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Electrochemical sensing of cancer cells 

Robert J. Forster ∗, Elaine Spain and Kellie Adamson Q1 

Rapid and effective differentiation between normal and cancer 1 

cells is an important objective for the diagnosis, prognosis and 2 

theranosis of tumours. This short review highlights some of the 3 

most recent developments in the electrochemical detection of 4 

cancer cells with particular emphasis on sample-to-answer 5 

devices and approaches that enable down-stream investigation 6 

of the properties of the cells. Given the speed, portability, 7 

sensitivity and selectivity achieved using electrochemical 8 

detection, these sensor systems hold the promise of 9 

transformative change in clinical practice. 10 
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Introduction 15 

Successful treatment of disease depends on early de- 16 

tection and appropriate therapy, but many diseases, 17 

including cancer, do not exhibit clinical symptoms until 18 

they are well established. The key to improving patient 19 

prognosis is to quantify clinically validated biomarkers of 20 

disease (proteins, antibodies, nucleic acids and cells) that 21 

are found in abnormal amounts in body fluids or tissue 22 

when disease is present [1] . In the context of cancer, cir- 23 

culating tumour cells, CTCs, i.e., tumour cells that spread 24 

in blood and/or lymphatic vessels from solid tumours, are 25 

central to the spread of the cancer to secondary sites, i.e., 26 

cancer metastasis [2,3] . CTCs can be used to predict dis- 27 

ease progression and survival in metastatic, and perhaps 28 

early-stage, cancer patients [4,5] . However, the central 29 

challenge is that the concentration of these cells early in the 30 

disease initiation and progression cycle, is typically ultralow , 31 

perhaps 5 –10 CTCs /ml, i.e., 10 

−19 M! Moreover, in whole 32 

blood, the CTCs must be detected in the presence of 33 

high concentrations of red and white blood cells and 34 

platelets that have the potential to interfere with the 35 

analysis, especially through non-specific binding. These 36 

extreme demands of sensitivity and selectivity mean 37 

that complex analytical strategies are currently required 38 

[6,7] . This short review reports on cancer cell detection 39 

using electrochemical methods over the last 2 –3 years 40 

with a particular focus on portable, point-of-care devices 41 

[8–10] capable of rapidly detecting and identifying cells. 42 

The food and drug administration (FDA) has approved 43 

the CellSearch 

TM by Veridex as a method for counting 44 

CTCs. Magnetic ferrofluid particles are coated with an- 45 

tibodies against epithelial cell adhesion molecule (Ep- 46 

CAM) and used to selectively capture and enrich the 47 

CTCs. Selective staining then allows specific structural 48 

proteins, associated with poor prognosis, to be identified. 49 

However, this multi-step, multi-modal approach is expen- 50 

sive and time consuming. The capture and detection of 51 

(viable) CTCs using cost effective, portable and rapid di- 52 

agnostics offers a powerful approach to detecting metas- 53 

tasis and prognosis [11,12 

●●–15] . For cell detection, elec- 54 

trochemical approaches are useful because they provide 55 

highly sensitive, rapid real-time quantitative information 56 

using simple instrumentation that is highly portable [16– 57 

19] . Electrochemical impedance represents a particularly 58 

useful, sensitive, label free method for the detection of 59 

cancer cells [20,21 

●●,22,23 

●] that can also be highly se- 60 

lective when combinations of antibody/peptide/aptamer 61 

functionalised electrodes and an optimised detection fre- 62 

quency are used. As illustrated in Figure 1 , combining 63 

the benefits of electrochemical impedance spectroscopy 64 

(EIS) and Lab-on-a-Disk (LoaD) platforms, has allowed 65 

ovarian cancer cells to be detected without the need for 66 

labelling, e.g., with a fluorescent dye, in a fully integrated 67 

platform [24,25 

●●] . Label free detection is especially im- 68 

portant where there is a desire to extract the genetic or 69 

protein expression profile of the cells to obtain powerful 70 

prognostic information. 71 

Capture of the cancer cells causes the admittance to in- 72 

crease significantly from 3.0 × 10 

−3 S for an unmodified 73 

gold electrode to 6.5 × 10 

−3 S at the same electrode with 74 

3.7 × 10 

3 cells in 0.001 M PBS buffer. For this system, the 75 

dominant effect of cell capture is to decrease the electrode 76 

capacitance as well as causing a minor increase in the re- 77 

sistance. Significantly, a reliable impedance change can be 78 

detected when only 2% of the electrode surface is covered 79 

with cancer cells. However, achieving a very high overall 80 

capture efficiency (dictated by the microfluidic transport 81 

www.sciencedirect.com Current Opinion in Electrochemistry 2017, 000 :xxx–xxx 

Please cite this article as: Forster, Spain, Adamson, Electrochemical sensing of cancer cells, Current Opinion in Elec- 

trochemistry (2017), http://dx.doi.org/10.1016/j.coelec.2017.07.002 

http://www.sciencedirect.com
mailto:robert.forster@dcu.ie
http://www.sciencedirect.com/science/journal/xxxxxxx/00
http://dx.doi.org/10.1016/j.coelec.2017.07.002
http://dx.doi.org/10.1016/j.coelec.2017.07.002
http://dx.doi.org/10.1016/j.coelec.2017.07.002


2 Sensors and Biosensors 2017 

ARTICLE IN PRESS 

JID: COELEC [mNS; July 15, 2017;9:30 ] 

Figure 1 

(A) Rendered 3D image of the 5-layer microfluidic disc platform comprising of three 1.5-mm thick PMMA discs and two 90-μm thick pressure 
sensitive adhesive films. The gold electrodes were deposited on the bottom (layer 5) of the disc. (B) Fully assembled disc showing contact points for 
the working and counter electrodes. (C) Schematic of electrochemical cancer cell capture assay on polymeric eLoaD platform. ( Reproduced with 
permission from Ref. [25 ●●] , copyright 2015 Elsevier). 

of the cells to the electrode and the binding affinity and 82 

capture rate of the antibody) is challenging and the dy- 83 

namic range is from 2.6 × 10 

6 to 1.6 × 10 

10 cells/ml. 84 

Beyond measuring the concentration of cells in sus- 85 

pension, reversible binding of cells to surfaces opens 86 

up exciting possibilities for gene and expression profil- 87 

ing, fundamental cell biology, tissue engineering, and 88 

cell-based diagnostics. Cell “catch-and-release” surfaces 89 

have been developed using enzyme, thermal, optical or 90 

chemical stimuli to drive release of the captured cells 91 

[26] . However, these treatments can render the cells 92 

non-viable; viable, but non-culturable; or change their 93 

expression profile [27] . Electrochemical methods [28] are 94 

particularly promising because the cell-surface interac- 95 

tion can be selectively and sensitively modulated, e.g., 96 

by switching the redox state of a surface bound capture 97 

agent that binds reversibly to a surface cell receptor. 98 

Figure 2 illustrates one approach [29 

●●] that switches the 99 

redox state of a guest molecule (ferrocene, Fc) so as to 100 

Figure 2 

Schematic illustration of the potential-responsive system for cell capture-and-release. The applied potentials for cell capture and release are −0.1 
and 0.5 V, respectively (vs SCE), under a flow rate of 25 μL/s . Reduced ferrocene is represented by the blue spheres and oxidised ferrocenium is 
represented by the red spheres, which can be captured and released by the surface anchored host molecule, β-CD. ( Reproduced with permission 
from Ref. [29 ●●] , copyright 2016 ACS). 
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Figure 3 
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(A) 64-electrode array with close up image of the PCB array displaying th
of the assembly of the sensor and flow cell (1, PCB chip; 2, microfluidic 
(C) RT-MLPA probes design. The RT-MLPA probe mix consists of either t
right hybridisation oligonucleotide (RHO), both composed of a target-sp
spanning oligonucleotide (SO), necessary in some of the probes. The DN
further ligated, and amplified by PCR, and the resulting dsMLPA sample
electrochemical sensor. (D) Schematic representation of the sandwich as
barcodes and a universal reporter probe labelled with HRP enzyme (repr
2017 ACS). 

dramatically weaken its interaction with host molecule
( β-cyclodextrin, β-CD) thus releasing the captured cells.
Significantly, the viability of the released cells is over
86%. By using a branched polymer scaffold that is capable
of carrying large quantities of ferrocene centres, as few as
10 cells, can be analysed. 

Capturing cells opens up tremendous opportunities
for single cell analysis. For example, as illustrated in
Figure 3 , Sa ́nchez and O’Sullivan have reported on
the electrochemical genetic profiling of single cancer
cells [30 

●●] . Their approach uses a 64-electrode array
( Figure 3 (A) and (B)), exploiting a combination of mul-

tiplex ligation-dependent probe amplification (MLPA) 
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r three oligonucleotides: a left hybridisation oligonucleotide (LHO) and a
sequence and a universal primer sequence, and a sequence-specific 
mple is denatured and incubated with the synthetic RT-MLPA probes, 
converted to a single strand. Finally, the ssMLPA is analysed on the 
ased electrochemical detection of single stranded MLPA using unique 

ed as a blue star). ( Modified with permission from Ref. [30 ●●] , copyright 

( Figure 3 (C) and (D)) and electrochemical detection.
MLPA enables multiple mRNA markers from CTCs to
be amplified and detected with single cell sensitivity. Sig-
nificantly, applying this strategy allowed seven markers
of high prognostic value to be detected simultaneously in
single cancer cells from a MCF7 cell line and in tumour
cells obtained from a metastatic breast cancer patient. 

An alternative strategy to “capture and detect” biosen-
sors is flow cytometry. As illustrated in Figure 4 , Javan-
mard and co-workers have developed a portable, battery
powered flow cytometer that measures cells using elec-
trochemical impedance run on an android mobile phone

●●
[31 ] . 126 
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Figure 4 
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obile data interface. a) From left to right, the LIA output feeds into an A
ith the HM-10 BLE module, which sends the data to a phone. All of the
f complete system setup. ( Reproduced with permission from Ref. [31 ●●

he performance of the device generally compares 
avourably with more conventional optical detection. Sig- 
ificantly, the signal-to-noise ratio of the custom-built 

eadout circuit for experiments using 3 μm diameter 
eads was comparable to a state-of-the-art bench top 

mpedance spectrometer. While significant further work 

ill be needed, this cell/particle counting strategy has ex- 
ellent potential to contribute to the area of personalised 

iagnostics. 

onclusion and future outlook 

his article provides a brief overview of recent develop- 
ents in the electrochemical detection of cancer cells. 
his is an emerging field showing significant innovation 

specially in terms of sensitive, label free detection 

ethods. Electrochemical detection continues to have 

istinct advantages over optical detection including 

ortability, speed of analysis, low power as well as low 

eader cost. However, the technology readiness level, 
RL, of most of these devices is low (predominantly 

RL 2-3, proof of concept or prototype) and only a 
imited number have undergone meaningful testing with 

eal clinical samples let alone clinical trials/validation. 
ther key issues, such as mass manufacturability, form 
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actor, adoption, reagent stability, cost of goods, clinical 
orkflows etc. are often not considered sufficiently early 

n the development process. Given their potentially piv-

tal role in patient care, there is a heavy burden of proof 153 

n statistically robust false positive and false negative 154 

ates, comparability with “gold standard” approaches, 155 

emonstrating cost effectiveness, ensuring the simplicity 156 

f operation for non-expert users and of course, validating 157 

mproved patient outcomes that may require prospective 158 

linical trials. In short, delivering these devices across the 159 

echnological and financial valley of death to successful 160 

ommercialisation is likely to remain a low probability 161 

vent! However, they promise transformative change in 162 

ealthcare systems with an increased emphasis on early 163 

etection/prevention rather than high cost, late stage 164 

ntervention. 165 

eferences and recommended reading 166 

apers of particular interest, published within the period 167 

f review, have been highlighted as: 168 

of special interest 169 

• of outstanding interest. 170 
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