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Abstract

This work presents the first integration of antibodies into one of the electrodes of a passive direct
methanol fuel cell (DMFC) to create an autonomous immunosensor for cancer antigen 15-3 (CA15-
3). The anode of the fuel cell was first made of carbon cloth with carbon black, platinum and
ruthenium nanoparticles and then modified with anti-CA15-3, while the cathode was made of carbon
cloth with carbon black and platinum nanoparticles. This hybrid DMFC (hDMFC), which works as an
immunosensor, was fed with dilute methanol to generate a concentration-dependent current.

The hDMFC device was calibrated in different media (buffer and serum), by incubating increasing
concentrations of CA15-3 standard solutions, ranging from 47 to 750 U/mL. The linear response
ranged from 188 to 563 U/mL, and the limit of detection (LoD) was 39.8 U/mL. The selectivity of the
biosensor was also evaluated with competing cancer biomarkers, such as carcinoembryonic antigen
(CEA), and cancer antigen 125 (CA-125), as well as with other compounds normally present in blood
plasma (ascorbic acid, glucose, uric acid and urea), adjusted to the normal range of concentrations in
serum. The results obtained indicate good selectivity of the immunosensor in the fuel cell.

In general, the immunosensor showed a good response considering its integration into a passive
DMFC. It is a good sensor for point-of-care (PoC) diagnosis because it has a good performance in
human serum and, most importantly, it pursues electrical autonomy.

Keywords: Immunosensor; Direct Methanol Fuel Cell; CA15-3; Cancer biomarker; Point-of-care.



1. Introduction

Biosensor research dates back several decades and has now established itself as a growing area
of interest for point-of-care (PoC) health monitoring. These are analytical devices that convert a
response obtained through a biological or biomimetic material - biorecognition element - into a
measurable electrical signal-transducer (Mehrotra, 2016). The need for PoC biosensors is increasing
day by day and is becoming more and more important for quick, easy, and cost-effective screening
of various diseases. In response to the specific needs of underdeveloped countries and in case of
global crisis or war scenarios, it is important that biosensors can operate autonomously and use
readily available energy.

In search for autonomous devices, some research works make use of microbial fuel cells
(Pasternak et al., 2017), enzymatic fuel cells (Gonzalez-Solino and Di Lorenzo, 2018), Dye-sensitized
solar cells (Truta et al., 2018) or Direct Methanol Fuel Cells (DMFCs) (Sales and Branddo, 2017a).
Although these approaches offer autonomy features, microbial and enzymatic fuel cells are very
delicate systems that require specific conditions of operation and have difficulties in terms of
reproducibility, limiting their application to quantitative measures. Moreover, dye-sensitized solar
cells (DSSCs) are not functional at night limiting their operation in places where there is no electrical
power.

A power source that favours the operation of autonomous biosensors at any time and with
higher performance are DMFCs. DMFCs convert chemical energy into electrical energy and are now
widely used, including in commercial applications. These cells are simple, environmentally friendly,
highly efficient, reliable, have a long lifetime and can be easily miniaturized. They use methanol as
fuel, which can be easily stored and transported compared to hydrogen-fed fuel cells, which
simplifies the fuel cell system (Liu et al., 2006). In addition, they offer high power, meaning that only
a small volume of methanol (few mL) is enough for their operation. To date, DMFCs have been
interfaced with plastic antibodies as biorecognition layer (Carneiro et al., 2022, 2021; Ferreira et al.,
2022; Sales and Brandao, 2017b) but no work has been conducted with antibodies, which in general
are a guarantee of the production of a selective response.

Thus, this work presents for the first time a combination of antibodies and DMFCs aimed at
producing an autonomous immunosensor. This principle was applied to cancer antigen 15-3 (CA15-
3), a cancer biomarker circulating in the blood. Healthy individuals contain 25 U/ml of CA15-3 (Ebeling
et al., 2002), and higher levels indicate a cancer diagnosis, including breast cancer, the most common
cancer in women worldwide (Globocan, 2020). To date, there are several biosensors for the
determination of CA15-3. These include various concepts and approaches, many of which are
electrochemical (Perfézou et al., 2012; Soper et al., 2006; Tavares et al., 2016; Tothill, 2009), optical
(Chen and Wang, 2020), or lateral flow assays (Bayoumy et al., 2020; Di Nardo et al., 2021; Mahmoudi
et al., 2020). Electrochemical sensors offer high sensitivity but are electrically powered devices,
thereby being energy dependent. This limits their use to locations where a power source is available,
which may not always be the case. Excluding coloured systems detected by naked eye, optical sensors
are also powered by an electrical device to measure the generated signal (Naresh and Lee, 2021).
Lateral flow assays are energy independent, but they provide a simple "yes" or "no" response and



are not able to quantify the concentration of the biomarker, which is important in this case to
determine whether a particular individual has a normal or high CA15-3 level.

In detail, this work describes the design of a hybrid DMFC system (hDMFC) consisting of two
carbon-based electrodes on commercial carbon cloth, one of which is modified with antibodies
against CA15-3. In this way, the performance of the cell becomes concentration dependent, because
when more CA15-3 is bound to the antibodies, less energy is generated by the hDMFC. The system
was optimised with respect to key variables and calibrated under buffered conditions to define the
linear reaction range and detection limit (LoD) of the hDFMC. Selectivity studies and calibration in
serum-based solutions were also performed to anticipate the behaviour of the hDMFC under realistic
conditions.

2. Results and discussion

2.1. Assembly of the immunosensor electrode

The immunosensor electrode was constructed as described in the experimental section and a scheme
is shown in Figure 1, having each modification step followed by a three-electrode system with a
ferrocyanide redox probe and EIS measurements. The first step of the modification consisted of the
addition of cysteamine, which binds to the Pt nanoparticles. This binding decreases the intrinsic
conductivity properties of Pt, leading to an increase in charge transfer resistance. The positive charge
on the surface generated by the cysteamine could also have reduced the resistance to charge transfer
of the negatively charged probe, but this effect was less pronounced than the effects on reducing the
conductivity properties of Pt. Then the activated antibodies, previously modified with EDC/NHS
chemistry, were added to the electrode with the amine layer. The activated carboxyl groups were
capable of mild reaction with the amine groups and covalently bound the antibodies to the electrode
surface. This modification contributed to an additional increase in resistance. Deactivation of the
activated carboxylic groups that did not react was necessary to stabilize the electrode, and this was
done by adding ethylenediamine. Since ethylenediamine carries positively charged amino groups,
the resistance to charge transfer of the negatively charged probe decreased. The final step of the
modification was the addition of BSA to reduce the nonspecific binding of CA15-3 to the electrode
surface. The presence of BSA contributed to an additional increase in resistance to charge transfer
(Figure S1). Overall, these results showed a similar trend to a previous immunosensor construction
using a similar strategy (Ferreira and Sales, 2014), indicating that the immunosensor was successfully
constructed. The amplitude of the observed resistance changes was smaller than when an
immunosensor was built on commercial carbon electrodes, but this was already observed by us when
Pt nanoparticles were added to these commercial carbon electrodes.
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Figure S1. (a) Schematic representation of the immunosensor assembly: integration of the immunosensor on the
anode of the Membrane Electrode Assembly (MEA) from the passive Direct Methanol Fuel Cell (DMFC); (b) Real
passive DMFC that was used throughout this work, where the immunosensor was assembled.

2.1.1. SEM and EDS analysis

Figure S2 shows the results of SEM (Figure S2a, b) and EDS (Figure S2c, d) analysis of the Carbon
Cloth/PtRu carbon black electrode before (Figure S2a) and after modification with the antibody
(Figure S2b). As expected, the SEM images showed different light contrasts (Brodusch et al., 2018;
Wells et al., 2006), because when the platinum is more exposed (control sample — Figure S2a) the
brightness is more intense than when the antibody is bound to the platinum nanoparticles (Figure
S2b). These differences in image contrast indicate that a change has occurred at the electrode, due
to the attachment of the antibody to the platinum on the electrode surface. When analysing the EDS
spectra (Figures S2c, d), the control sample shows similar results to previous studies (Nashner et al.,
1997; Zhang and Chan, 2003) with high Pt and Ru element peaks, mostly between 2 and 3 keV. For
the electrode with the antibody, a slight increase in nitrogen (N) is observed in the modified sample.
This indicated that an increased amount of this component was present, due to the presence of the



amino groups (-NHz) of the antibody and the cysteamine on the surface. Overall, the data obtained
confirmed the modification of the electrode, both in terms of image contrast and changes in EDS.

2.1.2. Raman spectroscopy

When excited at a wavelength in the visible region of the Raman spectrum, both D and G bands are
typically found in graphite spectra, and the D band indicates defects or disorder in the carbon
structure. Quantification of disorder is obtained by calculating the ratio between the G (related to
the sp?carbon bonding) and D (related to the sp3carbon bond) bands (In/ls) (Dresselhaus et al., 2010;
Jawhari et al., 1995). Looking at the overall spectra, the Raman intensity was low compared to similar
spectra from carbon black only, which was already expected (Cerezo-Navarrete et al., 2021). This was
consistent with previous studies of the group, which indicated that the presence of Pt/Ru was
guenches the Raman signal. In terms of Ip/lg ratio, there are small differences between the
immunosensor assembly steps (Figure S3). Since the overall intensity was low, it meant that the
assembly of the immunosensor was successful, which is consistent with the SEM and EIS data.

2.2. Selection of methanol concentration

An optimally functioning passive DMFC using the same design as in this work achieves power
densities and currents around 2.5 mW/cm? when operated at high methanol concentrations (3 to 4
M) (Berns et al., 2015; Carneiro et al., 2021). These high concentrations ensure that the cell also
delivers the maximum possible energy because the amount of methanol is in excess compared to
what can be consumed by the cell. However, while high concentrations promote high electrical
output from the cell, high methanol concentrations can compromise the quality of the hDMFC
analytical response for two reasons. One reason is that if the cell is operated with an excess of
methanol, it will not detect when a small amount of methanol has not reached the PtRu particles,
making it insensitive to CA15-3 binding. The other reason is the possible denaturation of the antibody
in the presence of a large amount of methanol, which in turn impairs the ability of the antibody to
bind its target antigen. Therefore, in order to maintain the antibody-antigen reaction and ensure
electrical autonomy and operational sensitivity, a medium methanol concentration had to be used.
In addition, two methanol concentrations should be considered, one for the activation phase and the
other for the operation of the cell. In this work, methanol was not in direct contact with the serum
that was incubated in the fuel cell, since the reservoir was thoroughly washed with water between
each step, leaving, only the antibody and antigen in direct contact with methanol. However, there
are already some studies regarding the denaturation of proteins in methanol mixtures (with water
or with other solvents) that show little effect of methanol on proteins conformation on
concentrations lower than 25-30% (v/v)~ 6 M (Babu and Douglas, 2000; Fernandez and Sinanoglu,
1985; Shao, 2014; Yamazaki et al., 2006), indicating that our molecules are not denatured in the low
methanol concentrations used in this work.

In previous studies 0.05 M of methanol was shown to be the best performing methanol
concentration to achieve a functional and sensitive biosensor, which is why in this work this



concentration was firstly tested. Since 0.05 M methanol was not enough to power the DMFC with
the immunosensor, 0.1 M methanol was therefore tested to obtain the achieved results. It was the
minimal methanol concentration to be used for DMFC powering without losing the biosensor
response (Carneiro et al., 2022).

Initially, the DMFC was activated with a methanol concentration of 0.5 M. This activation is done by
leaving the fuel cell with the methanol solution for several hours (3-4h), so that the liquid penetrates
through the fibers of the carbon fabric and starts to react with the platinum particles. Then several
sampled DC measurements were performed until the stability of the system was reached. Higher
concentrations lead to an excessive amount of methanol adsorbed on the electrodes, which is
subsequently very difficult to remove.

The performance and difference between an unmodified and a modified cell after the first activation
(with 0.5 M) are shown in Figure S4. Figure S4a shows a clear difference in the starting potential of
the cell with or without the immunosensor electrode. The presence of the sensor material at the
anode hindered the access of methanol to the platinum and consequently the initial OCP and power
densities were lower than for the unmodified cell (Figure S4b). After completing fuel cell activation
with 0.5 M methanol, the excess was removed by filling the anode reservoir with Milli-Q water
overnight. As a result, the fuel cells had near zero OCP at the start of calibration.

At this point, a compromise had to be made between fuel cell performance and a sensitive biosensor
for methanol concentration during calibration. The methanol concentration had to be high enough
for the fuel cell to provide consistent performance and stable readings, but low enough to ensure
antibody activity and selectivity. To find the best compromise, two different methanol concentrations
were tested: 0.050 and 0.10 M. At 0.05 M, the fuel cell showed no response and kept its OCP close
to zero, as at startup (Figure S5a). When 0.10 M methanol was used, the cell began to produce energy
until stable readings were obtained (Figure S5b, c). Since the fuel cell did not generate current signals
when 0.05 M was used, a concentration of 0.1 M methanol was used in the calibrations in this work.

2.3. Calibrations in buffer

The calibration of the system consisted in incubating consecutively standard solutions of
increasing concentration and checking the electrical output of the hDMFC. After each incubation, the
system reservoir was washed with ultra-pure water and the measurements of sampled DC were
performed using the selected methanol solution. To be sure that the hDMFC was providing stable
readings, various incubations in measuring buffer were performed first (three to four times), until a
stable response was achieved. Having standard solutions prepared in MES buffer, the first
incubations were made with MES. About 3 to 4 incubations were necessary prior to calibration.

Several calibrations of CA15-3 were performed with independent electrodes to determine the typical
analytical characteristics of the calibration of hDMFC. The typical data obtained in one calibration run
of the sample DC are shown in Figure 2a and the calibration curve is shown in Figure 2b, where the
normalized values of the power density of hDMFC are plotted against the log concentration of CA15-
3 (U/mL) and each standard of each concentration value (in the form of error bars). The lower



concentrations of CA15-3 are able to reduce the power signal, but not with sufficient sensitivity to
produce a linear trend. The linear trend is observed only from 281.5 to 750 U/mL. The average power
density changed within this linear range from 0.078 to 0.042 mW/cm?, with this last value obtained
by incubating the highest protein concentration. This corresponded to a deviation of about 54%
between the initial and final power output, which was consistent across the different calibrations
with buffered standard solutions. This decrease in power with increasing CA15-3 concentration
reflects decreasing methanol oxidation at the platinum surface. The increasing number of CA15-3
proteins bound to the antibody increases the steric hindrance of methanol at the metal catalyst. This
decreases the power generated by the cell as the electron flow is restricted by the external circuit.
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Figure 2. (a) Representation of a typical calibration plot obtained from the polarization curves from the Fuel Cell
when using MES buffer as medium; (b) Calibration curves with normalized values of the obtained power curves of
the modified fuel cells and its respective standard deviation (error bars; n=3). Standards from 46.8 U/mL to 750
U/mL of CA15-3 in MES buffer were used.

The representative calibration curve obtained by normalizing the power curve values (power
sample/power blank) had a slope of -0.6105 and a squared correlation coefficient (R?) of 0.9773, as
shown in Figure 2b. The system was highly reproducible, with standard deviations of individual
standards ranging from 0.04% to 5.0%. The detection limit achieved was 39.8 U/mL.



2.4. Calibrations in Cormay’ serum

To verify the functionality of the fuel cell integrated immunosensor in the analysis of human
samples, CA15-3 standard solutions were prepared in diluted Cormay’ serum. This is a commercially
available human serum that can be used to evaluate the effects of a real serum on the operation of
the immunosensor. The high quantity of salts and ions present in this matrix made it difficult to test
this sample and avoid poisoning of the catalyst and membrane of the fuel cell. Therefore, this serum
was 1000x diluted in MES buffer, to minimize the poisoning of the system due to the small molecules
that are not of interest for our biosensor. The concentrations of CA15-3 used for this purpose ranged
from 46.8 to 750 U/mL. The results obtained are shown in Figure 3. Comparing the slopes obtained
in the two tested media is observed a slight decrease in the sensitivity of the system in the Cormay®
serum media. The analysis of the calibrations performed in buffer showed that the final signal output
decreases by ~ 50% (compared to the initial value after stabilisation of the background medium)
towards the maximum concentration of CA15-3, while in Cormay® serum the signal output decreases
by ~ 70%. Since Cormay® serum is a more complex matrix in comparison with buffer, these results
demonstrate that this DMFC sensor keeps a good performance and sensitivity in more complex
matrices, making it suitable for application in real samples. In this case, the initial concentrations of
CA15-3 used in the calibrations showed no or very little response and an initial plateau, followed by
a decreasing in the power of the fuel cell as the standard concentration was increased, with linear
response from 187.5 to 750U/mL. The system was also highly reproducible when calibrated with this
sample, resulting in low standard deviations between 1.1% and 3.6%.
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Figure 3. (a) Representation of a typical calibration plot obtained from the polarization curves from the Fuel Cell
when using Cormay’® serum as medium; (b) Calibration curves, obtained with Cormay® serum, with normalized
values of the obtained power curves of the modified fuel cells and its respective standard deviation (error bars;
n=3). Standards from 46.8 U/mL to 750 U/mL of CA15-3 in serum were used.



2.5. Analytical recovery

Recovery is defined by IUPAC as the “Proportion of the amount of analyte, present in or added
to the analytical portion of the test material, which is extracted and presented for measurement”
(International et al., 1999). In electrochemical sensors this is usually estimated by spiking, meaning
that known amounts of analyte are added to the blank or suitable medium. These are then analysed
an unspiked portion of the medium. The difference of these two allows to estimate the recovered
part of the added analyte. This is called the “surrogate recovery” (Desimoni and Brunetti, 2013; Elio
and Brunetti, 2015).

In this work the analytical recovery was determined by the surrogate recovery, by spiking buffer
and Cormay® serum with known amounts of analyte. The obtained calibration curves were then used
to calculate the % of recovery that are shown in Table 1. The immunosensor shows a good
performance in detection of CA15-3 with a very good recovery values (ranged from 98.5% to 104.7%)
suggesting the possibility of the proposed sensor for real sample analysis.

Table 1. Recovery study in Buffer and Cormay® serum calibrations.

Buffer Cormay® serum
Calculated Added Calculated
Added CA15-3
(U/mL) CA15-3 % Recovery CA15-3 CA15-3 % Recovery
(U/mL) (U/mL) (U/mL)

187.50 2394 104.7 187.5 204.9071401 101.7
281.50 283.1 100.1 281.5 260.5137989 98.6
375.00 387.0 100.5 375 344.7162419 98.6
562.50 512.3 98.5 562.5 580.7453769 100.5
750.00 794.3 100.9 750 778.9027682 100.6

2.6. Selectivity studies

To evaluate the selectivity of the immunosensor response, tests were performed in which
potentially interfering species that may be present in human serum (at biological concentrations)
were added to a known concentration of CA15-3. This selectivity study was made against common
species in serum, such as glucose and ascorbic acid, and other cancer biomarkers, such as CA125 and
CEA. For this purpose, different independent fuel cells were assembled and tested with different
species: a known CA15-3 concentration and the same known CA15-3 concentration spiked with an
interfering substance (one fuel cell for each interfering substance). The concentrations of each
interfering cancer biomarker was high, implying illness, concentrations that would be found in a
cancer patient: 100 ng/mL CEA, and 150 U/mL CA125. For the interferents that are a part of the
human blood, the used concentrations were within the normal range in the blood: 1.3 mg/mL
glucose, 0.02 mg/mL ascorbic acid, 0.2 mg/mL urea, and 0.06 mg/mL uric acid.

As expected, the results reveal the selectivity of the immunosensor for CA15-3, with the
interfering substance changing the signal between 0.7 and 5.9. Figure 4 shows the influence of the
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interfering species on the fuel cell signal, with the smallest influence observed in the analysis with
ascorbic acid (0.7% decrease in signal compared to control - fuel cell with only CA15-3 standard). The
interfering species that had a greater effect on fuel cell power output was the use of CA125 (5.9%
increase in signal) and urea (5.2% increase in signal), which can be explained by the similarity of
CA125 to CA15-3 in terms of structure, since they are both members of the mucin family
glycoproteins. Urea is an interfering species for this system, since it also is used in electrocatalysis,
and can be used as fuel in fuel cells with platinum catalyst. Therefore, it is expectable to have a
change in fuel cell power when adding urea to the system (Xu et al., 2016). CEA was also tested and
had a minor effect on fuel cell power output (2.2% decrease in signal). Overall, these results show
that the interfering species had a small effect on fuel cell performance.
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1.0 -

0.8

0.6

0.4

Power (mW/cm?2)/Blank

0.2

0.0

Figure 4. Response of the immunosensor for potential interfering species: other cancer biomarkers (CA125, CEA)
and common interfering substances found in the Human serum (ascorbic acid, glucose). All values were normalized
against the blank (MES buffer), and standard deviation (error bars; n=2) were added for each interfering species.

2.7. Comparison to previous CA15-3 biosensors

Some biosensors from the literature targeting the detection of CA15-3 were used for comparison
with this work. Table 1 lists other immunosensors from recent years and their differences from this
work. Although we can see that the analytical performance of the other immunosensors is superior
to this work (LoD values and linear response), this work has a broader linear range for CA15-3
concentrations, and this range includes the concentration of interest in the clinical setting (patients
with cancer). Another novel feature of this work is the ability to turn the system into an autonomous
sensor, which has the great advantage of being able to be used anytime, anywhere, without the need
for power or other devices. The potential autonomy and response to the biomarker CA15-3 in the
clinical setting are beneficial for PoC analysis.
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Table 2. Previous works reporting biosensors for CA15-3 detection in the literature.

Type Detection Support Bioreceptor element Autonomy Linear response LOD Reference
. RGO and Cus placed . .
Immunosensor Electrochemical SPGE Anti CA15-3 No 1.0 to 150 U/mL 0.3U/mL Amani et al., 2018
ona
electrochemiluminesce . 0.1to .
Immunosensor PAMAM-QDs Anti CA15-3 No 10 pu/mL Babamiri et al., 2018
nce (ECL) 100 U/mL
Immunosensor Electrochemical CysA/GQDs Anti CA15-3 No 0.16-125 U/mL 0.11 U/mL Hasanzadeh et al., 2018
. CoS2-GR and AuNPs .
Immunosensor Electrochemical . Anti CA15-3 No 0.1to 150 U/mL 0.03 U/mL Khoshroo et al., 2018
composites
Immunosensor Electrochemical Dual SPCE Anti CA15-3 No 0to 70 U/mL 5.0 U/mL Marques et al., 2018
Immunosensor Electrochemical Gold electrode Anti CA15-3 No 15 to 50 uU/mL 15 pU/mL Nakhjavani et al., 2018
Immunosensor Electrochemical Graphite ink Anti CA15-3 No 15 to 250 U/mL 15 U/mL Saadati et al., 2019
. . 10 pU/mL to 10 muU/mL
Immunosensor Electrochemical Cu-MOF Anti CA15-3 No 5.06 pU/mL Zhang et al., 2019
10 mU/mL to 100 U/mL
Immunosensor Electrochemical CBPtRu Anti-CA15-3 Yes 187.5t0 562.5 U/mL 39.8 U/mL This work

RGO: Reduced Graphene Oxide; CuS: Copper Sulfide; SPGE: Screen Printed Graphene Electrode; PAMAM-QDs: Polyamidoamine dendrimer-quantum dots; CysA/GQDs: thiolated graphene quantum dots; SPCE: Screen

Printed Carbon Electrode; Cu-MOF: Copper-based metal-organic framework nanoparticles; CBPtRu: Carbon Black with Platinum and Ruthenium nanoparticles.
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3. Conclusions

In conclusion, the hDMFC exhibits a concentration-dependent response to the presence of the
target molecule, such that the fuel cell can be used as an autonomous sensing device in conjunction
with an electrochromic device that changes colour in the presence of the target analyte. This was
demonstrated by using different background media and assessing the selectivity of this sensor with
molecules in blood plasma and other relevant cancer biomarkers. The results obtained demonstrate
a well-functioning immunosensor that responds to higher CA15-3 concentrations relevant to early
cancer detection, and the selectivity performed showed negligible interference by other molecules
present in blood plasma. Further improvements in this work may be achieved by convenient signal
amplification approaches.
This work demonstrates a biosensor that can be used as a potentially autonomous device and still be
able to detect relevant concentrations of cancer biomarkers and a response of interest for PoC
analysis with high selectivity and reproducibility. This setup can be further improved for a point-of-
care device by adding an electrochromic cell to indicate the presence and/or amount of the
biomarker in the sample.
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