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An Introduction to Cancer Biomarkers 1
Muthaiyan Lakshmanakumar, Arockia Jayalatha JBB, and
Noel Nesakumar

Abstract

Cancer is the abnormal growth of cells due to the accumulation of changes in the
genetic program that regulates the proliferation, growth and survival of cells. The
impact of cancer on society is huge and hence, rapid, efficient and reliable
detection is deemed essential in cancer management since it can lead to successful
medical strategies, reduce treatment expenses and dramatically improve patient
outcomes and survival rate. In this context, the barriers to cancer diagnosis and
various approaches, including ultrasound, thermography, X-ray, tissue biopsy
and optical techniques, pertaining to cancer detection are elucidated in this book
chapter, with a special focus on how analytical techniques help clinicians detect
cancers at an early stage. The merits and demerits of these analytical techniques
for detecting cancers are also discussed in this book chapter. Finally, advances in
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biotechnology science that have contributed to the development of biosensors for
cancer detection are outlined.

Keywords

Cervical cancer · HPV · DNA · Cancer diagnosis · X-ray

1.1 Introduction

Cancer is the abnormal growth of cells due to the accumulation of mutations in the
genetic program that regulates the proliferation, growth and survival of cells
[1, 2]. When cancer metastasizes, the tumour starts spreading beyond the primary
site and rapidly spreads throughout the body to several other organs, making it
untreatable. There are more than 200 different types of cancer, including leukaemia,
colon, skin, hematologic, ovarian, breast, prostate lung cancer and more. Also, a few
cancers such as cervical and stomach cancer are directly linked to viral and bacterial
infections, respectively [3, 4].

Cancer is considered as the second most common cause of death worldwide. The
World Health Organization (WHO) report indicates that the number of cancer-
related deaths in 2014 was nearly 1.3 million in the European Union and in 2015,
around 8.8 million people worldwide died of cancer. In the year 2014, the average
mortality rate in the European Union was almost 261.5 per 100,000 people, which
was significantly lower than the mortality rate for heart diseases; however, higher
than the average mortality rate for several other causes of death. It is also predicted
that during the lifetime of men and women, 38.4% of men and women worldwide
will be diagnosed with cancer, according to the National Institutes of Health. About
1.1 crore people are expected to develop cancer each year and it is predicted that 1.6
crore people will be diagnosed with cancer by 2020 [5, 6].

The impact of cancer on society is huge and hence rapid, efficient and reliable
detection is deemed essential in cancer management since it can lead to successful
medical strategies, reduce treatment expenses and dramatically improve patient
outcomes and survival rate. Cancer is an extremely heterogeneous disease that
presents a wide variety of genetic and morphological variations that in turn shapes
its prognosis in clinical practice. In particular, cancers develop gradually over time in
response to specific exogenous and/or endogenous stimuli. Cancer can indeed be
described as a breakdown in the communication network of cells. The genetic
changes lead to modified proteins which induce stimuli that interact with normal
cellular pathways. Early diagnosis of cancer is a political and public concern and
primary care is the preferred framework for this to happen. Advancements in the
early diagnosis of cancer have led to a need for improved cancer screening tests,
preferably those that can be used in primary care. Nevertheless, continuous and
extensive work in the development of new biomarkers and other assessments has had
a positive impact on the prognosis and evaluation of patients previously diagnosed
with the disease. In particular, there are few advantages to enhance the accuracy and
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promptness of cancer diagnosis in cancer patients who typically have symptoms. A
broad variety of screening tests could be beneficial. A wide variety of stakeholders,
including industry, investors, health care professionals, policymakers and customers,
have recognized this great challenge to improve the accurate diagnosis of cancer
[7, 8].

Cervical cancer, induced by the exponential proliferation of cells in the cervix, is
one of the deadliest illnesses that requires extensive research in the field of biosensor
for ultra-low detection of biomarkers specific to cervical cancer. The human papil-
lomavirus (HPV) induces cervical cancer, which is a common sexually transmitted
disease that affects the female reproductive system. Cervical cancer has become the
leading cause of death after breast cancer, which has affected the socialization of the
working environment of women. With operational excellence in diagnostic
techniques and vaccination strategies in developed countries, the rapid recognition
of early stage cervical cancer in women living in resource-limited settings with
adequate medication has become a crucial requirement. At first glance, HPV may
appear to be a genetically engineered cancer-causing machine, but, of the 150 HPV
genotypes identified, only a few are high risk or oncogenic. Although in many
HPV-infected patients the virus is rapidly removed through their own immune
response, some people could be asymptomatic as the virus remains in an inactive
state, and several other infected individuals may develop recurrent infections
[9, 10]. Several attributes, including localization, spread, size and lesion type,
determine the degree of HPV infection and assist clinicians to choose the correct
treatment. Cervical cancer is usually curable if diagnosed and treated early, but in
later stages, the cancer spreads throughout the body to the remaining part of the
abdominal walls, rectum, bladder and uterus and eventually enters the pelvic lym-
phatic system, affecting other organ systems and resulting in death. Therefore, it is
highly desirable to diagnose cancer at an early stage and to plan for effective drugs.
Traditional histological techniques have poor accuracy and efficacy in the early
detection of cancer, although they are time intensive. It is therefore essential to
develop innovative tools for the rapid recognition of specific biomarkers and for
monitoring therapeutic responses. Electrochemical techniques explore innovative
ways to operate quickly and selectively, as cells immobilized on the surface of the
electrode can generate electrochemical signals that can be beneficial in the design
and fabrication of effective biosensors. The oxidation process and the ion changes
that take place owing to distinct cellular functions result in the generation and
transfer of electrons at the surface of living cells, and therefore, the living cell is
considered to be an electrochemical system. Conversely, there are also many sensors
available in the market to recognize the types of HPV. In particular, CLART®human
papillomavirus 2, clinical arrays®HPV, INNO-LiPA, PapilloCheck®, linear array®,
digene HC2 high-risk HPV DNA and COBAS®4800 are the main commercially
exploited biosensors that provide enhanced sensitivity for ultra-low detection of
pre-cancerous lesions and HPVs in human blood serum samples. Besides that, the
techniques listed have shortcomings, including sophisticated equipment, the need for
trained personnel, high response time and consumption of expensive reagent [11–
13]. Therefore, despite the various drawbacks of established detection techniques, it
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is essential to design and develop an effective advanced analytical tool for the
recognition of HPV with high selectivity and improved sensitivity.

The obstacle in the diagnosis and monitoring of cancer is to identify these
proteins, renegade genes as well as other biochemical compounds, including
cancer-related biomarkers at a very initial stage. Healthcare professionals had
recognized cancer according to its pathology before molecular detection was feasi-
ble, which is associated with its appearance under the microscope of tissue sections
of the patient [14–16]. Early detection and selective drugs are the existing practical
strategies that impact the lives and health of cancer sufferers. Conversely, prior to the
actual onset of the disease, rapid, inexpensive and robust diagnosis of cancer
markers in human blood and other such bioavailable fluids makes it possible to
study the development of tumour. Conversely, significant advancements with an
in-depth understanding of the growth of tumour at the cellular, molecular and genetic
levels help to develop accurate diagnostic methods to identify cancer markers at
the molecular level. Substantial developments have been achieved in the identifica-
tion of human tumours over the past decade [17–19]. Because of the expertise gained
from emerging fields including molecular imaging, metabolomics, proteomics and
genomics, cancer cells can now be characterized at genetic and molecular levels via
employing advanced molecular tools, including protein and gene chips, mass spec-
troscopy and positron emission tomography. Molecular detection can assess how
well these proteins and genes communicate through patterns of activity within the
cell [20–23]. Such altered expression patterns in various kinds of cancer cells or
“molecular fingerprints” enhance the potential for doctors to diagnose cancer.
Molecular changes in cancer cells can be analysed by examining the sequence and
genetic information of deoxyribonucleic acid (DNA) and the levels of metabolic
products and proteins. The gene expression patterns and the number of copies of
DNA, in particular, are key characteristics for the identification of cancer cells. The
advances in DNA array technology have enabled reliable and quantifiable
measurements of alterations in gene expression and chromosomal gains in human
tumours [24, 25]. The individual tumour cell can be characterized by unique
molecular specifics in conjunction with specific gene sequencing aimed at looking
for point mutations. Over the past few years, recognizing single nucleotide-
polymorphism-based genotyping to identify alleles associated with a greater risk
of acquiring several diseases, including cancer, diabetes or other illnesses, has also
been gaining popularity and significance among doctors and the wider community.
These emerging innovations and the level of knowledge of molecular signatures will
improve the ability to destabilize disease progression by monitoring, controlling and
catalysing progress toward the use of targeted cancer therapies. In addition to the use
of specific body fluids and tissue for in vitro characterization of biomolecules as
cancer biomarkers, molecular imaging approaches concentrated primarily on posi-
tron emission tomography and magnetic resonance imaging [26–28].

Usually, understanding tumour’s molecular environments is imperative for guid-
ing and offering better treatment options in clinical settings. Tissue biopsies are the
popularly adopted method of obtaining specific tumour molecular information and
are required to identify its nature, including screening, expression of mutations in
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genes and the type of cancer. Nevertheless, it is full of issues, including the need for
invasive surgical extraction, which may induce pain and discomfort in individuals.
The clinical strategies associated with tissue biopsy involve many health risks and
the likelihood of medical complications [29–31]. In addition, some tumours are
inaccessible in certain anatomical sites, which are not suitable for a biopsy, and, in
certain instances, their extraction may increase the risk of metastatic lesions. Often,
the amount of tissue sample collected is insufficient for all diagnostic tests and the
action must be carried out once again, which becomes necessary even otherwise if
the tumour is not homogeneous [32–34]. In addition, the solid biopsy techniques are
time consuming in terms of analysis, entails huge expenses and needs an operating
theatre. Although biopsies from different metastatic sites can be performed at the
same time, initiation of treatment may be delayed due to examination of the samples.
In addition, tumour development desperately needs to be examined at different
intervals for cost-effective treatment of the illness, so that solid biopsies can no
longer be considered as highly invasive [35–37]. Typically, optical approaches are
employed; yet, they do not render significant information about tumour. Radiology
is often used routinely, but high levels of radiation can pose a health risk to the
patient. Conversely, magnetic resonance imaging (MRI), a non-radiation method, is
regarded as unreliable and unsuitable for the detection of minimal residual disease.
In addition, safety is a concern, for example, in patients with comorbid conditions.
Such approaches are also clinically impracticable and cannot cover the tumour’s
spatial and temporal heterogeneity [38–40].

X-ray allows clinicians to examine cancer in various parts of the body, including
kidney, stomach and bones. Contrast analyses may need further planning in advance
and can induce some pain and health risks based on the type of contrast materials
employed. Typically, chest X-ray is the first assessment tool employed to detect lung
cancer. Majority of lung tumours are present as a greyish white cloud on X-rays [41–
43]. Chest X-rays, however, do not provide an appropriate diagnosis because they
cannot differentiate between other conditions and cancer, including a lung abscess.
Moreover, it produces harmful radiations which can pave the way for the possibility
of cancer. In contrast, certain cytology assessments, including the Pap test, are being
used primarily for screening, whereas others recognize cancers reliably. A diagnostic
procedure is most often used when a screening test is positive [44–46].

Thermography, a non-invasive diagnostic tool, is a painless, rapid and cost-
effective technique used to measure the temperature of the skin surface in a non-
contact mode. Thermography is commonly used in the diagnosis of cancer and has
been the focus of numerous biomedical researches in recent decades. Few
thermography-based cancer diagnosis findings indicate that the venous blood enter-
ing the cancer location is always hotter than its arterial supply. Nevertheless,
thermograms alone will not suffice to make an effective clinical diagnosis for
healthcare professionals. The integration of statistical tools, including non-linear
regression methods and artificial neural networks, is strongly recommended to
accurately assess the thermogram [47, 48].

Ultrasound has played an important role in detecting cancer as a standard medical
imaging method. The general characteristics that the ultrasound diagnosis of cancer
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shed light on are contours, internal structure, orientation and morphology of lesions,
which produce a high diagnostic accuracy [49–51]. However, in the case of greater
depth, a lower frequency is needed to obtain optimal images and, therefore, an image
of lower resolution is obtained. Very accurate detection of cancer is important to
provide the best therapeutic effectiveness. While endoscopy with multiple biopsies
is a prerequisite for successful cancer diagnosis, endoscopic ultrasound and positron
emission tomography-computed scanning (PET-CT) are considered appropriate
techniques for accurate cancer diagnosis. PET-CT scans are a kind of assessment
that generates 3-dimensional images of the body’s interior. Such clinical tests are
employed to assess distant, local and regional distribution [52–54]. The imaging
techniques used to diagnose cancer correctly and completely are analogous; the use
of a single tool is associated with negative effects and inadequate for a proper
diagnosis.

Conversely, specific methods of cancer treatment, which include radiation ther-
apy, surgery and chemotherapy, are typically associated with early differentiation of
cancer cells. Hence, diagnosis of cancer is important for the early characterization of
an effective cancer treatment [55–57]. The use of bio-sensing devices could be
crucial in the early diagnosis of cancer, especially in cancer patients who are usually
diagnosed at later stages and react negatively to treatment, thus leading to
improvements in the quality of lifestyle in patients.

Although technological advances are producing a progressive series of new
diagnostic tests that include artificial intelligence algorithms, imaging tools, sensors
and biomarkers, the overwhelming majority of early-stage cancer detection tests fail
since they do not work properly in populations with low susceptibility. In addition to
this, a test performed in a population with higher susceptibility to the disease would
generally be less sensitive when performed in a population with a lower prevalence
of the disease. This results in an increase in false positive tests [58–60]. Therefore,
difficulties in assessing cancer, as well as other low-prevalence conditions, involve
overdiagnosis and overinvestigation, deciding on the standard criterion to be used to
assess the efficacy of the tests and related outcomes.

The prospect of cancer management is believed to be highly dependent on the use
of biomarkers that direct clinicians at every stage of disease management. Tumour
biomarkers are biochemical compounds associated with the growth of malignant
tumours in body tissue, urine or blood [61–63]. Normally, they are produced directly
by tumour tissue or embryonic tissue. Biomarkers represent variations in protein
expression that are strongly associated with the advancement of a disease or its
therapy response and can be assessed in blood or tissues. Biomarkers can therefore
be hormones or specific cells, enzymes or gene products, genes or molecules [64–
66]. Biomarkers associated with cancer could be used in different stages to reliably
diagnose and treat the disease. These can be effective in predicting different aspects
during the onset of disease, which include early diagnosis, prediction of outcomes
and identification of recurrence of disease. Notably, with the emergence of several
new therapeutic agents, suitable biomarkers can be employed to assess which
tumours will respond to certain therapies in order to evaluate the impact of drug
resistance [67–69].
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Over the past decade, advances in biotechnological research have facilitated the
development of biosensors. Typically, biosensors are compact analytical systems
containing at least one biomolecule. The integration of miniaturized electrodes with
the immobilized biomolecule capable of detecting cancer biomarkers with high
sensitivity and specificity are the desired attributes of a biosensor, which makes it
suitable for rapid clinical analysis. Materials structure at the nanoscale including
nanocomposites, nanofibers, nanotubes and nanoparticles has been employed to aid
performance of these sensors. These nanoscale materials are substantially important
for providing improved interfacial modification alternatives to increase the sensitiv-
ity of biosensors and improve the analytical signal [70–72]. The challenges related to
the design of these miniaturized bio-sensing devices depend on the need to retain the
biological activity of the immobilized biomolecules and the electron shuttling
capability of nanomaterials. Over the past decade, a plethora of research papers on
the use of biosensors in cancer monitoring and detection have been published which
provide a detailed analysis of the physical–chemical properties of both constituents.

1.1.1 Epidemiology and Aetiology of Cervical Cancer

Cancer has a huge influence on society in the USA and around the world. Statistics
on cancer explain what occurs in large numbers of people and provide insight into
how cancer affects society [73]. Statistics give us information on the number of
people who end up dying from cancer each year. Cancer statistics also show how
many individuals are diagnosed with cancer each year. In addition, it also points out
the mean age at diagnosis and the number of individuals presently living after a
cancer diagnosis [74]. They also give us information about disparities between age,
geographical location, sex, ethnic/racial groups and other categories. Although
statistical results are generally not directly relevant to individual patients, they are
important for researchers, health professionals, policymakers and governments to
recognize the effect of cancer on the population and establish approaches to manage
the difficulties that cancer brings to society at large. In addition, statistical analysis is
significant to assess the progress of cancer control and management efforts [74].

Cancer is the world’s second-largest cause of mortality. Cancer is expected to
cause 960,000 deaths in 2018. Approximately one in six deaths worldwide is due to
cancer. Especially, in low- and middle-income countries, nearly 70% of cancer
deaths occur. Approximately, one-third of cancer deaths are attributed to the five
dietary and major lifestyle risks: alcohol consumption, tobacco usage, lack of
exercise, poor consumption of vegetables and fruits and high mass index. Among
the major lifestyle risks, smoking is the most significant cause of cancer and is
accountable for about 22% of deaths due to cancer. Cancer that causes infections,
including human papillomavirus and hepatitis, accounts for up to 25% of cancer
deaths in middle- and low-income countries [74]. Statistical studies of cancer deaths
suggest that late detection and mistreatment are the main reasons for the increasing
incidence of cancer deaths in low- and middle-income countries. In 2017, the public
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sector had limited access to pathology services in 26% of low-income countries.
Treatment services are offered to more than 90% of people diagnosed with cancer in
high-income countries, while treatment services are provided to less than 30% of
people diagnosed with cancer in low-income countries [65].

The economic implications of cancer are considerable, not only for cancer
patients and also for society in general. According to the report of Agency for
Healthcare Research and Quality (AHRQ), an estimate of $80.2 billion has been
allocated for healthcare costs in the USA [2]. Of which, 52% of the total cost was
allocated to hospitalized patients and 38% of the total cost was reserved for inpatient
hospital stays. In contrast, the average monthly expenses required to receive ade-
quate cancer treatment is high in low- and middle-income countries. According to
statistics collected from World Bank in 2013, it has been found that only 13.7% of
health expenditure is covered in high-income countries, 33.3% in upper-middle
income countries, 52.8% in lower-middle income countries and 48.1% in
low-income countries.

As of January 1, 2019, nearly 16.9 million people living in the USA with a history
of cancer were alive; many of them were diagnosed several years ago and did not
have new evidence of cancer. In the USA, over 1.8 million new cancer cases are
expected to be diagnosed by 2020 [57, 58]. This assessment does not consider
non-invasive cancer of any location, except the urinary bladder. It is projected that
around 600,000 Americans will die of cancer by 2020. According to the statistical
report on cancer incidence in the USA, the most common cancers identified in 2018
are liver cancer, thyroid cancer, pancreatic cancer, leukaemia, endometrial cancer,
kidney and renal pelvis cancer, non-Hodgkin lymphoma, bladder cancer, melanoma
of the skin, colon and rectum cancer, prostate cancer, lung and bronchus cancer and
breast cancer [43–45].

Cancer mortality rates are the best indicator of advancement against the disease as
screening methods impact them less than new cancer diagnoses and overall survival.
In 2018, the mortality of cancer is greater among men than among women. While
examining groups based on sex and ethnicity/race, the mortality rate is lowest among
Pacific Islander/Asian women and highest among African American men
[40, 41]. During the twentieth century, the total age-adjusted cancer mortality rate
increased dramatically, reaching its peak at 215 cancer deaths per 100,000 people in
1991, primarily due to the smoking outbreak. By 2020, the prevalence had fallen to
152 per 100,000 due to smoking reductions, as well as advancements in early
diagnosis and intervention. This declining trend resulted in more than 2.9 million
cancer fatalities between 1991 and 2017, due to the gradual decline in mortality rate
for the four major forms of cancer—prostate, breast, colorectal and lung. Cancer
typically occurs in the elderly. Of all cancers in the USA, 80% of people aged 55 and
over are diagnosed with cancer [42, 43]. Some habits also raise the risk, including
smoking, alcohol consumption and excessive body weight. In the USA, about 39 in
hundred women and 40 in hundred men get cancer in their lifetime [44–46].

Some features of cancer epidemiology and its natural course make it relatively
easy to estimate mortality rates. The incidence of cancer is relatively constant over
time. However, as the detection strategies differ over time, the incidence may
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suddenly increase due to enhanced detection. The prevalence of some cancer sites
has increased in previous decades and has recently continued to decline significantly.
One such instance of this is prostate cancer. The increase in the occurrence of brain
cancer has also been the subject of speculation in the literature, though its growth has
become less influenced by artefacts than that of prostate cancer. Sustainability,
which indeed depends mainly on the development of new detection approaches
and new therapies, changes very slowly [70–72, 75].

Variation in age-adjusted death rates is the main determinant of progress against
cancer, though certain indicators, including the quality of life, are also essential.
Since the early 1990s, the overall mortality rate due to cancer has decreased in the
USA. According to the SEER Cancer Statistics Review report, death rates have also
dropped significantly for several types of cancer. Although death rates from various
forms of cancer have declined, the rates of some cancers have remained constant or
even elevated. Conversely, the number of cancer survivors has increased due to the
drop in overall cancer death rates. These findings suggest progress has been made
against cancer, but further work needs to be done.
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Cervical cancer ranks fourth among all types of cancers in women and accounts
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by around 50% worldwide. While cervical cancer is the leading cause of death
among women in Africa, India and China attribute close to one-third of the total
cases reported globally. Epidemiological studies suggest that the human papillo-
mavirus (HPV) is the primary cause of cervical cancer. HPV is also responsible
for anal, penile, vaginal, head, and neck cancers. HPV infection is very common
that the risk of infection for women in the age of 15–80 years is 50–80%. Most of
the HPV infections is cleared by the body inherently. In 10–20% of women, the
virus persists and progresses into cervical intraepithelial neoplasm lesions by
infecting the basal layer of keratinocytes. The infection metastasizes into an
invasive cancer of the cervix upon expression of viral proteins E6, E7, which
deregulate cell differentiation and proliferation. The HPV is the primary causative
agent for cervical cancer and thus understanding the molecular biology and
pathogenesis mechanism of the virus is discussed in this chapter.

Keywords

Genome · HPV · Pathogenesis · Molecular biology

2.1 Cervical Cancer

One of the most prevalent cancers among women is cervical cancer. According to
the report of World Health Organization, 570,000 women with cervical cancer have
been identified and approximately 311,000 women have died due to cervical cancer
[1–4]. The American Cancer Society estimated that approximately 13,800 cases of
invasive cervical cancer in 2020 and 4290 women were expected to die from cervical
cancer in the USA. Invasive cervical cancer is found less commonly in the USA than
cervical precancers. Cervical cancer has become one of the most leading causes of
mortality among American women. Owing to the increased use of Pap tests, the
mortality rate from cervical cancer has decreased considerably. The human papillo-
mavirus (HPV) test has indeed been accepted as another standard test for the early
diagnosis of cervical cancer in the past years, as nearly all cervical cancers are
induced by HPV. The HPV test can be used alone or in conjunction with the Pap test
as a co-test for identifying cervical cancer. Cervical cancer is commonly identified in
women under the age of 44, with a mean age of 50 at the time of detection. Cervical
cancer seldom grows in women under the age of 20 [3, 5, 6]. Many aged females do
not recognize that there is still the possibility of developing cervical cancer as they
get older. Nevertheless, cervical cancer rarely occurs in individuals who have had
regular screening for cervical cancer before the age of 65. White, Native Alaskan,
Native American, African American, and Hispanic women have been found to be
particularly prone to cervical cancer in the USA.

A risk factor is something which increases the likelihood of a person getting
cancer. While risk factors also affect cancer growth, most do not cause cancer
explicitly. Only a few individuals with numerous risk factors rarely develop cancer,
while the majority of people without risk factors develop cancer [1, 2, 7]. Exposure
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to diethylstilbestrol (DES), oral contraceptives, socioeconomic factors, age, smok-
ing, herpes, immune system deficiency, and HPV infection are the main vital factors
that can increase a woman’s risk of getting cervical cancer. Among these, HPV
infection is the most significant risk factor for cervical cancer. When most people are
sexually active, there is a risk of getting infected with HPV. Conversely, most of the
people eliminate the virus completely without any difficulty. There are more than
100 varieties of HPV. Most types of HPV are not linked to cancer, while only a few
types of HPV are linked to cancer [8–10]. At least 14 types of HPV have been found
to cause cervical cancer, which is regarded as high risk. HPV18 and HPV16 are the
most common strains or types of HPV linked with cervical cancer. HPV16 and
HPV18 are responsible for causing more than 70% of precancerous cervical lesions
and cervical cancers. There is also scientific proof that HPV is directly connected to
cancers of oropharynx, penis, vagina, vulva, and anus. Having numerous sex
partners or trying to have intercourse at a younger age puts a person at a greater
risk of getting infected with high-risk types of HPV. Conversely, individuals with
lower immune systems are at increased risk of experiencing cervical cancer. Human
immunodeficiency virus (HIV), a virus that tends to cause acquired immunodefi-
ciency syndrome, treatments for other types of cancer, organ transplantation, and
corticosteroids can induce a weakened immune system [11–13]. Specifically, when a
female possesses HIV, her immune system is less capable of fighting premature
cancer. Moreover, people with genetic herpes are known to have an increased risk of
cervical cancer. When it comes to smoking, females who regularly smoke are
significantly more likely to experience cervical cancer than females who do not
smoke. In contrast, there are rare cases of cervical cancer in people under the age of
20. The risk of developing cervical cancer increases in late adolescents and those
under 30 [14–16]. Females in this age category remain vulnerable and undertake
periodic screenings for cervical cancer, including an HPV test and/or a Pap test.
Young women who have had cervical cancer are the least likely to be directly
exposed to screening for cervical cancer. Women from low-income households,
Native American women, Hispanic women, and black women are the people most
vulnerable to cervical cancer. A few research findings indicate that an increased risk
of cervical cancer may be linked to birth control pills. Nevertheless, perhaps
extensive investigation is required to recognize how birth control pill use is directly
linked to the progression of cervical cancer [17–20]. Females whose mothers were
provided this medication during pregnancy to avoid premature birth have had a
greater risk of having a specific type of cervical or vaginal cancer when exposed to
DES is involved. DES was offered from around 1940 until 1970 for this particular
reason. Females subjected to DES must have an annual screening test that contains a
4-quadrant Pap test and also a cervical Pap test, wherein specimens of cells from
across all corners of the vagina are collected to inspect for abnormal cells [21–23].

There are organizations in developed countries that allow women to get the
HPV vaccine and women to get tested regularly. Testing enables the identification
of precancerous lesions at different phases as they can be easily treated. Early
diagnosis in each of these countries can prevent up to 80% of cervical cancers
[24–26]. Restricted access to these prevention strategies is available in developing
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countries, but cervical cancer sometimes goes unrecognized until it has progressed
and symptoms appear. Additionally, in developing countries, access to healthcare for
women with cervical cancer is constrained, leading to increased mortality rates due
to cervical cancer [27–29].

2.2 Pathology

2.2.1 Molecular Biology: HPV Genome Organization

The human papillomavirus, which belongs to the family of Papovaviridae, is a
non-enveloped, icosahedral DNA based virus consisting of one copy of double-
stranded DNA of about 7900 bases [30]. HPV is a rather small virus with an average
diameter of 60 nm, bearing a resemblance to a golf ball when viewed under an
electron microscope [31]. While the virus is double-stranded, only one of the strands
(coding strand) is used as a template for transcription, which can be functionally
classified into the non-coding region (LCR, long coding region), early region
(E1-E8, except E4), and the late region (E4, capsid proteins) [32]. The HPV genome
consists of a total of 10 ORFs (open reading frames), constitutively forming the early
and late regions [33] (Fig. 2.1).

The E1 region codes for the only enzyme transcribed by the HPV—ATP-depen-
dent DNA helicase which plays a vital role in the replication of the virus [35]. The E2
gene is a key player in regulating viral transcription and replication, being one of the
most conserved HPV domains [36]. A unique feature of the E2 region is its ability to
act as either an activator or a repressor depending on which site it binds to. While the
full-length E2 (E2TA) is a trans-activator that binds to the E2 activation domain, the
truncated E2 competes with E2TA for the DNA binding site and renders E2TA
inactive [37]. The truncated E2 binds close to the E6/E7 promoter region, resulting in
the repression of transcription [38]. Conversely, the E4 ORF is found within the E2
ORF, is reported to play a vital role in the HPV genome amplification by forming a
fusion protein with E1 (E1^E4) [39]. Despite weak transforming activity showcased
by the HPV E5 transmembrane protein, they promote carcinogenesis due to their
high mitogenic activity, the ability to evade the immune system, and inhibit
apoptosis [40].

The E6/E7 ORFs are solely responsible for the oncogenic properties of HPV.
Particularly, the high risk HPV E6 ORF does so by activating telomerase, p53
(tumor suppressor) inhibition by acetylation and transactivation, pRb inactivation
causing immortalization of cells, immune evasion resulting in protection from
apoptosis [41]. On similar lines, the hr-HPV E7 protein is also oncogenic in the
sense that its primary role is to interact with tumor suppressors (pRb, retinoblas-
toma), resulting in escape from cell cycle arrest [30]. The late region is the most
conserved sequence among HPV genotypes that code for the major capsid protein
L1 and the minor capsid protein L2, which combine to form 72 capsomers [42].
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2.2.2 Life Cycle of HPV: Virus Replication—Latent to Productive
Infection

Broadly, the HPV multiplication cycle can be categorized into latent infection and
productive infection. The following is a brief overview of the conspicuous events
involved in HPV multiplication:

(1) HPV enters the basal stem cells (only cells in the squamous epithelium that can
divide) of the epithelium via an intraepithelial lesion [31].

(2) HPV enters into the basal cells through heparan sulfate proteoglycans (HSPGs)
with the expression of L1 (initial attachment) and further L2 is expressed as the
virion binds to the cell surface [32].

(3) Endocytosis and release of the viral DNA into the nucleus guided by L2 (NLS,
nuclear localization signal) [43].

(4) Genome amplification with the help of E1, E2 aids fast replication of all viral
genes and maintenance as low copy number episomes [44].

(5) With the increase in viral copy number in undifferentiated cells (switch to rolling
circle replication), daughter cells migrate to the suprabasal cells with expression

Fig. 2.1 HPV genome organization [34] (Copyright Received)
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E6, E7 oncogenes, resulting in the inhibition of proliferation of basal cells while
favoring hyperproliferation of the healthy suprabasal cells, resulting in accumu-
lation of genomic mutations [45].

(6) Expression of E1, E2 in the suprabasal layer causing a further increase in the
viral copy number.

(7) Cell cycle exit, terminal differentiation of HPV with the expression of L1, L2
aiding nucleocapsid encapsulation of viral DNA [46].

(8) Virion release from infected squamous epithelial cells is aided by E4 ORF [39].

The fine line between latent multiplication cycles and vegetative infection cycle
happens in the fourth step [44]. While in the case of a latent infection, the virus
replicates in the basal cells solely for its maintenance, with the influence of various
exogenous and endogenous factors, it may evolve into a vegetative infection affect-
ing the differentiated cells, eventually resulting in invasive carcinoma [47].

2.2.3 Role of HPV in Cervical Cancer

From the previous section, it can thus be ascertained that an HPV infection does not
imply the presence of CC. However, it is the differentiation state of the host cells and
the strain of the infecting virus, which plays a primal role in deciding the probability
of it developing into invasive cervical carcinoma [48]. HPV can be categorized as
high-risk HPV (hr-HPV) or low-risk HPV (lr-HPV) depending on the probable
outcome of the infection. While HPV-16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58,
59, 68, and 73, 82 account for the hr-HPV types which possess oncogenic potential,
the lr-HPV subtypes 6, 11, 42, 43, and 44 are responsible for the formation of
anogenital condylomas but, in exceptional cases, may also progress to invasive
carcinoma [49].

Based on the multiplication cycle of HPV, it is evident that the virus migrates
from the basal cells (bottom) towards the surface. Thus, based on histology, a
productive HPV infection can be classified into various stages as follows:

1. Cervical lesions/squamous intraepithelial lesions (SIL) based on the Bethesda
classification are further classified as:
(i) LSIL (low-grade SIL) which is a mild dysplasia causing a condyloma or

cervical intraepithelial neoplasia (CIN-1) characteristic of high viral replica-
tion rate with mild cellular alterations.

(ii) HSIL (high-grade SIL) where the viral replication rate is lower with
increased cancerous cell proliferation and lower cellular maturation
(CIN-2, CIN-3).

The qualifying characteristic for a CIN is the presence of a nuclear abnormality.
Each of the CIN types affects a third of the epithelium, i.e. CIN-1 affects one-third of
the bottom-most part of the epithelium, while CIN-3 affects one-third of the top.
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2. Carcinoma in situ is the stage where CIN3 covers the entire width of the
epithelium.

3. Invasive carcinoma or the final stage, is where infiltration into the uterine muscles
takes place, further metastasizing throughout the body [48].

Mostly, only a latent infection (only the expression of the E1 and E2 genes)
prevails and is thus generally removed from the body by a good immune system
[50]. In 90% of cases within 12–18 months of infection, the infection is cleared via
cell-mediated adaptive immune response and weak humoral response evoked by L1
[51]. However, when the viral genes integrate into the host genome, the integration
happens at sites of proto-oncogenes such as C-Myc (tumor suppressor), playing a
role in carcinogenesis [52]. Since HPV is a circular virus, it requires linearization for
integration into the host genome. It has been reported that the cut happens in the E1,
E2 ORF [53]. But since E2 helps in the inhibition of the E6 and E7 oncoproteins, this
results in the overexpression of oncoproteins, leading to the inactivation of tumor
suppression proteins.

As mentioned earlier, E6 targets p53, while E7 targets pRb resulting in the escape
of cells from cell cycle arrest, eventually leading to the build-up of genetic mutations
[54]. As a consequence of these events, the activation of transcription factor E2-F,
cyclins, CDKs (cyclin-dependent kinases) acts as activators for DNA replication
further promoting proliferation [55]. Besides, the HPV multiplication cycle has
evolved in such a way that the replication processes happen deep inside the epithelial
layers that eliminates an immune attack trigger from the picture. Only when the
virions are released at later stages of the infection, they do encounter the immune
system, but they again evade the immune system through various mechanisms. This
includes the downregulation of CDH-1 by E6 causing an inability for the host
immune cells to allow viral antigen presentation, inhibition of TLR-9 by E5 resulting
in lower APC (antigen-presenting cells) attraction, and downregulation of TAP-1 by
E7 causing lower Tc cell activation, to name a few.

2.3 Conclusion

It is thus evident that HPV is the primary causative agent for CC and thus,
understanding the molecular biology and pathogenesis of the virus is paramount in
terms of prognosis, diagnosis, and choosing appropriate therapeutic interventions to
combat the infection. It is also important to note that the presence of an HPV
infection does not guarantee the presence of CC, but rather the stage of infection,
which ascertains CC. In spite of years of work, important aspects of CC progression
and transformation are yet to be unveiled given the complexity of HPV infection.
Thus, scope for future studies in understanding the pathogenesis will pave the way
for a vaccine to completely eradicate CC.
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Abstract

Biomarkers provide a platform to aid early detection, diagnosis, prognosis, and
prediction of the disease. In the case of cervical cancer, the biomarkers primarily
serve to identify the viral infection at a precancerous stage in order to aid in early
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intervention. They are broadly classified into molecular markers (nucleic acid
based) and protein-based markers. Nucleic acid-based molecular markers are
primarily based on the detection of HPV as the integration of HPV DNA into
the host genome is a critical player in progression of the tumor. In addition,
specific DNA loci in the human genome are also reported to have global and local
epigenetic variation in the presence of HPV infection and thus act as suitable
biomarkers. Less common but reliable nucleic acid-based markers include analy-
sis of non-coding RNA such as miRNA, circular RNA (circRNA), and long
non-coding RNA (lncRNA). The non-coding RNA and epigenetics-based screen-
ing platforms are currently at a nascent stage and thence further basic science
research is essential to prove their clinical applicability. Protein-based biomarkers
include differentially expressed host protein due to the influence of HPV
oncoproteins. These biomarkers broadly fall into the categories of cell cycle
regulators (KIF11, DTL), tumor suppressors (CBX7, KLK10), or proto-
oncogenes (HBXIP, SMC4). Thence, an in-depth evaluation of the molecular
and protein-based biomarkers will pave the way to affordable, simple, selective,
and specific detection of cervical cancer at an early stage.

Keywords

HPV biomarkers · Cervical cancer biomarkers · circRNA HPV · miRNA HPV ·
lncRNA HPV

3.1 Introduction

Cervical cancer is a major burden in the healthcare industry, accounting for close to
0.6 million new cases every year worldwide, ranking fourth among cancers caused in
women [1]. A critical key to tackling the disease at a global level is the implementa-
tion of large-scale screening techniques, adopting effective strategies to specifically
identify the viral infection (Human papillomavirus—HPV) at an early stage. Over
the years, various research groups have extensively worked on identifying specific
biosignatures in response to an HPV infection and thus correlating them with the
various stages of cervical cancer (CC). According to the National Institute of Health,
these biosignatures/biomarkers are defined as “A biological molecule found in blood,
other body fluids, or tissues that is a sign of a normal or abnormal process, or of a
condition or disease” [2]. These biomarkers are tools that provide a platform to aid
early detection, diagnosis, prognosis, and prediction of the outcome of the patients.

As described in the previous chapter, the presence of an HPV infection does not
imply the development into invasive cancer. In more than 90% of cases with an HPV
infection, the virus is generally cleared from the body within about 2–3 years
[3]. Only in a small percentage of the population (less than 8%) with a rather
compromised immune system (inclusive of but not restricted to), the infections
transform into cervical lesions which further develop into carcinoma in situ and
then metastasize into a fully blown carcinoma of the cervix [4]. Thus, an ideal
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biomarker should be able to accurately unmask the infection at a precancerous lesion
stage given the higher probability for it to transform into an invasive carcinoma thus
providing a chance for intervention early on, improving the disease management.
Identification of stage-dependent biomarkers (risk assessment) that can distinguish
between transient and clinically significant infections can thus be cited as a critical
necessity for the detection of cervical cancer, particularly. This is further
substantiated by the fact that the treatment course depends on the grade of the
infection. In addition to the use of biomarkers for screening the early onset of
disease, it is used in every stage of the disease, surveillance of treatment response
and possible prognosis to ascertain the outcomes of the patients on a case by case
basis.

The biomarkers for cervical cancer are broadly classified into molecular markers
and protein-based markers. The molecular markers can further be subdivided into
DNA and RNA based markers which are characteristic of either the virus or the host.

3.2 Molecular Markers

3.2.1 DNA Based Markers

Since the publication of the DNA sequence of the HPV in the late 1980s, one of the
initial biomarkers for the detection of CC was the identification of HPV DNA in
various samples [5]. Radiolabeled DNA probes were used in cervical smears or
scrapes using a dot-blot assay. Shortly following this was the in situ hybridization
using non-radiolabeled fluorescent probes.

One such early study reports in situ hybridization for the detection of the HPV
type 1a, 6b, 16, 11 using synthetically designed 30-mers labeled with biotin targeting
the beginning of the E6 open reading frame. The study was able to successfully
differentiate type specificity between the HPV-16 and HPV-11 strains whose probes
differed only by four bases with minimal cross-hybridization. The total detection
time of 2 h (which was essentially just comprised of the incubation time) paved a
way towards an easy, safe (in comparison with radiolabeled detection techniques),
and an efficient HPV detection system [6]. In addition to the in situ hybridization
detection of HPV in cervical smears, attempts to closely follow this have also
been made to identify HPV in Cervical Intraepithelial Neoplasia (CIN) as well [7].

Initially, the identification of HPV DNA in cervical tissue samples was due to the
idea that the integration of the HPV genome into the host precedes the development
of lesions into invasive carcinoma. However, with years of research, it is now widely
accepted that the progression into CC precedes the integration process. Thus,
alternative biomarkers are being studied to effectively diagnose CC [8].

Epigenetics is defined as the study of variations happening in a heritable pheno-
type without changes in the DNA sequence [9]. Methylation and acetylation of DNA
are the most common chemical modifications which result in altered gene expres-
sion. The methylation sites are predominantly Cytosine, Guanine based which may
or may not be a part of the CpG islands [10]. In a typical cancer of cancer cells—
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hypomethylation is observed genome-wide while hypermethylation is observed at
the promoter regions resulting in inactivation of tumor-suppressive genes [11].

The expression levels of the HPV L1 protein play a major role in determining the
grade of a CIN and the probability of it progressing to CC. As the L1 protein, which
codes for the nucleocapsid, is strongly immunogenic—the basal cells downregulate
the L1 protein primarily in the case of a productive infection while not in the case of
a low-grade lesion [12]. Thus, since gene regulation plays a major role in the
progression of the infection, primarily epigenetic modifications such as methylation
of the L1 genes come into the picture as they are characteristic of the integration of
viral genes into the host genome [13]. The analysis of L1 genes rather than the
conventional analysis of LCR (late coding regions) has also been shown to be more
powerful since the latter is largely influenced by the physical state of the virus [14].

A pyrosequencing-based study of exfoliated cervical cells collected from a Thai
female population suggests the scope of using the methylation status of the HPV
16 L1 gene (with specific emphasis on the 50 and 30 ends of the gene) as a marker to
understand infection progression, as is evident from the following figure (Fig. 3.1a).
A clear distinction between CIN1 and the following stages can be made by analyzing
the hypermethylation status of the 50CpG islands 5609 and 5600, while only a
comparatively lower methylation % can be found in the 30 terminus CpG islands
of the L1 gene. Thus, the combined analysis of %methylation of the sites 5600 and
5609 from exfoliated cervical cells can be used as a prognostic marker for CC,
chiefly to differentiate CIN2–3 from CC [15].

In addition to the analysis of HPV specific genes methylation status, the global
DNA methylation profile of various tumor suppressor genes also provides an overall
picture of the status of lesions. Based on quantitative methylation-specific PCR, it
was concluded that, out of the 15 genes taken into consideration for analysis,
hypermethylation of hsa-miR-124, SOX1, TERT, and LMX1A was deemed to be
the independent predictors (95% confidence interval) of CIN2+ regardless of HPV
status (Fig. 3.1b) [16].

Quantitative-methylation specific PCR, which offers sensitivity equal to the HPV
DNA test, reveals that hsa-miR-124 helps improve cell adhesion due to its role in
inducing expression of insulin-growth factor, while LMX1A has a role in aiding
epithelial–mesenchymal transition (EMT), which is an important trademark of
cancer. The study has also hypothesized an alternative method in the overall cervical
carcinogenesis pathway, suggesting that even after the clearance of HPV from the
system, the initial hypermethylation caused by the virus could have an impact on its
progress to a high-grade lesion [16]. Thus, providing substantial evidence that unlike
the traditional study of epigenetic changes in the genome, studies on miRNA could
help to identify novel biomarkers of CC. A few other epigenetic based markers for
CC are described in Table 3.1.

The epigenetic based biomarkers are still far from being used in commercial
assays, primarily since the assays utilized for identifying these methylation patterns
are not well standardized, resulting in the detection of false-positive markers and
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large variability. Besides, unlike the limited number of RNA based markers, the
number of sites where DNA methylation can take place is extremely diverse, so it
further complicates analysis [24].

Fig. 3.1 (a) Stage dependent methylation status variation of HPV 16 L1 gene [15]. (b) Proposed
independent predictors of CIN2+ based on global methylation patterns [16]. (Copyrights Received)
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3.2.2 RNA Based Markers

3.2.2.1 miRNA-Based Markers
Around 98% of the human genome consists of non-coding regions, which broadly
include micro RNAs (miRNAs), lncRNAs, and circRNAs. miRNAs are around 20 nt
long RNAs that can suppress gene expression by binding to the 3’UTR (untranslated
region) of miRNAs, which can modulate the expression of close to 60% of coding
genes in humans [25]. miRNAs are extremely stable in the sense that they are
resistant to ribonucleases in bodily fluids as they exist extracellularly either as
exosomes or by forming complexes with proteins such as Ago (Argonaute)
[26]. Thus, providing easy accessibility for analysis from bodily fluids. Since a
single differentially expressed miRNA may have the same effect in multiple disease
conditions, multi-panel miRNA analysis has widely been adopted, further improving
the sensitivity and selectivity of the tests [27].

With regard to the use of miRNAs as biomarkers, particularly for CC, they can be
broadly classified into the miRNA produced under the influence of HPV genes and
others that are not influenced. A study providing evidence for the latter shows that
the upregulation of miR-21-5p and downregulation of miR-34a in 118 CC tissue
samples analyzed are characteristic of the early onset of CC (pre-neoplastic lesion to
CC progression). Particularly, miR-34a shows a significant reduction in expression
consistently as the stages of CC progress, starting with CIN1. The human telomerase
RNA component (hTERC) reported in the same study is an RNA template for the
enzyme telomerase during telomere elongation. While not belonging to the family of
miRNA, still being an RNA—has been shown to be found in a significantly higher
number of copies as cancer progresses, thus aiding as a marker to identify the
transformation of precancerous lesions.

A recent study by Xin Liu shows that the relative overexpression of miR-20a in
CC cell lines was facilitated by the HPV E6 gene, which was confirmed based on
gene silencing studies. Upon further analysis, it was found that the target for
miR-20a—PDCD6 was downregulated, enhancing cell proliferation by activating
the Akt/p38 pathway. Thus, providing substantial evidence that the HPV genes can
largely influence the miRNA profiles of the host [28] (Fig. 3.2).

However, one of the major challenges concerning the use of miRNA-based
biomarkers for the detection of CC includes inconsistencies in results, and thus,
universal standardization of protocols in terms of sample collection, analysis, and
detection is necessary for greater reliability [30] (Table 3.2).

3.2.2.2 circRNA-Based Markers
Circular RNAs (circRNA) are novel non-coding RNAs that differ from miRNAs,
lncRNAs in terms of their structure. Due to the event of back-splicing, the free 50 and
30 are joined covalently to form a closed circular structure, unlike their counterparts
(miRNA and lncRNA) which are linear [48]. While circRNAs have a variety of
mechanisms through which they regulate gene expression, the most critically
acclaimed one is their ability to function as miRNA sponges. Every circRNA has
miRNA responsive elements (MRE) which can selectively capture miRNAs, acting
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like a sponge [49]. The binding of the miRNA to the circRNA results in the
disruption of the downstream signaling processes, resulting in aberrant expressions
of the sponged miRNAs target [50]. A particularly distinguishing feature of
circRNA which aids its applicability as a reliable biomarker among other
non-coding is its high stability in mammalian systems and the presence of highly
conserved sequences [51]. Their high stability in bodily fluids thus allows detection
not only in tissue samples but also in serum, plasma, urine, etc. A list of circRNA-
based CC biomarkers reported in the last 3 years has been tabulated in Table 3.3. A
few notable studies have been discussed as follows.

An extensive study conducted by Ma et al. on the profiling of circRNA in cervical
cancer cell lines revealed that out of a total of 4760 circRNA detected, 9.3% of the
circRNAs were differentially expressed in CC cells [59]. Further analysis has
provided evidence that the circ_000284 was consistently and significantly
overexpressed across five different cervical cell lines under consideration when
compared to normal cells. It was concluded that since miR-506 was sponged by
circ_000284, it resulted in the overexpression of SNAI1 (Snail—the target of
miR-506) which is a protein responsible for the epithelial-to-mesenchymal transition
(EMT) facilitating metastasis of carcinoma in situ [62].

While the previously discussed study was pertinent to only in vitro analysis,
another study, which included cervical tissue patient samples, suggested the use of
circ_0005576 as a potential biomarker for CC. The identified circRNA was a sponge
for miR-153-3p and was found to be expressed differentially based on the stage of
cancer (CIN1,2a vs CIN2b) and thus was well correlated with the lymph node
metastasis status. Based on the Kaplan–Meier regression, it was also concluded
that the overall outcome of the patients with high expression of circ_0005576 is poor
since the target of miR-153-3p-Kinesin family member 20A (KIF20A) is
overexpressed and is known to have excess cell proliferative capacity [63].

However, based on Table 3.3, conclusions have been drawn based on either
in vitro models or CC tumor tissue samples. A point to be noted is that in all these
reports, the control samples are non-cancerous tissue samples adjacent to the

Fig. 3.2 Stage dependent expression of various miRNAs as potential biomarkers for CC
[29]. (Copyright Received)
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cancerous tissues. Thus, due to variations in gene expression patterns among differ-
ent tissues (even among adjacent tissues), the results may not be completely reliable.
This again raises questions about their abundance in circulating fluids, thus render-
ing them ineffective in terms of non-invasiveness. Even though circRNAs were
discovered in the year 1976, it was not until 2012 that circRNAs in humans were
sequenced [64]. Thus, research in the field of circRNAs remains at a primitive stage,
requiring further studies to validate their applicability to be used as prognostic
biomarkers for CC.

3.2.2.3 lncRNA-Based Markers
Long non-coding RNAs represent 200 nts long non-protein-coding RNAs that lack
an open reading frame [65]. In general, lncRNAs regulate cellular processes as
transcriptional regulators, recruitment of effectors through scaffold structures, and
guide RNAs [66]. In the case of cancer, lncRNAs interfere with normal gene
regulation by acting as a miRNA sponge thus affecting downstream signaling
pathways, functioning on the same lines as of circRNAs [67]. But unlike circRNAs,
they do not consist of highly conserved sequences [68]. The main advantage of the
analysis of lncRNAs lies in the fact that there is no need to invasively extract tumor
samples for analysis as lncRNAs are stable circulating RNAs and thus their expres-
sion can be studied in just the body fluids of patients [69].

A recent list of lncRNA-based markers is tabulated in Table 3.4. A representative
study conducted by Duan et al. shows a relatively higher expression of RHPN1
antisense RNA1 (RHPN1-AS1) in CC cell lines in comparison with normal squa-
mous epithelial cells. This has further been substantiated by the analysis of 60 CC
tumor tissue samples, which shows a similar trend [75]. Rescue experiments
conducted further conclude that the fibroblast growth factor 2 (FGF2) was
overexpressed (becoming oncogenic—stem cell-like properties) due to the sponging
of miR-299–3p by RHPN1-AS1 thus involved in tumorigenesis by invasion, prolif-
eration, and metastasis of the cancerous cells [77] (Fig. 3.3).

A particularly interesting lncRNA is H19, which has been widely reported to have
contradictory roles in the development of CC. While in the case of cell lines,
overexpression of H19 (sponging hsa-miR-675) has been observed, but in the case
of tissue samples, a lower expression of H19 (miR-138-5p) has been reported
[70, 78]. The primary target of miR-675 is involved in controlling the tumor
238 environment and thus facilitates CC migration while miR-138-5p promotes
tumor 239 suppression [79, 80]. However, the authors have claimed that the primary
cause for the differential miRNA targets is due to stage-dependent molecular
alterations in clinical samples which are not profound in cell lines [70].

lncRNAs are a promising candidate to be used as CC biomarkers. However,
further research focusing on their practicality is needed since the amount of
circulating lncRNAs may not be abundant enough to be sensitively detected. A
deeper understanding of the CC stage-dependent release of lncRNAs from the
cervical cells into other bodily fluids is essential to extend their applicability in
being used as prognostic markers. Most of the differentially expressed lncRNAs are
not specific to only CC but are rather found across most cancer types and thus, there
is a need to identify highly specific lncRNAs characteristic to only CC.
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3.3 Protein-Based Markers

The protein-based markers are essentially differentially expressed host proteins due
to the influence of the HPV oncoproteins. The proteins identified generally play a
pivotal role in the cell cycle as it is the tumor-suppressing genes (retinoblastoma—
pRb, p53) and proto-oncogenes (EGFR, CDK4, Ras), which are primary targets of
the HPV oncoproteins. The following figure (Fig. 3.4) provides an overview of the
cell cycle modulations due to the expression of HPV oncogenes E6, E7. As most of
these protein-based markers are well established, in the last 3 years, newly identified
protein-based markers have been tabulated in Table 3.5.

Since HPV infects the basal cells and moves upwards towards the squamous
epithelial cells, it can be ascertained that the topmost or outer layer of the epithelium

Fig. 3.3 (a) CC tissue sample, (b) CC cell lines showing significant overexpression of RHPN1-
AS1 compared to controls [75]. (c) CC stage-dependent downregulation of lnc_H19, [70] in CC cell
lines. (Copyrights Received)
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(exfoliated cervical cells) is a good source to understand the stage of CC. A study by
Jin et al. focused on the evaluation of tumor-associated proteins (TAPS) in 146 CC
patients’ tissue samples based on ELISA. p53, SLeA (Sialyl Lewis A), HPV 16 L1
were identified as potential markers of cervical lesions, while the expression of
SLeA in combination with L1 was found to be dependent on the progression of the
disease. Also, SLeA and p53 together differentiated CC from normal samples with
91.3% sensitivity and 96.7% specificity [86].

Unlike the other normal protein-based biomarkers correlated to some parts of the
aberrant cell signaling pathways of cancerous cells, there are proteins such as the
hepatitis B virus X-interacting protein (HBXIP) which have no clearly elucidated
mechanism for its role in CC even though its oncogenic role in the development of
breast cancer has been well established. The HBXIP overexpression in the study was
been found to be inversely proportional to the overall survival rate of patients. Thus,
it also serves as a prognostic marker of CC based on immunohistochemical studies
on 105 CIN patients when compared to 31 normal cervical epithelial samples. The
strongly positive rates of HBXIP expression were close to 57.9% in the case of SCCs
and were also found to be strongly correlated with the differentiation stage, p63
expression status (a key player in SCCs tumorigenesis), and lymph node metastasis,
as can be concluded from the following figure (Fig. 3.5) [82].

Fig. 3.5 HBXIP overexpression as an indicator of clinical-stage, differentiation, lymph node
metastasis of CC [82]. (Copyright Received)
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Higher expression of Carcinoembryonic antigen 125 (CA-125), squamous cell
carcinoma antigen (SCC-Ag), and highly sensitive C-reactive protein (hs-CRP) in
comparison with normal cells has been reported by Guo et al. The authors claim that
these protein markers can detect whether recurrence is expected to occur in CC
patients. Since the rate of survival is <20% due to the recurrence of that disease
within 5 years, this helps improve the treatment time and the survival rate [87].

3.4 Conclusion

Cervical cancer is one of the major causes of morbidity among women. The high
morbidity rate is closely associated with the fact that the infection is diagnosed at a
very late stage, thus ascertaining the importance of early large-scale screening
strategies. While the currently used screening techniques such as cytology have
low specificity to detect precancerous lesions, CC biomarkers such as DNA, RNA,
protein-based biomarkers have the potential to be exploited for CC diagnosis. While
the detection of HPV DNA as a biomarker has been well established, the aspect of
epigenetics-based biomarkers has a large potential and so is the case of RNA based
biomarkers making them promising candidates for diagnosis and studying the effect
of therapy. Further studies in the direction of associating the nucleic acid expression/
methylation patterns with clinical outcomes may provide promising results in terms
of disease management with suitable therapeutic interventions. On the other hand,
protein-based biomarkers will have to be further studied and validated for their use
as CC biomarker as they compromise on specificity unlike the DNA, RNA based
markers. Thus, an in-depth evaluation of the molecular and protein-based
biomarkers will pave the way to affordable, simple, selective, and specific detection
of CC at an early stage.
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Methods for Screening of Cervical Cancer:
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Abstract

Only 1% of HPV infected patients show visible warts or condylomas. Thence,
diagnosis of cervical cancer requires other techniques to identify the internal
lesions. Traditional methods for the detection of HPV include cytology-based
methods, serological methods and nucleic acid-based methods. The cytology-
based methods are the papanicolaou (Pap) smear test and visual inspection with
acetic acid (VIA). As these microscopy-based methods cannot differenti-
ate between the type of HPV (high, intermediate or low risk), molecular
techniques such as serological detection (detection of serum antibodies produced
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as a result of the humoral immune response against the viral infection), in situ
hybridization, southern blotting and dot blotting were adopted. Owing to the low
sensitivity of the methods formerly stated and need for large amounts of DNA,
nucleic acid-based amplification techniques such as PCR (polymerase chain
reaction), microarray and next generation sequencing (NGS) are being adopted
currently. A few U.S. Food and Drug Administration (FDA)-approved commer-
cial HPV testing kits include the Qiagen Hybrid Capture 2 High-Risk HPV DNA
Test, Cervista HPV 16/18 Genotyping Test, Cobas HPV Assay and Aptima HPV
Assay, which are all solely based on nucleic acid-based detection. These
methods, however, are not affordable for large-scale screening due to expensive
instrumentation and analysis systems, limited specificity and sensitivity. Thus,
rapid testing in modular units, establishment of universal standards to test the
analytical efficiency of the different tests based on large-scale clinical trials and
affordability are aspects of the HPV test kits, which need to be improved upon to
develop globally usable point-of-care testing systems.

Keywords

Cobas · Aptima · Cervista · HPV test · Cervical cancer test

4.1 Introduction

In general, cancer screening is dependent on the organ suspected to have an
uncontrolled growth of cells. Screening techniques for the most common types of
cancer include mammography for breast cancer [1], colonoscopy for colon cancer
[2], alpha-fetoprotein-based blood test for liver cancer [3], CT scan for lung cancer
[4], etc. Unlike the aforementioned types of cancers, cervical cancer (CC) is unique
in the sense that it is caused by a viral infection. Thus, the primary aim of CC
screening tests is to detect the presence of a viral infection. Only 1% of patients
infected with HPV show visible warts or condylomas, limiting diagnosis by visual
examination [5]. Diagnosis of CC in asymptomatic patients thus requires other
techniques to identify the presence of the virus itself. Thus, the general strategies
to detect viruses include antibody tests, viral antigen detection tests, viral culture
tests and nucleic acid-based tests [6]. While the serology-based techniques (antigen,
antibody detection) have limited specificity, viral culture tests are particularly not
suitable for HPV detection since it cannot be propagated using conventional cell
culture techniques as cell differentiation is required for the completion of the viral
replication cycle [7]. However, a traditionally developed alternative for screening
CC was the cytological examination of cervical smears. In recent days, the most
common method to detect HPV infection is the nucleic acid-based methods [8].
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4.2 Cytology-Based Methods

Over the last 75 years, the Papanicolaou test developed by Georgios Papanikolaou
has been the primary test for screening CC [9]. The basic principle of the Pap test is
to microscopically detect precancerous/cancerous lesions in exfoliated cervical cells
stained with the Pap reagent [10]. The cervical cell specimens are collected by
inserting and rotating a swab or brush into the cervix and are either directly
transferred to a microscope slide for examination or are resuspended in an appropri-
ate medium for further analysis (liquid-based cytology) [11]. Upon examination,
the cytologists classify the samples based on the Bethesda classification and refer the
patients either for colposcopy or repeat cytology if abnormalities such as the
presence of koilocytes (nuclear enlargements, hyperchromasia, perinuclear halo),
which are hallmarks for a productive HPV infection, are observed [12]. Colposcopy
is generally not preferred since patients experience several side effects due to the
localized distress caused by the visual examination of the cervix using a colposcope
[13]. Besides, it is a rather expensive and time-consuming procedure with relatively
lower sensitivity in the case of invasive carcinoma [14]. Thus, the Pap test is
considered as a primary screening technique for the detection of CC.

However, one of the major limitations of the Pap smear test is that there is a
higher probability of false negatives since, unlike serological and nucleic acid tests,
which provide a quantitative measure, serological tests are rather qualitative.
Thence, there is variability in the interpretation of samples depending on the
technician’s expertise. Also, visual examination only allows one to conclude the
presence of lesions but does not ascertain the specific subtype of HPV (typing)
behind the infection. Thus, a nucleic acid-based test for typing the HPV causing the
infection is invariably necessary to predict the prognosis of the patient and start with
suitable intervention.

An alternative technique in place of the Pap smear test is the visual inspection of
the cervix with acetic acid (VIA). The examination is conducted by applying a 3–5%
solution of acetic acid to the uterine cervix and looking for the appearance of white
colour. In the presence of excessive proteins, the tissue turns white, which is a
characteristic feature of a precancerous lesion as the acetic acid coagulates the
proteins resulting in white colour [15]. A similar test performed after VIA is
VILI—Visual inspection with Lugol’s Iodine, which stains glycogen in black colour
while the absence of glycogen in the tissue is signified by a yellow colour. Since the
precancerous lesions lack glycogen, the presence of an HPV infection with a high
probability of progressing into cervical carcinoma is characterized by the appearance
of a yellow colour [16]. These tests are generally used in combination with the Pap
smear test particularly in case the lesions are difficult to identify visually. While
electron microscopy offers a viable option to visually examine for the presence of the
virus, it cannot detect the presence of a precancerous lesion and limits the ability to
perform HPV typing. Similar to the Pap smear test, VIA and VILI also suffer from
the same limitations. To compensate for the poor sensitivity of the Pap smear test
(50–80%), repeated Pap smear testing is generally performed given the ease of
performing the test [17].
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4.3 Serological Methods

With the advent of molecular techniques, detection of serum antibodies produced as
a result of the humoral immune response against viral infection through techniques
such as ELISA (Enzyme-linked immunosorbent assay) [18], western blot [19], RIA
(radioimmunoassay) [20] has been adopted. The anti-L1 antibody is one such
antibody that is characteristic of an HPV infection, however, is independent of the
type of cancer [21]. On the other hand, the presence of an anti-E7 antibody is a
hallmark of CC caused by an HPV infection with up to 80% prevalence in clinical
samples [22]. Since L1 is a late structural protein expressed at a relatively later stage
of CC, this immunocytochemistry-based technique is rather ineffective in
identifying precancerous lesions at an early stage and suffers from low sensitivity.

4.4 Nucleic Acid-Based Methods

Southern blot was one of the first molecular techniques to detect HPV DNA in
clinical samples, after DNA isolation and restriction digestion [23]. A modified
version of the southern blot is the dot blot where the specimen is directly spotted
onto a membrane, unlike the former, where the sample is transferred from a gel
to a blotting membrane and further analysed [24]. Further, filter-based in situ
hybridization has emerged as one of the pioneering techniques to detect HPV
DNA directly in the clinical samples and can be strongly correlated to its histology
[25]. The spatial location of the viral genome (integrated or episomal) can be
ascertained, thus correlating with the probability of the infection progressing into
invasive carcinoma. The clinical samples used in both the cases must be highly
preserved to prevent DNA degradation failing, which may result in false-negative
results. Since the limit of detection for southern blot (100,000 copies per test) and in
situ hybridization (25 copies of HPV DNA per cell) is not sufficiently low, it fails to
effectively detect high-grade lesions without prior DNA amplification of the samples
[26]. In addition, both techniques are time-consuming, highly sensitive to minor
changes in the experimental protocol and require a wide array of radioactive probes
for genotyping, increasing the risk of cross-reactivity.

As of 2015, there are currently 193 different commercially available HPV test kits
[27]. The following section will briefly elaborate on a few FDA approved HPV tests,
which are currently used for HPV testing. One of the first PCR free HPV detection kits
approved by the FDA in 2003 is the Hybrid Capture 2 (HC2) kit, which can identify
the presence of 18 different types of HPV (13 high risk-HPV (hr-HPV), 5 low risk-
HPV (lr-HPV)) using a combination of capture RNA, capture antibodies and enzy-
matic reactions as described in the following Fig. 4.1a [28]. Since the assay is designed
in such a way that more than one antibody can bind to a given DNA–RNA hybrid, it
aids in signal amplification, resulting in a readout by a luminometer in terms of relative
luminescence unit (RLU) depending on the presence of HPV DNA in the sample
under consideration. The test kit allows for high throughput screening as currently,
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96 well plates coated with the capture antibody are available commercially, having the
ability to detect as few as 5000 copies of the viral DNA with a sensitivity of close to
90% [29]. Since 13 hr-HPV probes and 5 lr-HPV probes are simultaneously utilized in

Fig. 4.1 Principle of detection of (a) HC2 assay [31], (b) Cervista HPVHR assay [32]. (Copyrights
Received)
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two separate reactions, the assay suffers from cross-reactivity and does not contain an
internal control to verify the assay performance, limiting its commercial use [30].

The Cervista HPV HR test is another signal amplification system approved by the
FDA in 2009 for HPV detection (14 hr-HPV types) which exploits the isothermal
invader DNA assay principle, adopting a Förster resonance energy transfer (FRET)-
based readout [33] (Figure 4.1b). The primary phase of the reaction involves the
hybridization between the synthetically designed invader oligo and the primary
probe with the patient specimen. In the presence of sequence overlap as in
Fig. 4.1b, the enzyme cleavase cleaves the probe resulting in a flap. The second
phase of the reaction involves the binding of the flap to the universal FRET cassette,
resulting in a signal amplification reaction [32]. Unlike the HC2, this assay contains
an internal control probe for the human histone 2 gene (H2be), allowing co-analysis
with the clinical sample, providing two different coloured readouts and thus ruling
out the effect of interferents in sample [34]. While the Cervista HPV HR cannot
differentiate between the HPV types, the Cervista HPV 16/18 allows one to deter-
mine the presence of either one or both simultaneously [35].

However, the current gold standard technique for the screening of CC is the
detection of HPV DNA in the clinical specimens upon PCR amplification. Since
close to 98 different genotypes of HPV have been identified and characterized thus
far, the primary assay is targeted at amplifying consensus sequences of the HPV L1
gene (not type-specific) using well-established PCR primer sets such as MY09/11
(degenerate primers) [36], GP5+/6+ [37], pGMY09/11 [38] and SPF1/2 (Short PCR
fragment) [39]. When more than one genotype of HPV is causing an infection,
amplification of consensus sequences results in masking of the genotypes present in
a lower concentration and the primers have varied specificities depending on the
HPV genotype [40]. Thus, further genotyping is performed using type-specific
primers. The GP5+/6+—PCR-EIA is a commercially available assay that primarily
utilizes the GP5+/6+ primer pair to amplify a conserved region of the HPV L1 gene
and is further coupled with an enzyme immunoassay to further ascertain the geno-
type of the virus using a set of 13 hr-HPV probes [41].

To perform HPV typing, primers are designed specific to the region of variability
between the different HPV genotypes (generally the HPV E6/E7 region). One of the
first FDA-approved tests incorporating PCR amplification is the Cobas HPV assay,
which is a completely automated assay involving real-time PCR amplification of the
HPV L1 gene with a Taqman probe-based readout [42]. Unlike the previously
described assays, which are complex in terms of their principle of detection, the
Cobas test is rather simple and is divided into four channels with an internal control
(β-globin) as in Fig. 4.2a, allowing for genotyping to an extent, since HPV 16, HPV
18 are the most common HPV subtypes causing CC [43].

The Aptima HPV assay is an extension of the amplification-based nucleic acid
detection techniques, except that, unlike Cobas, Aptima involve the amplification of
RNA instead of DNA [46]. The overall principle of the assay is illustrated in
Fig. 4.2c, initially the E6/E7 RNA is captured and further amplified using the
technique of transcription-mediated amplification using enzymes such as MMLV
reverse transcriptase and T7 polymerase [47]. Further, labelled probes
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complementary to the target are introduced in the presence of target, the hybrid is
activated by emitting light, while in the absence of the target, no light is emitted as
the probes are inactivated. An extension of the assay is the Aptima HPV 16 18/45
genotype assay, which allows for genotyping of the HPV strains in the clinical
specimen [48].

4.5 Conclusion

CC screening strategies have evolved over the years at an exponential rate, given the
demand for large scale, rapid, sensitive and selective screening tests. In spite of the
rapid growth of the industry, for large-scale primary screening of the CC the
primitive cytology-based testing (Pap smear test) is being adopted globally, particu-
larly in low resource settings, owing to its affordability and ease of scale up. Slowly,
the commercially available HPV tests are replacing Pap smear tests due to their
relatively higher sensitivity. Even though a large number of HPV tests have been
commercialized, most of the tests either do not perform well analytically or are not

Fig. 4.2 (a) Experimental layout of Cobas test, (b) Principle of Taq man probe-based qPCR
readout [44] (c) Principle of detection of Aptima HPV assay [45]. (Copyrights Received)
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well adapted to the real-world point-of-care diagnosis. Thus, automation in the
avenues of sample-collection, sample extraction and rapid testing in modular units,
establishment of universal standards to test the analytical efficiency of the different
tests based on large-scale clinical trials and affordability are aspects of the HPV test
kits which need to be improved upon to develop globally usable point-of-care testing
systems.
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Electrochemical DNA Biosensors
for Cervical Cancers 5
Muthaiyan Lakshmanakumar, Noel Nesakumar,
Arockia Jayalatha JBB, and John Bosco Balaguru Rayappan

Abstract

Effective diagnosis and preventive approaches can be of great help in reducing
the rate of cervical cancer incidence and death. The uses of advanced bio-sensing
techniques are crucial in the early diagnosis of cancer, especially for cervical
cancer patients that are usually identified at later stages. The development of an
affordable clinical diagnostic tool that can be used for the self-testing and clinical
analysis of cervical cells is the need of the hour. The electrochemical biosensors
were used as important diagnostic technique for cervical cancer analytes and it
provides the quantitative/analytical information of the target biomarkers. This
chapter highlights the basics, design and development of label-free (direct) and
labelled (indirect) DNA-based electrochemical biosensors for the detection of
cervical cancer progressed along with the improvements in analytical chemistry.
And also, the role of nano-interfaces, challenges in DNA functionalization and
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electrode immobilization have been discussed. Further, the development of point
of care (POC) devices with ultrasensitive features for the detection of HPV types
16, 18, and 45 has also been discussed.

Keywords

Electrochemical · Biosensors · DNA · Functionalization · POC

5.1 Introduction

Electrochemical (EC) DNA biosensors have wide benefits such as portability, fast
response with better sensitivity, less complexity and are well-suited for mass production
using micro-fabrication technology. Most other exceptional detection techniques
require costly signal transducer equipment for detecting analytes. Besides, only a few
digital instruments might observe very low current signals in the range of pico-amps
[1]. EC DNA biosensors are mainly focused on the hybridization of complementary
DNA probes or ss-DNA with their target nucleic acid [2]. In recent years, several
modern advancements have been accomplished with enhanced interfacial strategies and
bio-recognition on solid state devices. With the help of nano-scale accuracy,
bio-sensing offers a good diagnosis technique for nucleotide recognition and screening
on solid state substrates. Some of the advanced enhancements had been executed
recently in this field. The key objective of the DNA biosensor is to aid the formation
of a probe target complex, wherein the reaction produces a response, which can be
transduced into a detectable signal via EC digital readout.

In EC DNA biosensor, the probe DNA molecules or the ss-DNA are the
analytes need to be detected. This simple concept is constructed over the
hybridization reaction of the ss-DNA probe towards its complementary DNA.
Hybridization causes changes in mass distribution, light absorption or emission
characteristic, which will generate the digital output. The output generated is
converted into a measurable outcome via an appropriate transduction component
including electrochemical, thermal or optical, which transforms the signals into light,
current or potential [3].

An EC DNA biosensor popularly works on a three-electrode electrochemical cell,
which contains reference, working and counter electrodes [4]. Working electrodes
(WE) may include platinum, gold, and carbon electrodes and these electrodes are
modified with probe ss-DNA. The platinum wire is employed as a counter electrode
and the saturated calomel electrode (SCE) is utilized as a reference electrode. In
the EC DNA biosensor, the initial step is to immobilize the DNA probe or ss-DNA
on the working electrode surface [5]. The mixture of the ss-DNA probe with the
target DNA may initiate reduction/oxidation reactions in the medium and is reflected
as changes in the electrochemical signal of the electroactive indicators/labels
connected to the probes. The immobilized ss-DNA probe could be bounded on the
substrate of WE and detection will be carried out with an EC analyzer. EC biosensors
need electroanalytical approaches, including impedometry, conductometry,
voltammetry, potentiometric, and amperometry to assess the transduced output
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signal, which can be employed to describe the electrochemical changes in the system
induced by the process of molecular recognition. Owing to their miniature size, rapid
response, and low cost, these electrochemical biosensors prove to be a promising
diagnostic technique for cervical cancer detection [6].

5.2 Electrochemical Detection of Cervical Cancer

Electrochemical biosensor for the detection of HPV DNA have been a steady
increase owing to major benefits such as minimum sample volume requirement,
high sensitivity, portability and possibility of large scale manufacturing with the
assistance of micro-fabrication devices and point-of-care diagnostics [7]. Every year,
the detection of DNA via an electrochemical technique is being carried out and is
indicated by increasing publications in this field. However, the limited availability of
HPV cervical swab samples is a major bottleneck in validating the efficiency of the
newly developed techniques. Electrochemical techniques are classified into direct
(label free) and indirect (labelled) methods for the detection of HPV [8].

5.2.1 Label Free Detection of HPV DNA

The direct method (label free) excludes the need for any supporting biomarkers
(label), and hence provides simple bio-sensing procedures. Electrochemical DNA
biosensors measure the variation of the physiochemical signal on the transducer
surface caused by the DNA hybridization shown in Fig. 5.1. Advancement in
nanotechnology also improves the electrical transducer signals to detect electro-
chemical DNA biosensors [9].

Liepold et al. fabricated an innovative numerical microarray design (EDDA) that
showed hybridization of DNA within a few minutes. The fabricated dipstick-kind
microelectrodes consisted of 32 gold microarray electrodes on a silicon wafer;
without any washing procedures or labelling needed, the microelectrodes were
directly used for signal amplification reaction. Initially, the probe DNA was
functionalized on the gold microelectrodes through the modified DNA-ferrocene
hybridization. Immobilization procedures, direct accessibility towards the capture
probes and inhibition from non-specific target probes were reported. The target DNA
was hybridized to the probe DNA when the fabricated sensor was immersed in the
sample. Hence, the electrochemical signal decreased due to the hybridized target
DNA. In this direct method, the target DNA (HPV-6) was measured accurately down
to the 30 pM range. The sensor also provided reliable and robust performance in
scientific laboratories and for diagnosis [10]. Zari et al. immobilized a 20-mer
oligonucleotide of HPV on the surface of screen-printed gold electrodes (SPGE)
for the detection of hybridized DNA without any redox indicator or label. With the
aid of square wave voltammetry (SWV), glassy carbon, gold and carbon paste
electrodes are widely used for the detection of DNA probes, adenine, and guanine
bases. After acid hydrolysis, SWV was used to determine the guanine and adenine
bases. The SPGE showed high sensitivity towards hybridized DNA, the selectivity
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of the DNA biosensor was verified with non-complementary oligonucleotide. Also,
the HPV DNA sensor displayed a good calibration range with the limit of detection
(LOD) of 2 pg/mL. The increase in peak currents was observed to be ordered as
follows: probe modified SPGE> 18-base mismatched SPGE> 11-base mismatched
modified SPGE > hybrid modified SPGE. The major advantage of this direct
method is the suitability of fabricated microarrays and gold screen-printed electrodes
to exhibit high sensitivity compared to carbon or mercury electrodes [11]. An
immunosensor based on 23-mer oligonucleotide (guanine-free) modified graphite
electrode was developed by Campos-Ferreira et al. to recognize E6 gene from HPV
16 virus. The fabricated sensor showed a detection limit of 16 pg/μL. Such a low
detection limit enables the fabricated electrode to detect ultra-low concentrations of
E6 gene and paves the way for analysis of cloning in plasmid [12].

Piro et al. have built a new technology for the detection of HPV using conjugated
copolymer poly (5-hydroxy-1,4-naphthoquinone-co-5-hydroxy-2-carboxyethyl-1,4-
naphthoquinone). The immunosensor was proposed to detect HPV-16 (HPV45E6
and HPV16E7p) by using the HPV-16-L1 probe. SWV was used to investigate the
anti-HPV(serum), which on interaction produced a strong signal between antigen
and antibody [14]. This analytical method also helps to enhance the response of the
sensor in terms of stability as well as sensitivity. Dai Tran et al. reported a similar
approach using inter-digitated platinum electrode arrays (IDA) modified with
polyaniline-multi walled carbon nanotube film (PANi–MWCNT) with a LOD of
490 pM HPV. The sensitivity of the fabricated device is 1.75 � 0.2μA nM�1

(R2 ¼ 0.997) between 10 and 50 nM of anti-HPV. This study summaries the
developed array capability to govern biological and technical deviations.

Fig. 5.1 Schematic of electrochemical detection of cervical cancer
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Furthermore, this work needs to be validated in the real time applications to decide
the practicability of the assays [15]. Huang et al. [16] reported label free electro-
chemical biosensor using glassy carbon electrode (GCE) with graphene/Au nanorod/
polythionine (G/Au-NR/PT) and redox indicator of ruthenium complex, [Ru
(phen)3]2+ with a LOD of 4.03 � 10�14 M and high selective in the range of
1.0� 10�13 to 1.0� 10�10 M [17]. Jampasa et al. [13] have designed and developed
a signal-on electrochemical biosensor for the simultaneous detection of HPV type
18 and 16 DNA using a dual-working SPCE electrode shown in Fig. 5.2. They have
utilized a signal-on method to improve the signal capacity and dual-working SPCE
for the simultaneous detection of type 18 and 16 DNA. Also, they adopted peptide
nucleic acid (PNA) rather than DNA with anthraquinone (AQ), a pyrrolidinyl PNA
(acpcPNA). The authors have carried out the simultaneous detection of HPV 18 and
16 through sandwich hybridization method. Firstly, the gold nanoparticles were
electrodeposited on the SPCE by applying a potential of �0.5 V. The increase in
the surface morphology of SPCE due to the deposited Au NPs added advantage by
providing more anchoring sites for the PNA capture probes. It is followed by the
immobilization of cysteine and an unlabelled capture probe on the gold SPCE
electrode in which the amine terminal acts as a cross-linker. The signalling probe,
designed to be partially complementary with the 50 and 30 positions of the sequence
hybridized by the unlabelled probe is covalently attached to the redox species AQ
through amide bond formation. It is provisioned with a spacer of 4-base
unhybridized gap. The authors have employed differential pulse voltammetry tech-
nique for the determination of the DNA target. The oxidation peak at�0.75 V for the
AQ labelling agent through sandwich hybridization with the upstream and down-
stream positions shows a significant difference in the current. A large peak current
was observed for HPV 16, while a small peak current is observed for HPV 18. The
proposed sensor produced high selectivity without cross-inferences. Further studies
have been carried out on the real time samples derived from human cell lines
obtained from the PCR technique. The proposed sensor produced a linear response
over the range of 0.5–100 nM and a LOQ of 0.5 nM for both DNA strains and a LOD
of 153 and 150 pM for type 18 and 16, respectively. The choice of amplification
reaction is important in the homogeneous bio-sensing strategy without labelling for
the detection of HPV16 E7 and E6 oncogenes [18]. They have adopted
hyperbranched rolling circle amplification (HRCA) technique solely driven by the
entropy of the system. The diffusivity of the electrochemical indicator is responsible
for the resulting electrochemical signal. In the absence of the target DNA the
amplification process will not take place and most of the methylene blue
(MB) shows a high diffusion coefficient to the electrode. In the presence of target
DNA, it facilitates the entropy-driven target recycling process. The target DNA
binds with the triple-stranded complex and results in the strand displacement
reaction in-turn it can catalyse the entropy-driven amplification reaction. Further,
the hybridization generates circular padlock probes. The HRCA helps in the produc-
tion of a large number of ss-DNA and ds-DNA. The resultant fragments can easily
embed the methylene blue indicator. The strong electrostatic repulsion between the
negative charged ITO working electrode and the DNA restricts the diffusion of MB
over the electrode surface, which results in a reduced electrochemical signal. The
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target concentration is directly related to the electrochemical signal, which is
observed using the differential pulse voltammetry (DPV) technique in the range of
�0.1 to �0.6 V. The authors have also carried out agarose gel electrophoresis and
fluorescence measurement for the confirmation of the signal amplification. Wherein
no bands were found in the g, h, and i lane which strongly routes for the proposed
entropy-driven amplification reaction of the target DNA. The authors have
optimized the embedded time and concentration to be 60 min and 40μM. The
designed sensor produces a linear response and a low detection limit of 0.1 fM to
10 pM and 18.6 attomole, respectively. Further, the authors have done studies on
clinical samples obtained from cervical patients. Karimizefreh et al. [19] have
improved electrochemical detection of HPV by modifying the GCE with gold
nanosheet, as the active sites on gold nanosheet, such as edges and corners, played
a major role to increase its sensitivity [16]. The thiolated single-stranded 25-mer
oligonucleotide (synthetic thiol-ss-DNA) was immobilized on gold nanosheet and
the LOD was found to be 0.15 pM. Regarding the electrochemical DNA biosensor
for sensing HPV 16 in human blood serum samples, the authors have developed a
new portable PCR free method for detection of HPV 16 [12]. They have fabricated a
highly sensitive electrochemical DNA biosensor for the recognition of HPV 16.
Primarily they prepared a cysteine film through electrodeposition by applying a
potential in the range of �0.2 to 1.5 V. Further, the HPV-16 specific probe was
immobilized by adsorption over the film. Due to its special functionalities, this
particular amino acid has been adopted as bridge between the working electrode
and the HPV 16 probe through ionic interactions. The authors have utilized the DPV
technique to monitor the hybridization of the specific probe with synthetic targets as
well as from clinical samples. They performed the studies usingMB as a redox reporter
for pre- and post-hybridization processes. The effect of hybridization results in a
significant decrease in the MB signal. The reduction of MB was carried out between
�0.6 and 0 V. The authors have optimized the probe concentration to be 1000 nMwith
a high current signal. The low concentration produces low current signal due to the less
availability of surface probes and high concentration leads to probe overlapping, which
results in less number of guanine bases followed by less reduction of MB. The authors
have further carried out the work with DNA extracts from cervical swabs of HPV
positive patients. Also, they performed a confirmation study on the clinical samples
using PCR technique. The proposed sensor produced a linear response in the range of
18.75 nM and 250 nM and a detection limit of 18.13 nM.

PEGylation promotes protein-PEG complex formation, preserves biological
activity at neutral pH and is widely used for biological applications. In this regard,
Chandra et al. [20] utilized PEGylated-arginine (PA) towards impedimetric detection
of cervical cancer HeLa cells. Viscous solution of PEGylated-arginine obtained from
vacuum evaporation of the reaction mixture formulated using di(ethyleneglycol)-
ethyl ether acrylate and dried methanolic suspension. The prepared PA was purified
and used for stabilising Fe3O4 magnetic nanoparticles (MNP) synthesised via a co-
precipitation method. GCEs were modified with the prepared PA-MNPs incubated in
Immunoglobulin G (IgG) solution for 6 h. Following this, the response of electrodes
towards different cell lines such as breast cancer cell lines and normal mouse
fibroblast cell lines were studied. In similar lines, the inoculated HeLa cells bound
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to the IgG/PA-MNP modified electrode were allowed to grow. Following this, for
varying concentrations of drugs, doxorubicin, methotrexate, and hydroxyurea, the
effects on cell viability were studied. Towards this, the peak current at 0.3 V, which
corresponds to reduction of disulfide bonds (in HeLa cells) decreased on addition of
doxorubicin was observed. On the other hand, a dip in peak current at 0.2 V
corresponding to reduction of amino groups on addition of methotrexate was
observed. Further, confocal microscopy imaging revealed sufficient cell internaliza-
tion of drugs and MNPs. Electrochemical Impedance Spectroscopy (EIS)
measurements were in direct correlation, with charge transfer resistance (Rct)
increasing linearly with the logarithm of the concentration of cells attached to
the electrode surface. The sensor exhibited appreciable SNR characteristics and
the LOD was reported to be 10 cells mL�1 [20].

5.2.2 Labelled (Indirect) Detection of DNA

Even though the label free detection of HPV DNA requires simple screening
procedures and reduces the time consumption and cost, the sensitivity level of
label free technique is lesser compared to the labelled DNA detection technique.
The labelled (indirect) electrochemical technique can detect DNA concentrations
down to attomole. The labelled technique requires mediators, such as MB Fe
[(CN)]6

3�/4-, [Ru(bpy)3]3+/2+, ferrocene and Os(bpy)3, which enhances the electron
transfer between the DNA and electrode. The indirect electrochemical method could
also utilize metal nanoparticles, which also play a significant role as redox mediators
to detect the target DNA [5].

Sabzi et al. have designed a renewable transducer pencil graphite electrode (PGE)
designed for the detection of HPV target DNA [8]. They have utilized oligonucleo-
tide as a DNA probe and MB as an electroactive reporter. The hybridization of
the probe and its complementary DNA is monitored by the MB signal. The activa-
tion of the prepared transducer is carried out by tracking the MB signals,
in conditions where 1.5 V and 450 s are fixed as the optimum potential and time,
respectively. Secondly, the probe immobilization plays a crucial role in the perfor-
mance of the sensor. The immobilization at the negative potential helps in the MB
accumulation. The authors have utilized square wave voltammetry to understand the
hybridization reaction. The MB signals decreased substantially in the presence of
complementary DNA. The sensor provided great selectivity towards HPV DNA and
the detection limit of 1.2 ngμl�1.

Nasirzadeh et al. used hematoxylin as an electroactive indicator for the detection
of HPV DNA [19]. The detection is governed by the interaction between hematoxy-
lin and the target analyte. The authors have done an optimization study for the probe
and the hybridization of the target analytes. Here, the authors have investigated two
types of immobilization strategies such as droplet and solution self-assembly. Hence,
the droplet technique provides a high accumulation signal. Also, a large signal was
obtained after the hybridization process. The authors have carried out a comparison
study for different hybridization techniques such as drop, preheated solution, and
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solution hybridization method. Among all, the solution hybridization method gives
comparatively better results because the target DNA can choose the most suitable
orientation and the optimum time for the hybridization process. The authors used
differential pulse voltammetry and cyclic voltammetry for the detection of HPV
DNA. The voltammetry signals clearly distinguish the complementary,
non-complementary, and the mismatch DNA sequence. The current response for
the hematoxylin increases initially till 8.0μM and it then decreases with increasing
probe concentration due to the unavailability of interaction site between the
electroactive indicator and the target DNA. They observed an increase of hematox-
ylin signal with ds-DNA in comparison to the ss-DNA. The proposed sensor
produced a linear response at the concentration range of 12.5–350.0 nM and a
LOD of 3.8 nM. Jampasa et al. have designed the labelled anthraquinone-
pyrrolidinyl peptide nucleic acid (acpcPNA) probe for HPV 16 sensing. The
SPCE/chitosan is immobilized with an acpcPNA probe linked through a
C-terminal lysine residue glutaraldehyde as mediator. Linear detection range
between 0.02 and 12.0μM, limit of quantification and LOD of 14 and 4 nM were
observed [21]. This fabricated electrode appears to have high selectivity and has the
ability to be used effectively in PCR tests to identify HPV 16 DNA. The sensor is
economical to manufacture and needs only a limited sample volume. The
bio-sensing device is indeed easy and this analytical technique can be used as an
innovative screening approach for effective HPV monitoring in developing
countries. The limitations of this method involve the need to immobilize the PNA
probe, the lack of regeneration and the very high detection limit provided by the
DNA detection method. Yet, the limit of detection is reasonably better to enable
HPV type 16 DNA to be detected from PCR samples. Civit et al. have fabricated a
genosensor array developed for the detection of three HPV DNA [22]. Primarily, the
mixture of thiolated probes and bipodal alkanethiol have been immobilized on a
4 � 4 array electrode through co-immobilization. They used a sandwich type
hybridization technique for the simultaneous detection of HPV types 16, 18, and
45. This multiplexed array helps in the screening of multiple analytes. The three
probes for the three HPV types were immobilized alternatively among the 16 gold
working electrodes. The target detection takes place through the hybridization of the
specific HRP-labelled probe. The authors have also verified the genotype sensor with
the amplified clinical samples. The designed sensor produces high specificity for the
target analytes with a low background signal for the non-specific analytes with high
reproducibility. The sensor produces a LOD of about 220 pM, 170 pM, and 110 pM,
for HPV type 16, 18, and 45, respectively. The quantitative analysis of clinical
samples was carried out and the sensor was able to produce a high degree of
correlation with the laboratory analysis. The adapted platform could be widely
employed as it has the ability to multiplex and can detect nucleic acids with greater
precision, especially in identifying RNA expression profiles in theranostics. The
electrochemical sensors have a huge linear range and low LOD, in comparison to
other DNA biosensors depicted in Table 5.1. In the cutting-edge world, the devel-
opment of high-quality biosensor for cervical cancer prevention could be possible.
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5.3 Conclusion

The design and development of effective biosensors for the detection of cervical
cancer in underdeveloped countries remains a major obstacle. Clinical diagnostics
requires significant advancements and is primarily focused on the emergence of
novel materials for the construction of rapid and sensitive biosensors. The develop-
ment of an affordable clinical diagnostic tool that can be used for the self-testing and
clinical analysis of cervical cells is the need of the hour, and the deployment of these
analytical tools allows detection of cervical cells in patients residing in middle- and
low-income countries. Another downside of existing detection techniques is the lack
of personal testing, owing to the need for chemical reagents and sample
pre-treatment. Therefore, HPV biosensors need new technological improvements
with an effective sensing platform capable of detecting and quantifying ultra-low
concentrations of HPV in cervical cells without compromising accuracy and
precision.
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Optical DNA Based Sensors for Cervical
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Abstract

Optical biosensors are devices frequently used to detect different molecules in
biological applications through their interaction with light. Optical biosensors
have many advantages because they allow fast and direct detection of target
molecules. So, they can be easily applied to different types of delicate or minia-
ture point-of-care devices with high reliability. Although many different types of
optical platforms are used in biosensing, fluorescent and colorimetric sensors
have mostly been adapted for the detection of cervical cancer. Many studies are
reporting rapid, low-cost, and disposable biosensors using fluorescently labeled
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probes with various fluorophores to detect human papillomavirus (HPV) DNA in
a single assay. However, fluorescent biosensors can be adapted with
nanoparticles, microbeads, and two-dimensional nanomaterials, and even Clus-
tered regularly interspaced short palindromic repeats—CRISPR associated
(CRISPR-Cas) for an improved limit of detection, easy separation of probes,
simplification of sensor design and operation, etc. Similarly, many colorimetric
sensors have been reported for the detection of different types of HPV DNA.
Colorimetric sensors have a unique advantage as detection can be carried out with
naked eyes without the need for any instrument but only has relatively moderate
sensitivity. Additional techniques, such as loop-mediated isothermal amplifica-
tion, DNAzymes, peptide nucleic acid, can be incorporated to improve its detec-
tion limit significantly. Besides, both fluorescence and colorimetric sensors can
be applied to lateral flow assays, microfluidic systems, or microarrays for rapid
and multiplexed detection of HPV. In this chapter, recent progress in the
DNA-based optical biosensors for cervical cancer detection is summarized with
emphasis on fluorescent and colorimetric sensors.

Keywords

Optical biosensor · Fluorescence · Colorimetric · DNA · Cervical cancer · HPV

6.1 Introduction

Optical biosensors are a class of devices used to detect different molecules in
biological applications through their interaction with light [1–5]. They consist of a
light source that generates electromagnetic waves, a biosensing platform where the
light and molecules interact, and a detector that distinguishes and assesses electro-
magnetic wave spectrum as they interact with target molecules [6–8]. The principle
of an optical biosensor is premised on the variation in the typical signals from an
optical platform, which is caused by specific biological interactions occurring in the
presence of target molecules [9, 10].

Design and engineering of an optical biosensor are important to significantly
increase its sensitivity and selectivity and make it suitable for practical use. Recently,
nanotechnology opened up a new path to develop highly advanced biosensing
platforms with excellent optical properties [11–13]. These nano-platforms could be
correlated with different spectroscopic methods including fluorescence, surface
enhanced Raman spectroscopy (SERS), localized surface plasmon resonance
(LSPR), and surface plasmon resonance (SPR), which can be developed into the
form of the newest biosensing system [9, 10, 14–18]. Especially, optical biosensors
have many advantages because they allow fast and direct detection of target
molecules. So, they can be easily adapted into different types of delicate or miniature
point of care (POC) devices with high reliability. Although many different types of
optical biosensors exist, fluorescent and colorimetric sensors have been adapted for
the detection of HPV.
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One of the earliest methods adopted for the detection of HPV includes FISH
(Fluorescent in situ hybridization) which involves the treatment of tissue samples
with fluorescently labeled DNA probes to identify the presence of HPV DNA. This
method, however, is laborious, time-taking, and is rather a qualitative assay
[19]. Thus, with the advent of DNA amplification strategies such as polymerase
chain reaction (PCR), quantitative detection of HPV DNA using fluorescent probes
is now possible and is being widely studied in the last few decades.

6.2 Fluorescent Biosensors

Fluorescence-based detection technique has been widely developed as an essential
analytical tool in drug discovery and disease identification [20, 21]. This technique
has been actively used to recognize HPV specific genotype such as HPV-45,
HPV-16, and HPV-18 in a quantitative manner [22]. It is well known that fluores-
cently labeled probes with various fluorophores can be used for rapid, low cost, and
disposable biosensors in a single assay to detect HPV DNA [23, 24]. A recent study
by Wang et al. reports a sandwich assay for simultaneous detection of HPV-18 and
HPV-16 using silica nanoparticles (NPs). In this assay, one-step hybridization
reaction can happen simply by mixing biotinylated capture DNA modified NPs,
target DNAs (HPV-18 and HPV-16), and 6-carboxyl-X-rhodamine (Rox) or fluo-
rescein amidite (FAM) labeled HPV-18 and HPV-16 probes. Subsequently, centri-
fugation isolated the hybrid-conjugated NPs, and finally, the fluorescence signals of
Rox and FAMwere identified (Fig. 6.1a). The limits of detection (LOD) for HPV-16
and HPV-18 were 0.17 nM and 0.78 nM, respectively [25]. Instead of conjugating
the fluorophore to the DNA probe as in the previously discussed study, Riccò et al.
have directly entrapped the fluorophore (Alexa Fluor® 555) within the streptavidin
modified silica NP through biotin-streptavidin interaction and further attached
amine-modified DNA probes onto the NPs. The luminescent NPs thus obtained
were applied to a microarray system to detect various high-risk HPV types. The
platform developed, despite the technical difficulties in terms of synthesis, was
found to have a better signal intensity than commercial QDs (12 times higher)
with a detection limit of 20 pM [26].

Besides, there are some studies reporting the detection of HPV DNA strands
using quantum dots (QDs) modified with various kinds of fluorophore-labeled
random DNA, which were used as labels for the detection of HPV DNA strands,
including HPV-45, HPV-18, and HPV-16. Magnetic microparticles (MMPs) or
nanoparticles (MNPs) were also utilized for separation of samples after
hybridization. Consequentially, certain HPV could be clearly identified simply by
measuring the fluorophore signals [28, 29]. In addition to paramagnetic QDs,
non-magnetic CdTe QDs have been utilized by Shamsipur et al. for the detection
of HPV-18 via fluorescence resonance energy transfer (FRET). In the absence of the
target, the Cy5 labeled probe and the QD modified with the probe are far apart,
effectively emitting fluorescence. However, in the presence of the HPV target,
hybridization with the probe occurs and thence Cy5 and QD are in proximity. So
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Cy5 acts as an acceptor and yields a linear variation in fluorescence intensity in a
concentration-dependent manner (1–50 nM) [30].

Recently, two-dimensional (2D) nanosheets such as graphene (GO), MXenes,
and transition metal dichalcogenides (TMDCs) were regarded as promising
materials with ultrahigh quenching efficiencies of fluorophores, due to the
nanoscale-surface energy transfer (NSET) [31–34]. Zhang et al. suggested a homog-
enous assay platform for the detection of HPV DNA using polyethylene glycol
(PEG)-PtS2 nanosheet combined with fluorophores. This method has advantages
because it is possible to detect HPV DNA without the need of probe immobilization
and washing steps [35]. Also, it has been reported that Ti3C2 MXene has a high
fluorescence quenching efficiency of fluorophores and the detection of HPV-18 can
be performed in a “off-on” type manner (Fig. 6.1b) [27].

In another studies, a microfluidic device containing microbead array was suggested
to identify or quantify the HPV DNA such as HPV-16 and HPV-18
[36, 37]. Microbeads were used to capture probes for the detection of HPV DNA in
a microfluidic channel. Through “sandwich” DNA hybridization, enzyme-modified
NPs were brought close to the microbead surface and a fluorescent label or an enzyme-

Fig. 6.1 (a) Schematic of multiplex detection of HPV DNAs (HPV-16 and HPV-18) using silica
nanoparticles (NPs) functionalized with capture probes as the sensing platform [25]. (b) Schematic
of the analysis of HPV-18 DNA using MXene as a 2D sensing material [27]. (Copyrights Received)
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modified NPs with secondary HPV DNA probes were introduced in a microchannel
and the fluorescent signals were measured to quantify the target HPV DNA.

There are also several studies reporting that fluorescent probes labeled with
various fluorophores have been used in the lateral flow assay for HPV DNA
detection [38–41]. In addition to typical lateral flow devices which use a different
strip for each HPV type, Xu et al. have developed a multiplex detection system by
fabricating a strip with multiple test lines (14 probes), each coated with a probe
specific for a particular HPV strain and two fluorescently labeled capture probes
(FAM and ROX) that are designed to bind to alternate test lines (Fig. 6.2a). Thence,
fluorescence readout at the different test lines allows for multiplexed detection of
PCR amplified samples with minimal cross-reactivity and a detection limit of up to
100 copies of HPV/μL of the sample [38]. A rather novel approach using the

Fig. 6.2 (a) Schematic of lateral flow strip based detection of 14 different HPV strains using
fluorescent dyes ROX and FAM. Reprinted (adapted) with permission from [38], Copyright (2014)
American Chemical Society (b) Schematic of lateral flow strip based detection of HPV-16 in plasma
samples by utilizing the Cas12a protein [40]. (Copyrights Received)
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biological molecular scissors—CRISPR-Cas has also been applied to lateral flow
strips for HPV detection. The Cas12a protein can not only recognize the presence of
HPV16 and HPV18 DNA in the presence of a suitable guide RNA but can also
cleave other ssDNA in its immediate environment as collaterals. Exploiting its
unique nature, Tsou et al. have developed a lateral flow strip utilizing a
FAM-biotin reporter system, gold nanoparticle tagged antibodies as in Fig. 6.2b
[40]. The unique design allows for visualization of the test band only in the presence
of HPV 16 in plasma samples without DNA isolation and PCR amplification, with a
detection limit of 0.24 fM. As lateral flow strips are disposable, simple to use, and
can be used for rapid analysis of real samples containing HPV, they are an easy and
effective method for genotyping HPV in local hospitals.

However, most of these fluorescence sensors still need target amplification
process to get reliable fluorescence signal from ultra-small concentration of targets in
real samples. An alternative solution to such a problem is signal amplification
instead of target amplification as proposed by Chan et al. While adopting the typical
DNA hybridization setup using a probe and a biotin modified target DNA, instead of
using any commercial fluorescent molecule, they propose the attachment of fluores-
cein diacetate crystals (precursor) to the hybridized complex via biotin. The resulting
fluorescence obtained upon solubilization of the crystals was found to significantly
improve the sensitivity of the output signal up to 147 times when compared to the
use of commercial fluorescent molecules [42].

6.3 Colorimetric Biosensor

Colorimetric biosensors are devices that are capable to detect certain target
molecules with naked eyes through color changes without the need of compli-
cated instruments [43–47]. Plasmonic nanomaterials such as gold nanoparticles
(AuNPs) and silver nanoparticles (AgNPs) are generally used as probes in colori-
metric sensors. For instance, dispersed AuNPs with size smaller than 20 nm have red
color because of the LSPR existing at the wavelength close to 520 nm. However,
once AuNPs become aggregated, significant redshift of the LSPR occurs with the
color change occurring from red to blue. Since AuNPs can easily be functionalized
with biomolecules, such as DNA or proteins through Au-thiol chemistry, aggrega-
tion of AuNPs mediated by the biological interaction occurring between comple-
mentary DNA molecules or antibody and antigen can happen. Thence, colorimetric
sensors exploiting the above principle have also been adapted for the detection of
different types of HPV DNA [48, 49]. A classic example of this has been
demonstrated by Azizah et al. where they have reported the development of a
DNA sensor for the detection of HPV-16 [50]. In the presence of the PCR amplified
target DNA, the color of the probe DNA immobilized AuNP solution turns from red
to purple due to the aggregation of AuNPs in support of the hypothesis mentioned
earlier. In addition, another widely adopted DNA amplification technique-
loop-mediated isothermal amplification (LAMP) has also been used to detect HPV
DNA by adopting the same principle. The study reports a detection limit of 10–1000
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copies of HPV-18 with a reaction time of 20 min to visualize the presence of the
target in the cervical tissue sample with the naked eye [51].

While the former studies involved the direct detection of HPV DNA via typical
aggregation of AuNPs without the use of an indicator/dye, other studies have also
focused on incorporating dyes since a more significant color change can be observed
in their presence, improving their practicality for naked eye based detection. Lue
et al. reported that LAMP-AuNP colorimetric assay can be used for rapid and simple
detection of HPV DNA strands with the naked eye using hydroxy naphthol blue as
an indicator [49]. Along similar lines, a “smart connected pathogen tracer” has been
developed by Yin et.al for the real-time detection of HPV-16 in clinical vaginal swab
samples. Instead of using hydroxy naphthol blue as in the previous study, this study
utilizes Erichrome-black T (EBT) as an indicator to identify the by-products of a
non-buffered LAMP reaction, resulting in three times higher sensitivity when
compared to HNB and an appreciable limit of detection of 100 copies HPV DNA
per sample [52]. In the presence of the HPV target, PPi

4� (a by-product of LAMP)
reacts with the Mg2+ bound to EBT resulting in the formation of Mg2P2O7 color
change from red to blue as the EBT is released, which has been successfully
monitored using a Hue analyzer [53]. Instead of EBT, Daskou et al. have used a
pH indicator—phenol red to analyze whether LAMP proceeds or not. The basic
principle behind this being the fact that there is a liberation of protons as a
by-product of LAMP resulting in the reduction in pH of the solution and thus a
color change from bright pink to yellow is observed, in the presence of the target.
The study claims that this technique yields sensitivity and specificity of 100%,
respectively, with the ability to detect with the naked eye as low as 10 copies of
HPV-16/HPV-18 per test [54].

As opposed to target amplification via PCR/LAMP as discussed earlier, signal
amplification is an alternative strategy to eliminate complex instrumentation and
reduce the assay time. In pursuit of this goal, Persano et al. have developed a
DNAzyme based double isothermal amplification system (Fig. 6.3) which enables
enzymatic recycling of target yielding a significant signal amplification [55]. In the
presence of the target (HPV-16), it binds to the magnetic nanoparticles via the RNA
probes conjugated with DNAzyme (Horseradish peroxidase mimic). Upon addition
of RNaseH which cleaves RNA in a DNA-RNA hybrid, the DNAzyme is released.
In the presence of the ABTS (substrate for the DNAzyme), a deep green color is
observed in a concentration-dependent manner (0.1 nM- 1μM) which is noticeable
with the naked eye (Fig. 6.3a). A similar DNAzyme based signal amplification
strategy has also been adopted to develop a ratiometric fluorescent sensor for the
detection of HPV-16 using chameleon fluorescent DNA templated silver
nanoclusters [56].

While DNAzymes mimic enzyme activity, enzyme-based cascading activity
coupled with a microfluidic setup (enzyme-assisted nanocomplexes for visual iden-
tification of nucleic acids (enVision)) have also been directly applied towards
detection of HPV [57]. In the presence of the target DNA, the otherwise inactive
Taq DNA polymerase (bound by aptamer) becomes active which promotes the

6 Optical DNA Based Sensors for Cervical Cancers 77



extension of the self-primed hairpin structure by incorporation of biotin-labeled
nucleotides. Upon incubation with HRP, a target DNA concentration-dependent
variation in brown color is observed with the naked eye in the presence of HRP
substrate (Fig. 6.3b). Since the complete process is coupled to a microfluidic setup
(modularity) and particularly well-designed enzymes are used (specificity, sensitiv-
ity), detection limit of up to 7.2 amol has been achieved when the samples are
subjected to asymmetric amplification followed by smartphone camera-based
processing with a total assay time of only 30 min (excluding asymmetric PCR).

Fig. 6.3 (a) Working principle for the colorimetric detection of HPV-16 using DNAzymes bound
to magnetic microparticles [55]. (b) Principle of the enzyme-cascading activity-based colorimetric
sensor for the detection of HPV 16/18 [57]. (Copyrights Received)
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In addition to DNA, peptide nucleic acid (PNA) is also an attractive probe for
HPV detection since they have a higher hybridization efficiency to form PNA-DNA
hybrids compared to their DNA counterparts and alleviate the need for immobiliza-
tion of DNA onto the NPs as PNA is charged neutral and can spontaneously bind to
NPs resulting in their aggregation. Exploiting these advantages, a paper-based
disposable DNA sensor for HPV-16 has been developed by Teengam et al.
[58]. In the presence of the target DNA, aggregated AgNPs (PNA bound) are
redispersed due to hybridization between the PNA probe and the target resulting in
a visual color change from red to yellow with a detection limit of 1.03 nM.

6.4 Conclusion

It is thence clear that in terms of DNA based optical sensors for cervical cancer, the
predominant target is the detection of HPV DNA via hybridization reactions.
However, these techniques require relatively large amount of purified DNA via
PCR/LAMP and lot of time for analysis. Plausible future directions include the
utilization of DNA aptamers that can directly bind to either the viral capsid or a
virus-infected cell [59] for quantitative detection of the number of viral particles that
can further be extrapolated to the stage of cancer. Moreover, resulting color changes
of colorimetric assays are generally not clearly recognized with the naked eye up to
certain concentration of HPV target DNAs and thence require complex instrumenta-
tion limiting their practical applicability. Coupling of optical methods with other
detection strategies, for instance, electrochemiluminescence [60] can further
improve the sensitivity without compromising on the selectivity by utilizing the
unique advantages of each of the techniques. Thus, further research is needed to
develop alternative methods, which are a simple, fast, highly reliable, and easy to
handle at low cost for practical use of the colorimetric sensors for the detection
of HPV.
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Other Biosensors for Cervical Cancer
Detection 7
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Abstract

Although electrochemical and optical biosensors have taken over the bulk of
the scientific literature and the commercial market, it is necessary for the scientific
audience to be exposed to other sensing methodologies associated with cervical
cancer diagnosis. Subsequently, the scientific principles behind different trans-
duction platforms for biosensing, ranging from the gold-standard molecular
biology technique of polymerase chain reaction (PCR) to the game changing
nano-thermometry, are discussed in this chapter. Further, works pertaining to
the detection of biomarkers and the diagnosis of cervical cancer using these
platforms have been elucidated. Apart from the prementioned techniques, scien-
tific principles and reports of cervical cancer diagnosis pertaining to vibrational
spectroscopic methods, mechanical transducers, and field effect transistor (FET)
based transducers are discussed here. Also, challenges associated with each
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sensing methodology are critically analysed. Further, novel optical sensors that
have made it into the commercial market are discussed selectively. We believe that
such constructive discussions could aid the readers in discerning the shortfalls
associated with the commercialisation of different biosensing techniques.

Keywords

Nanothermometry · Vibrational spectroscopy · PCR · Piezoelectric sensors ·
Cervical cancer · HeLa

7.1 Introduction

Cervical cancer detection is paramount, considering the fact that it is one among the
few cancers, which, when identified early, could effectively increase the survival
probability of the patient. Hence, for this cause, variegated strategies and
methodologies have been employed with the help of biotechnology and nanotech-
nology, predominantly. Earlier chapters discussed about the design, fabrication and
utility of electrochemical and optical DNA biosensors, in detailed terms. This
chapter would bring under its umbrella the other kinds of biosensors that have
been designed, fabricated and utilised for cervical cancer detection. These are
mechanical biosensors, PCR-based biosensors, thermal based biosensors,
spectroscopy-based biosensors, electric biosensors and other optical biosensors.

7.2 Temperature Based Detection

The eukaryotic cell may be envisaged as a factory with each organelle in this highly
compartmentalised entity performing specific functions and subsequently possessing
varying energy needs. As a consequence, the intracellular temperature distribution
varies, for instance, mitochondria, the power-house of the cell, is reported to be
warm, centrosome dividing locations and the milieu around the nucleus generates
heat [1]. Rapid cell proliferation, a well-defined characteristic of cancer cells, may
cause varied energy utilisation in the cell and hence the intracellular temperature
distribution profile may vary in cancer cells. Further, reports suggest tumour cells
possess higher temperatures than normal cells [2]. Conversely, hyperthermia is a
preferred adjuvant therapy and is used alongside other conventional therapies such
as chemotherapy and radiotherapy. This treatment technique induces apoptosis,
inhibits DNA repair mechanisms in hyperthermia targeted cells and is promising
towards treating radiotherapy resistant cancer cells. Further, hyperthermia triggers
growth of heat shock protein - 70 (HSP-70) on targeted cells and results in activation
of natural killer cells and production of cytotoxins to facilitate tumour cell annihila-
tion [3, 4]. In the case of cervical cancer patients, Burchardt and Roszak [5] reported
hyperthermia to aid their survival [5]. However, even in the case of local hyperther-
mia, this method is limited by its inability to confine heating effects only to the
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tumour regions and hence, the plausibility to affect its neighbouring tissue regions is
very prevalent [6, 7]. Such unintended effects can be avoided by appropriate choice
of heating and ensuring that the heat is localised in tumour regions. The
pre-mentioned scenario of temperature differences in tumour cells and the necessity
to prevent off-targeting in hyperthermia therapy subsequently demands an effective
strategy to monitor temperature variations within and around the tumour environ-
ment. Considering these aspects, intracellular temperature measurement-based
strategies and thermal imaging studies are discussed in this section.

7.2.1 Nanothermometry

Nanothermometry is intended to measure the local temperature changes with
sub-micrometre spatial resolution and is useful towards probing intracellular dynam-
ics, organelle [8] and chemical dependent thermogenesis [9, 10] and hence finds
immense prospects in biomedicine [11–14]. This technique can be broadly
categorised into three groups: electrical, mechanical and optical. Electrical
nanothermometry utilises conventional thermocouple and thermistor-based concepts
where the changes in voltage and resistance (respectively) are characteristic of
temperature measurements [15]. On the other hand, microfabrication technologies
have been appropriately leveraged for fabricating submicron-sized thermal sensors,
known as scanning thermal microscopy, which is like atomic force microscopy
(AFM). Here, the tip of the thermocouple probe is in contact with the surface and
scanned to obtain a 2-dimensional (2D) image. For instance, Wang et al. [16]
reported a thermocouple based nanothermometer that provided highly accurate
thermal signal values with very good time-scale resolution characteristics
[16]. Mechanical nanothermometry involves a bimaterial containing a micro-canti-
lever. Owing to differences in mechanical properties in different segments of
the probe, there is a significant deflection corresponding to temperature changes in
the environment, which can be used for temperature monitoring. However, both of
the techniques are limited by their ability to obtain only 2D surface images. Further-
more, the physical contact between the probe tip and the surface may incur complex
heat flux transfer while the cost of fabricating these sensors is also high [17]. Inter-
ferometry and reflectance-based analysis involve measuring changes pertaining to
refractive index and surface thickness. The latter values, in turn, change with
temperature fluctuations and are indicative of the temperature profile of the sur-
roundings’. In this regard, the optical nanothermography technique utilises these
passive optical parameters to comment on the temperature distribution of the system.
However, these techniques are generally used to obtain 2D thermal images of
the surface.

Excitation of the outermost valence electrons in an atom to higher, less stable
energy levels aids it to liberate the gained energy as heat and light to transit to less
excited, more stable ground state energy levels. The light emitted as a result of this
process is termed luminescence, and depending on the excitation source, it can be
classified into chemiluminescence, bioluminescence, triboluminescence and
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photoluminescence. Photoluminescence involves the excitation of a substance by
optical radiation and generally results in emission radiation having a higher wave-
length than the excitation wavelength. This is known as Stokes emission. The
decrease in energy may be attributed to other non-radiative energy losses associated
with vibration and heat liberation. Further the radiations emitted are classified based
on variations in spin multiplicity, which may occur as a result of excitation of
electrons to higher energy levels. If there are no changes in spin multiplicity on
excitation, the electron transits to a singlet excited state and returns to the ground
state within 10 ns and it is known as fluorescence (allowed transition). Conversely,
on reversal of spin multiplicity, the electron occupies the excited triplet state via
transition to the ground state is quantum mechanically forbidden. As a result, this
causes a delayed emission, which is known as phosphorescence. As mentioned, the
emission radiation is dependent on the electronic states, which depend on the tem-
perature of the surroundings. Hence, luminescence measurements can be utilised to
analyse the thermal energy distribution of the environment [18].

Luminescence nanothermometry exploits this concept and is analysed based on
any of the six parameters shown in Fig. 7.1. (1) Intensity luminescent
nanothermometry: with changes in temperature, the flux of photons emitted

Fig. 7.1 Variations in
luminescence with
temperature increment
(Copyrights received) [19]
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correspondingly decreases and subsequently there is a change in intensity, which is
characteristic of temperature distribution. (2) Band shape luminescence
nanothermometry: With thermal fluctuations, as the spectral lines of luminescence
emission are close to one another, the band shape is susceptible to undergo changes,
thereby indicating temperature variations in the environment. (3) Spectral lumines-
cence nanothermometry: Spectral line positions depend on the energy levels of
electronic states and are characteristic of the refractive index & inter-atomic distance
in a material. With variations in temperature, spectral line positions vary correspond-
ingly and are hence used for temperature distribution analysis. (4) Polarisation
luminescence nanothermometry: involves measuring the ratio of parallel and
perpendicular polarisation components relative to incident polarisation direction
whose ratio is largely influenced by the Brownian motion of the luminescent
particles. Further, Brownian motion is largely dependent on the temperature profile
of the surroundings. Hence, the polarisation anisotropy values obtained from the
ratio of the parallel and perpendicular components may be exploited to comment on
the thermal fluctuations of the environment. (5) Bandwidth luminescence
nanothermometry: phonon density largely depends on the temperature fluctuations
in the environment and further influences the spectral bandwidth, hence it may be
leveraged for thermal profile analysis. (6) Lifetime luminescence
nanothermometry: utilises the decay probability of radiations which decreases
with phonon assisted energy transfer, where phonon generation is largely dependent
on thermal fluctuations, which can be used for temperature distribution analysis.
Luminescence nanothermometry offers very high thermal sensitivity characteristics.
With improvements in nanoparticle synthesis techniques, surface functionalization
and dispersion methodologies, this nanothermometry technique may offer very high
spatial resolution for thermal sensing. [19]. Hence, this section encompasses a
discussion of luminescence nanothermometry and its prospects for cervical cancer
detection.

Fluorescent protein based nanothermometers, which can be genetically encoded,
facilitate organelle targeting. However, these probes have low thermal sensitivity
[20]. Albeit, organic fluorescent dyes possess considerable intracellular targeting
ability and thermal sensitivity, photobleaching issues exist [20]. Fluorescent
nanogels, owing to their large size and low hydrophilicity, find little utility in
intracellular temperature sensing [21]. However, recent works by Okabe et al.
[22], pertaining to reducing the size of nanogels and modifying their surface with
hydrophilic residues, have rendered them useful for intracellular temperature
measurements [22]. Inorganic quantum dot (QD) based nanothermometers exhibit
significant spatial localisation [23]. However, photobleaching of QDs has been
reported [24]. Upconverting nanoparticles (UCNPs) possess excellent
photostability, excitability in the NIR range and are used in biological applications
[25]. Owing to their idiosyncratic luminescence properties, a brief description of
UCNPs is included here.

UCNPs constitute a host material, an activator and a sensitiser. An ideal host
material should have low phonon energies so that the non-radiative energy loss does
not hinder the radiative processes which may reduce its efficiency. This may be
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attributed to the fact that “phonons”, quantised vibrational waves of the lattice in
interaction with photons, result in “Anti-Stokes Raman Scattering”, which is much
weaker. Hence, the host material is chosen in the purview of having a low phonon
lattice energy. Commonly, inorganic molecules are used. Although salts of heavy
halides like Br� & Cl� have lower phonon energies, they are hygroscopic and hence
not chemically stable. Conversely, oxide-based inorganic materials offer high chem-
ical stability, but the high lattice phonon energies affect their upconversion effi-
ciency. In this context, fluoride based inorganic salts are popularly used and are
chemically stable and possess lower phonon energies. Reports suggest covalent host
materials result in increased electron–phonon coupling and hence ionic host
materials are preferred [26]. Optically active long-lived excited states are more
preferred for upconverting systems. Forbidden transitions facilitate such longevity
and hence lanthanides, owing to the presence of 4f orbitals are used in UCNPs.
Elements present in the middle of lanthanides are reported to have optimal shielding
owing to the presence of 5s and 5p orbitals, experience lanthanide contraction and
hence do not participate in interaction with the environment or with phonons.
The absence of interaction with the neighbouring environment prevents crystal
field splitting, i.e. breaking of degeneracy of orbitals, and offers a large number of
electronic excited states with similar energy within the forbital. This facilitates f-f
transitions, which are forbidden according to the Laporte Selection rules and hence
offers long-lived excited states, thereby augmenting the upconversion
characteristics. Lower concentrations of activator ions are used and optimum dis-
tance between these ions is ensured to prevent cross-relaxation. Sensitiser ions have
a high cross-sectional area for IR radiations and have energy level differences like
activatorions, promoting energy transfer upconversion [27].

UCNPs have been utilised for temperature monitoring in HeLa, cervical cancer
cell lines [28]. The work involved solvothermal synthesis of water dispersible
NaYF4:Er

3+, Yb3+ NPs and the ratio of their emission peaks at 525 and 545 nm
was seen to be inversely proportional to temperature values. Further, the solution
containing UCNPs was irradiated with a 980 nm laser source and thermal images of
the temperature distribution profile which revealed temperature gradient were
obtained. UCNPs have been reported to be endocytosed by HeLa cells [29], and
these cells were incubated in an UCNPs solution. Voltage was applied to a metallic
platform setup and the intracellular temperature of the HeLa cells varied
quadratically. Transmission optical images for different temperature values (25�C,
35�C and 45�C) revealed changes in cancer cell’s morphology, thereby highlighting
the work’s significance towards single cell temperature measurements and hyper-
thermia induced cell death [28].

Carbon dots (CDs) exhibit tuneable fluorescence properties, biocompatibility,
possess low cytotoxicity and are water dispersible [30]. Macairan et al. [31] reported
a CD based fluorescence nanothermometer for intracellular temperature
measurements and demonstrated its real-time usability in HeLa cells. The group
synthesised dual fluorescing CDs (dCDs) via microwave synthesis which did not
agglomerate even upon drying. Excitation of dCDs at 405 nm yielded blue and red
emission peaks centred between 370 and 500 nm and 645 and 730 nm, respectively,
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whereas excitation of dCDs at 640 nm yielded only a red emission peak. Further, the
quantum yield for blue and red peaks was reported to be 0.38% and 6.11%,
respectively. The blue fluorescence originated from the core of carbon centres,
while the red fluorescence was attributed to the fluorophores attached to carbon
atoms in CD. For a 640 nm excitation, the intensity of the red emission peak
increased linearly with temperature (5–60�C). However, when the dCDs colloidal
solution was excited at 405 nm, there was a dip in intensity for blue emission and an
increase in intensity for red emission. Cell viability studies were performed by
incubating dCDs in HeLa cells for 24 h and the dCD concentration for IC50 of
the cell line was reported to be 147.6 μg mL�1. Although excitation of dCDs at
640 nm offers advantages such as greater penetration depth and less scattering, the
red emission intensities did not corroborate with the externally induced thermal
changes in the HeLa cells. Conversely, the ratio of red to blue emission intensity for
excitation at 405 nm increased linearly with increasing temperatures, thus affirming
the utility of the ratio-metric approach for temperature sensing. dCDs exhibit
advantages such as being thermally stable, exhibiting real-time and reversible
fluorescence response. However, owing to excitation at lower wavelengths, which
raises autofluorescence issues in biological tissues, it is difficult to translate this work
in vivo [31].

Although DNA based nanothermometers possess advantages such as being
biocompatible and demonstrating high spatial and temperature sensitivity, they are
prone to nuclease mediated degradation and require external transfection agents for
their internalisation into cells. To address these limitations, Xie et al. [32] took cues
from nature and synthesised a scallop-inspired DNA nanomachine (SDN), which
consisted of a molecular beacon (MB) encapsulated in a tetrahedron DNA arrange-
ment. Like the shell of scallops, the tetrahedron architecture protected the MB from
its surroundings and further assisted its quick response to an external stimulus. SDN
was synthesised using oligonucleotide strands P1, P2, P3 and P4. P3 contained stem-
loop MB structure, acceptor and donor dye molecules were attached to P4 that is
partially hybridised to P3 strand. Thus, for temperatures greater than melting tem-
perature (Tm - 54�C), the stem-loop structure unfolded and hence the acceptor to
donor signal (A/D) decreased, while for temperatures lower than Tm, the tetrahedron
structure remained intact and hence significant A/D signals were obtained. For cyclic
variations in temperature between 27 and 54�C the SDN demonstrated reliable
reusability and reversibility characteristics. SDN responses did not vary with pH,
K+ concentration and the arrangement was nuclease resistant. Furthermore,
the (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium) bromide) assay or MTT
assay revealed the SDN to be non-cytotoxic. SDN’s real-time usability was probed
in HeLa cells, which highlighted SDN’s ability to be endocytosed by cells and thus
circumventing the need for external transfection agents. Intracellular temperature
measurements were performed by exciting the arrangement at 488 nm and
corresponding changes in fluorescence values were seen. The ratio-metric fluores-
cence signals obtained as A/D values attenuated the effects of environment. Further,
SDN was used for simultaneous visualisation of the heating area in gold nanorods
incubated with HeLa cells, where the nanorods were irradiated by a 980 nm laser for
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different time intervals and the corresponding fluorescence signals were monitored.
This indeed bolsters SDN’s usability for intracellular temperature monitoring [32].

Albeit popularly used cadmium or lead based semiconductor crystal QDs exhibit
tuneable emission peaks and resistance to variations in pH, they are toxic and hence
not preferred for bioimaging applications. Hence, Zhang et al. [33] synthesised
non-toxic and highly biocompatible core/shell binary QDs—CuInS2/ZnS
encapsulated in an amphiphilic micelle. Encapsulation by polyoxyethylene stearate
(PS), a derivative of polyethylene glycol (PEG), conferred hydrophilicity to QDs and
rendered them dispersible in water. A red shift in emission peak was attributed to the
interaction of QD-micelle’s surface with polar environment, which affected the
electron–hole recombination pairs and hence resulted in bandgap variations. Fluo-
rescence intensities were seen to decrease with increasing temperatures. As far as
temperature sensitivity was concerned, micelle encapsulated QDs did not show any
significant variations from unencapsulated QDs. The QD-micelle structures were
repeatedly heated and cooled to 60�C and 0�C and the structures demonstrated very
good thermostability and reversibility characteristics. This was attributed to the tight
encapsulation and stable interaction between the QD and the micellar assembly.
Even at concentrations as high as 300 μg mL�1, the QD-micelles were not toxic to
HeLa and prostate cancer cells. Fluorescence measurements using confocal micros-
copy revealed no significant changes even after exchanging the previously incubated
QD solution medium with a new medium, thus indicating no exocytosis of QDs from
cells. Further, these QD-micelles were used for in vivo tumour imaging. Here, they
exhibited significant intensity changes in physiological temperatures and very good
stability in tissue, thus highlighting their usability for real-time bioimaging
applications [33].

Intracellular thermal imaging using non-fluorescent techniques such as
thermocouples, Raman microscopy and others is indeed in corroboration with
the results obtained from fluorescent intracellular nanothermometers. This has in
turn ameliorated the reliability of these nanothermometers. However, currently,
along with these temperature measurements, studies record other physiological
parameters such as mitochondrial depolarisation and the rate of oxygen consumption
to bolster the nanothermometer’s results [34]. Nevertheless, simultaneous
measurements of other physiological parameters by coupling them with intracellular
nanothermometry is a stiff task. Hence, in the case of sole utilisation of fluorescence
nanothermometry, it is recommended to make multiple measurements and report the
average readings [35]. In vivo nanothermometry is still in its primordial stages.
Fluorescence nanothermometry is being probed in animal models, especially for
photothermal therapy applications, where the materials emit temperature dependent
fluorescence. Further, excitation of materials with EM source results in fluorescence
emission as well as heat liberation and thus dual purpose of imaging and thermal
treatment is being addressed. Owing to greater penetration depth characteristics and
minimal auto-florescence in biological tissues, NIR irradiation is preferred. In order
to fabricate safer theranostic systems, temperature monitoring and heating strategies
can be appropriately decoupled by using two different laser sources, materials for
thermal imaging and thermal ablation. In the case of diagnostic applications,

92 R. R. Suresh et al.



nanothermometers are used for monitoring ischemia and inflammation in vivo
[36]. As can be noted, this section encompassed reports that facilitated cancer
diagnosis only in cells and not in tissue samples. One of the possible reasons for
limited studies involving tissue samples could be the attenuation of the fluorescing
light by a large number of cells in the considered tissue sample [20].

7.3 Vibrational Spectroscopy-Based Detection Strategies

Rotational, vibrational and electronic energies of a molecule increase when it
absorbs EM radiation. Upon interaction of the molecule with the incident EM
wave, a transition occurs from the ground state to an excited state. The three energy
levels could be ordered in the following way based on their energies: rotational <
vibrational < electronic. Transitions in the vibrational energy levels are modulated
by IR radiation. In a harmonic diatomic oscillator model, interaction with EM waves
mediates changes in internuclear distances between the vibrating masses m and
M. The vibrational frequency (ν) is characteristic of the structure of the molecule
under investigation and depends on the reduced mass of the oscillator and strength of
the bond between m and M (Eq. 7.1). However, in the case of large amplitudes of
vibration, aspects of repulsive forces between vibrating atoms and their dissociation
should be considered, which are modelled by anharmonic oscillators [37].

ν ¼ 1
2π :

ffiffiffi

f
μ

r

ð7:1Þ

μ ¼ mM
mþM

ð7:2Þ

This section encompasses a brief description of two kinds of vibrational spectros-
copy, IR and Raman spectroscopy and their use in the diagnosis of cervical cancer.

7.3.1 Infrared Spectroscopy-Based Detection

For molecules to be IR active, their dipole moment should vary with vibrations. The
dipole moment of a molecule represents the product of charge difference and
distance between two charge centres. As the molecule vibrates, there will be
fluctuations in electron densities around the atoms and this may change the dipole
moment associated with it. These charge fluctuations generate an electric field that,
when interacting with EM radiation, tends to absorb those with the same frequency
as the molecules' natural vibrational frequency, resulting in an increase in vibrational
amplitude. For molecules possessing a permanent dipole moment, the electron cloud
will be amassed around the electronegative atom. Subsequently, the fluctuations in
electron density will cause significant variations in dipole moment; hence such
molecules are IR active [37].
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IR spectroscopy, a very sensitive technique, is popularly used for identification
and structural analysis of a variety of organic and inorganic compounds. The
obtained absorption/transmission spectrum is characteristic of the molecule under
investigation. According to the Boltzmann distribution, many of the molecules
occupy the ground state (n ¼ 0) and excitation to the next higher energy level
(n ¼ 1) is more prominent. Such excitations are referred to as allowed or fundamen-
tal transitions. Further, the majority of chemical functionalities are absorbed in these
wavenumber regions of 4000–400 cm�1 [37]. The initial IR instruments employed a
dispersive element such as a prism or grating to separate individual frequency
components emitted from the IR source. However, these dispersive IR instruments
can only perform slow scanning. Hence, in order to increase the speed and facilitate
simultaneous scanning of all frequencies, the Fourier transform infrared (FTIR)
instrument was developed. FTIR consists of a source, an interferometer arrangement
and a detector. The interferometer is made up of a beam splitter, a stationary flat
mirror and a movable flat mirror. After passing through the beam splitter, IR beam
produces two optical beams of which one is reflected off from flat immovable mirror,
while the other reflects off from mirror which moves a short distance away from the
beam splitter. This setup results in interference between two beams and the produced
IR beam interacts with the sample. The interferogram is decoded by Fourier trans-
formation and a plot of intensity vs frequency is obtained [38].

Although genomic studies have gained immense recognition for cancer diagno-
sis, tumours display extended heterogeneity, limiting their cell level characterisation
ability [39]. Histological analysis only gives qualitative information pertaining to
cell morphology, size and stain variations. In this regard, IR spectroscopy, which can
provide quantitative information about biomolecules such as lipids, proteins,
carbohydrates and nucleic acid, proves to be a fitting contender for biological sample
analysis. Further, the changes associated with tissue biochemistry such as lipid
peroxidation, protein aggregation and more which precede or are manifested by
the disease are reflected in the IR spectrum, which can indeed be used to probe the
various stages associated with the transition from normal to cancerous tissue
[40]. Owing to this technique’s relevance in cancer diagnosis, this section
encompasses some works pertaining to the use of IR spectroscopy towards cervical
cancer diagnosis.

Mordechai et al. [41] carried out FTIR analysis on formalin fixed biopsy samples
and highlighted the differences in IR spectrum associated with cervical cancer and
melanoma tissue samples. It was seen that cervical cancerous tissue samples had
lower absorption in the wavenumber region of 900–1185 cm�1. This region
corresponds to glycogen groups, which are associated with cell maturation and
may decrease with the differentiation of normal cells into neoplastic cells [42]. Fur-
ther, with an altered metabolism and increased cell replication characteristics, there
is a corresponding increase in the transcription of cancer cells. This is reflected as
increase in intensity of anti-symmetric phosphate peaks of DNA and RNA, occur-
ring between 1185–1300 cm�1. Combined utilisation of peak ratios for RNA
(1121 cm�1)/DNA (1020 cm�1) and glycogen/asymmetric phosphate content was
reported to be a reliable strategy for detection of cervical cancer [41].
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Ethanol preserves the architecture of cell organelles and facilitates rapid dehydra-
tion of cellular material, thereby avoiding the adsorption of any trace molecule. Also,
ethanol preserves samples by avoiding staining or fixing procedures. Cervical
spatulas and brushes can be preserved in an absolute ethanol solution. Hence,
Wood et al. [43] performed IR analysis on ethanol preserved samples in a multi-
cavity IR cell. The cell being single crystalline minimised the fringing effects,
removed water from samples and further facilitated their effective spreading,
which enabled easy identification of contaminants. FTIR spectra were obtained for
normal epithelial cells and cervical cancer cells. Bands corresponding to glycogen
and symmetric modes of phosphates were observed to be largely suppressed in the
cervical cancer cells. Further, intense peaks corresponding to anti-symmetric phos-
phate bands were obtained. Depending on the characteristic differences in the
spectra, they were classified as type 1 and type 2. A multivariate statistical method
of principal component analysis (PCA) was incorporated in the study and appropri-
ately tailored to aid the analysis for cytologists. Subsequently, abnormal and normal
cervical cells were appropriately classified and the work highlighted the potential for
spectroscopy of biological samples coupled with computational analysis to aid in
the diagnosis of cervical cancer [43].

Synchrotron sources produce EM radiation due to the tangential movement of
electrons in a circular unit and are further accelerated by magnetic fields. They could
act as smaller sized excitation sources and contribute to minimal thermal noise
during analysis. Thus, these sources could be potentially used for IR spectroscopy
analysis. Hence, Faolain et al. [44] carried out IR analysis using a synchrotron
source. The group performed analysis on dewaxed fixed samples and unfixed frozen
samples and compared their corresponding spectra. In the case of dewaxed fixed
samples, characteristic peaks were seen for glycogen and symmetric phosphate
groups in normal epithelial and basal cells. In the case of connective tissue samples,
amide peaks from proteins were obtained. However, in the case of invasive carci-
noma cells, significant absorption bands corresponding to nucleic acid were not
obtained. Analysis of frozen, unfixed tissue samples revealed significant intensity
changes for all epithelial, basal cells and connective tissue. Nucleic acid peaks were
reported to be more prominent for basal cells. Furthermore, splitting of amide peaks
was observed in the case of connective tissue samples. Although analysis of frozen
samples pertaining to invasive carcinoma was not performed in this work, the
authors highlighted the enhanced nucleic acid peaks associated with basal cells
and envisaged similar spectrum characteristics for cervical carcinoma cells owing
to the cancerous origination from basal cells [44].

Although IR spectroscopy offers advantages such as being non-destructive,
highly sensitive and requiring only small sample volumes for analysis, it has certain
disadvantages. The major disadvantage is interference from water, which overlaps
with many proteins found in biological samples, making information on the latter
inconspicuous. Albeit in vitro studies involving ethanol preserved samples can do
away with this interference, it is not possible to utilise this technique in vivo, thus
necessitating conventional biopsy or other minimally invasive procedures for cancer
diagnosis. Further, blood and cellular debris commonly associated with the cervix
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have been reported to affect IR analysis. Also, IR spectra of tissue samples subjected
to formalin fixation and paraffinisation experience interference due to fixing reagents
[44]. In this regard, deparaffinisation of samples ought to be carried out prior to IR
analysis. In addition, processing of spectrum images followed by computational
analysis may give away unique and varying features associated with samples, which
could be harnessed for diagnostic purposes [43].

7.3.2 Raman Spectroscopy-Based Detection

An EM wave, on interacting with a material undergoes a shift in its wavelength
which may be attributed to material absorption or reflection or scattering. Raman
spectroscopy involves analysis of scattered EM waves. Phonons, the quantised form
of molecules’ vibrations, interact with the incoming photons from the incident
monochromatic laser beam. On interacting with incoming photons, phonons from
the ground state are excited to higher energy levels, become unstable and thus emit
photons of the same frequency. This is known as elastic or Rayleigh scattering and
occurs at about 99% per incident EM wave. Further, the emitted photons do not give
any information about the molecule. Conversely, inelastic or Raman scattering
results in changes in energy in the emitted photons. For instance, phonons may
absorb energy from incoming photons and shift to energy levels just above
the ground state and thus emit photons of low energy, resulting in a Stokes shift.
Otherwise, the incoming photons may be excited by phonons and thus the emitted
EM wave may be of higher frequency, resulting in an anti-Stokes shift. The latter is
much rarer, hence less intense, and thus much of Raman scattering involves contri-
bution from Stokes shift. Thus, notch filters, tuneable filters and others are used to
selectively remove the Rayleigh component from the scattered waves and enhance
the quality of Raman spectra. The wavelength of emitted photons, which are either
low or high in comparison to the incident photons, is characteristic of the vibrational
energy of the molecule. Further, the polarisability of a vibrating molecule is fre-
quency dependent, so changes in polarisation of a molecule in interaction with
an incident EM wave provides useful information about its composition [45]. Unlike
IR spectroscopy, interference signals from water molecules are suppressed in Raman
spectroscopy because different selection rules apply to Raman and IR. This renders
Raman highly meritorious for biological sample analysis. [44].

The greater spatial and spectral resolution associated with Raman spectroscopy
confers its greater sensitivity over IR analysis. This was evident from the work
carried out by Faolain et al. [44]. In their study, they observed that normal epithelial
cells exhibited glycogen bands whereas carcinoma cells showed enhanced peaks for
DNA owing to increased replication activity in cancer cells [44]. The above work
could be considered as the first generation utility of Raman analysis for cervical
cancer detection. Researchers, over the last few decades, have focused on building
research grade micro-Raman instruments to facilitate analysis of single cells that
could screen for cancer cells and even detect bacteria or viruses. However,
parameters such as the wavelength of the irradiation source and the substrate

96 R. R. Suresh et al.



housing need to be optimized and judiciously chosen, respectively. For instance,
green laser excitation elicits strong autofluorescence in biological media and hence
the NIR irradiation source is preferred. Further, trace amounts of rare-earth metals
present in glass substrates produce fluorescence bands, obscuring the Raman spectra
of the biological samples. Considering these factors, Kamemoto et al. [46]
performed Raman analysis (at 785 nm) on frozen slices of cervical tissue samples
mounted on aluminium metal coated glass substrate. Apart from eliciting fewer
background signals in Raman analysis, the aluminium coated glass substrate
enhanced the contrast for microscopic imaging and also enhanced the Raman
bands associated with samples. The absence of peaks at 854 cm�1 and 938 cm�1

indicating a dip in collagen and elastin content along with fewer broader bands for
C-H vibrations were reported as characteristic Raman features of cancerous cervical
tissues [46].

Raman analysis has been used for in vivo detection of cervical cancer, owing to
minimized interference from water molecules [42]. Optical fibres, in this regard,
have been tried for in vivo Raman analysis. However, as these fibres contain silica,
they produce strong Raman peaks that interfere with the spectrum of cervical cancer
tissues [46]. Also, owing to the low Raman cross-section associated with biological
samples, laser source of greater power may be required to produce spectra with
conspicuous peaks, which could potentially elevate the problems associated with
unintended heating of biological tissues [46]. Hence, apart from optimising spectra
processing to identify characteristic differences between cervical cancer afflicted
samples and normal samples, the pre-mentioned aspects pertaining to laser irradia-
tion medium and source wavelength must be optimised so that Raman can plausibly
be translated for in vivo cancer diagnosis applications.

7.4 FET Based Sensors

The previous chapters encompassed reports of different types of electrical sensors
such as voltammetric, amperometric and impedimetric sensors for cervical cancer
detection. This section includes a discussion of field effect transistor (FET) based
sensors for the diagnosis of cervical cancer. FET offers several advantages over
bipolar junction transistor (BJT) such as low thermal noise, higher gain to drain
resistance, low-power switching and effective miniaturisation [47].

BioFETs consist of biological recognition elements attached to the gate regions,
where the underlying channel acts as a transducer and produces a signal
corresponding to the changes in analyte concentration. Voltage applied across the
gate electrodes will promote the charges present in the electrolyte solution in the
channel to move in a direction perpendicular to its flow and hence vary the interfacial
potential across the gate electrode. This in-turn influences the channel resistance,
whose values are characteristics of the composition of the surface of the gate
electrode [48]. Attachment of biomolecules to the gate electrode surface can be
achieved by simple physical adsorption, sol-gel process, Langmuir Blodgett
(LB) film deposition, cross-linking, covalent attachment or gel entrapment
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procedures [49–52]. Albeit physical adsorption is a simple immobilisation strategy,
the possibility for desorption of recognition element exists. The LB film method
results in porous or defective surface layer formation and hence has to be performed
under optimum pressure conditions. Crosslinkers are multifunctional reagents and
thus may facilitate interaction between biomolecules and components of a polymer
or gel matrix. Covalent attachment is a highly reliable immobilisation strategy for
biomolecules, which involves the formation of stable chemical bonds with the gate
electrode surface. BioFETs may be broadly classified as catalytic and affinity-based.
Catalytic BioFETs are made by immobilising biocatalysts like enzymes on gate
electrodes, which interact with a specific substrate or product. These changes in the
concentration of enzymes or products influence the current flow through the channel
and the corresponding analyte concentrations can be obtained. Affinity-based
BioFETs involve immobilisation of antibodies, DNA or receptor like biomolecules
which bind irreversibly to their corresponding target molecules without the aid of
any enzyme or other biocatalysts. They are further categorised as label-free and
labeled affinity BioFETs. In the case of label-free affinity immuno-BioFETs, which
involve interaction between antigen and antibodies, the changes in charge distribu-
tion owing to the formation of antigen-antibody complex are reflected in drain
current values and hence antigen concentrations can be obtained. Similarly, in
the case of ss-DNA modified BioFETs, the hybridisation with the complementary
DNA strand results in charge distribution changes and the corresponding changes in
drain current values are indicative of the target DNA concentration. Labelled
BioFETs majorly utilise enzyme labelled antibodies or receptor molecules, where
interaction of enzyme with deliberately added substrates yields products or reduces
label concentration, which in-turn provide information about the analyte molecules
present in the sample [53].

Carbon nanotube-based FET (CNTFET) offers high conductivity owing to its
material properties. Furthermore, with changes in the diameter of the CNTs,
corresponding variations in the threshold voltage could be observed. Hence,
Gopinath et al. [54] utilised a CNTFET-based nano-biosensor for the detection of
cervical cancer. The current flow across the CNT channel is modulated by voltage
applied across two gate electrodes. When antigen-containing analyte samples are
placed on a biosensor array, they spread and interact with the antibodies present on
each biosensor in the array. Subsequently, significant amounts of analyte will be
available in the vicinity of the added region (referred to as the core) and lesser
amounts of analyte will tend to reach the periphery of the biosensor array. As a
result, electro-potentials generated by analyte interaction with the biosensor will be
lower in the periphery than in the core. In order to render electro-potential
contributions from periphery equally significant, the group set pre-defined voltage
values of 0 V, 0.2 V and 0.4 V for the core, middle and periphery biosensor array
regions, respectively. The resultant current output is converted to voltage via
a current to voltage converter and fed to differential amplifier, where a pre-defined
voltage obtained for non-cancer samples is set as the reference. The top gate on
CNTFET was modified with a cervical specific antibody (CSA) and the back gate
was set with a pre-defined bias voltage obtained from the reference circuit utilised in
the work. The load voltage obtained due to drain current passing through a load
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resistor was indicative of analyte concentration in the sample. This setup signifi-
cantly improved the sensitivity of the sensor and proved to be suitable for biosensor
applications [54].

Recently, reduced graphene oxide-based FET (rGO-FET) biosensors have gained
attention towards a variety of diagnostically relevant bioassays, ranging from detec-
tion of Ebola glycoproteins [55] to SARS-CoV-2 spike protein detection
[56]. Aspermair et al. [57] fabricated the rGO-FET biosensor for HPV-16 E7 protein
detection. The work involved functionalising the glass surfaces in the interdigitated
electrodes with 3-amino-propyltriethoxysilane (APTES) and modifying the elec-
trode surface with rGO, by initialising GO deposition and reducing it with hydrazine.
The modified electrode was immersed in pyrene carboxylic acid and pyrene poly-
ethylene glycol mixture, and to the EDC/NHS activated acid groups, E7 protein
specific aptamer sequences were attached. Electrode surface modifications were
confirmed via XPS studies. Real-time recombinant HPV-16 E6 protein binding
with an aptamer modified rGO-FET biosensor revealed corresponding changes in
current values with a Langmuir isotherm based binding curve pattern. Analysis
performed using insulin, which is of similar size to that of HPV-16 E6 protein,
revealed the sensor to exhibit little changes in current values. It was reasoned that
owing to insulin’s negative charge, the effect of applied electric field is counteracted,
whereas this was not the case with HPV-16 E6 protein aptamers and hence signifi-
cant current changes could be seen. The sensor exhibited similar performance and
sensitivity characteristics on both PBS containing HPV-16 E6 protein and spiked
saliva samples. The limit of detection for the sensor was reported to be 1.75 nM and
it exhibited long-term stability [57].

Low-cost fabrication and the requirement of minimal sample for analysis are
some of the distinct advantages of BioFETs. Further, with necessary processing,
differentially expressed and disease relevant analytes present in serum or saliva
samples can be analysed using FET based sensors [57]. This circumvents the
laborious and invasive procedures of biopsy, tissue fixation and further opens up
the arena of non-invasive diagnosis. However, the electro-potential changes due to
the formation of antigen-antibody complexes or DNA duplexes in the case of label-
free immune-BioFETs and DNA BioFETs are not significantly discernible, thereby
necessitating the use of labels such as enzymes. Because of this, certain reports
suggest the utilisation of techniques such as electron impedance spectroscopy to
comment on antigen–antibody complex formation. However, aspects of FET pas-
sivation, biomolecule immobilisation on the gate electrode surface, and channel size
and shape are important parameters that must be optimised in order to obtain drain
current values that correspond to the analyte concentration in samples.

7.5 Mechanical Biosensors

Advancements in the technologies of micro- and nano-fabrication have paved the
way for the development of mechanical sensors with nano-sized moving parts. These
sensors capitalise on their idiosyncratic properties such as providing a pronounced
mass resolution, where the total mass of the fabricated device is proportional to the
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added mass that needs to be detected [58]. Secondly, mechanical compliance sharply
increases with scale reduction. In other words, the ability of the sensor to undergo
displacement or deformation increases with decreasing scales of dimensions, from
bulk to micro/nano-dimensions. This results in the amplification of force response,
opening up avenues for measurement of diminutive forces governing biological
systems. Thirdly, such mechanical sensors exhibit fast response times [59].

With these merits, mechanical biosensors could be distinguished into four kinds
based on the chemical interactions happening between the biosensor and the analyte
[59]. These are:

(a) Affinity-based: Affinity between the target molecule and functionalised compo-
nent(s) at the device surface is utilised to achieve increased target recognition
and capturing.

(b) Fingerprint: Multiple functionalised layers which exhibit unique binding
affinities towards analytes are present in the sensor ensemble and this arrange-
ment is employed for the identification of the target molecules.

(c) Separation-based: Spatio-temporal delineation of flowing target molecules and
immobilised components on the sensor surface results in a differential chemical
affinity pattern.

(d) Spectrometric: Mass or optical properties of the target are utilised to aid in its
sensing.

In addition, based on the physical processes that govern the operation of mechan-
ical biosensors, they could be grouped into surface stress and dynamic mode sensors.
The first type of sensor measures the quasistatic deflection of a microscopic cantile-
ver caused by the binding of target molecules to the functional groups on the sensor
surface. As a result of such a binding process, a surface stress is developed due to
electrostatic attraction/repulsion, steric effects, hydration or entropic interactions.
The deflection caused is measured using a setup that involves a laser beam reflecting
off the cantilever. Specifically, in the cases of proteins and DNA, piezoelectric
readouts have been employed [59]. In the case of dynamic mode sensors, they
oscillate at their characteristic resonance frequency in the absence of target
molecules. In their presence, this characteristic frequency shifts, proportional to
the number of molecules landing on the cantilever [60].

Predominantly, in several studies involving the detection of cervical cancer
biomarkers, the affinity-based and spectrometric kinds of mechanical biosensors
have been employed owing to their simplicity and high sensitivity. However, high
affinity mechanical biosensors that rely heavily on the affinity between the target
molecule and the functionalised component, are typically found only in the liquid
phase. Hence, post the target capture, the detection of the target has to be performed
in situ, which would be strongly affected by viscous damping, thereby reducing the
mass resolution expected out of mechanical biosensors [59].

In this context, the spectrometric kinds of mechanical biosensors have gained
much attention and traction amongst researchers, owing to their simple design
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resulting in low instrumentation costs, prospective real-time detection, possibility of
label-free detection and high sensitivity [59]. One such category of mechanical
biosensors is the quartz-crystal microbalances (QCM).

QCM-based biosensing employs mechanical resonators in the dimensional range
of centimetres, which are capable of measuring the inertial mass and its
corresponding changes in the target moiety(ies), amassing on their surfaces
[61]. Commonly, this microbalance utilises a base of a thin disk of AT-cut quartz
sided by electrodes on either side [62]. Before the landing of these moieties, the
resonators vibrate at their characteristic resonant frequency. Upon amassment of the
target molecules, a significant shift in that resonant frequency occurs and is subse-
quently tracked in real-time by electronic means [61, 62]. This relationship between
frequency and mass is given by the Sauerbrey equation:

Δf ¼ � 2 f 20
A ffiffiffiffiffiffiffiffiffi

ρqμq
p Δm ð7:3Þ

where f0 is the resonant frequency in Hz, Δf is the normalised frequency change in
Hz, Δm is the mass change due to the amassment of the target molecules in grams
(g), A is the piezoelectrically active area or the area between the electrodes in cm2, ρq
is the quartz density equal to 2.648 g/cm3 and μq is the shear modulus of quartz for
the AT-cut crystal equal to 2.947 � 1011 g cm�1 s�2 [62].

It is to be noted that the above Sauerbrey equation is applicable under conditions
where the amassed mass over the sensor surface must be rigid; the distribution of the
amassed mass must be even over the surface of the sensor and the frequency change
is less than 5%. If the frequency change exceeds this limit of 5%, then the Z-match
method ought to be used for determination of the mass of the target [63].

Since most of the biological detection involves liquid samples, the Sauerbrey
equation stands limited in its application to determine masses in such samples.
Kanazawa et al. proposed a modified form of the Sauerbrey equation, taking into
account the decrease in the resonant frequency as a result of the liquid viscosity
[64]. Mathematically, the modified equation was given by.

Δf ¼ f 3=20

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ηlρl
πρqμqn

r

Δm ð7:4Þ

where ρl is the liquid density, ηl is the liquid viscosity and n is the mode number [64].
With this background on mechanical and especially piezoelectric biosensors

based on QCMs, discussion on the application of such sensors for the detection of
cervical cancer would be essential. Meritoriously, these sensors are preferred owing
to their label-free detection and swift monitoring of DNA hybridisation predomi-
nantly. Considering these merits, a collaborative study performed by Atti et al.
involved a hybrid method with PCR and QCM for specific and sensitive detection
of HPV, in 2007 [65]. They employed an ensemble of probes that were specific and
degenerate for detecting and genotyping the HPV in human specimens. Three
piezoelectric biosensors were developed that involved a degenerate probe for
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detection of various HPV strains like HPV-6, 11, 16, 18, 33 and highly specific
probes for the high-risk HPV types, HPV 16 and 18. The methodology of this study
involved an innovative strategy wherein a degenerate biosensor was initially devel-
oped, which had the ability to identify qualitatively the presence/absence of the
target HPV virus in the considered sample, without genotype identification. They
were able to design a 31-mer oligonucleotide probe comprising the conserved
11-mer sequence across HPV strains (HPV-16, 33, 18, 6 and 11) and an extended
20-mer region with 4 degenerate points. The significance of these degenerate points
is that the different HPV strains differentiate themselves at these points. Further-
more, if this HPV degenerate sensor furnished samples that were positive for HPV,
they were then considered to be detected using the HPV-16 or HPV-18 specific
biosensors. The immobilised probes on these specific biosensors were rationally
chosen, in view of the fact that the region of the HPV genome that was conserved the
least corresponded to the differentiator between HPV-16 and 18 genotypes. All the
probes in this study were immobilised with the help of a biotin–streptavidin pair.
PCR was used as the amplification method required for increasing the DNA content
before allowing the sample to come in contact with the modified QCM surface
consisting of the immobilised probes. The authors, in this study, have claimed that
their technique of using degenerate and specific probes could be extended for
the detection of other microorganisms that are difficult to detect due to their high
mutation rates [65].

Furthermore, a research group from Thailand developed a hybrid detection
technique, but it involves QCM and loop-mediated isothermal amplification
(LAMP) [66]. This LAMP technique of amplifying DNA was first reported by a
collaborative research study in Japan in 2000 [67]. LAMP stands unique as an
amplification technique because of its enhanced specificity and efficiency along
with the merit of serving as a rapid technique (less than an hour required for
amplification) under isothermal conditions. In this method, a DNA polymerase
and four specifically designed primers capable of identifying six unique sequences
present in the target DNA are utilised. Quoting the procedure from the report itself,
which goes: “An inner primer containing sequences of the sense and anti-sense
strands of target DNA initiates LAMP. The ensuing strand displacement DNA
synthesis primed by an outer primer releases a single-stranded DNA. This serves
as a template for DNA synthesis primed by the second inner and outer primers that
hybridise with the other end of the target, producing a stem-loop DNA structure. In
subsequent cycles, one inner primer hybridises to the loop on the product and
initiates displacement DNA synthesis, yielding the original stem-loop DNA and a
new stem-loop DNA with a stem twice as long” [67]. The mechanism of this
amplification technique is shown in Fig. 7.2.

Earlier, the same group had reported the qualitative detection of HPV-58 viral
DNA using this methodology. However, in the chosen study, they have reported the
application of this hybrid detection technique for HPV-16 viral DNA in 31 cervical
cancer tissues that were considered. Using TaqMan-quantitative PCR, the viral copy
number of HPV-16 DNA was identified by amplifying the E6 region using the
TaqMan probe, acting as the control method. In parallel, the QCM system that was

102 R. R. Suresh et al.



used for this study comprised a QCM chamber along with a heating box requisite for
maintenance of isothermal conditions for LAMP reactions. The QCM system was
modified by a thiol-self-assembly procedure followed by immobilisation of avidin,
whereas the amplified products were biotinylated. The authors claimed that the
LAMP-QCM method exhibited a ten-fold higher sensitivity method along with
a quicker analysis time (30 mins) against the TaqMan-qPCR control method
(3 h) [66].

Apart from the predominantly considered mechanical biosensor methodology in
the form of QCM, there are interests in the development of surface acoustic wave
(SAW) biosensors for the detection of cervical cancer. Generally, SAW devices
work by generating and detecting acoustic waves with the help of interdigital

Fig. 7.2 Schematic representation of LAMP mechanism [67]
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transducers (IDT) present on a piezoelectric crystal surface [68]. Consequently,
acoustic energy gets increasingly confined to the surface of the crystal in the acoustic
wavelength range, irrespective of substrate thickness. This behaviour makes these
devices highly sensitive to any surface changes like mass and viscosity changes,
predominantly [69]. SAW devices were first reported as a sensor by Wohltjen and
Dessy employing Rayleigh-type SAWs, where the device was coated with a polymer
layer sensitive to an organic gas [70]. Later, these SAW devices evolved into
biosensing with initial challenges as the SAW devices designed for gas sensing
suffered from pronounced attenuation owing to displacements occurring perpendic-
ular to the sensor surface when immersed in aqueous samples. Such displacements
result in the radiation of compression waves, termed as leaky waves into the aqueous
medium, causing unwanted attenuation [71].

Although leaky waves are considered undesirable, a novel biosensor based on
these leaky waves (LSAW) has been developed for the detection of cervical cancer.
In this study, a peptide nucleic acid (PNA) probe was used against the conventional
use of DNA probes for HPV in cervical cancer detection owing to mismatched
hybridisation between non-target sequences and DNA sequences and lower detec-
tion sensitivity due to smaller DNA probes. PNA, advantageously, consists of a
synthetic peptide backbone (instead of the natural sugar phosphate backbone in
nucleic acids) that is achiral and uncharged. This qualifies PNA to bind to
homopurine targets in double-stranded DNA through a strand displacement mecha-
nism, against the triple helix formation conventionally observed in the case of
natural oligonucleotides. The PNA–DNA complex remains stable when the
Watson-Crick base pairing PNA strand is present in the anti-parallel orientation to
the DNA strand and the Hoogsteen strand is present in the parallel orientation to
the DNA strand [72].

Furthermore, the LSAW device used for this study was comprised of double
two-port resonators that included a detection channel along with a reference channel,
which was operated at a high frequency of 100 MHz. Subsequently, the gold surface
of the LSAW device was modified to immobilise the PNA probes using the thiol
self-assembly method [72]. In summary, this group developed a LSAW biosensor
employing a bis-PNA probe which allows for direct detection of HPV without the
need for PCR, where the PNA probe was highly specific towards HPV-18 but not
HPV-16 with a sensitivity seven times greater than that of a QCM sensor [72].

Mechanical biosensors have evolved, both horizontally and vertically. In other
words, a lot of new kinds of mechanical biosensors have been developed (horizontal
evolution) as well as novel modifications of a given method (vertical evolution). In
this context, apart from QCM and SAW biosensors, microelectromechanical system
(MEMS) based biosensors for cervical cancer detection have been reported. One
such study involved the development of an on-chip antibody-based detection
method for cervical cancer utilising a MEMS device for recognition and capture of
cervical cancer cells using α6 integrin receptors. It is very well known clinically that
the increased expression of α6β4 integrin at the injury site leads to HPV infection. A
microfluidic platform was fabricated from polydimethylsiloxane (PDMS) elastomer,
followed by the conventional channel fabrication method. The PDMS surface was
subsequently modified using 3-mercaptopropyltrimethosilane (MTS) and N-γ-
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maleimidobutyryloxy succinimide ester (GMBS) solutions. Later, dilute amounts of
the antibody solution were passed through the modified channels for immobilisation.
It was mainly observed in this study that longer channels in the MEMS platform
could result in higher sensitivity to capturing target cervical cancer cells on the
PDMS surface [73].

The field of developing mechanical biosensors for cervical cancer detection is still
an open arena considering the challenges from developing better capture agents or
probes to integrating ensembles of nano-sensors with the help of conventional
microfabrication techniques. The road ahead in this arena will be the design and
development of mechanical biosensors that are capable of high-throughput studies at
the scale of individual cells and molecules.

7.6 PCR Biosensors

Notwithstanding the burgeoning methods of detection reported and developed for
cervical cancer, PCR remains idiosyncratic owing to its ability to precisely detect the
mutated strains of HPV induced cervical carcinoma. This is because compared to its
fellow DNA viruses, HPV cannot be detected by conventional cell culture methods.
With the extensive reports and literature on specific changes in the L1 and E6 regions
of the HPV genome, variegated PCR or hybridisation-based methodologies have
been devised. Furthermore, there are at present several HPV kits that have been
FDA-approved, like the Hybrid Capture II, Cervista™ HPV HR and Cobas® HPV
Test for detection of high-risk HPV in DNA samples isolated from cervical cancer
patients [74]. This background clearly indicates the significance of using PCR for
specific detection of HPV induced cervical cancer, setting the basis for discussion on
various developments in this direction.

Prakash et al., in one such novel study, reported the usage of nested multiplex
PCR (NMPCR) for detection of mucosal HPVs, initially followed by simultaneous
typing of HPV-16 and HPV-18 from cervical carcinoma and cervical intraepithelial
neoplasia samples [74]. Multiplex PCR was proposed as a modified PCR technique
to address the shortcomings of uniplex/conventional PCR, which were inadequate
test sample volume and low diagnostic capacity. Hence, in this modified technique,
various target sequences could be amplified by the inclusion of a corresponding
number of pairs of primers in the chain reaction. Such a development in PCR comes
against the conventional focus on optimising the factors influencing annealing and
extension rates, like annealing temperature, poor design of primers, and enzyme
activity, predominantly [75]. Hence, NMPCR was just an incremental development
wherein multiple rounds of multiplex PCR were carried out. In this study, they were
able to obtain a sensitivity at the picogram level for the detection of HPV-specific
gene sequence and the specificity to detect the HPV-16 sequence [74].

Even though PCR is credited with high clinical specificity and sensitivity, it is
often limited to being used in population-scale screening under low resource
conditions, owing to its high price. A study carried out by Surriabre et al. provides
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a reprieve from this shortcoming by proposing a low-cost PCR method involving the
combined use of PCR with BSGP 5+/6+ primers and PCR with pU primers. To
compare the efficacy of their methodology, the HC2 system developed by Qiagen
was used as the control, which could identify 13 HPV genotypes (16, 18, 31, 33,
35, 39, 45, 51, 52, 56, 58, 59 and 68). The BSGP primers consist of 9 forward
primers and 3 reverse primers. Kappa values indicating the degree of agreement
between the techniques were calculated for each of the individual PCR methods
(BSGP and pU separately) and their combination. From their analysis, it was found
that the kappa value for the combined technique (0.82) was in agreement with the
commercial control HC2 system and higher when the methods were considered
separately. Furthermore, the combined technique has a greater sensitivity (88.7%)
against the individual methods (BSGP – 77.4% and pU – 60.9%) along with a
comparable specificity of 95.1% against BSGP’s 96.9% and pU’s 96.5% when
performed independently [76].

Furthermore, coupling the advantages of PCR such as the ability to perform the
analysis with a very low sample volume, the capability to verify the presence of
multiple infections and precise determination of genotype, along with the increased
sensitivity associated with the fluorescence method, has been reported by Kim
et al. [77].

In the reported study, the group developed a DNA chip which is comprised of an
ensemble solution that has the amplified DNA products produced by biotinylated GP
primers from PCR along with a fluorescently active streptavidin solution. In this setup,
when the patient’s sample is loaded onto the chip, in the presence of HPV 16 or
18, they observed a fluorescence signal from the corresponding HPV type DNA chip
only. They claimed that the sensitivity of this combined assay was much greater than
an individual PCR run to detect the HPV types along with a significant reduction in the
response time from about 4 h for PCR to 30 mins for this combined system [77].

Similar to the above study, but in a different setup altogether, the lateral flow
assay was adjoined with PCR for endeavouring high sensitivity and multiplex
detection, as shown in Fig. 7.3. The bottom line of their detection strategy is the
following: fluorescently labelled detection probes were used in the PCR. Subse-
quently, when these PCR products are added to the lateral flow strip which already
comprises the immobilised capture probes, due to capillary movement, three
elements such as the detection probe, the capture probe, and the single-stranded
PCR product will form a sandwich-like product on hybridisation with each other.
This would then be detected by using a fluorescent reader. This group restricted
themselves for the detection of four common HPV types, namely HPV 6, 11,
16, and 18. They also added an internal positive control in the form of the human
β-globin gene, so as to prevent false negatives. Multiplex PCR was employed
wherein the five targets were amplified in a single reaction using GP primers for
the four HPV types and a separate primer pair for the internal control. Linear-after-
the-exponential (LATE) PCR was employed for this study so that they could obtain
abundant single-stranded PCR products for the hybridisation process [78].

LATE-PCR refers to an asymmetric method wherein primers are thoughtfully
designed for unequal concentrations in such a way that the melting temperature of
the limiting primer is at least greater than the melting temperature of the excess
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primer. This method is characterised by an initial exponential phase wherein the
efficiency of amplification is the same as that of symmetric PCR and a later linear
phase wherein the single-stranded product is generated for additional cycles as soon
as the limiting primer is depleted in the reaction mixture [79].

Subsequently, in their procedure, one pair of detection and capture probes was
ascribed to each of their four HPV targets where the capture probe was modified with
a 30 poly(dT) spacer for ensuring high binding efficiency post immobilisation. This
was followed by biotinylation of the capture probe and subsequent mixing with
neutravidin so that the capture probe could be immobilised on the nitrocellulose
membrane. The study claimed several merits, such as a lower response time of just
30 min (similar to the previous study), ease of methodology compared to conven-
tionally used post-PCR analysis like Southern blot techniques, and mainly, a high-
throughput multiplex lateral flow assay system capable of acting as a point of care
testing device [78].

7.7 Other Optical Biosensors

Optical biosensors, by far, are the most conspicuously tapped kind of biosensors in
the literature owing to their unique optical signal characteristics, like higher sensi-
tivity, immunity to disturbances from external sources and hence, their high stability

Fig. 7.3 Schematic illustration of configuration and measurement principle of fluorescent probe-
based nucleic acid lateral flow assay (Reprinted (adapted) with permission from [78], Copyright
(2014) American Chemical Society)
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and low noise, in comparison with other physical signal-based biosensors. Similar to
mechanical biosensors, optical biosensors can be easily miniaturised and are capable
of chip integration [80]. Generally, optical biosensors are classified into catalytic
biosensors and affinity biosensors, where the former employs biocomponents with
the ability to recognise the desired biochemical molecule(s) and results in their
subsequent conversion into a product(s) by virtue of a chemical reaction. Con-
versely, the latter kinds of biosensors make use of specific characteristics of the
target molecule(s) to result in a binding with the bio-recognition element [81]. With
regard to cervical cancer detection, although optical biosensors could be classified
into various verticals based on the optical signal chosen, the focus is primed on
recently developed novel platforms in this chapter.

Miniaturised bio-chip sensors have gained significant attention as optical
biosensors, owing to their merits such as faster completion of on-chip reactions
along with increased sensitivity as a result of maintenance of a high concentration
gradient across the micro-channel, thereby enhancing mass transport. In addition,
biomolecules of interest that are confined within the micro-channels would need to
travel a shorter distance by diffusion to reach their reaction sites [82].

In this background, a novel microfluidic microbead array has been reported by
Zhang et al. for highly sensitive genotyping of HPV employing a multi-enzyme-
labelled oligonucleotide-nanoparticle ensemble as the detection component. They
initially fabricated the microfluidic channels using conventional photolithography
followed by incubation of these channels with 1% bovine serum albumin (BSA) to
prevent non-specific adsorption of microbeads onto the walls of the channels at the
time of the introduction of the avidin-functionalised polystyrene microbeads. In
parallel, DNA capture probes specific to HPV-16, 18 and 52 types were designed,
followed by their functionalisation with biotin. Hence, by biotin-avidin affinity, the
DNA probes were attached to the microbeads inside each of the microfluidic
channels. In addition, gold nanoparticles were prepared by the conventional chemi-
cal method to be conjugated with horseradish peroxidase (HRP) enzyme and
thiolated oligonucleotide so that they could be used as labels with the secondary
DNA probe; tyramine was biotinylated to act as the substrate for HRP enzyme and
electron rich proteins such as casein and BSA were modified chemically by covalent
linkage to 4-OH-PPA-NHS (3-(4-hydroxyphenyl) propionic acid N-
hydroxysuccinimide ester) [83].

In a nutshell, they have developed a methodology wherein the microbeads
functionalised with modified electron rich proteins and biotinylated DNA capture
probes act as the sensing element, while the gold nanoparticles functionalised with
HRP and thiolated oligonucleotide get to detect the genotype of the virus, as shown
in Fig. 7.4. Hence, during the detection process, when the desired DNA molecule
gets sandwiched between the sensing element and the detecting element, HRP
initiates the catalytic oxidation of biotinylated tyramine by hydrogen peroxide to
tyramine radicals that have a very short lifetime and are highly reactive. This, in turn,
would react with the tyrosine residues and 4-OH-PPA parts of the electron rich
proteins in a three-step reaction, resulting in the amassing of multiple biotin
molecules on the microbead surface. These molecules could now act as docking
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sites for the avidin-conjugated quantum dots (gold nanoparticles) to show
fluorescence [83].

The authors have reported that their novel methodology has an absolute detection
sensitivity of 10 zeptomoles of target DNA, showing a 1000 fold signal enhance-
ment, ascribed to earlier stated reasons (increased mass transport ability and
decreased diffusion distance) [83].

In a similar work, Yue et al. developed a much simpler microfluidic device that
used sieved microstructures to form an array of carboxyl-group functionalised
microbeads in a single layer allowing for multiplex analysis. In this study, HPV-6,
11, 16 and 18 were chosen for on-chip genotyping. The microbeads were capsulated
with two fluorescent dyes with an emission wavelength of 650 and 710 nm. These
authors reported a sensitivity of 25 pM of target DNA against zeptomole sensitivity,
which could be explained by the trade-off in the number of components used for the
study compared to the previous study [84].

In a slightly different strategy, a microarray system employing a bipolar
integrated circuit photodiode array (PDA) chip was developed by a group from
South Korea. The PDA chip consisted of an array of 8� 6 photodiodes wherein each
photodiode acted as the support for the DNA probe and a 2D photodetector. Here,
the p-n junction of each photodiode element was doped with n-type impurities to
ensure high leakage current. Subsequently, these photodiode elements were
modified by covering them with a very thin layer of silicon dioxide so that the
probe DNA could be immobilised on them through organosilane chemistry. In this
study, HPV types 16, 18, 56 and 58 were chosen for detection. For the detection
strategy, the PDA chips were incubated with anti-biotin antibody conjugated gold

Fig. 7.4 Illustration of microbeads-based multienzyme-nanoparticle amplification for sensitive
virus analysis (Copyrights received) [83]
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nanoparticles, while the target HPV DNA was biotinylated. Upon binding of the
above two components, silver precipitates at the surface, blocking the irradiated light
(7� 6 array of LEDs emitting at 640 nm) and thus, decreasing the photocurrent. This
reduction in photocurrent was found to be proportional to the amount of target HPV
DNA. This system, as claimed by the authors, exhibited a detection limit of between
1.2 nM and 30 pM based on the silver development time allowed [85].

It is expected that several technical leaps will be made in the future to improve
contemporary optical techniques and platforms. One way could be to revise these
microfluidic platforms to accommodate smaller reaction chambers so that the
processing of nucleic acids, which are currently performed off-chip will be shifted
to on-chip and hence improve their clinical utilisation.

7.8 Conclusion

This chapter encompasses various biosensing techniques and detection strategies for
cervical cancer detection. It is evident that some of the techniques such as
PCR-based detection strategy and vibrational spectroscopy-based diagnosis, require
professional personnel to carry out the analysis, thus posing a limitation to their POC
translation. Further, one major limitation of the vibrational spectroscopy technique is
the requirement of tissue samples, thereby rendering the procedure invasive. In
addition, reagents used for tissue fixation methodology interfere with spectroscopy
measurements and thus analysis of frozen samples over fixed samples is
recommended. Although, QCM possesses high sensitivity, its higher costs limit its
extensive usage. In this regard, FET based sensors exhibit greater plausibility for
commercial usability. However, aspects of passivation, biomolecule immobilisation
and channel geometry must be keenly optimised to ensure reproducible and reliable
sensor performance. Although the possibility of intracellular temperature
measurements is fascinating, its usability as a cancer diagnosis tool raises issues,
since temperature as a sole parameter cannot be used to ascertain the presence of
cancer. However, the progress of nanothermometry in vivo shows prospects for the
tool’s usability in hyperthermia, a widely accepted adjuvant treatment methodology
for cancer therapy. In essence, one could get an idea regarding the engineering
principles employed and biosensing strategies used and further appreciate the
remarkable progress along the lines of cervical cancer diagnosis. However, like
many other fields, the field of cervical cancer diagnosis still offers opportunities for
further research and devices.
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