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Abstract: The earlier cancer can be detected, the better the chance of a cure. Currently, many 

cancers are diagnosed only after they have metastasized throughout the body. Effective, accurate 

methods of cancer detection and clinical diagnosis are urgently needed. Biosensors are devices 

that are designed to detect a specific biological analyte by essentially converting a biological 

entity (ie, protein, DNA, RNA) into an electrical signal that can be detected and analyzed. The 

use of biosensors in cancer detection and monitoring holds vast potential. Biosensors can be 

designed to detect emerging cancer biomarkers and to determine drug effectiveness at various 

target sites. Biosensor technology has the potential to provide fast and accurate detection, 

reliable imaging of cancer cells, and monitoring of angiogenesis and cancer metastasis, and 

the ability to determine the effectiveness of anticancer chemotherapy agents. This review will 

briefly summarize the current obstacles to early detection of cancer and the expanding use of 

biosensors as a diagnostic tool, as well as some future applications of biosensor technology.

Keywords: biosensor, oncogene, nanotechnology, biotechnology, cancer detection, diagnosis, 

point-of-care

Introduction
Cancer is the second leading cause of death in the United States and is expected 

to claim the lives of nearly 570,000 people in 2010 (http://www.cancer.org/). 

This  number equates to ∼1500 deaths/day. One in two men will be diagnosed 

with some form of cancer over the next year, while for women, the probability of 

being  diagnosed with cancer is just over 30% (∼1 in 3). Cancer can take over 200 

distinct forms, including lung, prostate, breast, ovarian, hematologic, skin, and 

colon cancer, and leukemia, and both environmental factors (eg, tobacco smoke, 

alcohol, radiation, and  chemicals) and genetic factors (eg, inherited mutations and 

autoimmune dysfunction) are  associated with an increased risk of developing can-

cer. Bacterial and viral infections are also strongly associated with some types of 

cancer (ie, stomach cancers and cervical  cancer, respectively). The most common 

type of cancer in men and women is prostate and breast cancer, respectively, with 

192,000 new cases of each reported annually. Although cancer is most commonly 

diagnosed later in life (77% of cases are diagnosed in  individuals aged 55 years 

and older), ∼11,000 cases will be diagnosed in children aged 0–14 years. Not 

only is cancer deadly, but it is one of the most expensive  diseases in the United 

States, with total cancer-related expenses in 2008 of  approximately $228.1  billion  

(see http://www.cancer.org/).
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The American Cancer Society (ACS) estimates that the 

average 5-year survival rate for all cancers for the years 1996–

2004 has increased to 66% (up from 50% for 1975–1977). 

This increase in survival can be attributed to technological 

advances resulting in better treatment and improvement in 

early diagnosis. However, the 5-year  survival for certain 

cancers such as liver, pancreatic, and lung remains very low 

(6%–16%). The use of emerging biosensor technology could 

be instrumental in early cancer detection and more effective 

treatments, particularly for those cancers that are typically 

diagnosed at late stages and respond poorly to treatment, 

resulting in improvements in patient quality of life and overall 

chance of survival.

Cancer is defined as abnormal and uncontrolled cell 

growth due to an accumulation of specific genetic and 

epigenetic defects, both environmental and hereditary in 

origin. Unregulated cell growth leads to the formation of a 

tumor mass that over time becomes independent of normal 

homeostatic checks and balances. Tumor cells in essence 

become resistant to apoptosis and other antigrowth defenses 

within the body.1 As the cancer progresses, the tumor begins 

to spread beyond the site of origin and metastasize to other 

body organs and systems, at which point, the cancer is 

essentially incurable.

The two major tumorigenesis mechanisms are 

 activation of oncogenes and inactivation of tumor sup-

pressor genes (TSGs).2–5 Activation of oncogenes occurs 

through  mutation or duplication of a normal gene (a 

proto-oncogene) involved in the regulation of cell growth, 

proliferation, and/or differentiation. This typically results 

in constitutive activation or excess levels of a normal 

gene product, leading to the deregulation of cell growth, 

increased cell division, and tumor formation. Perhaps more 

so than any other type of oncogene, growth factor recep-

tors have been investigated as potential cancer biomarkers. 

The human epidermal growth factor receptor Her-2, for 

example, is amplified in ∼33% of all breast cancers, and 

cancers with amplified Her-2 tend to grow and spread more 

aggressively. Thus, knowledge of Her-2 status is critical in 

determining the proper course of treatment. Trastuzumab, 

a recombinant humanized monoclonal antibody directed 

against Her-2 as targeted therapy for breast cancer, is now 

standard adjuvant treatment for patients with this type of 

amplified gene expression.6,7

TSGs are involved in the regulation of inappropriate 

cell growth and proliferation by slowing or stopping cell 

division. Three of the most well-studied TSGs in cancer are 

retinoblastoma protein (Rb), BRCA1/2, and p53.3 The Rb is 

a master regulator of cell division, and mutation of Rb plays 

a role in many cancers. Point mutations and  deletions are the 

most common causes of inactivation of the Rb1 gene.8–10 

BRCA1 is a DNA repair enzyme, which is involved in 

‘proofreading’ newly replicated DNA for fidelity and pres-

ence of mutations. DNA repair enzymes normally func-

tion to remove replication errors before the cell divides. 

BCRA1 gene mutations account for about 50% of heredi-

tary breast cancers and 80%–90% of hereditary breast and 

ovarian cancers.11,12 Finally, the p53 protein is a master 

regulator of apoptosis or programmed cell death. Mutations 

in p53 are found in brain, breast, colon, lung, hepatocel-

lular carcinomas, and leukemia. Another major concern 

with the loss of p53 is that it can serve as a mechanism of 

chemotherapeutic drug resistance.4,5,13 The development 

of biosensors that can detect the presence of mutations in 

p53, Rb, and BRCA1 is of great importance in terms of 

being better able to determine cancer susceptibility as well 

as more accurate prognosis and treatment regimens.

Cancer biomarkers
The National Cancer Institute (NCI) defines a biomarker 

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. A biomarker may be 

used to see how well the body responds to a treatment for 

a disease or condition”.14 Biomarkers can be of various 

molecular  origins, including DNA (ie, specific mutation, 

translocation, amplification, and loss of heterozygosity), 

RNA, or protein (ie, hormone, antibody, oncogene, or 

tumor suppressor). Cancer biomarkers are potentially 

one of the most valuable tools for early cancer detection, 

accurate pretreatment staging, determining the response 

of cancer to chemotherapy treatment, and monitoring dis-

ease progression.15,16 Biomarkers are typically detected in 

human fluids such as blood, serum, urine, or cerebral spinal 

fluid, but they can also be present in or on tumor cells.17 

A partial list of tumor biomarkers is presented in Table 1. 

Most of these biomarkers, however, have yet to demonstrate 

sufficient sensitivity and specificity for translation into 

routine clinical use or for treatment monitoring. This is 

an area that biosensor technology can potentially improve 

upon. Discussion of some of the major cancer biomarkers 

is presented below.

Prostate-specific antigen
Prostate-specific antigen (PSA) was one of the first tumor 

biomarkers to be identified and put into routine clinical use 
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for screening and diagnosis of prostate cancer. Studies have 

shown that above-normal PSA levels correlate directly with 

prostate cancer. A normal level of PSA is 4.0 ng/mL.  A study 

conducted by Smith found that roughly 30% of men with a 

PSA level between 4.1 and 9.9 ng/mL had prostate cancer.18 

In addition to prostate cancer, elevated PSA levels may also 

indicate benign prostatic hyperplasia, prostatitis (inflamma-

tion of the prostate), or smaller tumors that do not prove to be 

fatal. Thus, PSA levels are not always indicative of malignant 

tumors, a fact that has prompted considerable controversy 

about the value of routine PSA screening for prostate  cancer. 

Small tumors that are detected by PSA screening may in 

fact grow so slowly that death from the tumor would not 

be possible in a man’s life span. Furthermore, treatment of 

these slow-growing tumors is costly and often involves life-

changing surgeries that may not be necessary. However, in 

a study of 695 men with prostate cancer who were assigned 

to either radical prostatectomy or observation (watchful 

 waiting), it was shown that prostatectomy reduced morbidity, 

mortality, the risk of metastasis, and local progression more 

than watchful waiting,19 suggesting that treatment of any kind 

is more valuable than simple observation. Thus, despite the 

controversy surrounding PSA screening, it may be less harm-

ful for a patient to receive unnecessary treatment for a benign 

condition than to not be treated for a malignant tumor.

Another issue with the PSA test is that false positives 

are common, and many men with elevated PSA levels do 

not have prostate cancer at all.20,21 This tendency with PSA 

screening is an area that biosensors can help by eliminating 

some of the ambiguity surrounding the common screening 

methods used today.

Cancer antigen 125
Elevated cancer antigen (CA) 125 is most commonly 

 associated with ovarian cancer and is also linked to cancers 

of the uterus, cervix, pancreas, liver, colon, breast, lung, 

and digestive tract. Several nonpathological conditions such 

as menstruation and pregnancy can also result in increased 

levels of CA 125.22 CA 125 is elevated in 90% of women 

with advanced ovarian cancer and in 40% of patients with 

intra-abdominal malignancy. However, it should also be 

noted that in Stage 1 ovarian cancer, 50% of patients will 

have normal CA 125 levels.22,23 Other biomarkers that are 

linked to ovarian cancer are germ cell in origin such as 

human chorionic gonadotrophin (HCG), alpha-fetoprotein 

(AFP), and lactate dehydrogenase (LDH).24 Elevated CA 125 

following total abdominal hysterectomy or bilateral salpingo-

oophorectomy, which may follow first-line chemotherapy 

treatment, is suggestive of disease recurrence or treatment 

failure. In addition, increases in CA 125 have been used to 

identify the progression of benign cells to malignant cells.25,26 

Overall, CA 125 is a valuable biomarker not only for can-

cer diagnosis, but also for various other aspects of cancer 

treatment and progression.

CA 15-3
CA 15-3 is an important biomarker analyzed in breast cancer 

patients. Other biomarkers that are linked to breast cancer 

are carcinoembryonic antigen (CEA), BRCA1, BRCA2, and 

CA 27.29.17,27 CA 15-3 is used clinically most often to moni-

tor patient therapy in cases of advanced breast cancer. 

In patients with breast cancer, it has been shown that CA 15-3 

concentrations increase by 10% in Stage I cancer, 20% in 

Stage II, 40% in Stage III, and 75% in Stage IV breast 

 cancer.16 Tampellini and colleagues investigated the relation-

ship between CA 15-3 levels and breast cancer and showed 

that individuals with values of ,30 U/mL before treatment 

onset had significantly higher survival times than individuals 

who had higher levels. The study also found that higher 

CA 15-3 values correlated with extensive metastasis.28 

Another study determined that rising CA 15-3 values after 

treatment can indicate disease recurrence.29 At present, 

CA 15-3 levels are considered along with tumor size, cancer 

stage, and negative risk factors (ie, Her-2 and ER/PR status) 

in determining treatment protocols. Other conditions that can 

cause CA 15-3 levels to increase are endometriosis, pelvic 

inflammatory disease, hepatitis, pregnancy, and lactation.

Cancer-testis antigens
Cancer-testis (CT) antigens are a unique class of cancer 

biomarker. They are highly expressed in many tumors, but 

not in normal cells, except for germ cells of the testis. Thus, 

they have been heavily pursued as potential immunogenic 

targets for cancer immunotherapies (ie, cancer vaccines), and 

Table 1 Common biomarkers utilized for cancer detection17,18,22

Type of cancer Biomarker

Breast BRCA1, BRCA2, CA 15-3, CA 125, CA 27.29, CeA, 
NY-BR-1, iNG-1, HeR2/NeU, eR/PR

Colon CeA, eGF, p53
esophageal SCC
Liver AFP, CeA
Lung CeA, CA 19-9, SCC, NSe, NY-eSO-1
Melanoma Tyrosinase, NY-eSO-1
Ovarian CA 125, HCG, p53, CeA, CA 549, CASA, CA 19-9, 

CA 15-3, MCA, MOv-1, TAG72
Prostate PSA
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autoantibodies to CT antigens have been pursued as cancer 

biomarkers. New York esophageal squamous cell carcinoma 1 

(NY-ESO-1), encoded by CTAG-1B, is a highly immunogenic 

member of this class of antigens, eliciting strong humoral 

and cellular immune responses in a high percentage of NY-

ESO-1 positive cancers. The titer of antibodies to NY-ESO-1 

has been shown to correlate with disease progression, as well 

as with disease response/resection.30 One of the advantages 

of CT autoantibodies as cancer biomarkers is that they are 

present in serum, which is far easier to obtain than tissue 

biopsies, and are very stable proteins. They may, therefore, 

be of particular importance in predicting cancer occurrence 

and/or progression. One of the disadvantages of CT antigens 

is that they are rarely tumor-specific, and many tumors will 

express more than one CT antigen. Multiplex biosensors from 

which one can derive a CT antigen profile have the potential 

to greatly improve the use of CT antigens in cancer detection, 

diagnosis, and prognosis.

RCAS1 (eBAG-9)
Receptor-binding cancer antigen expressed on SiSo cells 

(RCAS1) has been shown to be overexpressed in nearly 

100% (98.4%) of gastric carcinomas and correlates closely 

with gastric tumor progression.31 RCAS1 has also been 

implicated as a marker of poor prognosis in gallbladder, 

esophageal, breast, and endometrial cancer and with cancer 

relapse in laryngeal and pharyngeal cancer.32 Thus, in terms 

of  cancer biomarkers, RCAS1 expression appears to be highly 

indicative of cancer progression and perhaps prognosis. As 

with most of the cancer biomarkers discussed here, RCAS is 

overexpressed by many different types of tumors and should 

be factored in with other parameters when establishing treat-

ment regimens.

Proteomics and new cancer biomarkers
The convergence of three major areas of research—advances 

in proteomic technologies (ie, LC-MS/MS, MALDI-MS), 

sequencing of the human genome, and the development of 

sophisticated software algorithms for comparing and analyzing 

large data sets derived from MS data—has resulted in rapid 

progress in the identification of new cancer  biomarkers. The 

power of combining these techniques is that proteomic profiles 

can be generated using tumor  tissue  biopsies or plasma pro-

teins as the source material.  Current MS techniques can gener-

ate hundreds of thousands of individual mass spectra from a 

given protein sample.  Publically available software tools can 

sort these spectra and compare the sequences to each other 

and to annotated genome databases to enable quantitative 

comparative  assessment of proteomes from different sources 

(ie, tumor and nearby normal tissue). In this way, proteins 

that are overexpressed or  downregulated in a tumor sample 

can be identified as putative cancer biomarkers. Readers are 

referred to  several recent reviews on the field of proteomics 

and tumor biomarkers.33–36

Biosensors and cancer
A biosensor is a device used to detect a biological analyte, 

be it environmental or biological in origin (ie, within the 

human body). Information such as whether or not the 

analyte is  present and at what level is transduced into 

an  electrical signal that can be amplified, displayed, and 

analyzed. Examples of analytes include proteins (antigen, 

antibody, and enzyme), nucleic acid, or other biological or 

metabolic component (ie, glucose). In medicine, biosensors 

can be used to  monitor blood glucose levels in diabetics, 

detect pathogens, and diagnose and monitor cancer. Envi-

ronmental applications of biosensors include the detection 

of harmful bacteria or pesticides in air, water, or food (ie, 

during food preparation). The military has a strong interest 

in the development of biosensors as counter bioterrorism 

devices that can detect elements of chemical and biological 

warfare to avoid potential exposure or infection. The vision 

of the future for biosensors even includes chip-scale devices 

placed on the human body for monitoring vital signs, cor-

recting abnormalities, or even signaling a call for help in 

an emergency. In theory, the applications of biosensors are 

limitless.

In terms of cancer, the analyte being detected by the 

biosensor is a tumor biomarker, examples of which were 

presented earlier in the review. Thus, by measuring levels of 

certain proteins expressed and/or secreted by tumor cells, 

biosensors can detect whether a tumor is present, whether it is 

benign or cancerous, and whether treatment has been  effective 

in reducing or eliminating cancerous cells.  Biosensors that 

can detect multiple analytes may prove particularly useful in 

cancer diagnosis and monitoring, since most types of cancer 

involve multiple biomarkers. The ability of a biosensor to test 

for multiple markers at once not only helps with diagnosis, 

but also saves time and financial resources.17

A biosensor is made up of three components: a recogni-

tion element, a signal transducer, and a signal processor that 

relays and displays the results. The molecular recognition 

component detects a ‘signal’ from the environment in the 

form of an analyte, and the transducer then converts the 

biological signal to an electrical output.37 The basic struc-

ture and function of a biosensor is shown in Figure 1.
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Biosensor recognition element
The recognition element is a critical component of the bio-

sensor. Early biosensors used naturally occurring recognition 

elements that were purified from biological or environment 

systems. With advances in technology and synthetic chem-

istry, many biosensor recognition elements used today are 

synthesized in the laboratory to allow for improved stability 

and reproducibility of biosensor function. Examples of rec-

ognition elements are receptor proteins, antigens, antibodies, 

enzymes, and nucleic acids.

Receptor recognition elements
Cell surface receptors are targets for drug delivery and are 

useful for monitoring the effectiveness of cancer therapeutics. 

Activation or inactivation of receptor molecules triggers 

diverse signaling events within a cell. Altering the function 

of a receptor can result in opening or closing of ion channels 

and changes to membrane permeability, activation of adenyl 

cyclase and second messengers, and activation of small G 

proteins, kinases, phosphatases, and transcription factors. 

However, despite the fact that receptor activity governs 

numerous aspects of cell behavior and receptor proteins 

would be valuable as biosensor recognition elements, their 

use in biosensors is problematic. Receptors function prop-

erly only in the milieu of a bilayer lipid membrane, making 

it difficult to obtain purified receptor proteins in high yield 

that are stable and that retain sufficient activity.38

Antigen/antibody recognition elements
Antigen- and antibody-based recognition elements are among 

the most rapid detection systems. A critical benefit of this 

type of element is the inherent specificity of antibody–antigen 

interactions and the fact that the target molecule does not 

need to be purified before recognition. The recognition 

element for PSA biosensors, some of the most widely used 

biosensors in clinical use for the detection of prostate cancer, 

is an anti-PSA antibody. Anti-PSA recognition elements 

have been linked to microcantilever-based transducers and to 

surface plasmon resonance-based sensors, in which changes 

in vibrational frequency upon antigen binding to antibody 

are used to detect PSA.39,40

enzymes
Allosteric enzymes show great potential as recognition 

 elements. In most cases, the regulatory subunit takes on the 

role of the recognition element and the catalytic site becomes 

the transducer.41 One of the most advanced sensors of this 

class, and in general, is the glucose sensor, which uses 

 glucose oxidase as the recognition element. Glucose oxidase 

catalyzes the oxidation of glucose in the presence of oxygen 

to yield gluconolactone and hydrogen peroxide. Typically, an 

amperometric transducer will measure the rate of elimination 

of oxygen or the rate of formation of hydrogen peroxide and 

convert this into a glucose reading.38

Nucleic acids
Aptamers are oligonucleotides that are selected from among 

a pool of thousands of different sequences for very high 

binding affinities for their targets. As a result, they are rapidly 

emerging as biosensor recognition elements. A combinatorial 

chemistry-based technology termed SELEX (systematic 

evolution of ligands by exponential enrichment) has been 

developed to generate nucleic acid ligands from a library 

of DNA and RNA oligonucleotides. Because the number of 

data processing 

Electrochemical—potentiometric, 

amperometric 

Optical—luminescence, 

fluorescence, colorimetry 

Mass change—piezoelectric, acoustic 

wave

Calorimetric—thermal 

Receptors

Antigens 

Antibodies 

Enzymes 

Proteins 

Nucleic acids 

OUTPUT 

INPUT 

Sample Recognition Transducer Amplifier 
analyte element

Figure 1 illustration depicting the process by which biosensors function.
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potential ligands is very high and the molecules are selected 

for high affinity binding to a target ligand, the applications 

of SELEX are nearly unlimited. Biosensors built on this 

type of system have proven to be useful in the discovery of 

new biomarkers that are critical to early cancer diagnosis. 

Cancer biomarkers that have been discovered using SELEX 

technology include NY-BR-1 and ING-1, as well as the CT 

antigens CAGE-1 and NY-ESO-1.42–44 Aptamers have also 

been used in small sensing arrays for the detection of can-

cer proteins. Another characteristic of aptamers is that they 

contain allosteric properties. RNAzymes and DNAzymes 

are examples of allosteric aptamers. These compounds are 

very useful for monitoring disease and have shown promise 

in the areas of Alzheimer’s disease and diabetes.38

Biosensor transducer
A molecular recognition element can be interfaced to a 

 number of different signal transducers. The transducer 

 converts the molecular signal into an electric or digital 

signal that can be quantified, displayed, and analyzed. 

Transducers fit into four general categories: electrochemical 

(ie, amperometric and potentiometric), optical (ie, colori-

metric, fluorescent, luminescent, and interferometric), mass 

based (ie, piezoelectric and acoustic wave), and calorimetric 

(temperature based).45

electrochemical biosensors
Electrochemical biosensors are the most common type 

of  biosensor in use today due to their portability, cost 

effectiveness, small size, and ease of use. Electrochemical 

biosensors can be used at home or in the doctor’s office 

as point-of-care (POC) devices. As mentioned above, the 

glucose sensor, which has revolutionized the way that blood 

glucose readings are taken and recorded, is an electrochemi-

cal biosensor.17 Potentiometric and amperometric biosensors 

are the two most common types of electrochemical biosen-

sors. Potentiometric biosensors use ion-selective electrodes 

to detect an electrical response in the molecular recognition 

element.37 Not yet in clinical use, but showing great promise 

in the area of cancer detection, is a light-addressable potentio-

metric sensor (LAPS) that is coupled to a phage recognition 

element.46 The phage-LAPS was able to detect the cancer bio-

marker hPRL-3 and cancer cells (MDA/MB231 breast cancer 

cell line) with high sensitivity. This new  potentiometric-based 

biosensor has been proposed for use in the clinical detection 

of cancer and anticancer drug evaluation.

Amperometric transducers measure current that is 

 produced when a potential is placed between two electrodes. 

Oxidation or reduction reactions produce a current, which 

can then be measured.47 Amperometric-based biosensors for 

cancer detection that utilize sequence-specific DNA as the 

recognition element have the potential to be extremely useful 

in cancer diagnosis.48,49 These sensors can detect the presence 

of gene mutations associated with cancer through recognition 

of and hybridization to specific DNA sequences present in the 

genomes of cancerous cells. A breakthrough using this type 

of technology was made by Wang and Kawde,50 who used 

chrono-potentiometric transduction biosensors to determine 

that mutations of BRCA1 and BRCA2 are associated with 

hereditary breast cancer.

The GlucoWatch™ is a glucose sensor that was  developed 

to enable noninvasive, continuous measurement of blood 

 glucose levels in diabetic patients. The GlucoWatchTM is worn 

like a wristwatch and takes blood glucose readings through 

the skin via reverse iontophoresis, a process whereby a small 

electrical signal brings glucose to the skin surface so that it 

can be measured. Glucose signals are converted into an elec-

trical signal through an amperometric transducer. This type 

of device helps patients maintain their blood glucose readings 

without the pain associated with traditional  injections. The 

GlucoWatchTM also has an alarm to alert the patient when 

blood glucose readings are out of the normal range and a 

way to record multiple glucose readings.51,52

Electrochemical biosensors offer the capability of 

 detecting damaged DNA as well as the carcinogens that 

caused the damage.47 Electrochemical transducer  technology 

is also widely used in immunoassays and protein arrays. 

Immunosensors, in which an antibody is coupled to an 

 electrochemical transducer, have also been used for 

 measuring cancer biomarkers.

The realization of multiplex biosensors that are capable 

of detecting multiple CAs, thus providing more accurate 

diagnosis and monitoring, is a key advance in biosensor tech-

nology. This type of biosensor has to contain  multiple trans-

ducers that are individually targeted to specific p roteins or 

antigens for detection. Because the technology is reliable, low 

cost, and easily scaled-down with the use of semiconductor 

materials, electrochemical-based biosensors have been key 

players in the area of multiplex biosensors.  Multifunctional 

antibody arrays based on ELISA  methodology are the 

most popular multiplex devices used for cancer protein 

analysis.17

Asphahani and Zhang53 demonstrated the feasibility of a 

cell-based electrochemical biosensor that measures changes 

in cell impedance in response to analyte. These cell-based 

biosensors are commonly referred to as cytosensors and 
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use live cells as the biological sensing element in order to 

monitor changes induced by various stimuli. In terms of 

cancer therapy, this type of sensor can be used to monitor 

the effects of anticancer agents on their target molecules. 

Most anticancer drugs work by killing cancer cells via 

p53-mediated apoptosis. During apoptosis, the cell under-

goes drastic changes in membrane integrity, ion channel 

permeability, and overall morphology. Cytosensors would 

be able to detect such cellular changes more rapidly and 

effectively than a sensor that uses a purified component 

(ie, receptor or enzyme), thus more accurately determin-

ing the pharmaceutical efficiency of the anticancer agent 

in question.

Optical biosensors
Optical biosensors are light-based sensors that measure 

changes in specific wavelengths of light. The transducer 

can be luminescence, fluorescence, colorimetric, or inter-

ferometric based. Optical transducers convert changes in 

wavelengths or SPR in response to analyte recognition into 

an electrical/digital readout.17 Photonic crystal biosensors 

are a newly emerging class of biosensors that use an opti-

cal transducer. The photonic crystal sensor is designed to 

capture light from very small areas or volumes, allowing 

for greater sensitivity of measurement, and then transmit 

that light into a high electromagnetic field for display. By 

measuring the light reflected by the crystal, this technique 

can detect when and where cells or molecules bind to or are 

removed from the crystal surface. Using this type of biosen-

sor, Chan and colleagues were able to monitor changes in 

proliferation and apoptosis of breast cancer cells exposed to 

doxorubicin and determine the IC
50

 of doxorubicin.54 This 

type of biosensor technology would be useful for pretreat-

ment screening of effective doses in order to balance efficacy 

of treatment and toxicity.

Another exciting example of this application of this 

type of technology to cancer detection is the esophageal 

laser fluorescence-based optical biosensor for the diagnosis 

and monitoring of cancers of the throat. After being swal-

lowed by the patient, the device directs a laser beam emit-

ting a specific wavelength of light onto the surface of the 

esophagus. The esophageal wall reflects light at very specific 

wavelengths, based on whether the tissue contains cancerous 

cells or normal cells. This sensor has been tested on over 

200 patients and found to accurately diagnose cancer over 

98% of the time.55 By using this type of biosensor, surgical 

biopsies and the pain and recovery time associated with 

them could be avoided.

Mass-based biosensors
Piezoelectric and acoustic wave biosensors make up the 

class of mass-based biosensors. In terms of cancer detection, 

piezoelectric biosensors are more commonly used. Piezo-

electric sensors are based on changes in the mass of quartz 

crystals when potential energy is applied to them. This change 

in mass generates a frequency, which can be converted 

into a signal. Immunosensors and microcantilever sensors 

that use piezoelectric technology have proven useful in the 

identification of cancer biomarkers.17 A study conducted 

by Dell’Atti and colleagues56 illustrated the use of a piezo-

electric biosensor coupled with PCR amplification to detect 

point mutations in the human p53 gene, which underlie in 

part almost all types of cancer. Because mutations of p53 

are critical to cancer development and the effectiveness of 

cancer treatments, there has been considerable effort in the 

development of quick, inexpensive, and effective ways to 

detect p53 mutations.

Calorimetric biosensors
Calorimetric biosensors are less common than other 

biosensors for cancer diagnostics, but the introduction of 

nanotechnology to the field of biosensors has increased 

the range of applications for these types of biosensors. 

Calorimetric biosensors measure exothermic reactions. 

Many enzymatic reactions generate heat, and changes in 

heat can be used to measure analyte concentration. The 

reaction is monitored by measuring enthalpy changes, which 

indirectly provide information about substrate concentra-

tion.37 Calorimetric biosensors are not commonly used for 

the diagnosis and prognosis of cancer, but some cancer-

detecting capabilities have been demonstrated. A recent 

report by Medley and colleagues57 demonstrated the use of 

an aptamer-based gold nanoparticle calorimetric biosensor 

for the detection of cancer. The researchers were able, using 

the gold nanoparticles, to differentiate two different cell 

types, acute leukemia cells and Burkitt’s lymphoma cells. 

This report illustrates the feasibility of combining aptamer-

based recognition elements with a calorimetric transducer 

to detect cancer cells57 and potentially discriminate between 

normal and cancer cells.

Biosensors and nanotechnology
Nanotechnology is a rapidly emerging field that is having an 

enormous impact on biosensors, and by extension, the diag-

nosis, prognosis, and monitoring of cancer. Most cancer is 

diagnosed only after it has metastasized, making it much more 

deadly and difficult to treat. Roughly 60% of cancer cases 
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are diagnosed in patients after the tumor has metastasized. 

The application of nanotechnology to biosensor develop-

ment improves the chances of detecting cancer earlier, thus 

improving patient survival rates. One example of this is in the 

diagnosis of cancer by magnetic resonance imaging (MRI), 

one of the most common imaging technologies in use today 

for cancer diagnosis and monitoring. A major drawback of 

MRI is that it cannot detect entities that are smaller than a 

few centimeters. The use of nanomaterials as imaging agents 

allows for more sensitive and precise measurement of cancer-

ous tissues. Liposomes, dendrimers, buckyballs, and carbon 

nanotubes are all examples of nanomaterials that have been 

used to improve cancer imaging.58 Additionally, the use of 

nanotechnology means smaller sensors, which translates into 

better access to and detection of cancer markers, as well as 

more powerful and specific signal enhancements, reduced 

cost, and high throughput detection.1

Nanoparticles are defined as particles on the scale of 

1–100 nm in diameter. The small size of nanoparticles 

allows for a greater surface to volume ratio. This increase 

in ratio allows for better detection, imaging, and prognosis 

methods and improved drug delivery to tumor sites that 

were previously not accessible. Nanocantilevers, nano-

wires, and nanochannels are all examples of structures that 

have been exploited for the detection of cancer-specific 

molecular events and improved signal transduction.59 Zhang 

and colleagues60 developed a nanowire-based biosensor 

for the detection of micro-RNAs (miRNAs). miRNAs are 

important regulators of gene expression and are associated 

with cancer development. Traditional methods of detecting 

miRNA such as northern blot analysis have low sensitivity 

and are time consuming and costly. The development of a 

sensitive, inexpensive, easy-to-use biosensor for detecting 

cancer-related miRNAs represents an advance in the use of 

miRNAs as cancer biomarkers.

The use of single-walled carbon nanotubes (SWCNTs) 

has greatly enhanced the detection capabilities of elec-

trochemical biosensors, providing increased sensitivity 

to enzymatic reactions. SWCNTs have increased activity 

toward hydrogen peroxide and NADH61 and have been 

used in nucleic acid-based sensors and immunosensors 

for cancer biomarkers to enhance signal detection and 

transduction.62,63 Nanotechnology has also enabled 

advances in optical biosensor technology in the form of 

surface-enhanced Raman scattering (SERS). With SERS, 

one can achieve a degree of multiplicity more than current 

methods. SERS can measure up to 20 biomarkers at one 

time without any interference.64

The development of microfluidic laboratory on a chip 

(LOC) devices is a classic example of how nanotechnology 

can improve patient care. LOC technology takes the 

complexity of a laboratory and simplifies it into a low-cost, 

easy-to-use, portable system that can be used by physicians 

or patients. LOC methods that incorporate immunoas-

says and DNA hybridization arrays have been tested for 

their ability to identify individuals who may be at a high 

 cancer risk.59 Another major application of nanotechnology 

is the use of quantum dots. Quantum dots are luminescent 

nanocrystals that have many of the same properties as opti-

cal biosensors.17 Quantum dots can emit light of different 

wavelengths, intensity, and spectral width, allowing for 

the diagnosis and detection of multiple unique molecular 

elements.58 They are able to track molecules and entire cells 

as they move through an environment. As such, they can 

be very important in monitoring cancer development by 

tracking the migration of cancer cells, cancer metastasis, 

and drug therapy effectiveness. The allure of quantum dots 

is their high stability, multimodality, and small size (∼50–100 

units in diameter for biological applications). Quantum dots 

are also capable of delivering therapeutic agents to specific 

target sites to improve pharmaceutical effectiveness while 

minimizing side effects.65 Similarly, the use of dendrimers 

as drug delivery systems and for effective targeting strategies 

has also emerged from the field of nanotechnology.66

Conclusion
Cancer biomarkers are important indicators of tumor growth. 

They are used not only to diagnose and monitor disease, but 

also to provide a prognostic approach to treatment. One of 

the ultimate goals of biosensor technology is POC cancer 

diagnosis. Point-of-care-testing (POCT), or diagnostic 

testing that is done on site, is a field in which biosensors 

could have a major impact, allowing the patient and medi-

cal staff to get results rapidly and easily. POCT allows for 

faster diagnosis and has the potential to significantly reduce 

costs.67 However, to move biosensors toward POC devices, 

multitarget detection of multiple biomarkers is necessary. In 

addition, POCT and multibiosensors, while bringing biosen-

sor technology to the patient’s bedside, must maintain the 

accuracy and reliability of the laboratory.47 LOC biosensors 

are a relatively new technology that show promise in this 

area. The major influences of nanotechnology on biosensor 

development involve nanomaterials, particularly quantum 

dots, as they cannot only facilitate diagnosis and tracking of 

cancer cells, but also can deliver drugs to target sites with 

precision and allow for more sensitive imaging systems that 
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can detect cancer at an earlier stage. In the next 5–10 years, 

it is certain that nanotechnology will revolutionize  cancer 

diagnosis and therapy. Integrating nanomaterials and 

biosensors will allow us to detect disease earlier, improve 

cancer imaging, and aid in diagnosis/prognosis and advance 

drug delivery while minimizing adverse reactions. Cancer 

takes place on the nanoscale level; it only makes sense that 

combating this disease also occurs at the nanoscale. Although 

the complexity and diversity of cancer has posed many chal-

lenges in the medical field, biosensor technology has the 

potential to provide fast, accurate results, while maintaining 

cost effectiveness.
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