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Abstract  
Non-muscle-invasive bladder cancer (NMIBC) presents a significant challenge in terms 
of diagnosis, follow-up and recurrence monitoring. Current methods for follow-up, such 
as cystoscopy and cytology, are invasive, time-consuming, and often associated with 
discomfort for patients. Hence, there is a pressing need for the development of non-
invasive, cost effective and efficient techniques for NMIBC monitoring. In this study, an 
electrochemical simplified method for the follow-up of NMIBC is proposed, offering a 
promising alternative to conventional approaches. The method is based on the detection 
of cancerous cells using a carbon paste electrode (CPE). This electrode showed 
considerable activity for the detection and characterization of cancerous cells which are 
manifested by the appearance of two redox peaks, and also a remarkable increase in 
specific capacitance. The effect of the presence of iron ions in the electrolytic medium 
showed a very considerable difference in voltammograms. Fenton reaction was 
manifested by two redox peaks characteristic of the presence of cancer cells. 
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Introduction 
Bladder cancer (BC) is a common malignancy in women, and is the fourth most 
common malignancy in men [1, 2]. It includes less aggressive tumours that usually 
do not spread and need long-term monitoring, as well as aggressive tumours that 
spread quickly and are quite lethal. 
Smoking and certain work-related exposures are main well-known risk factors. 
There is growing evidence suggesting the influence of certain dietary habits, 
imbalanced microbiome, interactions between genes and external risk factors, 
exposure to diesel exhaust emissions, and pelvic radiotherapy [3, 4]. 
Even if patients with non-muscle-invasive bladder cancer (NMIBC) are treated as 
recommended in current guidelines, they still have a high chance of the cancer 
coming back or getting worse, with up to 50% patients experiencing this within 5 
years. Because of this, they need to be closely monitored. However, there is not a 
                                                           
The abbreviations list is in page 130. 
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clear plan for how often or for how long this monitoring should happen. Different 
guidelines and risk groups suggest diverse frequencies and durations, but these 
recommendations are not strongly supported by evidence.  
Main tools for monitoring, cystoscopy and cytology, have their limitations. Even 
with advanced cystoscopy techniques, follow-up still involves invasive 
procedures. New urine tests might help improve monitoring, showing promise in 
detecting cancer recurrence or progression with high accuracy. Other 
developments like active surveillance or outpatient treatments could lessen the 
burden on patients. Using these tests could be both cost-effective and better for 
patients, but more research is needed to be corroborate this [5-7].  
Monitoring patients with NMIBC presents an ongoing challenge for urologists, 
with no definitive solution yet. The frequency of monitoring depends on how likely 
the tumour is to come back or worsen, as well as the patient’s specific 
circumstances. Typically, urethrocystoscopy, imaging and urine cytology are 
suggested, but these procedures might be overly intensive for those with 
intermediate risk profiles. In certain cases, urine markers might enhance 
monitoring, although conclusive evidence from prospective randomized studies is 
still awaited [7, 8]. 
BC ranks as the ninth most prevalent cancer globally. In 2022, over 600,000 
individuals have received a BC diagnosis worldwide, leading to over 220,00 deaths 
from the disease. Diagnosis and treatment of BC pose significant challenges and 
expenses. Typically, diagnosis heavily relies on cystoscopy, an invasive and costly 
procedure. Fortunately, most cases are detected early, when treatment is most 
effective. However, approximately 25% BC are diagnosed later, at more advanced 
stages [9]. 
Recently, several research studies have proposed invasive methods for the 
detection of biological elements of interest, including optical, amperometry and 
electrochemical biosensors [10-14]. Biosensors are analytical devices that 
incorporate biological molecules for rapid and accurate detection of target species 
such as proteins, antigens, viruses, bacteria and other substances. In this work, the 
performance of a CPE for detection of cancer cells was examined. Reaction 
kinetics were monitored by CV, SWV and EIS. The effect of the presence of iron 
in reaction efficiency was also examined.  
 
Materials and methods  
Fig. 1 shows CPE preparation, by mixing powdered carbon graphite with paraffin oil 
and a few drops of methanol, which acts as a temporary dispersing agent that improves 
CPE homogeneity, by enabling uniform mixing of graphite powder with paraffin oil, 
before evaporation. The mixture was incorporated into a cylindrical cavity with a 
surface area of 1 cm2. Cancer cells were extracted from BC tumours, and ground with 
a NaCl solution. Experiments were done using an electrochemical measuring cell 
equipped with Ag/AgCl, Pt and CPE, as reference, auxiliary and working electrodes, 
respectively. Potential flow was ensured by Orrigalys potentiostat. 
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Figure 1: Steps of working protocol. 
 

Electrochemical methods used in this work were CV, EIS, SWV and specific 
capacitance (Cs), which was deduced from the following formula:   
 
 𝐶𝑠 =

ொ

୫௏
 (1)  

 
where Cs is in F/cm2, Q is stored charge in Columb and m is mass of the active 
substance in grams. 
 
 I=

ொ

௧
  Q = I*t  (2) 

 
From Eqs. (1) and (2) one finds that: 
 
 𝐶𝑠 =

ூ

௠ (
ೇ

೟
)
  (3) 

 
where V/t is scan rate, Vb. Hence,  
 
 Cs = I/ (m Vb)  (4) 
 
which implies that:  
 
 I = Cs*m*Vb  (5) 
 
Current value changed when potential values changed, so that: 
 
 ∫ 𝐼𝑑𝐸

ாଶ

ாଵ
  (6) 

 
Voltammogram area is: 
 
 A = ∫ 𝐶𝑠 ∗ 𝑚 ∗ 𝑉𝑏 𝑑𝐸

ாଶ

ாଵ
  (7) 

 
where Cs*m*Vb is a constant. 
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 A1 = (E2-E1) Cs*m*Vb et A2 = (E2-E1) Cs*m*Vb  (8) 
 
 A = A1-A2 = 2 (E2-E1) Cs*m*Vb  (9) 
 
Hence: 
 
 Cs= 

୅

ଶ(ாଶିாଵ)∗௠∗௏௕
  (10) 

 
where A is voltammogram area, E2 is input potential, E1 is starting potential, m is 
mass of active substances and V is scan rate. 
 
Results and discussion 
Characterization of cancer cells in the absence of iron ions 
Fig. 2 shows CV recorded on the CPE surface in 0.2 M NaCl without (black 
curve) and with (red curve) tumour cells. Cancer cells led to a remarkable 
change in CV shape.  
 

Figure 2: CV recorded at CPE, in 0.2 M NaCl (a) without and (b) with cancer cells. 
 

This change manifested by the appearance of an oxidation peak at around 1,3 V in 
anodic sweep direction, due to cancer cells oxidation. The peak at -0,25 V in 
cathodic scan direction corresponds to cancer cell reduction. Since oxidation and 
reduction peaks are far apart, one can say that redox process is not 
electrochemically reversible possibly, due to slow kinetics or unstable 
intermediates. 
Electrons involved in oxidation reactions in cancer cells typically originate from 
redox-active biomolecules like Reactive Oxygen Species (ROS), Nicotinamide 
adenine dinucleotide, Flavin adenine dinucleotide or associated enzyme systems.  
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Fig. 3a-b shows Cs deduced from the area of CV recorded in 0.2 M NaCl without 
and with cancer cells, respectively. Table 1 shows Cs values for each medium. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: CV recorded at CPE, in 0.2 M NaCl- (a) without cancer cells; and (b) with 
cancer cells. 
 

Fig. 3 and Table 1 indicate that Cs after cancer cells addition to the electrolytic 
medium caused an increase in the capacity to store charge when a potential 
difference was applied.  
 

Table 1: Difference in Cs between 0.2 M NaCl without and with cancer cells. 

Media  Area Cs 

0.2 M NaCl  0.44198776 0.274 

0.2 M NaCl with cancer cells 0.6422564 0.911 

 

Fig. 4 presents SWV recorded without and with cancer cells in 0.2 M NaCl.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4: SWV recorded in the surface of CPE with and without cancer cells. 

 

 

a b 
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It can be seen that cancer cells in 0.2 M NaCl caused an increase in current densities 
and the appearance of two redox peaks. The first peak, at around 0 V, is attributed 
to cancer cell reduction, while the second, at 1.3 V, corresponds to oxidation. 
Fig. 5 shows EIS curves recorded at the CPE surface in 0.2 M NaCl with and without 
cancer cells. These curves have the shape of half-loops of which diameters correspond 
to CPE resistance to electron exchange with the electrolytic medium. This resistance is 
much lower when NaCl is enriched with cancer cells. With cancerous tissue, EIS shows 
two half-loops. At high frequencies, the first half-loops were due to electrons transfer 
between CPE and cancerous tissue. The second, at low frequencies, correspond to a 
limited diffusion layer made up of by-products of redox reaction. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: EIS recorded at the surface of CPE with and without cancer cells. 
 

Fig. 6 shows CV recorded in 0.2 M NaCl with cancer cells, at several scan rates. 
It can be seen that redox peaks current density increased with scan rate.   
 

 

 
 
 
 
 
 
 
 
 

Figure 6: CV recorded at the CPE surface, in 0.2 M NaCl with cancer cells, at different 
scan rates. 
 

Table 2 presents different Cs vales for various scan rates. 
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Table 2: Cs registered in different scan rates. 
Scan rate (mV/S) 20 40 60 80 100 120 150 180 200 

Cs 16 16.9 11.7 10.8 9.3 8.1 7.3 6.5 6.1 

 

Characterization of cancer cells with iron ions 
In this study, iron ions were added to NaCl with cancer cells, in order to promote 
Fenton reaction, and to characterize them. Numerous nanoparticles that react to 
the tumour’s microenvironment have been developed. These agents are stable in 
normal physiological environments, and undergo chemical modifications when 
exposed to various conditions present in cancer cells, such as pH, enzymes, 
reducing conditions and ROS [15-18]. ROS are produced from molecular oxygen 
(O2) partial reduction, which is required for normal metabolism of all aerobic 
organisms. Energy is provided through four electron reduction reactions, and O2 is 
converted to water by the following series of reactions (Scheme 1):  
 

O2                       O2*                H2O2                            OH*+ OH-                        2H2O 
 
 

Scheme 1: Series of reactions for ROS. 
 

ROS generation in cancer cells is much alike that with normal ones. Among all ROS, 
H2O2 is generally considered the most abundant and stable non-radical reactive 
species in cancer cells, and it can be converted to hydroxyl radicals (OH-) in the 
presence of iron (Fe2+), according to Fenton reaction (Scheme 2) [18]: 
 
 

Fe2++ H2O2   Fe3+ + HO* + OH- 
 

Scheme 2: Fenton reaction. 
 

Fig. 7 shows electron transport chain and oxygen reduction processes in living cells. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7: Electron transport chain and oxygen reduction processes in living cells. 
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Fig. 8 shows CV recorded at the CPE surface in 0.2 M NaCl with Fe2+. The 
presence of iron ions manifested by the appearance of two redox peaks: the first 
one in anodic sweep direction, at around 0.8 V; and the second in cathodic sweep 
direction, at around 0.7 V. This is called a reversible system. 
 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 8: CV recorded at the CPE in 0.2 M NaCl with Fe2+. 

 

Figs. 9-11 show CV recorded at the CPE surface in 0.2 M NaCl with cancer cells 
without (black curve) and with (red curve) iron ions. With cancer cells in NaCl, 
the characteristic Fe2+ oxidation peak was displaced to 1 V, and reduction peak to 
0.3 V, resulting in the system reversibility loss. This displacement in characteristic 
iron ion peaks was due to interactions between ROS, which are generated by 
cancer cells, and iron ions in NaCl, according to Fenton reaction.  
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: CV recorded at the CPE in 0.2 M NaCl with cancer cells (a) in presence  and 
(b) absence from Fe2+. 
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Figure 10: CV recorded at the surface of CPE in NaCl solution with cancer cells. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11: CV recorded at the surface of CPE in a NaCl solution with cancer cells in the 
presence of Fe2+. 
 

Table 3 shows different Cs values in the presence and absence of Fe2+ in an NaCl 
solution with tumour cells. 
 

Table 3: Cs registered in presence and absence of Fe2+ in a NaCl solution with tumour cells. 

Media Area Cs 
CPE + cells 0.6422564 0.911 
CPE + cells + Fe 0.19701769 1.011855 

 

Cs was also determined for both CV on NaCl without and with iron ions, to which 
tumour cells were added. It can be seen that, with Fe2+ ions in NaCl, CV surface 
area increased, leading to a corresponding rise in Cs. 
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Fig. 12 presents SWV recorded in the absence (black curve) and presence (red 
curve) of Fe2+ in the NaCl solution with cancer cells. It can be seen that Fe2+ 
presence in the electrolyte medium caused the appearance of a peak at around 1 V, 
which corresponds to the ion oxidation. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12: SWV recorded at the CPE surface in NaCl solution in absence and presence 
of Fe2+ ions with cancer cells. 
 

Fig. 13 shows EIS curves recorded at the CPE surface in NaCl with cancer cells in 
Fe2+ absence and presence. These curves are half-loops shape, of which diameters 
correspond to CPE resistance to electron exchange with NaCl. It can be seen that 
this resistance is much higher when NaCl contains Fe2+. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13: EIS recorded at the CPE surface in NaCl solution in absence and presence of 
Fe2+ with cancer cells. 
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Fig. 14 shows the effect Fe2+ concentration on CV in the NaCl solution with cancer 
cells. It is clearly seen that, as Fe2+ amount increases in the solution, the two 
characteristic peaks of the ion’s redox start to considerably decrease. This decrease 
is due to the consumption of these ions by the cancer cells present in NaCl. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14: CV recorded at the CPE in the NaCl solution with cancer cells in the presence 
of different drops of Fe2+. 
 

The effect of scan rate was also studied. Fig. 15 shows CV recorded in 0.2 M NaCl 
with cancer cells and Fe2+ at several scan rates. The increase in current densities 
with scan rates is explained by the release of the electrode’s active sites. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15: CV recorded at the CPE surface in a NaCl solution with cancer cells at 
different scan rates. 

 

 



Salma Zahid et al. / Portugaliae Electrochimica Acta 45 (2027) 119-131 

130 

Conclusion  
This electrochemical simplified method holds great promise as a non-invasive and 
cost-effective solution for follow-up of NMIBC. This approach has the potential 
to improve patient outcomes, enhance healthcare efficiency and reduce the burden 
associated with BC management.  
Electrochemical biosensors for the characterization and differentiation of cancer 
tissue have a wide range of industrial applications, such as cancer diagnosis, drug 
development, tracking in monitoring cancer progression and medical device 
development. 
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