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ARTICLE INFO ABSTRACT

This work describes an innovative electrochemical biosensor that advances its autonomy toward an equipment-
free design. The biosensor is powered by a passive direct methanol fuel cell (DMFC) and signals the response
via an electrochromic display. Briefly, the anode side of the DMFC power source was modified with a biosensor
layer developed using molecularly imprinted polymer (MIP) technology to detect sarcosine (an amino acid
derivative that is a potential cancer biomarker). The biosensor layer was anchored on the surface of the anode
carbon electrode (carbon black with Pt/Ru, 40:20). This was done by bulk radical polymerization with acry-
lamide, bis-acrylamide, and vinyl phosphonic acid. This layer selectively interacted with sarcosine when inte-
grated into the passive DMFC (single or multiple, in a stack of 4), which acted as a transducer element in a
concentration-dependent process. Serial assembly of a stack of hybrid DMFC/biosensor devices triggered an
external electrochromic cell (EC) that produced a colour change. Calibrations showed a concentration-depen-
dent sarcosine response from 3.2 to 2000 uM, which is compatible with the concentration of sarcosine in the
blood of prostate cancer patients. The final DMFC/biosensor-EC platform showed a colour change perceptible
to the naked eye in the presence of increasing sarcosine concentrations. This colour change was controlled by
the DMFC operation, making this approach a self-controlled and self-signalling device.

Overall, this approach is a proof-of-concept for a fully autonomous biosensor powered by a chemical fuel.
This simple and low-cost approach offers the potential to be deployed anywhere and is particularly suitable
for point-of-care (POC) analysis.
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1. Introduction

Electrochemical biosensors provide analytical data by combining a
biorecognition unit with an electrochemical transduction element
[1,2]. They are among the most popular biosensors because they are
low cost, offer fast response,are potentially portable, and can be minia-
turised - all attractive features for point-of-care (PoC) applications
[3,4]. Despite all these advantages, the direct application of biosensors
remains challenging for many reasons. One of them is their lack of
autonomy [5,6].

This lack of self-sufficiency has been addressed in the past by
the development of several approaches to self-powered biosensors

described in the literature, including biosensors powered by dye-
sensitised solar cells [7-10], and microbial/enzymatic fuel cells
[11-14]. Despite the advantages of these transduction methods,
there are still limitations in their application. Dye-sensitized solar
cells cannot be operated at night and their performance is still
low. Microbial and enzymatic fuel cells are very delicate systems
that require more care in handling, and the performance to date
is so low that this hinders their application, even for a small
device.

Another approach for self-powered biosensors is the use of direct
methanol fuel cells (DMFCs). DMFCs are electrochemical devices that
generate electricity from methanol fuel and oxygen with high effi-
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ciency and vestigial emissions [15-17], which can be used for portable
applications [15,18,19]. The first approach consisted of a heavy/large
cell operated with flowing methanol solutions [20]. This operation
under flow conditions provides good electrochemical performance of
the fuel cell but hinders its application in PoC. Therefore, this design
was recently developed into a cell that operates under steady-state
conditions. It was designed in a previous report [21] and optimized
to operate in passive mode, requiring only a few mL of a methanol
solution. Although it had a lower electrochemical output, it provided
enough energy to evaluate the effect of a target analyte, a cancer bio-
marker [22]. In this configuration, the biosensor was placed as an
external element of the cell to reduce its impact on fuel cell
performance.

Therefore, the work developed here is an innovative approach to
the latest configuration in which the biosensor layer is integrated into
the stationary DMFC [23]. This biosensor was directly attached to the
surface of the anode catalyst that is commonly used in this type of Fuel
Cell [24], and contains a molecularly imprinted polymer (MIP) as a
sensing element for a target compound. This polymer was tailored
by radical polymerization with suitable vinyl monomers (acrylamide,
bis-acrylamidevinyl phosphonichonic acid) and radical initiators
[25,26]. Upon removal of sarcosine, a potential cancer biomarker,
from the polymeric network, binding sites are formed. As expected,
these sites have a complementary shape to the imprinted molecule
and allow complementary electrostatic interactions [27]. Since this
MIP layer was located on the carbon-based anode electrode, which
contained carbon fabric and Pt/Ru as metal catalysts, the sarcosine
bond prevented the methanol from accessing the catalysts and thus
hindered the fuel cell performance. This makes the operation of the
DMFC concentration-dependent, leading to a new integrated DMFC
biosensor device.

The autonomy of this platform also requires the elimination of all
electronic components, since they require additional energy, and the
electrochemical readings are usually collected by potentiostats. This
limitation of autonomy has been solved in the past by coupling an elec-
trochromic cell to the external circuit of the platform [8,9]. This cell
has a colour that depends on the energy that passes through it. Since
the energy arriving from the hybrid DMFC/biosensor depends on the
concentration of sarcosine, the observed colour is concentration
dependent. The electrochromic cell (EC) used in these works was
organic and was made from PEDOT. However, we aimed at a more
stable system for which we used an EC of inorganic nature prepared
from tungstate, as tungsten oxide nanoparticles, as previously reported
[28]. Since the inorganic ECs require more energy to show a colour
change, the DMFC/biosensor cells were arranged in a 4-stack
configuration.

As a proof-of-concept, this stand-alone biosensor was used to
detect sarcosine, which has been reported in the literature as a
potential biomarker for early detection of prostate cancer
[20-31]. Sarcosine can be measured in urine and serum and can
be used to study the progression of prostate cancer, as it is absent
or present in negligible concentrations in healthy individuals [29].
Several approaches for screening sarcosine have been described in
the literature (Table 1), including enzymatic assays [32-35], and
molecular imprinted polymers (MIPs) [36-38]. None of these
approaches offers the possibility of complete autonomy when used
at the PoC.

Thus, this is the first work reporting on a DMFC/biosensor hybrid
in a 4-stack configuration and in conjunction with an EC for visual
transmission. This approach has been optimized under various condi-
tions, with particular attention to the composition of the MIP layer,
which is a novel material that has not been described before. The setup
was characterized for analytical performance against sarcosine using
two different media (buffer and synthetic serum). Operation of the sys-
tem was tested with a single passive DMFC connected to a potentiostat
and a 4-stack DMFC using the EC.
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2. Experimental section
2.1. Reagents and solutions

All chemicals were of analytical grade and the water was ultra-
pure Milli-Q laboratory water. Measurements were performed in a
buffer consisting of 2-morpholinoethanesulfonic acid (MES,
AppliChem), 10 mM, pH 6.0. Sarcosine (Acros Organics) was used
as the target compound, and standard solutions were prepared in
MES buffer. For polymerization, 0.1 mM acrylamide (Acr — 99 %,
Sigma Aldrich) and 0.5 mM bis-acrylamide (Bis-Acr — 99 %, Sigma
Aldrich) in MES buffer were used, including 0.1 mM vinyl phospho-
nic acid (VPA — 97 %, Sigma-Aldrich) as a negatively charged
monomer. Ammonium persulfate (APS, VWR Chemicals) and tetram-
ethylethylenediamine (TEMED - from TCI) were used as initiators at
a concentration of 1 % of the total concentration of monomers. For
selectivity studies, foetal bovine serum (FBS) from Gibco was used
at a 1000-fold dilution.

Carbon Black (CB) with PtRu (CB /PtRu, 40:20 wt%) catalyst
(from Vulcan XC —72R, Quintech) was used as polymerization sup-
port. Liquid Nafion® (20 wt% in alcohols, Quintech) and 2-propanol
(99.8 %, Panreac) were used for ink preparation. Solutions of 2.0 and
0.5 M methanol (Merck, HPLC grade) were used in the activation and
calibration phases, respectively. Untreated plain carbon cloth
(FuelCellsEtc) was used to apply the modified biosensor material
(the anode of DMFC) and Pt carbon cloth (10 wt% Pt on Vulcan
XC —72R, 1 mgPt/cm? Nafion coated, Quintech) was used as the
cathode.

The EC material was prepared as WO3; nanoparticles obtained
with 0.15 M sodium tungstate dihydrate (99 %, ACROS Organics)
and 3.0 M hydrochloric acid (37 %, Fluka). The resulting
nanoparticles were dispersed in a 1:1 mixture of distilled
water/ethylene glycol butyl ether. The electrolyte for the EC
was a solution containing 1.0 M lithium perchlorate) and propy-
lene carbonate (PC).

2.2. Fuel cell units

The passive DMFC devices were developed following [21] and are
shown in Fig. 1. The single cell configuration includes the anode side
(Fig. 1A) with a container to feed the methanol solution and the cath-
ode side (Fig. 1B) with an “open” grid region to allow reaction with
atmospheric oxygen. These electrodes were part of a membrane elec-
trode assembly (MEA) containing the MIP-modified anode and a com-
mercial cathode (Pt carbon mesh), separated by a solid Nafion® 115
membrane. The active area of this MEA was 2.25 cm?. The DMFC also
contained two metal plates that acted as current collectors and a rub-
ber plate to insulate the system and prevent an electrical short. The 4-
stack fuel cell configuration was achieved by connecting four DMFCs
in series (Fig. 1C).

Both passive systems use natural capillary forces, diffusion and con-
vection for their operation, without the additional power consumption
and without additional components such as pumps to feed the reac-
tants. These features and advantages of this type of systems make them
suitable for portable applications, as they can be manufactured in a
small and compact structure.

2.3. Biosensor element synthesis

The CB containing PtRu (40:20 wt%) catalyst (1 mg/mL) was sus-
pended in MES buffer (pH ~ 6.0) by sonicating the mixture for 15 min.
The target molecule (0.1 mM), sarcosine, and the negatively charged
monomer (vinyl phosphonic acid) were previously incubated together
for 1 h at 30 °C, then added to the previous mixture of CB and MES and
incubated for 1 h at 30 °C with agitation. The polymerization mixture
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Table 1

Literature review of Sarcosine biosensors with electrochemical detection.
Type Detection Support Bioreceptor element Autonomy Linear response LOD Reference
Enzymatic Electrochemical Gold electrode Sarcosine oxidase No 0.1 - 100 uyM 0.01 yM [33]
Enzymatic Electrochemical Gold electrode Sarcosine oxidase No 0.1 - 100 pM 0.10 pM [32]
Enzymatic Electrochemical Pt/MNP Sarcosine oxidase No 5-40 yM 0.24 M [46]
Enzymatic Electrochemical OECTs Sarcosine oxidase No 50 nM — 100 uM 50.0 nM [47]
Enzymatic Photoelectrochemical ITO/NiO/PbS/Au electrode Sarcosine oxidase Yes 50 nM - 0.05 M 17.0 nM [48]
Enzymatic Electrochemical CSPE Sarcosine oxidase No 10 - 400 uM 0.66 uM [35]
MIP Electrochemical AuSPE Electropolymerization of p-ATP No 0.12-1.2 pM 8.50 nM [36]
MIP Electrochemical Au electrode MOFs No 1-100 pM 0.40 pM [37]
MIP Electrochemical Hydro-MeC-M Electropolymerization of MAA No 0.56- 22.5 uM 0.11 uyM [38]
MIP Electrochemical CB/PtRu Acr/Bis-Acr/VPA Yes 3.2-2000 pM 0.04 uM This work

Pt/MNP: platinum loaded mesoporous nickel phosphonate; OECTs: Organic electrochemical transistors; CSPE: Carbon Screen Printed Electrode; AuSPE: Gold
Screen-Printed Electrode; p-ATP: poly-aminothiophenol; MAA: Methacrylamide MOFs: metal-organic frameworks; Hydro-MeC-M: metal-coded hydrogel mag-
netic; CB/PtRu: Carbon Black/Platinum Ruthenium; Acr/Bis-Acr/VPA: Acrylamide/Bis-Acrylamide/Vinylphosphonic Acid.

18) _

Fig. 1. Pictures of the passive DMFC device: (A) anode side of the fuel cell, containing a reservoir for introducing the methanol solution into the system; (B)
cathode side of the fuel cell, with a grid opened to the atmosphere to allow the O, present in the atmospheric air to reach the electrode; (C) cell stack with the

devices placed in series.

was then added to the flask. To initiate polymerization, both APS and
TEMED were added to this suspension and stirred at 30 °C for 1 h.
After the polymerization time, the mixture was centrifuged (so that
the sensor material settled) and the supernatant was removed. The
solid was washed by stirring in 0.5 M H,SO, for 30 min to remove
the template protein. To remove and neutralize residual monomers/
proteins, the sensor material was washed with Milli-Q water (4 X )
and ethanol (1 x ) and dried overnight at 60 °C.

A control non-imprinted polymer (NIP) was also synthesised under
the same conditions as the biosensor material, but without the tem-
plate protein.

Special care was taken in the addition of the polymer layer around
the catalytic particles because of its effect on the electrochemical activ-
ity of methanol. The polymer obtained should be permeable enough to
allow some of the methanol to reach the catalytic particles, thus main-
taining the operation of the fuel cell and the function of the biosensor.
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2.4. Ink and electrode preparation

The MIP-CB-Pt/Ru nanoparticles were cast onto a carbon cloth sup-
port by incorporating them into a suitable ink formulation, spraying
and drying. The ink suspension consisted of the biosensor material,
20 wt% Nafion® in alcohols (relative to the biosensor material), and
2-propanol. To apply the material with an airbrush, the solid should
only make up to 10 % of the suspension to avoid clogging. The
obtained suspension was sonicated for 30 min and applied to the
support.

The application of the ink to the gas diffusion layer (GDL) of the
fuel cell - the carbon cloth - was done by heating the carbon cloth to
60 °C (on a hot plate), applying the material to it with an airbrush,
and letting it dry. The mass of the catalyst on the carbon cloth was con-
trolled by weighing the support before and after deposition.

2.5. Electrochromic cell (EC)

The electrochromic device was produced according to Marques,
et al. [28] with minor modifications. Briefly, the device was designed
in image processing software (Adobe Illustrator, Adobe Systems Soft-
ware, San Jose, CA, USA) with a planar 2-electrode configuration
defined as working and counter electrodes (WE and CE, respectively).
To pattern these electrodes and the electrical tracks, a CO, laser device
with a wavelength of 10.6 pm (VLS3.50, Universal Laser Systems,
Scottsdale, AZ, USA) was used to selectively remove the ITO layer from
a PET/ITO foil with a sheet resistance of 30 Q/square (Kintech Com-
pany, Shenzhen, China) with 10 W laser power at a scan rate of
1.27 m/s. Silver ink (Conductive compounds, Inc., New Hampshire,
USA) was applied to the electrical tracks, followed by a curing process
at 120 °C for 20 min, for ink’s solvent evaporation. Then, 3 uL of
0.04 g/L WO3 nanoparticles dispersed in water: ethylene glycol butyl
ether were drop casted onto the WE and allowed to dry at 50 °C for
20 min. The WO3 nanoparticles were prepared using an oven-assisted
hydrothermal method according to Santos, et al [39] and Marques,
et al. [28]. Finally, the EC device was encapsulated using a home-ver-
sion laminator with a hydrophilic Whatman paper grade 4 (GE Health-
care, Chicago, IL, USA) placed on top of the WE/CE electrodes to
obtain a simple configuration for easy integration into the DMFC/
biosensor. A lithium-based electrolyte (LiClO4: PC 1 M) was used in
the EC.

The EC was integrated into an external circuit connected to the 4-
stack DMFCs. At the time of use, the electrolyte was dropped onto the
paper pad to first perform a control test (blank). In this case, the unit
EC renders a blue colour at >1.5 V when fuel is added to the fuel cells.
To test this unit, MeOH was removed from the container and replaced
with the buffer solution, which was incubated there for 30 min. This
solution was then removed and replaced again with methanol to check
the electrical properties of the system. Then the MeOH solution was
removed, and the container was filled with the less concentrated sar-
cosine standard solution; this solution was incubated for 30 min, then
removed and replaced with MeOH to recheck the electrical properties
and operation of EC. Then a bleaching process of the device was per-
formed, followed by the test with the sarcosine sample. With increas-
ing sarcosine incubation concentration, the fuel cell was unable to
generate 1.5 V and the EC device could not achieve a coloured state.

2.6. Apparatus and fuel cell assembly

Electrochemical measurements were performed using a Metrohm
Autolab Potentiostat/Galvanostat and a PGSTAT302N equipped with
an FRA module and controlled by Nova software (NOVA 2.1). The cells
were monitored at room temperature and atmospheric pressure. The
anode was fed with 2.0 or 0.5 M MeOH solution (depending on
whether it was used during activation or calibration) deposited on
the reservoir, and the cathode used the O, of air.
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The DMFC/biosensor assemblies are shown in Fig. 2. The biosensor
element was first developed by free radical polymerization (Fig. 2A)
and then placed on the anode side of the 4-stack DMFCs (Fig. 2B-C).
These 4-stack/ DMFCs integrate the electrochemical cell (EC), which
is electrically connected to simulate a single device without connecting
a potentiostat. The generated energy powers the EC and promotes col-
our change according to the concentration of the biomarker present.

Generally, the polymer layer at the anode slows MeOH penetration,
which limits its access to the Pt/Ru nanoparticles that are entrapped
within the polymeric network, thereby influencing the rate of the elec-
trochemical process generating current. This outcome is even more
intense when proteins block the MeOH path towards the Pt/Ru cata-
lyst by entering the imprinted cavity. This is schematically represented
in Figure S1.

2.7. Electrochemical assays

For DMFC measurements, the cell was used at room temperature
and atmospheric pressure. To evaluate the response of the DMFC with
the modified imprinted anode, electrochemical measurements were
performed using Sampled DC. This technique can be used to generate
polarization curves, which are typically used for characterization
when studying DMFCs. This involves entering a series of potentials
and recording the corresponding current values. All measurements
obtained were normalized to the catalyst mass (Pt/Ru) on the surface
of the carbon cloth. The polarization curves of the DMFC and the
DMFC/biosensor were normalized to obtain the maximum output of
the system.

The fuel cell was previously activated by recording the polarization
curves with 2.0 M MeOH solution until the power of the cell reached a
stable value. Then, the fuel cell was left in Milli-Q water overnight to
remove the excess MeOH on the electrode surface.

Calibration curves in buffered media were established by Sampled
DC in sarcosine standard solutions (3.2, 16.0, 80.0, 400, 2000 uM) pre-
pared in MES buffer. During calibration, each solution was incubated
on the sensor surface (in the fuel cell anode reservoir) for 30 min, start-
ing with the lowest concentration. After each incubation period, the
sensor surface was washed with MES buffer; electrochemical measure-
ments were performed with 0.5 M methanol. Selectivity studies were
performed by calibrations in 1000-fold diluted FBS and spiked sar-
cosine standard solutions to evaluate the influence of serum on electro-
chemical readings.

3. Results and discussion
3.1. Operation of the passive fuel cell device and optimization

The performance of the passive DMFCs systems was evaluated prior
to MIP assembly to identify the most suitable conditions. For this pur-
pose, several polarization curves were measured with two different
MeOH concentrations of 0.5 and 2.0 M, respectively, until signal stabi-
lization. The polarization curves monitored the variation of cell poten-
tial against current density.

Fig. 3A shows the typical polarization curves of the DMFCs used in
this work compared to the results obtained with different concentra-
tions of MeOH. As expected, both current and power density were
strongly affected by the MeOH concentration. However, considering
that this system will function as a biosensor and the overall influence
of the MIP film on the fuel cell results from it hindering the access of
methanol to the Pt/Ru catalyst, using too much MeOH would result in
a less sensitive system (experimental data not shown). Since MeOH is a
small molecule, it can easily diffuse through the catalyst surface at
higher concentrations and consequently affect the sensitivity of the
final sensor (it would become insensitive to low concentrations of
CEA).
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Fig. 2. Schematic representation of the various components of the final biosensor device, including (A) the synthesis of the MIP material around the CB-Pt/Ru; (B)
the methanol fuel cell device and the membrane electrode unit (MEA); (C) and the 4-stack DMFC cells with biosensor, coupled with the signalling electrochromic

cell.

With respect to the use of the DMFC with the MIP film as a biosen-
sor, it is important that the signal is stable and that the power gener-
ated by the DMFC with the MIP can trigger the EC, which requires at
least 1.5 V. Figure S2 shows that the DMFC with the sensing polymer
on the anode operated with a 0.5 M MeOH solution and generates
enough cell power to feed the EC when operated in stack mode. It
was important to note that the system did not require a high MeOH
concentration and the MeOH solution was only fed at specific times.
The DMFC/biosensor device was very stable after consecutive incuba-
tions with MES buffer followed by feeding with a low MeOH concen-
tration (Figure S2). This was also confirmed by calibrations with
sarcosine solutions from independent cells.

3.2. Biosensing unit characterization

3.2.1. Spectroscopy analysis

To confirm the presence of the polymer on the surface of the carbon
black catalyst (CB-Pt/Ru), the MIP films and the control materials
(NIP) were analysed by FTIR-ATR spectroscopy (Fig. S3A) and Raman
analysis (Fig. S3B).

Quite similar spectra were obtained in the analysis of FTIR-ATR
(Fig. S3A), which was expected since these materials are mainly car-
bon-based, making it difficult to visualise the functional groups that
might be present in the MIP/NIP samples [40]. However, the spectra
of the polymerized MIP/NIP samples show significant differences com-
pared to the unmodified CB-Pt/Ru. The observed differences are
related to the vibrations of the functional groups of the monomers
used in the polymerization and can be approximately assigned to the
acrylate and amide groups (N—H, C—N, C=0) at 647 cm ™~ 1750 cm™},

870 cm ™! and 1000-1100 cm ™! At 1260 ecm ™, a small band can be
seen in the MIP/NIP samples, which can be associated with the P=0
group of the vinylphosphonic acid, and at about 1400 cm ™!, a band
with strong intensity appears in the modified polymer samples, which
can be assigned to the carbonyl group insertion (C=0) [41]. The
observed spectra differences are consistent and provide evidence for
significant modification of the CB -Pt/Ru matrix support with the sen-
sitive polymer.

Raman spectroscopy analysis (Fig. S3B) also proves the presence of
the polymer on the surface of CB -Pt/Ru. All the samples examined
showed the D and G peak of carbon. The D peak was located between
1200 and 1400 cm ™! and G peak between 1500 and 1600 cm ™. The
D peak is related to the disorder of the carbon structure (structural
defects), while the G peak is related to the graphite present in the
structure. In addition to these two peaks, one can observe other peaks
between 100 and 800 cm ™' that probably indicate the presence of
platinum [42] and ruthenium [43] in the samples. The ratio between
the intensity of the D and G peaks was used to evaluate the carbon sur-
face modifications [44]. The obtained I, /I; values can be found in the
attached table in Fig. S3B. Analysis of these results shows that the ratio
(Ip /1) of the MIP and NIP samples was significantly lower than that of
the control sample, indicating that the presence of the polymer affects
the Raman spectra of CB-Pt/Ru.

3.2.2. Calibrations in a single passive cell

Prior to calibration, the DMFC was activated with 2.0 M MeOH, as
the use of a high concentration of MeOH allowed for rapid activation
of the fuel cell. However, since the quantity of MeOH used to activate
de fuel cell (2 M) was much higher than the one used for calibrations
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Fig. 3. Polarization curves of the passive DMFC device with (A) different MeOH concentrations (2 M and 0.5 M); stability of a DMFC with a printed anode using
0.5 M MeOH solution. The bar graphs are representative of the data obtained in both plots to better observe the stability of the system. Calibration data show (C)
and (D) normalized calibration curve for the MIP shown compared to a control (NIP) obtained under the same conditions, and typical polarization curves of the
DMEFC biosensor device (MIP and NIP, respectively) for sarcosine with increasing concentrations ranging from 3.2 to 2000 uM in buffer.

(0.5 M), the greater part of MeOH adsorbed to the carbon cloth elec-
trode had to be removed. This was made by leaving the fuel compart-
ment of the activated cell with water. The single request here was that
any remaining MeOH would be undetected when a solution of 0.5 M
was placed on the fuel cell. This was achieved and granted, as may
be seen in Figure S4.

3.2.2.1. Calibrations in buffer. Calibrations were always performed
using sampled DC as electrochemical measurement and with sarcosine
standard solutions prepared in MES buffer. Initially, only MES was
incubated two to three times to check the influence of buffer solution
on DMFC performance. This procedure was repeated until signal sta-
bility was achieved. The results obtained are shown in Fig. 3 and con-
firm the good stability of the system after several buffer incubations.

Each standard solution was incubated in the fuel cell for 30 min,
after which the cell was washed with buffer. The performance of the
cell was then measured using a 0.5 M MeOH solution at the anode
compartment. The standard solutions incubated there had increasing
sarcosine concentrations, namely 3.2, 16, 80, 400 and 2000 uM.

Fig. 3A shows the current and power densities obtained when cal-
ibrating a MIP, and Fig. 3B shows the calibration curve of the same
MIP compared to the control (NIP). The MIP shows decreasing power
with increasing sarcosine concentration and exhibits a logarithmic
concentration-dependent behaviour from 3.2 to 2000 uM. This concen-

tration interval mainly encompasses the sarcosine concentration in the
blood of prostate cancer patients, which ranges from 2.0 to 10 pM,
whereas the normal sarcosine level in healthy individuals is approxi-
mately 1.4 = 0.6 pM. [33]. The NIP also showed decreasing perfor-
mance like the MIP, but with lower intensity and only at higher
concentrations. This different response of the MIP proves the binding
of sarcosine to the imprinted binding sites and the subsequent blocking
of the access of MeOH to the catalyst for its oxidation.

An additional control was performed to evaluate possible nonspeci-
fic adsorption of sarcosine on the carbon material. For this purpose, a
calibration was performed using only the catalyst material (CB -Pt/Ru)
under the same conditions as described previously. Fig. 4 shows the
results of this control calibration. There is no significant change in
the obtained performance after the incubation of sarcosine. These
results show that the non-specific adsorption of sarcosine on the car-
bon surface is negligible. The limit of detection (LOD) was determined
as described in [45], using linear regression method. In this case, LOD
can be expressed as.

Sa
LOD73<b>

where, Sa means the standard deviation of the response of the curve,
which can be obtained by the standard deviation of the regression line,
and b is the slope of the calibration curve obtained from the equation of
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Fig. 4. Calibration data of the carbon support showing (A) typical polarization curves of the DMFC device with an unmodified anode (commercial) for sarcosine
with increasing concentrations ranging from 3.2 to 2000 uM, in buffer, and (B) the normalized calibration curve obtained during calibration.

the calibration line. The calculation of LOD was performed using this
equation, and the obtained LOD for this work was 0.04 uM.

3.2.2.2. Calibrations in serum. After optimization of the biosensor in
the DMFC with standard solutions prepared in buffer, the selectivity
of the biosensor was evaluated with standard solutions prepared in
foetal bovine serum (FBS). FBS was used to mimic human samples
and understand the effects of this fluid on the system. This FBS was
diluted 1000-fold to reduce the presence of ions that could interfere
with the Nafion® membrane in the DMFC.

The obtained results of a calibration in serum medium (Figure S5)
show the changes in the performance of the cell with the increasing
concentrations of sarcosine, with linearity from 3.2 to 2000 uM. The
MIP reacts according to the previous calibrations with buffer (slope
of 0.07, and correlation coefficient of 0.997), and the 1000-fold
diluted serum has no significant interference in the cell, having a
similar slope and correlation value of the calibration curve (slope
of 0.0394, and correlation coefficient of 0.986). On the other hand,
the NIP shows a random behaviour with a decrease in response
when using the highest concentration of sarcosine, which could be
the adsorption of the molecules present in the FBS. These results
suggest that the biosensor is selective for sarcosine in the presence
of FBS.

3.3. Final assembly DMFC-EC/Biosensor

The final DMFC-EC/biosensor combines the DMFC device, the
biosensor unit, and the electrochromic cell, which operates as a unique
and fully autonomous device. Following a previous work by some of
the authors [28], where colour modulation at +2 V was achieved,
an optimization process was performed to reduce the electrical poten-
tial and power consumption of the device. For this purpose, the depos-
ited volume of WOj3 nanoparticles in the WE was increased from 1.5 to
3 pL, achieving coloration at +1.5 V and reducing the current density
from 2.7 to 0.4 yA cm ™2 (Figure S6). The hydrophilic paper encapsu-
lated in the device, covering both WE and CE, served only to soak up
the electrolyte during the time of use. Several hydrophilic papers were
tested (data not shown). Due to its high porosity, the grade 4 Whatman
paper proved capable of absorbing a large amount of electrolyte and
allowing good contact with the nanoparticles, resulting in increased
ionic charge.

Given the behaviour of the EC, the DMFC biosensor should gener-
ate enough current to power the electrochromic device, which in this
case required a voltage of 1.5 V. To achieve this voltage, a stack of
DMFCs had to be used, since each one generates only about 0.5 V. It
is important to note the fine line between the initial cell potential
and the potential reached after incubation of the target molecule.
While there are potential differences that can be observed during cal-
ibration (with a potentiostat), the sarcosine molecule is small, and the
potential variation is not so large that a cell stack with a very high ini-
tial potential can drop off so that it does not trigger the EC. This means
that a cell stack with an initial potential as close as possible (slightly
higher) to 1.5 V is necessary to obtain the desired colour change after
incubation of the target molecule.

Originally, a stack of 5 DMFCs was to be used, but it turned out that
a stack of 4 was sufficient to trigger the EC. Fig. 5A shows the EC in its
initial state (white) and Fig. 5B-C shows the colour change of the EC,
when interconnected with 4 and 5 cells, proving that a stack of 4 cells
was sufficient to promote the colour change from white to blue. The
colour change was fast and took about 20 s to reach full stability. It
was also very stable and reproducible when different cells were com-
pared. The colour reversal can also be easily achieved by simply
switching the polarity, and two reversals can be performed while
maintaining the effectiveness of the system.

After evaluating the electrical properties of EC, the stack of 4
DMFCs was incubated with MES buffer (during 30 min), as was done
previously with the single DMFC. The influence of the buffer was
small, as previously observed with the single cell, and the colour pro-
duced by EC was the same as that of the empty MeOH solution before
buffer incubation. Then, the sarcosine standard solutions were incu-
bated at the lowest concentration and the colour variation obtained
is shown in Fig. 5D compared to the colour of the buffer. Analysis of
the images shows that the colour produced by the buffer was intense.
After incubation of the sarcosine standards, the colour loses intensity
and almost disappears in the highest concentrated solution. Thus, as
the sarcosine incubation concentration increased, the overall power
of the 4-stack DMFC decreased and it was no longer able to generate
1.5V, so the device EC did not receive any colour.

The EC in combination with the DMFC biosensor made it possible
to obtain a self-powered and self-signalling system that does not
require a potentiostat to enable quantification of the sarcosine target
by a colour change in the gradient that is perceptible to the naked eye.
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Fig. 5. Images of the electrochromic cell (EC) in operation: (A) in the initial state before coupling with the DMFC biosensor (white colour); (B) after coupling with
a 5-stack DMFC; and (C) 4-stack DMFC that was able to trigger the EC from white to blue; (D) colour gradient obtained with a 4-stack DMFC biosensor from
incubation in MES buffer (blank signal) to increasing sarcosine concentrations, showing the colour change from blue to very light blue.

4. Conclusion

Using a passive DMFC as a power supply, a MIP as a biosensor unit,
and an EC as a signalling element, a self-powered and self-signalling
biosensor was developed to determine sarcosine.

The self-powered approach was achieved by developing a MIP film
on the catalyst material of the fuel cell operating under steady-state
conditions. Calibrations in buffer and FBS confirmed the good selectiv-
ity and sensitivity of the combined device for sarcosine. The electro-
chemical performance of the DMFC-modified biosensor showed a
linear trend with the log concentration of sarcosine ranging from 3.2
to 2000 uM in both buffer and FBS (compatible with the concentra-
tions expected in real samples).

The self-signalling approach was achieved by coupling an EC to the
DMFC-EC/biosensor. This EC showed an intense blue coloration at
maximum cell power and this coloration decreased with decreasing
power values. The DMFC-EC/biosensor showed a naked eye detectable
colour change in the presence of sarcosine standards, proving that it is
possible to obtain a self-sustaining and self-signalling system capable
of detecting sarcosine within seconds.

Overall, this type of setup may prove to be a promising approach
that has never been reported before to achieve sensitive analytical
analysis using instrument-free methods. The final DMFC-EC/biosensor
setup could be improved in a future work by miniaturising the four
stack DMFCs and using another EC with lower potential requirement,
allowing the use of a single DMFC.
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