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Abstract 

 

Cancer is globally the second leading cause of death. Early diagnosis of cancer is crucial for 

reducing the associated morbidity and mortality along with the growing cancer burden.  In 

resource-poor settings, cancer is often diagnosed at a late-stage of the disease resulting in lower 

survival and potentially greater morbidity and higher costs of treatment. Even in countries with 

a strong health care system and services, many cancer cases are diagnosed at a late stage due to 

the lack of proper early detection tools. The delay in cancer diagnosis and inaccessible treatment 

are therefore the critical bottle necks for cancer control. Currently, tissue biopsy is considered 

as the gold standard technique for the accurate diagnosis of solid tumours. Furthermore, 

multiple protein biomarkers are used in either diagnosis or therapy monitoring of cancer. 

However, these techniques are limited either by detection at the later stage or being tedious, 

costly and time consuming. Moreover, the lack of sophisticated scientific equipment in 

resource-poor settings leads to an urgent need for developing methods that rely on minimally 

equipped facilities and deliver sensitive and specific results in a rapid and inexpensive manner. 

The overall objective of my PhD is to develop simple, inexpensive and accurate platforms for 

early detection of cancer. 

 To achieve the above-mentioned objective, my first research endeavour was to develop 

a cancer diagnostic technique by detection of autoantibodies against tumour associated 

autoantigens (TAAs). Autoantibodies are produced against TAAs long before the appearance 

of any symptoms and thus can serve as promising biomarker of cancer. In this study, we used 

gold embedded magnetic nanoparticles functionalized with the tumour antigen p53. The p53 

conjugated nanoparticles were dispersed into the serum of colon cancer sample, where they 

bound to p53 specific autoantibodies. Electrochemical detection demonstrated the limit of 

detection as low as 0.02 U ml-1. In addition, spectrophotometric and visual (naked eye) 
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measurements for rapid detection of autoantibodies was performed. Overall, the platform 

reported had shown excellent analytical performance with high specificity and sensitivity.  

In the second part of the thesis, I explored a diagnostic approach for cancer based on 

biophysical properties of the cells. Cell stiffness is an important marker that changes in 

metastatic cells. Measurement of cell stiffness may predict the possible metastasis of cells. 

Here, we used an electromagnetic cell stretching device to apply cyclic strain onto the cells.  

The effects of stretching forces on cancer cells was first evaluated by morphological 

examination. I observed that mechanical force applied to cancer cells increased the 

rearrangement of actin microfilament and enhanced their expression. Cancer cells were also 

observed to reduce their roundness (as determined by perimeter: area), increasing their length 

and forming filopodia in the initial stretching cycle. As biophysical clues are present long before 

the onset of cancer, this work suggested that the rigidity measured with the cell stretching 

platform can serve as an indicator of the cancer status of cells.  

I further investigated the effect of stretching on the expression of RhoA and Rac1 by 

using ELISA (Enzyme Linked Immunosorbent assay) in breast and liver cancer cells. RhoA 

and Rac1 are member of RhoGTPases and are involved in maintaining homeostasis in cells 

during mechanical stresses. We noticed that stretching cancer cells induces significantly higher 

expression of RhoA and Rac1 markers as compared to non-stretched cells and stretched control 

cells in vitro. This stretching strategy indicate the ability to detect and quantify signals, which 

are normally too weak to be detected. The major advantage of this platform was the 

enhancement of the sensitivity of assay by overexpression of the markers. This simple and 

effective approach ensured a sensitive and inexpensive method to detect cancer protein 

biomarkers.  
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Collectively, this thesis reports simple platforms for cancer diagnostics either by estimating the 

autoantibodies or by exploiting the biophysical cues. Estimating difference in biophysical 

properties have opened a new avenue on cancer diagnostics research. Extending some 

fundamental research and further evaluation on a larger cancer type and sample cohort would 

increase the translational readiness of the platforms reported in this thesis. 
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Chapter 1: Introduction 

1.1 Background and motivation 

Cancer is the second leading cause of death globally and was estimated to account for 

9.6 million death in the year 2018 alone [1]. The burden to the society is constantly rising, as 

the worldwide number has reached 18.1 million new cases per year. One in five men are 

diagnosed and one in eight men are estimated to die due to cancer, while one in six women 

develop and one in eleven women die of cancer [2]. Financially, $137.4 billion was estimated 

to be spent on cancer only in the US in the year 2010 [3]. In Australia, the financial cost of 

cancer is more than 6 billion annually. Data shows that the incidence rates remain higher in 

developed countries, but mortality is much higher in developing countries. The incidence rate 

in Europe and the Americas is 23.4% and 20.3% respectively, while it is 48.4% and 5.8% 

respectively in Asia and Africa. Looking into the mortality rate, Asia and Africa has higher 

mortality rate of 57.3% and 7.3% compared to 20.3% and 14.4% of Europe and Americas 

respectively [4]. This discrepancies in the incidence and higher mortality is primarily due to 

the lack of early detection and access to treatment facilities in developing parts of the world.  

Cancer is a disease caused by changes in cells and subsequently in tissues. It is 

characterized by the growth of abnormal cells beyond their usual boundaries that can then 

invade adjoining parts of the body and/or spread to other organs [1]. Cancer can be present in 

any type of tissue of the body. Lung, prostate, colorectal, stomach and liver cancer are the most 

common types of cancer in men, while breast, colorectal, lung, cervix and thyroid cancer are 

the most common among women. Cancer can have a single origin or can metastasise to multiple 

organs mostly during the late phase of the disease. Despite of the metastasis of cancer into 

multiple organs the cancer type is generally defined by the point of its origin. 
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Figure 1.1: (A) Total number of people suffering from any time of cancer as on 2017 (B) Share 

of total population with different types of cancer over 2017 (Source: Roser and Ritchie, 2017) 
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Figure 1.2: Common types of cancer present in male and female. 

Irrespective of the cancer type, early diagnosis of cancer is crucial for reducing the 

associated morbidity and mortality along with the growing cancer burden. Most cancers can be 

treated successfully, if they are detected at their earliest stages or at their premalignant state 

whereas late detection is more likely to cause high morbidity and even death [5, 6]. In resource-

poor settings, cancer is often diagnosed at a late-stage of the disease resulting in lower survival 

and potentially greater morbidity and higher costs of treatment. Even in countries with strong 

health systems and services, many cancer cases are diagnosed at a late stage due to lack of 

proper early detection tools. Addressing delays in cancer diagnosis and inaccessible treatment 

is therefore critical in all settings for cancer control.  

Currently, tissue biopsy is considered as the gold standard technique for the accurate 

diagnosis of cancer of solid tumours. However, it is highly invasive and mostly diagnose cancer 

in the late stages [7, 8]. There are multiple protein biomarkers [9] used in either diagnosis or 

therapy monitoring of cancer. These markers have been already used in clinical decision 

making. Similarly, molecular markers [10] have been used for either diagnostics or companion 

diagnostics.   
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Table 1.1: Different protein and molecular markers currently used in cancer management 

SN Biomarker Cancer Type Uses 

Protein markers 

1 Prostate specific antigen (PSA) Prostate Cancer Discriminating 
cancer from 

benign disease 

2 Alpha fetoprotein (AFP) Testicular cancer Management of 
cancer 

3 Carcinoembryonic antigen (CEA) Colorectal cancer Management of 

cancer 

4 Cancer antigen (CA 125) Ovarian cancer Monitoring 
disease 

progression and 

response to 
therapy 

5 Cancer antigen (CA 15-3) Breast cancer Monitoring 

disease response 

to therapy 

6 Carbohydrate antigen (CA19‐9) Pancreatic cancer Monitoring 

disease status 

7 Thyroglobulin Thyroid cancer Aid in monitoring 

8 Estrogen receptor Breast cancer Prognosis, 

response to 
therapy 

9 Progesterone receptor Breast cancer Prognosis, 

response to 
therapy 

10 HE4 Ovarian cancer Monitoring 

recurrence or 

progression of 
disease 

11 Lens culinaris agglutinin-reactive AFP 

(AFP-L3) 

Hepatocellular carcinoma Risk assessment 

for development 
of disease 

12 Ova1 Ovarian cancer Prediction of 

malignancy 

13 Fibrin/ Fibrin degradation product Colorectal cancer Monitoring 

progression of 

disease 

14 ROMA (CA125+HE4) Ovarian cancer Prediction of 

malignancy 

15 Des-gamma-carboxy prothrombin 

(DCP) 

Hepatocellular carcinoma Monitoring 

progression of 
disease 

16 % [-2] proPSA Prostate cancer Discriminating 

cancer from 
benign disease 



5 

Molecular markers 

17 HER2 Breast cancer Prediction of 

malignancy 

18 KRAS mutation Colorectal cancer Prediction of 

malignancy 

19 BCR-ABL Chronic myeloid leukemia Prediction of 

malignancy 

20 NSCLC Lung cancer Prediction of 

malignancy 

Even though the molecular and proteomics markers are in use, there is still a gap for 

improved diagnostics for cancer. Biomarkers are limited by the accuracy and molecular 

methods are mostly tedious, costly and time consuming.  Especially, in resource-poor settings, 

where sophisticated scientific equipment is not available. Therefore, there is an urgent need for 

developing a method that rely on minimal equipment facilities and deliver sensitive and 

specific results in a rapid and inexpensive manner. Non-invasive or minimally invasive 

radiological methods are also in clinical practise to diagnose cancer. These techniques are 

mostly used to direct and monitor therapy rather than to diagnose new diseases. However 

sensitive these imaging techniques are, at least need some quantity of cells is needed to show 

the changes. Also, it is not always sure that the changes in tissue/cells noted by radiological 

methods is due to cancer.  

With this problem statement, it is clear that new approaches are of fundamental 

importance for diagnosing cancer. The new approaches ideally should be minimally invasive, 

readily available and most importantly detect cancer in a very early state. This thesis proposes 

two novel approaches for fascicle and early cancer detection. The first part of the thesis relies 

on the fact that immune system acts on the cancer cells. Minute cellular changes in the cells 

generate tumour associated antigens (TAAs). Immune system acting against these antigens 

produce autoantibodies [11-13]. Various studies have shown that antibodies to the TAAs are 

present in the samples of patients with different types of malignancies. Additionally, these 

biomarkers show an increased level in very early stages of cancer and are observed in the 
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patients with several carcinomas including breast, lung, ovarian, colorectal, gastrointestinal, 

oesophageal and prostate cancers. Two major benefits of targeting autoantibodies are; these 

autoantibodies appear very early, sometimes up to a year before the onset of first clinical 

symptom and the amplification effects from the immune system produces a large quantity of 

antibodies in response to a small antigen trigger enabling sensitive detection [13-15].  

The second part the thesis relies on mechanobiological changes in cancer. Tumours are 

often stiffer than the neighbouring tissue. In soft tissues such as breast and abdomen, the 

stiffness of tumours is the base of clinical diagnosis and act as a foundation for detection with 

imaging techniques such as MRI [16, 17]. The stiffness-sensing capability of cancer and 

stromal cells influence cell survival and proliferation and provide new insights, so that 

researchers can develop diagnostic methods for cancer formation [18, 19]. Cells sense the 

changes in their surrounding and transduce physical signals into biochemical signals. This 

process helps to control the function, biochemical changes and gene expression. The physical 

changes in tumour tissue correlate with the biological process inside the cancerous cells. The 

difference in cellular mechanical properties provides an indicator of the existence and state of 

the disease. Changes in cancer cell from the point of initiation of a tumour to its spread to other 

parts of the body are observed as promising biomarker for detection of metastatic potential of 

these cancer cells. When a cell transforms from a normal mature cell to an immortal cancer 

cell, the cytoskeleton transforms into more irregular state from a rigid structure. The changes 

on the cytoskeleton are evident as malignant cells replicate more and are very motile. This 

process is usually inhibited by a rigid cytoskeleton [20, 21].  

Considering the above fact, the changes in the cytoskeleton would generally reflect the 

overall mechanical properties of the cell. Thus, measuring cellular rigidity provides 

information to differentiate as a normal or a cancerous cell, and is potentially a new biological 

marker. However, complex physiological cell microenvironment makes it difficult to perform 
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controlled mechanobiological investigations in vivo. Thus, most mechanobiological 

investigations rely on the development of in-vitro cell stretching techniques to mimic the cells’ 

dynamic microenvironment and provide insight into the complex mechanobiological interplay. 

1.2 Research questions and objectives 

The overall aim of this thesis is to develop simple, inexpensive and accurate platforms for 

early detection of cancer. To achieve this, the work had been divided into following specific 

objectives. 

(i) Development of a diagnostic approach based on autoantibody in cancer based on

nanoparticles.

 The evidence of circulating autoantibodies in the sera of cancer patients has created enormous 

opportunities by utilizing the immune system as a source of clinically useful cancer biomarker. 

Autoantibodies attract a great deal of interest as a cancer biomarker, because they can be easily 

extracted from the serum via minimally invasive blood collection. The major advantage of 

using these autoantibodies is that they show an increasing level in very early stages of cancer 

and are observed in the patients with several carcinomas. This brought to the first research 

question: “How to develop a simple and inexpensive method based on autoantibody for early 

detection of cancer?” 

(ii) Development of diagnostic approach for cancer based on biophysical properties of

cells.

Cell stiffness is an important change that occurs in metastatic cells. The changes to the 

extracellular matrix (ECM), integrins and overall cell mechanical process define the 

survivability of the cell. Studies have shown that measurement of cell stiffness is a potential 

biomarker for possible metastasis of cells. Thus, stiffness could be a possible early marker for 
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cancer development. Measurement of cell stiffness may predict whether a cell is likely to 

undergo a metastatic process or not. Therefore, biomechanical methods for measuring cell 

rigidity may become an important diagnostic method for predicting cancer formation. Thus, 

the second research question of this thesis is: “How can a cancer diagnostic method be 

developed based on the morphological difference of cancer cells with non-cancer cells?”  

(iii) Measurement of protein biomarkers to detect potential transition of cells towards 

metastasis 

The changes described in objective II (morphological changes) on this thesis has a strong 

influence of biological processes. There are already different pathways suggested where it is 

reported that these pathways work as a feedback to the strainful ECM environment and work 

towards maintaining homeostasis. RHO GTPases are one of such groups of proteins involved 

in the mechanobiological pathway. RhoA and Rac1 have been described as an oncogene due 

to its overexpression within malignant tumours in vivo. RHO signalling has been implicated in 

tumour invasion and metastasis through the exertion of dual processes of cell contraction and 

protrusion. Rac1 has also been reported to possess similar roles as other GTPases including 

promoting cancer initiation and metastasis. The third research question is therefore: “Can we 

stimulate cells to overexpress these GTPases and is there any difference on these expression 

levels in cancer and controls?”.  

 

1.3 Proposed methodologies  

This thesis proposes and tests few solutions to current unmet challenges in early cancer 

diagnostics. Immune response to cancer formation was utilized as an early cancer diagnostic 

method. Concurrently, attempts are made to intrigue a completely novel idea for cancer 

diagnostics by looking into mechanobiological response.  
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As previously stated, the first objective of the thesis is focused in development of cancer 

diagnostic by detecting autoantibodies against TAAs. For the detection magnetic nanoparticles 

were functionalised with the tumour antigen p53. P53 is one of the most commonly mutated 

antigens in cancer [22, 23]. P53 mutation has been studied for long and have demonstrated 

mutation to almost all type of cancers. A recent report where more than 10,000 patient sample 

from 32 cancer types showed more than 91% of samples had P53 mutation [22]. Detection of 

antibodies against this antigen would possibly diagnose multiple cancers using a single antigen, 

and hence was selected as the target for our first approach of cancer diagnostics.  

Gold embedded magnetic nanoparticles were used as the vehicle for capturing these 

autoantibodies. Magnetic nanoparticles are ideal for low concentration biomarker capture due 

to high surface area for biofunctionalization and easy dispersibility [24-26]. Gold embedded 

on these particles enhanced the electrochemical detection of the target antibodies. Using this 

method spectrophotometric and visual (qualitative) measurements were also conducted for 

rapid autoantibodies detection.  

We used a cell stretching device to achieve the second objective and to address the 

research question. As mentioned previously, the hypothesis is that the rigidity of the cells is 

different in cancer compared to non-cancer cells. An electromagnetic cell stretching device was 

able to apply cyclic strain onto the cells. The strain from the device enhances the cellular 

functions including cell division, migration, growth or death. This stimulation is no difference 

to multiple forces exerted to the cells from the ECM. A cancer cell will be more rigid compared 

to non-cancerous cells, hence, showing difference in morphology. Morphological analysis of 

cells leveraging common laboratory techniques like microscopy was performed to propose not 

only a novel diagnostic tool but also a completely novel approach and background for cancer 

diagnostics.  
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Leveraging from the achievements of the second objective, solution for the third 

problem statement of the thesis was devised. Similar cell stretching device was used to stretch 

and stimulate the cells. The response of these cells to maintain the homeostasis increases the 

concentration of the response proteins. These proteins RHO GTPases overexpression was 

quantified and evaluated for difference between cancer and non- cancer. Quantification of 

overexpression of the GTPases was also performed in various cancer types.   

1.4 Thesis framework 

The present thesis is divided into eight chapters; Chapter 1: Introduction, Chapter 2: 

Published paper 1 (Critical review 1): Autoantibodies as diagnostic and prognostic cancer 

biomarker: Detection techniques and approaches; Chapter 3: Published paper 2 (Critical review 

2):  Biophysical properties of cells for cancer diagnosis; Chapter 4: Published paper 3 

(Research article): A Novel Dispersible Capture Agent for Tumor-Associated Autoantibodies 

Analysis in Serum; Chapter 5: Published paper 4 (Research article): Stretching cells–An 

approach for early cancer diagnosis; Chapter 6: Published paper 5  (Research article): 

Stretching induced overexpression of protein biomarker in breast cancer cells; Chapter 7: Paper 

6 Ready for publication (Research article): RhoA and Rac1 in liver cancer cells: induction of 

overexpression using mechanical stimulation; Chapter 8: Conclusion and future perspective.  

Chapter 1 introduces the thesis topic. The background, motivation, overall research 

scope and objective of thesis are discussed elaborately. Chapter 2 is a critical review on 

autoantibodies as diagnostic and prognostic cancer biomarker emphasizing detection 

techniques and approaches. This chapter provides the details on diagnostic and prognostic 

potential of autoantibodies for cancer. The literature review also provides an insight on the 

biological, clinical and technical challenges and techniques available for the detection of 

autoantibodies. Chapter 3 is critical review on biophysical properties of cells for cancer 



 
 

11 
 

diagnosis. This review provides the details on mechanotransduction in cancer. The role of 

hippo pathway and YAP/TAZ in cancer are elaborated. The conclusion highlights the 

importance of cell stiffness and mechanosensing molecules in cells and ECM as possible 

biomarkers of cancer. 

Chapter 4 presents a novel method for tumour-associated autoantibodies analysis in 

serum. Magnetic nanoparticles been used as a capture agent for the p53 autoantibodies against 

colon cancer. Chapter 5 presents an approach of early cancer diagnosis based on cell stretching 

platform. This chapter explains that the rigidity measured with the cell stretching platform can 

serve as an indicator of the cancer status of the cells. Chapter 6, 7 presents the insight into the 

overexpression of protein biomarkers after stretching in breast and liver cancer cells. The 

stretching strategy helps to detect and quantify the signal when it is too weak to be detected. 

Chapter 8 provides the conclusion and future perspective of the research presented in this 

thesis. Figure 1.3 illustrates schematically the framework of this thesis. 
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Figure1.3: The structure of the thesis and the relationship between the chapters published as 

research papers 
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Chapter 2: Autoantibodies as Diagnostic and Prognostic Cancer 

Biomarker: Detection Techniques and Approaches 

Abstract 

Autoantibodies produced by the patients’ own immune systems in response to foreign 

substances are emerging as an attractive biomarker for early detection of cancer. These serum 

immunobiomarkers are produced in large quantities despite the presence of very less amount 

of the corresponding antigens, and thus presenting themselves as a novel class of stable and 

minimally invasive disease biomarkers especially for cancer diagnosis. Although a plethora of 

research, including conventional molecular biology-based as well as cutting-edge optical and 

electrochemical strategies (biosensor), have been conducted to detect autoantibodies, most of 

these strategies are yet to be readily applicable in the off-laboratory settings at clinics.  Herein, 

we detail the biogenesis, diagnostic, prognostic and therapeutic potential of autoantibodies as 

cancer biomarkers. With the emphasis on cutting-edge advances in electrochemistry, optical 

(surface plasmon resonance) and microfluidics techniques, this review entrusts the unmet needs 

and challenges of autoantibody detection approaches and provides a future perspective of the 

presented strategies. We believe this review can potentially guide the researchers towards the 

development of robust, reliable and sensitive detection strategies for tumor-associated 

autoantibodies and translation of these biomarkers to real clinical settings for diagnosis and 

prognosis of cancer. 

This chapter has been published as: 

S Yadav, N Kashaninejad, M K Masud, Y Yamauchi, N-T Nguyen, M J A Shiddiky (2019) 

Autoantibodies as diagnostic and prognostic cancer biomarker: Detection techniques and 

approaches, Biosensor and Bioelectronics, 139, 111315 
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2.1. Introduction 

Autoantibodies are primarily produced by a small subset of the B cells known as B-1 

cells or CD5+ B cells after the immune reactions are directed against one or more of the body's 

own antigens (self-antigen) [1, 2] [3, 4]. They may comprise proteins, nucleic acids, 

carbohydrates, lipids or various combinations of these biological materials. For example, in 

systemic lupus and related systemic autoimmune disorders, the dominant antigens are 

ribonucleoproteins or deoxyribonucleoproteins [3, 5]. Autoantibodies may be pathogenic, 

disease-specific and diagnostic, or of no apparent significance. They bind to non-foreign 

structures within the body and can be found in most well-defined autoimmune disorders. Low-

level of autoantibodies occur naturally in healthy individuals and is more common among older 

adults [3] [6]. These natural autoantibodies occur in low concentrations and have weak binding 

affinities. Until recently, it had been thought that high-affinity autoantibodies were only 

associated with autoimmune conditions. However, there is increasing evidence that these 

autoantibodies are also involved in chronic malignancies. Several mechanisms have been 

proposed for the production of autoantibodies in cancer including host-immune reactions to 

tumor-associated antigens (TAAs), antigenic stimulation because of the destruction of 

malignant cells, or immune dysregulation induced by the neoplastic process [7]. Over the last 

few decades, the evidence of circulating autoantibodies in the sera of cancer patients has 

created enormous opportunities by utilizing the immune system as a source of clinically useful 

cancer biomarker [8, 9]. Autoantibodies have become of interest as a cancer biomarker because 

they can be easily extracted from the serum via minimally invasive blood collection [10] [11, 

12]. Various studies have shown that antibodies to the TAAs are present in the samples of 

patients with different types of malignancies. Additionally, they show an increased level in 

very early stages of cancer and are observed in the patients with several carcinomas including 

breast [13] [14], lung [15] [16], gastrointestinal [12], ovarian [10], colorectal [17], oesophagal 
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[18], hepatocellular [19], and prostate [20] cancers. Most extensively studied tumor-associated 

autoantibodies are the autoantibodies against p53 [21], L-myc [22], glycosylated annexin I, 

annexin II  [16] or HER2-neu [7] . Detection of autoantibodies also reported during the cellular 

alteration to malignancy. Therefore, these circulating biomarkers present themselves as an 

early reporter of the aberrant cellular mechanism involved in tumorigenesis. For instance, anti-

tumor protein p53 antibodies reported to detectable as early as 17– 47 months earlier to clinical 

tumor manifestation in uranium workers with the high risk of lung cancer development [23, 

24]. Furthermore, autoantibodies may be valuable biomarkers as they are stable serological 

proteins with high levels in serum even during low levels of the corresponding antigens [25, 

26]. Even if different cancer biomarker has discovered, they are yet limited in clinics due to 

their poor predictive values.  

To date, various conventional methods such as enzyme-linked immunosorbent assay 

(ELISA) or sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS/PAGE) have 

employed to detect the autoantibodies in serum [27]. ELISA is one of the most widely used 

detection techniques, relying on a sandwich immunoassay [14, 28-30]. Improvements in the 

technologies such as proteomic-based platform have enabled the panel of TAAs that shows 

better diagnostic value than a single TAA marker. In recent years, much attention has been 

given to developing new strategies based on electrochemistry [21, 31, 32], microfluidics [33, 

34] and surface plasmon resonance sensor [35, 36]. Among these techniques, electrochemical 

biosensors have shown great promise because they are fast responsive, user-friendly and cost-

effective. Furthermore, microfluidic-based platforms are well suited for overall analytical 

performance [33].  

As the field has progressed rapidly in recent years, several review articles had been 

published [14, 24, 27, 37-39]. Most of these articles are based on the biogenesis, discovery and 

diagnostic development of tumor-associated autoantibodies. However, there is a lack of 
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systemic study, which discusses the potential challenges associated with the detection method 

or diagnostic development for tumor-associated autoantibodies. In this review, we not only 

discuss the role of tumor-associated autoantibodies in cancer diagnosis but also identify the 

challenges encountered while detecting the autoantibodies. We also propose novel solutions to 

translate the autoantibodies from research evidence into clinical practice for diagnosis and 

prognosis of cancer.  

 

2.2. Production of autoantibodies 

The immune response against solid tumors was established by Baldwin in the 1960s 

[40], showing it as a combination of simultaneous cellular and humoral responses. However, 

the exact mechanisms of autoantibodies generation and their immunological roles are still 

unknown.  The immune surveillance is considered as one of the most commonly proposed 

mechanisms, where the immune system recognizes and destroys autologous cells that have 

become malignant [24, 25, 41]. The autologous proteins of tumor cells are known as TAAs that 

could be overexpressed, mutated, misfolded, or aberrantly degraded to the extent that the 

reactive immune response is induced in cancer patients. This reactive immune response 

produces autoantibodies directed against these miss-presented or misfolded proteins [42, 43]. 

Nevertheless, TAAs or proteins that have undergone alternate post-translational modifications 

(PTMs) can also be recognized as a nonautologous target for immune response. Their 

phosphorylation, glycosylation, oxidation, or proteolytic cleavage during the alternate PTMs 

could generate a neo-epitope or enhance self-epitope presentation, which in turn triggers 

affinity to the major histocompatibility complex (MHC) or T-cell receptor [9, 44]. The immune 

response produced against these immunogenic epitopes of TAAs enhances the production of 

autoantibodies, which are utilized as serological biomarkers for cancer detection [9, 27]. 
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Despite the apparent mechanism of the production of autoantibodies in cancer, it is not 

entirely known how the modifications of antigens trigger the humoral immune response. 

Several hypotheses had been proposed such as (i) tumour cell death mechanism is the result of 

defective apoptosis or ineffective clearance of apoptotic cells [28, 45, 46]. (ii) structural 

similarities between TAAs and foreign antigens producing a humoral response against these 

foreign antigens [47]. (iii) the autoantibodies are produced against intracellular self-antigens 

that are abnormally presented to the immune system or expressed in cancer cells. A new epitope 

or neoepitope for antibodies binding is created by the mutations that change the protein 

structure located within an unexposed region of the protein [9, 25, 48]. All the mechanisms 

mentioned above triggers the autoantibody production. However, they follow one of the two 

pathways for biogenesis. Firstly, the TAAs are presented on the antigen presenting cell and 

bound by B cell receptor. The B cells with high affinity for these TAAs encounter the antigen, 

engulf, lyse and display it on their cell surface for recognition and binding by activated T helper 

cells [49]. Antigenic peptides ingested by antigen presenting cells are bound by class II MHC 

complex. The binding of the activated T cells to the B cells displaying TAAs signals further 

release of cytokines and chemokine, leading to B cell proliferation. A large number of 

lymphocytes against the same antigens are released. Some of these lymphocytes serve as 

memory cells, and others act as effector cells that produce plasma cells responsible for the 

systemic release of autoantibodies (Figure 1). This antibody-TAA binding represents the end 

stage of humoral immunity facilitating the destruction of modified cells by opsonization and 

subsequent phagocytosis [50]. Also, lack of clearance of apoptotic cells containing self-

antigens activated the B cells and produced the autoantibodies.  
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Figure 2.1. Schematic illustration of cellular interactions inducing a humoral response. 

Antigens are presented on the antigen presenting cell and bound by B cell receptor. Antigenic 

peptides ingested by antigen presenting cells are bound by MHC II and presented on the cell 

surface. Activated helper T cell detects the antigen peptide complex on B cell, activating them 

by releasing cytokines. B cell differentiation yields plasma cells which secrete a large number 

of antibodies and memory B cells for a quicker future response. Also, the lack of clearance of 

apoptotic cells containing self-antigens plays a crucial role in autoantibody production. In 

addition to MHC class II complex, toll-like receptor and type I interferon are also regarded as 

the elements involved in autoantibody production. Reprinted with permission from (Wu et al., 

2017 [39]). 
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2.3. The role of autoantibodies in cancer  

Autoantibodies against TAAs present themselves as an efficient cancer biomarker [51, 

52]. More recently, the use of autoantibodies toward TAAs is profoundly explored in different 

types of cancers. Accordingly, autoantibodies can be used as potential biomarkers for 

diagnosis, prognosis and therapeutic drug monitoring of cancers. Although a single 

autoantibody test lacks the required specificity and sensitivity for cancer screening and 

diagnosis, tumour-associated autoantibodies offer several distinct advantages including early 

detection, high stability, and minimally invasive monitoring of cancer.  

 

2.3.1 Early detection 

 The immune response to TAAs occurs at an early stage during tumorigenesis. Hence, 

the autoantibodies produced against TAAs can be detected before any other symptom appears. 

Many studies have shown the potential of the early detection of autoantibodies even several 

years before the onset of the clinical symptoms of a malignancy [15, 53]. This property of 

autoantibodies is of most significant advantage, as cancer patient’s mortality rate significantly 

decreases if the cancer is detected early. For example, the tumor suppressor gene p53 is one of 

the most frequently mutated genes in human malignant tumors, and the mutation of the p53 

gene can occur before malignant cell transformation in some cancers. Li et al. demonstrated 

that p53 autoantibodies are significantly correlated with the development of malignancy by 

using 115 serum samples from a cohort of high risk for cancer [54].  The predictive value of 

p53 autoantibodies reached 0.76 with an average lead-time to the diagnosis of 3.5 years. Some 

studies also discovered that p53 autoantibodies had been isolated in smokers before the 

development of lung cancer [55]. Recently, p53 autoantibodies have been demonstrated to be 

useful for the early diagnosis of many cancers, including colorectal, lung, breast, ovarian and 

cervical cancer [28, 56, 57]. 
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2.3.2 High stability  

The autoantibodies are inherently stable, and tumor-associated autoantibodies can 

persist as long as the corresponding TAA triggers a specific humoral response as antibodies 

are not affected by proteolysis like other polypeptides. They remain in circulation with half-

lives up to 30 days and are more stable outside the body compared to other biomarkers. This 

persistence and stability of the autoantibodies in the blood sample has an advantage over other 

biomarkers, including TAAs themselves, which may be rapidly degraded or cleared by the 

body [27]. For example, the extracellular protein kinase A (ECPKA) autoantibody, an universal 

cancer biomarker was reported to be increased in various stages of different types of cancer 

such as bladder, breast, colon, lung, ovarian, prostate and pancreatic cancers when compared 

to healthy controls [24, 58]. 

 

2.3.3 Non-invasive marker 

Current techniques for cancer detection generally require highly invasive tissue biopsy 

or imaging techniques such as mammography for breast, computed tomography (CT) for lung. 

These techniques are time-consuming, expensive and associated with pain. Depending on the 

sensitivity of the employed screening method, these techniques are ill-suited for the early 

diagnosis of malignant cells [59]. The autoantibodies against TAAs are found in the serum, 

plasma, saliva, cerebrospinal fluids of cancer patients where they are easily accessible for 

screening [1, 60]. The wide distribution of autoantibodies in biological fluids makes them a 

promising biomarker for less invasive diagnosis and more personalized monitoring of diseases. 

Also, the sample collection is more simplified as a result of the long half-life, i.e., seven days 

of the autoantibodies that minimize the hourly fluctuations.  
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2.4. Clinical applications of autoantibodies 

2.4.1 Diagnostic potential of autoantibody biomarker 

More recently, the use of autoantibodies toward TAAs is gaining much scientific 

interest as these TAAs have been detected in serum prior to the appearance of cancer clinical 

symptoms and may, therefore, serve as a diagnostic biomarker [26, 61]. For instance, CA 15-

3, CA 27-29 and CEA have used for the diagnosis of breast cancer; however, due to the low 

sensitivity and specificity, they have been used for advanced stage diagnosis and prognosis of 

cancer [62].  Some of the antibodies, for example, HER 2/neu have been detected in the early 

stage of breast cancer. Conversely, these antibodies can also be present in other types of cancer, 

thus limiting their application as a reliable diagnostic biomarker for breast cancer detection 

[61].  The addition of three TAAs, protein 16 (p16), p53, and avian myelocytomatosis viral 

oncogene homolog (c-myc) increases the sensitivity of the autoantibodies in breast cancer 

patients by 44% and specificity by 97.6%. For instance, Chapman et al. tested 94 healthy 

controls, 97 primary breast cancer sera, and 40 ductal carcinomas in situ (DCIS) sera against 

seven antigens including HER 2, c-myc, p53, BRCA1, BRCA2, NY-ESO-1, and MUC1 [63]. 

For the individual marker, the specificity of the assay was in between 91% to 98%. The 

individual autoantigen sensitivity was 3% to 23% in the DCIS sera, 8% to 24% in primary 

cancer sera. The sensitivity increased up to 64% for primary breast cancer and 45% for DCIS 

when the panel of autoantigens combined.  

Following that, numerous studies have conducted to prove the potentiality of 

autoantibodies in early diagnosis of lung cancer. Bricory et al. reported the discovery of 

autoantibodies against protein gene product 9.5 (PGP 9.5) and annexins I and II in the patient 

with lung carcinoma [64]. In this study, 60% of these patients reacted against glycosylated 

annexin I and II, but healthy controls showed no reaction. A study by Pereira-faca et al. 

demonstrated the14-3-3 theta autoantibody as a potential biomarker for the early diagnosis of 
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lung cancer [65]. They tested the presence of this autoantibody in 45 patients with newly 

diagnosed lung cancer, 18 with pre-diagnosed lung cancer and 62 with healthy controls. In 

another study He et al., found the autoantibodies against alpha-enolase in 28% of 94 lung 

cancer patients [66]. To date, CEA is the only serological biomarker for diagnosis of colon 

cancer. However, it is limited by low sensitivity and specificity [67]. Many autoantibodies 

associated with colon cancer had been reported so far such as GA-733-2 [68], p53, Fas/ CD95 

[69] and p16 [70]. Reipert et al. investigated reactivity against first apoptosis signal (Fas) 

receptor in sera from 38 healthy controls, 38 patients with colorectal adenocarcinoma [69]. In 

the study, they did not find ant reactivity against healthy controls. Reactivity to p53 had 

detected in precancerous lesions and people with high risk of colon cancer, for example, people 

with ulcerative colitis. However, autoantibodies to p53 have suggested as only a supplement to 

colonoscopy [70]. Similarly, autoantibodies to TAAs have identified in the samples of the 

patients with hepatocellular carcinoma (HCC) at the early stage of liver diseases [71]. These 

TAAs are believed to be the potential biomarkers for the early detection of autoantibodies 

against the development of HCC malignancy. The more established HCC associated TAAs are 

p53 [57] and p62 [72]. With more recent and extensive studies on the production of 

autoantibodies in cancer, they are attracting significant attention as potential biomarkers for 

cancer diagnostics [73]. 

 

2.4.2 The prognostic potential of autoantibodies 

In addition to diagnostic significance, autoantibodies can also use for prognosis or 

monitoring response to therapy. Many autoantibodies have correlated with clinical prognosis 

[28, 74, 75] (Table 2.1). Prognostic biomarkers are essential for targeting cancer therapies to 

high-risk populations. Recently, molecular prognostic markers are used for the differentiation 

of tumor cells/tissues with normal cells/tissues with similar cytology/histology. A tumor 
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antigen-specific autoantibodies have also suggested as reporters of cancer progression. 

Nevertheless, very few autoantibodies have been assessed so far as prognostic biomarkers of 

cancer [76]. The most commonly studied autoantibody to predict the prognosis of cancer is the 

p53 autoantibody. Cai et al. reported that monitoring the serum p53 antibodies level can be a 

useful tool for evaluating the response towards before and after the treatment of esophageal 

cancer (EC) patients with radiotherapy [77]. They showed that the availability of p53- 

antibodies in patients’ serum was associated with histological grade, stage of the disease and 

lymph node metastasis in EC.  
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Table 2.1.  Summary of key studies about the prognostic potential of autoantibodies in cancer. (Abbreviation: T.A.: Tumor Antigen) 

Patient population T.A. Tumor type Outcome Reference 

Patient with colorectal 

cancer (n=40) 

P53 Colorectal cancer Twenty-seven (96%) of 28 

patients, who had p53 

autoantibodies and whose 

cancer was completely 

removed, had no such 

antibodies after resection 

and no recurrence after 7 to 

26 months. 

(Takeda et al., 2001) [30] 

Breast cancer patients 

(n=165) 

P53 Breast cancer Decreased survival. 

Survival was correlated 

with anti-p53 antibody 

level; the higher the 

antibody level, the shorter 

was the survival. 

(Lenner et al., 1999) [78] 

Invasive serous ovarian 

cancer (n = 60) 

P53 Ovarian cancer Increased survival. a p53 

autoantibody is associated 

with a modestly favorable 

prognosis for serous 

ovarian cancers. 

(Anderson et al., 2010b) 

[28] 

Patients with ovarian 

cancer (n=104) 

P53 Ovarian cancer 

 

 

 

 

 

 

Overall survival was 

increased for patients with 

antibodies to p53 when 

compared with patients 

without p53 antibodies. 

 

 

(Goodell et al., 2006) [79] 
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Patients with colorectal 

tumors (n=1209) 998 

were diagnosed with 

colorectal 

adenocarcinoma and 211 

with colorectal polyps 

P53 Colorectal cancer Decreased survival time for 

the patients who had high 

p53-Ab levels  

(Tang et al., 2001) 

[80] 

Patients with lung cancer 

(n=125) 14 from small cell 

lung cancers (SCLC) and 

111 non-SCLCs (NSCLC) 

P53 Lung cancer The p53 autoantibody-

positive patients had a 

worse prognosis than the 

p53 autoantibody negative 

patients 

(Lai et al., 1998) 

[81] 

Group 1 (n=50) patients 

who died of metastases 

within 7 years after 

complete surgical 

treatment; group 2(n= 50) 

patients who were 

matched with group 1 for 

six standard prognostic 

features  

TA90 Melanoma Decreased survival (Litvak et al., 2004) [82] 

Patients with 

glioblastoma (n=62) 

GLEA2 Glioblastoma Prolonged survival of 

patients positive for 

GLEA2 autoantibodies 

with a median survival time 

of 17.4 months. 

(Pallasch et al., 2005) [75] 

Patients 

histopathologically 

diagnosed as invasive 

ductal cell carcinoma 

(IDC) of the pancreas 

(n=36) 

MUC1 Pancreatic cancer The survival time of the 

patients was significantly 

longer 

(Hamanaka et al., 2003) 

[74] 
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Patients with breast 

cancer (n=133) 

TF Breast cancer The high levels of anti-TF 

antibody before surgery are 

associated with better 

survival of stage II breast 

cancer patients. 

(Kurtenkov et al., 2005) 

[83] 

Patients with head and 

neck cancers (HNC) 

(n=156) 

HPV, E6, and E7 Head and neck cancer Decreased recurrence 

occurred among those with 

antibodies to both E6 and 

E7 

(Kurtenkov et al., 2005) 

[83] 

Patients with esophageal 

squamous cell carcinoma 

(n=134) 

CDC25B phosphatase Esophageal cancer Decreased survival (Dong et al., 2010) [84] 

Patients with colon cancer 

(n=58) 

CEA Colon cancer Patients with detectable 

amounts of circulating IgM 

anti-CEA antibodies had a 

significantly better 2-yr 

survival compared to the 

rest of the patients 

(Albanopoulos et al., 2000) 

[85] 

Patients with breast 

cancer (n=52) 

CEA Breast cancer The presence of anti-CEA 

antibodies is associated 

with improved recurrence-

free survival 

(Haidopoulos et al., 2000) 

[86] 
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Although the correlations between some autoantibodies and the prognosis of cancer 

patients have been established, it is still early to merely use autoantibodies to predict the therapy 

outcome in routine clinical practice. There are various challenges associated with the 

evaluation of prognostic autoantibody biomarkers. First, the clinical sample should be derived 

from the patients receiving uniform therapy before the onset of the treatment [87]. Large-scale 

and well-defined populations are needed to evaluate the prognostic value of autoantibody 

biomarkers systematically. Next, prognostic significance must be independent of recognized 

clinical variables, such as stage, grade, and molecular subtype. 

 

2.4.3 The therapeutic target of autoantibodies 

Depending on the cancer type and tumor status, different changes in the specific 

antibody titer had been demonstrated. Many studies suggest that TAAs can be the potential 

targets for immunotherapy [88, 89]. The mechanism of production of autoantibodies by the 

humoral immune response in cancer patients would help the development of novel therapeutics 

for poorly curable cancers. Based on the recognition by humoral or cellular immune responses 

in the autologous human host, tumor antigens have provided the cancer researcher with 

powerful tools to identify attractive new targets for vaccine-based therapies [90]. The immune 

system can act as a very sensitive reporter for identification of new altered proteins that are 

different from self-proteins. Therefore, this strategy may help to detect proteins that undergo 

alterations during the tumorigenesis. These proteins could become therapeutic targets. For 

instance, there is the occurrence of autoantibodies against a number of kinases in colorectal 

cancer as described by Babel et al [91]. In most of the candidates, TAAs were kinase proteins, 

and these kinases are frequent targets for therapeutic drugs. The diversity of patient populations 
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might result in different responses to immunotherapy. Hence, personalized profiles of TAAs 

and autoantibodies should be used to identify therapeutic targets to develop vaccines for 

targeted immunotherapy against cancer [92]. In addition, monoclonal antibodies such as an 

antibody against HER2/neu is used as a therapeutic agent against breast cancer [93] and cancer-

testis antigens are currently using for vaccination in cancer patients [94].  

 

2.5. Detection of autoantibodies: Grand challenges 

Having the significance potentiality of autoantibodies as biomarkers, several significant 

challenges still need to be considered and addressed. These challenges include biological, 

technical and clinical, which are discussed more details in the following sections. 

 

2.5.1 Biological challenges 

A disease marker can be considered as an ideal biomarker, if it is readily available in 

an accessible body fluid, such as serum or plasma, can be measured accurately and can predict 

disease, can track response to therapeutic interventions, can predict side effect profiles and 

monitor disease progression and recurrence. While autoantibodies fulfill all these requirements, 

the application of autoantibodies is still limited in clinics due to several biological challenges, 

as described below.  

 

2.5.1.1 Inhibition of generation of autoantibodies 

The natural inhibition of production of autoantibodies has also considered as one of the 

major challenges of using autoantibodies as potential detection marker [11]. This inhibition of 

autoimmune response suppresses the formation of antibodies against the TAAs. Several 

mechanisms inside the human body inhibit the formation of antibodies against overexpressed 

proteins or cellular variations. One mechanism of inhibition is the production of TAAs in the 
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epithelial cells of thymus compared to their natural production site like in the case of melanoma 

antigen. Melanoma antigens are usually expressed in the male testicular cells. Additional 

mechanisms associated with autoantibodies inhibitions are i) downregulation of antigen 

presenting cell, MHC class I molecules [95] ii) lack of expression of co-stimulatory molecules 

on the tumor cells [96] iii) tumours producing immunosuppressive factors like TGF- , IL-10 

and VEGF [97].  

 

2.5.1.2 Insufficient immune response 

The immunogenicity of a tumor depends on several factors that may be variable even 

among tumors of a similar type. Due to the difference in tumor size, level of expression and 

difference in PTMs and variability in the immunogenicity, it is challenging to consider 

autoantibody as a general marker for diagnostics [98]. The level of expression, PTM, and 

variations in protein processing are of great importance in TAAs as they impart different 

immunogenicity to the same protein. Furthermore, the specific immune response to an antigen 

is also dependent on the structure of the highly polymorphous MHC molecules.  

 

2.5.2 Technical challenges 

2.5.2.1 Sample processing and choice of sample source 

The concentration of autoantibodies can be affected by various pre-analytical factors, 

which need to be standardized such as blood collection, serum or plasma processing, the time 

interval between collection and centrifugation, and the storage conditions. The variability in 

the kinds of patients studied as well as inconsistency in withdrawing the blood from cancerous 

and control samples may also cause differences in levels of the particular analytes measured 

[99]. For instance, longer storage duration of specimens could make bias for discriminating the 

prostate cancer from the noncancer group. 
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2.5.2.2 Limited comparability  

Due to platform-dependent variation such as, some studies used healthy participants as 

controls, while the others used a mix of non-cancer patients which makes it difficult to draw 

comparisons between the studies [100]. 

 

2.5.2.3 Nonspecific response from biomolecules 

The clinical sample may have complex biological environments containing various 

unknown cells and other biomolecules. These molecules can non-specifically attach to the 

sensor surface resulting in false-positive responses. Therefore, a suitable blocking agent such 

as mercaptoethanol, mercaptoethanol, poly (ethylene glycol), or bovine serum albumin can be 

used to prevent nonspecific bindings [101]. Some TAAs such as p53 and ECPKA are present 

in various types of cancer and thus lack discrimination power in diagnosing a specific type of 

cancer [27, 44].  

 

2.5.2.4 Low sensitivity and specificity 

Detecting a single autoantibody lacks the specificity and sensitivity required for cancer 

screening and diagnosis. Autoantibodies against particular TAAs are found in only 10-30% of 

patients [102]. This is due to the heterogenic nature of cancer. The same type of cancers is 

composed of different biological subtypes, and the patients develop an immune response to 

different sets of an antigen [103]. Hence, no single protein is likely to detect a particular cancer 

type. Instead, a specific combination of autoantibodies could detect cancer such as prostate 

cancer better than the reference test (prostate-specific antigen (PSA) test) [7].  The combination 

of TAAs showed an increase in specificity. However, it was not sufficient to build a reliable 

screening test. The sensitivity and specificity of autoantibodies also differ from a sample source 
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and platform variation such as study design, the ethnicity of patients, sample types, detection 

methods, and so on.  

 

2.5.2.5 Limited efficiency  

The methods available are mostly focused on discovering the autoantigen and then 

probe for subsequent autoantibodies using the patient sera. It is also interesting to note that 

most of these techniques lack the capture of cancer-related PTMs [104, 105]. It is crucial to 

detect these PTMs as they are one of the major contributors to the formation of autoantibodies. 

Technically, all the available assays are limited by ambiguity in the clinical application even if 

reactive autoantigens (or the corresponding autoantibodies) are detected. Protein microarrays 

can only provide a relative comparison between samples for each spot and do not provide any 

quantitative estimation of the level of autoantibody. In addition, large-scale clinical trials 

covering a wide range of population are necessary to validate the results of these methods when 

employed for biomarker discovery. This has opened avenues for modern immuno-assays to 

play an essential role in providing a stable and reliable method for autoantibodies detection. 

 

2.5.3 Clinical challenges 

To establish an autoantibody-based cancer detection, it requires large-scale clinical 

studies to evaluate the efficiency and reliability of the marker. For each targeted autoantibody, 

multiple numbers of cancer patients should be analyzed. Along with the cancer patients, the 

test should be evaluated from large numbers of healthy individual as controls. In follow up 

study, it is also essential to differentiate between the false positive signals from the true positive 

ones.  
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2.6. Cutting-edge advances in the detection of autoantibodies 

2.6.1 Electrochemical approaches 

The electrochemical technique is a highly suitable method for biomolecular analysis 

due to its inherent advantages, including high sensitivity and specificity, fast-responsive and 

compatibility with miniaturization, and relatively low-cost detection [106] [107]. In 

electrochemical detection, a recognition element, i.e., an antigen interacts with the target 

antibodies selectively that are present in the serum matrices. The electroactive molecules 

tagged with a detection antibody are then employed to obtain a measurable electrochemical 

signal to quantify the number of antibodies. The readout is generally voltammetry (i.e., cyclic 

voltammetry, linear sweep voltammetry, differential pulse voltammetry, square wave 

voltammetry, and stripping voltammetry), amperometry, and impedimetric techniques. 

Over the past few years, several electrochemical assays have been developed for the 

detection of autoantibodies in cancer. Recently, Asensio et al. developed a biosensor based on 

magnetic microcarriers modified with covalently immobilized HaloTag fusion p53 protein on 

an electrochemical detection system [31]. The biosensor utilizes two main steps: magnetic 

capture and electrochemical detection. In the first step, the magnetic microcarriers are modified 

with covalently immobilized HaloTag fusion p53 protein for the selective capture of specific 

autoantibodies. Next, after the magnetic capture of the modified magnetic microcarriers onto 

screen-printed carbon working electrodes. The amperometric signal by using the system 

hydroquinone/H2O2 was related to the levels of p53-autoantibodies in the sample. The proposed 

biosensor had been applied for the analysis of sera from 24 patients with high-risk of 

developing colorectal cancer and 6 from patients already diagnosed with colorectal and ovarian 

cancer. They demonstrated the potential of this method to detect the very low concentration of 

p53 autoantibodies with a limit of detection (LOD) of 0.34 U/mL. Recently, we have developed 

an electrochemical-based technology platform, where uniquely engineered gold loaded 
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mesoporous iron oxide nanocube ((Au@NPFe2O3NC) were utilized to the capture the 

autoantibodies (p53) from clinical samples [21]. In this method, the advantageous of 

Au@NPFe2O3NC-based capture and purification were combined with inexpensive, and 

portable nature of the electrochemical and naked eye colorimetric readouts, as shown in Figure 

2.2. The nanocubes initially modified with the p53 protein and dispersed into the serum sample 

where they bound to p53-specific autoantibodies. After the magnetic isolation and purification 

of nanocube-attached target p53 autoantibody in an Eppendorf tube, a horseradish peroxidase 

(HRP)-modified secondary antibody was used to recognize the autoantibody and catalyze the 

enzymatic oxidation of the 3,3′,5,5′- tetramethylbenzidine (TMB)/H2O2 system to generate 

detectable signals (colorless to blue).  For electrochemical detection, the colored (yellow) 

solution was pipetted onto the SPGE electrode, and the amperometric response was measured 

This method has excellent sensitivity with the detection limit of 0.02 U/mL. However, this 

method relies on expensive HRP enzyme and suffers from low sensitivity. 
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Figure 2.2. Schematic representation of the electrochemistry-based detection of p53 

autoantibodies. p53-Functionalized Au@NPFe2O3NC were used as “dispersible nanocapture 

agents’ for capturing the target autoantibodies in serum. After magnetic purification and 

separation, these bionanoconjugates were treated with HRP-IgG antibodies and TMB-substrate 

solution. The level of autoantibody concentration against the p53 antigen was detected by the 

naked eye, UV-vis and electrochemical detection techniques. Reprinted with permission from 

(Yadav et al., 2017) [21]. 

 

 

In order to enhance the sensitivity and making it more cost-effective, the intrinsic 

peroxidase mimetic activity of Au@NPFe2O3NC was utilized to replace HRP for recognition 

event [32]. In this study, a neutravidin-modified screen-printed carbon electrode was 

functionalized with biotinylated p53. Next, serum/plasma samples containing p53-specific 

autoantibody were incubated onto the electrode surface followed by the incubation with 

IgG/Au−NPFe2O3NC nanocatalysts. The surface-attached nanocatalysts catalyzed the 

oxidation of TMB in the presence of H2O2 and produced a blue-colored complex product 

(naked eye), which turned into yellow after the addition of an acid to the reaction media, 

facilitates both colorimetric and electrochemical detection (LOD 0.08 U/mL) (Figure 2.3). The 
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naked-eye detection has additional advantages as a first-pass screening test and can easily 

integrate into a low-cost point of care (POC) diagnostic device and primarily be applied to 

screen a large population for potential cancer detection in developing countries. Having cost-

effectiveness, portability, and potentiality of the rapid screening test or quantitative evaluation, 

the reported assay opens a new pathway for diagnosis in clinics. 

 

 

Figure 2.3. Schematic representation of the modified electrochemistry-based detection of 

tumour-associated p53 autoantibody. A neuravidin-modified screen-printed carbon electrode 

was functionalized with biotinylated p53. Serum/plasma samples containing p53-specific 

autoantibody were then incubated onto the electrode surface followed by the incubation with 

IgG/Au−NPFe2O3NC nanocatalysts. The surface-attached Au−NPFe2O3NC nanocatalysts 

catalyzed the oxidation of TMB in the presence of H2O2 and produced a blue-colored complex 

product (naked eye), which turned yellow after the addition of an acid to the reaction media. 

The level of p53 autoantibody was detected via measuring the intensity (UV−vis) and 

amperometric current generated by the yellow product. Reprinted with permission from [32]. 

 

 



 
 

39 
 

2.6.2 Optical approaches 

Surface plasmons resonance (SPR) is one of the most common label-free optical 

techniques used for clinical and medical diagnostics. It allows real-time and quantitative 

detections of interaction among biomolecules. Although it is a label-free technique, direct 

detection of analytes is possible using an surface plasmon resonance (SPR) sensor. Also, 

sandwich assays similar to ELISA involving secondary antibodies for either verification or 

amplification of the sensor signal can also be performed. Furthermore, it offers the analysis of 

receptor–target interactions with a wide range of molecular weights and [108]. Recently, SPR 

sensors have been applied to many clinical and medical diagnostics [109, 110]. In SPR, surface 

immobilized molecular interaction between target autoantibodies and specific bioreceptor 

causes a change in the refractive index, which is measured by the transducer in real-time (Li 

and Li 2019) (Figure 2.4). The biosensor is based on wavelength modulation and the 

Kretschmann geometry of the attenuated total reflection method [111]. Soler et al., designed a 

nanoplasmonic based biosensor for the detection and quantification of a specific colorectal 

cancer-related autoantibody [36]. The method employs a refractometric nanoplasmonic 

biosensor whose configuration is based on the localized surface plasmon resonance (LSPR) of 

gold nanodisks. The gold nanodisks were fabricated by hole-mask colloidal lithography that 

gives reproducible results, with a controlled density of disks on the surface. The method is 

sensitive to refractive index changes, which can detect as variations of the LSPR that permits 

the real-time monitoring of the biorecognition events under label-free conditions. Since the 

method does not need any labels or sample treatment, it offers rapid and sensitive detection of 

autoantibodies in serum or plasma. The performance of the biosensor assay has demonstrated 

for the determination of autoantibodies against two crucial CRC antigens: GTF2b and EDIL3. 

The study shows limits of detection around 1 nM (150-160 ng mL -1). Ladd et al. also used 

surface plasmon resonance sensors to detect autoantibodies against carcinoembryonic antigen 
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(CEA), an established biomarker for germline cancer. The sensor was able to differentiate 

between the cancerous samples and the controls with a confidence interval of 95% when 

benchmarked against ELISA [111].  

 

Figure 2.4. The basic structure of the SPR chip, where dextran modified a gold or silver metal 

chip was employed to immobilize the target. The monochromatic laser beam enters the prism 

and generates different metal angles. The metals absorb and change transform their energy into 

plasma waves. Interactions of the immobilized target change the equivalent amount of 

resonance angle and hence gives the target specific SPR signals. Reprinted with permission 

from [112] 

 

 

On the other hand, surface enhanced Raman spectroscopy (SERS) based technique is 

proved a powerful tool that allows sensitive detection of low concentration analytes through 

the amplification of electromagnetic fields generated by the excitation in metallic 

nanostructures of SERS substrates. This technique has been used for analyzing different 

biomarkers including autoantibodies for rheumatoid arthritis [113]. Recently, a SERS-based 
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immunoassay using functional nano-tags has become a promising alternative for sensitive 

detection in ELISA [114]. This technique has attracted significant attention because of its rapid 

and sensitive detection capability. Chon et al. developed a method for anti-cyclic citrullinated 

peptide (CCP) autoantibodies using a SERS-based magnetic immunosensor [113]. In the 

method, sandwich immunocomplexes, including magnetic beads were immobilized on the wall 

of a microtube using a magnetic bar, and then their SERS signals were measured. This 

technique overcomes the slow immunoreaction problems caused by the diffusion-limited 

kinetics on a solid plate since the reaction occurs in solution. The assay time was less than 1 h 

with the lower detection limit of 13 pg mL-1. Although this assay was reported to demonstrate 

the autoantibodies against rheumatoid arthritis, its ability to measure target antibodies up to 

picogram concentrations suggests that the device may further be applied for detection of 

autoantibodies against TAAs for early diagnosis of cancer.  

 

2.6.3 Microfluidic approaches 

In recent years, microfluidic-based technologies have shown great promise in 

producing novel manipulation techniques for biological applications [115, 116]. Compared to 

conventional methods, microfluidics-based immunoassays entail several advantages including 

less amount of reagents and samples (down to femtoliters) consumption, automation (fluid 

handling steps is integrated), high potential for multiplex detection with minimal sample 

handling and processing. This technique can speed up antibody-antigen interaction due to high 

surface-area-to-volume ratios and smaller length scales and improve analytic efficiency by 

reducing analysis time and sample volume, enhance sensitivity and selectivity and allow for 

miniaturization of analytic devices [117]. These advantages make microchips to be widely used 

in clinical diagnosis [118] biomolecular separation [119] and cell handing systems [120]. 

Recently, Hu et al. developed a microfluidic protein chip for an ultrasensitive and multiplexed 
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assay of Cancer Biomarker [33]. In the study, aqueous-phase-synthesized CdTe/CdS quantum 

dots (aqQDs) employed as fluorescent signal amplifiers to improve the detection sensitivity. 

They designed a versatile fluorescent probe by conjugating secondary antibodies, aqQDs, and 

found that the aqQD-based protein chip could rapidly detect carcinoma embryonic antigen 

(CEA) and alpha-fetoprotein (AFP) with high sensitivity and selectivity, even in human serum 

and in the format of both sandwich immunoassay and reverse phase immunoassay. Lopez-

Munoz et al. have introduced simple label-free integrated plasmonic biosensor based on 

commercial Blu-ray discs [34]. Blue-ray discs are top-down fabricated optical discs generate 

the plasmonic effects in the visible range. With the integration of this nanostructured plasmonic 

biosensor based on Blu-ray discs with microfluidics, they achieved pM detection limit for the 

detection of colorectal cancer-specific antibodies against the GTF2b proteins. Recently, a 

microfluidic chip combining magnetic immunoassay was reported to detect p53 autoantibodies 

present in saliva (Figure 2.5). Each reaction well of the chip was separated by microvalves to 

avoid cross-contamination and enable magnetic bead-based target guiding. After forming an 

immunocomplex with target p-53 and HRP-labelled antibody, TMB substrate solution was 

employed to read out the signals. However, besides superior advantages of microfluidic 

platforms, some difficulties need to consider and addressed such as complete automation, user-

friendly operation, inexpensive and easy platform, and portability before applying them in 

clinics.  
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Figure 2.5. Schematic representation of microfluidics immunoassay chip for autoantibody 

detection. p53 antigen modified magnetic bead capture target p53 from saliva sample (A) 

followed by magnet beads washing and purification in next well (B). HRP conjugated anti-

human IgG antibody was then employed to form the immunocomplex (C); which were 

subsequently pass to next well and washed to remove loosely attached or unbounded HRP/IgG 

(D). At the fifth well, TMB substrate solution was added to get target specific signal (blue color 

generation) using a microplate reader (E). Reprinted with permission from [121]). 

  

2.7. Conclusion and future perspectives  

This review highlighted the recent advances in the detection of autoantibodies. We also 

addressed the significant technical and biological challenges of these strategies. The primary 

challenge with most of the proteomics-based techniques is that they fail to detect antigens with 
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PTMs. Some advanced, simple, non-invasive screening methods are expected in the clinical 

practice to detect more informative targets including proteins and relevant PTMs. We also 

focused on the cutting-edge advances in the detection of autoantibodies using electrochemical, 

optimal and microfluidic approaches. Considering the potential of microfluidic platforms 

droplet-based microfluidic, along with the recent advances in single cell screening and analysis, 

we envision that more advanced microfluidic-based systems will be developed for 

autoantibody detection and therapeutic monitoring. 

 Current research in this field is still an emerging stage. Given the limited diagnostic 

potential for single markers, the combination of multiple markers is needed to enhance the 

overall sensitivity. Detection of autoantibodies against cancer is a promising biomarker for 

early diagnosis of cancer if a sensitive and specific tool is developed. Novel nanoparticle-based 

technologies have proved to be a powerful tool for autoantibodies detection in cancer patients. 

The nanostructure-based platform possesses the potential to be further miniaturized and 

developed into POC diagnostic devices for easy quantification of autoantibodies. Considering 

the enormous potentials of autoantibodies against TAAs in cancer diagnosis, more attention 

needs to be paid to develop an efficient and reliable biosensor. We believe that the final 

requirement for translating the existing approaches to the POC platform is the development of 

fully automated and integrated biosensors capable of high-throughput screening of 

autoantibodies in clinical samples.  
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Chapter 3: Biophysical Properties of Cells for Cancer Diagnosis 
 

Abstract 

Biophysical properties associated with the microenvironment of a tumour has been recognised 

as an important modulator for cell behaviour and function. Particularly, tissue rigidity is 

important during tumour carcinogenesis as it affects the tumour’s ability to metastasis. Multiple 

downstream pathways are affected with a difference in rigidity of the extra cellular matrix. The 

insight into tumour mechanosignalling represents a promising field that may lead to novel 

approaches for cancer diagnostics. Measurement of rigidity of the extracellular matrix or the 

tissue is a potential diagnostics approach for cancer detection. Altered extracellular matrix 

states persist for a long period of time and have lower heterogeneity compared to protein or 

genetic markers, therefore are more reliable as biomarkers. On the other hand, measurement of 

different kinase associated proteins or transcripts provide an early insight into potential 

transition of cells towards metastasis. Co-localization of transcriptional factors like YAP/TAZ 

provide an insight to determine if the cells is undergoing metastatic changes. This review 

explains the unique biophysical properties of the tumour microenvironment that present the 

potential targets for the diagnosis of cancer.  
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3.1. Introduction 

Cancer is the second leading cause of mortality in the world and is expected to overtake 

cardiovascular diseases soon. Due to difficulties with early clinical and histological diagnosis, 

and the lack of suitable molecular markers for accurate treatments, the death rate from cancer 

has been increasing [1]. Only few patients die directly from the primary tumours. However, 

the cancer becomes very difficult to manage once it has metastasised. About 90% of metastatic 

cancers are terminal. Metastasis is caused by the migration of cancer cells into a new tissue. 

The process may occur either through nearby tissues through extracellular matrix (ECM) or far 

via blood or lymph to distant tissues [2] like, bones, brain, liver, and lungs [3]. The secondary 

tumour in the new location is invariably different in both molecular and genetic structure in 

comparison to the primary tumour source. The metastatic cells are also known as circulating 

tumour cells (CTCs). CTCs hold information about the tumour type, its evolution and 

heterogeneity and hence can serve as potential diagnostic markers [4]. On the other hand, cells 

migrating through neighbouring tissues provide critical information on mechanobiology. 

During the migration process, these cells change the morphology and exert pressure to the 

surrounding cells. The stiffness of the cells and the tumour’s microenvironment can regulate 

and potentiate its invasiveness [5, 6].  

Over the last few decades, cancer research has placed a significant focus on 

extracellular and intracellular biochemical signals in proliferation, invasion, and metastasis of 

cancer cells. In recent years, tumour mechanics and especially tissue rigidity has been 

considered as a crucial aspect of tumour progression and metastasis [7-10]. To measure the 

stiffness of the cancer cell, Young’s modulus gives the quantitative measure of elastic 

properties and shows the positive correlation between cell deformability and cell malignancy 

[11-13]. Recent study by Zhou et al had reported that the nanoindentation measures stiffness 

could be biomarker for cancer [14]. Tumours are often stiffer than neighbouring tissue. In soft 
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tissues such as breast and abdomen, the stiffness of tumours is the base of clinical diagnosis 

and also act as a foundation for detection with imaging techniques such as MRI [15]. The tissue 

of breast cancer tumour can be ten times stiffer than the normal breast tissue, and increased 

breast density is seen in 30% of breast tumours [16]. The stiffness-sensing capability of cancer 

and stromal cells influence cell survival and proliferation and provide new insights, so that 

researchers are able to develop diagnostic methods for cancer formation [17]. These diagnostic 

techniques have the advantage of explaining both mechanical and molecular mechanisms.  

Cells sense the changes in their surrounding and transduce physical to biochemical 

signals, which helps to control the function, biochemical changes and gene expression [18]. 

The physical changes in tumour tissue correlate with the biological process inside the cancerous 

cells [19]. Increasing cell stiffness activates the integrins, which are the transmembrane 

proteins serving as adhesive in ECM. The activated integrins trigger a biological chain of 

reactions that decrease the cell contractibility [20, 21]. This process in turn provides a feedback 

mechanism for increasing ECM stiffness. The autocrine loop of ECM stiffness and integrin 

activation provides an interaction between the mechanical force on the cell and its biological 

processes [22, 23]. 

Cellular mechanotransduction is a process that converts mechanical signals into 

biochemically relevant information through a series of cellular processes [24]. The mechanical 

properties of the cell environment affect the cell differentiation, growth, locomotion and 

development [25-27]. Cells sense and exert forces on their environment, which comprise of the 

ECM and the basement membranes, as well as other neighbouring cells. Several generated 

forces are concentrated at the adhesion points between cells and the ECM, or at homotypic 

cell–cell adhesion. Thus, the conversion of physical stimuli into intracellular biochemical 

signalling or mechanotransduction should occur within the multi-protein complexes at these 
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adhesion sites [28]. The possible mechanosensors include integrins, mechanosensitive ion 

channels, and stretch sensitive focal adhesions proteins.  

The difference in the cellular mechanical properties provides an indicator of the 

existence and state of the disease. Changes in cancer cell from the point of initiation of a tumour 

to its spread to other parts of the body are observed as promising biomarker for detection of 

metastatic potential of these cancer cells. Also, altered ECM condition such as increased 

stiffness persist for a long period of time and have lower heterogeneity compared to protein or 

genetic markers, therefore being more reliable biomarkers. Current available technologies that 

can detect the cancer and metastasis based on biophysical cues are magnetic resonance 

elastography, ultrasound elastography, cell-based sensors and atomic force microscopy [29-

31]. Although the stiffness of tissue is utilized as a basis of differentiation for tools like MRI, 

there are no evidences that the biochemical signals during the biophysical process being 

utilized for diagnostics.  

This review aims to provide insights into the role of mechanical stress in cancer and the 

interplay between mechanical and biological processes in tumour environment as well as 

mechanobiology signalling. The paper also aims to provide a better insight into the 

biomechanical changes that occur between a healthy cell and a cancer cell. Finally, a 

perspective is given for the potential use of cues from biophysical processes as diagnostic 

markers.  
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Figure 3.1. A graphical representation of the overall concept of the review article. 

 

3.2. Cellular biology background 

3.2.1 Extracellular matrix (ECM) and Integrins 

Tissues and organs are formed by cells embedded in an extracellular matrix. Cells 

within a tissue establish the ECM, maintain its health, alter it during adaptations and also repair 

it in response to disease and wound [32]. ECM not only contributes to binding cells together, 

but also provides the physical scaffold for their growth, influencing their migration, 

differentiation, survival, homeostasis and morphogenesis [33]. Different types of proteins and 

polysaccharides that are locally secreted form the matrix by organizing into a meshwork within 

the cell surface. The ECM consists of polysaccharide chains of repeating disaccharide units 

termed of glycosaminoglycans (GAGs). These are generally found to be linked to 

proteoglycans by covalent bonding and structural and specialized proteins such as collagen, 

fibrillins, elastin, fibronectin, and laminin [34]. Cells reacts to the mechanical and biochemical 
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changes in ECM through the crosstalk between integrins and the actin cytoskeleton, to form 

the ECM architecture [35].  

The close connection between cells and their supporting matrix is operated by the cell-

matrix receptors. The cells organize the matrix and the matrix in turn influence the cell fate 

through the exchange of mechanical signals from the matrix to the cytoskeleton and vice versa. 

The interacting point between cells and their ECM is called the focal adhesion point. Cell sense 

their environment using specific receptors and respond to mechanical cues and induce 

biochemical signals from the ECM. This sensing process is a combination of mechanical and 

chemical systems like adhesion via integrins, focal points, molecular motors and the 

cytoskeletal network. Therefore, when a disease such as cancer occurs, the ECM is strongly 

involved [36-39].  

Integrins are the family of adhesion proteins that regulates adhesion, progression and 

invasion of cancer cells. Integrins bind directly to the focal adhesion points in ECM providing 

the traction for motility and invasion of cancer (Figure 3.2). Integrin bridges two neighbouring 

cells and triggers intracellular signalling. Two common receptors activated by integrin are the 

cytokine receptors and the growth factor receptors. The communication between the growth 

factor receptors and the integrin leads to the hypothesis that the crosstalk between these 

receptors is necessary for tumour growth and invasion. They are also involved on tumour cell 

invasion by regulating the localisation and function of matrix- degrading proteases, for 

example, metalloprotease 2 and urokinase- type plasminogen activator [40, 41].  

After the binding of ligands, integrins form clusters on the cell surface at focal adhesion 

points and serve as the origin for signal transduction from the ECM to intracellular signalling 

pathways. Although integrins do not possess any kinase activity, they are capable of recruiting 

various kinases, such as focal adhesion kinases (FAKs), integrin linked kinase (ILK) and Src 

family kinases (SFKs). These proteins play an active role in processes such as migration of 
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cells, activation of Rho-GTpases, cross talk of integrins with growth factor and overturning the 

cellular adhesion [42, 43]. The Rho GTPase contribute to many steps in cancer progression 

including invasion, proliferation, dodging apoptosis, and metastasis. In cell mechanics, Rho 

stimulate cellular contractility by activating Rho-associated kinase (ROCK) [44, 45]. 

Rho regulates the secretion of soluble matrix metalloproteinases (MMPs) like 

lysophosphatidic acid and transforms growth factor beta (TGF-β) in the tumour cells, which in 

turn facilitate matrix remodelling [39, 44]. A typical example is the formation of cancer-

associated fibroblasts (CAFs) where secreted MMPs promotes remodelling of stromal 

fibroblast. The isometric tension exerted on these fibroblasts enhances matrix stiffening, that 

triggers the formation of stress fibre and integrin mediated activation of SFK at focal points. 

The increase of Src signalling then promotes the nuclear accumulation of the Yes-associated 

protein YAP and the transcriptional co-activator TAZ, which in turn increases expression of 

actin modulating proteins and stabilizing actinomysoin proteins. This “continuous positive 

feedback loop” promotes ECM stiffening that in turn facilitates the conversion of stromal 

fibroblast to cancer associated fibroblasts [22, 46, 47]. 
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Figure 3.2. The Extra Cellular Matrix is composed of proteoglycan complex that is interwoven 

with collagen fibers. This mesh is connected to fibronectins, which is then connected to the 

integrins.  Integrins bind directly to the focal adhesion points in ECM. Integrins help in signal 

transduction from the ECM to intracellular signalling pathways. Hippo-YAP signal pathway is 

regulated by extracellular forces. Extracellular stress activates the Rho GTPases, which inhibit 

Lats1/2 kinase activity. Activated YAP/TAZ migrate inside nucleus whereas the inactive 

YAP/TAZ goes to proteolytic digestion. GPCRs, cellular junction and cell polarity modulate 

the Hippo pathway. 
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3.2.2 Cell stiffness in cancer 

The spread of cells is determined by the change in the stiffness of the cell. Cellular 

stiffness as biomarker of relative metastatic potential has been demonstrated in ovarian cancer 

[13], breast cancer [48] and prostate cancer [49]. When a cell transforms from a normal mature 

cell to an immortal cancer cell, the cytoskeleton transforms into more irregular state from a 

rigid structure. The changes on the cytoskeleton are evident as malignant cells replicate more 

and are very motile; which is usually inhibited by a rigid cytoskeleton. Considering this fact, 

the changes in the cytoskeleton would generally reflect the overall mechanical properties of the 

cell. Thus, measuring the cellular rigidity provides information to differentiate as a normal or 

a cancerous cell, and is potentially a new biological marker. Differential sorting of these cells 

has also demonstrated the response to therapy where stiff cells are more sensitive to 

chemotherapy compared to softer cells [50].   

Multiple techniques have been used to probe the mechanical properties of cancer cells. 

Most cell stretching approaches include the use of laser/ optical tweezers, mechanical 

microplate stretcher, microfluidic platform and micropipette aspiration [19, 51]. A microfluidic 

cell stretching platform was used for studying the effects of exerted stress on prostatic normal 

tissue-associated fibroblasts, where the authors noted that the mechanical force leads to the 

alignment of fibronectin secreted from stretched normal tissue-associated fibroblasts [52]. 

Furthermore, Swaminathan et al. used a magnetic tweezers to demonstrate an inverse power-

law relationship between cancer cell invasion and cell stiffness correlation between mechanical 

properties of cancer cells and their metastatic potential. As cancer cells become more invasive, 

they show softer mechanical characteristics which cause cell deformation and shape changes 

suitable for a metastatic population [53]. Zhang et al. have reported a novel method to measure 

the mechanical properties of cancer cells, which could be one of the criteria that help for 
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determining whether the tissue contains lesions at the single cell level [54]. This technique 

could potentially be important for early prevention and accurate diagnosis of diseases.   

 

3.2.3 Hippo pathway and role of YAP/TAZ in cancer 

The Hippo signal pathway (Figure 3.2) has been identified for the first time in 

Drosophila melanogaster, controlling the size of organ through mechanisms like cell 

proliferation and apoptosis [55, 56]. This signal pathway plays a vital role in the behaviour of 

stem cells; controlling the growth, the suppression and the regeneration of organ, and of 

potentially carcinogenesis [57]. The core of the mammalian hippo pathway consists of a kinase 

cascade, transcription coactivators, and their DNA-binding partners. The two kinases, namely 

mammalian Ste20-like kinases (MST) and large tumour suppressor kinase (LATS), control the 

activity of these two closely related transcriptional co-activators, the YAP and TAZ through 

phosphorylation at a specific site, which is Serine residue in the amino-terminal region of YAP-

TAZ.  

The transcriptional co-activators YAP/TAZ are responsible for biomechanical answer 

to cell shape and ECM elasticity [58]. YAP and TAZ nuclear localization are regulated by 

mechanical cues that include cell-cell adhesion, and cell mechanosensing of ECM physical 

properties or stretching. The function of YAP/TAZ is necessary for the regulation of cell 

proliferation, differentiation, stem cell function and organ size. Current interest in molecular 

biology of YAP/TAZ has gained momentum through the realization that YAP/TAZ is highly 

active within human tumours [59]. Some mouse models have indicated that the inactivation of 

YAP/TAZ in adult organs such as breast [60], intestine [61] and pancreas [62] increase the 

emergence or progression of tumours [63-65]. 
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3.3. Cellular Mechanotransduction  

Direct interactions between cells themselves, and cells and the ECM, are critical to the 

development and function of multicellular organisms [66]. The key cell surface receptors 

involved during the attachment of cells to the ECM are integrins. Integrins are the main 

receptors connecting the cytoskeleton to ECM have a close relation to external force and 

transmit generated mechanical stresses across the plasma membrane. Apart from providing the 

structural stability, integrins also serve as receptors for intercellular signalling pathways. Many 

actions like cell adhesion, gene expression and response to triggers are mediated by integrins. 

[67]. As mentioned earlier, the nonreceptor protein- tyrosine kinase called FAK plays an 

important role in integrin signalling. Along with FAK, nonreceptor protein-tyrosine kinases 

are also involved in signaling via integrin and focal adhesion points. [68]. They simultaneously 

act for signalling via integrin receptors [69]. As integrins also regulate the signalling pathways, 

they are capable of signal transduction from physical signals to chemical signals [46]. Invasion 

by tumour cells is mediated by integrins and ECM attachment [70].  

Integrins are the primary receptors connecting the cytoskeleton with the ECM, making 

them the bridge to transmit forces and mechanical stresses across the plasma membrane [71]. 

As integrins also regulate signalling pathways, they are positioned to transduce physical forces 

into chemical signals. Integrin mediated tumour invasion is regulated by localization and 

activity of matrix-degrading proteases, such as matrix metalloprotease 2 (MMP2) and 

urokinase-type plasminogen activator (uPA). Integrin-mediated migration generally requires 

FAK and SFK signalling. Mechanical stimuli can open ion channels, alter proteins binding in 

focal adhesion and cause changes in cell morphology. Unfolding or stretching of molecules 

and the opening of ion channels under mechanical forces transduce a signal to downstream-

signalling pathways. Some studies demonstrate a direct link between Rho/ Rock and TRP 
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mediated signalling that illustrate that cross talk exists between mechanical signalling via 

integrins and mechanosensitive ion channels. 

 

3.3.1 Mechanotransduction in cancer  

Mechanotransduction of physical signals to initiate intracellular signalling pathways 

are recognized in numerous cancer types through a broad range of mechanisms for example, 

opening of ion channels, gene modulation and protein production. Glentis et al. emphasized 

the central role that mechanosensing plays throughout the tumour metastasis [72]. Cancer 

associated fibroblasts (CAFs) are the furthermost abundant stromal cells surrounding the 

tumour and play a role in tumour formation, progression and metastasis [73]. Calvo et al. 

showed that YAP function is critical for the establishment and maintenance of CAFs. YAP is 

important for many pro-tumorigenic functions of CAFs, including matrix stiffening, and 

invasion. [47]. Glentis et al. also demonstrated that CAFs isolated from colon cancer patients 

promote cancer cell invasion by interacting physically and remodelling basement membrane 

using mechanical forces such as pulling, stretching and softening the membrane [72].  

Cancer cells express mechanoreceptors such as integrins for increased sensitivity of 

ECM stiffness. Usual proteins in the adhesion complex activate the Rho GTPase for 

cytoskeletal reorganization. This process on the other hand leads to triggering YAP/TAZ for 

production of cancer stem cells. The various steps proposed for the production of these CSCs 

are proliferation, metastasis, survival, and additional stiffness of the ECM. Another proposed 

mechanism is the involvement of CAFs, which directly transmit mechanical tension to cancer 

cells through N- and E-cadherin heterophilic junctions for promoting invasion. Increased 

stiffness in the ECM activates YAP inside the CAFs, which then promote the stiffness of the 

ECM on a continuous autocrine feedback loop. The third proposed mechanism is the process, 

where mechanosensitive molecules like Polycystins 1(PC1) and 2 (PC2) activate the mTOR 
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pathway and promote proliferation, EMT, and metastasis. In fact, PC1-CTT (carboxy-terminal 

tail) translocates along with TAZ to the nucleus [74-76]. The above three mechanisms indicate 

the clear link between mechanical signals and formation of drug resistant cancer stem cells, 

which require further studies. 

During cell differentiation, a subpopulation of cells differentiates into CSCs primarily 

due to oncogenic hit or initiation of oncogenesis (Figure 3.3). CSC are created from normal 

stem cells or precursor cells within the tissues after mutations take place and are usually 

resistant to conventional treatments [77]. It is hypothesised that these CSCs replicate 

indefinitely [78], initiate tumour formation and are resistant to chemotherapy [79]. Recent 

studies have shown that the mechanical properties of ECM and cell rigidity affect normal stem 

cell and CSC fate [80, 81]. Stem cells including CSCs follow FAK/ phosphatidylinositol-3 

kinase (PI3K)/Akt (also known as protein kinase B) pathway for cell signalling. The stem cells 

use contractile forces, that result in tensile stresses in the cytoskeleton. Downstream signalling 

via the FAK/PI3K/Akt pathway then enhances cytoskeletal reorganization in CSCs and affects 

the cell shape and focal point interactions [82]. 

The involvement of FAK/PI3K/Akt pathway can be selective to certain types of cancer. 

For example, chemokine receptor 1 (CXCR1), which is one of the key upstream mediators of 

FAK/PI3K/Akt, can be selectively targeted in vitro [83] by phosphorylation of the FAK. This 

selectivity results in activation of PI3K/Akt, which plays a vital role in mechanotransduction 

[84]. YAP/TAZ activation leads to induction of CSC properties in a relatively wide range of 

human cancers. Aberrant activation of YAP/TAZ via dysregulation of the Hippo pathway 

results in tumorigenesis and confers cancer stem cell traits that lead to anoikis resistance, 

epithelial mesenchymal transition, drug resistance, and metastasis. Notably, drawbacks of 

current CSC markers make it difficult to isolate CSCs from bulk heterogeneous cancer cells. 
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Consequently, identifying the CSC-specific oncogenic signalling network of YAP/TAZ is an 

attractive direction to eliminate CSC and treat cancer progression [85]. 

 

 

 

Figure 3.3. Cancer stem cells (CSCs) are derived during normal cell division process due to 

oncogenic hits on the way. Stem cells undergo cell differentiation process for production of 

normal cells. Sometimes these stem cells get an oncogenic hit and they stay as CSCs. 

Chemotherapy acts on all the other cancer cells however, the CSCs are resistant to 

chemotherapy and hence retain their property to proliferate and develop into cancer again. 

 

3.4. Conclusion and Perspectives 

Cell stiffness is an important change that occurs in metastatic cells. The changes to the 

ECM, integrins and overall cell mechanical process define the survivability of the cell. Studies 

have shown that measurement of cell stiffness is a potential biomarker for possible metastasis 

of cells. Thus, stiffness could be a possible early marker for cancer development. Measurement 

of cell stiffness may predict whether a cell is likely to undergo a metastatic process of not. 
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Therefore, biomechanical methods to measure cell rigidity may become an important 

diagnostic method to predict cancer formation.  

The earliest use of mechanobiological property for cancer diagnostics is the method 

Magnetic Resonance Elastography (MRE) [29]. This technique utilizes the difference in 

rigidity between normal and tumour cells. Multiple cancer types including breast, brain, liver, 

prostate, uterus are scanned for contrast in the elasticity of the tumour or its microenvironment. 

In this technique, stress is applied to the tumour by mechanical waves. Images are taken during 

subsequent deformation process. The difference in the corresponding mechanical property is 

correlated back to the difference in underlying tissue architecture. Despite the innate limitation 

of spatial resolution and the inability of MRE to resolve small tumours, this technique is one 

of the biggest examples, where mechanical changes of tissue are imaged for diagnostics 

application.  

Another potential marker for cellular stiffness is the YAP/TAZ proteins [86, 87]. 

Cancer cells sense cell rigidity with the help of integrins. Activation of integrins triggers the 

HIPPO pathway initiating the nuclear internalization of YAP/TAZ proteins. Tracking this 

internalisation may predict the potential cancer formation in cells. Tracking the YAP/TAZ 

internalization would be similar to an immunohistochemistry process. Sample collected with 

fine needle aspiration could be probed with YAP/TAZ specific antibodies and tested for their 

co-localization with the nucleus. A similar approach could be followed for samples collected 

for histopathological examination post-surgery. Internalization of YAP/TAZ could indicate the 

contrast between cancerous or benign tumors.  

Circulating endothelial cells (CECs) have been reported as markers of cancer [88]. 

However, CECs are not always specific to cancer but also represent vascular damage [89]. 

CECs [90] may have more prognostic significance in cancer than CTCs as they are 

phenotypically different [91]. Measurement of the difference in cell rigidity would possibly tell 
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that if the cells will undergo metastatic transformation. Measurement of rigidity could 

possibility be performed using cell stretching devices providing external stress [92]. Co-

localization of YAP/TAZ or estimation of MMPs [93] levels are also potential options for 

differentiating normal cells with cancer cells. Proteomic or transcriptomic estimation of Rho, 

MMPs or Rac1 provide information on epithelial-to-mesenchymal transition (EMT) of cells. 

Rho is upregulated in epithelial cells whereas MMPs and Rac1 are upregulated in mesenchymal 

cells [94].  

Recently, polycystins have also been reported as mechano-transducer molecules in 

cancer. Their role is largely undefined. However, their co-internalization with TAZ has been 

reported [74]. The interaction of these molecules with both oncogenes and/or tumour 

suppressor genes has been reported. Further investigation with these molecules may determine 

if they could serve as an early marker for cancer diagnostics.  

Understanding the overall mechanosensing properties of cancer cells can also leads to 

better drug discovery or regulate patient’s response to anti-cancer treatment. Involvement of 

YAP/TAZ in various aspects of cancer mechanobiology makes them exciting targets for cancer 

drug development. Moreover, the involvement of the Hippo pathway in the proliferative 

potential, drug resistance and metastasis of cancer cells should also be explored. The main 

component of the Hippo pathway YAP has recently been shown to function as both a 

protooncogene and a tumour suppressor [95, 96]. There is potentially a correlation between 

mechanotransduction pathway and CSCs. Mechanical stimulation influences cancer growth 

and the biomechanical pathway (FAK/PI3K/Akt) pathway influences CSCs activity, 

potentially elucidating newer pathways for the treatment of drug resistance cancer [83, 97]. 

In conclusion, understanding cell stiffness and mechanosensing molecules in cells and 

ECM are essential for discovering possible biomarkers of cancer. The added benefit of these 

markers is their predictive role as compared to diagnostic or prognostic markers currently 
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employed clinically. We have previously described the different methods to induce strain to 

cells [92, 98, 99]. However, further research to measure the rigidity of cells in relation to cancer 

would lead new predictive biomarkers for cancer. In addition to diagnostic applications, 

measurement of cell rigidity and mechanobiological parameters may indicate their likelihood 

for differentiation into cancer. Measurement of these parameters may also predict if the cancer 

cells will become drug resistant. In this respect, our cell stretching technology may also be used 

as a tool for drug development.  
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Chapter 4: Gold-Loaded Nanoporous Iron Oxide Nanocubes: A Novel 

Dispersible Capture Agent for Tumour-Associated Autoantibodies 

Analysis in Serum 

Abstract 

Autoantibodies are produced against tumour-associated antigens (TAAs) long before the 

appearance of any symptoms and thus can serve as promising, non-invasive biomarkers for 

early diagnosis of cancer. Current conventional methods for autoantibody detection are highly 

invasive and mostly provide diagnosis in the later stages of cancer. Herein we report a new 

electrochemical method for early detection of p53 autoantibodies against colon cancer using a 

strategy that combines the strength of gold-loaded nanoporous iron oxide nanocube 

(Au@NPFe2O3NC)-based capture and purification while incorporating the inherent simplicity, 

inexpensive, and portable nature of the electrochemical and naked- eye colorimetric readouts. 

After the functionalisation of Au@NPFe2O3NC with p53 antigens, our method utilises a two-

step strategy that involves (i) magnetic capture and isolation of autoantibodies using 

p53/Au@NPFe2O3NC as ‘dispersible nanocapture agents’ in serum samples and (ii) 

subsequent detection of autoantibodies through a peroxidase-catalyzed reaction on a 

commercially available disposable screen-printed electrode or naked-eye detection in an 

Eppendorf tube. This method has demonstrated a good sensitivity (LOD = 0.02 U mL−1) and 

reproducibility (relative standard deviation, %RSD = <5%, for n = 3) for detecting p53 

autoantibodies in serum and has also been successfully applied to analyse a small cohort of 

clinical samples obtained from colorectal cancer. We believe that the highly inexpensive, rapid, 

sensitive, and specific nature of our assay could potentially aid in the development of an early 

diagnostic tool for cancer and related diseases. 
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4.1. Introduction  

Early diagnosis of cancer is crucial for reducing cancer associated morbidity and 

mortality along with the growing cancer burden [1]. The majority of cancers can be treated 

successfully if they are detected at their earliest stages or at their premalignant state whereas 

the late detection is more likely to cause high morbidity and even death [2]. Currently, tissue 

biopsy is considered as the gold standard technique for the accurate diagnosis of cancer, 

however it is highly invasive and mostly diagnose cancer in the late stages [3, 4]. Due to this 

reason, the current medical focus has been centred on non-invasive biomarkers for early cancer 

diagnosis that enable curative treatment to be administered before the cancer spreads away 

from the organ of origin [5]. To develop a highly effective method for early detection of cancer, 

the method must be (i) sensitive to specifically distinguish healthy individuals from cancer 

cases, (ii) able to detect cancer before it progresses to advanced stages, and (iii) inexpensive 

and non-invasive for easy implementation [1, 5-7]. 

Diagnosis of cancer based on minimal or non-invasive biomarkers (i.e., present 

in accessible body fluids such as serum, urine, saliva etc.) often complements with these 

benefits, and has proven to be one of the attractive pathways for early detection of cancer 

[8, 9]. A number of recent reports have revealed the role of autoantibodies (formed 

against cancer specific proteins, known as tumour associated antigens (TAAs)) as one 

of the promising and non-invasive biomarkers for cancer [8, 10]. 

Generally, various mispresentation or misfolding of proteins such as point 

mutations, degradation and overexpression, which may be recognised by the immune 

system, lead to the production of autoantibodies [9, 10]. Additionally, genetic alteration 

during the post-translation modifications (e.g., aberrant glycosylation) can trigger the 

immune system to produce antibodies against the TAAs from premalignant or malignant 

lesions via humoral immune response [10, 11]. Several studies have confirmed that 
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this humoral immune response can even be observed long before (several months or 

years) the clinical symptoms of cancer, thereby making autoantibodies a promising 

source for early cancer detection [10, 12]. Additionally, the relative amount of 

autoantibodies at the early stages of the cancer is much higher than that of the TAAs. 

This is because the low number of TAAs present at the early stage produce a large 

amount of autoantibodies due to the amplification by the immune system [13]. 

Furthermore, the autoantibodies are extremely stable in serum compared to their 

respective TAAs [10, 11]. Therefore, the development of serological tests to determine 

the presence of autoantibodies is of particular interest for early diagnosis of cancer. 

Over the past several decades, a number of methods have been used to detect 

autoantibodies against TAAs in serum. These include conventional immunoassays 

(i.e., western blot, ELISA) [12, 14], serological analysis of tumor antigens by 

recombinant cDNA expression cloning (SEREX) [15], phage display [16], serological 

proteome analysis (SERPA) [17], multiple affinity protein profiling (MAPPing) [18] and 

protein microarrays or the Luminex [19] method. Most of these methods are relatively 

robust but at the cost of being laboratory-based methods. For example, Luminex has the 

ability to analyse multiple immune targets but is costly and not ideally suitable in 

resource-poor settings, where sophisticated diagnostics facilities are unavailable. In 

recent years, much attention has therefore been focused on developing a simple and 

inexpensive method to accurately detect autoantibodies suitable for a point-of-care 

(POC) set-up [20]. Among many other readout methods, electrochemical and 

colorimetric readouts have the potential to suit with the POC detection of a wide range 

of target analytes. Electrochemical detection has its inherent advantages of high 

sensitivity, specificity, speed and compatibility with miniaturization [21]. On the other 

hand, colorimetric readouts are ideal in resource-limited settings, and offer several 
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benefits such as low cost, short assay time, visual readout and quantitative detection via 

absorbance measurements [22]. Until now, the most advanced electrochemical method 

reported for autoantibody detection is that developed by Asensio et al. [20], where 

cancer related p53 autoantibodies were selectively captured and quantified using the 

magnetic bead-functionalized HaloTag fusion p53 antigen. This method used a 

hydroquinone/H2O2 system to obtain catalytic signals from the magnetically captured 

MB–autoantibody complex onto a screen-printed carbon working electrode. In the 

current work, we have used a new class of nanomaterials, gold-loaded nanoporous iron 

oxide nanocubes (Au@NPFe2O3NC) to develop a proof-of-concept method for the 

electrochemical and colorimetric detection of autoantibodies in patient serum. 

Magnetic nanoparticle (i.e., iron oxide)-based strategies have the potential to be 

used in biosensing of non-invasive or minimally invasive biomarkers in complex 

biological fluids because, apart from being compatible with miniaturisation and cost-

effective, they form an intimate mixture with the sample, thus reduce the response time 

[23-25]. Furthermore, different novel transduction schemes can exploit the 

electrochemical properties of nanoparticles [26]. Although recent advancements in 

nanoparticle-based diagnostic methods have made an enormous impact on biological 

and medical sciences, much less effort has been invested in applying non-siliceous 

mesoporous materials with different framework compositions to analyse biological 

targets in body fluids. Among these materials, mesoporous magnetic materials (Fe-, Ni-, 

and Co-based metal oxides) have attracted a great deal of attention due to their unique 

physicochemical properties [27-30]. This is because, abundant pores of these materials 

can capture size controlled AuNPs (e.g., Au@NPFe2O3NC). Additionally, these 

nanoparticles (exposed on the particle surface) can be used to capture biorecognition 
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species for a given analyte. Furthermore, such magnetic particles can be easily collected 

by an external magnet due to their relatively high magnetization properties [31, 32]. 

In this study, superparamagnetic Au@NPFe2O3 nanocubes were modified with 

the p53 protein and dispersed into the serum sample where they bound to p53-specific 

autoantibodies. The p53-specific autoantibody [33, 34] has been selected as the target 

due to its critical role as an early detection marker in 10–40% of all cancer patients [35-

37]. First, the autoantibody-attached magnetic nanocubes were magnetically isolated 

and purified in an Eppendorf tube for the naked-eye/ colorimetric display of the target 

present in the sample. The horseradish peroxidase (HRP)-modified secondary 

antibody was used to catalyse the enzymatic oxidation of the 3,3′,5,5′- 

tetramethylbenzidine (TMB)/H2O2 system and generate a coloured complex to signal the 

presence of the autoantibody. As TMB is electrochemically active, the amperometric 

current generated by the TMB at a commercially available screen-printed gold electrode 

(SPGE) also quantifies the level of the target autoantibody. This method was first tested 

on the commercial p53 autoantibody ELISA kit and finally demonstrated on serum 

samples collected from colon cancer patients. This method is relatively rapid, sensitive 

(0.02 U mL
−1

) and specific for the analysis of p53-specific autoantibodies in colon cancer 

samples. As the functionality and simplicity of our method rely on the use of very 

inexpensive magnetic materials and readout systems, we believe that it has the 

translational potential for POC diagnostics. Moreover, the disposable SPGE used in our 

approach successfully eliminates the need of a time-consuming electrode cleaning 

process typically used in conventional disk electrodes. Additionally, the method is not 

limited to only p53-specific autoantibodies, rather it can be used to detect other protein-

based targets by changing the recognition and transduction elements in the assay 

protocol which could find wide applications in human diagnostics. 
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4.2. Experimental Section 

4.2.1 Reagents and materials 

Unless otherwise stated, the reagents used for the experiments were of analytical 

grade and purchased from Sigma Aldrich (Australia). Recombinant human p53 protein 

was purchased from Abcam (Australia) and the HRP-conjugated human IgG antibody was 

from Thermo Fisher Scientific (Australia). Bovine serum albumin (BSA) from Life 

Technologies (Australia) was used as a blocking agent. DNase/RNase-free distilled water 

(Invitrogen, Australia) was used for preparing all aqueous solutions. The p53 autoantibody 

ELISA kit was purchased from Dianova GmbH, Hamburg, Germany. 

 

4.2.2 Apparatus and electrodes 

All electrochemical measurements were performed on a CH1040C potentiostat (CH 

Instruments, Bee Cave, TX, USA) with the three-electrode system printed on a ceramic 

substrate (length 33 width 10 height 0.5) mm. In the three-electrode system, working (diameter 

= 4 mm), counter and reference electrodes were gold, gold, and silver-modified electrodes. A 

DynaMag 2 magnetic separation rack from Thermo Fisher Scientific (Australia) and microtube 

mixer from Eppendorf (Germany) were employed for washing and incubation of the solutions. 

 

4.2.3. Synthesis of gold-loaded iron oxide nanocubes  

According to our previous report,38 porous iron oxide nanoparticles were prepared by 

calcination of Prussian blue (PB) nanocubes. For the preparation of the PB nanocubes, PVP 

(polyvinylpyrrolidone) (K30) (6.0 g) and K3[Fe (CN)6]•3H2O (264 mg) were dissolved in a 

0.01 M HCl aqueous solution (80.0 mL) under magnetic stirring. After 30 min of stirring, a 

clear yellow solution was obtained. The vial was then placed into an electric oven and heated 

at 80 °C for 30 h. After aging, the precipitates were collected by centrifugation and washed 
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several times in distilled water and ethanol. Subsequent drying at room temperature for 24 h, 

PB nanocubes of approximately 80 nm in particle size were obtained. For the preparation of 

nanoporous iron oxide, the obtained PB powder (50.0 mg) was placed into a melting pot which 

was then heated inside an electronic furnace at a heating rate of 1 °C min−1 from room 

temperature to a designated temperature and kept for 1 h to achieve complete thermal 

decomposition. After that, the powder was left to cool inside the furnace. Finally, the obtained 

powder was collected separately for characterization. For loading of Au nanoparticles, iron 

oxide nanocubes (250 mg) were dispersed in water containing sodium citrate under stirring, 

followed by adding 3 mL of 10 mM HAuCl4 aqueous solution. Then, the mixed solution was 

incubated under ice-water bath till its temperature was stable. Then, sodium borohydride 

solution as a reducing agent was quickly added into the above solution under vigorous stirring. 

After reacting for 10 min, the product was washed and collected by successive centrifugation. 

 

4.2.4. Amperometric and colorimetric detection of p53 autoantibodies 

The p53 antigens (5 μL, 100 ng mL−1) were directly adsorbed on the exposed gold 

surfaces of the Au@NPFe2O3NC (5 μL, 10 mg mL−1) for 15 min at room temperature via 

continuous agitation at 350 RPM, followed by the incubation with 1% BSA solution for 15 

min. The p53 protein-functionalized Au@NPFe2O3NC were then added to test serum samples 

(5 μL) and incubated for 1 h with continuous agitation to capture the p53-specific 

autoantibodies present in the sample. After washing away the unbound serum proteins, the 

HRP-IgG antibodies (5 μL, 100 ng mL−1) were added and incubated for 30 min. To remove all 

unbound HRP-IgG, the conjugates were magnetically isolated and washed several times with 

phosphate buffered saline (PBS, pH 7.4; concentration 100 mM). Finally, 50 μL of TMB 

substrate solution was added and incubated for 20 min in the dark. The color change was 

visually observed. For quantitative measurements of the color change, 10 μL of stop solution 
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(2 M HCl) was added and absorbance readings were recorded at 450 nm with a 

spectrophotometer (SpectraMax). For electrochemical detection, 20 μL of the mixture solution 

(conjugates + TMB substrate + HCl) was pipetted onto the SPGE electrode, and amperometric 

response was measured at 150 mV over 150 s. The resulting steady-state current is directly 

proportional to the amount of p53-specific autoantibodies present in the serum samples. At 

least three replicates were measured for each standard/sample. All measurements were 

performed at room temperature. 

 

4.2.5. Clinical sample 

Serum samples from nine patients diagnosed with colorectal carcinomas were obtained from 

the Gold Coast University Hospital with an ethics approved by the Human Ethics committee 

of the Griffith University (GU Ref No: MSC/17/10/HREC). All colon cancer patients selected 

in this study were between the clinical stages I to IV. The age group of the patients range from 

60 to 85 years (average age 72 years). Samples were collected using a standardized sample 

protocol and stored at -80o C until use. Histopathological data from all the patients are included 

in Table 4.1. 
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Table 4.1. Clinical information of colon cancer patients 

Patient 

number 

Age a Genderb Sizec Staged 

P1 65 M 33 III 

P2 69 F 25 II 

P3 74 F 15 II 

P4 85 F 20 II 

P5 71 M 24 III 

P6 69 F 15 III 

P7 77 F 60 IV 

P8 78 M 55 IV 

P9 60 M 32 I 

 

a In years 

b M, Male: F, Female 

c Tumor size after histological analysis 

d Stage of the cancer (stage I, stage II, stage III, stage IV) 

 

4.3. Results and Discussion 

The surface morphology of the prepared Prussian blue (PB) nanocubes before and after 

calcination was examined using a scanning electron microscope (SEM), as shown in Figure. 

4.1A and B. The average size of the PB nanocubes is around 80 nm. The morphology of the 

obtained PB-derived iron oxide after calcination remained nanocubes, but their sizes were 
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slightly reduced and their surface roughness increased (Figure. 4.1B). The reduction of the 

particle size was mainly caused by the removal of the cyano-groups and the interstitial water 

molecules during calcination. The as-prepared PB particles show the same face-centered cubic 

diffraction patterns as the bulk PB crystals (JCPDS card 73-0687), as shown in Figure. 4.1C. 

No peaks derived from impurities were detected, which indicates the high purity of the PB 

particles. In the original PB crystals, iron atoms are separated by cyano-bridges, which provide 

good conditions for Fe2O3 particles during the oxidation process. The surface area of the 

obtained porous iron oxides shows a relatively high surface area [38]. After deposition of Au 

nanoparticles, uniformly sized Au nanoparticles (around 3–6 nm in diameter) are distributed 

on the surface of nanocubes (Figure. 4.2A–C). Elemental mapping data further prove the 

formation of Au nanoparticles (Figure. 4.2A). The XRD pattern shows the diffraction peaks 

derived from Au, α-Fe2O3, and γ-Fe2O3 (Figure. 4.1D). The HR-TEM image shows that the Au 

nanoparticles are stably attached on the surface of crystallized α-Fe2O3 and γ-Fe2O3 

frameworks. The loading amount of Au nanoparticles is around 2 wt% in the product (Au-

loaded iron oxide nanocubes) (Figure. 4.2C). This sample is found to be superparamagnetic 

from the complete reversibility of the M–H curve recorded at temperatures from 100 K to 400 

K. The S-shaped hysteresis loops shown in Figure. 2D with a negligible coercive field (Hc) are 

a typical characteristic of superparamagnetic nanoparticles. The decrease in the density of 

magnetization due to the decrease in the average diameter of the nano crystallites can be 

attributed to surface effects, morphologies and the structure of the nanoparticles [39]. Such a 

small density of magnetization of an individual small nanoparticle is enough to be misaligned 

by thermal fluctuation (so-called superparamagnetism) [39, 40]. The density of magnetization 

of nanoparticles is aligned by the application of a magnetic field and the magnetization of the 

nanoparticles is fully saturated at low fields. The saturation magnetization (Ms) reported in this 

study is 20 emu g−1 at 100 K, 18 emu g−1 at 200 K, 16 emu g−1 at 300 K, and 15 emu g−1 at 400 
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K for Au@NPFe2O3NC, respectively. In contrast, the Ms value of iron oxide nanocubes 

without Au nanoparticles is around 20 emu g−1 at 300 K. After the Au loading, the Ms value is 

decreased because of the non-magnetic properties of Au. Due to these sufficient Ms values, the 

samples can be easily collected by a neodymium magnet. The macroscopic magnetic response 

is directly correlated with several factors such as the nanoparticle crystallinity, size, defect and 

magnetic anisotropy. Also, the magnetic response of such a magnetic–nonmagnetic composite 

nanoparticle cannot be simply correlated to these factors but can be correctly explained by the 

internal structure and magnetization of the nanoparticle synthesized and characterized for this 

experiment [41]. 

 

Figure 4.1: (A) SEM image of the original PB nanocubes and (B) SEM image of nanoporous 

iron oxide nanocubes (NPFe2O3) after calcination. (C) Wide-angle XRD patterns for both 

samples [46]. 
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Figure 4.2 (A) Elemental mapping images (O, Fe, and Au), (B) SEM image, (C) EDS spectrum, 

and (D) magnetization curves measure at various temperatures for Au-loaded nanoporous iron 

oxide nanocubes [46]. 

 

 

The assay protocol for the isolation and detection of p53-specific autoantibody from 

serum is schematically presented in Figure 4.3. In this study, p53 antigen was chosen to 

selectively recognise p53-specific autoantibody present in serum. Briefly, magnetic 

Au@NPFe2O3NC nanocubes were first conjugated with p53 protein. The tumor suppressor p53 

protein is a phosphoprotein that plays a crucial role in the regulation of cell cycle, DNA repair 

and apoptosis. p53 mutation is one of the most common mutations in human cancers [40-42]. 

Among various mutations, point missense mutations within the coding sequences of the gene 
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are frequent which lead to the accumulation of p53 protein acting as antigen for subsequent 

production of antibodies against it. As we and others have successfully demonstrated that 

proteins have their affinity towards gold surfaces [43-45], we directly adsorbed the p53 protein 

onto the exposed gold surface of the Au@NPFe2O3 nanocubes. To reduce non-specific 

bindings, we blocked unbounded gold surfaces of the Au@NPFe2O3NC nanocubes with BSA. 

The conjugates were then added to the serum samples to selectively bind with the p53 

autoantibodies present in the sample (i.e., Au@NPFe2O3NC/p53 work as dispersible 

nanocapture agents). Multiple magnetic washing and isolation steps were performed prior to 

their incubation with the HRP- IgG antibody solution. After removing unwanted HRP-IgG via 

an additional magnetic purification step, the conjugates were treated with TMB substrate 

solution to react in presence of captured HRP-IgG. HRP/H2O2 catalyzes the oxidation of TMB 

that produced a blue-colored complex product, which turns yellow after the addition of acid to 

the reaction media. This yellow product has been identified as a two-electron oxidation product 

which is stable in acid solution. The intensity of the colored product is likely to be proportional 

to the amount of captured HRP-IgG, which is in turn proportional to the amount of p53 

autoantibodies present in the sample. As TMB (red) is electroactive, the amount of 

enzymatically generated product (diimine) was also measured by chronoamperometric 

measurement by applying the potential of +150 mV at SPGE.  
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Figure 4.3 Schematic representation of the assay for the detection of p53 autoantibodies. p53-

functionalized Au@NPFe2O3NC were used as ‘dispersible nanocapture agent’ for capturing 

the target autoantibodies in serum. After magnetic purification and separation, these 

bionanoconjugates were treated with HRP-IgG antibodies and TMB-substrate solution. The 

level of autoantibodies concentration against p53 antigen was detected by naked-eye, UV-vis 

and electrochemical detection technique [46]. 

 

To check the assay functionality and specificity, the level of the p53-specific 

autoantibodies present in the p53 positive and negative samples were studied by comparing the 

amperometric and colorimetric detection performance. Commercial ELISA kit was used as p53 

positive and negative samples. The positive control samples contain diluted human serum with 

the defined p53 autoantibody concentration of 14 U/mL (1 Unit is defined as p53 binding 

activity which corresponds to the binding activity of 100 μL undiluted calibrator), where 

negative control contains diluted serum containing no p53 autoantibodies. As can be seen in 

Figure 4.4A, the amperometric signal for the positive control sample is over 10-times higher 



 
 

95 
 

than that of the negative control sample (2.1 versus 0.2 µA). Control experiments without the 

use of HRP-IgG step in the assay protocol for analysing diluted human serum with the 14 U/mL 

p53 autoantibody (see (-) Sec Abs, in Figure 4.4A) resulted significantly low level of 

amperometric signal (0.1 µA). This is probably due to the absence of the HRP on the electrode 

surface. In the second control experiment, we replaced the target p53 autoantibody positive 

serum solution with PBS (see (-) Target, in Figure 4.4A). This experiment resulted a slightly 

higher current than that of the first control experiment (0.3 versus 0.1 µA). This could be 

explained by the fact that HRP-IgG could be nonspecifically attached on the autoantibody-

attached Au@NPFe2O3NC nanocubes. However, it is important to note that the level of the 

amperometric signal generated at the second control experiment is significantly lower than that 

of the positive control experiments. The higher response obtained for p53 autoantibody 

(positive) serum samples could be explained by considering - (i) highly exposed gold surfaces 

of Au@NPFe2O3NC which could enhances the selective capture of p53 autoantibody via 

loading enormous amounts of p53 phosphoprotein on the gold via gold-protein affinity 

interaction, (ii) magnetic nanoparticle-based intimate mixing, separation and purification steps 

could purify the target samples, and thus further enhanced the sensitivity by reducing the 

unwanted biological samples present in the serum sample. Notably, all of the above control 

experiments clearly support that the level of background response is significantly lower, and 

our biosensor assembly is highly specific to recognise the target p53 autoantibodies in serum 

sample. 
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Figure 4.4: Mean responses of (A) steady-state current difference and (B) absorbance (UV-vis 

detection) obtained for the positive control (presence of p53 autoantibodies in serum) with 

three different negative controls (no HRP conjugated secondary antibody, no target i.e. serum 

replaced by PBS, negative control i.e. absence of p53 autoantibodies in serum). Inset, (A) 

representative i-t curves and (B) pictures for the naked-eye detection. Each data point 

represents the average of three separate trials (n = 3) and error bar represents the standard 

deviation of the measurements (% RSD = <5%) [46]. 

 

In resource-poor setting where sophisticated scientific equipment is unavailable, it is 

an urgent demand to develop biosensing methods that rely on minimal equipment facilities and 

deliver sensitive and specific results in a rapid and inexpensive manner. Colorimetric (naked 

eye) detection method addresses some of these criteria and is highly suitable for developing 

low-cost and rapid biosensing platform for detecting disease-specific biomolecules. As a proof-

of-concept method, we have tested the use of colorimetric (naked-eye) detection for the 

analysis of p53-specific autoantibody. All experiments shown in Figure 4.4A were replicated 

using colorimetric detection, and data has been shown in Figure 4.4B. In these assays, when 

the HRP-IgG interacts with TMB substrate solution, it generates a colored complex to signal 

the presence of p53 autoantibodies. As shown in the picture (Figure 4.4B), the positive control 

gave a strong blue-colored complex compared to the negative control experiment. The first 
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control experiment (i.e. with no HRP-IgG antibody) did not change the color of the complex 

and remains light pink. The second control experiments (i.e. when the target p53 autoantibodies 

sample was replaced by PBS; see (-) Target, in Figure 4.4A) resulted light blue-colored 

complex which was negligible compared to the positive control. The subtle color changes of 

these assays were further quantified by UV measurements taken at absorbance of 450 nm after 

stopping the enzymatic oxidation reaction with acid. As can be seen in Figure 4.4B (main 

panel), the positive control (Abs @ 450 nm = 2.0) consistently produced an absorbance of at 

least 9-times higher than all the three controls experiments (Abs @ 450 nm = about 0.2, 0.3 

and 0.2 respectively, relative standard deviation (%RSD) = <5%, n =3). This data clearly shows 

that the assay is also specific for colorimetric detection. The total time required for the 

colorimetric assay is 140 min.  

 

Figure 4.5: Concentration dependent curve for p53 autoantibodies standard provided in the p53 

autoantibody ELISA kit. Mean responses of (A) steady-state current difference and (B) 

absorbance (UV-vis detection) corresponding to increasing concentration of p53 

autoantibodies. Inset shows the (A) concentration-current and (B) concentration-absorbance 

curves. Each data point represents the average of three separate trials (n = 3) and error bar 

represents the standard deviation of the measurements (%RSD = <5%) [46]. 
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To determine the detection limit (LOD) and sensitivity of the proposed assay, 

concentration-dependent data was obtained. A serial dilution of p53 positive serum samples 

[1:1 (14 U/mL) to 1:640 (0.02 U/mL)] was tested (Figure 4.5A). We found a logarithmic 

increment of relative current changes with the increase of p53 autoantibody concentrations 

under optimized conditions in the dynamic range of 14U/mL to 0.02 U/mL with a correlation 

coefficient (r2) of 0.99 (y = 0.2897 ln(x) + 1.5878). This data indicates that of our assay could 

potentially be applicable for the detection and analysis of p53 autoantibodies in serum samples 

where the autoantibodies level varies between the stages of cancer progression. The detection 

limit was found to be 0.02 U/mL with a corresponding signal-to-noise ratio of 2.5 compared to 

negative control (Figure 4.5A) provided by the ELISA kit. A %RSD value of 2.2% was 

estimated from the three different measurements using three different sensors. In case of the 

colorimetric assay, the color intensity increased with the increasing concentration of target 

autoantibodies. In visual (naked eye) detection, the assay LOD was found to be 0.7 U/mL, 

when a blue-colored complex was still visibly different compared to that of the blank solution 

(Figure not shown). However, quantitative measurement of absorbance resulted the LOD of 

0.04 U/mL with a correlation coefficient (r2) of 0.94 (y = 0.2716 ln(x) +1.1162) (Figure 4.4B). 

These studies showed a good interassay reproducibility for colorimetric assay, as evidenced by 

%RSD of < 3.8% (for n = 3). These concentration-dependent studies clearly demonstrate that 

the autoantibodies against p53 could distinctively be detected by both sensing methods. 

However, the amperometric method showed better sensitivity compared to the colorimetric 

method (LOD = 0.02 versus 0.04 U/mL).  These LODs are 17- and 9-times higher than that 

obtained for the detection of the humoral immune response in cancer patients using halotag 

fusion protein-modified electrochemical bioplatforms [20]. This LOD is comparable to that of 

the dianova kit (this kit has a LOD of 0.07 U/mL) [47]. It is also worthy to note that the LOD 
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of 0.7 U/mL by naked-eye detection may potentially be adequate for p53 autoantibody 

screening in clinical settings. Therefore, the level of LOD values obtained for both of our 

electrochemical and colorimetric methods is sensitive enough to discriminating between p53 

reactive and nonreactive serum samples.  

 

Figure 4.6: Clinical application of the assay. Mean values of (A) steady-state current difference 

and (B) absorbance (UV-vis detection) corresponding to the different level of p53 

autoantibodies present in colon cancer serum samples. Error bar represents the standard 

deviation of the experiments (%RSD = <10%). Statistical significance was determined by 

pairwise comparisons between two conditions (cancer stages) using student’s t-test [46]. 

 

We further challenged our assay with nine serum samples to demonstrate the efficiency 

of our assay for detecting p53 autoantibodies in colon cancer patients of different cancer stages. 

These samples were analysed using both electrochemical and colorimetric methods. 

Histopathological analysis revealed that one sample was of stage I, three stage II, three stage 

III and two stage IV patients with colorectal carcinomas (Table 4.1). The samples were diluted 

in PBS (1:100) before performing the assay. As expected, the amperometric signal was much 

higher in stage IV cancer samples indicating that p53 was highly mutated in these samples, 

followed by stage III, II and I respectively. The incidence of autoantibodies increased with 
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advancing tumor stage and grade (Figure 4.6A). For example, the current observed in stage IV 

colon cancer sample was slightly higher compared to that of control (3.0 versus 0.2 µA). 

Similar phenomena regarding the cancer’s stage dependency of autoantibodies were also 

observed in stage III (1.8 µA) or II (0.8 µA) cancer sample. It is also important to remark that 

we could also easily discriminate current responses between the negative controls and stage I 

cancer samples. The clinical data showed good interassay reproducibility as evidenced by the 

% RSD = 7%, (for n = 3). This data clearly suggests that our assay is capable of quantifying 

differential expression pattern of p53 autoantibodies in different stages of colon cancer, and 

the difference is statistically significant. Statistical significance was determined by pairwise 

comparisons between two conditions (cancer stages) using student’s t-test (Table 4.2).  
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Table 4.2. p values obtained using student t-test comparing control and different stage of colon 

cancer 

SN Comparison p value 

1 control vs stage I <0.005 

 

2 control vs stage II <0.05 

 

3 control vs stage III <0.0005 

 

4 control vs stage IV <0.0005 

 

5 stage I vs stage II 0.18 

 

6 stage I vs stage III <0.05 

 

7 stage I vs stage IV <0.05 

 

8 stage II vs stage III 0.07 

 

9 stage II vs stage IV <0.05 

 

10 stage III vs stage IV 0.05 

 

In the case of the colorimetric detection, the cancer samples gave the strongest color 

intensity compared to the negative control, however the color change between the stages of 

cancer was not distinguishable by naked eye. For quantitative colorimetric detection, the 

relative absorbance measurements for the stage IV cancer sample resulted the highest OD 

followed by III, II and I respectively (Figure 4.6B). We could also see the noticeable difference 

between the stage I and the negative control suggesting that naked-eye observation can be used 
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to discriminate cancer and control samples. The interassay variation was relatively low as the 

%RSD was found to be < 10% (n =3).  

We believe that the high sensitivity and specificity of our assay could find potential 

applications in detecting low amount of p53 autoantibodies present in clinical samples. This 

method offers some distinct advantages- (i) highly porous framework of Au@NPFe2O3NC 

significantly enhances the capture efficiency via loading enormous amounts of biorecognition 

species on the surfaces (i.e., enormous active sites), (ii) as these cubes are superparamagnetic, 

magnetic nanoparticle-based intimate mixing, separation and purification can further enhance 

the assay performance by reducing the matrix effects of the biological samples, as non-target 

species can be removed via a magnetic purification step, (iii) direct adsorption of p53 protein 

on Au@NPFe2O3NC surface via affinity interaction between p53 proteins and gold within the 

Au@NPFe2O3NC frameworks which simplifies the method by avoiding conventional covalent 

chemistries typically used in magnetic bead functionalisation step, (iv) disposable SPGE for 

portable detection of serum autoantibody at a relatively low cost (AUD$3 per electrode), and 

(v) naked-eye (colorimetric) detection that can be used to discriminate the presence/absence of 

autoantibodies by visual observation which opens an avenue for low cost screening tool 

development, and thus highly potential to translate the method into simple and inexpensive 

detection of autoantibodies in a large number of samples. This naked-eye detection has 

additional advantages as a first-pass screening test and can easily be integrated onto a low cost 

POC device and primarily be applied to screen large population for potential cancer in 

developing countries. Once positive results are obtained, further confirmation and 

quantification of the level of autoantibodies present in the samples can easily be obtained using 

UV-vis or SPGE based electrochemical readouts. The flexibility of the reported assay to be 

either developed as a rapid screening test or a quantitative test makes it much applicable in 

diagnostic platform development.  
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4.4 Conclusions 

In conclusion, we have developed a new class of gold-loaded nanoporous iron oxide 

nanocubes with superparamagnetic properties. The exposed gold surface of these nanocubes 

has been used to capture target biomarker via loading enormous amounts of biorecognition 

species on the surfaces. These nanocubes has been used as a novel dispersible nanocapture 

agent for developing a simple, relatively rapid, sensitive, specific and inexpensive method to 

detect the immune response produced by body against cancer as autoantibodies in serum. The 

detection was transduced by the amperometric signal produced using screen printed gold 

electrodes. We also showed that the assay could easily be adapted to colorimetric detection 

platform with similar performance. However, the electrochemical detection technique seems 

to be more sensitive compared to UV-vis detection. The use of naked-eye discrimination of 

presence or absence of autoantibody adds the advantage to develop simplistic screening tools 

in clinical settings. Though the clinical utility of the assay has successfully been shown for 

detection of p53 autoantibodies in a small number of colon cancer samples, we believe that an 

optimised format of the current method could also be used for detecting autoantibodies in large 

cohort of clinical samples. We envisage that our assays are not limited to p53 autoantibody and 

may have wide application potential as sensing tool for other human cancers or chronic 

diseases. This work addressed the research question (i) where we were aiming to develop 

simple and inexpensive method for autoantibody detection for cancer diagnostics.  
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Chapter 5: Stretching Cells – An Approach for Early Cancer 

Diagnosis 
 

Abstract 

Cells express multiple biophysical cues during migration, differentiation and transformation. 

Probing and quantifying these biophysical cues could serve as diagnostic tool for 

differentiating healthy with neoplastic cells. These biophysical cues may be utilized for 

diagnostic screening in cancer, as the tumor cells interact with the surrounding extracellular 

matrix (ECM). Stress and strain induced by the cancer cells and applied to the cancer cells have 

effects in cancer progression due to its influence in cell migration. It was reported that the 

introduction of compressive forces on cancerous cells triggers them to undergo apoptosis. In 

this report, we evaluated the effects of stretching forces on cancer cells by morphological 

analyses. We observed that cancer cells decrease their roundness (as determined by perimeter: 

area); increase their length and form filopodia in the initial stretching cycle. However, due to 

the increasing rigidity of the cells, they undergo apoptosis in later stretching cycles. These 

morphological changes were unique to breast cancer (MDA-MB-231) cells compared to the 

non-cancerous control. Elucidating and quantifying these morphological changes is potentially 

an early cancer diagnostic tool that may predict the propensity of the cancerous cells 

undergoing metastatic transformation.  

 

This chapter has been published as: 

S Yadav, R Vadivelu, M Ahmed, M J Barton, N-T Nguyen (2019) Stretching cells–An 

approach for early cancer diagnosis, Experimental cell Research, 378, 191-197 
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5.1 Introduction 

 

Cells within the body are constantly exposed to mechanical stress from the extracellular 

matrix. Cells are capable of sensing and responding to mechanical forces by transducing them 

into a biochemical signal, this process is termed mechanotransduction [1, 2]. 

Mechanotransduction plays a significant role in different cellular activities such as migration, 

morphological changes, proliferation and differentiation [3]. This process may also be involved 

in pathogenesis of various diseases, such as osteoporosis, arteriosclerosis, and cancer [4, 5]. 

With the staggering global health burden of cancer, justifiably there has been an increasing 

attention in cellular mechanobiology - including the correlation between the biophysical 

properties of cells - in the onset and progression of cancer [6-8].  

Alterations in cellular functions due to biochemical processes in cancer can 

significantly affect mechanical properties of cells. The quantification of the mechanical 

properties of cells could be used as an indicator of their biological state, which might be useful 

in the pathogenic basis of diseases. Cells not only sense but exert forces on their surrounding 

environment, which comprise of the extracellular matrix (ECM), the basement membranes and 

other neighboring cells. Integrins act as mechanosensors, which detect the force applied to the 

cell surface. It is now widely accepted that the ability of the cell to respond to mechanical cues 

are derived from the cell’s cytoskeleton to the ECM linked integrins. The integrins link the 

ECM with the intracellular actin filamentous system. This integration plays a critical role to 

initiate structural and functional remodeling of cells such as changes in ECM properties, 

cytoskeletal organization, cell migration, proliferation, and signaling processes [9, 10]. The 

signaling processes are transmitted through structural components of the cytoskeletal to focal 

adhesion sites that help to form a link between the actin cytoskeleton and the ECM; to transduce 

force between the cell and its microenvironment [11, 12]. The actin cytoskeleton is constantly 
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assembled and disassembled in response to the local activity of signaling systems. During the 

mechanical signaling process, the cytoskeleton reorganizes and promotes cell adhesion to the 

ECM, which is initiated by lamellipodia or filopodia at the cell periphery. Filopodia are thin, 

finger like, actin-rich membrane extensions. Filopodia originate from the lamellipodial actin 

network and aid cell migration [13-15].  

Cell migration is an important dynamic behavior that drives cancer metastasis [16]. 

Cancerous cells migrate from the primary tumor to blood and lymph vessels and eventually 

form secondary tumors. This migration is stimulated by the microenvironment such as the 

ECM. The link between cellular dynamics (i.e. cell migration) and the state of the 

microenvironment predicts the migration behavior and thus could assist in cancer diagnostics. 

The inhibition of cell migration is also a plausible avenue for cancer treatment, when employed 

in combination with other conventional (anti-cell proliferation) approaches [17].  

Biomechanical properties of cancerous cells such as rigidity, elasticity, deformability 

can provide useful information about their state Xu et al, indicated that the mechanical stiffness 

(rigidity) can be a useful biomarker to evaluate the relative metastatic potential of ovarian 

cancer cells [18]. The difference in rigidity of cells can be easily probed using AFM [19], 

optical tweezers [20], magnetic twisting cytometry [21] or cell stretching devices [7, 22, 23].  

A variety of techniques have been used to probe the mechanical properties of cancerous 

cells. Most cell stretching approaches include the use of laser/optical tweezers, mechanical 

microplate stretcher, microfluidic platform and micropipette aspiration [6, 24]. A microfluidic 

cell stretching platform was used for studying the effects of exerted stress on prostate cancer-

associated fibroblasts (PCAF) [25]. Their findings suggested that the mechanical force leads to 

the alignment of fibronectin secreted from stretched normal tissue-associated fibroblasts. 

Furthermore, Swaminathan et al. used a magnetic tweezer system to evaluate the correlation 

between mechanical properties of cancer cells and their metastatic potential.  The authors 



 
 

112 
 

reported that the metastatic potential measured through cancer cell invasion shows an inverse 

power-law relationship with cell stiffness. As cancer cells become more invasive, they show 

softer mechanical characteristics which cause cell deformation and morphological changes; 

characteristics necessary for metastatasis [26]. Recently, Morwatez et al. presented an optical 

stretcher with microfluidics for cell rheology using MCF-10 A cells [27]. Lekka used AFM to 

directly compare the mechanical properties of normal and cancerous cells [28]. Zhang et al. 

reported a novel method to measure the mechanical properties of cancer cells, which could 

become criteria for the early prevention and accurate diagnosis of cancer. Our group previously 

developed cell-stretching devices and observed that cyclic stretching provided the best results 

for studying cellular response in terms of morphology [22].  

In this study, breast cancer (MDA -MB- 231) cells were seeded in a cell-stretching 

device and tested for morphological changes. First, these cells were grown as per normal cell 

culture i.e. in a flask containing the cell culture medium. After harvesting, the cells were then 

seeded onto the cell-stretching platform and grown until reaching confluence. Subsequently, 

mechanical strain was applied. Post-stretching analysis was carried out using microscopic 

imaging.  

 

5.2 Materials and Methods 

5.2.1 Device fabrication 

 

`The cell stretcher platform used in this study is based on the platform reported by [22], 

which developed an electromagnetically actuated cell stretching device for mechanobiology 

investigation. Briefly, the platform consists of four primary components: (i) a 

polymethylsiloxane (PDMS) device with embedded permanent magnets (PMs), (ii) a holding 
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clip of the static strain condition, (iii) a mounting stage with electromagnets for cyclic strain 

conditions and (iv) a deformable 200-m thick membrane.  

For the fabrication of the PDMS device, 20 g degassed mixture of PDMS and the cross 

linker (SYLGARD 184 Silicone Elastomer Kit, Dow Corning, Midland, MI) was prepared with 

a volume ratio of 10:1. The mixture was poured into the master mould and degassed for a 

further 15 minutes to remove any remaining air bubbles. The mould was then carefully closed 

to cure the PDMS mixture for 2 hours at 80 ºC in a vacuum oven. Once cured, the mould was 

carefully opened, and the permanent magnet were placed into the created cavities such that the 

north poles of both magnets facing each other to achieve the condition of magnetic repulsion. 

The two NdFeB permanent magnets (15-mm diameter and 2-mm thickness) were embedded in 

the front and the back wall, which are 4 mm thick and placed 8 mm apart. To fix the magnets 

in position, a small amount of PDMS-cross linker mixture (10:1 volume ratio) was coated onto 

the permanent magnet. The mould was then carefully closed and cured for 30 min at 80 ºC in 

a vacuum oven to ensure the proper placement of the magnets. The cured PDMS device was 

then inspected and carefully removed from the mould. The PDMS device was finally cleaned 

with isopropanol and de-ionized (DI) water. In the next step, a degassed PDMS-cross linker 

mixture with a volume ratio of 10:1 was spin coated at 400 rpm for two minutes and cured at 

80 ºC for two hours to achieve the 200-m thick membrane. The membrane was then inspected 

to confirm its uniform thickness and then cleaned with isopropanol and DI water. In the last 

step, the PDMS device was treated with oxygen plasma, bonded with the deformable 

membrane and cured for one hour at 80 ºC. 

 

5.2.2 Cell Maintenance and Co-Culture in the Stretching Device 

 

Estrogen receptor negative MDA-MB-231 human breast cancer cells (ATCC) were 

grown and maintained in DMEM/F12 (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) 
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medium with 10% fetal bovine serum (FBS) and 1% penicillin/Streptomycin. The cells were 

cultured in T75 flasks at 37 ºC in a humidified atmosphere with 5% CO2. Before adding the 

cells, the device was sterilized with 80% ethanol and washed three times with sterile 1 X 

Hank’s balanced salt solution (HBSS). Ultraviolet (UV) irradiation was then performed for 30 

mins, 400 µL of DMEM-F12 media was then added to the cell-stretching device and incubated 

for one hour further enhance biocompatibility. For seeding, 80% confluent cells were harvested 

and counted with a hemocytometer, a total number of 75,000 cells were seeded into the device. 

The device was then incubated for 24 hrs to achieve the optimal adherence and growth of the 

cells on the membrane. After incubation, the cells were then washed three times with HBSS 

and finally 400 µL of media was added. Mechanical strain was then applied as described in 

Section 2.3.  

 

5.2.3 Application of Strain on the Cells 

 

The device was placed on the cell stretching platform and kept at 37o C to maintain 

physiological temperature in a 5% CO2 environment. Cyclic stretching was applied to the 

MDA-MB-231 cells with 1.4% strain at 0.01 Hz and 50% duty cycle. The strain was applied 

to the cells over four different time points i.e. 1 h, 2 h, 3 h, and 4 h, before evaluating them 

under the microscope. Control human mammary fibroblasts (HMF) were stretched with the 

same stretching parameters.  

 

5.2.4 Immunofluorescence Staining 

 

The cells were fixed with 4% paraformaldehyde (PFA) on the deformable membrane 

and were stained to visualize the cell’s actin and nucleus. The stretched and non-stretched cells 

were fixed in PFA for 15 minutes followed by three times wash with HBSS. The cells were 

then incubated with ActinGreenTM 488 (Thermo Fisher scientific) and NucBlueTM 
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ReadyProbeTM reagent (Thermo Fisher scientific) for 30 min. The stained cells were further 

washed with HBSS for three times. The entire staining process was conducted at room 

temperature. The deformable membrane with cells were stored in the HBSS solution at 4 ºC 

until imaging and analysis.  

 

5.2.5 Microscopy and Image Analysis 

 

To image the cells, the deformable membrane was cut and detached from the bottom 

layer and the membrane was placed directly onto a glass coverslip; to afford the better 

resolution at higher magnification. The images of cell nucleus and actin fibers were obtained 

with a fluorescent microscope (Nikon Eclipse Ti2). For the image analysis, three separate 

locations were captured. The image was post-processed with Image J 1.47v (National Institutes 

of Health, Bethesda, MD, USA). The processing routines made on the images were Fast Fourier 

Transform (FTT) bandpass filtering, sharpening, enhancing the image contrast and 

thresholding, no further modifications were made. A minimum of 100 cells from three different 

regions of the membrane in three biological repeats were analyzed. Cells were manually traced 

for outline; measuring the cell volume and perimeter. Aspect ratio was taken as the ratio 

between major and minor axis in a fitted ellipse and length was taken as the major axis. 

Subsequent data analysis was performed on Graphpad (Prism 7).  

 

5.2.6 Flow cytometry 

 

A separate experiment was designed to test the cell viability using flow cytometry. Cells 

were cultured on the stretching device and the strain was applied as described earlier. Cells 

were then harvested from the membrane using TrypLE express (Gibco Thermo Fisher 

Scientific, Waltham, MA, USA) for flow cytometry analysis. The harvested cells were fixed 

with ice-cold 70% ethanol (pre-cooled at -20 ºC overnight) and centrifuged at 400 rpm for 2 
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min, washed with HBSS for two times, and finally redispersed to 1 mL of HBSS. Then, 5uL 

of staining solution acridine orange (AO) (10ug/mL) and propidium iodide (PI) (10 µg/mL) at 

a ratio of 1:1 was added. The mixture was incubated for 15 minutes at 37 ºC in the dark. The 

sample was then read on the cytometry (Gallios flow cytometer from Beckman Coulter) at a 

flow rate of 60 µL/min. A total number of 1000 of events were collected using logarithmic 

amplification. Data acquired was then analyzed using Kaluza 2.0 software. Fluorescent 

Intensity from AO and PI were plotted on X-axis and Y-axis respectively on the dot plot. 

Quadrant gating was performed to estimate the percentage of AO and PI positive events, where 

AO positive events shows the presence of cells and PI positive events shows the cells were 

dead.  

 

5.3 Results and Discussions 

 

The cancer (MDA-MB-231) and control (HMF) cells were subjected to mechanical 

stretch as per the workflow illustrated in Figure 5.1. Briefly, confluent culture of MDA-MB-

231 cells were seeded on the PDMS devices and mechanical stress was applied to these cells 

after allowing them to grow on the PDMS deformable membranes. Cyclic stretching was used 

to introduce mechanical stress to the cells, as Kamble et al demonstrated that cyclic stretching 

imparts a more significant impact on the cells compared to linear stretching [22]. Cell stretching 

devices have been used for mechanobiological studies as the stress introduced to the cells can 

be controlled. Using, PDMS in these cell stretching devices have dual benefits (i) the 

membrane possess elastic property, hence can be stretched easily (ii) this membrane can easily 

adhere to cover slips or glass slides for subsequent microscopic examination. No pre-treatment 

was required to adhere PDMS membranes to the cover slip for microscopic studies, however, 

the PDMS device lost elasticity after a set of experiments. To circumvent this problem, a fresh 
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PDMS devices were prepared after two experiments. Therefore, suggesting PDMS was the 

most suited material based on cost and ease of fabrication. Also, it is widely accepted that 

PDMS is biocompatible and routinely used in cell culture including 3D cell culture platforms.  

In this study, the MDA-MB-231 cell line was selected as it is one of the most commonly 

used cancer cell lines in medical research. The cell line is a highly aggressive, invasive and are 

poorly differentiated triple-negative breast cancer cells. The invasiveness of the MDA-MB-

231 cells is mediated by proteolytic degradation of the extracellular matrix (ECM), which made 

them an excellent candidate to study biomechanical properties of cells with the consideration 

of ECM.  
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Figure 5.1: Schematic representation of the assay for the analysis of MDA MB 231 on cell 

stretching platform and non-stretched control cells. The MDA MB 231 cells were harvested 

from the cell culture medium and seeded in the PDMS device. After 24 hours of incubation the 

device was placed on the cell stretching platform and the mechanical strain was applied. The 

cells were stained and imaged with a fluorescent microscope, for analysis. In the fluorescence 

images (x 40), actin is was labelled with ActinGreen (green) and nuclei was labelled with 

Nucblue (blue). Scale bar corresponds to 50 µm [40]. 
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5.3.1 Cellular Rearrangement  

Cellular rearrangement is commonly observed in cell stretching experiments. The cells 

orient themselves in the direction of shear force [29]. When shear force is applied to cells, they 

follow a natural law of physics and tend to fluidize. However, cells react to these forces by 

activating the Hippo pathway. Integrins on the surface of cells to transduce this mechanical 

force into chemical signals triggering downstream biological signaling processes. Bright field 

microscopy of the MDA-MB-231 cells showed noticeable difference such as cell-cell 

connection and morphology of the cells on the organization of the cell between before and after 

stretching (Figure 5.2a). However, this type of cellular rearrangement was also observed in the 

non-cancerous HMF cells. Livne et al. stretched REF-52 cells [30], Kamble et al. stretched 

MMF cells [22] and Cui et al. stretched PMEFs cells and observed cellular rearrangements 

[31]. We also observed the cellular rearrangement in HMF cells (Figure 5.2b). Cellular 

rearrangement and morphological change are common phenomena after the cells undergo 

mechanical stretching [25]. Apart from stretching devices, optical tweezers also change the 

arrangement of the cells [32]. This rearrangement of cells is the direct result of cells trying to 

maintain homeostasis. However, in cancer cells it is reported that inducing compression, 

changes the cells’ growth dynamics, triggering apoptosis [33]. Stretching the cancer cells 

induces the actin microfilament rearrangement, increasing their migration.  
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Figure 5.2: Representative images of MDA-MB-231 and HMF cells. (A) Bright field 

microscopy of MDA-MB-231 cell before stretching, after stretching, and fluorescence merged 

image of actin and nucleus staining. (B) Bright field microscopy of HMF cell before stretching, 

after stretching, and fluorescence merged image of actin and nucleus staining. It was visible 

that both cell types rearrange their general morphology and have a different growing pattern 

after stretching. Scale bar corresponds to 100 µm [40]. 

 

5.3.2 Changes in Actin Filaments  

Mechanical force applied to the MDA-MB-231 cells increased their rearrangement of 

actin microfilament and enhanced their expression, seen visually by thicker actin layer. 

Immunofluorescence staining for actin observation in MDA-MB-231 cells showed a time 

dependent difference on the cellular actin components (Figure 5.3).  We observed that the cells 

respond against external stress transmission and reorganize their cytoskeleton architecture by 

reconstructing the actin stress fibers over time. The actin filaments were aligned 

perpendicularly to the axis of stretching. The most plausible explanation for cells to rearrange 
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themselves perpendicular to the sheer force is to negate the force to maintain homeostasis. Over 

time and with increasing stretching cycles, increasing alignment was observed. The 

reorganization of actin filament and dynamic regulation of actin cytoskeleton integrity are 

critical for cell morphology and behavior, particularly for cell adhesion and protrusion; 

processes that play significant roles in cancer. After 2 hrs of stretching significant cell 

clustering was observed (Figure 5.3 a). The stronger cell connections and formation of cell 

clusters explain how individual cells sense and transmit physical forces to and from 

neighboring cells, through binding of adhesion molecules to expand cell-cell cohesion. It is 

widely acknowledged that more adhesive cells are highly migratory and invasive. It was also 

interesting to note that filopodia were developed at 2 hours only (Figure. 5.5d Inset), showing 

cells were highly active at this point of time.  

Interestingly, with increased stretching time the cells started losing their cell-cell 

connections. The most conspicuous change observed was the extensive detachment of the cells 

from the membrane after 4 hrs of stretching despite of maintaining the physiological 

temperature for the cell. These observations suggested that the cells exposed to stretching for 

a longer period of time detached from the membrane and most probably were dead.  
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Figure 5.3: Representative fluorescence photomicrographs of MDA MB 231 cells showing cell 

morphology and distribution after stretching for 1hr, 2 hrs, 3 hrs and 4 hrs compared with non-

stretched cells. Non-stretched matched controls were included for every time point experiment 

and the cells showed no changes in incubating them upto 4 hours (results not shown). In the 

fluorescence images (A) actin is labelled with ActinGreen (green) (B) nuclei is labelled with 

Nucblue (blue) (C) merged images of actin and nuclei (20). The cells shown are representative 

of the data (n=3). Scale bar corresponds to 100 m [40].  

 

5.3.3 Cell viability studies 

Cell death after 4 hours of stretching was verified by flow cytometric analysis. Flow 

cytometry (FC) analysis shows that the percentage of the cells stained by AO was 74% in the 

non-stretched sample and was 83% after 4 hr of stretching. At the same time, the cells stained 

by PI in the non-stretched sample was 14.20% and was 69.90% after 4 hr of stretching. AO 

and PI are nuclear staining (nucleic acid binding) dyes. AO is permeable to both live and dead 

cells and stains all nucleated cells. PI enters dead cells with compromised membranes and 

stains all dead nucleated cells. A significant increase (Figure 5.4C) in the number of dead cells 
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post stretching implies that continuous stretching induces apoptosis as demonstrated by 

increasing PI positive cells. It is reported that PI enters necrotic cells but not apoptotic cells 

[34]. This is an interesting finding as cancer cells were reported to undergo apoptosis, when 

they are subjected to compressive stress [33]. Non-cancerous cells however tolerate this stress 

for up to 4 hours of stretching without undergoing apoptosis [22]. This observation between 

cancer and non-cancerous cells relates to the rigidity of cell membrane. Cancer cells have more 

rigid cell membrane and hence have less tolerance to mechanical stretching, whereas non-

cancer cells have elastic cell membrane providing higher tolerance to the mechanical 

stretching. Also, biochemical signaling pathways in non-cancer cells are intact, and hence react 

to the external stress via autocrine feedback mechanism. This feedback mechanism is deranged 

in cancer cells which leads to cell death. The difference between cancer and non-cancer cell if 

properly probed will act as biomechanical biomarker for the differentiation between cancer and 

normal cells.  

 

Figure 5.4: Cell viability analysis using Flow cytometry.  Dot plots of control (non-stretched) 

(A) and 4 hrs stretched (B) cells. X-axis represents the AO fluorescence indicating total cells 

and Y-axis represents the PI fluorescence indicating the dead cells. A quadrant gating on both 

the plots revealed that the fraction of both AO+ and PI+ cells increases after stretching the cells 

for 4 hours. (C) shows a significant difference in gate “AO+PI+” between controls and 4 hour 

stretched cells determined by student’s-t test [40].  
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5.3.4 Quantification of morphological parameters 

So far our morphological analyses have been qualitative, here we have quantified the 

cell area, perimeter-to-area ratio as a function for cellular roundness, aspect ratio as a function 

for cell elongation, and the length of the cell for better to estimate the filopodia compared to 

the aspect ratio (Figure 5.5) [35]. Our results indicate that the area of cells significantly 

increases in the first two hours of stretching. However, the area decreases in the next hours of 

stretching. In the non-cancerous sample, we did see some decrease of cell size in the first 2 

hours, however, the difference was not statistical significance (Figure: 5.6). The result also 

showed that the cellular roundness is decreased, and the length increases in the first two hours 

of stretching. Decreasing roundness and increasing length show that the cells are active and are 

migrating. It was also interesting to note that there were no significant differences in the aspect 

ratio. The cellular aspect ratio is calculated as the ratio between the major and the minor axis 

of ellipses fitted to each cell. Most mechanobiology studies of cells have shown a decrease in 

aspect ratio. However, no stark difference in aspect ratio was seen between cancerous and non-

cancerous cells. As the aspect ratio does not change, it is necessary to evaluate parameters such 

as length and perimeter-to-area ratio for cellular morphological studies. Formation of filopodia 

or lamilopodia on cells during adhesion and migration increases the roughness of the cell 

surface limiting the goodness of elliptical fitting performed. All these parameters were 

measured and calculated for non-cancerous cells, it was interesting to note there was no 

significant difference between stretched or non-stretched cells in any of these parameters 

(Figure 5.6).  

In the work presented, experiments were performed as conventional 

immunofluorescent studies where cells were fixed prior to staining. Individual stretching 

experiments were performed for the time point experiment. Attempts were made to reduce the 

variability with technical replications and measuring at least 100 cells per experiment type. 
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This limitation of the study could be mitigated by using advance microscopy techniques for 

live cell imaging, where a single cell could be tracked for its morphological changes over the 

hours of stretching. Newer techniques like Quantitative Phase Imaging (QPI) could be 

implemented to image live cells at a higher resolution [36]. QPI techniques can provide 

morphological and dynamic information of cells without any need of fixing or contrast agents. 

Digital holographic microscopy, a type of QPI has been used to live cell imaging [37]. In fact, 

this technique has been reported to decipherer cancer cells morphology combined with machine 

learning for data analysis [38] and reported a potential screening tool for cervical cancer [39].  
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Figure 5.5: Analysis of key aspects of cell morphology of MDA MB 231 cell (n = 3). (A) 

Measurement of the cell area (B) perimeter to area ratio, (C) cell aspect ratio, and (D) cell 

length of MDA MB 231 cells after stretching for n=100 cells in each stretching category. The 

asterisks denote statistically significant differences as determined using multivariate analysis 

(ANOVA). Inset shows the fluorescence image of MDA-MB-231 showing filopodia 

formation. Scale bar corresponds to 50 µm [40]. 
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Figure 5.6: Analysis of key aspects of cell morphology of HMF cell (n = 3). (A) Measurement 

of the cell area (B) perimeter to area ratio, (C) cell aspect ratio, and (D) cell length of MDA 

MB 231 cells after stretching for n=100 cells in each stretching category. The asterisks denote 

statistically significant differences as determined using multivariate analysis (ANOVA). 

Results shows no significant difference between the stretched and non-stretched cells [40]. 
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5.4 Conclusion 

 

In the present work, we demonstrated that both breast cancer and normal cells showed 

cellular rearrangement and reacts to mechanical stretching. This proof of principle work was 

carried out in breast cancer (MDA-MB-231) cells. However, we observed that the cancer cell 

stretched for a prolonged period undergoes necrosis, supporting to the fact that cancer cells 

have rigid cell membrane compared to non-cancerous cells. This interesting finding agrees with 

the current literature reporting that cells undergo apoptosis when they are subjected to 

compressive stress. Our experimental results demonstrate that the rigidity measured with the 

cell stretching platform can serve as an indicator of the cancer status of cells. We also calculated 

different cell morphological parameters of the cancer cells for quantitative comparisons. Even 

though the length of cells correlated to their roundness. No significant difference was seen in 

the aspect ratio. This result indicates a possible bottle neck in the measurement of cells with an 

uneven surface as elliptical fitting used in determining the aspect ratio most plausibly is not the 

best method. Whereas, roundness/length is a better parameter than the area or the aspect ratio  

as decreasing roundness and increasing length indicate that the cells are active and are 

migrating. The trends of parameters of the cancer cell from the present work are significantly 

different compared to the normal cells, so we believe that exploring this direction can be used 

to differentiate cancer cells with normal cells. We envisage that the biophysical properties of 

cells may have a wide application in cancer diagnosis. It will be most helpful in determining 

whether the cells will undergo metastatic transition, as biophysical clues are present long before 

the onset of cancer. Knowledge on potential cancerous transition inside the body would allow 

clinicians to potentially initiate preventive measures in the form of lifestyle modification or 

chemotherapy. This work addresses our research question (ii) where we aim to develop a 

method to evaluate morphological changes in cancer after cell stretching.  
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Chapter 6: Stretching Induces Overexpression of RhoA and Rac1 

GTPases in Breast Cancer Cells 

 
Abstract 

Rho GTPases are well known for regulating cell morphology and intracellular interactions. 

They can either be oncogenic or tumor supressors. However, they are associated with the 

acquirement of malignant features by cancer cells. It has been reported that the overexpression 

of protein markers of Rho family members such as RhoA and Rac1 is linked with 

carcinogenesis and the progression of a variety of human tumours. In this paper, we evaluated 

the expression of RhoA and Rac1 activity in various types of breast cancers cell lines. We 

preconditioned these cells by mechanical stretching them to simulate the extracellular physical 

forces placed upon on cancer cells. We observed that stretching the cancer cells induces 

significantly higher expression of RhoA and Rac1 markers when compared to non-stretched 

cells and stretched control cells in vitro. This stretching strategy helps to detect and quantify 

the signal when it is too weak to be detected. Furthermore, stretching enhances the assay by 

leading to overexpression of markers and makes the assay more sensitive. We hypothesise that 

this inexpensive and relatively sensitive assay could potentially aid in the development of a 

diagnostic tool for cancer screening. 

 

This chapter has been published as: 

S Yadav, M J Barton, N-T Nguyen (2019) Stretching Induces Overexpression of RhoA and 

Rac1 GTPases in Breast Cancer Cells, Advanced Biosystems, 1900222 

  



 
 

133 
 

 

 



 
 

134 
 

6.1 Introduction 

 

Various signalling pathways are highly involved in breast malignancies. The cancer 

cells receive and process signals either via direct cellular contact or indirectly via receptors. 

These signals regulate normal cellular processes such as protein synthesis, cell differentiation, 

and growth, or apoptosis [1]. Mutation and the consequential alteration of these signalling 

processes are considered the fundamental basis of cancer.  However, due to the complex nature 

of these signalling pathways, it is always a challenge to study them. For example; Different 

receptors such as estrogen and progesterone have an established role in undifferentiated breast 

cancer.  While the activation of PI3K/AKT and JUN/MAPK pathways may suppress breast 

cancer development. Interaction between these pathways is again factor to consider. It is known 

that PI3K/AKT pathway is targeted in estrogen positive breast cancer for therapeutic 

applications as this pathway is activated by the 17 beta-estradiol [2, 3]. Also, MAP Kinase 

receptors crosstalk with estrogen receptors to enhance the estrogen mediated signalling [4].   

These pathways receive signals from extracellular signals via the cellular receptors and are 

responsible for the intracellular/ only cellular changes. It is now widely accepted that 

extracellular physical factors also play a significant role in cellular undifferentiation and 

mutation of malignant cells. The Rho-GTPase signalling pathway regulates cellular 

morphology and intracellular interaction, therefore, attracted interest in cancer biology research 

[5, 6].  

Rho GTPases belong to a family of regulatory small guanosine triphosphate (GTP) 

binding proteins in the Ras superfamily. They are small molecules of 21-25 kDa that share 

structural homology and when activated bind to GTP. The study done in the early 1990s 

indicated that the Rho proteins regulate cell morphology through actin cytoskeleton [ 7, 8]. 
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However, recent studies show that they also influence gene expression, cell proliferation and 

survival [9]. All cellular functions that play a crucial role in carcinogenesis [10].  

Rho GTPases are responsible for actin cytoskeleton rearrangement after the 

extracellular matrix (ECM) mechanical properties variations. Mammals have 22 Rho GTPases 

and most of them affect the cell morphology. The primary mechanism of the Rho GTPases 

action is the change in the membrane-associated actin cytoskeleton. The widely investigated 

members of this family are RhoA, Rac1 and Cdc42 [11]. RhoA, the first member of this family, 

is activated by mechanical stress, ROCK or mammalian Diaphanous [12, 13]. Rac1, another 

member of the family, is also activated by mechanical stimuli and affects cyclic stretching-

induced cells and stress fibres reorientation. However, different Rho- Guanine nucleotide 

exchange factors and Rho- GTPase- activating proteins are regulated during 

mechanotransduction. These Rho-GEFs and Rho-GAPs are actively involved in actin 

cytoskeletal remodelling in mechano-responses [14-16] 

Though reported as both oncogenic and tumour suppressors, RHO GTPases are 

associated with the acquirement of malignant features by cancer cells [17, 18]. The Rho 

GTPases also play a key role in pathological processes such as cancer progression, 

inflammation and wound repair [5, 19]. RhoA and Rac1 as members of Rho GTPases family 

are involved in the regulation of different cellular processes including microfilament 

organisation and cell-cell contact. They also perform essential functions in actin cytoskeleton 

organisation. Rho A helps in the formation of stress fibres and focal adhesions of cells. Rac1 

contributes to lamellipodia formation and membrane ruffling [20]. In cancer, the Rho family 

GTPases influence many processes such as cell-transformation, survival, invasion, metastasis, 

and angiogenesis.  Overexpression of RhoA and Rac1 have been linked with carcinogenesis 

and progression of various human malignancies [10, 18, 20-22] 
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RhoA and Rac1 have been described as an oncogene due to its overexpression within 

malignant tumours in vivo [6, 23]. Moreover, RHO signalling has been implicated in tumour 

invasion and metastasis through the exertion of dual processes of cell contraction and 

protrusion [24, 25]. Rac1 has also been reported to possess similar roles as other GTPases 

including promoting cancer initiation and metastasis. However, Rac1 is also highly involved 

in mediating cell motility and invasion, which are key features in metastatic cells [26, 27].  

The RhoGTPase are highly involved with the ECM and there are reports stating that 

RhoGTPases are involved in the synthesis of ECM via mechanical signal transduction [28, 29].  

Also, RhoGTPases are involved in maintaining cellular homeostasis (structure) during physical 

stress from the ECM [30]. In cancer, physical forces are exerted onto the cells from the ECM, 

consequently, the expression of RhoA and Rac1 increases to counteract these forces and 

maintain homeostasis [30]. These physical forces can be simulated via 3D in vitro cell cultures, 

or through optical tweezers. We have previously reported a facile method to exert strain on 

cells using a relatively simple magnetically actuated PDMS device that simulates forces from 

the ECM [31].  

Herein, we studied the role of cyclic stretching on RhoA and Rac1 expression in breast 

cancer and non-breast cancer cells by using magnetically actuated PDMS device. The cells 

were seeded in a cell stretching device inducing the protein expression and subsequently 

quantified by using ELISA. The method was first tested on MDA-MB 231 breast cancer cell 

line and HMF (human mammary fibroblast) as a control. The assay was finally extended with 

SKBR3 and MCF 7 breast cancer cell lines. We found that the assay system is capable of 

amplifying the protein signalling which gives relatively simple, sensitive and inexpensive 

method to detect cancer protein biomarkers. 
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6.2 Materials and Methods 

6.2.1 Mechanical cell-stretching device 

 

The electromagnetic actuation device and procedure had been previously described by 

Yadav et al. [31, 32]. Briefly, the platform consists of four primary components: (i) a 

polydimethylsiloxane (PDMS) device with embedded permanent magnets (PMs), (ii) a holding 

clip of the static strain condition, (iii) a mounting stage with electromagnets for cyclic strain 

conditions and (iv) a deformable 200-µm thick membrane. First, the PDMS device was cleaned 

with isopropanol and de-ionized (DI) water.  Then it was treated with oxygen plasma, bonded 

with the deformable membrane and cured for 1 h at 80 °C. In a typical experiment, cyclic 

stretching was achieved via a linear stage driven by a computer-controlled system. Cells are 

plated on the deformable PDMS membrane and incubated, as explained in section 6.2.2. 

 

6.2.2 Cell Maintenance and Co-Culture in the Stretching Device 

 

All the breast cancer cell lines (MDA-MB-231, SKBR3, MCF-7) and control human 

mammary fibroblasts (HMF) were obtained from the American Type of culture Collection 

(ATCC). The cells were grown and maintained in DMEM/F12 (Gibco, Thermo Fisher 

Scientific, Waltham, MA, USA) medium with 10% foetal bovine serum (FBS) and 1% 

Penicillin/Streptomycin. The cells were cultured in T75 flasks at 37 ºC in a humidified 

atmosphere with 5% CO2. Before adding the cells, the device was sterilised with 80% ethanol 

and washed three times with sterile 1 X Hank’s balanced salt solution (HBSS). Ultraviolet 

(UV) irradiation was applied for 30 mins, 400 µL of DMEM-F12 media was then added to the 

cell-stretching device and incubated for one hour further enhance biocompatibility. For 

seeding, 80% confluent cells were harvested and counted with a hemocytometer, a total number 

of 75,000 cells were seeded into the device. The device was then incubated for 24 hrs to achieve 
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the optimal adherence and growth of the cells on the membrane. After incubation, the cells 

were then washed three times with HBSS, and 400 µL of media was added. The mechanical 

strain was then applied, as described in Section 6.2.3. 

 

6.2.3 Application of Strain on the Cells 

 

The device was placed on the cell-stretching platform and kept at 37o C to maintain a 

physiological temperature in a 5% CO2 environment. Cyclic stretching was applied to the cells 

with 1.4% strain at 0.01 Hz and 50% duty cycle as optimized in our previous studies [31, 32]. 

Stretching applied over two different time points, i.e. 2 hr and 4 hr, following preparation for 

ELISA analysis (section 6.2.4). 

 

6.2.4 Chemical Cell lysis 

 

After stretching, the cells were washed and trypsinised, pelleted and counted before the 

cells were lysed. The cells were subjected to 1% NP-40, 20 mM EDTA, 50 mM Tris-HCl pH 

7.5 for chemical lysis. After 30 min incubation on ice, the lysate was centrifuged at 5000 RPM 

for 5 min to pellet cell debris. The supernatant was collected and stored at -20oC for the ELISA 

as follows. 

 

6.2.5 Measurement of RhoA and Rac1 by Enzyme-linked immunosorbent assay 

(ELISA) 

 

RhoA 

Levels of RhoA were determined using the Ras Homolog Gene Family, Member A 

(RhoA), ELISA Kit from MyBioSource, Inc. San Diego, California, USA. The samples were 
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prepared according to the manufacturer’s instructions. Briefly, cells were lysed as explained in 

section 6.2.4. The cells were then added (100 µL/well) to 96 well pre-coated plates and 

incubated for 1 hr at 37ºC followed by 100 µL of detection reagent A and incubated for 1 hr at 

37ºC.  After the subsequent washing, 100 µL of detection reagent B was added and incubated 

for 30 mins at 37ºC. After washing, 90 µL of horseradish peroxidase (HRP) substrate solution 

was added, and the plates were further incubated for 20 mins. The enzyme-substrate reaction 

was terminated by the addition of stop solution and the colour change was measured using a 

microplate reader (SpectraMax) at a wavelength of 450 nM. The concentration of RhoA in the 

samples were determined by comparing the O.D of the samples to the standard curve. 

Rac1 

Levels of Rac1 were determined using the Ras Related C3 Botulinum Toxin Substrate 

1 (Rac1), ELISA Kit (MyBioSource, Inc. San Diego, California, USA). The samples were 

prepared according to the manufacturer’s instructions. Briefly, the cells were lysed using the 

cell lysis buffer as explained in section 2.4, and then added (100 µL/well) to 96 well pre-coated 

plates and incubated for 1 hr at 37ºC followed by 100 µL of detection reagent A and incubated 

for 1 hr.  After the subsequent washing 100 µL of detection reagent B was added and incubated 

for 30 mins. After washing, 90 µL of HRP substrate solution was added and the plates were 

incubated for a further 20 mins. The reaction was stopped by adding 50 µL of stop solution. 

Optical density was determined using a microplate reader (SpectraMax) at 450 nM. The 

concentration of Rac1 in the samples were determined by comparing the O.D of the samples 

to the standard curve. 
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6.2.6 Statistical analysis 

 

Statistical analysis of all experiments was performed using Prism 7 software (GraphPad 

Software, San Diego, CA). All data are shown as the mean ± standard error of the mean for 

three technical replicates. The concentration of RhoA and Rac1 was normalised against the cell 

count.  

 

6.3 Results and discussion 

Three breast cancer (MDA-MB-231, SKBR3, and MCF-7) and control (HMF) cell lines 

were subjected to mechanical stretch and lysed as per the workflow illustrated in Figure 6.1. 

Briefly, the cells were plated on PDMS deformable membrane and were kept in an incubator 

under normal cell culture conditions (37ºC, 5% CO2, 95% humidity). After 24 hr of incubation, 

the membrane was stretched by applying cyclic strain. After stretching the cells were washed, 

typsinized and counted. Figure 6.2a shows the number of cells seeded was 75,000 however 

only 10,000 survived after 4 hr of stretching due to the apoptosis of cells [31]. The 

representative fluorescence image of MDA-MB-231 shows the cell morphology and 

distribution before stretching in Figure 6.2b, after 2 hr stretching in Figure 6.2c and after 4 hr 

stretching in Figure 6.2d. Though the cell looks confluent, the total number of cells recovered 

were low. As explained in our previous paper [31], there was apoptosis after 4 hr however the 

loss of cells in 2 hrs is not statistically significant. The cells respond against external stress 

transmission and reorganize their cytoskeleton architecture by reconstructing the actin stress 

fibers over time. Also, the filopodia had been observed in this stage which shows that the cells 

are active. 
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Figure 6.1: Schematic representation of the assay for the analysis of RhoA and Rac1 protein 

markers. The breast cancer cells and control cells were seeded in the PDMS device. After 24 

hr of incubation, the device was placed on the cell stretching platform and cyclic mechanical 

strain was applied. The cells were trypsinised and chemically lysed for the release of RhoA 

and Rac1 markers. The levels of markers were determined by using ELISA. Further, the 

markers were quantified before and after stretching [39].  
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6.3.1 Protein biomarkers recovery from cells 

 

All the viable cells during the experiment were harvested for RhoA and Rac1 

quantification. These kinases are intracellular and hence require membrane disruption for 

releasing them into the sample for quantification. Cell lysis or cell disruption is a method where 

the outer boundary of the cell membrane is broken down or destroyed to release the inter-

cellular content. The mild surfactant NP-40 has an ability to disrupt the cells by hydrophobic-

hydrophilic interactions. It is a popular buffer for studying proteins that are cytoplasmic or 

membrane-bound. The cells were lysed by using NP- 40 as explained in section 6.2.4. The 

supernatant with protein markers was collected for further quantification by ELISA. 
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Figure 6.2: (A) Cell count measurements of MDA-MB-231 cells by using traditional 

haemocytometer counting. Standard significance was determined by pairwise comparisons 

between two conditions using student’s t-test. *, p = < 0.05. Error bar represents the standard 

deviation of the experiments (n=3). The representative fluorescence microscopy images of 

MDA-MB-231 cells showing cell morphology and distribution for (B) non-stretched sample, 

(C) after 2 hr stretching and (D) after 4 hr stretching. Cellular actin is labelled with ActinGreen 

(green) and nuclei are labelled with Nucblue (blue). The cells respond against external stress 

transmission and reorganize their cytoskeleton architecture by reconstructing the actin stress 

fibers over time. After 2 hr of stretching significant cell clustering was observed and after 4 hr 

of stretching, the extensive detachment of the cells was seen from the membrane. The cells 

shown are representative of the data (n=3). Scale bar corresponds to 100uM [39].  
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6.3.2 Estimation of RhoA and Rac1  

 

The levels of the released marker, RhoA and Rac1 were detected by using sandwich 

ELISA. The expression level of protein markers was measured in both breast cancer and control 

cells. 

6.3.2.1 Quantification of RhoA by ELISA  

 

Protein expression of RhoA was observed in both breast cancer cells and control cells.  

(Figure 6.3a). However, the expression of RhoA in tumour sample was higher than control 

sample. As shown in Figure 6.3a, cancer (MDA-MB-231) cell shows 0.042 pg/mL of RhoA 

expression while non-cancer sample (HMF) shows 0.024 pg/mL. The difference in expression 

level of RhoA in cancer and non-cancer supports the fact that RhoA is overexpressed in breast 

malignancies. However, it was interesting to note that there was no statistically significant 

difference in expression of RhoA between tumour and control cells.  Overexpression of RhoA 

protein had been reported in many malignancies such as breast, lung, colon, and bladder 

cancers [18, 33]. Also, the protein expression level is greater in more advanced stages than 

those more benign. 

 

6.3.2.2 Quantification of Rac1  

 

The expression of Rac1 displayed a positive correlation as seen with RhoA. As shown 

in Figure 6.3c, Rac1 expression of breast cancer cells (MDA-MB-231) is 0.036 pg/mL and 

control cell (HMF) is 0.023 pg/mL. However, statistical significance between the two cell lines 

was not seen.  

Non-statistical difference between the expression of both RhoA and Rac1 between 

breast-cancer cells and control cells implies that the expression of these RhoGTPases is cancer 
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related. It has been reported that the expression of these GTPases is highly regulated and the 

overexpression of these proteins will occur in cancerous cells [34], but most probably 

overexpresses during the stress on the cancer cells due to the involvement of the Rho pathway 

[35]. RhoGTPase signalling appears to be a response mechanism to the forces exerted on the 

cells by the extracellular matrix [14]. Hence, it is important to attempt to replicate physical 

forces on the cells and quantifying the expression differences in the Rho proteins.  

 

Figure 6.3: ELISA detection of Rho proteins in breast cancer and control cells. (A) The relative 

expression levels of RhoA in breast cancer (MDA-MB-231) and control (HMF) sample. (B) 

The standard curve of the RhoA. (C) The relative expression levels of Rac1 in cancer (MDA-

MB-231) and control (HMF) sample. (D) The standard curve of the Rac1. Standard 

significance was determined by pairwise comparisons between two conditions using a 

Student’s t-test. Error bar represents the standard deviation of the experiments (n=3) [39]. 
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6.3.3 Quantification of RhoA and Rac1 after the application of cyclic strain 

 

To determine whether the expression of Rho proteins is affected by cyclic stretching in 

both breast-cancer and control cells, we examined the relative expression level of RhoA and 

Rac1 before and after stretch. We stretched the MDA-MB-231 and HMF cells for 2 hrs, lysed 

the cells and quantified using ELISA. As shown in Figure 6.4a, we observed that the relative 

expression of RhoA before stretching was 0.042 pg/mL, while after stretching was 

0.109 pg/mL in MDA-MB-231 cells. In HMF cells there was RhoA 0.024 pg/mL before and 

0.050 pg/mL after stretch. Next, we investigated Rac1 expression before and after stretching 

(Figure 6.4b). We observed a similar trend in Rac1 expression in MDA-MB-231, where 

0.036 pg/mL was observed before stretching that increased to 0.075 pg/mL after stretching.  In 

HMF cells there was Rac1 0.023 pg/mL before and 0.036 pg/mL after stretch. The results 

suggested that MDA-MB-231 cells stretched for the prolonged period increased the expression 

of these markers. As shown in Figure 6.4c the expression of the same proteins was not 

reciprocated in control cells. This simultaneous increase of RhoGTPase proteins in both cancer 

and non-control cells made it difficult to differentiate. Although we have previously reported 

that strain forces placed upon cells affect their morphology with a difference more prominent 

in cancer cells [31]. This difference was not clearly reflected in these biomarkers. Low level of 

expressed biomarkers also makes it more difficult to quantify these markers and increases error 

rates to observe a statistically significant difference.   
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Figure 6.4: ELISA detection of RHO markers before and after stretching in MDA-MB-231 and 

HMF cells. (A) The relative expression level of RhoA in breast cancer cell before and after 

stretching. (B) The relative expression of Rac1 in breast cancer cell before and after stretching. 

(C) The relative expression level of RhoA in control cells before and after stretching. (D) The 

relative expression of Rac1 in control cell before and after stretching. Standard significance 

was determined by pairwise comparisons between two conditions using student’s t-test. *, p = 

< 0.05; **, p = < 0.005, ***, p = < 0.0005. Error bar represents the standard deviation of the 

experiments (n=3) [39]. 

 

6.3.4 Time-dependent activation of RhoA and Rac1  

 

 As we observed differences in protein expression between non-stretched and 2 hr 

stretched MDA-MB-231 cells, we increased the stretching time to 4 hrs.  As shown in Figure. 
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5a, we observed the same trend of RhoA expression in the three breast cancer cell lines. There 

is an increased level of the marker in first 2 hr of stretching and interestingly there is sharp rise 

after 4 hr of subsequent stretching. In the same way as shown in Figure 6.5b, the Rac1 level is 

increased in first 2 hr of mechanical strain and sharp increase after prolonged stretch.  

 

Figure 6.5: Time course of activation of RhoA and Rac1 before and after stretching in three 

different types of breast cancer cells compared to the control cell. Different cells were subjected 

to mechanical strain for the time indicated. ELISA was performed to determine the activity of 

RhoA and Rac1 in response to stretching. (A) The quantitation of RhoA activity in different 

cell lines before and after stretching for 2 hr and 4 hr; (B) The quantitation of Rac1 activity in 

different cell line before and after stretching for 2 hr and 4 hr; 5C, D) ELISA detection of 

protein markers before and after stretching for 2 hr and 4 hr of MDA-MB-231, SKBR3, MCF-

7 breast cancer samples and HMF as a control sample; Standard significance was determined 

by pairwise comparisons between two conditions using student’s t-test. *, p = < 0.05; **, p = 

< 0.005, ***, p = < 0.0005.  Error bar represents the standard deviation of the experiments 

(n=3) [39]. 
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6.3.5 Detection of protein markers in multiple cell lines  

 

We extended our assay with two further types of breast cancer cells. We used SKBR3 

and MCF7, compared to normal human mammary fibroblast. These cells were chosen, as they 

are the most common cell lines used in breast cancer studies and offer variety in a cancer type. 

MDA-MB-231 cells are isolated from invasive ductal carcinoma and are both estrogen and 

progesterone receptor negative. MCF-7 cells, on the other hand, are positive for estrogen, 

progesterone and glucocorticoid receptors and retain properties of mammary epithelium. 

SKBR3 cells carry similar properties like MDA-MB-231 cells and just differ in being sensitive 

to All-trans retinoic acid. All the cells were stretched in similar ways. As expected, the RhoA 

results revealed that the signals were much higher in all the cancer samples after prolonged 

stretching i.e 4 hr stretch time. (Figure 6.5c).  We observed that the relative expression of RhoA 

before stretching was 0.042 pg/mL, while after stretching was 0.276 pg/mL in MDA-MB-231 

cells. In SKBR3 cells, the amount of RhoA was 0.026 pg/mL before stretch and 0.159 pg/mL 

after stretch. Similarly, in MCF7 cells there was RhoA 0.026 pg/mL before and 0.237 pg/mL 

after stretch. In the control (HMF) cells the RhoA was 0.024 pg/mL before and 0.075 pg/mL 

after stretch. At the same time as shown in Figure 6.5d, Rac1 results also correlated with the 

previous one. We observed that the relative expression of Rac1 before stretching was 0.036 

pg/mL, while after stretching was 0.266 pg/mL in MDA-MB-231 cells. In SKBR3 cells there 

was Rac1 0.035 pg/mL before and 0.248 pg/mL after stretch. In the same way, in MCF7 cell 

there was Rac1 0.026 pg/mL before and 0.225 pg/mL after stretch. Also, in control (HMF) cell 

the Rac1 was 0.023 pg/mL to 0.058 pg/mL. It is also important to remark that we could easily 

discriminate the signals between cancer and control samples after prolong stretching. It is 

clearly visible that there were not any significant changes after 4 hrs of stretching in control 

sample for both the cases. The significant difference in the expression of these markers is due 

to the activation of the RhoGTPase pathway in cancer. It was interesting to note that both RhoA 
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and Rac1 show very similar trends. This result is in accord with various reports showing that 

RhoA and Rac1 regulate each other to modulate different cell processes. 

 

6.4 Conclusion 

 

In conclusion, we demonstrated that RhoA and Rac1 protein markers were expressed 

more significantly in breast cancer cells compared to control cells. When stretched for a 

prolonged period these breast cancer cells significantly increased the overexpress of the same 

markers when compared to the control cells. It is well known that the overexpression of RhoA 

and Rac1 is linked with carcinogenesis and progression of numerous human tumours. The 

RhoA protein marker has been reported in a number of malignancies such as breast [36], lung, 

gastric [37], colon cancers, while Rac1 has been shown to increase in breast [38] cancer. Rho 

GTPases are now considered a potential therapeutic target for cancer. Our stretching strategy 

could be used for amplifying protein signalling, thus making the assay more sensit ive. This 

would afford a relatively simple, sensitive and inexpensive method to detect cancer protein 

biomarkers. Most importantly, the stretching of malignant cells enhances the precision of the 

assay by leading to overexpression of markers and makes the assay more sensitive. We believe 

that our assay could find potential application in detecting the protein markers by amplifying 

the signal via stretching. This hypothesis offers advantages of amplifying the signal of the 

markers when the signal was too weak to detect. We envisage that our hypothesis is not limited 

to breast cancer but could be widely applied for other human malignancies. This work 

addresses our research question (iii) where we aim to evaluate the differential expression of 

markers in cancer after cell stretching. 
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Chapter 7: RhoA and Rac1 in liver cancer cells: induction of 

overexpression using mechanical stimulation 
 

Abstract 

Liver cancer especially hepatocellular carcinoma (HCC) is the most common and aggressive 

disease with an extremely high mortality rate. Unfortunately, no promising markers are 

currently available for early diagnosis of this disease. Thus, a reliable biomarker reflecting the 

early behaviour of tumour will be valuable for cancer diagnosis and treatment. The Rho 

GTPases have been reported to play an important role in mediating liver cancer based on their 

important function in cytoskeletal reorganization. Rho GTPases are well known for regulating 

cell morphology and intracellular interactions. These proteins can either be oncogenic or 

tumour suppressors. However, they are also associated with the acquirement of malignant 

features by cancer cells. The overexpression of RhoA and Rac1, members of Rho family had 

been linked with carcinogenesis and the progression of different types of cancer. This paper 

evaluates the effect of stretching on expression level of RhoA and Rac1 activity in different 

types of liver cancers. We have reported previously that stretching induces over expression of 

these markers in breast cancer. We observed that stretching liver cancer cells significantly 

increase the expression level of RhoA and Rac1 in HCC and cholangiocarcinoma cell lines. 

This stretching technique adds the benefit to detect the signal of the markers when they were 

too low to be detected. We hypothesize that this relatively simple and sensitive method could 

be helpful to screen biological features and provide suitable treatment guidance for cancer 

patients. 
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7.1. Introduction 

 

Liver cancer is one of the most aggressive malignancies with the estimation of more 

than 31,000 deaths in the year of 2019. Liver cancer is the fifth and the seventh most common 

cause of cancer death for men and women, respectively. The overall death rate has more than 

doubled from 1980 to 2016 [1, 2]. Earlier, liver cancer was most prevalent in Asian and African 

region. However, it’s rapidly becoming more prevalent in Western countries due to hepatit is C 

infection and liver cancer associated with alcohol and non-alcoholic steatohepatitis [3-5]. 

Consequently, liver cancer has been emerging as one of the global health problems.  

Liver cancer is generally classified as primary or secondary types. Primary liver cancer 

originates from the various cells that make up the liver. Hepatocellular carcinoma (HCC), also 

known as hepatoma, is the most common type of liver cancer, accounting for 85% - 90% of 

primary liver cancers. In more than 80% of cases, HCC occurs on a diseased liver because of 

chronic injury [6-8]. Cholangiocarcinoma, more commonly known as bile duct cancer, 

develops in the small, tube-like bile ducts in the liver. Bile duct cancer accounts for 

approximately 10% to 20% of all liver cancers [9]. Developments in the diagnosis and 

management of HCC have significant impact on patients who are at risk of developing HCC.  

Currently, several methods have been put forth for the diagnosis of HCC. Serological 

markers such as total alpha-fetoprotein (AFP), Lens culinaris agglutinin-reactive AFP (AFP-

L3) and protein induced by vitamin K absence or antagonist-II (PIVKA-II) are available. Also 

imaging studies such as ultrasound, Computerised Tomography (CT) scans, Hepatic 

Angiography, Magnetic Resonance Imaging (MRI) have been used to diagnose liver cancers 

[10]. Liver biopsy is still considered as a gold standard technique for the diagnosis of liver 

cancer. However, this technique is highly invasive and carries great injury risks. Recent 

developments in diagnostic modalities such as imaging technologies, serum markers have 

improved the rate of early detection. However, HCC is still one of the major carcinomas with 
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the higher mortality. Thus, reliable biomarkers reflecting the early behaviour of tumour will be 

valuable for the diagnosis and treatment of liver cancer. 

Rho GTPases are a subfamily of small G proteins and are associated with the 

acquirement of malignant features by cancer cells. They play important roles in actin 

reorganization and cytoskeletal arrangement that are essential to cell movement. Recently, 

these proteins have been considered as a cancer related biomarker [11-13] [14]. Rho GTPases 

regulate the cell morphology through cytoskeleton and participate in the regulation of cell 

polarity, migration and proliferation of cancer cells [15]. The extensively explored members of 

this family are RhoA, Rac1 and Cdc42 [16, 17]. RhoA, the first member of this family, is 

activated by mechanical stress, ROCK or mammalian Diaphanous. Rac1, another member of 

the family, is also activated by mechanical stimuli and affects cyclic stretching-induced cells 

and stress fibres reorientation.  

Rho proteins have been shown to be involved in the regulation of cellular adhesion as 

well as in malignant transformation [18]. Rho A helps in the formation of stress fibres and focal 

adhesions of cells. Rac1 plays an important role in regulating actin cytoskeleton by activating 

p21- activated kinases, promoting cell proliferation through MAPK system. These functions of 

RhoA and Rac1 becomes crucial for tumour initiation, angiogenesis, invasion and metastasis. 

Thus, the potential role of RhoA and Rac1 in tumour development has attracted a great deal of 

attention from the research community of cancer biology [19, 20]. Furthermore, the previous 

reports have described high levels of expression of the RhoA protein in colon, breast, and lung 

cancer, suggesting that RhoA plays an important role in the invasive process of neoplasm [21]. 

Furthermore, the elevated expressions of Rac1 has been detected in various types of cancer 

such as gastric, breast, esophageal, lung, gallbladder, hepatocellular, and ovarian cancer [13]. 

RhoGTPases, activating protein are most extensively studied in HCC [22]. 
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High interaction of RhoGTPase with the extracellular matrix (ECM) also reiterates that 

they are involved in synthesis of ECM via mechanical signal transduction [23].  ECM is highly 

involved in cancer due to penetrating cells; these cells continuously express the RhoGTPases 

to counteract the strain induced by ECM. Probing these forces in breast cancer by simulating 

the ECM force has supported the hypothesis that more GTPases are released by applying strain 

to cells.  

In this study, we report an expression level of Rho A and Rac1 in liver cancer cells by 

using a magnetically actuated cell stretching device. The cells were seeded in a cell stretching 

device inducing the protein expression and subsequently quantified by using ELISA. Earlier, 

we test the method and reported on breast cancer cell lines. Herein, we used four different types 

of liver cancer cells, such as PLC/PRF/5, HepG2, SNU 245 and Hep 3B cell lines. We found 

that this assay platform can amplify the protein signalling in liver cancer cells, which gives 

simple and sensitive method to detect liver cancer protein biomarkers.  

 

7.2. Materials and Methods 

7.2.1 Mechanical cell-stretching device 

 

The electromagnetic actuated polydimethylsiloxane (PDMS) device had been 

explained previously by Yadav et al. [24].[25] Briefly, the platform consists of four primary 

components: (i) a PDMS device with embedded permanent magnets (PMs), (ii) a holding clip 

of the static strain condition, (iii) a mounting stage with electromagnets for cyclic strain 

conditions and (iv) a deformable 200-µm thick membrane. Firstly, the PDMS device was 

cleaned with isopropanol and de-ionized (DI) water. The deformable membrane with a 

thickness of 200 μm was bonded at the bottom of the device after a treatment with oxygen 

plasma for 45 s followed by 1 h curing at 80 °C in a vacuum oven to ensuring proper bonding. 

The electromagnet is controlled by a programmable DC power supply and serves as the 



 
 

158 
 

actuator in the system. In a typical experiment, cyclic stretching was achieved via a linear stage 

driven by a computer-controlled system. Cells are seeded on the deformable membrane and 

incubated as explained in the next section. 

 

7.2.2 Culturing of cell on the Stretching Device 

 

All the liver cancer cell lines (PLC/PRF/5, Hep G2, SNU 245, and Hep 3B) were 

obtained from the American Type of culture Collection (ATCC). All cancer cells are 

hepatocellular cancer cells except for SNU 245, which is a cholangiocarcinoma cell line. The 

cells were grown and maintained in DMEM/F12 (Gibco, Thermo Fisher Scientific, Waltham, 

MA, USA) medium with 10% foetal bovine serum (FBS) and 1% Penicillin/Streptomycin. All 

the cells were cultured in T75 flasks at 37 ºC in a humidified atmosphere with 5% CO2. The 

device was sterilised with 80% ethanol and washed three times with sterile 1X Hank’s balanced 

salt solution (HBSS) followed by Ultraviolet (UV) irradiation for 30 mins. Before seeding, the 

device was treated with 400 µL of DMEM-F12 media and incubated for one hour to further 

enhance its biocompatibility. For seeding, 80% confluent cells were harvested and counted 

with a hemocytometer. The total number of 75,000 cells were seeded into the device and was 

incubated for 24 hrs to achieve the optimal adherence and growth of the cells on the membrane. 

After incubation, the cells were washed three times with HBSS, and 400 µL of media was 

added. The mechanical strain was then applied, as described in Section 7.2.3. 

 

7.2.3 Application of Strain on the Cells 

 

The device was placed on the cell-stretching platform and kept in a 5% CO2 

environment at 37oC to maintain the physiological temperature. As optimized in our previous 

studies, cyclic stretching was applied to the cells with 1.4% strain at 0.01 Hz and 50% duty. 



 
 

159 
 

The strain was applied over two different time instances, i.e. 2 hr and 4 hr, followed by 

preparation for ELISA analysis (section 7.2.4). 

 

7.2.4 Cell lysis 

 

The cells were washed and trypsinised after application of required strain on the cells. 

The cells were subsequently centrifuged, pelleted and counted before chemical lysis. The cells 

were lysed by using 1% NP-40, 20 mM EDTA, 50 mM Tris-HCl pH 7.5. After 30 min 

incubation on ice, the lysate was centrifuged at 5000 RPM for 5 min to pellet cell debris. The 

supernatant was collected and stored at -20oC for the ELISA as follows. 

 

7.2.5 Measurement of RhoA and Rac1 by Enzyme-linked immunosorbent assay 

(ELISA) 

 

RhoA 

Levels of RhoA were determined using the Ras Homolog Gene Family, Member A 

(RhoA), ELISA Kit from MyBioSource, Inc. San Diego, California, USA. The samples were 

prepared according to the manufacturer’s instructions. Briefly, cells were lysed as explained in 

section 7.2.4. A volume of 100 µL of cells were then added (100 µL/well) to 96 well pre-coated 

plates and incubated for 1 hr at 37ºC followed by 100 µL of detection reagent A and incubated 

for 1 hr at 37ºC.  After the subsequent washing the plates for 3 times, 100 µL of detection 

reagent B was added and incubated for 30 mins at 37ºC. The plates were washed and 90 µL of 

horseradish peroxidase (HRP) substrate solution was added, and the plates were further 

incubated for 20 mins. The enzyme-substrate reaction was terminated by the addition of stop 

solution and the colour change was measured using a microplate reader (SpectraMax) at a 

wavelength of 450 nM. The concentration of RhoA in the samples were determined by 

comparing the O.D of the samples to the standard curve. 
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Rac1 

Levels of Rac1 were determined using the Ras Related C3 Botulinum Toxin Substrate 

1 (Rac1), ELISA Kit (MyBioSource, Inc. San Diego, California, USA). The samples were 

prepared according to the manufacturer’s instructions. Briefly, the cells were lysed using the 

cell lysis buffer. The cells were then added (100 µL/well) to 96 well pre-coated plates and 

incubated for 1 hr at 37ºC followed by 100 µL of detection reagent A, and then incubated for 

1 hr.  After subsequent washing for 3 times 100 µL of detection reagent B was added and 

incubated for 30 mins. The plates were washed for 3 times and 90 µL of HRP substrate solution 

was added and the plates were incubated for a further 20 mins. The reaction was stopped by 

adding 50 µL of stop solution. Optical density was determined using a microplate reader 

(SpectraMax) at 450 nM. The concentration of Rac1 in the samples were determined by 

comparing the O.D of the samples to the standard curve. 

 

7.2.6 Statistical analysis 

 

Statistical analysis of all experiments was performed using Prism 7 software (GraphPad 

Software, San Diego, CA). All data are shown as the mean ± standard error of the mean for 

three technical replicates. The concentration of RhoA and Rac1 was normalised against the cell 

count.   
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Figure 7.1: Schematic representation of the assay for the analysis of RhoA and Rac1 protein 

markers in liver cancer cells. The liver cancer cells were seeded in the magnetically actuated 

cell stretching device. The device was placed on the cell stretching platform and cyclic 

mechanical strain was applied. The cells were lysed chemically and released protein 

biomarkers were collected. The levels of markers released before and after stretching were 

quantified by using ELISA. 

 

7.3. Results and discussion  

Three HCC cell lines (PLC/PRF/5, Hep G2, and Hep 3B) and one cholangiocarcinoma 

cell line (SNU 245) were subjected to mechanical stretch and lysed as per the workflow 

illustrated in Figure 7.1. Briefly, the confluent culture of cells was seeded on the thin 

deformable membrane of PDMS device. The device was kept in an incubator for 24 hrs under 

normal cell culture conditions i.e. 37ºC, 5% CO2, 95% humidity to maintain the optimum 

environment. The device was placed on the stretching platform and cyclic stretching was used 

to introduce mechanical stress to the cells. After stretching, the cells were washed, typsinized 
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and counted. The number of cells seeded in the device was 75,000 however only 10,000 

survived after prolonged stretching.  

All the viable cells were collected after the stretching to release the protein biomarkers 

from the cells. The RhoA and Rac1 are intracellular markers and hereafter membrane 

disruption is required to release them into the sample for further quantification by ELISA. A 

variety of disruption methods are available for cell lysis, and a few of these methods were 

tested. Freeze-thaw method is one of the traditional methods for cell lysis which involves 

freezing a cell suspension in dry ice then thawing the material to room temperature or 37ºC. 

However, in our experiment heating within a sample led to protein denaturation and 

aggregation. Another potential option for cell lysis was sonication technique. A sonicator uses 

pulsed, high-frequency sound waves to agitate the cells. However, this technique also produced 

cell debris and aggregation, therefore, was not pursued. The mild surfactant NP-40 has an 

ability to disrupt the cells’ hydrophobic-hydrophilic interactions. NP-40 is popular buffer for 

studying proteins that are cytoplasmic or membrane-bound. Chemical disruption of cells using 

NP-40 we found was the best method for releasing RhoA and Rac1from the cell after testing 

three different lysis techniques. The stretched cells were lysed using NP-40 as explained in 

section 2.4. The supernatant with protein markers were collected for further quantification by 

ELISA. 

 

7.3.1 Detection of RhoA and Rac1 

 

The levels of the released markers RhoA and Rac1 were detected using ELISA. The 

samples were added to the appropriate microplate wells with a biotin- conjugated antibody 

specific to RhoA and Rac1. Next, avidin conjugated to HRP was added to each microplate well 

and incubated. After TMB substrate solution was added, only those wells that contain RhoA 

and Rac1, biotin-conjugated antibody and enzyme-conjugated avidin will exhibit a change in 
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colour. The enzyme-substrate reaction was terminated by the addition of sulphuric acid solution 

and the colour change was measured spectrophotometrically at a wavelength of 450 nm. The 

concentration of RhoA and Rac1 in the samples were determined by comparing the O.D of the 

samples to the standard curve. 

 

Figure 7.2: ELISA detection of RHO markers before and after stretching in liver cancer cell. 

(A) The relative expression level of RhoA in PLC/PRF/5 cancer cell before and after 2 hr 

stretching. (B) The standard curve of the RhoA. (C) The relative expression level of Rac1 in 

PLC/PRF/5 cancer cell before and after 2 hr stretching. (D) The standard curve of the Rac1. 

Error bar represents the standard deviation of the experiments (n=3). 

 

 

7.3.2 Difference between the level of RhoA and Rac1 before and after the application of 

cyclic strain 

 

The difference in expression level of Rho proteins before and after stretching in breast 

cancer cells had already been perceived. So, to determine whether the expression of RhoA 
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protein of liver cancer cells is also affected by cyclic stretching, we examined the relative 

expression level of RhoA before and after stretching of HCC cell line. We stretched the 

PLC/PRF/5 cells for 2 hrs, lysed the cells and released the RhoA markers and quantified using 

ELISA. As shown in Figure 7.2a, we observed that the relative expression of RhoA before 

stretching was 0.05 pg/ml, while after stretching was 0.15 pg/ml. The previous reports have 

described high levels of expression of the RhoA protein in colon, breast, and lung cancer, 

suggesting that RhoA plays an important role in the invasive process of neoplasm [24]. It is 

important to remark that there is clearly visible difference in expression level of RhoA after 

applying mechanical strain to the cells. 

 Next, we investigated the Rac1 expression level before and after stretching the 

PLC/PRF/5 cells. Figure 7.2c shows a similar trend of expression in HCC cell line. There was 

0.015 pg/mL Rac1 before stretching and increased up to 0.03pg/mL. The expression level of 

both markers was increased after 2 hr of stretching, however, the difference was not clearly 

reflected within this time frame. Low level of expressed biomarkers makes it difficult to 

quantify and increase the error rates to observe a significant difference.  

 

7.3.3 Time dependent activation of RhoA 

 

We observed the differences in protein expression between before stretching and after 

2 hr stretching in PLC/PRF/5 cells. We continued to stretch the cells for 4 hrs to observe the 

time dependent activation of RhoA. Figure 7.3a shows the same trend of protein expression in 

four different types of liver cancer cells. Initially, there is a rise after first 2 hr of stretching, 

and interestingly there is a severe increase after prolonged stretching time. 
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Figure 7.3: Time course of activation of RhoA before and after stretching in four different types 

of liver cancer cells. Different cells were subjected to mechanical strain for the time indicated. 

ELISA was performed to determine the activity of RhoA in response to stretching. (A) The 

quantitation of RhoA activity in different cell lines before and after stretching for 2 hr and 4 

hr; (B) ELISA detection of protein markers before and after stretching for 2 hr and 4 hr of 

PLC/PRF/5, Hep G2, Hep 3B and SNU 245 liver cancer samples. Error bar represents the 

standard deviation of the experiments (n=3). 
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7.3.4 Detection of RhoA in multiple cell lines 

 

Along with PLC/PRF/5 cells, we extended our assay with two more HCC cell lines 

(Hep G2, and Hep 3B) and one cholangiocarcinoma cell line (SNU 245). HCC is the main 

primary malignancy of the liver and one of the most common and aggressive cancers 

worldwide. PLC/PRF/5 (Alexander) cells is a human liver cancer cell line which synthesizes 

hepatitis B virus antigen (HBsAg). These cells are isolated from primary liver carcinoma. Hep 

G2, is an immortal cell line that was derived from the liver tissue of a 15-year-old American 

adolescent boy with a well differentiated hepatocellular carcinoma. Hep G2 responds to 

stimulation with human growth hormone. Hep 3B cell is human liver cancer cell and are 

derived from an 8-year-old male. Cells contain integrated Hepatitis B virus genome. 

Cholangiocarcinoma is a group of cancers that begin in the bile ducts. Bile ducts are branched 

tubes that connect the liver and gallbladder to the small intestine. As it occurs in part of the bile 

ducts within liver, it is also classified as a type of liver cancer. SNU-245 cell is established 

from primary tumour samples taken from Korean patients. This cell line is isolated from 

extrahepatic bile duct cancers [26]. 

 All the cells were cultured and stretched in similar ways. As noticed earlier, RhoA 

expression level was much higher in all liver cancer cells after prolonged stretching i.e 4 hr 

stretch time (Figure 7.3b). We noted the relative expression level of RhoA before stretching 

was 0.015 pg/mL however after stretching it increased up to 0.44 pg/mL in PLC/PRF/5 cells. 

In Hep G2 cells, there was 0.08 pg/mL before and 0.81 pg/mL after stretching.  In the same 

way, in Hep 3B cells there was 0.05 pg/mL before and 0.40 pg/mL after stretching. Similary, 

in the cholangiocarcinoma cell line SNU-245, there was 0.051 pg/mL before and 0.42 pg/mL 

after stretching. As we can see in the figure, there is a dramatically increase in Gep G2 cell line 

after stretching when compared to other cells. This significant difference in the expression level 

of RhoA protein marker is due to the activation of RhoGTPase pathway in cancer. 
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Figure 7.4: Time course of activation of Rac1 before and after stretching in four different types 

of liver cancer cells. Different cells were subjected to mechanical strain for the time indicated. 

ELISA was performed to determine the activity of Rac1 in response to stretching. (A) The 

quantitation of Rac1 activity in different cell lines before and after stretching for 2 hr and 4 hr; 

(B) ELISA detection of protein markers before and after stretching for 2 hr and 4 hr of 

PLC/PRF/5, Hep G2, Hep 3B and SNU 245 liver cancer samples. Error bar represents the 

standard deviation of the experiments (n=3). 
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7.3.5 Time dependent activation of Rac1 

 

We observed the differences in Rac1 protein expression between before stretching and 

after 2 hr stretching in PLC/PRF/5 cells. Next, we stretched four different types of liver cancer 

cells for 4 hrs to observe the time dependent activation of Rac1. As shown in Figure 7.4a, the 

Rac1 level was increased in initial 2 hr of stretching and there was remarkable increase after 

prolonged stretching. Interestingly, both RhoA and Rac1 showed a very similar trend.  

 

7.3.6 Detection of Rac1 in multiple cell lines 

 

As explained in section 7.3.4, we extended our assay with two more HCC cell lines 

(Hep G2, and Hep 3B) and one cholangiocarcinoma cell line (SNU 245) for Rac1 detection. 

We observed the relative expression of Rac1 before stretching was 0.01 pg/mL and after 

stretching was 0.18 pg/mL in PLC/PRF/5 cells. Similarly, in Hep G2 cell there was 0.01 pg/mL 

before and 0.13 pg/mL after stretching. Also, in Hep 3B, there was 0.01 pg/mL before and 

0.12 pg/mL after stretching. In the same way, cholangiocarcinoma cell SNU-245 0.01 pg/mL 

before and 0.08 pg/mL after stretching. It is important to remark that we could easily 

discriminate between the expression level before and after stretching in cancer cells. It is clearly 

visible that the expression level before stretching was very low which is too weak to be detected 

however, there is drastic increase in expression level after applying mechanical strain. It was 

also interesting to note that both RhoA and Rac1 show very similar trends. 

 

7.4. Conclusion 

In conclusion, RhoA and Rac1 protein markers were expressed in liver cancer cells. 

However, these protein markers are overexpressed when the malignant cells are stretched for 

prolonged period. Earlier, we have reported that RhoA and Rac1 markers are significantly 

overexpressed in breast cancer cells as compared to control cells. This result corelates with the 
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earlier studies that stretching the malignant cells enhances the expression of these markers. The 

study also suggests that these markers are not limited to only breast cancer but are suitable to 

use as a diagnostic biomarker for liver cancer cells as well. The RhoA protein marker was 

found to be significantly overexpressed in various cancers including HCC, breast, lung, colon, 

head and neck, testicular and bladder cancers [22]. At the same time, elevated expressions of 

Rac1 have been detected in various types of cancer (gastric cancer, breast cancer, esophageal 

cancer, lung cancer, gallbladder cancer, hepatocellular cancer, ovarian cancer [21]. In addition 

to the role of potential therapeutic, these protein expressions are good biomarkers for 

monitoring the stage of tumour progression. Our stretching strategy could be helpful to screen 

biological features and provide suitable treatment guidance for cancer patients. This technique 

could be used for amplifying protein signalling and enhance the assay sensitivity. Above all, 

this would afford sensitive, simple and inexpensive method to detect liver cancer biomarkers. 

We believe that this study offers advantage of amplifying signals when the signal was tough to 

be quantified. This work addresses our research question (iii) where we aim to evaluate the 

differential expression of markers in cancer after cell stretching. 
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Chapter 8: Conclusions and future perspectives 
 

8.1 Conclusions 

The overall focus of this thesis was to design and develop simple, inexpensive and 

accurate platforms for early detection of cancer. This present PhD research was successful in 

developing two different approaches for early diagnosis of cancer, which is the second largest 

killer in the world with 18.1 million new cases per year. Statistics shows that incidence rates 

of cancer remain highest in developed countries, but mortality is relatively higher in developing 

countries due to lack of access to early detection and treatment facilities. Easily accessible and 

low-cost detection methods for cancer would be transformative in early detection and hence 

better patient outcomes in both developed and developing worlds. Early diagnosis of cancer is 

crucial for decreasing the morbidity and mortality from this disease. Early diagnosis proves to 

be one of the most promising approaches to reduce the growing cancer burden. 

Chapter 1 of this thesis provides the background and summarises the specific 

motivation for the research work presented in the subsequent chapters. Chapter 2 provides a 

critical review on autoantibodies as diagnostic and prognostic cancer biomarkers emphasizing 

detection techniques and approaches. The extensive literature review presented in chapter 3 

provides insights into biophysical properties of cells for cancer diagnosis and details on 

mechanotransduction in cancer. The different approaches for cancer diagnostics and detection 

described in this thesis are summarised in Table 8.1. The specific summaries of each chapters 

are described in the following sections. 
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Table 8.1: Overall structure of the thesis 

Literature Chapters 

Chapter 1 General introduction of thesis.  

Background and motivation of the research work. 

Chapter 2 Critical review on autoantibodies as diagnostic and prognostic cancer biomarkers emphasizing detection techniques and 

approaches. 

Chapter 3 Literature review on understanding of biophysical properties of cells for cancer diagnosis and provides a detail on 

mechanotransduction in cancer. 

Experimental Chapters 

 Methodology used Cancer type Target Output 

Chapter 4 Nanoparticles based capture 

with readout on 

electrochemical/optical 

platform 

Colon cancer Autoantibodies against p53 

tumor antigens 

Rapid, sensitive and specific method 

with limit of detection 0.02 U mL -1 

Visual qualitative detection of TAAs  

Chapter 5 Cell stretching & 

Microscopy 

 

Breast cancer Morphological changes of 

cells 

Cancer cell increased rearrangement of 

actin microfilament.  

Cancer cell decrease roundness and 

increase length 

Chapter 6 Cell stretching & ELISA  

 

Breast cancer 

(3 types) 

Protein biomarkers:  

RhoA and Rac1 

Expression of RhoA and Rac1 was 

amplified after stretching in cancer cells. 

Chapter 7 Cell stretching & ELISA  

 

Liver Cancer 

(3 types) 

Protein biomarkers:  

RhoA and Rac1 

Expression of RhoA and Rac1 was 

amplified after stretching in cancer cells. 

 

Chapter 8 Conclusions and future perspectives 
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8.1.1 Diagnostic approach based on autoantibody in cancer based on nanoparticles 

Chapter 4 focusses on the development of cancer diagnostics by detecting 

autoantibodies against tumour associated antigen (TAAs). In this study, gold embedded 

magnetic nanoparticles was used and had been functionalized with the tumour antigen p53. 

The p53 conjugated nanoparticles were dispersed into the serum of colon cancer sample, where 

they bound to p53 specific autoantibodies. In this process, gold loaded nanoparticles acts as a 

vehicle for capturing autoantibodies present in serum. The measurement was carried out by 

electrochemical detection technique and the limit of detection was noted as 0.02 U ml-1. The 

developed method was relatively rapid, sensitive and specific for the analysis of p53 specific 

autoantibodies. In addition, spectrophotometric and visual (naked-eye) measurements for rapid 

autoantibodies detection was done. The naked-eye evaluation discriminates between the 

presence/absence of autoantibodies using visual observation and presents a great potential for 

applications in resource-limited setting, where sophisticated scientific instruments are not 

available. Naked-eye evaluation also has additional advantages as a first-pass screening test 

and can be easily integrated onto a low cost POC device, and primarily applied for screening a 

large population for potential cancer [1].  

 

8.1.2 Diagnostic approach for cancer based on biophysical properties of cells 

Tumour mechanics, especially tissue rigidity has been considered as a crucial aspect of 

tumour progression and metastasis. Chapter 5 provides the hypothesis that the rigidity of the 

cells is different in cancer from non-cancer cells. Measured cell stiffness is a potential 

biomarker for possible metastasis of cells. In this study, electromagnetic cell stretching device 

was used to apply cyclic strain onto the cells. The effects of stretching forces on cancer cells 

was evaluated by morphological analyses. Mechanical force applied to cancer cells increased 

the rearrangement of actin microfilament and enhanced their expression. Cancer cells were also 
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observed to reduce their roundness (as determined by perimeter: area), increasing their length 

and forming filopodia in the initial stretching cycle. However, due to the increasing rigidity of 

the cells, the cells undergo apoptosis in later stretching cycles. These morphological changes 

were unique to breast cancer (MDA-MB-231) cells as compared to the non-cancerous control 

(HMF). The work presented in this chapter suggested that the rigidity measured with the cell 

stretching platform can serve as an indicator of the cancer status of cells. These biophysical 

properties of the cells will be most helpful in determining whether the cells will undergo 

metastatic transition, as biophysical clues are present long before the onset of cancer [2]. 

 

8.1.3 Measurement of protein biomarkers  

RHO GTPases are the group of proteins involved in regulating cell morphology and 

intracellular interactions. The overexpression of protein markers of Rho family members such 

as RhoA and Rac1 is linked with carcinogenesis and the progression of a variety of human 

tumours. In chapter 6 and 7, similar stretching device as reported chapter 5 had been used to 

induce mechanical stimuli to the cells. In this work, the effect of stretching on the expression 

of RhoA and Rac1 had been studied using ELISA (Enzyme Linked Immunosorbent assay). 

The experimental result suggested that stretching cancer cells induces significantly higher 

expression of RhoA and Rac1 markers as compared to non-stretched cells and stretched control 

cells in vitro. This stretching strategy indicates the ability to detect and quantify the signal when 

it normally is too weak to be detected. The major advantage of this platform was the 

enhancement of the assay by overexpression of the markers making it more sensitive. The study 

presents a relatively simple, sensitive and inexpensive method to detect cancer protein 

biomarkers. We envisage that this hypothesis is not only limited to breast and liver cancer but 

could be widely applied to other human malignancies [3]. 
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 Overall, the thesis proposes two novel platforms for early detection of cancer. The first 

platform was to capture the autoantibodies against TAAs by using gold embedded 

nanoparticles. The second platform was based on the unique biophysical properties of tumour 

microenvironment as a potential target of cancer diagnosis. The developed methods serve as 

tool for simple, inexpensive and accurate platforms for early diagnosis of cancer. However, the 

study has few limitations. First, only one type of marker was used to capture the autoantibodies. 

The approach could be improved with a combination of multiple markers to further increase 

the overall sensitivity. Second, only two protein biomarkers data had been analysed in our cell 

stretching assay. However, there are multiple response markers for mechanical stress. Third, 

lack of enough patient sample may lead to an underestimation of the strength of the proposed 

assay. Therefore, future research could be beneficial to the body of knowledge in this field. 

 

8.2 Future perspectives 

Apart from delivering the novel approaches for early cancer diagnosis, the works 

conducted in this thesis have also opened new avenues for further research. Firstly, future 

studies should aim to replicate results in large cohort of clinical samples. This could potentially 

improve the comprehensive understanding of the developed technologies in clinical settings. 

 In addition to the protein biomarkers used in chapters 6 and 7, more biological markers 

such as mRNA could be measured to further evaluate the effect of stretching. This future work 

could identify more sensitive biomarkers with higher specificity. Furthermore, future 

investigations with increased number of cell types are necessary to validate the conclusions 

drawn from this study. Finally, programmable 3D cell stretching devices could be developed. 

These new device concept which could have vast application in clinical settings as 3D cell 
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culture platforms are available and are more representative of the actual tumour 

microenvironment [4]. 

There is also an opportunity to combine the advantages of both biophysical (cell 

stretching) and immunological (autoantibodies) technologies. Biophysical techniques provide 

information on very early cancer detection as it can elucidate the progression of cell towards 

cancer [5]. On the other hand, autoantibodies provide specificity for cancer as the antibodies 

are directed against the cancer cells [6]. Combining these two technologies will provide a tool 

that have predictive and diagnostics value. In principle, a cell could be tracked from its 

differentiations towards cancer till structural changes are sensed by the immune system. An 

ideal model for the combined technology would be an in-vivo system [7] where the cells will 

be applied with the stretching forces. The response of the immune system will be accordingly 

recorded and evaluated accordingly. 
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