted using Origin software. The correlation coefficient was 

found to be 0.96.  In the insert (Figure 5.5 B) is the linear trend of Michaelis-menten equation. 

The correlation slope (km/Vmax) and intercept (1/Vmax) were calculated from the constants and 

were used for comparing data with absorbance assay. The logistic model shows the dynamic 

linear range of both assays, which were (11.7-750 U/L) and (5.85-750 U/L) for absorbance and 

electrochemistry. LOD were calculated for absorbance and electrochemistry, which were (0.94 

U/L) and (0.043 U/L). It is obvious from these data that electrochemical analysis is more sensitive. 

It has wider linear range and lower LOD. 

Details of the comparative analysis performed on the absorbance and optimized electrochemical 

assay of ALP release from living cells are outlined in Figure 5.5 (C). The electrochemical or optical 

data of ALP release from cells were normalized using the Lineweaver-Burke equations shown in 

Figure 5.5 (A &B). There was a significant difference (p>0.05) in the activity of ALP release from 

cells between electrochemical and optical assays. The electrochemical results of ALP activity from 

Balb/c 3T3, A549, MCF-7 and Ht-29 were higher than ALP activity obtained by absorbance 

analysis. This optimization demonstrated that evaluation of ALP release by electrochemical assay 

was more sensitive than by optical assay. Moreover, it showed faster detection as optical active 

substrate needed 30 minutes for evaluating ALP release in samples while that of electro active 

substrate only needed 10 minutes.  
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Figure 0.5: Comparative studies of absorbance and electrochemical analysis toward ALP release from living 
cells. (A) Calibration curve of current to concentration of ALP and in the insert is the Lineweaver-Burke plot.  
(B) Calibration curve of absorbance to concentration of ALP and in the insert is the Lineweaver-Burke plot. 
(C) Histograms of ALP release from living cells measured by absorbance and electrochemistry. 

5.5 Conclusion  

Capillary electrophoresis and colorimetric methods were applied for comparative analysis. The samples 

were introduced onto the capillary automatically. The average detection time for p-nitrophenol was 5 

minutes. Colorimetry, which is the standard assay of ALP in clinical analysis, showed compatible values 

with CE (Figure 5.4). A calibration curve of ALP was created to allow for comparison of the data obtained 

by optical and electrochemical analysis. This revealed a significant difference between the two, indicating 

that the electrochemical investigation resulted in a more sensitive and rapid assay than the optical 

analysis (Figure 5.5). CE allows for the detection of ALP release with substrates at the same time, which 

can be used for distinguishing ALP iso-enzymes for future work.  
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Alkaline Phosphatases (ALP)  

Release  
Note: This chapter is peer-reviewed in Journal of Analytical Letters. Please refer to Appendix. 
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6.1. Aims and objectives of the novelty of the thesis 

The aim of the work focused on in this chapter was to prove the concept of real-time monitoring of ALP 

release simultaneously with cell viability of Balb/c 3T3 embryo fibroblast cell lines, A549 lung cancer cell 

lines, MCF-7 breast cancer cell lines, and Ht-29 colon cancer cell lines using impedance analysis. 

Microelectrode arrays was used as a sensing surface of cell viability following objectives were designed to 

achieve the aim of this chapter.  

1. To obtain the optimal frequency of each cell line mentioned above.    

2. To allow linearity performance using different cell number  

3. To investigate real-time monitoring of cell viability for the optimal density     

4. To proof real-time monitoring of ALP release using differentiation including post-confluence culture 

and sodium butyrate (NaBt).  

6.2. Introduction  

6.2.1 Principle  

Alkaline phosphatase (ALP), an enzyme [1], [2] was recently evaluated to be an early cancer biomarker 

[3], [4]. During cancer forming, a multistep process occurs and makes an improper life cycle. 

Consequently, normal cellular reaction of an individual cell will differ from that of a cancer cell, thereby 

cellular electrical activity is going to change. For example, the function of cell signaling (e.g. concentration 

of calcium ions) affected by the metabolic activity, which makes the producing rate of ATP increase [5]– 

[7] [8]–[10].  This process may raise the alkalinity of cellular membrane, causing the formation of early 

biomarkers (e.g., ALP release) [11] [12]. This mean that receptors in the cells may be deficient or 

disordered and that might promote cancer.  The deficiency or disordering of the receptor can be study 

through the changes in the genes regulating the receptor proteins (e.g mRNA) [13].  Therefore, it is 

important to study the mechanisms underlying regulation of gene expression to solve problems in cells 

and find the medicine. This can be studied by a useful reporter enzyme that tell what happens inside the 

cell. This enzyme should allow quantitative assay and not affected by endogenous activity. Enzymes used 

so far as a reporter are (a) chloramphenicol acetyltransferase (CAT), (b) β-galactosidase, and (c) luciferase, 

which all are not produced by mammalian cells. Those enzymes require cell lysis for assaying gene 

expression, thereby increasing the steps of the experiment and errors [14]. On the other hand, ALP release 

can be secreted from mammalian cells and allow qualitatively and quantitatively reporter assay of mRNA. 

Unlike the non-mammalian reporter enzymes, ALP does not need any cell lysis and can be directly released 

into the media. ALP release, therefore, was nominated as a gene reporter in quantification of the 

intracellular ALP mRNA [15]. Thus, the demand of real-time ALP-related study has raised the attention to 

develop biosensor-based strategies.  
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For example surface plasmon resonance [16]–[19]; field-effect transistor [20]–[22]; quartz crystal 

microbalance [23]–[25]; and electrochemical impedance spectroscopy (EIS) [26]–[33] can provide 

realtime detection for ALP analysis. However, these techniques so far relied on affinity approaches. 

Among them EIS was exploited in this chapter to reveal the tiny physiological movements and adhesion 

of cells during ALP release. Unlike previous reports, this approach can provide a direct measurement. 

Impedance technique depended on measuring resistivity and capacitivity (dielectric) properties of cells as 

the membrane works as an insulator (capacitance). So, to allow real-time quantifying of cellular function 

during ALP release, the commercial electric cell-substrate impedance sensing (ECIS) system was 

suggested. The cultureware (ECIS-8W10E+) consisted of 40 microelectrodes per well (8 wells). The total 

surface area of the 40 microelectrodes per well is 1.96 cm2.  The cells can grow on the 40 microelectrodes 

and grow on the insulating layer that mounted on the polycarbonate substrate. The latter and the thin 

film of microelectrodes are transparent and thus permit microscopic monitoring of cells. The walls of wells 

are made of polystyrene and they have a capacity of 600 µL for culture media. During applying the 

alternating current (AC), the change of the impedance due to the change of the capacitance of the 

monolayer of cells are recorded.   

Figure 6.1 shows a schematic of the impedance characteristics of adhesion cells.  As described in chapter 

1 (section 1.9.2) the impedance will increase when cell proliferation increase. Cells will impede the 

pathway of current. Any change in impedance through proliferation can show motility of cells. A 

decrement in impedance identifies death of cells. Not alive cells are going to lose the ability of attachment 

with surface and allow current to pass through working electrode. Electrochemical impedance 

spectroscopy requires confluence of cells for ALP release monitoring. The interface changes between cells 

attached and releasing ALP directly influence of impedance and allow real-time monitoring. High ALP 

release means the permeability of cell membrane increases, which cause a decrement in the impedance 

magnitude and an increment of the capacitance. 

 

Figure 0.1: shows a schematic of the impedance characteristics of adhesion cells. 
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6.2.2 Background and literature review  

Literature review here is twofold. First, contributions have been performed for determination activity of 

ALP with lack information about cellular responses. Second, contributions have been designed for 

determination activity of ALP simultaneously with monitoring cell morphology. Researchers believed that 

neglected of monitoring cells causes less effective resolution of cancer diagnosis and therefore more 

attention paid for monitoring cells viability during ALP release. Meng et al. (2005) monitored the response 

of a sensor when cells release ALP during exposing to activated macrophages [34]. The response was of 

the accumulating of macrophages. This made research turn toward investigation of cell viability 

simultaneously when ALP release. This attitude raised the potential of taking advantages of 

microelectrode arrays technology. It was Matsue’s group then who kept developing this attitude and 

helped trigger its revival with the onset of microarrays sensors. They considered some different methods 

for assaying cell viability during ALP release. For example, they tested the attachment of cell after exposing 

them to high pH [35] tested the respiratory activity of cells [36] used optical micrograph microscope [37] 

and finally exploited the technology of scanning electrochemical microscopy (SECM) [38]–[47]. Matsue's 

group (2015) found that SECM for bioimaging ALP release is the best for the redox cyclic principle they 

used to use [48]. However, some factors affects this principle for example, the high distance between the 

electrodes cause low electrochemical signal, therefore considering small distance are significant. 

Moreover, their methodology does not reveal any physiological behavior of treated cells. One more 

strategy was suggested by We et al (2016), used enzyme-induced metallization [49]. Their findings of 

digital analysis solves the existing problems associated with fluctuations in electrochemical signal 

detection and heterogeneity of single enzyme activities. However, a number of questions regarding living 

cells morphology remain to be addressed. Sun et al (2019) purposed detection of ALP activity inside cells 

using an integration technique of microfluidic droplet-based SERS- surface-enhanced Raman scattering 

[50]. Although the sensitivity of the assay, no cellular response identified. Previous research can only be 

considered a first step towards a more profound understanding of the combination of SERS and 

microdroplet technique. For example, research has provided evidence for avoiding limitations of the SERS 

technique. It was claimed that the poorly quantitative analysis of SERS was overcome.  However, lack of 

control of SERS factors is the main limitation of this technique. The method introduced by Sun et al. had 

remains limited by one factor, which is aggregation time. Furthermore, the using of metal nanoparticles 

for the probing solution (colloids) harm biological sample.  Another method such as phase contrast 

microscope have been employed by Yildirim-Semerci et al. (2015) [51]. Although this technique appear 

consistent with prior research, it appears inconsistent with integration in microdevices. Also, phase 

contrast microscope can measure structure of cells during ALP release. However, the thickness of cells 

during differentiation is more likely to scatter the light and cause low resolution and cause false positive 

phase-contrast. The literature pertaining to cell viability monitoring strongly suggests that digital signals 

are preferred.  

6.2.3 The Problem statement  

A closer look to the literature on analysis of cells using bioimaging of ALP activity and optical microscope, 

however, reveal a number of gaps and shortcomings when designing microarrays. The other method that 
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depended on optical microscope has limitation of integration with other system, thus hindered with 

developed clinical devices [52]. Moreover, although research has illuminated overcoming of some 

limitation of SERS (e.g. control of aggregation time), the study has not examined particle size for instant 

and did not illustrated performance of the distribution of analytes on the surface (e.g. cells morphology). 

To fill this literature gap, it is suggested to identify the cells morphology (cellular response) during ALP 

release. Therefore, additional studies to understand more completely the key tenets of cellular response 

during ALP release are required. This chapter intended to develop the methodology for real-time ALP 

release from living cells based microelectrode arrays.  

6.2.4 Summary  

The aim of the work focused in this chapter was to proof the concept of real-time monitoring of ALP 

release simultaneously with viability assay of Balb/c 3T3 embryo fibroblast cell lines, A549 lung cancer cell 

lines, MCF-7 breast cancer cell lines, and Ht-29 colon cancer cell lines using impedance analysis. Cell were 

brought onto the microelectrode arrays would work as an insulator during passing current at different 

time and adherent cells impede the flow currents would bring about information of cells. The following 

objectives were designed to achieve the aim of this chapter. By obtaining the optimal frequency of each 

cell line mentioned above, we would be able to unify that frequency on the rest of the assay related to 

that cell.   In addition, linearity performance of the assay allow stable conditions therefore different cell 

number were going to be used for each cell line. To attain real-time monitoring of cell viability during ALP 

release, the optimal density was obtained from chapter 2 were applied.  Finally, to meet the aim of this 

thesis real-time monitoring of ALP release, cells were differentiated by two ways; post-confluence culture 

(Balb/ c3T3, A549, MCF-7, and Ht-29) and sodium butyrate (Ht-29) for the purpose of inducing ALP. The 

viability of cells was verified by resazurin assay and microscopy. ALP activity was assessed by amperometry 

in the presence of the electroactive substrate of substrate p-aminophenyl phosphate (pAPP). 

6.3. Methodology: 

6.3.1. Reagent 

Mouse embryo fibroblast cells (Balb/c 3T3 Line), breast carcinoma epithelial cells (MCF-7 Line), lung 

carcinoma epithelial cells (A-549 Line), colon carcinoma epithelial cells (Ht-29 Line), 70% ethanol, and 

nanopure water (Grade 18 MΩ) (Tyndall National Institute, UCC). Newborn calf serum (NBCS), fetal bovine 

serum (FBS), Dulbecco’s modified eagle’s medium (DMEM), Minimum Essential Medium Eagle (MEME) 

and McCoy's 5A Medium, Hank's balanced salt solution (HBSS), Trypsin/EDTA solution, resazurin, Virkon®, 

magnesium chloride (MgCl2), sodium chloride (NaCl), potassium chloride (KCl), diethanolamine (DEA), 

para-aminophenol phosphate (p-APP), calf intestinal phosphatase (ALP), L-cysteine, sodium butyrate 

(NaBt), (Sigma, Ireland).  

6.3.2. Instruments 

Cell culture hood (Esco Airstream® Class II), 5% CO2 incubator (incusafe Panasonic), water bath 37 °C 

(fisherbarnd), Centrifugation (universal 320 Hittch zentrifugen) and (Eppendorf 5415D Centrifuge). 
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Inverted microscope and camera (Olympus), fluorescent platereaders (Spectra Max Gemini), absorbance 

platereader (Diasource ELISA Reader), hemocytometer slide (Reichert Bright-Line), glass cover slips 

(menzel-gläser) and cell counter, pipettes (Rainin Pipet-X) and micropipettes (Gilson Pipetman®), pipette 

tips (Greiner Bio-One), pipettors (5-mL, 10-mL, and 25- mL), cell culture vessels  (75T flasks, 1.5-mL, 15-

mL, 50mL centrifuge tubes, 96- and 48-well plates), and syringes 45 nm filters (Sigma, Ireland). Electric 

cellsubstrate impedance sensing (ECIS-8W10E+) (ibid, Germany), Metrohm Autolab analyser (Metrohm, 

Netherland) palmSens portable poteniostat (Palm Instruments BV, the Netherlands), graphite screen 

printed electrodes (Kanichi Research Limited). 

6.3.3. Cell culture 

The cancer cell lines used during this project were stored in liquid nitrogen prior to being cultured. To 

begin cell growth, they were removed from storage and quickly defrosted (less than a minute). The entire 

contents (1 mL) of the cryogenic vial were then pipetted into a 15 mL- tube, which contained 9 ml of 

prewarmed complete media (Table 6.1). The tube was centrifuged to dispose of dimethyl sulfoxide, which 

was present in the supernatant. The cells were re-suspended in 5 ml complete media and placed in T75 

flask that already contained 35 ml of completed media in order to reach a volume of 40 ml. The flask was 

incubated in the incubator at 37 °C and 5% CO2 to reach 70% confluence.  

Table 0.1: The media and serum of each cell line used for cell culture. 

 Cell lines Balb/c 3T3 A549 MCF-7 Ht-29 

Complete media 
Media DMEM DMEM MEME McCoy's 5A 

10 % Serum NBCS FBS 

Completed media represent the addition of 10% of serum to the media suitable for each cell lines 

according to the manufacture’s recommendations.  

The cells were sub-cultured at least three times before optimization began. Briefly, the subculture 

procedure was achieved by removing old media via a sterile plastic pipette, followed by two washes with 

pre-warmed HBSS. 4 ml of trypsin were then added, and the flask was incubated for 5-8 minutes to allow 

the cells to detach. 6 ml of complete media were then added to inactivate the trypsin. The cell suspension 

was placed in a clean 15-ml centrifuge tube, and the cells were centrifuged for 5 min at 1,000 rpm. The 

supernatant was removed, and the cell pellets were re-suspended in 5 ml of fresh media. The desired cell 

number were seeded in a 48-well plate, and the final volume of media was added. All the experiments 

were applied in the same working area: 95 cm2; 48-well plate.  

6.3.4. Pretreatment and characterization of microelectrodes  

Microelectrode surfaces were treated with 10 mM L-cysteine diluted in deionized water. Then 200 μL 

Lcysteine solution was added to wells and left at room temperature for 10 minutes.  Wells were cleaned 

twice with 200 μl of deionized water and kept under UV light for 30 minutes before seeding cells. The 
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commercial electric cell-substrate impedance sensing (ECIS-8W10E+) cultureware is illustrated in Figure 

6.2.  

 

Figure 0.2: The commercial ECIS 8W10E+ cultureware. In the licorice representation, microelectrode 
arrays. 

6.3.5. Real-time impedance measurement of cell viability  

6.3.5.1. Frequency Range 

Electrical impedance spectroscopy measurements were calculated using a Metrohm Autolab analyser. 

During the measurements the cultureware (ECIS 8W10E+) was placed in a cell culture hood (figure 6.3). 

The instrument was connected to electrodes with crocodile clips and controlled with Nova software. The 

Nova software was used to analyse the acquired data and to model the measured spectra. For impedance 

measurements, the equipment delivered an alternating voltage with 0.5 mV amplitude in a frequency 

range of between 1 K Hz and 1000 K Hz. Cell number (20×103 cells/ml) was seeded in each well. The 

resistance change was monitored for four days.  

 

Figure 0.3: The work station during ALP release monitoring. 

ECIS 8W10E+ 



Chapter 6 

158 
 

6.3.5.2. Linearity performance 

Linearity performance was measured by changing the concentration of the cell number at the optimal 

frequency in the case of each cell line. A range for the cell numbers (10, 20, 30, 40 ×103 cell/ml) was used 

for Balb/c 3T3, A549 and MCf-7 cells.  Ht-29 cells had a range of (20, 40, 60, 80 ×103 cell/ml). Electrical 

impedance spectroscopy measurements were performed at one-hour intervals over 10 hours to avoid the 

duplication of cell numbers. The equation of cell index (CI) was used to normalize the measured electrical 

resistance and to plot the calibration curve of CI value and cell density.  

 

Where Ri is the resistance of the cell-covered electrodes, and Rcell-free is the resistance of blank electrodes 

(free-serum media).  

6.3.5.3. Impedance monitoring of cell monolayer growth  

To obtain the growth curve of each cell line and reach the inhibitive contact growth, an initial 

concentration of cell number (40 ×103 cell/ml) was used  for Balb/c 3T3, A549 and MCf-7 cells, while (80 

×103 cell/ml) was used for Ht-29 cells. Cell growth was assessed at 24-hour intervals over 6 days by 

applying electrical impedance spectroscopy measurements using the optimal frequency in the case of 

each cell line. Figure 6.4 shows the schematic of the cell growth on microelectrodes (A) and the typical 

curve (B). The data of impedance were normalized using CI index and fitted by logistic growth model using 

Origin software.  

 

Figure 0.4: The schematic of the cell growth on microelectrodes (A) and the typical curve (B). 

6.3.5.5 Impedance monitoring of cell monolayer during ALP release when exposing to ALP buffer  

Cells were seeded in the ECIS at a concentration of 40 × 103 cells/ml for Balb/c 3T3, A549, and MCF-7 

cells, and at a concentration of 80 × 103 cells/ml for Ht-29 cells. The media was changed every two days 

to keep the cells healthy and nutrientized. After they achieved their exponential growth and met the 95-

100% confluence (Day 4), the cells were washed with HBSS twice and exposed to ALP assay buffer. VC was 

also assessed. Control cells, treated cells and VC cells were assessed using electrical impedance 

spectroscopy measurements.  Cell viability was verified by taking resazurin measurements.  
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6.3.6 Real-time monitoring of ALP release using impedance spectroscopy   

6.3.6.1 Differentiation in HT-29 cells 

Impedance spectroscopy was carried out during the differentiation experiment in order to monitor cell 

monolayer behaviour during ALP release. It was proven that in post-confluence culture ALP increases 

(chapter 3 and 4). The Ht-29 cell line was monitored during post-confluence culture under routine 

conditions. The cells were seeded in ECIS cultureware and in a 48-well plate at a density of 80× 103 cell/mL 

medium containing 10% FBS. Cells were cultivated in ECIS and in a 48-well plate for three day to reach 

7090% confluence. The cells were maintained in growth media for a further 3–6 days with media changes 

every two days. This monitoring was used as differentiation control. In order to further enhance 

differentiation in HT-29 cells, Sodium butyrate (NaBt) was applied to the culture medium. NaBt is a natural 

inducer for colon differentiation [53], [54]. Ht-29 cell line ECIS cultureware and 48-well plate was treated 

with 0.5mM or 1mM NaBt after 72 hours of cultivation.   

Cells were incubated with NaBt for 14 hours. The medium was changed to a routine medium, and the cells 

were incubated at 37 °C for two more days. Untreated cells were used as a control. The vehicle control 

had dead cells. Real-time monitoring of the cell monolayer was performed using an impedance signal. 

Microscope images of cells adhered to ECIS or 48-well plate were taken in order to investigate the 

morphology of cells during ALP release.  

6.3.6.3 Amperometry detection  

Differentiation in HT-29 cells led to ALP release in the routine media. Amperometry of ALP release in 

media of NaBt-non-treated cells, NaBt-treated cells and the media of vehicle control was assessed. The 

graphite screen-printed electrodes were immersed in 400 μL of the routine media of the cells with 400 μL 

of the ALP assay buffer (5 U/L ALP, 8 mM MgCl2, 50 mM NaCl, and 10 mM pAPP and pH 9.5). The amount 

of p-aminophenol (pAP) was measured at positive potential 0.15 V for 10 seconds using palmSens 

poteniostat (Figure 6.5). When the current reached the stable baseline, it was measured at the fourth 

second.    

 

Figure 0.5: The workstation of detection amperometry measurement. 
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6.3.7. Microscope images 

Images of cell-confluence were taken at 24-hour intervals over 5 days using the inverted microscope and 

camera.  Due to the presence of phenol red, which interferes with the light of microscopes, cells were 

washed twice with HBSS. As the microelectrodes were not transparent to the light, images of cells were 

taken from the area between the interdigitated microelectrodes. 

6.3.8 Cell viability  

The viability of the cells was evaluated using resazurin-based assay according to methodology of (Chapter 

2, Section 2.3.8). Resazurin was prepared in HBSS and diluted to the optimal concentration in the case of 

each cell line. Cells were seeded at the optimal initial density in the case of each cell line in the ECIS 

cultureware. Culturewares incubated with cells for 4 hours. Negative control or vehicle control was 

performed by addition of two drops of Virkon® to the routine media and incubated with cell for 24 hours. 

Fluorescent measurement was measured at at 544 excitation and 590 nm emission as an optimal 

wavelength range of resazurin. 

6.4 Results and discussion  

6.4.1. Electrochemical impedance spectroscopy  

Three ranges were used to monitor bioimpedance events, with the β-dispersion being the most sensitive 

to changes in cell membrane. Frequencies ranging between 1-1000 KHz were applied and used to monitor 

the growth of the four given cells. The bode plot in figure 6.6 shows the spectra of impedance of the 

monolayer of cells. Cells were plated at an initial density of (20×103 cells/ ml) and incubated at 37°C and 

5% CO2. Impedance change was scanned over four days. A regular increase of impedance was shown for 

each cell line over the four days. The impedance spectra of Balb/c 3T3 cells and MCF-7 cells exhibited 

similar behaviours at low frequency. The double layer capacitance of the electrodes dominated the 

magnitude impedance signal at frequencies of less than 5000 Hz. The impedance spectra of A549 cells 

and Ht-29 cells was affected by the electric double layer formed at the electrode/electrolyte interface, 

but at a frequency (less than 10000 Hz). When the range of frequency increased, the bulk electrolyte 

resistance dominated the magnitude of impedance, hence revealing the conductivity of the ions in the 

medium and emphasizing the linearity performance of the monolayer of cells over four days. The bulk 

resistance influenced the impedance spectra of Balb/c 3T3 cells at a frequency of (5-150 KHz), which was 

the highest range among the cells. MCF-7 cells showed bulk resistance at a range of (5-50 KHz), which was 

the shortest range of frequency among the cells. A549 cells and Ht-29 cells were slightly different, as they 

demonstrated bulk resistance at frequencies of (10-100 KHz) and (10-150 KHz). This corresponded to 

many in vitro studies, where cell viability and cell growth was monitored [55]–[60]. The different range of 

frequency presented by each type of cell was due to the different size and type of each cell line.  The 

permittivity of the interior of the cell (e.g., cytoplasm) characterizes each cell line. When the permittivity 

of cytoplasm is less than the permittivity of the suspension medium, it causes less dielectric capacitance, 

thus resulting in higher impedance. 
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Figure 0.6: Bode plots of the impedance spectra of experimental data in frequency range of between 1 KHz 
and 1000 KHz. The spectrum was obtained for 20×103 cells/ mL of the cells of (Balb/c 3T3, A549, MCF-7 
and Ht-29) proliferated for over 4 days in the presence of routine media. 

6.4.3. Impedance responses to various concentrations of cells 

The microelectrode arrays were validated via monocultures of the Balb/c 3T3 fibroblast embryonic cells 

and the A549, MCF-7 and Ht-29 epithelial cancer cells in normal proliferative conditions. The optimal 

frequencies outlined in Figure 2 were used for each cell line. These were 40 KHz, 60 KHz, 30 KHz, and 60 

KHz for the Balb/c 3T3, A549, MCF-7 and Ht-29 cells, respectively. Figure 6.7 shows the resistance 

responses when single electrodes were challenged using various concentrations of cells from 10×103 cells/ 

mL to 40×103 cells/ mL, and from 20×103 cells/ mL to 80×103 cells/ mL. The routine media of each cell line 

was used as 0 cell concentration, and the resistance of free-serum media was used as a blank. The data 

obtained during 10 hours was fitted by the linear polynomial model that displayed very good regression 

analysis. During adhesion on the microelectrodes cells moved, causing increases and decreases in the 

impedance. From 0 hour to 3 hours, the resistance curves corresponded to the adsorption of cells 

membrane indicating an electrostatic attraction. From 4 hours to 7 hours, the resistance increased 

because cells were rearranging themselves to find the proper binding site. From 8 hours to 10 hours 

resistance increased marginally and then remained constant, indicating the attachment of the cell 

membrane to the surface of the microelectrode. Cells at this stage required another 10 hours to duplicate.  

Therefore, cell number throughout this stage were estimated by using the cell index (CI). After 10 hours, 

a calibration curve was plotted, which represented the correlation between CI value and cell seeding 

density (Figure 3). The rises and falls shown in the curves during the movements and attachment of cells 

on 40 microelectrodes were better than the results when applying a single microelectrode [61]. 
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Figure 0.7: (Left curves) Resistance responses of microelectrode array to various concentrations of the 
Balb/c 3T3, A549, MCF-7 and Ht-29 cells in monoculture for 10 hours. (Right curves) Calibration curve 
represents the correlation between cell density and cell index value. 
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6.4.4. Cell monolayer monitoring by impedance  

The growth of adherent cells was evaluated using impedance signals. The resulting data were normalized 

using the CI values recorded in Figure 6.7. The data were fitted by growth model to illustrate the phases 

of cells growth. Figure 6.8 shows the normalised data, illustrating an s-shape growth curve for all cells. 

This data is slightly different from the data recorded in Chapter 2 (Figure 2.10), where all cells showed an 

s-shape growth curve, and MCF-7 cells displayed a j-shape curve. However, cells required different times 

to reach the stationary phase. The growth of the cells of Balb/c 3T3 and A549 levelled by day 4. MCF-7 

cells levelled by day 6 and presented long lag phase [62]. Ht-29 cells showed continued growth, which 

correlates with the findings by Witzel et al. (2015) [63]. Overall, the impedimetric measurements of cell 

growth over long periods of time were stable, and the routine media of all cells represented very low 

resistance [64]. 

 

Figure 6.8: Logistic growth curves of Balb/c 3T3 cells; A549 cells; MCF-7 cells; and Ht-29 cells, over six days. 
The normalised CI values of resistance changes at optimal frequency in the case of each cell line.    

6.4.5. Cellular morphology on MEAs 

Microscope images were taken to evaluate the growth of cells’ monolayers over 5 days. Figure 6.9 

demonstrates that the four cell types displayed a healthy fitted monolayer from day 1 to day 5. 
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Microscope images corresponded to bioimpedance responses (Figure 6.8), and showed that Balb/c 3T3 

and A549 cells had a 24- hour doubling time. MCF-7 cells had the longest lag phase among other cells, as 

it was seen in Figure 6.8. MCF-7 cells needed 48 hours for attachment and then they doubled themselves 

every 24 hours [62]. On the other hand, Ht-29 cells showed doubling time every 36 hours, which was seen 

in the microscope images. The resistance changes recorded in Figure 6.8 displayed the extracellular matrix 

of Ht-29 cells. Colon cancer cells expressed more extracellular matrix before doubling themselves, a fact 

that was shown clearly in the microscope images [65]. The embryonic cells of Balb/c 3T3 illustrated 

sensitivity to the inhibitive growth contact, which was seen in both figure 6.8 and also in microscope 

images. Cancer cells were less sensitive to inhibitive growth contact phenomena. A549 cells displayed a 

monolayer (90-100% confluence) from day 3 to day 5.  A549 cells were less likely to show a multilayer 

[66]. A549 cells became stationary by day 3 and stayed constant until day 5.   In contrast, the cells of MCF7 

and Ht-29 reached the stationary phase by day 5 [62], [65], [67]–[70]. The cellular growth corresponded 

to the findings in Chapter 2 (Figure 2.9), which indicated the biocompatibility of MEAs surface for cell 

culture. The microscope images of cells during growth correlated to the results of resistance changes.  
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Figure 0.9: Microscope images of the four cell types over a 5-day incubation on microelectrode array. 
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6.4.6. Impedance responses during alkalinity buffer 

Electrochemistry impedance spectroscopy measurements were performed to analyse cell viability during 

the exposure of cells to the ALP buffer. Bode and Nyquist plots for the four cells were presented in Figure 

6.10. It was important to have a full understanding of the effect of the alkalinity buffer on cells grown on 

the ECIS system. Figure 6.10 illustrates the average responses of impedance of Balb/c 3T3, A549, MCF-7 

and Ht-29 cells before (positive control) and after exposure to the DEA buffer (pH 9.5). Impedance of dead 

cells was monitored as a negative control (vehicle control). Impedance in the positive control was higher 

as the cells' membranes impeded the flow of the current.  When cells were exposed to the alkaline 

environment, they started to lose their viability. The cells’ membranes slightly detached from the surfaces 

of electrodes and caused a decrease in impedances. The magnitude of impedances of cells in pH 9.5 was 

significantly different from vehicle control data (dead cells), which meant that cells still alive. This opens 

the opportunity for multiplex assay. Cell viability was verified by resazurin assay (Figure 6.10). Balb/c 3T3, 

A549, MCF-7, and Ht-29 cells that were exposed to the DEA buffer for 10 minutes had (78 %), (64 %), (60 

%), and (83 %) of their viability, respectively. These data were significantly different from the negative 

control. They all displayed p-values less than (0.05), which were (0.002), (0.006), (0.006), and (0.002) for 

the cells of Balb/c 3T3, A549, MCF-7, and Ht-29 cells, respectively using unpaired t-test.  

Nyquist plots presented in Figure 6.10 showed different charge transfer resistances of each cell line before 

and after exposure to the DEA buffer. The charge transfer resistances for the Balb/c 3T3, A549, MCF-7, 

and Ht-29 cells before the addition of the ALP buffer were 76 Ω, 23 Ω, 35 Ω, and 33 Ω, respectively. When 

cells were exposed to the alkalinity buffer for 10 minutes, the charge transfer resistances of each cell line 

declined as expected to 59 Ω, 11 Ω, 17 Ω, and 20 Ω, for the Balb/c 3T3, A549, MCF-7, and Ht-29 cells, 

respectively. These data were expected, as the ion diffusion increased and caused an increase in the 

conductivity of the electrolyte. These data were slightly higher than the vehicle controls, where cells were 

not completely attached onto the surface.  In the vehicle controls, the charge transfer resistances for the 

Balb/c 3T3, A549, MCF-7, and Ht-29 cells were 4 Ω, 9 Ω, 7 Ω, and 15 Ω, respectively. The slope values of 

the non-vertical line were at their lowest before the addition of the ALP buffer and increased after the 

addition of the ALP buffer. The slope recorded the highest values when cells were completely dead at 

vehicle controls. This indicates that the slope was affected by the electrolyte concentration [32], [71]. 
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Figure 6.10: EIS results of the four cell types grew on the working electrode before and after exposure to 
DEA buffer. (Left) Bode plots, and (Right) Nyquist plots. 
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6.4.7. Real-time monitoring of ALP release  

The impedance response of the cell line Ht-29 during differentiation was recorded via ECIS. ALP release in 

Balb/c 3T3, A549, MCF-7 and Ht-29 cells was monitored during post-confluence culture (Chapter 3, Table 

3.4) and (Chapter 4, Table 4.4).  As discussed earlier, post-confluence culture can induce the 

differentiation of many cancer cells. The Ht-29 cell line indicated the highest quantity of ALP release, and, 

therefore, was used for further impedance detection. Sodium butyrate (NaBt), on the other hand, 

mediates differentiation in many kinds of colon cancer cells [53], [54], [72]. Therefore, it was used 

specifically to induce the biomarker of ALP release in the culture media of Ht-29 cells [73]–[75] while 

attaching on ECIS.  NaBt was mixed with routine media at two concentrations (0.5 mM) and (1mM) and 

incubated with cells for 14 hours. Figure 6.11 (A) shows the impedimetric responses of Ht-29 cell line in 

three cases: NaBt-non-treated cells, NaBt-treated cells at concentration of (0.5 mM) and (1mM)' and dead 

cells (vehicle control). The routine media with no cells was used as blank. The measurement was applied 

at the optimal frequency obtained in Figure (6.6) of 60 kHz. Real-time monitoring of the cells’ monolayer 

was applied as cells were seeding, attaching and reaching the 70-90% confluence. The real-time 

monitoring was continued during differentiation with post-confluence and NaBt treatment. Normal 

exponential curve was observed from 1-72 hours. Cells were treated on day 3 and monitored for 14 hours. 

The media was changed, cells were incubated for another 72 hours and impedimetric signals were 

recorded. The impedance values illustrated slight decreases when low amounts of NaBt were applied 

compared to the positive control. A significant decline was shown when applying high amount of NaBt. 

This indicated a relationship between the amount of NaBt and cellular response.   

NaBt concentration needs a range of concentrations in order to determine the limit of detection of 

relationship between NaBt and cellular response. The significant differences between the values of 

differentiated cells and vehicle control indicated that the cells released ALP while alive. NaBt might inhibit 

the growth factor of Histone deacetylase (HDAC), which led to decrease the cell growth rapidly as seen in 

Figure 6.11 (A). Microscope images (Figure 6.11, B) illustrated morphological changes in cells membrane. 

NaBt-non-treated cells appeared strongly attached to each other while NaBt-treated cells looked more 

likely to separate from each other. These results corresponding to the findings of Joseph et al (2004) [76]. 

NaBt affected cell–cell adhesion, which was seen in the changes in the monolayer shape [77]. 

The viability of cells was measured as shown in figure 6.11 (C). Untreated cells (positive control) had the 

highest viability (100 %) as cells maintained in their routine condition. The viability of NaBt-treated cells 

with (0.5 mM) and (1 mM) was (87.5%) and (82.3%). The viability of cells decreased as the concentration 

of NaBt increased.  This might be the reason of for HDAC inhibition. There was no significant different for 

the viability values of NaBt-treated cells compared to the viability value of NaBt-non-treated cells (positive 

control). Vehicle control had the lowest level of viability (20.4%), because cells were already dead  

Real-time monitoring of ALP release from colon cancer cells lines (Ht-29) was performed using 

Amperometry (Figure 6.11 D). The current responses were applied in the media of NaBt-non-treated cells 

(positive control), the media of dead cells (vehicle control), and the media of NaBt- treated cells. It is 

noticeable that the current generated by the oxidation of pAP when using 1 mM of NaBt was 24.5 μA, 

while 0.5 mM of NaBt allowed a generated current of 12 μA. There was a small rise in NaBt-non-treated 

cells (control), which was approximately 7.5 μA. The increase of the current density indicated that 

differentiation of Ht-29 cells with NaBt was enhanced. The vehicle control generated almost the lowest 
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level of current at 0.9 μA. Amperometric readings of the electroactive product pAP for all the four sample 

cells was calculated at 10 seconds and generated almost 800 μL. 

 

   
 

Figure 6.11: (A) Relative impedance changes of Ht-29 cells during ALP release. (B) Microscope images of 
cells adhesion on 48-well plate and microelectrode array after exposure to NaBt. (C) Resazuin-based assay 
for cells attached on microelectrode array after differentiation. unpaired t-test (* p<0.05 significant is 
different). (D)  Amperometric current-time response curve of ALP release. Measurement was applied at a 
potential of 0.15 V and at assay buffer of DEA (9.5) in the presence of 10 mM pAPP. 

6.5. Future tests  

The methodology for monitoring ALP release in real-time was proven in Figure (6.11). However, it is 

required to apply different concentration of NaBt to determine with purpose of determination of limit of 

the detection. It is also required to apply NaBt on the other cells presented in this thesis. This could give 

a comprehensive investigation of ALP release and cell viability during using ECIS system.  
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6.6. Conclusion  

Impedance-based sensing technology has gained a great deal of attention relating to the study of cellular 

activities. The aim of this research was to report a real-time monitoring of ALP release and cell viability 

utilizing microelectrode arrays.   

The impedance will increase when cell proliferation increases and vice versa. The impedance will change 

if there is any change in the interface between the attached cells and microelectrodes' surface during ALP 

release. Each cell line has membrane properties that differ from the other, which results in different 

capacities the dielectric properties of the cell membrane). This made the frequency improvement 

important for each cell line. Impedance spectra of each cell line at a range of frequency from 1 KHz to 

1000 KHz was presented in Bode plots (Figure 6.6). The cells of Balb/c 3T3, A549, MCF-7 and Ht-29 

displayed different frequency ranges, which were (5-150) KHz, (10-100) KHz, (5-50) KHz and (10-150) KHz, 

respectively. The highest impedance of the cells 'membrane for Balb/c 3T3, A549, MCF-7 and Ht-29 cells 

were 40 KHz, 60 KHz, 30 KHz, and 60 KHz, respectively  

In order to verify of the constancy of the assay, calibration curve was obtained cells concentration and 

resistance responses over 10 hours and the polynomial model fitted the data with very good regression 

analysis (Figure 6.7). The data was normalized using cell index equation to facilitate tracking cell number.  

The microelectrode arrays biocompatible as cells showed logistic growth curves and clearly displayed the 

four phases (figure 6.8). Special attention was drawn to the morphology of cells, which was monitored 

and compared to the resistance changes (figure 6.9). It was important to monitor the cell viability during 

exposing to ALP buffer (pH 9.5). EIS measurements were performed and presented in Bode and Nyquist 

plots in order to analyze the magnitude of impedance of cell monolayer in the day 4 and compared it to 

the vehicle control (Figure 6.10). Cell viability was verified by resazurin assay and a verity in charge transfer 

resistance of each cell line before and after exposing to DEA buffer was also investigated. The ion diffusion 

(the permittivity) increased and caused an increase in the conductivity of the electrolyte, thus decrease 

in the impedance.  

Relative impedance changes of Ht-29 cells during ALP release were observed during differentiation by 

using post-confluence culture and using NaBt (Figure 6.11). Microscope images of cells adhesion on 48well 

plate and microelectrode array after exposure to NaBt were recorded and compared. Resazuin-based 

assay for cells attached on microelectrode array after differentiation was verified. The amperometric 

response of ALP release in media was reported using a graphite screen-printed electrode at a potential of 

0.15 V and at assay buffer of DEA (9.5) in the presence of 10 mM pAPP. The data clearly indicated a 

correlation between ALP activity and cell differentiation. Shifts in current (µA) obtained from 

concentration of NaBt indicated an increase of ALP activity. This may suggest optimizing the relationship 

between the amount of NaBt and the cellular response.  
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The main aim of this chapter was achieved. It was provided a developed methodology for real-time ALP 

release in cells. Future tests are required for the rest of the other cells studied in this thesis.   Furthermore, 

transfection methods (e.g., using plasmid) are required to assay ALP release at different states of the cells.  
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7.1. Conclusion 

In this thesis, we have developed a methodology for measuring real-time ALP release from cells using 

electrochemical and impedance techniques. One of the main contributions of our work is to express these 

methods as cell-based strategies, and to propose methods to track cells viability based on optical assays. 

Different types of methods have been presented. Our contribution here is twofold. First, an experimental 

optimization of sample size and reagent concentrations has been performed. Second, electrochemical 

methods based on redox and impedance have been designed.  

The main focus of this thesis was on the optimization itself. An approach based on an estimation of cell 

viability was introduced for quantifying cell numbers and to overcome the limitations of the endpoint 

assay. Its foundations rely on the reduction of salts (e.g resazurin) during the metabolic activity of cells, 

which is an important part of cell adhesion-based applications. Our contribution here was to adapt 

concentrations of resazurin to the cell type and the size of sample. This, to our knowledge, has never been 

addressed before for the purposes of cancer biomarker release. In particular, we proposed a 

postconfluence culture for the differentiation of cells in order to induce the biomarker ALP. This 

contribution can certainly be exploited in other differentiation strategies, thereby enlarging the potential 

application field of resazurin-based assays in gene expression investigations.  

Another contribution relates to the optical detection of ALP from embryonic and cancer cells using an 

absorbance technique. Our research resulted in an enzymatic assay suitable for ALP monitoring from 

mammalian cells and enabled comparison with other methods, including electrochemistry and capillary 

electrophoresis. From an experimental point of view, our contribution lies in the comparison of the 

performance of redox in both absorbance and electrochemistry. Our experiments were performed for the 

different types of cells. The use of the optimized conditions in absorbance allowed for better resolution 

of electrochemical findings. The kinetic enzyme assay has been detailed. A parallel investigation of this 

method was proposed using capillary electrophoresis. This contribution means that it is now possible to 

discriminate the isoenzyme of ALP by using selective inhibitors.  

Finally, another contribution pertains to real-time ALP monitoring. For the purposes of our research, upto-

date fluorescence techniques were applied to ALP release from the MCF-7 of breast cancer, A549 of lung 

cancer, and HT-29 of colon cancer. Fluorescence-based assays are known for their limitation in integration 

in microdevices. The use of microelectrode arrays with electrochemical detection techniques contributes 

to the development of miniaturized devices. ALP release were analysed during differentiation of cells 

using a real-time impedance-based method. Specifically, electric cell-substrate impedance sensing was 

used to monitor and investigate cellular responses and cell morphology during enzyme release. These 

experiments were performed in order to examine the differentiation of the colon cancer cells by 

postconfluence culture and by using NaBt, and applying different detection techniques, including 

impedance, resazurin, microscopic images and amperometric detection techniques. Results showed that 

our approach indicated a correlation between ALP activity and cell differentiation, which was clearly 

indicated when using different concentrations of NaBt. The amperometric current (µA) obtained from 

concentrations of NaBt indicated increases in ALP activity. The resulting data from amperometry and 
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impedance can be used for optimizing the relationship between the amount of NaBt and the cellular 

response in order to determine the limits of detection. 

7.2 Future work 

7.2.1 Experiments of interests  

Many different tests and experiments could not be performed due to time limitations (i.e., the 
experiments with cell cultures required days to finish a single test).   

Future work could involve deeper analysis of the bioimpedance of cell tissue during ALP release using 
methods such as transfection. Transfection cells with a plasmid of dual promoter alkaline phosphatase 
(pSF-CMV-PGK-SEAP) can enhance ALP release.  pSF-CMV-PGK-SEAP is a promoter of CMV that drives the 
gene of interest and promotes the terminating transcription at the same poly-adenylation signal, thereby 
allowing the expression of ALP (Figure 7.1). Briefly, this method involves seeding cells in the ECIS at a 
density of 40 × 103 cell/mL with routine media and allowing them to cultivate for three days to reach 
7090% confluence.  On day 3, cells are transfected by the addition of 500 μL of Opti-MEM I medium 
containing 5 μg of plasmid CMV at different concentrations of the transfection reagent (e.g. Lipofectamine 
Reagents). This is followed by incubation for several hours. The transfection medium is then changed to a 
routine medium, and the cells are incubated at 37 °C for one or two more days. Untreated cells are used 
as a control, and dead cells are used as a vehicle control.  

 

Figure 0.1: Expression vector of alkaline phosphatase (pSF-CMV-PGK-SEAP) predicting the location of the 
promoter CMV and the gene of interest ALP. 

There are a number of ideas that I would like to have tried during the description of ALP release in capillary 

electrophoresis. These include using an incubated buffer assay, monitoring the enzyme reaction inside 

capillaries and applying selective inhibitors. Other ideas, such as using cytotoxicity assay inside the 

capillary, would be a great challenge. It is hypothesised that the aloe vera plant can inhibit ALP release. 
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We obtained preliminary data that shows aloe vera can inhibit ALP enzyme in the MCF-7 cell line. This 

data was part of one of the 4th year project. The aloe vera plant was extracted in methanol at cold for 2 

days using rotary evaporation (Figure 7.2). The extraction was dissolved in DMSO at a final stock solution 

of (100 mg/mL). The stock solution was further filtered using a syringe of 0.45 nm pores before using stock 

solution in the cell culture. Two concentrations were used as an optimal (0.001 μL) and (0.0001 μL) for 

cytotoxicity measurements. The higher concentration affected cell viability. The cells were seeded in a 

48well plate at a density of 40× 103 cell/mL of EMEM medium containing 10% FBS. Cells were cultivated 

in a 48-well plate for three days to reach 70-90% confluence.  On day 3 cells were cytotoxic due to the 

addition of (0.001 μL) and (0.0001 μL) of extraction to routine media. This was followed by incubation for 

24 hours. The cytotoxicity medium was changed to a routine medium, and the cells were incubated at 37 

°C with resazurin for cell viability assay. The others were in a parallel plate and had their cells tested for 

ALP enzyme activity. Untreated cells were used as control. The vehicle control had dead cells. Microscope 

images of cells adhering to the 48-well plate were taken in order to investigate the morphology of cells 

during ALP release. The cells displayed different shape, which described in the same project of the 4th 

year student. It is thought that more investigation is needed to verify the effect of aloe vera extractions 

on ALP enzyme.  

 

Figure 0.2: steps of Aloe vera extraction (AVE).  

 

7.2.2 Cells models and three-dimension cell culture:  

This thesis has mainly focused on differentiation in embryonic and cancer cells lines for releasing the ALP 

biomarker. Most of the differentiation discussed in the literature focuses on investigating the 

mineralization of one cell line (e.g., osteoblasts cells). It would be interesting to consider differentiation 

in osteoblasts cells and to collect data and images relating to cell size or function with respect to stage of 

differentiation.  
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These types of cells are the perfect model for investigations relating to differentiation [1]. Moreover, the 

three demotions (3D) of cell culture attract much research today. Resazurin assays are now being 

optimized for applications used 3D cell culture model [2] [3] [4]. 

7.2.3 Nanomaterials   

For the determination of ALP using amperometry, there are also many ideas that could be exploited to 

obtain an effective convergence towards the best solution. An example of this is the use of enzyme-linked 

immunosorbent assay, which is the standard method. Using specific anti-ALP immobilized on electrodes’ 

surfaces can selectivity detect ALP release in media and allow free-label techniques.  Mintz et al. (2018) 

created an electrochemical impedance device to detect ALP in a phosphate buffer saline (PBS) solution by 

using anti-ALP functionalized silver nanowires (SiNWs). A three-electrode cell was used to measure 

electrochemical impedance where the electrode functioned as a highly disordered and very dense array 

of SiNWs. The device was highly efficient, selective, and sensitive in detecting very low ALP concentrations 

in PBS solution ranging 0.03–0.3 U/L. In addition, it was highly sensitive to antigen and antibody 

interactions. The high selectivity and sensitivity means that the device provides an effective approach for 

quantitative sensing and real-time detection of ALP [5]. Simão et al. (2018) integrated CNTs within 

osteointegration implants and found increased ALP mineralization activity detection using these implants. 

The device can rapidly detect ALP within blood serum, by immobilizing the covalent anti-ALP antibody 

towards ALP. The biosensor showed excellent performance, with two linear ranges from 0.5 to 50 IU/L 

and from 100 to 600 IU/L and limits of detection which ranged from 0.25 to 84.6 IU/L, respectively [6]. 

Nanomaterials can also be exploited in paper based analytical devices (PADs) for ALP release. Pandey et 

al. (2018) presented a platform for detecting ALP levels using -MoO3-x nano-flakes and zinc oxide. Once 

ALP is introduced to the complex, there is a rapid transformation of blue -MoO3-x to colourless -MoO3 

using zinc as a cofactor. The sensitivity level was found to be 0.1 M of enzyme concentration and allowed 

detection by the naked eye [7].   

7.2.4 Microelectrode arrays  

In vitro microelectrode array technology has evolved into a widely used and effective technique in 

studying cultured cells. Ino et al. have previously reviewed the bioelectrochemical applications of these 

technologies [8]. The way the ECIS is constructed in this thesis could also be changed - Instead of using 

eight wells with 1.96 mm2 working area of electrode surface/ well, a smaller size well with the same 

working area of electrodes could be used (Figure 7.3). Such a study could reveal whether cell adhesion, 

growth and proliferation are affected by size [9] [10].  The limitations of commercial ECIS mean that 

exploiting three-dimensional (3D) printing technology is of significance. This technology provides low-cost 

platforms and a novel approach to biological material for in vitro applications [11]. Moreover, it is 

important to use a microscope with a high resolution light in order to monitor the very tiny changes inside 

cells. 
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 Figure 0.3: Electric cell-substrate impedance sensing cultureware (1.96 mm2 electrode surface/ well). 

7.2.5 Lab on chip 

The development of lab-on-chip sensors has been undertaken to enhance ALP detection in cell cultures. 

Lab-on-chip approaches can provide good selectivity and portable detection. Besides, the chip limits the 

interferences and can therefore be used in ALP detection assay in complex samples. These devices are 

digital, and examples include using a smartphone camera to sense ALP enzymes in one single cell. Cao et 

al. (2018) created a simple electrophoresis titration (ET) device for ALP detection by using a reaction 

boundary (MRB). In this model, ALP accelerated the dephosphorylation of the 4-methylumbelliferyl 

phosphate disodium salt substrate in the cathode and 4-methylumbelliferone (4-MU) with blue 

fluorescence and negative charge under UV excitation. The 4-MU moved under the electric field into the 

channel. This process resulted in the neutralization of the acidic Tris-HCl buffer, thereby creating MRB and 

quenching 4-MU. The sensitivity of the device was high at 0.1 U/L, and the results were better than the 

ones obtained from chemiluminescence, electrochemical, and colorimetric methods for ALP assays. The 

sensitivity of the ET technology was good (0.1 U/L), linearity (V = 0.033A + 3.87, R2 = 0.9980), with relative 

standard deviation of about (2.4% to 6.8%) and recoveries (101% to 105%). The technology was 

successfully used to detect ALP in serum samples [12]. Sun et al. (2019) explored a new technique for 

investigating a low abundance of ALP created through individual cells through the use of a microfluidic 

droplet-based SERS method. The researchers first created a co-flow drop-maker model in which they 

suspended cells in a solution using BCIP as an enzymatic substrate and AuNPs as a signal agent to 

encapsulate individual cells in the drops. The difference between normal liver cell lines (BNL.CL2) and 

hepatocellular carcinoma cell lines (HepG2) was compared in terms of their ALP expression. It was 

observed that normal liver cells had 40% lower ALP expression than hepatocellular carcinoma (HepG2). 

The results also revealed that the ALP activity of droplet-isolated cells fluctuate in a large range compared 

to cluster cells, even if the overall ALP expression of the two cases was similar. An ultrasensitive high 

output analytical process was realized for ALP detection using a single cell SERS-based microfluidic droplet 

method [13]. 
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Abstract: Alkaline phosphatase (ALP), which catalyzes the dephosphorylation process of proteins, nucleic 

acids, and small molecules, can be found in a variety of tissues (intestine, liver, bone, kidney, and placenta) 

of almost all living organisms. This enzyme has been extensively used as a biomarker in enzyme 

immunoassays and molecular biology. ALP is also one of the most commonly assayed enzymes in routine 

clinical practice. Due to its close relation to a variety of pathological processes, ALP’s abnormal level is an 

important diagnostic biomarker of many human diseases, such as liver dysfunction, bone diseases, kidney 

acute injury, and cancer. Therefore, the development of convenient and reliable assay methods for 

monitoring ALP activity/level is extremely important and valuable, not only for clinical diagnoses but 

also in the area of biomedical research. This paper comprehensively reviews the strategies of optical and 

electrochemical detection of ALP and discusses the electrochemical techniques that have been addressed 

to make them suitable for ALP analysis in cell cultur. 

Keywords: Alkaline phosphatase (ALP); optical biosensors; electrochemical biosensors; nanomaterials; 

microarrays technology; Lab-on-chip technology 

1. Introduction 

The detection of alkaline phosphatase (ALP) was commenced in the late 19th century, and was 

recognized as an enzyme family after Robison’s contributions in 1932 [1]. McComb et al. (1979) summarized 

several attempts by scientists for the detection of ALP and displayed several topics that are of significance 

for multidisciplinary researchers [1]. The primary importance of detecting ALP is to identify the possibility 

of diseases and carry out immediate preventive or treatment operations [2]. In point of care applications, 

ALP is known to be measured in routine blood tests with high levels of serum considered as indications of 

bone disease, liver disease, or bile duct obstruction and recently appears to be a significant independent 

prognostic biomarker for indicating cancers [3,4,5,6,7,8,9,10,11,12]. ALP levels have various reference 

ranges depending on age, gender and patient history. ALP can be defined as an enzyme that liberates 

phosphate under alkaline conditions and is made in the liver, bone, and other tissues [13]. 

The X-ray crystallography technique characterizes ALP by obtaining a three-dimensional structure of 

the enzyme under study through diffracting its crystallized form [14]. Fersht et al. discusses how the three-

dimensional structure is crucial in determining the functionality of the molecules. On the other hand, 

nuclear magnetic resonance technique uses energy transitions through a range of wavelengths. This 

technique characterizes enzymes by making a difference in the spectrum which appears in the strength of 

the electromagnetic field around the nucleus [14]. The approach thus provides an extended shift of 

efficiency allowing the determination of which type of atom or particles about their specific environment, 

thus, respective characteristics can be derived. Figure 1 illustrates that ALP is a homodimeric enzyme 

shaped in two monomers (A and B) where the central core of ALP (active sites) is formed by the link of the 
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two monomers. The author elaborates that this property allows it to reach a stable heating capacity with a 

maximum capacity at very high pH [14]. Similarly, an active site found on the enzyme where one 

magnesium and two zinc ions located has the function of acting as a catalyst site. This occurs when mg2+ 

and zn2+ activate and inhibit, respectively, protein tyrosine phosphatase 1B (PTP1B). Millan describes the 

occurrence as molecular dynamics simulations, metadynamics, and quantum chemical calculations in 

combination with experimental investigations demonstrate that mg2+ and zn2+ compete for the same 

binding site in the active site only in the closed conformation of the enzyme in its phosphorylated state [15]. 

At this point, the cations have different effects on hydrolysis resulting in a difference in the establishment 

of the structural enzymology PTP1B. 

 

 
 

Figure 1. Illustrates the 3D structure of ALP shaped in two monomers (A and B). The central core of ALP 

(active sites) is formed by the link of the two monomers. The metals position in the edge of both 

monomers (red). In the licorice representation, the inorganic phosphate and metal ions are presented [16]. 

Details of ALP isoenzymes and their test regarding their physical and chemical properties are 

discussed below. Furthermore, we have discussed some point taken into account the methods of 

discriminating between those isoenzymes. 

2. ALP isoenzyme and tests 

Mammalian ALPs are present as different isoenzymes. Figure 2 shows the main four isoenzymes of 

ALP, which are germ cell alkaline phosphatase (GCAP), intestinal alkaline phosphatase (IAP), placental 

alkaline phosphatase (PLAP) and tissue-nonspecific alkaline phosphatase (TNAP). GCAP, IAP and PALP, 

are located in chromosome 2, whereas TNAP is located in chromosome 1—all of which their precise 

physiological and neoplastic functions are unknown. However, TNAP was found to be responsible for 

calcification in bone and concern regarding regulating the secretory activities in liver, but as mentioned 

earlier their main function still unidentified. ALP isoenzyme can be referred to as a biomarker for cancer 

before a tumor is formed. Fishman (1980) contends that PLAP is sometimes found in individuals with 

ulcerative colitis or polyposis of the colon, and it is through this that they enhance the capability of 

acquiring cancer [17]. Bukowczan et al. also examined that PLAP has a relationship with different tumors 

such as renal cell carcinoma (RCC) [18].   
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Figure 2. ALP isoenzyme with common names, place function limitation [19]. 

Some physical and chemical properties are considered when discriminating between isoenzymes. 

Webster points out that the concentration of cysteine and histidine which inhibits alkaline phosphatase 

activity and the phosphotransferase activity of different isoenzyme preparations are similar [13]. Other 

physical and chemical properties include heat stability at 56°, electrophoretic mobility, and the 

concentrations of Zn ions, l-phenylalanine, and l-tryptophan required to inhibit enzyme activity by 50% 

are different. This variety was exploited to discriminate ALP isoenzyme. Some traditional methods depend 

on deactivating ALP, such as using selective inhibitors (e.g., l-phenylalanine, l-homoarginine, levamisole) 

or heat treatment. The classic approach is to heat the serum of ALP up to 56 °C for 10 min to distinguish 

between liver and bone ALP, for example. Whereas the other methods such as electrophoretic, isoelectric 

focusing and lectin-based rely on sieving media or non-sieving media. These methods use polyacrylamide, 

agarose gel, or the wheat-germ lectin for limiting the mobility of ALP isonenzymes in buffers. Moreover, 

separation-based methods are conducted to distinguish ALP isoenzymes, and are occasionally coupled 

with other techniques to give quantity of ALP. For example, chromatography methods such as affinity 

chromatography [20] have been applied to distinguish ALP isoenzymes and are occasionally associated 

with solid-phase immunoassay to give data of ALP levels. This method is still insufficient, although 

optimized by using wheat germ agglutinin (WGA) conjugate to the silica particle [21]. Liquid 

chromatography is applied instead with different anion exchange [22]. Per et al. used weak anion exchange 

to determine and separate ALP isoenzyme [23]. This assay improves sensitivity and selectivity over 

electrophoresis methods. However, the temperature for the analytical column must be strictly controlled, 

otherwise retention times and peak heights will be affected. These separation methods however, although 

useful as a research tool, have limited applications in the routine clinical laboratory. 

Due to the complicated nature of ALP in terms of its physical and chemical properties and the fact that 

it has various levels between people and iosenzymes that indicate related diseases, particular expression 

systems are required to express ALP and makes it detectable in vitro assays, which will be expanded upon 

in the next section.  

3. 3. ALP secretion system 
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There are many expression systems for proteins including mammalian cell, bacteria and yeast. Among 

them, mammalian cells help in the folding of proteins, post-translational modifications and product 

assembly, which all are important in harnessing mammalian cells for protein production [24]. In addition, 

mammalian cells have proved to be well suited with an efficient expression system that leads to good 

productivity due to containing glycosylation, which is required for secretion and stability. However, a 

mammalian cell is more complex and costlier than other expression systems such as bacteria and yeast. 

ALP is located in the membrane of mammalian cells and is found to be in periplasmic space of E. coli 

bacteria [2]. Figure 3 shows that ALP is made in the nucleus. Then formed to protein in endoplasmic 

reticulum (ER) and in Golgi body formed as an iosenzymes. These processes are all under natural pH. ALP 

is then bonded to a cell membrane where the pH is 7.5. This pH does not allow ALP to induce unless the 

environment surrounding it rises to an alkaline pH. For example, during cell metabolism or necrosis 

inflammation where HCO3- raises causes an increment of alkalinity in the cell membrane, thus activating 

ALP [25]. 

 

 

Figure 2. ALP produced in each stage in cells [26]. 

The technique of cell culture is efficient to study the physiological effect of ALP in vitro assays and 

develop cancer research. Cell culture is the technique of extracting cells from a living organism and 

growing them in an artificial environment producing cells lines simulating cancer in vivo [27]. The number 

of cell lines are ever increasing and this has attracted the need for finding the right model for cancer. For 

example, A549 cell lines investigated many biomarkers in lung cancer includes C4b-binding protein [28], 

micoRNAs [29], volatile biomarkers for apoptosis and necrosis [30] and ALP biomarker—which was 

significant in modulating A549 cell phenotype [31]. MCF-7 cell line was developed about 48 years ago with 

about 25,000 published reports, making it the most published cell line after the HeLa cell line, which has 

about 80,000 publications. MCF-7 studied many biomarkers such as P glycoprotein [32], doxorubicin-

resistant [33] and 52 K glycoprotein [34] ALP [35]. HT-29 cell lines can express brush border linked to 

hydrolases which are common in the small intestines, though they have a lower enzymatic activity than 

that of in vivo cells. Ht-29 received a lot of interested in food digestion and bioavailability [36,37,38], the 

transport of drugs and food, immune response, adhesion and invasion of microorganisms [39] and 

diagnosing ALP as biomarkers in each stage of colon cancer [12] as well as studying the regulation of ALP 

[40]. 
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There are various ions across lipid membranes in cells where ALP was found to be conducted due to 

the membrane permeability for K+ [41]. Along similar lines, Gerlach et al. argued that the membrane 

conductance of ALP is a calcium-dependent potassium channel (hIK1) [42]. Another study by Bo Yang et 

al. suggested that the calcium activated chloride channel A1 (CLCA1) may regulate the transition from 

proliferation to differentiation in colon cell lines; Caco-2 cells [43]. Another study found that ALP affected 

the concentration of calcium ion [44]. Patch-clamp and RT-PCR approaches help understand the functional 

and molecular expression of voltage-operated calcium channels [45]. As such, the researchers investigated 

whether voltage-operated calcium channels play a role in osteogenic differentiation of human bone 

marrows. Results revealed that mRNA for pore-forming 1C and 1G subunits of T-type and L-type Ca2+ 

channels were found to be present in comparable amounts in cells cultured in maintenance medium. The 

techniques were also found to be effective in detecting progressive bone mineralization of increased activity 

of ALP. Macrae et al. explored techniques for using synthetic derivative gramicidin A for the ion-channel 

forming peptide [46]. The device was developed to report variations in the local environment to external 

stimuli. The results revealed that gramicidin A ion channels give substantial detection for changes in ALP 

concentrations and environmental alterations. 

A number of approaches have been extensively developed to understand the gene expression of ALP 

in vitro diagnostic tests where the reason for causing diseases as well as tracking the effectiveness of 

pharmaceuticals was unveiled. Therefore, accurate quantification of ALP level provides a signature of ALP 

function and gives a better understanding about the prognostic level of ALP in different cancers. 

4. Traditional ALP methods 

There are three main traditional methods that have been adopted to achieve better quantification of 

ALP level. Firstly, the fluorescence-based methods include flow cytometry, histochemical and 

immunohistochemical. The sample precipitate with substrates such as enzyme-labeled flouresence-97 

(ELF-97) phosphatase, naphthol phosphate, and menadiol diphosphate coupled with some of salts and 

dyes such as azo dye, diazonium salts and tetrazolium salts so as to produce insoluble colored products 

detected by fluorescence. These methods allow high sensitivity and fast detection. However, their 

expensive instrumentations hinder their convenient use alongside the need for highly skilled personnel 

[15,47,48]. 

Secondly, mRNA-based methods; northern blot [49] and a reverse transcriptase-polymerase chain 

reaction (RT-PCR) [50] can detect real-time ALP level. The former method is an old and classic method 

used to detect a specific isoform of ALP based on the level of its mRNA [49]. The RT-PCR approach is also 

based on RNA expression, but it combines with a single nucleotide primer extension assay to discriminate 

ALP isoenzymes [49]. 

Thirdly, immunoreaction-based method including western blot, radioimmunoassay (RIA), and 

enzyme-linked immune-sorbent assay (ELISA) have been conducted to gain more selectivity and 

sensitivity [51]. Western blot involves an electrophoretic sieving, which allows ALP separated by size and 

then the results transferred to a membrane producing bands. The membrane is incubated with labels of 

specific antibodies. This method, although sensitive, is time-consuming and has a high demand in terms of 

experience of the experimenter. Additionally, it requires multiple optimizations of the experimental 

conditions. In RIA, polyclonal are optimized to monoclonal antibodies to eliminate the cross reactivity. 

Thus, RIA is considered a method valid to detect ALP. RIA requires radioactive isotopes of iodine as an 

indicator. In such assay, a certain bead such as polystyrene coated with polyclonal rabbit anti-ALP are 

incubated with test samples and iodinated by chloramine—a radioactive compound—then, the 

radioactivity is counted by a gamma counter [52]. Although RIA is a sensitive method, it requires frequent 

preparation of radioactive antibodies as well as exposure to radiation hazards. Additionally, it require 

multiple steps for handle, storage, and disposal of radioactive materials. 
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One solution that succeeded to provide a similar sensitivity based solid phase and with no radiohazard 

is ELISA. In this technique, an enzyme conjugate and monoclonal antibodies are used. Colorimetric assay 

is then used in the presence of an appropriate chromophore (e.g., p-nitrophenyl phosphate) [53]. Although 

simple, this technique is a lab-based application [54]. In care-of-point application, ELISA based antibodies 

may cause false results [55]. For example, the human body can continue producing antibodies even though 

the person may have had the disease earlier and has recovered. In addition, some people are poor 

producers of an antibody or have some interfering substance in their blood, thus the amount of antibody 

may be too low to measure accurately or may go undetected. Cross reactivity may occur as a result of 

unrelated antibody reacts with the antigen non-specifically, thus bringing about positive signals for false 

reaction [56]. Another limitation with monoclonal antibodies is that immunoassays cannot identify the 

isoenzyme ALP [57,58]. 

Traditional methods mentioned earlier have some advantages, however; they are affected by 

requirements of multiple external controls for quantitative analysis as well as sequencing experiments to 

allow reliability. Additionally, a large sample volume, expensive instruments, and costly reagents are 

mostly needed. In addition, clinical ramifications need a simpler and more sensitive technique for testing 

of ALP expression. 

Enabling high throughput technologies such as biosensors in point of care applications require some 

features such as portability, simplicity, and cost effective—all of which can be achieved through 

electrochemical methods. Literatures so far have developed methodologies for ALP detection in biological 

samples. For instance, Millan reviewed the use of conventional approaches in ALP analysis [15]. This paper 

is an updated version to solely cover for the available optical and electrochemical techniques for ALP 

detection. A brief outline of the recent advancements in optical detection strategies for ALP followed by 

electrochemical detection strategies are highlighted. More importantly, it was highlighted that recent 

technologies have been addressed to make each of the techniques suitable for ALP analysis in cell culture. 

5. Optical detection techniques 

The development of revolutionary technologies for imaging real-time events in living cells has been 

on the rise in the past decades. Today, enzymes have been put at work and optically acquired images have 

been significant in helping researchers to understand biological processes compared to abstract 

measurements [59]. Specifically, live-cell imaging with optical microscopy methods is powerful because 

they enable real-time detection of cellular processes [60]. Optical events are detected using bioluminescent 

and fluorescent probes that emit radiation at near-infrared or visible wavelengths, which are detected using 

optical cameras [60]. Optical methods have been used in detecting analytes because of their simple 

application. Cagnin et al. pointed out different optical techniques based on target labelling use 

radioisotopes, fluorophores, and UV-absorbing molecules. Fluorescence is used to elaborate molecular 

events results to light absorption when compounds such as polyaromatic hydrocarbons or heterocycles are 

used [61]. Upon being excited by light, these compounds can change their energy levels and decay from 

the excited state and in the process emit fluorescent light [61] In comparison, some optical methods such 

as non-linear optical sensing techniques and optical tomography and spectroscopy are based on label free 

detection where detection is achieved through nonpolar reactions, polar reactions, ionic reaction, hydrogen 

bonding, and covalent binding [62]. 

The common optical assays of ALP determination are most likely fluorescence, chemiluminescence, 

Raman spectroscopy, infrared spectra and colorimetric as well as surface plasmon resonance—all of which 

are expanded upon in the next section. 

5.1. Fluorescence methods 

Fluorescence methods involve the use of fluorophore which is excited by energy light. Ejected 

electrons are transitioned within a molecule from ground state to an excited state. When the electrons relax, 
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they fall to the lowest energy level emitting their energy into an emitted photon [61]. Fluorescence methods 

offer advantages such as being simple, specific and fairly sensitive and can detect low quantities in samples 

as well. Unfortunately, the fluorescence technique is limited to samples that are able to emit light [59,61]. 

Many strategies in fluorescence methods have been widely used in ALP detection involve real-time, label-

free, affinity principle, and developing probes. 

Deng et al. (2015) demonstrated a simple and effective radiometric fluorescent technique used in real-

time detection of ALP based on stimulus-responsive coumarin@Terbium-guanine monophosphate 

nanoparticles [63]. The technique is real-time, sensitive, and robust as it has double signal response read-

out with linear detection limits for ALP ranging from 0.025–0.2 U/mL. Qian et al. (2015) developed a label-

free real-time fluorometric assay for highly sensitive ALP detection based on aggregation and 

disaggregation of CQDs using Cu2+ [64]. The presence of carboxyl groups on the CQDs enables 

aggregation due to fluorescence quenching by copper ions, with subsequent interaction among PPi, copper 

ions, and carboxyl initiating disaggregation inducing fluorescence emission. The new techniques can 

quantitatively detect ALP to high sensitivity levels of up to 1.1 U/L in human serum. Liu et al. (2016) 

designed a new fluorescence turn-on sensing technique for ALP activities based on the variations of 

graphene oxide (GO) affinity with double stranded DNA (dsDNA) and single-stranded DNA (ssDNA) 

coupled with λ exonuclease cleavage [65]. The new method exhibits high sensitivity to ALP with detection 

limits of 0.19 U/L—which is high enough in the practical determination of ALP in human serum. Qu et al. 

(2017) developed a single-step hydrothermal treatment of the Sterculia lychnophora seed with strong blue 

luminescence and water solubility [66]. The synthetic technique was found to be facile without post-

treatment or complex techniques. The CDs-MnO2 nanocomposite as used as a new sensing probe for label-

free and sensitive detection of ALP with its detection limit being as low as 0.4 U/L. The findings from these 

studies suggest that fluorescence assays can have an effect on vivo assays for real-time ALP detection. Chen 

et al. (2017) described a novel assay strategy for real-time detection of ALP in vivo based on the fluorescence 

quench-recovery technique at physiological pH using boron-doped GQDs as a fluorophore and ATP as a 

substrate [67]. The assay is able to discriminate ALP expression in cells up to very low concentrations of 10 

± 5 cells mL−1. 

5.2. Chemiluminescence methods 

Chemiluminescence methods are based on the emission of light (luminescence) from a sample being 

investigated as a result of a chemical reaction. The luminescence reagent is continuously added to the 

sample and mixed with the column eluate in the mixer. The resulting luminescence from the chemical 

reaction is then measured using a photomultiplier tube when the luminescence raises to its highest intensity 

[68]. The advantages of chemiluminescence methods are limited to high sensitivity, broad dynamic range, 

and applicability over a broad spectral range, although during detection impurities can cause nonspecific 

background signals that degrade its sensitivity. The effectiveness of this essay may be seen in the strength 

of chemiluminescent. Sasamoto et al. (1995) studied the application of lucigenin as a chemiluminescent 

reagent in enzymatic activity assay for ALP detection [69]. The reagent reacted with hydrogen peroxide 

and phenacyl phosphate as a substrate for ALP detection. The phenacyl alcohol created an enzyme-

catalyzed reaction with lucigenin giving luminescence with a detection limit of 3.4 × 10−1 mol and can be 

applied in enzyme immunoassays. Ximenes et al. (1999) developed hydrolytic action upon disodium (2-

methyl-1-propenyl)phosphate (Na2MPP) to detect ALP activity [70]. The Na2MPP releases enol from 

isobutyraldehyde and is oxidized to HRP/H2O2 system producing chemiluminescence. The limit of 

detection (LOD) was 1.5 femtomole of ALP per assay, which is at the same range as other chemiluminescent 

methodologies. Kokado et al. (2002) developed a simple and sensitive chemiluminescent assay (CL) for 

ALP detection using dihydroxyacetone phosphate [71]. ALP hydrolyzation transformed new substrates to 

dihydroxyacetone, which reacted with lucigenin producing strong chemiluminescence. Under optimal 

conditions, the limits of detection were 3.8 × 1019 and 1.5 × 10−18 moles of ALP. When applied to enzyme 
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immunoassay of 17β-oestradiol, the proposed CL method had a measurable range of 15–4000 pg/mL with 

four times more sensitivity compared to colorimetric assay for ALP when 4-nitrophenyl phosphate was 

used as the substrate. Overall, these strategies support the view that chemiluminescence methods can 

detect ALP in real-time. Meng et al. (2005) developed a new system for continuous and real-time 

monitoring of cross-talk between mesangial and macrophage cells in ex vivo and in vitro [72]. The technique 

provides simple and reliable tools for monitoring mesangial cells and macrophages which can be applied 

in the therapeutic management of infiltrating leukocytes and resident glomerular cells. 

5.3. Raman spectroscopy 

Raman spectroscopy is based on the light scattering technique known as the Raman Effect. The Raman 

Effect relies on a fraction of small scattered radiation, which is different from the frequency of 

monochromatic incident radiation when incident radiation interacts with vibrating molecules. The 

scattered radiation gives information about the molecular structure of the sample. The laser line is used as 

the reference point with the peak measured as a shift from the laser line using vibrational energies 

associated with bonds in the molecules [73]. The advantage of Raman spectroscopy relates to its capacity 

to require very small samples and can be used with gases, liquids, or solids. Samples can also be analyzed 

directly in blisters, bags, or bottles with no vacuum requirements. However, the disadvantages include the 

inability to detect alloys or metals and that the Raman Effect is weak, resulting in low sensitivity. Other 

disadvantages include equipment cost depending on their applications. A recent study reported by Cottat 

et al. (2017) supported the hypothesis that Raman spectroscopy can detect ALP [74]. They examined 

variations between phosphorylated and unphosphorylated protein forms (e.g., Spleen Tyrosine Kinase 

(Syk)). Spectral similarities between dephosphorylated-Syk and unphosphorylated-Syk indicated that 

phosphorylated Syk was able to reverse its conformation after unphosphorylated due to phosphatase 

treatment. This study would seem to suggest that using advanced materials and the affinity approach can 

be used for avoiding low sensitivity. Yang et al. (2017) develop a new surface-enhance Raman spectroscopy 

(SERS) immunoassay to high selectivity and sensitivity of cancer markers such as AFP using enzyme-

assisted Agdeposition on 4-mercaptobenzoic acid labeled gold nanoparticles (AuNPs) seeds [75]. The 

formed Au@Ag nanostructure had strong SERS signal detection for AFP ranging from 0.5 to 100 pg/mL 

with LOD of 0.081 pg/mL (3σ). Bozkurt et al. (2018) developed alternative methods using ALP activity for 

E. coli detection [76]. Three steps were using including modification of spherical magnetic gold coated core-

shell nanoparticles and application of immunomagnetic separation to capture E. coli from solution. The 

ALP was immobilized on Au-NRs, and indirect detection of E. coli base on SERS done. Satisfactory limit of 

quantification (LOQ) (30 cfu/mL) and LOD (10 cfu/mL) were detected using sandwich immunoassay in 

less than 3 h. 

5.4. Infrared spectra techniques 

Infrared spectra techniques use the principle that molecules appear to absorb specific light frequencies 

characteristic with their molecular structure. The energies rely on the shape of molecular surfaces, mass 

corresponding to atoms, and associated vibronic coupling. Molecules, for example, are able to absorb 

energy present in the incident light and this results in either pronounced vibration or faster rotation [73]. 

The advantage of the infrared spectra method is that it does not destroy the sample and can thereby give 

qualitative and quantitative chemical data about the sample. The sample preparation process is simple with 

no specific requirements, and the spectra are very sensitive—even in small samples—in addition to being 

versatile in gas, liquid, solid, and semisolid detections. The disadvantage of the technique includes difficult 

handling procedures and sample maintenance, with the use of properly tuned and highly sensitive devices. 

Ren et al. (2015) demonstrated that inferred spectroscopy can detect phosphatase activities in situ; in 

osteoblast cells with the use of natural substrates without labeling [77]. The researchers recorded overall 

phosphatase activity in cells through a single step via substrate and protein concentration measurements. 
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Specific activity in osteoblasts was 116 ± 13 nmol/min/mg for PPi to 56 ± 11 nmol/min/mg for AMP, to 79 ± 

23 nmol/min/mg for beta-glycerophosphate and to 73 ± 15 nmol/min/mg for 1-alpha-D glucose phosphate. 

Furthermore, the absorption bands were recorded 1107 cm−1 for PPi, 977 cm−1 for AMP, 990 cm−1 for beta-

glycerophosphate, and 990 cm−1 for 1-alpha-D glucose phosphate. It appears likely that the high standard 

deviation is due to protein concentration. Although the overlap was recorded in this assay, a definite need 

for a novel probe appears to be required. Li et al. (2017) reported a novel near infrared fluorescent probe 

based on hemicyanine dye in detecting endogenous ALP activity [78]. The new probe exhibited high 

sensitivity to ALP with 10-fold improvement when 2.0 U/mL ALP is added. Gao et al. (2018) designed and 

synthesized a near-infrared fluorescence probe to image and assess endogenous ALP changes in different 

tumor line cells [79]. The probe contained two parts: heptamethine cyanine as fluorescence modulator and 

phosphate monester as a response moiety for ALP enzymatic reaction. The technique showed high 

sensitivity to ALP detection in cancer cells. Wu et al. (2018) designed an ALP-activatable near-infrared 

photoacoustic probe [80]. Once the ALP is dephosphorylated, it self-assembles into nanostructures with 

enhanced photoacoustic signal for tumor imaging. The new device had 2.3-fold in detection limit at 4 h 

after 1P injection. Xu et al. (2019) made a successful synthesis of hemicyanine dye-mimic near-infrared 

fluorescent probe (NIR MTR) where they used 2-methylbenzo[d]- thiazole to replace 2,3,3-trimethyl-3H-

indole [81]. The developed probe exhibited good ALP sensing performance showing detection limit of 0.042 

U/L and linear range of 0–8 U/L. 

5.5. Colorimetry methods 

Colorimetry methods are based on the Beer-Lambert’s law where light absorption transmitted through 

a medium is considered to be directly proportional to the concentration in the medium. In sample detection, 

a beam of light of a specific wavelength passes through a solution through several lenses that navigate the 

colored light to a measuring device. The device analyzes the color and compares it to the known standards 

and the microprocessor is used to calculate the percentage of transmittance or absorbance [82]. The 

advantages of the colorimetry technique include being fast, inexpensive, lightweight and portable, 

requiring a small sample size, minimal instrumentation and power, and the ability to customize array for 

specific analytes. However, some of the shortcomings include reproducibility of printing, reproducibility 

of imaging, difficulty of determining individual components of a mixture, and stability/shelf life. Chen et 

al. (2016) developed a low-cost, rapid, simple, and highly sensitive colorimetric technique using 

microfluidic paper-based analytical devices (μPADs) for monitoring serum ALP levels [83]. The coloration 

was recorded using Gel documentation systems. The LOD was noted to have a low detection limit of up to 

0.78 U/L serum ALPs. Hu et al. (2017) developed a versatile technique for a selective and sensitive 

colorimetric assay for ALP activity based on absorption properties of Fe(II)-phenanthroline [84]. The 

technique exhibited good quantitative detection of ALP activity over a range of 0–220 mU mL−1 with a 

detection limit of 0.94 mU mL−1. It is likely that novel probes will improve colorimetric assays. Hu et al. 

(2017) proposed a practical and simple method for the selective and sensitive colorimetric assay of ALP 

activity [85]. The researchers used a water soluble and biologically conducive Cu(II)-phenanthroline 

complex as a probe. A two-step chromogenic reaction was used and was responsible for the turn-on 

spectral absorption in the visible region in addition to a distinct color change in the solution absorbed at 

the 424 nm band. Without the need for complex instruments and protocols, the new technique allowed for 

a sensitive readout of ALP activity where its linear range was wide at 0–200mU/mL, while the detection 

limit was down to 1.25mU/mL. Huang et al. (2018) developed a metal co-factor free deoxyribonucleic acid 

(DNA) and found that it displays H2O2 activity under mild conditions when acetic acid is used as an 

activator [86]. The new device demonstrated that in situ generations of peracetic acid results from guanine-

rich oligonucleotides facilitation and subsequent tetramethylbenzidine (TMB) oxidation. The device had a 

detection limit of ALP in the linear range from 0.05 to 15 mU/mL, giving the LOD of 0.01 mU/mL. The new 

device can be used for colorimetric tests in analyzing real samples from human serum. Both Hu and Hu 
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share LOD higher than Chen’ findings. These results would therefore appear to point out a definite need 

of improving more sensitive probes. Wu et al. (2019) have demonstrated that prussian blue nanocubes (PB 

NCs) can be used to make colorimetric probes for sensitive and selective monitoring of ascorbic acid and 

ALP activities [87]. The method is based on peroxidase activity of PB NCs which can be inhibited by 

ascorbic acid due to PB NCs being reduced to Prussian White. The method showed it can be used to detect 

ALP activity with a detection limit of as low as 0.23 U·L−1. Generally, optical methods show several 

advantages including being non-intrusive, presenting high accuracy, real-time detection, and being robust 

in ALP detection. However, they remain expensive, fragile, influenced by the environment, and are not 

readily portable. 

5.6. Surface Plasmon Resonance 

Surface plasmon resonance is a resonant oscillator based on electron conduction at the interface 

between positive and negative permittivity materials that are triggered by an incident light. The generated 

incident photons are absorbed at the metal layer surface by free electrons before being converted to surface 

plasmon waves when some conditions such as incidence angle, polarization, and wavelength have been 

achieved [88]. Researchers have further explored the properties of ALP from the surface plasmon resonance 

(SPR) perspective. For instance, Linder et al. (2016) explored the binding properties of human collagen and 

ALP of human bone through SPR analysis, and validated their research using blotting and electrophoresis 

[89]. Results revealed that bone ALP binds strongly to collagen in contrast to ALP detected in non-

mineralizing tissue samples, and that binding affinity increased as the response rose. Sappia et al. (2017) 

researched SPR for the real time detection of ALP by using WGA-modified surfaces, where ALP absorbs 

and the signal increases [90]. Wang et al. (2018) created a probe using gold nanoflower in detecting cellular 

ALP and found that the ALP activity could be detected up to limits of about 0.03 μU L−1 [91]. In addition, 

the ALP activity of the mammalian cells was able to be attracted using the develop probe. 

Nonetheless, despite clever and manipulating tactics of optical methods in ALP detection, the use of 

fluorophore can be affected by the biological events and cause low fluorescence intensity [29]. The 

fluorophore may lose its fluorescence during tissue fixation or subsequent processing. In addition, reagents 

should be fresh enough, placing samples in appropriate positions, and recording should be immediate—

otherwise false values will be recorded as well as the simplicity of the colormetric may give insufficient 

resolutions. Moreover, experiments in vitro assays usually require multiple steps to prepare sample. 

Therefore, enabling electrochemical detection in vitro assays will minimize the steps of washing samples, 

centrifuge etc., thus limiting disturbing samples and obtaining appropriate results with less errors 

6. Electrochemistry detection techniques 

Electrochemical methods give good grounds for expecting efficiency and sensitivity over optical 

methods. It was noted that optical devices are commonly used in laboratory settings due to their simplicity 

in microfluidic-detector interface. However, electrochemical detection offers better detection limits than 

optical devices for different biological analytes [92,93]. Also, it is easier to integrate electrochemical devices 

to microfluidic components within different chips in assay detection [94]. As a result, electrochemical 

methods offer real-time monitoring of biological occurrence and convert it into electronic signal. This type 

of signal can be easily integrated and observed in microdevices [95]. 

Electrochemical methods accomplish the measurement of ALP levels in vitro assays. The ALP level is 

determined according to different electrochemical signals including current, potential, conductivity and 

impedance. A certain reaction occurs in the presence of a particular substrate and produces electroactive 

properties such electron transfer, potential change, ionic species or current resistance. Thompson et al. 

(1991) compared the resolution of ALP resulting in amperometric detection over optical detection and 

found that amperometric had results 20 times better than that of optical [96]. The research of Thompson et 

al. has contributed to developing ALP electrochemical detection, which makes researchers to take 
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advantage of Thompson’s contributions and apply different approaches such as using various substrates, 

self-assembled monolayers, immunoconjugates, and label free. In light of these considerations, it will be 

shown that several studies could detect secreted ALP in biological samples such as serum, cells, tissues and 

biopsy as well as by using different tactics for amplifying electrochemical signals. Electrochemical assays 

such as amperometric, potentiometric, and conductometric are common in detection ALP; therefore, they 

are further explained in the next paragraphs.  

6.1. Amperometric 

Amperometric techniques work by monitoring the change in a current once a constant potential has 

been applied. Potential changes are closely connected to enzymatic reduction and oxidation reactions 

inside the electrolyte solution within the working electrode [97]. In the process, the current can be 

compared to the electro-active specie concentration inside the sample. For instance, the presence of ALP 

works to hydrolyze o-phosphate at the p-aminophenyl phosphate (pAPP), where the non-electroactive 

substrate under the alkaline environment serves to generate an electroactive enzyme which contains redox 

cycling characteristics. Taking advantages of this principle allow for many studies to develop the detection 

of ALP in biological samples. Kelso et al. (2000) were most likely the first to detect secreted ALP in media 

using screen printed electrodes and 2-naphthyl phosphate [98]. They infected CHO cell lines to release 

ALP, which showed sufficient results that could be further optimized to increase sensitivity. On their print, 

a foot number of studies showing up developed amplifications. For example, the electrochemical signal of 

p-aminophenol can be amplified by bioelectrocatalysis using diaphorase and NADH, for instance. Ito et al. 

(2000) have used Tyrosinase with phenol phosphate to reduce the over-potential and obtained detectable 

results in the bovine serum. Although phenol phosphate has good stability, it needs two reactions to be 

detected [99]. Wang et al. (2009) have minimized the reaction in one single step, but they did not use any 

biological samples [100]. Shi-Ping et al. (2012) have used p-nitrophenol phosphate; the common optical 

substrate; and used ionic liquid to amplify the electrochemical signals [101]. They detected ALP in range 

of 1–100 UL−1 with good linearity. They did not use secreted ALP in their measurements. Xia et al. (2013) 

developed more sensitive electrochemical sensors for ALP detection using p-Aminophenol redox cycling 

[102]. The researchers compared the performance of various reductants in p-Aminophenol redox cycling 

using self-assembled monolayers that were on modified gold electrodes. For redox cycling, three reagents 

were found to be suitable in enhancing detection including cysteamine, tris(2-carboxyethyl) phosphine 

(TCEP), and nicotinamide adenine dinucleotide (NADH). The reaction rate in electrochemical detection of 

ALP decreases in the rate of cysteamine <TCEP <NADH. Some other methods used self-assembled 

monolayer (SAM) but without substrates. For example, Zhang et al. used a self-assembled monolayer 

technique where in the absence of ALP, they immobilized phosphorylated peptides (CPPY) onto gold 

electrodes forming the negatively charged self-assembled monolayers (SAMs), and in the process it enabled 

access to positively charged [Ru(NH3)6]3+ probes onto the surface of the electrode. Once the electrode was 

incubated with ALP and CPPY, the ALP removed the phosphate group in CPPY. Although this trend uses 

cheap reagents, it allows for the indirect detection of ALP. Zhang et al. (2015) further developed a highly 

sensitive and facile homogenous electrochemical biosensor technique for ALP detection based on a single 

molecular exonuclease-assisted signal amplification [103]. The model was able to directly detect ALP levels 

up to 0.1 U/L, which is better than fluorescence methods and up to three times more sensitive than the 

immobilization-based electrochemical methods. These contributions aided to enable direct monitoring of 

ALP activity in living cells. Yildirim-Semerci et al. (2015) used an electrochemical assay for indicating the 

activities of cell-bound ALP using voltammetry on in-vitro cell culture [104]. The assay was based on p-

aminophenol oxidation indication using square wave voltammetry, cell cultivation on gold 

microelectrodes on microplate wells, and catalytic hydrolysis of p-aminophenyl phosphate by ALP 

attached to cells. Detection of ALP activity was achieved through a signal increase associated with the 

number of cells and the rate of p-aminophenol formation rate. The obtained findings based on 
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electrochemical activity assay were in line with calorimetric results obtained from p-nitrophenol formation 

rate. Porat-Ophir et al. (2015) have also reported the high effectiveness of the electrochemical technique in 

ALP detection using an integrated ’tissue on a chip’ model [105]. The model is based on detecting ALP 

activity using 1-naphthyl phosphate substrate from tissue samples placed on micro-electrochemical cells. 

Vernick et al. (2011) have compared healthy and unhealthy tissue using biopsies samples. Their 

investigation supported the fact that states that health tissues of intestinal exhibit higher activity of ALP 

than cancerous ones. Their direct electrochemical measurement assay of multiple samples uses a high 

capacity biosensing chamber which enables for the analysis of cell differentiation [106]. Ragones et al. (2015) 

presented a new electrochemical sensor based on an exceptional 3D architecture that allows for the direct 

measurement detection on close proximity or in contact with biological samples [107]. The chip was made 

of biocompatible substrates of electrochemical cells with a silver/silver chloride electrode and two gold 

electrodes (working and counter electrodes). The sensor had a stable signature and high detection response 

to ALP enzyme even in repeated tests. All the studies reviewed so far, however, try to avoid the 

disadvantages of amperometry assays.  

6.2. Potentiometric 

The potentiometric method works on a similar principle alike the amperometric measurement, but the 

difference is that there is no potential applied. Instead, the circuit remains open and the potential difference 

observed between the two electrodes is recorded [108]. During redox reactions, potentiometry is able to 

measure changes in cell potential in addition to monitoring the concentration of ion gradients via the ion-

selective membranes. Moreover, potential changes on the working and reference electrodes are measured 

(commonly the Ag/AgCl electrodes are used) and this can be modified to improve the selectivity in sample 

detection through membranes. Keyes allow potentiometric detection of ALP in aqueous fluids. Katsu et al. 

(1996) constructed a hordenine sensitive membrane electrode and is used to detect ALP in blood serum 

[109]. Keyes allow for potentiometric detection of ALP in aqueous fluids. Katsu et al. (1996) constructed a 

hordenine sensitive membrane electrode and used it to detect ALP in blood serum [110]. The hordenine 

electrode was constructed using 2-fluoro-2’-nitrodiphenyl ether as a solvent mediator and sodium tetrakis 

[3,5-bis(2-methoxyhexafluoro-2-propyl)phenyl] borate was used as an ion-exchanger. The results 

confirmed that the device had high sensitivity to ALP compared to detection done using colorimetry and 

phenyl phosphate substrate. Many studies utilized the ability of ALP to catalyze monofluorophosphate 

hydrolysis alongside using fluoride ion-selective electrode to sense fluoride release to detect ALP. The 

amount of fluoride ion generated from the substrate in the course of the reaction is proportional to ALP 

activity. Koncki et al. (2005) developed a simple potentiometric assay in evaluating alkaline and acidic 

phosphatase activities [111]. Enzymatic catalyzation of monofluorophosphate was investigated as the 

primary focus of the assay. In the course of the hydrolysis, fluoride ions formed were detected using 

conventional fluoride ion-selective electrode based on a membrane made from lanthanum fluoride. 

Maximal sensitivity of acid phosphatase was observed at 10−3 M at pH 6.0; a pH of 4.8 was recommended 

to eliminate the effect of alkaline phosphatase. Koncki et al. (2006) developed a simple flow injection system 

for potentiometric detection of ALP activity. The researchers used monofluorophosphate as an ALP specific 

substrate [112]. The use of the substrate helped in improving the application of fluoride ion selective 

electrode in detecting enzyme-catalyzed reactions. Moreover, the low cost and chemical stability of 

monofluorophosphate makes it possible to use it as a substrate for the component carrier. Results show 

that the device allows for an inhibitive detection of vanadate and beryllium ions at ppb levels that have 

high selectivity, high throughput on the system, and a short time of analysis at nearly 8 samples per hour. 

Ogończyk et al. (2007) developed a flow injection system to detect ALP activity in human serum samples 

[113]. The researchers used an inexpensive and specific monofluorophosphate as an ALP substrate for their 

kinetic assay. The study also applied LaF3-crystalline membrane for biocatalytic hydrolysis of 

monofluorophosphate to enhance detection of fluorine ions on the ion-selective electrode. The optimized 
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system showed high relativity and sensitivity to the short-time analysis of ALP of 5–6 samples per hour. 

The volume of the required serum was 0.05 mL and the system can detect ALP levels in human serum 

samples at pathological and physiological levels, and also in detecting the iso-enzymatic forms of ALP. 

Hassan et al. (2009) developed a new poly (vinyl chloride) matrix membrane detector responsive to 4-

nitrophenylphosphate in assaying ALP and potentiometric assay [114]. The sensor was based on using an 

ion-association complex of 4-nitrophenylphosphate with a nickel (II)-bathophenanthroline cation as 

electrode active material, while the solvent mediator was nitrophenyloctyl ether. Results indicated that the 

sensor displays good stability and selectivity in detecting ALP and potentiometric assay of acid enzymes 

in patients suffering from prostate cancer, acute myelocytic leukemia, and alcoholic cirrhosis. For real-time 

ALP potentiometric methods, Kanno et al. (2016) described potentiometric bioimaging for enzyme 

activities based on a large scale integration-based electrochemical device of up to 400 sensors [115]. The 

potentiometric mode was used in the detection of ALP and glucose oxidase enzyme activities. The findings 

revealed that the enzyme activities were quantitatively detected in concentration ranges of 25–250 μg/mL 

for glucose oxidase and 0.10–5.0 ng/mL for ALP.  

6.3. Conductometric 

Conductometric methods work by measuring conductivity as a function of ionic species in a sample 

solution. The device contains two electrodes that are positioned to measure the conductivity of an 

electrolyte material that is adjacent to the surface of the electrode [97]. For instance, in the presence of 

electrolytes, ALP dissolves and in the process it induces catalytic reactions that are able to generate ionic 

species. This method does not involve a reference electrode, which makes it simpler than amperometric 

and potentiometric methods [116]. Guedri and Durrieu (2008) designed a conductometric biosensor to 

detect ALP activity in water using the microalgae Chlorella vulgaris [117]. The biosensor consisted of a 

microalgae bioreceptor and a transducer formed by platinum electrodes. The device had good repeatability 

measurements. Upadhyay and Verma (2015) developed a new and simple conductometric biosensor for 

indirectly determining phosphate ions in solution [118]. The biosensor was based on the inhibition of 

immobilized ALP in the presence of phosphate ions. Results indicated that the biosensor had a broad linear 

response (when compared to biosensors reported in past studies) for phosphate ion detection ranging from 

0.5 to 5.0 mM with a correlation coefficient of R2 995. The researchers also used different optimized 

parameters as a buffer at concentrations of 30 mM, pH 9.0, and substrate concentration of 1.0 mM for the 

device. Chouteau et al. (2004) developed a biosensor based on immobilized Chlorella vulgaris and tested 

it the using ALP analysis [119]. The sensor was used in detecting toxic compounds such as cadmium ions 

in the marine environment. The algae were immobilized in bovine serum albumin membranes and cross-

connected with glutaraldehyde vapors. When compared to bioassays, Chouteau et al. noted that the results 

of conductometric biosensors using algae appeared more sensitive in detecting low-level cadmium ions. 

Besides, the ALP based biosensor is highly sensitive due to its specificity to toxic compounds. Compared 

to the use of biological systems, Berezhetskyyab et al. (2008) created an ALP based conductometric 

biosensor that contained enzyme membranes and interdigitated gold electrodes were used in assessing 

heavy-metal ions in water [120]. The analytes acted as enzyme inhibitors and the findings show that toxicity 

of different metals that were tested ranged in the order of Cd2+ > Co2+ > Zn2+ > Ni2+ > Pb2+. The limits of 

detection were about 40 ppm for Pb+, 5 ppm for Ni2+, 2 ppm for both Zn2+ and Co2+, and 0.5 ppm for Cd2+. 

7. Other detection techniques 

The subsequent techniques utilised their exclusive characteristics in detecting ALP either directly, 

investigating some of its properties, or applying it as a label. The utilized techniques are electrochemical 

impedance spectroscopy, quartz crystal microbalance, and field-effect transistor—all of which enable real-

time detection. 

7.1. Electrochemical impedance spectroscopy 



Appendix 

200 
 

Electrochemical impedance spectroscopy denotes the frequency-dependent resistance in terms of its 

relation with current flow in circuit elements (inductor, capacitor, resistor etc.) [121]. In this measurement 

type, it can either detect the capacitance at the electrolyte/electrode interface or it can detect stray 

capacitance between two opposite electrodes by responding to minute amplitude AC voltage. The 

impedance spectroscopy methods make it possible to monitor changes of mobile or linked charges on the 

volume around the interface regions. In 1996, Cai et al. purposed an impedance device based on a surface 

acoustic wave [122]. Their device allows conductivity of ALP measured in human serum samples where 

the higher ALP, the higher variations occur in the oscillation circuit. Lee et al. (2018) described a new 

impedimetric method of detecting ALP based on Cu2+ mediated oxidation of ascorbic acid on specific DNA 

probe-modified electrodes [123]. Researchers used PPi able to complex with Cu2+ as the ALP substrate 

enzyme. Free copper ions were bound to poly-thymine DNA probe attached to the surface and reduced 

forming copper nanoparticles through concomitant oxidation of ascorbic acid. The electrode surface 

accumulates the oxidation products and this increases electron transfer resistance as it interrupts the flow 

of electrons on the electrode. In contrast, the absence of ALP means that the PPi remains constant to suitably 

capture Cu2+, preventing the oxidation of ascorbic acid and continued the increase of electron transfer 

resistance. The detection rate was higher than results from electrochemical impedance spectroscopy with 

ALP detection of 6.5 pM (7.2 U/L) and also displays excellent selectivity. 

The affinity approach was used in this technique. For example, Lucarelli et al. (2005) used an enzyme-

linked electrochemical genosensor for ALP detection [124]. They describe the process of optimizing the 

performance of an enzyme-linked electrochemical genosensor created using a disposable oligonucleotide 

screen printed on gold electrodes. Researchers performed a qualitative analysis on the thiol-tethered probe 

using faradic impedance spectroscopy. Obtained impedance spectra revealed that thiol moiety contributed 

to unambiguous immobilization of oligonucleotide probe. Moreover, both hybridization efficiencies and 

probe surface densities were quantified via chronocoulometric measurements. Moreover, the researchers 

performed electrochemical transduction of the hybridization process via faradic impedance spectroscopy. 

The detection limits from the device were 1.2 pmol/L, demonstrating the usefulness of impedimetric 

genosensor in detecting ALP in samples. Ferancova et al. (2017) investigated the immunoassay events using 

three different electroactive substrates 1-naphthyl phosphate, 2-phospho-1-ascorbic acid, and 

hydroquinone diphosphate (HQ) as an opposite of chromogenic substrates in immunoassays [125]. Their 

result show that the substrates are significantly affected by blocking agents, but HQ is not affected. Another 

one was the adsorption approach, which is similar to immobilization. Shrikrishnan et al. (2012) detected 

ALP on a self-assembled monolayer modified gold electrode [126]. Their results show a decrease in 

impedance resolution when the protein of ALP adsorbed on to the monolayer due to the increment of ionic 

charges resulting in their reactions. Their study allows for a simple kinetic investigation of ALP comparable 

to ELISA. Advanced materials were used due to their affinity properties. Mintz et al. (2018) undertook an 

electrochemical impedance study to detect ALP in a phosphate buffer saline (PBS) solution using anti-ALP 

functionalized silicon nanowires [127]. The nanowire surface was modified by immobilizing the anti-ALP. 

The results indicated that the device was highly efficient in detecting low levels of ALP in the PBS solution 

ranging from 0.03 to 0.3 U/L with high selectivity due to antigen-antibody interactions. Kaatz et al. (2012) 

developed a device based on the impedimetric detection of enzymatic signals on the electrode surface [128]. 

The study demonstrated a technique which gives the needed detection levels at significantly reduced levels 

of enzyme reaction times and also shows the needed detection can discriminate samples. The study opens 

up to the potential of relevant and rapid multiparameter impedimetric ALP assays in the future. 

7.2. Quartz crystal microbalance 

Quartz crystal microbalance can detect change in a tiny mass as it monitors the frequency of oscillating 

shifts in crystals as a result of changes in pressure on the crystal surface resulting from mass loading. As 

the mass loading increases on the sensitive surface, there is a reduction in oscillation frequency [129]. ALP 
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activities were analysed using quartz crystal microbalance. The approach is meant to increase the existing 

biotechnological application of microchips, protein arrays, and biosensors that are focused on kinetic 

immobilization of enzymes. The unique features of ease of genetic manipulation, self-assembly, and 

recognition make binding affinity a reliable molecular tool for site-specific enzyme immobilization Ebersole 

and Ward (1988) described amplified mass immunosorbent assay using crystal microbalance in detecting 

ALP and human chorionic gonadotropin [130]. The results indicated a high detection rate of the ALP and 

hormones on the quartz-crystal microbalance surface. The technique contributed to enzymatic 

amplification detection with significant enhancement of the detected limits. Kacar et al. (2009) 

demonstrated the use of the gold-binding peptide as a molecular linker immobilized on a gold substrate 

and genetically linked to alkaline phosphatase [131]. The enzymes were expressed in E. coli cells and gold 

bindings peptides focused on the N-terminus of alkaline phosphatase. The device demonstrated self-

immobilization of the bi-functional enzyme on a micro-pattern substrate, while genetically linked end 

showed high enzymatic activity per area. The findings show a promising use of inorganic binding peptides 

as sites for specific molecular linkage for enzyme immobilization with retained activities. Thammasittirong 

et al. (2011) determined quantitative binding analysis of ALP immobilized on a gold electrode using a 

quartz crystal microbalance, which showed decrement in frequency at binding of Bacillus thuringiensis 

toxin (Cry4Ba) as a result of the mass raise [132]. 

7.3. Field-effect transistor 

Field-effect transistor methods are designed around semiconductor material that consist of metal-

oxide semiconductor structures. Any changes in the metal potential results in the induction of the electric 

field triggering the band bending of the semiconductor channel appropriately [133]. The process then 

results in changes to the channel carrier concentration including inversion, depletion, or accumulation. 

Most studies used field-effect transistor in terms of ALP applications where applying ALP as a label is 

fundamental of other methods. For example, Jang et al. (2015) demonstrated a new immunoassay ELISA 

based on an electrochemical method for optical and electrical signaling. The process was achieved by 

combining an ion-sensitive field effect with Enzyme-Linked immunoassay [134]. The device was then set 

to harness a catalytic reaction of alkaline phosphatase which precipitated silver particles. Small signals that 

ranged from 1 pg/mL to 10 ng/mL were greatly amplified with ALP labeled despite the buffer conditions. 

Results revealed that the developed sensor platform outperformed the sensing capacity of conventional 

ELISA, which is considered to have a LOD of about 1 ng/mL. Obtained findings were also compared with 

the results of horseradish peroxidase, which is commonly applied in the optical analysis of ELISA. The 

findings showed that the immunoassay device based on the ion-sensitive field-effect transistor (ISFET) 

based on portable sensors and can be used as a point of care tool for various diseases in workplaces limited 

by the use of expensive equipment such as spectrophotometers. Freeman et al. (2007) have demonstrated 

the label-less specific analysis kinase activity using a field-effect transistor device [135]. They treat sensors 

with ALP where sensing interface ALP can dephosphorylate enzyme kinase and then change the potential 

to lower level. 

Advanced technologies including nanomaterials, microarrays, and lab-on-a-chip are massively 

exploited for ALP detection, which encourages researchers to develop better methodologies as well as 

design small devices for point of care applications. The following section displays recent progresses in this 

field. 

8. Recent technology 

8.1. Optical Nanomaterials   

Biological samples often have an extremely low concentration of cancer biomarkers. As a result, there 

is a high demand for highly ultrasensitive and selective detector probes to make it possible to detect the 



Appendix 

202 
 

low levels of cancer biomarkers in biological samples. In the optical biosensors, the low levels of biomarkers 

are detected by using nanomaterials that help amplify the low signals by taking advantages of the 

nanomaterial characteristics. Table 1 illustrates number of nanomaterials that have been used so far in 

amplifying ALP signal in biological samples. Following the introduction of nanotechnology in the 

biosensor field, selectivity and sensitivity and other analytical properties of biosensors have been largely 

improved. Among the widely applied nanomaterials, gold nanoparticles, carbon nanotubes, photonic 

crystals, and graphene have stood out because of their unique ultrasensitive and selective properties [124]. 

For example, some of the advantages of nanomaterial properties include strong amplification effect on 

signals, high surface energy, superior biocompatibility, and high stability that make them excellent choices 

when looking for biosensor probes. Gold nanomaterials have become widely applied in the field of 

biosensors considering their unique advantages such as increased signal response or detection—especially 

for biological samples with low biomarker concentration [124]. Xia et al. (2013) also noted that gold 

nanoparticles improve ALP detection through signal amplification resulting in high selectivity and 

sensitivity [102,125,136]. Graphene nanoparticles have also been widely used in biosensors considering 

their unique electrical conductivity, high surface area, thermal conductivity, and electron mobility [137]. 

 

 

Table 1. Number of nanomaterials for enhancing optical assays. 

Detection 

Technique 
Nanomaterials Linear Range Limit of Detection Ref. 

Colorimetric gold nanoparticles 100–600 U/L 1000 U/L [138] 

Raman 

spectroscopy 
gold nanoparticles 

4 × 10−11 M to 4 

× 10−15 M 
4 × 10−15 M [139] 

Raman 

spectroscopy 
gold nanoparticles 0.72 to 3 U/L 0.01 U/L [140] 

Fluorescence gold nanoclusters 0.02–2.0 U/L. 0.005 U/L [141] 

Fluorescence silver nanoclusters 1–100 U/L 0.63 U/L [142] 

Fluorescence copper nanoclusters 
0.5 to 150 

mU/mL 
0.1 mU/mL [143] 

Fluorescence 
nitrogen-doped 

carbon dots 
2.5 to 45 U/L 0.4 U/L [144] 

Naked eye α-moo3- × nano-flakes 0.06 to 1 IU  [145] 

 

Several studies have been published using various nanostructure including nanoparticles, 

nanocluster, nanoflakes and carbon quantum dots alongside various optical assays to enhance ALP 

detection. In terms of colorimetry assays, Choi et al. (2007) used gold nanoparticles (AuNP) to increase ALP 

detection sensitivity [146]. The researchers used the presence of dephosphorylated Tyrosine-Arginine (Tyr-

Arg) to aggregate AuNP. A model substrate for this platform was based on a phosphorylated dipeptide 

phospho (pTyr-Arg) with an amidated C-termini and a free N-termini for the target ALP enzyme. As such, 

the dephosphorylation only generated cationic Tyr-Arg. In contrast, Serizawa et al. (2010) reported the 

detection of ALP based on product- or substrate-dependent synthesis of AuNPs in HEPES buffer [147]. The 

researchers used phosphorylated dipeptide pTyr-Arg with free amidated C-termini and N-termini for the 

target ALP enzyme, generating cationic Tyr-Arg. The effects of enzyme and substrate concentrations on 

detection were explored in detail and found to be applicable to inhibitor assays. The method does not 
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require specific storing, synthesis, or purification of AuNPs, making it a simple and facile detection 

technique. Li et al. (2013) developed a label-free and simple calorimetric assay to detect ALP [138]. Their 

sensor was based on conjugated AuNPs and adenosine triphosphate (ATP), creating a highly selective and 

sensitive assay. In the system, ATP induced the aggregation of cetyltrimethylammonium ammonium 

bromide (CTAB)-capped AuNPs while ALP stimulated disaggregation of AuNPs, thereby converting ATP 

into adenosine via enzymatic dephosphorylation. The presence of ALP can be visually observed (change 

in grey to red color) and monitored as a result of surface plasmon resonance shift and AuNP absorption 

band. On the other hand Song et al. (2018) proposed a facile colourimetric assay based on phosphate anion-

quenched oxidase-mimicking activity of Ce(IV) ions to enhance the selective and sensitive detection of ALP 

activity [148]. Free Ce(IV) ions showed strong oxidase-like activity with 40 times more catalytic turnover 

when compared with CeO2 when catalyzing the oxidation colourless TMB into its blue product. The 

detection for ALP was in two linear scopes of 0–50 U/L and 50–250 U/L, and a limit down to 2.3 U/L. 

In terms of SERS, Ruan et al. (2006) detected ALP activity at ultralow concentration, where AuNP was 

used as SERS material in 5-bromo-4-chloro-3-indolyl phosphate (BCIP) presence [139]. Enzymatic 

hydrolysis of BCIP contributed to the formation of indigo dyes that were noted to be highly active in 

detecting ALP activity at ultralow concentrations using the SERS technique. Jiang et al. further used AuNP 

as scattering in the presence of ALP substrate where ALP was catalysed, the ascorbic 2-phosphate (AAP) 

was hydrolyzed and formed ascorbic acid. The activity of the enzymatic reaction was stopped using H3PO4 

and HAuCl4 was used in reacting ascorbic acid create AuNP that displayed resonance scattering (RS) with 

ALP product. These properties of AuNP make it possible to have a rapid electron transfer in detecting 

biomolecules when used as biosensors. Moreover, gold-based nanotubes also allow for rapid electron 

transfer and help reduce the inconsistent signal amplification of metallic nanoparticles often encountered 

in traditional biosensors such as low selectivity and sensitivity. Zeng et al. (2017) designed a SERS kit for 

ALP detection based on ’hot spots’ amplification approach [140]. The kit consisted of enzyme substrate, 

Ag+, and alkyne-tagged AuNPs for clinical assay detection of ALP in human samples. Due to electrostatic 

interaction, silver ions are adsorbed to the Au surface and the enzymatic catalysis of ALP trigger reduction 

of silver ions forming hot spots on Au core and Ag shell resulting in high SERS signal amplification. The 

ALP detection limit for the assay is 0.01 U/L (2.3 pg/mL) and the kit can be used at point-of-care for 

efficacious, reliable, and highly sensitive ALP detection potentially reducing the need for time-consuming 

clinical tests. 

Other techniques such as naked eyes and ultraviolet–visible spectroscopy (UV-vis) have been used 

with different materials in detection ALP. For example, AL-Rubaee et al. (2015) used UV-vis spectroscopy 

in a developed platform for ALP detection in saliva-based on titanium dioxide NPs (TiO2 NPs) [149]. 

Findings from the study showed that the technique could be applied in sensitive and selective detection of 

ALPs in patients with gingivitis. Zhang et al. (2017) developed an inexpensive ALP detection device that 

uses low-cost μPADs [150]. Under an optimal environment, the new technique promotes quantitative 

detection of ALP in buffer samples that range from 0.075 to 5 U/mL and have a visual detection limit of 

0.075 U/mL. Pandey et al. (2018) presented a platform for detecting ALP levels using -MoO3-x nano-flakes 

and zinc oxide [145]. Once ALP is introduced to the complex, there is a rapid transformation of blue -MoO3-

x to colourless -MoO3 using zinc as a cofactor. The sensitivity level was found to be 0.1 M of enzyme 

concentration. 

Fluorescence assays allow many manipulating tactics to make novel probes that take advantage of 

nanomaterials properties. For example, Cao et al. (2016) synthesized a fluorescence nanoprobe by 

combining isomers of phosphorylated fluoresceinamine on the surface of mesoporous silica-coated 

superparamagnetic iron oxide (Fe3O4@mSiO2) nanoparticle [151]. The phosphorylated fluoresceinamine 

was hydrolysed in the presence of ALP, leading to fluorescence recovery of ALP. Increased fluorescence 

intensity during high-level ALP expression provides a rapid and non-toxic method for cellular detection 

of ALP activity. Hu et al. (2017) proposed a new fluorescent sensing platform that uses nitrogen-doped 
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carbon dots (N-CDs) as a probe for fluorescence signal transmission for ALP and PPi [144]. Cu2+ quench 

high fluorescent N-CDs and can be recovered when PPi is added since PPi binds to Cu2+. The strategy 

shows that N-CDs can be used in selective and sensitive detection of ALP and PPi at low detection levels 

of 0.16 μM and 0.4 U/L for PPi and ALP, respectively. The assay is simple, rapid, sensitive, low-cost, and 

convenient. More recently, nanomaterials have been used in enhancing sensitivity; for example, He and 

Jiao (2017) described a fluorometric technique in detecting ALP activity [142]. When ALP is added, AAP is 

hydrolysed, forming ascorbic acid (AA) which reduces Ag+ ions forming metallic silver that hinders the 

formation of fluorescent silver nanoclusters causing low fluorescence. There is a linear correlation in 

fluorescence intensity in the 1–100 U/L ALP concentration range and a detection limit of 0.63 UL. Wang et 

al. (2018) developed a sensitive fluorometric assay for determining ALP activity using a composite 

generated from copper nanoclusters (CuNCs) and flower-like cobalt oxyhydroxide (CoOOH) [143]. Upon 

the formation of CuNC-CoOOH aggregates, the fluorescence of CuNCs is reduced due to CoOOH sheets. 

If AA is added, the CoOOH sheets are reduced to Co(II) ions, recovering the fluorescence, and ALP is 

hydrolysed and detected at an excitation wavelength of 335 to 410 nm. The assay can result in high ALP 

detection to a range of 0.5 to 150 mU/mL and a detection limit of up to 0.1 mU/mL. Liu et al. (2019) used 

the common on-off approach to enhance sensitivity of ALP detection [141]. They functionalized gold 

nanoclusters by 3-aminophenylboronic acid (APBA-Au NCs). ALP can catalyze hydrolysis of phenyl 

phosphate to phenol, which can be subsequently hydroxylated to generate catechol in the presence of 

tyrosinase (TYR). Due to the special covalent combination between the catechol and boric acid group, the 

five-membered cyclic esters can be formed on the ligands of APBA-Au NCs—leading to the fluorescence 

quenching of the Au NCs. 

8.2. Electrical Nanomaterials 

Nanomaterials have also been widely applied in electrochemical biosensors as sensing probes to 

achieve high conductivity, catalytic activity, and biocompatibility, where they accelerate signal 

transduction and amplify biorecognition of biomarkers. Table 2 shows some nanomaterials used for signal 

amplification. Applying carbon and metal nanomaterials to modify the surface of electrodes can improve 

signal labelling and sensitivity, thereby enhancing the biomarker detection in complex environments. 

Several studies have been published where they have used nanomaterials to improve the detection of ALP. 

For example, Ru et al. (2013) confirmed that ionic liquid modified carbon nanotubes electrode can be 

applied in dynamic detection of ALP and the technique was found to be time efficient, have good precision, 

high sensitivity, and a wide linear range [152]. Peng et al. (2015) synthesized copper sulphide nanoparticle 

graphene sheets (CuS/GR) and used it in signal amplification for electrochemical detection of ALP 

[102,153]. The platform increased the detection of ALP in human serum linearly with the concentration of 

0.1 to 100 U/L with a detection limit of 0.02 U/L. Zhou et al. (2016) created a selective and sensitive 

electrochemical biosensor assay for protein kinase activity [154]. Multiple signal amplification approaches 

using streptavidin (SiO2), SiO2 biocomposite, and carbon nanospheres (Au@C). The peptides were 

modified on the electrode surface after phosphorylation using protein kinase A in the presence of ATP. The 

ALP detection limit was 0.014 u/mL and the method showed high detection selectivity and sensitivity. 

Panday et al. (2017) reported a new self-aligned process for AuNP decorated polypyrrole (Ppy) biosensing 

microelectrode, where AuNP electro-grows out of Ppy in a selective manner [155]. The self-aligned 

approach promoted on-chip AuNP deposition and preparation in a single step approach saving cost and 

time. Zhao et al. (2018) developed a sensitive electrochemical ALP biosensor AAP as the substrate on an 

AuNPs decorated single-walled carbon nanotube (GNP/SWNT) and a modified glassy carbon electrode 

(GCE) [156]. The activity of ALP was determined indirectly according to the concentration AA, generated 

from AAP hydrolysis. The biosensor showed high selectivity and sensitivity at a concentration ranging 3 

to 50 U/L with a detection limit of 0.2 U L-1. Simão et al. (2018) integrated CNTs within osteointegration 

implants and found increased ALP mineralization activity detection using the implants [157]. The device 
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can rapidly detect ALP within blood serum, by immobilizing the covalent anti-ALP antibody towards ALP. 

The biosensor showed excellent performance with two linear ranges from 0.5 to 50 IU/L and from 100 to 

600 IU/L and limits of detection ranged 0.25 and 84.6 IU/L, respectively. Mintz et al. (2018) created an 

electrochemical impedance device to detect ALP in phosphate buffer saline (PBS) solution by using anti-

ALP functionalized silver nanowires (SiNWs) [127]. A three-electrode cell was used to measure 

electrochemical impedance where the electrode functioning as a highly disordered and very dense array 

of SiNWs. The device was highly efficient, selective, and sensitive in detecting very low ALP concentrations 

in PBS solution ranging 0.03–0.3 U/L, in addition to being highly selective to antigen and antibody 

interaction. The high selectivity and sensitivity make the device an effective approach for quantitative 

sensing and real-time detection of ALP. 

 

Table 2. Number of nanomaterials for enhancing electrochemical assays. 

Detection 

Technique 
Nanomaterials Linear Range 

Limit of 

Detection 
Ref 

Impedance silicon-nanowire 0.03–0.3 U/L 0.3 U/L [127] 

Electrochemical 
copper sulfide 

nanoparticle 
0.1 to 100 U/L 0.02 U/L [153] 

Electrochemical gold nanoparticle 3 to 50 U/L 0.2 U/L [156] 

Electrochemical 
gold nanoparticle-

carbon nanotubes 
0.5 to 600 IU/L 0.25 IU/L [157] 

Photo-

Electrochemical 

graphic carbon nitride 

(g-C3N4)/TiO2 

nanotubes 

0.3 mU/L–1 U/L 0.1 mU/L. [158] 

 

8.3. Microarray techniques 

The microarray detection involves an advance in technology to enhance ALP detection in vitro or cell 

culture. Over the years, in vitro microelectrode array technology has evolved into a widely used and 

effective technique in studying cultured cells. Lin et al. (2008) orthogonally arranged row and column 

electrodes on two different glass substrates, achieving an addressable microelectrode device for the 

comprehensive electrochemical detection of ALP [159]. The addressable microelectrode was simple and its 

advantage includes ease in assembling, but it consists of only 10 × 10 addressable detection points on a 

single chip. The detected electrochemical response at 100 single points was achieved within 22 s. The device 

was used to successfully image the spots of ALP on array substrate with high-throughput imaging and 

detection of biochemical species. Lin et al. (2009) created a microwell array and incorporated it to the 

addressable device in ensuring high-throughput screening of bioparticles and genetically engineered cells 

[160]. The researchers demonstrated the importance of the device in rapid electrochemical detection of 

secreted ALP from a single genetically engineered HeLa cell using microwell/microelectrode array device. 

The results showed that the average decline in currency for 100 microwells is proportional to PAP 

concentration ranging from 0.5 to 50 μM. Murata et al. (2009) monitored the electronic expression of ALP 

at the single-cell level using a scanning electrochemical microscopy (SECM) [161]. The SECM measurement 

showed that tumor necrosis factor (TNF)-α stimulate a considerable rise in the response of transfected cells 

array on poly(dimethylsiloxane) (PDMS) micro-stencil without exposing them to positive-

dielectrophoresis (pDEP). The overall response of untreated cells rose during the 5-h culture promoting 

cell adhesion and indicating that pDEP-induced stress triggers intracellular signalling, resulting in the 
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production of ALP. Shiku et al. (2010) noted that single-cell analysis has been used as a powerful technique 

in constructing new types of whole cell sensors in addition to integrating individual cellular responses 

[162]. Nonetheless, the current sensitivity levels are insufficient when analysing a large number of data-

sets since individual single-cell responses show high fluctuations. Takeda et al. (2011) microfabricated an 

electrochemical platform for the parallel monitoring of secreted ALP using a mammalian-cell array chip 

[163]. A 4 ring-ring electrode array was developed at the rim at round cellular patterns with a diameter of 

270 mm. The researchers then carried out electrochemical characterization and found a collection efficiency 

of 50% in the dual mode when outer and inner ring electrodes were selected as the generator and collector 

electrodes, respectively. The present amplification mode for dual mode normal to single mode was 2.84. 

Ino et al. (2012) also developed a deep microwell and included them into local redox cycling–based 

electrochemical (LRC-EC) devices to trap single 3D culture cells and evaluate the activity of the cells [164]. 

Corresponding experiments and simulations were undertaken to identify the impact of deep microwells 

on LRC-EC system. The demonstrations that were anchored on microwell models showed that deep 

microwell arrays and fine interdigitated array (IDA) electrodes resulted in low cross-talk influence but high 

sensitivity compared to conventional techniques that use electrode arrays in comprehensive detection. The 

estimated time to attain a steady-state was short and this shows that the electrochemical image with 256 

pixels was achieved in 10.3 s using the LRC-device. A study by Wu et al. (2016) developed a new digital 

single molecule electrochemical detection method (dSMED) strategy to address the problem of single 

molecule electrochemistry (SME) reliability based on the integration with the digital analysis in enzyme-

induced metallization (EIM), which improves the application of SME in a biological system [165]. The 

created EIM can enhance electrochemical signals up to 100 times when compared to conventional 

techniques of direct oxidation of enzyme materials that offer better signal detection for single molecule 

detection. The incorporation of digital analysis solves the existing problems associated with fluctuations in 

signal detection and heterogeneity of single enzyme activities, further reducing the detection limit of ALP 

to 1 aM compared to the original levels of 50 aM. The use of microarrays greatly improves the reliability 

and accuracy of SME through the integration of a digital system that enables dSMED to ensure successful 

application in ALP detection in complex liver cells.  

8.4. Lab-on-chip technique 

Development of lab-on-chip sensors has been undertaken in advance technology to enhance ALP 

detection in cell culture. Lab-on-chip approaches can provide good selectivity and portable detection. 

Besides, the chip limits the affectance of interferences and can therefore be used in ALP detection assay in 

complex samples. Şen et al. (2012) examined electrochemical detection of secrete ALP secreted from single 

transformed HeLa cells using a chip comprising 256 microwells of single addressable sensor points, which 

had been modified using anti-secreted ALP [166]. The secreted ALP was successfully separated and 

analysed using the developed LRC-EC chip, which was found to have broad potential for single cell 

analysis applications. Şen et al. (2012) also proposed a new electrochemical assay for the detection of 

secreted ALP from transfectant HeLa cells using SECM and a microarray device [167]. The assay was 

reported to increase intactness and accuracy in ALP detection by eliminating undesired influence. Chen et 

al. (2013) developed a new and simple microfabricated device for feeder-isolated co-culture of stem cells 

that allows for the use of normal mouse embryonic fibroblasts (mEF) as feeder layers in addition to pure 

mouse embryonic stem (mES) cells without additional purification [168]. The device has significant 

advantages of simplicity and efficiency where the mES cells and feeder layers are spatially attached to the 

PDMS porous membrane and forms 3D cell colonies that have high viability. The pluripotency and self-

renewal mES cells were confirmed through ALP expression. The device supported a robust and simple 

ALP detection in vitro stem cell co-cultures with a significant advantage in simplicity and efficiency from 

mEFs co-cultures without additional separation or purification. Ino et al. (2014) have recently fabricated a 

new type of LRC-EC chip device for the detection of a droplet array [169]. Pt pseudo-reference/counter 
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electrodes were used to improve the electrochemical detection of redox compounds in droplets, by 

incorporating the individual sensors of the LRC-EC chip device. The cyclic voltammetry for LRC-EC chip 

with internal Pt pseudo-reference electrodes showed well-elaborate voltammograms based on redox 

cycling for single sensor points. The device was used in the detection of ALP activity of HeLa cells in single 

droplets on sensor points. The results reveal that the technology was simple, low-cost, rapid, and has the 

potential for clinical analysis of ALP assays. Ino et al. (2014) [170] fabricated a new LRC-EC chip device 

with a densely packed electrode array that has a vertical separation. The electrochemical performance of 

this device was assessed using amperometry and voltammetry [170]. The LRC-EC device indicated 

significant enhancement of electrochemical image resolution and largely applied to imaging or HRP and 

ALP in SG/CC and extended feedback modes. When compared to SECM imaging, electrochemical imaging, 

using LRC-EC systems is appropriate for continuous imaging of biomaterials since LRC-EC makes it 

possible to achieve rapid image acquisition. Cao et al. (2018) created a simple electrophoresis titration (ET) 

device for ALP detection through moving reaction boundary (MRB) [171]. In this model, ALP sped up the 

dephosphorylation of the 4-methylumbelliferyl phosphate disodium salt substrate in the cathode and 4-

methylumbelliferone (4-MU) with blue fluorescence and negative charge under UV excitation. The 4-MU 

moved under the electric field into the channel and in the process resulted in the neutralization of the acidic 

Tris-HCl buffer, thereby creating MRB and quenching 4-MU. The sensitivity of the device was high at 0.1 

U/L, and the results were better than the ones obtained from chemiluminescence, electrochemical, and 

colourimetric methods for ALP assays. The sensitivity of the ET technology was good (0.1 U/L), linearity 

(V = 0.033A + 3.87, R2 = 0.9980), stability with relative standard deviation about (2.4% to 6.8%) and 

recoveries (101% to 105%). The technology was successfully used to detect ALP in serum samples. Sun et 

al. (2019) explored a new technique for investigating a low abundance of ALP created through individual 

cells by the use of microfluidic droplet-based SERS method [172]. 

The researchers first created a co-flow drop-maker model in which they suspended cells in a solution 

using BCIP as an enzymatic substrate and AuNPs as a signal agent to encapsulate individual cells in the 

drops. The difference of normal liver cell lines (BNL.CL2) and hepatocellular carcinoma cell lines (HepG2) 

were contrasted in their ALP expression and it was observed that normal liver cells indicate that 40% lower 

ALP expression compared to hepatocellular carcinoma (HepG2). The results also revealed that the ALP 

activity of droplet-isolated cells fluctuate in a large range compared to cluster cells, even if the overall ALP 

expression of the two cases was similar. An ultrasensitive high output analytical process was realized for 

ALP detection using single cell SERS-based microfluidic droplet method. 

9. Conclusion and perspectives 

This paper has thoroughly reviewed recent strategies concerning optical and electrochemical detection 

of ALP and has discussed the electrochemical techniques that have been addressed to make each of the 

techniques suitable for ALP analysis in cell culture. It has been shown that using advanced materials can 

enhance the signal of ALP detection, although the linear range was slightly low. Moreover, real-time 

detection of ALP with cells viability are monitored using microscopic images, fluorescent images and 

scanning electrochemical microscopy. Other effective methods includes dyes to indicate metabolic 

activities and the use of cell adhesion with impedance measurement. Quartz crystal microbalance, field-

effect transistor and surface plasmon resonance are also advantageous methods. Real-time detection of 

ALP is also visible by naked eyes using advanced mobile phone cameras. Many optical and electrochemical 

approaches have been applied with advanced materials and recent technologies such as microarrays and 

lab-on-a-chip. Ino et al. have previously reviewed the bioelectrochemical applications of these technologies 

but focused on where analyzing and monitoring cell functions is possible [173] 

In electrochemical detection strategies, the development of electrodes, electrolytes and the analysis of 

other parameters regarding these techniques can contribute to the development of more suitable ALP 

biosensors. Whereas it is obvious that a considerable amount of work needs to be performed to meet the 
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remaining challenges, as well as limiting the influence of parameters set on electrochemical signals, these 

literature reviews contained in this paper suggest a strong foundation for the development of 

methodologies for ALP analysis. Further enhancement of the ALP detection in order to achieve the desired 

level of accuracy and sensitivity is required.  
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Abstract: Alkaline phosphatase (ALP) is an important reporter gene in the gene expression system, 

therefore monitoring cellular behavior including cell viability during ALP release is of significance. This 

assay produced a quantitative resazurin-based assay for cell viability in embryonic and cancer cells during 

alkaline phosphatase (ALP) release. A post-confluence culture method was applied to induce ALP in the 

cells of Balb/c 3T3, A549, MCF-7, and Ht-29. The density of each cell type was optimized using the standard 

cell culture assay. The main parameters affecting the results of resazurin involve the concentration of 

resazurin, incubation time, and cell number. The redox reaction, in which resazurin is reduced by the cells, 

was measured by fluorescence at 544 nm and 590 nm. The obtained data were compared with the 

hemocytometer assay. ALP release was determined using the optical active substrate p-nitrophenyl 

phosphate and colorimetric assay. 

Keywords: resazurin-based assays; cell viability; alkaline phosphatase; Balb/c 3T3 cells; A549 cells; MCF-

7 cells. 

 

1. Introduction 

Biomedical studies use cell adhesion approaches in their applications (e.g., on sensors or on lab-on-a-

chip [1,2]). Simplifying the determination of cell viability on these applications is important. The common 

membrane integrity assay [3] that is used widely requires cell lysis and results in an endpoint assay [4]. 

Metabolic based assays are simple, cheap, and are a one-step assay, thereby avoiding the limitations of the 

above-mentioned assay. Numerous dyes can be used to reflect metabolic activity through redox reactions 

in live cell membranes. One of these dyes is resazurin, which under constant experimental conditions, can 

provide a stable rate of fluorescence intensity and quantify cell numbers [5,6,7]. Resazurin can be defined 

as a cell permeable redox indicator that helps in tracking the number of viable cells. Physiological buffers 

can absorb resazurin, resulting in a deep blue solution. Viable cells have active metabolisms and can 

therefore convert resazurin into a pink fluorescent solution [8]. Figure 1 shows a schematic of an 

optimization protocol for quantifying cell number by the resazurin assay. Different concentrations of 

resazurin are added to the culture medium of incubated cells. At various time intervals, the redox reaction, 

in which resazurin is reduced by the cells, is measured by fluorescence readings at 544 nm and 590 nm. The 

optimal concentration of rezaurin versus particular cell type is used at different cell numbers to facilitate 

the relationship between the fluorescent signal and the cell number at constant time. Resazurin is more 

sensitive and allows multiple assays compared to other dyes [9]. 
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Figure 1. Generalized scheme representing an optimization protocol of a resazurin-based assay for the 

determination of cancer cell numbers. 

Several reports have shown the optimization of resazurin reduction assays [10] for cytotoxic agents, 

antifungal agents, antibacterial agents, the identification of parasites, and the drug sensibility of parasites 

for large-scale screenings, biofilm, and for cell expansion in matrix scaffolds using bacteria [11,12] fungi 

and yeast [13,14,15], parasites [16,17], and human cells [15,18]. To the best of our knowledge, this is the first 

paper that discusses cell viability during cancer biomarker release using a resazurin-based assay. Alkaline 

phosphatase, which is the early biomarker of many cancers, is correlated with cell proliferation, 

differentiation, and apoptosis [19-25], and, therefore, is important in cell-based biosensors [26]. Cell 

viability was determined for cancer biomarkers using membrane integrity [27], flow cytometry [28], and 

phase-contrast microscope images [29]. The aim of this paper was to provide simple and reproducible 

methods for quantifying cell number during ALP release from different cell types. The cancer cell lines 

including MCF-7, A549, and Ht-29 are used as models of the top three cancers diagnosed worldwide: lung 

(13%), breast (11%), and colon (10%), respectively [30]. In addition, Balb/c 3T3, which is an embryonic cell 

line, is used as it is more sensitive to contact inhibition of cell division than cancer cell lines. The ALP level 

is investigated using optical methods, and the cell number is verified using the hemocytometer assay.  

2. Methodology 

2.1. Reagents 

Mouse embryo fibroblast cells (Balb/c 3T3 Line), breast carcinoma epithelial cells (MCF-7 line), lung 

carcinoma epithelial cells (A-549 line), colon carcinoma epithelial cells (Ht-29 line) purchased from (ATCC, 

the UK). 70% ethanol, and nanopure water provided from (Grade 18 MΩ, Tyndall National Institute, UCC). 

Newborn calf serum (NBCS), fetal bovine serum (FBS), Dulbecco’s modified Eagle’s medium (DMEM), 

minimum essential medium Eagle (MEME), and McCoy’s 5A Medium, Hank’s balanced salt solution 

(HBSS), Trypsin/EDTA solution, resazurin, Virkon®, magnesium chloride (MgCl2), sodium chloride (NaCl), 

diethanolamine (DEA), Triton X-100, and para-nitrophenol phosphate (p-NPP), and calf intestinal 

phosphatase (ALP) purchased from (Sigma, Ireland).  

2.2. Instrumentation 

Cell culture hood (Esco Airstream® Class II), 5% CO2 incubator (Incusafe Panasonic), water bath 37 °C 

(Fisherbarnd), centrifugation (universal 320 Hittch zentrifugen and Eppendorf 5415D Centrifuge) were 

used. An inverted microscope and camera (Olympus), fluorescent plate readers (Spectra Max Gemini), 

absorbance plate reader (Diasource ELISA Reader), hemocytometer slide (Reichert Bright-Line), glass cover 

slips (menzel-gläser) and cell counter, pipettes (Rainin Pipet-X) and micropipettes (Gilson Pipetman®), 
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pipette tips (Greiner Bio-One), pipettors (5 mL, 10 mL, and 25 mL), cell culture vessels (75T flasks, 1.5 mL, 

15 mL, 50mL centrifuge tubes, 96- and 48-well plates), and syringes 45 nm filters (Sigma, Ireland) were also 

used. 

2.3. Cell Culture 

The cancer cell lines used during this project were stored in liquid nitrogen prior to being cultured. To 

begin cell growth, they were removed from storage and quickly defrosted (less than a minute). The entire 

contents (1 mL) of the cryogenic vial were then pipetted into a 15mL-tube that contained 9 mL of pre-

warmed complete media (Table 1). The tube was centrifuged to dispose of dimethyl sulfoxide, which was 

present in the supernatant. The cells were re-suspended in 5 mL complete media and placed in a T75 flask 

that already contained 35 mL of completed media in order to reach a volume of 40 mL. The flask was 

incubated in the incubator at 37 °C and 5% CO2 to reach 70% confluence.  

Table 1. The media and serum of each cell line used for cell culture. 

 Cell lines Balb/c 3T3 A549 MCF-7 Ht-29 

Complete media 
Media DMEM DMEM MEME McCoy's 5A 

10 % Serum NBCS FBS 

Completed media represent the addition of 10% of serum to the media suitable for each cell line, according to the 

manufacturer’s recommendations.  

The cells were sub-cultured at least three times before optimization began. Briefly, the subculture 

procedure was achieved by removing old media via a sterile plastic pipette, followed by two washes with 

pre-warmed HBSS. A total of 4 mL of trypsin was then added, and the flask was incubated for 5–8 min to 

allow the cells to detach. Then, 6 mL of complete media was added to inactivate the trypsin. The cell 

suspension was placed in a clean 15 mL centrifuge tube, and the cells were centrifuged for 5 min at 1000 

rpm. The supernatant was removed, and the cell pellets were re-suspended in 5 mL of fresh media. The 

desired cell number was seeded in a 48-well plate, and the final volume of media was added. All 

experiments were applied in a 48-well plate.  

2.4. Determining the Optimal Concentration of Resazurin  

Each cell line required a certain concentration of resazurin to ensure viability. Resazurin was dissolved 

in HBSS to a final concentration of 2 mM to make a stock solution. The stock solution was filtered using a 

syringe with 0.45 nm pores. To make an intermediate standard, the stock solution was diluted once more 

in complete media at 10% giving 200 μM. Two-fold serial dilutions were then made, starting with 200 μM. 

This was then added to cells that were previously seeded in triplicate at the same density (250 × 103 cell/mL). 

The plates were incubated with the various concentrations of resazurin at a final volume of 0.5 mL for 24 

h. The fluorescent signal was then recorded at 544 excitation and 590 nm emission wavelengths using the 

fluorescent plate reader. 

2.5. Determining the Optimal Time of Incubation with Resazurin  

Concentrations of 350 × 103 cell/mL were prepared and diluted in 2-fold using the complete media of 

each cell line. The dilutions were seeded in 48-well plates and incubated at 37 °C for 24 h to allow for 

attachment. Old media were replaced by the optimal concentration of resazurin in the case of each cell line. 

The plates were incubated and monitored after two hours and then continuously over a 24-h period. The 

https://www.mdpi.com/2076-3417/10/11/3840/htm#table_body_display_applsci-10-03840-t001
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fluorescent signal was taken at different times at 544 excitation and 590 nm emission wavelengths using 

the fluorescent plate reader.  

2.6. Determining the Calibration Curve of Resazurin and Cell Numbers 

Resazurin is a metabolic-based assay that reflects cell viability. In order to make it an assay that 

measured the cell number, 2-fold serial dilutions of the cell number starting from 250 × 103 cell/mL were 

seeded in triplicate, and complete media were added for a final volume of 0.5 mL. Cells were incubated for 

12 h to allow the cells to attach and avoid duplicating. Old media were replaced by the optimal 

concentration of resazurin in the case of each cell line. Four hours later, the fluorescent signal was recorded 

at 544 excitation and 590 nm emission wavelengths using the fluorescent plate reader. The theoretical 

calibration curves were made from a cell concentration of (4–60 × 103 cell/mL). The resulting linear equation 

was used to estimate the fluorescent signal for the cell concentration applied in this assay. 

2.7. Determining the Optimal Density of Cell Lines 

The target density for this paper was identified as when cells proliferated for at least four days and 

then reached contact-inhibited growth. This was where the target analyte started to express. Five 

concentrations of cells were prepared (350, 160, 80, 40, 20 × 103 cell/mL). The final volume of complete media 

was 0.5 mL. The cells were incubated at 37 °C and monitored daily for five days. Old media were changed 

every two days to keep cells healthy and with sufficient nutrients. On day 1, resazurin was added to cells 

in plate 1, and four hours later, the fluorescence signal was recorded. The process was continued for the 

other plates until day 5. 

2.8. Determining Cell Number Based Resazurin Assay 

The optimal density of each cell line was seeded in triplicate, and cell growth was assessed at 24-h 

intervals over five days. Old media were changed every two days to keep cells healthy and with sufficient 

nutrients. To determine the daily fluorescent signal, media were replaced by the optimal concentration of 

resazurin in the case of each cell line. Four hours after this, the fluorescent signal was recorded. The linear 

equation of the obtained calibration curve was used to quantify the cell number daily over five days. 

2.9. Microscope Images  

Images of cell-confluence were taken at 24-h intervals over five days using the inverted microscope 

and camera. Due to the presence of phenol red, which interferes with the light of microscopes, cells were 

washed twice with HBSS. Images were then taken from the center of the wells. 

2.10. Hemocytometer Assay  

Cell viability was also determined using the hemocytometer assay for the optimal density. As 

previously noted, cells were seeded in triplicate, and cell growth was assessed at 24-h intervals over five 

days. The old media were changed every two days to keep cells healthy and with sufficient nutrients. After 

the washing and trypsinization processes, harvested cell pellets were re-suspended in complete media, a 

coverslip was used to cover the two counting chambers, and then a drop of the solution was inserted, 

allowing the solution to spread gently. Under the microscope, nine squares were observed to be accounting 

cells. Accounting cells had to be averaged and multiplied by the three demotions of the hemacytometer, 

where the width and height equaled 1 mm, and the depth equaled 0.1 mm to get a final concentration of 

cell per mL using the following equation: 

𝐶 =
𝑛

10−4
 (1) 

where C is the final concentration of cell numbers per mL and n is the average of cell numbers counted 

from each square. 
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2.11. Cell Viability at Post-Confluence Culture 

Cells can be differentiated using post-confluence culture to ensure ALP release, which makes the 

determination of the cell viability of cells at post confluence culture important. Cells were seeded in 48-

well plates at a concentration of 40 × 103 cells/mL for the following cells: Balb/c 3T3, A549, and MCF-7, and 

at a concentration of 80 × 103 cells/mL for the Ht-29 cells. Cells had the media changed every two day to 

keep them healthy and with sufficient nutrients. After they achieved their exponential growth and met the 

95–100% confluence (Day 4), the cells were maintained in growth media for a further two days. Old media 

were replaced by the optimal concentration of resazurin in the case of each cell line for the fourth, fifth, and 

sixth days. Cells were incubated with resazurin for four hours. Vehicle control of each cell was prepared 

by adding two drops of Virkon® in the complete media for 24 h the night before the assay. A reszurin 

control was added to media with no cells. The fluorescence signal was recorded for each day. 

2.12. Alkaline Phosphatase Release from Cells at Post-Confluence Culture 

To induce ALP and allow real-time monitoring, cells were differentiated using post-confluence 

culture. Cells were seeded in 48-well plates at a concentration of 40 × 103 cells/mL for the following cells: 

Balb/c 3T3, A549, and MCF-7, and at a concentration of 80 × 103 cells/mL for the Ht-29 cells. Cells had the 

media changed every two days to keep them healthy and with sufficient nutrients. After they reached their 

exponential growth and met the 95–100% confluence (Day 4), the cells were maintained in growth media 

for a further two days. Cells were washed twice with HBSS in each target day. The ALP assay buffer at pH 

9.5 was added in the presence of 0.8 mM MgCl2 and 50 mM NaCl, 0.1% Triton X-100, and 8 mM pNPP and 

0 mM pNPP as a blank for each cell line. Vehicle control of each cell was prepared by adding two drops of 

Virkon® in the complete media for 24 h the night before the assay. Cells were then incubated in the specified 

buffers for 30 min. For the standard curve, a commercial ALP had its concentration varied from 1.5 U/L to 

1500 U/L. A Lineweaver–Burk model was plotted between the absorbance values and ALP concentrations 

to obtain the linear equation. Measurements were applied to the 96-well plate in triplicate, and absorbance 

was taken at 405 nm using the spectrophotometer at a final volume of 150 μL. 

2.13. Data Analysis  

Single factor of analysis of variance (ANOVA), MS Excel, and Origin were used in order to analyze 

the results of the experiments and to ensure the limitation of errors. Results were displayed as mean +/− 

SD. There were: n = 3 was replicated for each condition in each individual experiment and the displayed 

data represent the mean of at least three independent experiments. The coefficient of variation % and p-

values and Z-factor were considered. 

3. Results and Discussion  

3.1. Determining the Optimal Concentration of Resazurin  

Metabolic activity may differ between cells, which makes optimizing the concentration of resazurin 

important. Cells were plated in 48-well plates and incubated for 24 h to allow for attachment. Different 

concentrations of resazurin were added, starting with the highest possible concentration that would not be 

toxic to cells (~200 μM). This was then serially diluted to 1:2 to produce a range of μM/well. All 

measurements were done with 24-h incubation times. Figure 2A–D shows that the resazurin reduction rate 

was positively proportional to the resazurin concentration. However, this gradual increase was limited by 

the highest concentration, where, after the optimal concentration, the rate of resazurin reduction 

decreased. Figure 2A–C illustrates the highest reduction rate at 50 μM and then shows an inverse 

relationship. Figure 2D shows the highest reduction rate at 100 μM, while 200 μM exhibited a high 

deviation. This data indicate that the optimal concentration of Balb/c3T3, A549, and MCF-7 was 50 μM, and 

https://www.mdpi.com/2076-3417/10/11/3840/htm#fig_body_display_applsci-10-03840-f002
https://www.mdpi.com/2076-3417/10/11/3840/htm#fig_body_display_applsci-10-03840-f002
https://www.mdpi.com/2076-3417/10/11/3840/htm#fig_body_display_applsci-10-03840-f002
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that of the Ht-29 cell was 100 μM. Figure 2E shows the coefficient variance of the analysis data at various 

resazurin concentrations. At the lowest recorded concentrations of resazurin, the relative variability 

exceeded 20%. The CV% then fell and reached its lowest level at 100 μM. However, at higher 

concentrations, this trend reversed and CV% started to increase. These findings indicate that resazurin at a 

high concentration may be destructive to cells [31]. 

. 

Figure 2. Optimization of the concentration of resazurin at various cell lines. (A) Balbc/3T3 cell lines; (B) 

A549 cell lines; (C) MCF-7 cell lines; (D) Ht-29 cell lines; (E) coefficient variance % of resazurin concentration 

of vs cells numbers. Data are expressed as the mean ± SD of measurements of three independent 

experiments. 

3.2. Determining the Optimal Time of Incubation with Resazurin  

It is important to determine the resazurin incubation time, because resazurin reduction is affected by 

time and cell density. Cells were plated at the highest saturation density (~3 × 105 cell/mL), then serially 

diluted in a ratio of 1:2 to produce the range of cell density/well. After 24 h, the attached cells were 

incubated with a set volume of resazurin working solution for 2, 4, 12, or 24 h in order to cover all the 

recommended times (1–24 h). Figure 3A–D shows that the number of cells was strongly correlated with the 

values of resazurin reduction. This correlation was linear from two to four hours, but it started to lose 
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linearity when the incubation time increased from 12 to 24 h. Linearity after two hours was positively 

proportional to cell densities, but it still demonstrated a low slope, which may underestimate cell numbers. 

A 4-h incubation time proved to be a preferable incubation time. The slope at the 4–h incubation time was 

almost two times higher than that of the 2-h incubation time. The occurrence of high density may form 

hydroresorufin faster. This high density was avoided in this research study. A 12-h incubation time showed 

an increase at low density, and then the rate of resazurin reduction started to decline by (~1 × 105 cell/mL). 

This incubation time was avoided to reduce errors for the rest of the investigation where proliferation 

needed to be detected. After 24 h, the incubation time levelled, since the lowest density had the same rate 

as the highest, making the 24 h suitable when time parameters were not recommended. Coefficient variance 

(CV%) was highly reproducible in the non-linearity assays, although it was high at low densities of 

cells. Figure 3E shows that CV% exceeded a range of 20% at the lowest density of cells in the linear assays. 

It appears that four hours is the optimal time recommended. This is in agreement with Hamalainen–

Laanaya’s contributions [32], which state that the cell density should be finely tuned in order to prevent 

the over-reduction of resazurin and ensure the applicability of the resazurin assay. 

 

Figure 3. Effect of incubation time on fluorescence intensity measured during resazurin reduction. (A) 

Balbc/3T3 cell lines; (B) A549 cell lines; (C) MCF-7 cell lines; (D) Ht-29 cell lines; (E) Coefficient variance % 

of incubation time vs. cells numbers. Data are expressed as the mean ± SD of the measurements of three 

independent experiments. 
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3.3. Determining the Standard Curve of Resazurin and Cell Numbers 

Cell numbers can be quantified by the calibration curves of resazurin reduction. The calibration curve 

of each cell line was generated by plating the cells lines (Balb/c 3T3, A549, MCF-7, and Ht-29) at the same 

initial density (~250 × 103 cell/mL), then serially diluting in a ratio of 1:2 to produce a range of cell 

density/well. Eight hours later, and before dividing, resazurin solution was added according to the optimal 

concentration and incubated for four hours. Figure 4A–D shows the experimental and theoretical 

calibration curves produced by acceptable data over the concentration range of (~4–250 × 103 cell/mL) of 

the four cell lines. In comparison with the theoretical calibration curves, which were calculated using the 

linear equation of cells ranging from (4–60 × 103)cell/mL, the experimental curves of the four cell lines 

displayed an exponential shape at the high concentration with adjusted R-squared of 0.97, 0.97, 0.99, and 

0.98 for the cells of Balb/c 3T3, A549, MCF-7 and Ht-29, respectively [33]. The shape was most clear in the 

Balb/c 3T3 cell lines, where cells reached the inhibitive growth point, and least clear in the MCF-7 cell lines. 

This saturating trend might result in different cell sizes. For example, the MCF-7 size was 5–7 μm in 

diameter [34], this then limited the cell attachment to the plate surface. Therefore, the differences between 

the two curves, theoretical and experimental, were determined for each dilution ratio. Figure 4F illustrates 

the significant data of cell number (~4–250 × 103 cell/mL), which were less than 10% for all cell lines. 

However, at the range of (125–250 × 103 cell/mL), the percentage of errors barely exceeded 10% for all cell 

lines. Notably, the repeatability of results can be interpreted in Figure 4E. The relative variability of the 

lowest recorded cell numbers barely exceeded 20%, while at high cell numbers, the CV% was the lowest. 
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Figure 4. Experimental and theoretical standard curves of resazurin at various cell lines. (A) Balbc/3T3 cell 

lines; (B) A549 cell lines; (C) MCF-7 cell lines; (D) Ht-29 cell lines; (E) Coefficient variance % of experimental 

curves vs. cells numbers. (F) Errors % of theoretical and experimental curves vs. cell number. Data are 

expressed as mean ± SD of measurements of three independent experiments. 

3.4. Determining the Optimal Density of Cell Lines. 

There are several stages in the life cycle of mammalian cells. In one of these stages, hormones, protein, 

enzymes, etc. are produced. To allow the expression of these products, cellular functions such as adhesion, 

proliferation, migration, or apoptosis are usually investigated [9,10]. Cells were plated at an initial density 

of (320 × 103 cell/mL) and then serially diluted in a ratio of 1:2 to produce the range of cell density/well. 

This was done to make the cells simultaneously reach contact-inhibited growth. Cell growth was monitored 

over five days and resazurin reduction was recorded. Figure 5A–D shows the growth curves of the four 

cell lines at the five different densities. Low density with an s-shape expressed logistic growth, whereas 

high density failed to exhibit an s-shape and levelled out from day 1. Balb/c 3T3 cell lines displayed an s-

shape at 20–40 × 103 cells/mL, but for the higher densities, 80–320 × 103 cell/mL showed approximately level 

density, although 80 × 103 cell/mL exhibited a little growth at day 1, which means that 40 × 103 cell/mL is 

the optimal density of the Balb/c 3T3 cell lines (Figure 5A). The A549 cell lines behaved the same as the 

previous cell line, but the s-shape of the lowest density 20 × 103 cell/mL was quite unclear. From Figure 5B, 

it is clear that 40 × 103 cell/mL is the optimal density (Figure 5B). Like the Balb/c 3T3 cell lines, the A549 cell 

lines at the higher densities ranged from 80–320 × 103 cell/mL and levelled by day 1. Figure 5C shows that 

the MCF-7 cell lines displayed an s-shape of 20 × 103 cell/mL, but at a very low reduction rate of resazurin 

(~1000 nm). The 40 × 103 cell/mL sample demonstrated a J-shape, which began to level by day 5. The higher 

densities, ranging from 160–320 × 103 cell/mL, did not show any growth behavior. This meant that 40 × 

103 cell/mL was the optimal density. Ht-29 behaved quite differently to the other cell lines, where at low 

densities 20–40 × 103 cell/mL, it showed a j-shape (Figure 5D), whereas at 80 × 103 cell/mL, it showed an s-

shape, which makes it the optimal density. Like the other cells, the Ht-29 cell lines at the higher density 

ranged from 160–320 × 103 cell/mL and levelled on day 1 and then started to decrease. The CV% of all five 

days was less than 20% on day 1, and on day 2, cell numbers barely exceeded 20%. This was probably 

because of the lag phase and the ability of cells to divide and adjust themselves in the new environment. 

This investigation facilitated the determination of the optimal density of each cell line and makes it 

applicable for this research study, where the expression of ALP versus cell viability was investigated 

[35,36]. 
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Figure 5. Logistic growth curves of the different cell densities at various cell lines over five days. (A) 

Balbc/3T3 cell lines; (B) A549 cell lines; (C) MCF-7 cell lines; (D) Ht-29 cell lines; (E) coefficient variance % 

of growth curves vs. cells numbers. Data are expressed as the mean ± SD of measurements of three 

independent experiments. 

3.5. Microscope Images 

The determination of cell shape per day is important in order to know the state of the cells when the 

experiment begins and when sampling starts simultaneously. The optimal density of each cell obtained 

from the previous experiment was seeded and monitored over five days. It is obvious from Figure 6, in the 

baseline, that the cells behaved differently. The Balb/c 3T3 and MCF-7 cells attached quickly and started to 

flatten. A549 and Ht-29 cells had a rounder shape, which means that they needed a longer time to attach. 

Balb/c 3T3 cells showed constant division from day 1 to day 3 and 80–100% confluence by days 4 and 5. 

This probably means that cells reached the inhibitive growth contact quickly by day 4, and that there was 

no working area left for more division. This result met the resazurin reduction findings in Figure 5A. A549 

cells started to flatten by day 1, had a spindle shape by day 2, and then had sudden doubling, which 

explains the results found in Figure 4B. By days 4 and 5, cells seemed to have no space to divide, so they 

shrank and started to proliferate, as these kinds of cells rarely form multilayers. MCF-7 cells, on the other 

hand, showed a longer lag phase and slowly divided from day 1 to day 3. Cells barely reached almost 70% 
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confluence by day 4 and had space to confluence in day 5. These findings explain the j-shape displayed 

in Figure 4C and ensured that no multilayer had formed. Ht-29 cells started to flatten in day 1 and then 

had confluence from day 2 to day 4. Likewise, for Balb/c 3T3 and A549 cells, Ht-29 cells had no space to 

double. Ht-29 cells seem to have their extracellular matrix spread out and cover the area in day 3. This 

extracellular matrix reduced when cells reached confluence in days 4 and 5. Another microscope or dyes 

might be used to display this division. 

Days 
Balbc/3T3 A549 MCF-7 Ht-29 

baseline 

    

1 

    

2 

    

3 

    

4 

    

5 

    

Figure 6. Microscope images of the four cells over five days.. 

3.6. Determining Cell Number and Comparison to Hemocytometer Assay  

The cell culture growth curve represents the number of live cells over a period of time and covering 

the four phases [37]. In the first two growth phases, cells are more likely to be consistent, while in the 

stationary phase, cells may be more differentiated. Morphology may become polarized, and has more 

spreading for the extracellular matrix. Therefore, determination of the viability of cells in using quantitative 
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analysis was required. Resazurin reduction of each cell obtained from the previous experiment was used 

to estimate viable cells using the linear equation obtained by the calibration curve. For comparison, the 

number of cells was also compared to manual accounting using the hemocytometer assay. Figure 7 shows 

the comparison of the estimating cell number and accounted cell number. Estimating cell number had the 

same trend as the resazurin reduction assay previously described in Figure 5. In contrast, the results given 

by the hemocytometer displayed slight differences. However, both assays displayed the growth curve. 

Values of the estimated cell numbers in the Balb/c 3T3 and Ht-29 cells were higher than those manually 

accounted in all phases. A549 cells also had higher estimated values in all phases except for in the stationary 

phase. On the other hand, MCF-7 demonstrated a different trend, as it showed a J-shape in the estimated 

cells and an s-shape in the accounted cells. However, the difference between these values on the day of 

control was high in the Ht-29 cells (84.96 × 103 cells/mL) and MCF-7 cells (70.51 × 103 cells/mL) compared 

to the difference in Balb/c 3T3 (58.18 × 103 cells/mL) and A549 cells (11.13 × 103 cells/mL). Overall, the 

growth curves given by the hemocytometer were sharper than the estimated ones. Notably, manual 

accounting had multiple steps, which increased the chance of losing cells, whereas cell number given by 

the resazurin assays were estimated theoretically based on a calibration curve, where the possibility of 

losing cells during assays was low.  

 

Figure 7. Logistic growth curves of (A) Balbc/3T3 cell lines; (B) A549 cell lines; (C) MCF-7 cell lines; and (D) 

Ht-29 cell lines, over five days. (◻) estimated cell number using linear equation of standard curve and, (⚪) 

accounted cell number using hemocytometer; all compared versus incubation time over five days. Data are 

expressed as the mean ± SD of measurements of three independent experiments. 

3.7. Cell Viability at Post-Confluence Culture 

The cell viability of cells at post-confluence culture was detected. Table 2 illustrates the fluorescent 

signal of resazurin produced during the fourth, fifth, and sixth days for each cell line as well as vehicle 
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control and resazurin control. It is obvious from the data that there was a decrease in cell viability for all of 

the cells from day 4 to day 6. There was a significant difference between the data of cell viability of day 5 

and day 6 compared to that of day 4; but MCF-7 cells in day 5 showed no significant difference (p > 0.05) to 

the control value (day 4). This was probably because there was 70% confluence in day 4 (shown in Figure 

6), which allowed more proliferation. The cells of Balb/c 3T3 and A549 displayed z-factor values between 

0.5 and 1 for each culture day compared to the control (day 4). It is quite noticeable that the cells of Balbc/3T3 

and A549 are more unlikely to form multilayers when reaching the contact-inhibited growth point. MCF-7 

cells showed a quality assay in day 6, whereas Ht-29 cells illustrated a z-factor less than 0.5 for all the post-

confluence culture compared to the control value. That was possible because of the high standard deviation 

(SD) for all the values in the three days. Notably, the z-factor value mostly depended on the SD. The cell 

viability of the vehicle controls of the cells of Balb/c 3T3 and MCF-7 was 10.2% and 8.3%, respectively, while 

those of the cells of A549 and Ht-29 were 18.6% and 18.2%, respectively. Drops of Virkon® may need to be 

increased for the MCF-7 and HT-29 cells to make dead cells.  

Table 2. Summary of the resazurin data of each cell line versus the target days at post-confluence. 

 Balb/c 3T3 A549 MCF-7 Ht-29 

Day 4 3091.61 ± 28.74 2784.46 ± 43.35 (1887.34 ± 5.36) (2980.70 ± 44.51) 

Day 5 2513.44 ± 7.77 *§ (1952.29 ± 0.82) *§ (1787.48 ± 35.99) (2655.06 ± 34.07)* 

Day 6 1872.74 ± 6.72 *§ (1415.29 ± 44.35) *§ (1407.01 ± 66.13) *§ (2512.21 ± 48.32)* 

VC (412.6 ± 9.9) *§ (597.6 ± 23.3) *§ (237.8 ± 3.1) *§ (623.8 ± 4.5) *§ 

RC (97.2 ± 6.3) *§ (78.7 ± 0.9) *§ (80.5 ± 0.3) *§ (82.7 ± 0.7) *§ 

The data of the cell viability assay-based resazurin was applied for the cells at post-confluence culture. 

Data are expressed as mean ± SD of the measurements of three independent experiments. VC (vehicle 

control,) and RC (resazurin control). Data compared to the control (data of day 4), * (p-value < 0.05 is a 

significant difference), § (1 > Z-factor > 0.5 is excellent assay). 

3.8. Alkaline Phosphatase Release from Cells at Post-Confluence Culture 

The standard curve of ALP was applied in order to convert absorbance values to an enzyme unit (e.g., 

U/L). Figure 8 shows that the absorbance values of ALP concentration ranged from (1.5–1500 U/L). This 

was plotted using the Lineweaver–Burk model with good linear regression of R2 of 0.99 and linear equation 

obtained using Origin software. Monitoring of ALP release from Balb/c 3T3 cells, A549 cells, MCF-7 cells, 

and HT-29 cells was conducted. ALP was induced by differentiation using post-confluence culture. Cells 

were cultured for two more days after reaching 95–100% confluence on day 4. Table 3 summarizes the 

results of ALP release in the target days for each cell with the vehicle control (VC) and the blank. It is 

obvious that the ALP release increased gradually from day 4 to day 6. This rise was shown from all cells. 

Furthermore, the data of post-confluence culture (day 5 and day 6) were compared to the control (data of 

day 4) using an unpaired t-test. There was a significant difference between the data of ALP release from 

day 5 and day 6 compared to that released from day 4. Balb/c 3T3 cells had an average level of ALP of 7.24 

U/L on day 4 and the value increased on day 5 and day 6 (8.67 U/L and 11.67 U/L, respectively). The value 

of lung cancer cells exhibited a sharp increment from day 4 to day 6, which was 10.12 U/L, 12.21 U/L, and 

19.60 U/L. The breast cancer cells showed slight incensement from the fourth day to the sixth day, and that 

was 7.97 U/L, 9.51 U/L, and 10.19 U/L, respectively. The colon cancer cell had the highest release value of 
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ALP (19.62 U/L) at confluence day compared to the others and also for the post-confluence day 5 and day 

6 of 23.68 U/L and 27.22 U/L, respectively. Vehicle control of all cells showed less values. The cells of 

Balbc/3T3 and A549 had 2.75 U/L and 2.84 U/L, respectively, whereas the MCF-7 and Ht-29 cells had 3.44 

U/L and 4.27 U/L, respectively, all of which represented significant differences when compared to the 

control. The buffer blank of all data was very low as no substrate was added to the assay.   

 

Figure 8. The standard curve of the absorbance values vs. alkaline phosphatase (ALP) concentration ranging 

from 1.5–1500 U/L was fitted by the Lineweaver–Burk model with R2 = 0.99. 

Table 3. Summary of ALP release from each cell line versus target days at post-confluence culture. 

 Quantity of ALP Release (U/L) in Each Day 

 Day 4 Day 5 Day 6 VC Blank 

Balb/c 3T3 (7.24 ± 0.17) (8.67 ± 0.43)* (11.67 ± 0.33)* (2.75 ± 0.10)* (0.74 ± 0.17)* 

A549 (10.12 ± 0.35) (12.21 ± 0.10)* (19.60 ± 0.28)* (2.84 ± 0.25)* (0.87 ± 0.33)* 

MCF-7 (7.97 ± 0.32) (9.51 ± 0.30)* (10.19 ± 0.25)* (3.44 ± 0.27)* (1.05 ± 0.26)* 

Ht-29 (19.62 ± 0.60) (23.68 ± 0.51)* (27.22 ± 0.10)* (4.27 ± 1.18)* (0.91 ± 0.32)* 

After exposing cells to the corresponding optimal substrate concentration of pNPP, absorbance 405 

detection was converted to unit per liter using the equation in Figure 8. The obtained data were expressed 

as the mean ± SD of measurements of three independent experiments with VC (vehicle control) that had 

dead cells, and the blank with no cells and no substrate. p-value of post-confluence culture compared to 

the control (data of day 4), * p < 0.05 is significantly different.. 

4. Conclusions 

ALP determination requires the real-time monitoring of cell behavior. Various cellular phenotypes are 

related to gene expression, which helps to understand emerging diseases including cancers. Several 

previous studies have shown the relationship between ALP and cell viability [38,39]. However, those 

studies were conducted under the standard cell culture assay. Function endpoints of those assays are labor-

intensive, time-consuming, require detachment of cells, and thus hinder real-time assays and multiplex 

assays. Quantitative resazurin assays of cell viability have been proposed as a rapid and inexpensive 
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method to evaluate the viability of cells during the release of ALP, which can further be used to verify 

studies of cell adhesion applications such as cell-based biosensors. 

The main parameters affecting the results obtained from the resazurin assay include the concentration 

of resazurin, incubation time, and cell number. The optimal incubation time of resazurin reduction was 

four hours for all cells. High incubation time is more likely to reduce resorufin and form non-detectable 

products. The research also focused on different cells, one embryonic fibroblast cell line Balb/c3T3, and 

three epithelial cancer cell lines, A549, MCF-7, and Ht-29. These cells have different metabolic activities, 

which were noticed in this study. Ht-29 cells showed the highest activity and had 100 μM as an optimal 

concentration of resazurin, whereas the others had 50 μM. 

Optimal density corresponding to the working area is very important in cell adhesion approaches. 

This enhances the detection of cell viability alongside the release of ALP, which may detect intracellular 

processes. Cells need to be proliferated for at least four days to release detectable ALP. This time can be 

further increased if a study is focusing on differentiation where optimizing density is required. Special 

attention is drawn to the morphology of cells, which was monitored and compared to the resazurin assay. 

The cells showed logistic growth curves where the four phases were obvious. Cells that had a longer lag 

phase had less confluence (about 70–80%, like MCF-7 cells). In comparison, others, which had a smaller lag 

phase, had a gradual log phase and thus had almost 95–100% confluence by day 4. Cell growth is also 

influenced by the surrounding environment (e.g., media type, serum). The recommended type of media 

and serum were used according to the supplier’s recommendations. 

Cell viability of cells at post-confluence culture was determined and data were compared statistically 

using mean, standard deviation, p-value, and z-factor. The data of embryonic cells, lung cancer cells, and 

colon cancer cells displayed significant differences in post-confluence culture compared to the control (day 

4). Similarly, breast cancer cells showed a p-value < 0.05 in day 6 and p > 0.05 in day 5 compared to the 

control. The cell viability of vehicle controls of the cells Balb/c 3T3, A549, MCF-7, and Ht-29 were 10.2%, 

18.6%, 8.3%, and 18.2%, respectively. ALP release was increased gradually from day 4 to day 6. An increase 

of ALP release was shown from all cells during the three days. The levels of ALP during day 4, day 5, and 

day 6 from the Balb/c 3T3 cells were 7.24 U/L, 8.67 U/L, and 11.67 U/L, respectively; those from the A549 

cells were 10.12 U/L, 12.21 U/L, and 19.60 U/L, respectively; those from the MCF-7 cells were 7.97 U/L, 9.51 

U/L, and 10.19 U/L, respectively; and those from Ht-29 were 19.62 U/L, 23.68 U/L, and 27.22 U/L, 

respectively. Moreover, there was a significant difference between the data of ALP release from day 5 and 

day 6 compared to that released from day 4. 

The main aim of this study was achieved by providing convenient and reliable samples of living cells 

for sensitively and continuously assaying using resazurin-based measurements, which made it easier for 

optimizing the methodologies for ALP release.  
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Abstract: Alkaline phosphatase (ALP) is one of the main biomarkers that is clinically detected in bone and 

liver disorders using optical assays. The electrochemical principle is important because point-of-care 

testing is increasing dramatically and absorbance techniques hardly compete with the medical revolution 

that is occurring. The detection of ALP using electrochemical detection is contributing to the integration 

systems field, and hence enhancing the detection of biological targets for pharmaceutical research and 

design systems. Moreover, in vitro electrochemical measurements use cost effective materials and simple 

techniques. Graphite screen-printed electrodes and linear sweep voltammetry were used to optimize the 

electrochemistry of the enzymatic product p-aminophenol using the enzyme kinetic assay. ALP release 

from embryonic and cancer cells was determined from adhesion cell culture. Additionally, capillary 

electrophoresis and colorimetric methods were applied for comparison assays. The resulting assays 

showed a dynamic range of ALP ranging from 1.5 to 1500 U/L, and limit of detection of 0.043 U/L. This 

was achieved by using 70 μL of the sample and an incubation time of 10 min at an optimal substrate 

concentration of 9.6 mM of p-aminophenol phosphate. A significant difference (p < 0.05) was measured 

between the absorbance assays. This paper demonstrates the advantages of the electrochemical assay for 

ALP release from cells, which is in line with recent trends in gene expression systems using microelectrode 

array technologies and devices for monitoring electrophysiological activity. 

Keywords: electrochemistry; linear sweep voltammetry; alkaline phosphatase; capillary electrophoresis; 

colorimetry; cancer cells; embryonic cells 

 

1. Introduction 

ALP is a homodimeric enzyme. It has cofactors that include two zinc atoms and one magnesium atom 

in each subunit, which are important for the active sites [1]. ALP is found in almost all living tissue and can 

be expressed in four isoforms. Abnormal levels of ALP release can be seen in illnesses (such as liver disease, 

bone disorders, etc.), or during pregnancy or the rapid growth phases of childhood [2,3]. Recently, ALP 

has been identified as a potential cancer biomarker, and its early detection could potentially help in the 

treatment of the disease [4]. 

Electrochemistry allows integration in small devices, which is required for point-of-care testing. 

Electrochemical detection techniques are relatively easy to use and offer relatively fast detection. This is 

reflected in Clark’s work (1954) [5]. Electrochemical biosensors for ALP have rapidly developed since 1991, 

when Thomson and his team published their work comparing ALP resolution using an electrochemical 
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assay to results from optical detection [6]. The principle was based on hydrolyzing o-phosphate by ALP in 

the presence of the p-aminophenyl phosphate (pAPP), where the non-electroactive substrate under the 

alkaline environment served to generate an electroactive substrate (pAP). This research has contributed to 

the development of ALP electrochemical detection [7,8,9,10,11]. 

Investigation of ALP release as a quantitative indicator of gene reporting in mammalian cells began in 

1988 [12]. However, it was not until the development of the electrochemical immunoassay [13] that the 

electrochemistry of ALP release as a secretion enzyme from cells began to grow in popularity [14,15,16]. 

Almost ten years later, a proper protocol of ALP release was investigated using methods of molecular 

biology, biochemistry, enzymology, and chemiluminescence. These findings enhanced the detection of 

ALP using electrochemistry [17,18,19,20]. Kelso et al., 2000 exploited the electrochemical immunoassay, 

and were likely the first to detect secreted ALP in media using screen-printed electrodes and 2-naphthyl 

phosphate [21]. The initial protocols of ALP release in vitro used the same strategies used for β-

galactosidase [22,23,24,25,26]. This was carried out by way of electrochemical analysis and using different 

samples, including single-cell analysis [27,28,29], biopsies [30], tissues [31] and accumulation of cells 

[32,33]. These strategies have their own disadvantages. For example, using a reducing agent (e.g., β-

mercaptoethanol) caused inactivation of intracellular ALP [34,35,36]. Moreover, issues relating to 

electrochemical analysis, including buffer components, volusme of the electrolyte, and the parameters 

required during the assay, were not optimised [37,38,39]. This caused less concentration of ALP release. 

So far, investigations of ALP release from MCF-7 breast cancer cells, A549 lung cancer cells, and HT-

29 colon cancer cells have only been carried out using fluorescence [40]. The optimization achieved as a 

result of spectroscopy would be negatively affected by the limitations (e.g., the cost, and the size of 

instruments). Accordingly, this paper will explore the parameters of the enzyme assay and apply the 

electrochemical assay for ALP release from living cells. Therefore, linear sweep voltammetry was used 

because it has a wide potential window, as it is a droplet-based assay and requires no stirring solution. 

These are important factors for point-of care application. The incubation time of the sample, the kinetic 

enzyme assay of the substrate, and calibration plots were studied in order to carry out regression analysis 

using the two methods illustrated in plate A and plate B (Figure 1). Separation techniques that included 

capillary electrophoresis were also used. Capillary electrophoresis was used because it distinguishes 

isoenzymes alongside the standard methods of colorimetry [41]. Finally, the assays were compared in order 

to assess the sensitivity of electrochemistry analysis. 
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Figure 1. A schematic diagram of ALP release. Plate A describes the methods of determination of ALP 

release from detached cells, where cells are washed with Hank’s balanced salt solution (HBSS) and undergo 

trypsinization, washing and centrifugation before being exposed to the buffer assay. Plate B describes the 

methods of determination of ALP release from attached cells, where cells are only washed before being 

directly exposed to the buffer assay. 

2. Methodology 

2.1. Chemicals and Instruments 

Alkaline phosphatase (ALP, calf intestinal phosphatase) or 4-aminophenol (p-AP) was purchased 

from Sigma (Ireland) and used to make stock solution at a final concentration of 1500 U/L or 5 mM. The 

alkaline buffer assay at pH 9.5 was made by adding sterile deionized water at grade 18 MΩ provided from 

Tyndall National Institute (UCC), which contained diethanolamine (DEA) 1 M, magnesium chloride 

(MgCl2) 8 mM, sodium chloride (NaCl) 50 mM, potassium chloride (KCl) 100 mM, para-aminophenol 

phosphate (p-APP) and HCl purchased from Sigma (Wicklow, Ireland). The electrochemical measurements 

were performed on screen printed carbon electrodes with each individual sensor consisting of a graphite 

working and counter electrode and Ag/AgCl reference electrode (graphite-SPE) (Kanichi Research Limited, 

England, UK) with a working volume of 70 μL performed on palmSens portable poteniostat (Palm 

Instruments BV, Houten, The Netherlands). The graphite-SPE was cleaned before using for 20 min by 

Plasma Surface Treatment (Harrick plasma, Ithaca, NY, USA). Separations were performed using 50 μm 

i.d. and 375 μm o.d. fused-silica capillary (CM Scientific Ltd., Silsden, UK). Agilent 7100 Capillary 

Electrophoresis System (Waldbronn, Germany) the software Agilent Chemstation (Version B.02.01) were 

also used. 

2.2. ALP Release and Cell Culture 

In order to release ALP from cells, the following steps were performed according to the protocols 

developed by Thanih et al. [42]. The first step was to enhance ALP release in 4-day-old culture by seeding 

cells as a monolayer on 48-well plates (Sigma, Ireland), incubating at 37 °C and 5% CO2 (incusafe Panasonic 

incubator) and changing media every two days. The cell lines used during this study were purchased from 
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ATCC (UK), including mouse embryo fibroblast cells (Balb/c 3T3 Line), breast carcinoma epithelial cells 

(MCF-7 Line), lung carcinoma epithelial cells (A-549 Line), and colon carcinoma epithelial cells (Ht-29 

Line). The media, supplements, and washing buffer used for culturing cells were Dulbecco’s modified 

Eagle’s medium (DMEM), minimum essential medium Eagle (MEME) and McCoy’s 5A medium, newborn 

calf serum (NBCS), fetal bovine serum (FBS), and Hank’s balanced salt solution (HBSS), which were 

purchased from Sigma (Ireland). Table 1 summarises the cell numbers used and the composition of media. 

The cells were sub-cultured three times before seeding began under aseptic conditions using a cell culture 

hood (Esco Airstream® Class II). 

Table 1. A summary of the cell number and the composition of media used in this study. 

Cell Line Concentration (×103 Cells/mL) Media Supplements 

Balb/c 3t3 40 DMEM 10% NBCS 

A549 40 DMEM 10% FBS 

MCF-7 40 MEME 10% FBS 

Ht-29 80 McCoy′s 5A 10% FBS 

2.3. Stabilization of Graphite Screen-Printed Electrodes 

Graphite screen-printed electrodes (graphite-SPE) were first cleaned using iso-propanol and a 

plasmon cleaner device for 10 min or for 20 min and compared to non-cleaned electrodes. Potassium 

[Fe(CN)6]3−/4− (1 mM) was dissolved in 1.0 M of KCl. [Fe(CN)6]3−/4− solution (5 mL) was used to immerse the 

graphite-SPE. A Palmsens potentiostat device was used to carry out the cyclic voltammetry assay and to 

compare the data before and after the cleaning process. The cyclic voltammetry detection techniques were 

applied at scan rates from 5 mV/S to 200 mV/S and at initial potential of −0.2 V and final potential of 0.6 V 

vs. the Ag/AgCl reference electrode. The potential range of each scan rate of cyclic voltammograms was 

plotted against the response current. The reduction peaks’ current (ipc) and oxidation peaks’ current (ipa) 

were plotted versus the square root of the scan rate ((mV/S)1/2). 

2.4. Optimization of Electrochemical Measurement 

Samples of cells were freshly prepared at a concentration of 250 × 103 cells/mL. The cells were washed 

twice with HBSS, centrifuged for 5 min at 1000 rpm and resuspended in the assay buffer. Graphite screen-

printed electrodes were first cleaned using plasma cleaner for 20 min and linear sweep voltammetry 

measurements were carried out at potentials ranging from −1.2 V to 1.5 V vs. Ag/AgCl. The measurements 

were completed in triplicate at a volume of 70 μL and a scan rate of 100 mV/S. To determine a probable 

working range for the product pAP, serial dilutions of pAP, starting with 5 mM were prepared in the 

presence of 30 μL of sample mixed with 100 μM of pAPP. The linear sweep voltammetry was measured 

for each concentration at three separate electrodes. A free-pAP buffer was used as blank. A graph charting 

current response to concentration of pAP was prepared for regression analysis. The incubation time 

evaluation for ALP release was performed using 70 μL of a sample with 20 U/L of ALP activity mixed with 

30 μL of pAPP 5 mM in buffer DEA and assessed at 5-min intervals over 60 min. NaOH (30 μL of 1 M) was 

added in order to stop the reaction. The reaction time was fixed to 10 min, and the activity of the sample 

was assessed with different concentrations of substrate range (5, 2.5, 1.25, 0.63, 0.31, 0.16, 0.08, and 0.04 mM 

pAPP). The optimal concentration of substrate obtained was used in a calibration plot of ALP release. The 

sample was spiked with various concentrations of ALP (calf intestinal phosphatase) at a range of 1–1500 

U/L. 

2.5. Linearity Performance of ALP Release vs. Cell Number 

https://www.mdpi.com/2079-6374/10/8/95/htm#table_body_display_biosensors-10-00095-t001
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In order to complete a linearity trend of ALP release versus current density, different concentrations 

of cells were used (250, 125, 63, 31, 16, 8, and 3 × 103 cells/mL). The cells were incubated in the assay buffer 

for 10 min before measurement. Linear sweep voltammetry was applied in triplicate in three separate 

graphite-SPEs at a final volume of 70 μL, against a free-pAPP buffer that was used as a blank. We measured 

it at 100 mV/S and a potential range from −1.2 V to 1.5 V versus the reference of Ag/Ag/Cl. A graph relating 

the concentration of cells to the current density was prepared for regression analysis. 

2.6. Concentration of the Substrate pAPP from Adhesion Cells 

Adherent cells have different responses from non-adherent cells in terms of releasing ALP. Therefore, 

the concentration of substrate pAPP needed to be assessed in order to allow for real-time monitoring of 

ALP. The serial dilution of pAPP, starting with 5 mM, was carried out in the range of 5, 2.5, 1.25, 0.60, 0.30, 

0.16, 0.08 and 0.04 mM in the assay buffer. The range of diluted pAPP was incubated with cells for 10 min. 

The electrochemical assay was applied with a final volume of 70 μL against a free-pAPP buffer as blank. A 

graph relating the concentration of pAPP to current density fit by non-linear regression analysis to the 

Michaelis-Menten model for each cell line was completed. 

2.7. Comparative Study of ALP Activity 

The conditions of samples in the comparative methods are the same as those in the electrochemical 

method. Capillary electrophoresis or colorimetric measurements were carried out in triplicate at a volume 

of 70 μL at a range of the product pNP (15–500 μM) using the wavelength 405 nm. The serial dilutions of 

pNP were prepared in the presence of 30 μL of sample mixed with 6 mM of pNPP. A graph relating peak 

area of absorbance to concentration of pNP was prepared for regression analysis. The slopes and intercepts 

of the reaction were used for normalizing the data in molarity. The separation of samples was performed 

in a 50 μm inner diameter fused-silica capillary with a length of 15 cm. The data were collected and 

processed using the capillary electrophoresis system and Agilent ChemStation software. The running 

conditions included a voltage of 15 kV, a capillary temperature of 20 °C and a wavelength of 405 nm, and 

injection of the sample was for 5 s and 15 mbar. A calibration plot of absorbance assay of ALP activity was 

obtained using the same sample preparation in electrochemical measurement. ALP release was performed 

using 70 μL of a sample spiked with various concentrations of ALP (calf intestinal phosphatase) at a range 

of 1–1500 U/L dissolved in 30 μL of pNPP 6 mM in buffer DEA and incubated for 30 min. NaOH (30 μL of 

1 M) was added to stop the reaction. The Michaelis-Menten model was used to fit the data. The resulting 

sole and intercept were determined using Vmax and km constants to normalize the data. 

3. Results and Discussion 

3.1. Stabilization of Graphite Screen-Printed Electrodes 

Cyclic voltammetry was applied where 1 M KCl was used as the electrolyte for the standard reaction 

redox of ferri/ferrocyanide. Non-cleaned electrodes and cleaned electrodes for 10 min and cleaned 

electrodes for 20 min were compared. Figure 2 shows the cyclic voltammogram background of electrodes 

before and after cleaning using Plasmon cleaner. It is evident that the potential window of the cleaned 

electrodes (Figure 2B,C) is narrow compared to that of non-cleaned electrodes (Figure 2A). In the insert 

in Figure 2, the linear relationship observed between the peak current and the square root of the scan rate 

with a high linear regression R2 of 0.98 is outlined. The anodic (ipa) and cathodic (ipc) current peaks display 

a sensitive performance in electrodes cleaned for 20 min compared to the other electrodes. The 

electrochemical performance of cleaned electrodes for 20 min in plasmon cleaner was more stable than 

others. The other electrodes displayed shifts in the potential as the scan rate increased. It appears that the 

faradic current was affected by any background current. Table 2 summarizes the influence of the scan rate 

on the half peak potential (Emid vs. Ag/AgCl) and peak-to-peak separation (∆Ep) of anodic and cathodic 

https://www.mdpi.com/2079-6374/10/8/95/htm#fig_body_display_biosensors-10-00095-f002
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peaks. The anodic and cathodic peak ratio was 0.98–1.03 as the scan rate increased performance in 

electrodes cleaned for 20 min. This showed the reversible reaction of [Fe(CN)6]3−/4−. 

 

Figure 2. Cyclic voltammograms of 1 mM [Fe(CN)6]3−/4− on non-cleaned electrodes (A), cleaned electrodes 

(10 min) (B), and cleaned electrodes (20 min) (C). The inset demonstrates the curves of reduction peaks’ 

current (ipc) and oxidation peaks’ current (ipa) versus the square root of the scan rate ((mV/S)1/2). The cyclic 

voltammograms were carried out at an initial potential of −0.2 V and final potential of 0.6 V vs. the Ag/AgCl 

reference electrode. 

Table 2. A summary of the influence of the scan rate on the half peak potential (Emid vs. Ag/AgCl) and 

peak-to-peak separation (∆Ep) of anodic and cathodic peaks. 

Scan 

Rate 

a Emid vs. Ag/AgCl b ∆Ep (mV) 

0 min 10 min 20 min 0 min 10 min 20 min 

5 0.2285 0.0768 0.198 175 146.4 76 

10 0.2465 0.08145 0.194 207 143.1 68 

20 0.261 0.09155 0.192 230 144.9 68 

50 0.2715 0.1163 0.192 247 137.4 64 

70 0.277 0.1225 0.191 260 151 62 

100 0.282 0.1305 0.191 270 153 62 

150 0.294 0.135 0.194 288 162 64 

200 0.298 0.1585 0.193 300 163 58 
a Measured from the value of 1/2(Epc + Epa) versus Ag/AgCl reference electrode. b ∆Ep = Epa − Epc. 
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The potential of the oxidation peak as the scan rate increased for electrodes cleaned for 20 min was 

0.19–0.19 V, and that of electrodes cleaned for 10 min was 0.2–0.3 V. Electrodes that had not been cleaned 

had a potential oxidation peak of 0.3–0.45 V as the scan rate increased. This indicates that the cleaning 

process can positively enhance electron transfer, and that a 20-min cleaning time is sufficient to overcome 

the limitations of diffusion processes. Moreover, the value of ∆Ep at 200 mV/S presented by non-cleaned 

electrodes was too high (300 mV), which indicates that some sort of contamination occurred on the 

electrode surface. Cleaning the surface electrodes was important as, after 10 min and 20 min, decrements 

of the value ∆Ep were observed, which were 163 mV and 58 mV, respectively. Considering the theoretical 

value of ∆Ep is 59 mV for single electron transfer of [Fe(CN)6]3−/4−, the closest experimental value achieved 

was 58 mV. Therefore, treatment with oxygen plasma for 20 min was constantly used for further 

electrochemical investigations. 

3.2. Optimization of Electrochemical Measurement 

For the electrochemical detection of mammalian ALP release, the electroactive compound p-

aminophenol (pAP) is produced from the enzyme reacting with a p-aminophenyl phosphate substrate. The 

linear sweep voltammetry detection technique was applied to read the current generated at different 

concentrations of the product pAP. Figure 3A shows the linear sweep voltammograms of different 

concentrations of pAP (0.16–5 mM). The measurements were carried out at a scan rate of 100 mV/S and at 

a range of potentials between −1.2 and 1.5 V. The current response of the pAP increased in potentials at 

points between 0 and 0.3 V. The insert curve shows the standard curve of the mass-transfer limited current 

of pAP. Furthermore, the values of intercept and slope of regression lines from these six concentrations 

were calculated as 5.931 and 11.866. The current response for the oxidation of pAP indicated a good linear 

relationship, where R2 was 0.996. pAP (5 mM) generated 180 μA, and the lowest concentration of 0.16 mM 

generated 20 μA. These results indicate that the voltammetric detection of pAP did not affect the electrode 

surface during the assay. 

The electrochemical determination of ALP release versus time was performed and showed a linear 

dependence. When time of incubation increased, the ALP release increased. Figure 3B shows the linear 

sweep voltammograms of current increased as incubation time increased, reaching a steady state at 40 min. 

The linear sweep voltammograms were applied at 100 mV/S and at potentials ranging from −1.2 to 1.5 V 

vs. Ag/AgCl. In the insert of Figure 3B, the values of current increased rapidly up to 10 min and then 

continued slowly up to 40 min. They levelled off at between 40 and 50 min. The oxidation peak started to 

increase with increasing time after 10 min, so 10 min was taken as the optimum incubation time for 

subsequent measurements. This corresponds to data already published by Sappia et al. [43]. The linearity 

relationship had a very good coefficient regression R2 of 0.998. 

The optimal concentration of substrate for the evaluation of enzyme activity using this method was 

investigated. The current responses of pAPP substrate at different concentrations ranging from 0.1 to 5 mM 

are shown in Figure 3C. ALP release was determined from the constant cell number of 250 × 103 cells/mL. 

The cells were incubated with the substrate concentration for 10 min at 37 °C. The current responses 

reached a plateau at 1.25 mM of pAPP. The current values were fitted using the Michaelis-Menten model 

with a coefficient regression R2 of 0.88. The corresponding Imax and km were 136.59 µA and 0.548 mM. 

The corresponding concentration of pAPP at 95% of Imax was 9.69 mM. The optimal concentration of pAPP 

was almost 20 times higher than the km [44]. 

Linear sweep voltammetry was applied for different concentrations of ALP (1.5–1500 U/L) to allow 

for conversion of the unit and to compare it to the absorbance values. Figure 3D shows the Lineweaver–

Burk plots of the current responses (1/current) versus ALP concentration (1/concentration) as obtained by 

linear sweep voltammetry with good linear regression of R2 of 0.99. The intercept (Imax) and the slope 

(km/Imax) were 0.0058 and 0.767, and the LOD was 0.043 U/L.  

https://www.mdpi.com/2079-6374/10/8/95/htm#fig_body_display_biosensors-10-00095-f003
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Figure 3. Linear sweep voltammograms of electrochemical optimization of ALP release applied at a 

potential of −1.2 V to −1.5 V, and a scan rate of 100 mV/S. (A) The linear sweep voltammograms of a 

concentration of pAP of 0.16–5 mM and in the insert is the standard curve of the current response. (B) 

Optimization of the reaction time for the enzymatic assay of ALP release and in the inset is current response 

versus time. (C) Optimization of pAPP concentrations 0.2–5 mM pAPP and in the insert is the current 

response versus concentrations of pAPP. (D) The calibration curve of ALP activity ranging from 1.5–1500 

U/L fitted by the Lineweaver-Burk model. 

3.3. Linearity Performance of ALP Release vs. Cell Number 

The linear relationship between ALP release and cell number was analysed. The final concentration of 

substrate pAPP was about 10–20-fold higher than the km. The linear voltammograms of ALP release from 

different concentrations of cells (4, 8, 16, 31, 63, 125, and 250 ×103 cells/mL) were determined for each cell 

line. Figure 4 illustrates the linear sweep voltammetry that was performed at a scan rate of 100 mV/S and 

at potentials that ranged from −1.2 V to 1.5 V. The potential of the anodic response shifted as the cell number 

increased. The results are as follows: ALP release from Balb/c 3T3 cells shows oxidation of pAP beginning 

at −100 mV and ending at 150 mV. ALP release from A549 cells and MCF-7 cells shows oxidation of pAP 

beginning at −100 mV and ending at 200 mV. Ht-29 cells had slightly wider potential. We found oxidation 

of pAP beginning at −100 mV and ending at 300 mV. The oxidation peaks displayed by ALP release of the 

three cells, Balb/c 3T3, A549 and MCF-7, were narrower than those of Ht-29 cells. 

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

0

50

100

150

200

0 2 4 6

0

50

100

150

200

 

 

c
u
rr

e
n
t 
(µ

A
)

Potential (V vs Ag/AgCl)

 5 mM

 2.5 mM

 1.25 mM

 0.63 mM

 0.31 mM

 0.16 mM

R
2
=0.995

y=4.721+29.98x

 

 

c
u

rr
e

n
t 
(

A
)

concentration of pAP (mM)

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

-150

-100

-50

0

50

100

150

200

250

1 2 4 8 16 32 64

0

20

40

60

80

100

120

c
u
rr

e
n
t 
(µ

A
)

potential (V vs Ag/Ag/Cl)

 0 min

 5 min

 10 min

 15 min

 20 min

 25 min

 30 min

 35 min

 40 min

 45 min

 50 min

c
u
rr

e
n
t 
(µ

A
)

Time (minute)

R
2
=0.99

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

-50

0

50

100

150

200

250

300

0 1 2 3 4 5

0

20

40

60

80

100

120

140

 

 

c
u
rr

e
n
t 
(

A
)

Potential (V vs Ag/AgCl)

 5 mM

 2.5 mM

 1.25 mM

 0.6 mM

 0.3 mM

 0.15 mM

 0.08 mM

 0.04 mM

 

 

c
u
rr

e
n
t 
(

A
)

concentration of pAPP (mM)

R
2
=0.88

Vmax=136.59 A

Km=0.5489 mM

pAPP=9.69 mM

A B 

C D 

-0.01 0.00 0.01 0.02 0.03 0.04 0.05

0.00

0.01

0.02

0.03

R
2
=0.96

y=0.0058+0.767x

 

 

1
/c

u
rr

e
n
t 

(
A

)

1/concentration of ALP (U/L)

https://www.mdpi.com/2079-6374/10/8/95/htm#fig_body_display_biosensors-10-00095-f004


Appendix 

248 
 

 

Figure 4. Linear sweep voltammograms of ALP release for each cell range from 2–250 × 103 cells/mL at a 

scan rate of 100 mV/S, incubation time of 10 min and potential range from −1.2–1.5 V. In the insert, the 

linearity performance of the ALP release from the given cells versus the current responses with linear 

regression analysis is outlined. All the measurements were applied in triplicate in separate graphite-SPE in 

the presence of 9.7 mM pAPP and at final volume of 70 μL. 

There was good linear correlation between the current response and ALP released from the four cells. 

The cells of Balb/c 3T3 showed the highest value of ALP released at 75 μA, while MCF-7 cells had 50 μA, 

which was also the lowest value of ALP released among other cells at a concentration of 250 × 103 cells/mL. 

At the lowest concentration of 4 × 103 cells/mL, the MCF-7 cells showed a current response of 10 μA, while 

that of Balb/c 3T3 cells was 9 μA. Both showed a good linear response R2 of 0.95 and 0.98 for Balb/c 3T3 

cells and MCF-7 cells. ALP release from A549 cells and Ht-29 cells showed higher values of currents at 80 

μA and at 100 μA, respectively, and also a good linear response (R2 = 0.94 for A549 cells and 0.94 for Ht-29 

cells). Moreover, the current response in Ht-29 cells had levelled off from the concentration of 1.25 × 

103 cells/mL, which indicates that the substrate concentration was running out. Ht-29 cells can release 

higher amounts of ALP compared to other cells. Therefore, this showed the importance of optimizing 

substrate concentration for each cell type. 

3.4. Concentration of the Substrate pAPP from Adhesion Cells 

The optimal concentration of pAPP for the evaluation of ALP release from adhesion cells was 

investigated. The linear sweep voltammograms of the pAP formed by ALP release from Balb/c 3T3 cells, 

A549 cells, MCF-7 cells, and Ht-29 cells with different concentrations of substrate ranging from 0.2 to 5 mM 

pAPP are illustrated in Figure 5. The measurements were taken at a scan rate of 100 mV/S, initial potential 

of −1.2 V and final potential of 1.5 V. pAP formed by enzymatic reaction at 37 °C after 10 min was measured. 

The oxidation peaks of pAP began at 0.0 mV and ended at 150 mV for all cells. The current values were 
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plotted against substrate concentration and fitted by the Michaelis–Menten model (Figure 5, insert). The 

enzymatic reaction of ALP release from Balb/c 3T3, A549, MCF-7, and Ht-29 cells versus different 

concentrations of the substrate pAPP displayed good non-linear regression, with R2 = 0.97. The km values 

of pAPP from each cell line were as follows: Balb/c 3T3 = 4.75 mM, A549 = 5.03 mM, MCF-7 = 10.19 mM 

and Ht-29 = 1.85 mM. The Imax values were as follows: Balb/c 3T3 = 96.5 μA, A549 = 69.24 μA, MCF-7 = 

82.68 μA and Ht-29 = 61.67 μA. The corresponding concentrations of pAPP at 95% of Imax were as follows: 

47.5 mM for Balb/c 3T3 cells; 50.3 mM for A549; 101.9 mM for MCF-7; and 18.5 mM for Ht-29. The 

differentiation of the parameters indicates the different activity of ALP in each cell line, where the colon 

cancer cell lines exhibited the highest activity and the breast cancer cell lines had the lowest activity 

according to their substrate concentration consumed at half maximal velocity. 

 

Figure 5. Linear sweep voltammograms of ALP release for adhesion cells in the presence of different 

concentrations of substrate pAPP (2–5 mM) at a scan rate of 100 mV/S, potential range of −1.2–1.5 V and 

incubation time of 10 min. In the insert, the concentration of pAPP substrate versus the current responses 

with non-linear regression analysis is outlined. All the measurements were applied in triplicate in separate 

graphite-SPE and at final volume of 70 μL. 

3.5. Comparative Study of ALP Activity 

An electrochemical optimized assay was compared to absorbance outputs using the optical active 

substrate pNPP and two different methods: capillary electrophoresis and colorimetry. The former was 

applied due to its selective monitoring of p-nitrophenol and because it eliminates any interference with 
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endogenous ALP in the sample. The latter is a standard method for ALP analysis. The analysis was carried 

out in the presence of 70 μL of the product pNP in the range of 15–500 μM and 30 μL of sample mixed with 

of 6 mM of pNPP. Figure 6A shows electropherograms of different concentrations of p-nitrophenol in the 

presence of 1 mM DEA adjusted to pH = 9.5, temperature 20 °C, voltage of 15 kV and wavelength of 405 

nm. The measurements of pNP taken in a fused-silica capillary with an effective length of 15 cm and a 

diameter of 50 μm displayed peaks at migration time of 5 min. This also was confirmed by other studies 

[45,46,47]. The separation peaks were affected by the length of incubation time and by applied voltage [45]. 

CE is an ideal assay for further investigation of ALP isoenzymes, as it performs sensitive detection in 

alkaline buffer. This is an appropriate environment for ALP. The insert details the calibration plot of pNP 

concentrations versus the peak areas, which displayed very good linear regression of R2 = 0.99, slope of 

70.13 mAU/μM and intercept of 9.68 mAU. This was used for normalizing the peaks’ areas of ALP release 

from living cells with values obtained by colorimetric analysis. Figure 6B shows the calibration curve of 

absorbance versus various concentrations of ALP ranging from 1.5–1500 U/L and fitted by the Michaelis–

Menten model. The standards had 30 μL of sample dissolved with pNPP 6 mM in buffer DEA and were 

incubated for 30 min. Data in triplicate were plotted using origin software. The correlation coefficient was 

found to be 0.99, and the Vmax and km of the curve were found to be 4.25 and 67.81 U/L. The correlation 

slope (km/Vmax) and intercept (1/Vmax) were calculated from the constants and were used for comparing 

data with the electrochemical assay. The insert outlines the linearity studies of colorimetric assay carried 

out in the presence of different concentrations of pNP (14–500 µM). The regression analysis was 0.99, and 

the slope and intercept of the curves were found to be 5.53 and 0.34. These were used for normalizing data 

and comparing them with the capillary electrophoresis assay. Figure 6C shows the normalizing data of 

ALP release from cells represented by formation of the product pNP. Capillary electrophoresis and 

colorimetric assay displayed good correlation. No significant difference (p > 0.05) resulted from the two 

methods. It is obvious that the lowest ALP level was determined by Balb/c 3T3 cells, which was 0.16–0.17 

mM, whereas the highest level of ALP was of colon cancer cells and was in the range of 0.48–0.50 mM. 

Lung and breast cancer cells had almost the same levels of ALP (0.21–0.22 mM and 0.20–0.21 mM, 

respectively). Moreover, the ALP of lung cancer was slightly higher than breast cancer, and results showed 

very small standard deviation. Figure 6D outlines details of the comparative analysis performed on the 

absorbance and optimized electrochemical assay of ALP release from living cells. The electrochemical or 

optical data of ALP release from cells were normalized using the Lineweaver–Burke equation shown 

in Figure 3C and the Michaelis-Menten model shown in Figure 6B. There was a significant difference (p > 

0.05) in the activity of ALP release from cells between electrochemical and optical assays. The 

electrochemical results of ALP activity from Balb/c 3T3, A549, MCF-7 and Ht-29 were higher than ALP 

activity obtained by absorbance analysis. This optimization demonstrated that evaluation of ALP release 

by electrochemical assay was more sensitive than by optical assay. Moreover, it showed faster detection as 

the optical active substrate needed 30 min for evaluating ALP release in samples, while that of the electro 

active substrate only needed 10 min. 
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Figure 6. Comparative studies of absorbance and electrochemistry toward ALP release from living cells. (A) 

Electropherograms of pNP concentration and in the insert is the linear trend of peak areas. (B) Calibration 

curve of absorbance values relating to ALP concentration ranging from 1.5–1500 U/L, fitted by the Michaelis-

Menten model, and in the insert is the linear trend of absorbance to pNP concentration (15–500 μM). (C) 

Histograms of ALP release measured by capillary electrophoresis and colorimetry. (D) Histograms of ALP 

release measured by absorbance and electrochemistry. 

4. Conclusions 

Alkaline phosphatase is a cancer biomarker, and the monitoring of ALP release from cells contributes 

to an understanding of the basis of diseases and the progression of cancer. The aim of this paper was to 

develop a methodology for monitoring ALP release from two types of cells: embryo fibroblast cells (Balb/c 

3T3) and cancer epithelial cells (A549, MCF-7, Ht-29), using electrochemical analysis. At alkaline pH, the 

enzyme ALP hydrolyzes the non-electroactive p-aminophenol phosphate to generate the electroactive, p-

aminophenol. The electrochemical behaviour of the sensors used was investigated using cyclic 

voltammetry and using the solution [Fe(CN)6]3−/4− as the model for single transfer electrons. A cleaning 

duration of 20 min for the sensors in the Plasmon cleaner gives good electrochemical behaviour. The anodic 

and cathodic peak ratio was almost 1 (ia/ic = 1), and the half peak potential (Emid vs. Ag/AgCl) showed a 

reversibility reaction. The peak-to-peak separation (∆Ep) of anodic and cathodic peaks was 62 mV. Linear 

sweep voltammetry detection techniques that have a wide window of potential were applied using 

graphite-SPE at a scan rate of 100 mV/S and at a potential ranging from −1.2 V to 1.5 V vs. a reference 

electrode of Ag/AgCl. This demonstrated the standard curve of pAP, and allowed for observation of the 

potential where oxidation peaks occur. This was at 0–0.15 V of the current response (0–150 µA) displayed 

when the concentration of pAP (0.16–5 mM) was increasing. The oxidation peaks of pAP began at −100 mV 
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and ended at 300 mV as the concentration increased. The samples were incubated with substrate for 

different amounts of time. They displayed a positive linear dependence and 10 min was selected as the 

time to do the rest of the experiments. The substrate pAPP was optimized using detached cells and had a 

Michaelis constant (km) of 0.548 mM, (Imax) of 136.59 and an optimal p-APP concentration of 9.69 mM. A 

calibration plot was obtained based on the optimization measurements from a range of 1–1500 U/L. ALP 

release was determined from various cell numbers for linearity analysis. All cells exhibited linear trends 

with good regression analysis. The pAPP substrate was investigated during cellular adhesion, and km and 

Imax were calculated for each cell line. Capillary electrophoresis and colorimetric methods were applied 

for comparative analysis. CE allows for the detection of ALP release with substrates at the same time, which 

can be used for distinguishing ALP iso-enzymes. The samples were introduced onto the capillary 

automatically. The average detection time for p-nitrophenol was 5 min. Colorimetry, which is the standard 

assay of ALP in clinical analysis, showed compatible values with CE. A calibration curve of ALP was 

created to allow for comparison of the data obtained by optical and electrochemical analysis. This revealed 

a significant difference between the two, indicating that the electrochemical investigation resulted in a more 

sensitive and rapid assay than the optical analysis. 
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Abstract: Alkaline phosphatase (ALP) is a reporter enzyme widely used in point-of-care applications. Real-

time monitoring of ALP accelerates understanding of the emergence diseases and cancer progress, which 

can be achieved through biosensor-based strategies. This paper demonstrates a developed approach for 

real-time monitoring of ALP release of the differentiation of cultured human colon cancer cells (Ht-29). 

Electric cell-substrate impedance sensing was used to generate changes of Ht-29 cells during ALP release 

and the data was compared with amperometry. The findings indicated a correlation between the cell 

response and shift in impedance magnitude and current. Relevant results had similar attitude during 

monitoring of cell morphology and cell viability. Our analysis is a clear advance on the current methods 

such as enzyme-linked immunosorbent assay. The developed method can contribute to the development 

of microfluidic testing that would facilitate work on small scale techniques. 

Keywords: Alkaline phosphatase; cell viability; microelectrode array; amperometry; impedance; colon 

cancer  

1 Introduction  

Alkaline phosphatase (ALP) is an enzyme [1], [2] routinely determined in clinical analyis for diseases 

related to liver and bone disorders. Recently it was evaluated to be an early cancer biomarker [3], [4] due 

to the fact that many reports of colon cancer presented always correlate ALP rise and emerging diseases 

that causing cancer including ulcerative colitis or polyposis of the colon [5] [6], [7]. 

Ht-29 cells lines are frequently used as model to represent colon cancer for in vitro studies [8], [9]. 

These cells keep their phenotypic properties, which make them optimal models for colon cancer 

investigation [10]. During cancer forming, a multistep process occurs and makes an improper life cycle of 

cells. Consequently, normal cellular reaction of an individual cell will differ from that of a cancer cell, 

thereby cellular electrical activity is going to change and cause releasing of biomarkers. ALP release, was 

nominated as a gene reporter in quantification of the intracellular ALP mRNA [11]. Therefore, it is 

important to study the mechanisms underlying ALP release to monitor problems in cells and resolve them.  

A number of techniques have been used in this regard including staining methods [12], mRNA-based 

methods [13], and ELISA [14], [15]. Although the sensitivity of immunoassay, it is still lab-based 

applications [16] [17]. Another limitation with monoclonal antibodies is that immunoassays cannot identify 

the isoenzyme ALP 18] [19]. Therefore, scientific attentions were drawn towards label-free methods. 

Development of the bio-devices based on microelectrode arrays contribute in characterizing cell activity 

parameters, such as respiratory activity, release, enzyme activity, and action potential and allow regular 

clinical diagnostics and fasten drug discovery [20]. Biosensor-based strategies include surface plasmon 

resonance [21; field-effect transistor [22]; quartz crystal microbalance [23]; and electrochemical impedance 
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spectroscopy (EIS) [24]–[26].  However, these reports so far relied on indirect methods using immunoassay 

approaches. This paper intended to avoid affinity approaches and reveal the direct tiny physiological 

movements of adhesion of cells during ALP release using electrochemical impedance spectroscopy (EIS).  

Impedance technique depended on measuring resistivity and capacitively (dielectric) properties of 

cells as the membrane works as an insulator (capacitance). So, to allow real-time quantifying of cellular 

function during ALP release, the electric cell-substrate impedance sensing (ECIS) system was suggested. 

ECIS model designed by Giaever and Keese (1984), integrates microelectrode array with biological targets 

in order to measure the cellular responses [27-29].  

In this method, the cultureware (ECIS-8W10E+) consisted of 40 microelectrodes per well (8 wells) have 

been used as a solid surface for attaching cell. Cells were differentiated by two ways; post-confluence 

culture and sodium butyrate for the purpose of inducing ALP. High ALP release means the permeability 

of cell membrane increases, which cause a decrement in the impedance magnitude and an increment of the 

capacitance. The viability of cells was verified by resazurin assay and microscopy. ALP activity was 

assessed by amperometry in the presence of the electroactive substrate of p-aminophenyl phosphate 

(pAPP). 

2 Methodology: 

2.1 Reagent and instruments  

Colon carcinoma epithelial cells (Ht-29 Cell Line) (ATCC, Ireland) was cultivated in McCoy's 5A 

medium (Sigma, Ireland) in the presence of 10% fetal bovine serum (FBS) (Sigma, Ireland) at 37 °C and 5% 

CO2. The standard condition of subculture was performed by using Hank's balanced salt solution (HBSS) 

(Sigma, Ireland) for washing cells and using trypsin/EDTA solution (Sigma, Ireland) for detachments of 

cells. Cells was seeded at density of 80,000 cell/mL in 48-well plate (Corning®, Sigma, Ireland) or electric 

cell-substrate impedance sensing cultureware (ECIS-8W10E+, ibid, Germany).  Hemocytometer slide 

(Reichert Bright-Line) was used for accounting of cells. The culture ware was treated with l-cysteine (Sigma, 

Ireland).  For viability assay resazurin and virkon® were used (Sigma, Ireland) and the fluorescent 

measurement was recorded by the fluorescent platereaders (Spectra Max Gemini). Cells morphology was 

monitored by an inverted microscope and camera (Olympus). Cells was differentiation by sodium butyrate 

(NaBt), (Sigma, Ireland). Metrohm autolab analyser (Metrohm, Netherland) was used for impedance 

detection. For alkaline phosphatase (ALP) determination, the following buffer was used. It consist of 

magnesium chloride (MgCl2), sodium chloride (NaCl), potassium chloride (KCl), diethanolamine (DEA), 

para-aminophenol phosphate (pAPP), and alkaline phosphatase (ALP) all of which were purchased from 

(Sigma, Ireland). PalmSens portable poteniostat (Palm Instruments BV, the Netherlands) and graphite 

screen printed electrodes (Kanichi Research Limited) was used for the amperometric detection.  

2.2 Pretreatment of microelectrodes  

Microelectrode surfaces were treated with 10 mM l-cysteine diluted in deionized water. Then 200 μL 

L-cysteine solution was added to wells and left at room temperature for 10 minutes.  Wells were cleaned 

twice with 200 μl of deionized water and kept under UV light for 30 minutes before seeding cells.  

2.3 Cell culture  

According to the manufacture, Ht-29 cells preferred McCoy's 5A (modified) medium with 10 % FBS 

serum for cell culturing. Cells was sub-cultured three time before seeding application. For sub-culturing, 

old media was removed and cells was washed with HBSS and then the monolayer of cells was de-adhered 

from substrate by trypsin method as reported by Thanih et al. [30].  Cells was seeded in the 48-well plate or 

in cultureware at the desired density using the hemocytometer for cell accounting and incubated at 37 °C 

and 5% CO2. 

2.4 Optimization of impedance measurement 

Electrochemical impedance spectroscopy measurements were calculated using a Metrohm Autolab 

analyser. During the measurements, the cultureware (ECIS 8W10E+) was placed in a cell culture hood 

(figure 1). The cultureware consisted of 40 microelectrodes per well (8 wells) and the total surface area of 
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the 40 microelectrodes per well is 1.96 cm2.  The cells grew on the 40 microelectrodes and grew on the 

insulating layer that mounted on the polycarbonate substrate. The latter and the thin film of 

microelectrodes are transparent and thus permit microscopic monitoring of cells. The walls of wells are 

made of polystyrene and they have a capacity of 600 µL for culture media. During applying the alternating 

current (AC), the change of the impedance due to the change of the capacitance of the monolayer of cells 

are recorded. The instrument was connected to electrodes with crocodile clips and controlled with Nova 

software. The Nova software was used to analyse the acquired data and to model the measured spectra. 

For impedance measurements, the equipment delivered an alternating current with 10 mV amplitude in a 

frequency range of between 1 k Hz and 1000 k Hz. The run of frequency of 50 points generated was from 

the high to the low. For determination of optimal frequency, the given cell line   seeded at cell number of 

(20×103 cells/ ml) and the resistance change was monitored for four days. The stability of the assay was 

confirmed by linearity analysis. The optimal frequency was fixed and the concentration of the cell number 

at range of (20, 40, 60, 80 ×103 cell/ml) was changed and measured at one-hour intervals over 10 hours.  The 

equation of cell index (CI) was used to normalize the measured electrical resistance and to plot the 

calibration curve of CI value and cell density. The long-term assay was confirmed by obtaining the normal 

growth curve of Ht-29 cells. This was performed by seeding the cells at an initial concentration of 80 ×103 

cell/ml. Cell growth was assessed at 24-hour intervals over 6 days. The data of impedance were normalized 

using CI index and fitted by logistic growth model using Origin software.  

𝐶𝐼 = (𝑅𝑖 𝑅𝑐𝑒𝑙𝑙−𝑓𝑟𝑒𝑒) − 1⁄  

Where Ri is the resistance of the cell-covered electrodes, and Rcell-free is the resistance of blank electrodes 

(free-serum media).  

 
Figure.1 The workstation during ALP release monitoring, displaying the commercial (ECIS 8W10E+) 

cultureware. In the licorice representation, microelectrode arrays. 

2.5 Impedance response during alkalinity buffer  

Cells were seeded in the ECIS at a concentration of 80 × 103 cells/ml for Ht-29 cells. The media was 

changed every two days to keep the cells healthy and nutrientized. After they achieved their exponential 

growth and met the 95-100% confluence (Day 4), the cells were washed with HBSS twice and exposed to 

ALP assay buffer. Control cells, treated cells and VC cells were assessed using electrochemical impedance 

spectroscopy measurements.  Cell viability was verified by applying resazurin measurements.  

2.6 Differentiation by sodium butyrate 

Electrochemical impedance spectroscopy was carried out during the differentiation experiment in 

order to monitor cell monolayer behaviour during ALP release. The Ht-29 cell line was monitored during 

ECIS 8W10E+ 
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post-confluence culture under routine conditions. The cells were seeded in ECIS cultureware and in a 48-

well plate at a density of 80× 103 cell/mL medium containing 10% FBS. Cells were cultivated in ECIS and 

in a 48-well plate for three day to reach 70-90% confluence. The cells were maintained in growth media for 

a further 3–6 days with media changes every two days. This monitoring was used as differentiation control. 

In order to further enhance differentiation in HT-29 cells, Sodium butyrate (NaBt) was applied to the 

culture medium. NaBt is a natural inducer for colon differentiation [31], [32]. Ht-29 cell line ECIS 

cultureware and 48-well plate was treated with 0.5mM or 1mM NaBt after 72 hours of cultivation. Cells 

were incubated with NaBt for 14 hours. The medium was changed to a routine medium, and the cells were 

incubated at 37 °C for two more days. Untreated cells were used as a control. The vehicle control had dead 

cells. Real-time monitoring of the cell monolayer was performed using an impedance signal. Microscope 

images of cells adhered to ECIS or 48-well plate were taken in order to investigate the morphology of cells 

during ALP release. The viability of the cells was also evaluated using resazurin-based assay. 

2.7 Amperometric detection  

Differentiation in HT-29 cells led to ALP release in the routine media. Amperometry of ALP release in 

media of NaBt-non-treated cells, NaBt-treated cells and the media of vehicle control was assessed. The 

graphite screen-printed electrodes (graphite-SPE) were immersed in 400 μL of the routine media of the cells 

with 400 μL of the ALP assay buffer (5 U/L ALP, 8 mM MgCl2, 50 mM NaCl, and 10 mM pAPP and pH 

9.5). The amount of p-aminophenol (pAP) was measured at positive potential 0.15 V for 10 seconds using 

palmSens portable poteniostat (Figure 2). When the current reached the stable baseline, it was measured at 

the fourth second.    

 
Figure 2 The work station of detection amperometry measurement 

2.8 Microscope images 

Images of cell-confluence were taken at 24-hour intervals over 5 days using the inverted microscope 

and camera.  Due to the presence of phenol red, which interferes with the light of microscopes, cells were 

washed twice with HBSS. As the microelectrodes were not transparent to the light, images of cells were 

taken from the area between the interdigitated microelectrodes.  

2.9 Cell viability  

Resazurin was prepared in HBSS and diluted to 100 μM in McCoy A5 media. Cells were seeded at 

80×103 cell/ mL in the ECIS cultureware. It incubated with cells for 4 hours.  Negative control or vehicle 

control was performed by addition of two drops of Virkon® to the routine media and incubated with cell 

for 24 hours. Fluorescent measurement was measured at at 544 excitation and 590 nm emission as an 

optimal wavelength range of resazurin.  

3 Results and discussion  
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3.1 Electrochemical impedance spectroscopy  

Three frequency ranges are usually used to monitor bioimpedance events; α-, β- and γ-dispersions. In 

this study, frequency range of (1-1000 kHz) within the β-dispersion was applied, because this study meant 

to monitor changes in interfacial polarization of the cellular plasma membranes. The bode plot in figure 3 

shows the spectra of impedance of the monolayer of cells. Cells were plated at an initial density of (20×103 

cells/ ml) and incubated at 37°C and 5% CO2. Impedance change was scanned over four days. A regular 

increase of impedance was shown for each cell line over the four days. The impedance spectra of Ht-29 

cells was affected by the electric double layer formed at the electrode/electrolyte interface at a frequency 

(less than 10000 Hz). When the range of frequency increased, the bulk electrolyte resistance dominated the 

magnitude of impedance, hence revealing the conductivity of the ions in the medium and emphasizing the 

linearity performance of the monolayer of cells over four days. The bulk resistance influenced the 

impedance spectra of Ht-29 cells at a frequency of (10-150 kHz). This corresponded to many in vitro studies, 

where cell viability and cell growth was monitored [33], [34].  The permittivity of the interior of the cell 

(e.g. cytoplasm) characterizes the cell line. When the permittivity of cytoplasm is less than the permittivity 

of the suspension medium, it causes less dielectric capacitance, thus resulting in higher impedance.  

 

Figure 3. Bode plots of the impedance spectra of experimental data in frequency range between 1 kHz 

and 1000 kHz. The spectrum was obtained for 20×103 cells/ mL of the cells of (Ht-29) proliferated for over 

4 days in the presence of routine media. 

3.2 Cellular morphology on MEAs 

The microelectrode arrays were validated via monocultures of the epithelial cancer cells of Ht-29 in 

normal proliferative conditions. The frequency outlined in Figure 3 were used for this results, which was 

60 kHz. Figure 4 (A) shows the impedance responses when single electrodes were challenged using various 

concentrations of cells from from 20×103 cells/ mL to 80×103 cells/ mL. The routine media of each cell line 

was used as 0 cell concentration, and the resistance of free-serum media was used as a blank. The data 

obtained during 10 hours was fitted by the polynomial model that displayed very good regression analysis. 

During adhesion on the microelectrodes cells moved, causing increases and decreases in the impedance. 

From 0 hour to 3 hours, the resistance curves corresponded to the adsorption of cells membrane indicating 

an electrostatic attraction. From 4 hours to 7 hours, the resistance increased because cells were rearranging 

themselves to find the proper binding site. From 8 hours to 10 hours resistance increased marginally and 
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then remained constant, indicating the attachment of the cell membrane to the surface of the 

microelectrode. Cells at this stage required another 10 hours to duplicate.  Therefore, cell number 

throughout this stage were estimated by using the cell index (CI). After 10 hours, a calibration curve was 

plotted, which represented the correlation between CI value and cell seeding density (Figure 4 B). The rises 

and falls shown in the curves during the movements and attachment of cells on 40 microelectrodes were 

better than the results when applying a single microelectrode [35]. 

The growth of adherent cells was evaluated using impedance signals. The resulting data were 

normalized using the CI values calculated from Figure 4 (C) The data were fitted by growth model to 

illustrate the phases of cells growth. Figure 6.8 shows the normalised data, illustrating an s-shape growth 

curve for Ht-29 cells. Ht-29 cells showed continued growth, which correlates with the findings by Witzel 

et al. (2015) [36]. Overall, the impedimetric measurements of cell growth over long periods of time were 

stable, and the routine media of no cells represented very low resistance [37]. 

Microscope images were taken to evaluate the growth of cells’ monolayers over 5 days. Figure 6.9 

demonstrates that the cells displayed a healthy fitted monolayer from day 1 to day 5. The microscope 

images of cells during growth correlated to the results of resistance changes (Figure 6.8), and showed that 

Ht-29 cells had a 36- hour doubling time. The resistance changes recorded in Figure 6.8 displayed the 

extracellular matrix of Ht-29 cells. Colon cancer cells expressed more extracellular matrix before doubling 

themselves, a fact that was shown clearly in the microscope images [38]. The cells of Ht-29 reached the 

stationary phase by day 5 [38-40].  

 

Figure 4. (A) Impedance responses of microelectrode array to various concentrations of the Balb/c 3T3, 

A549, MCF-7 and Ht-29 cells in monoculture for 10 hours. (B) Calibration curve represents the correlation 

between cell density and cell index value. (C) Logistic growth curves of Balb/c 3T3 cells; A549 cells; MCF-

7 cells; and Ht-29 cells, over six days. The normalised CI values of resistance changes at optimal frequency 

in the case of each cell line.   Microscope images of the cells over a 5-day incubation on microelectrode 

array. 

3.3 Impedance responses during alkalinity buffer  

It was important to have a full understanding of the effect of the alkalinity buffer on cells grown on 

the ECIS system. Therefore, EIS measurements were performed to analyse cell viability during the exposure 
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of cells to the ALP buffer. Bode plot in Figure 5 (A) illustrates the average responses of impedance of Ht-

29 cells before (positive control) and after exposure to the DEA buffer (pH 9.5). Impedance of dead cells 

was monitored and nominated as a negative control (vehicle control).  

Impedance in the positive control was higher as the cells' membranes impeded the flow of the current.  

When cells were exposed to the alkaline environment, they started to lose their viability. The cells’ 

membranes slightly detached from the surfaces of electrodes and caused a decrease in impedances. The 

magnitude of impedances of cells in pH 9.5 was significantly different from vehicle control data (dead 

cells), which meant that cells still alive. In the insert of Figure 5 (A), cell viability was verified by resazurin 

assay. Ht-29 cells that were exposed to the DEA buffer for 10 minutes had (83 %) of their viability. These 

data were significantly different from the negative control, which was (22.6%). 

Nyquist plots presented in Figure 5 (B) showed different charge transfer resistances of the cell line 

before and after exposure to the DEA buffer. The charge transfer resistances for Ht-29 cells before the 

addition of the ALP buffer were 33 Ω m2. When cells were exposed to the alkalinity buffer for 10 minutes, 

the charge transfer resistances of the cell line declined as expected to 20 Ω m2. These data were expected, 

as the ion diffusion increased and caused an increase in the conductivity of the electrolyte. These data were 

slightly higher than the vehicle controls, where cells were not completely attached onto the surface.  In the 

vehicle controls, the charge transfer resistances was 15 Ω m2. The slope values of the non-vertical line were 

at their lowest before the addition of the ALP buffer and increased after the addition of the ALP buffer. The 

slope recorded the highest values when cells were completely dead at vehicle controls. This indicates that 

the slope was affected by the electrolyte concentration [41], [42].  

Quite notably, in Nyquist plot, the diameters of semicircles refers to the charge-transfer resistance [43] 

and they forms a proportional relationship with impedance magnitude to the flow of electrons at the 

interface. Figure 5B (insert) shows that when ALP released at pH 9.5 the permeability of cell membrane 

increases, which cause a decrement in the impedance magnitude compared to the positive control. These 

assays were applied at constant voltage (10 mV). therefore, the negative control shows the lowest 

impedance. In the negative control, the colon cancer cell line (Ht-29) were supposed to separate from 

electrodes surfaces and the current flowing in the equivalent electrical circuit increaseing. In this assay, the 

charge transfer resistances of negative control was 15 Ω m2. This could be solved by using sufficient 

chemical instead of virkon®.  

 

Figure 5.  EIS results of the cells grew on the working electrode before and after exposure to DEA 

buffer. (A) Bode plots. In the insert, the resazurin assay. (B) Nyquist plots. In the insert, clarification of the 

semicircle of impedance response.  
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3.4 Real-time monitoring of ALP release  

The impedance response of the cell line Ht-29 during differentiation was recorded via ECIS. The Ht-

29 cell line indicated the highest quantity of ALP release, and, therefore, was used for further impedance 

detection [31], [45]. Sodium butyrate (NaBt), on the other hand, mediates differentiation in many kinds of 

colon cancer cells [31], [32]. Therefore, it was used specifically to induce the biomarker of ALP release in 

the culture media of Ht-29 cells [46] while attaching on ECIS.  NaBt was mixed with routine media at two 

concentrations (0.5 mM) and (1mM) and incubated with cells for 14 hours. Figure 6 (A) shows the 

impedimetric responses of Ht-29 cell line in three cases: NaBt-non-treated cells, NaBt-treated cells at 

concentration of (0.5 mM) and (1mM)' and dead cells (vehicle control). The routine media with no cells was 

used as blank. The measurement was applied at the optimal frequency obtained in Figure (3) of 60 kHz. 

Real-time monitoring of the cells’ monolayer was applied as cells were seeding, attaching and reaching the 

70-90% confluence. The real-time monitoring was continued during differentiation with post-confluence 

and NaBt treatment. Normal exponential curve was observed from 1-72 hours. Cells were treated on day 3 

and monitored for 14 hours. The media was changed, cells were incubated for another 72 hours and 

impedimetric signals were recorded. The impedance values illustrated slight decreases when low amounts 

of NaBt were applied compared to the positive control. A significant decline was shown when applying 

high amount of NaBt. This indicated a relationship between the amount of NaBt and cellular response.   

This relationship needed more dilutions for optimizing the limit of detection. The significant 

differences between the values of differentiated cells and vehicle control indicated that the cells released 

ALP while alive. NaBt might inhibit the growth factor of Histone deacetylase (HDAC), which led to 

decrease the cell growth rapidly as seen in Figure 6(A). Microscope images (Figure 6 B) illustrated 

morphological changes in cells membrane. NaBt-non-treated cells appeared strongly attached to each other 

while NaBt-treated cells looked more likely to separate from each other. This results corresponding to the 

findings of Joseph et al (2004) [47]. NaBt affected cell–cell adhesion, which was seen in the changes in the 

monolayer shape [48]. 

The viability of cells was measured as shown in figure 6 (C). Untreated cells (positive control) had the 

highest viability (100 %) as cells maintained in their routine condition. The viability of NaBt-treated cells 

with (0.5 mM) and (1 mM) was (87.5%) and (82.3%). The viability of cells decreased as the concentration of 

NaBt increased.  This might be the reason of for HDAC inhibition. There was no significant different for 

the viability values of NaBt-treated cells compared to the viability value of NaBt-non-treated cells (positive 

control). Vehicle control had the lowest level of viability (20.4%), because cells were already dead.  

Real-time monitoring of ALP release from colon cancer cells lines (Ht-29) was performed using 

Amperometry (Figure 6 D). The current responses were applied in the media of NaBt-non-treated cells 

(positive control), the media of dead cells (vehicle control), and the media of NaBt- treated cells. It is 

noticeable that the current generated by the oxidation of pAP when using 1 mM of NaBt was 24.45 μA, 

while 0.5 mM of NaBt allowed a generated current of 12.2 μA. There was a small rise in NaBt-non-treated 

cells (control), which was approximately 7.5μA. The increase of the current density indicated that 

differentiation of Ht-29 cells with NaBt was enhanced. The vehicle control generated almost the lowest 

level of current at 0.9 μA. Amperometric readings of the electroactive product pAP for all the four sample 

cells was calculated at 10 seconds and generated almost 800 μL. 
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Figure 6. (a) Relative impedance changes of Ht-29 cells during ALP release. (b) Microscope images of 

cells adhesion on 48-well plate and microelectrode array after exposure to NaBt. (c) Resazuin-based assay 

for cells attached on microelectrode array after differentiation. (d)  Amperometric current-time response 

curve of ALP release. Measurement was applied at a potential of 0.15 V and at assay buffer of DEA (9.5) in 

the presence of 10 mM pAPP. 

4 Conclusion  

In a summary, this paper reported a real-time impedance monitoring of ALP release utilizing 

microelectrode arrays. The impedance changes if there is any change in the interface between the attached 

cells and microelectrodes' surface during ALP release. Each cell line has membrane properties that differ 

from the other, which results in an optimal range of frequency. Ht-29 displayed different frequency ranges, 

which were (10-150) kHz and the highest impedance of the cells 'membrane for Ht-29 cells was 60 kHz.  

In order to verify of the constancy of the assay, calibration curve was obtained, and the cell viability 

was monitored and compared to the resistance changes and was verified by resazurin assay and 

amperometry.  The data clearly indicated a correlation between ALP activity and cell differentiation.  This 

may suggest future studies on optimizing the relationship between the amount of NaBt and the cellular 

response by using microelectrode arrays.  
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