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Abstract
This study reports the performance of simple low-cost synthesized bifunctional Cu/Cu2O nanoparticles (NPs) used as a 
catalyst for energy-harvesting applications through of a microfluidic fuel cell (µFC), and further, as cholesterol (Chol) sen-
sor. TEM characterization of the NPs showed spheres between 4 and 10 nm, while XRD and XPS analysis confirmed the 
composition and preferential crystallographic plane of Cu/Cu2O. In addition, 25.26  m2  g−1 surface area was obtained, which 
is greater than those commercial materials. NPs showed high activity toward the cholesterol oxidation reaction when were 
used as a sensor, obtaining a linear interval between 0.5 and 1 mM and 850 µA  mM−1  mg−1 of sensitivity and 8.9 µM limit 
of quantification LOQ. These values are comparable to results previously reported. Moreover, Cu/Cu2O NPs were used as 
anode in a µFC with 0.96 V of cell voltage and 6.5 mA  cm−2 and 1.03 mW  cm−2 of current and power density, respectively. 
This performance is the highest currently reported for cholesterol application as an alternative fuel, and the first one reported 
for a microfluidic fuel cell system as far as is known. Results showed that the obtained Cu-based NPs presented an excel-
lent performance for the dual application both µFC and sensor, which has potential applications in biomedicine and as an 
alternative energy source.

Keywords Cholesterol oxidation reaction · Cu/Cu2O nanospheres · Cholesterol sensor · Bifunctional Cu-based catalyst · 
Microfluidic fuel cell

Introduction

The search for new energy sources has been at the center 
of research efforts in the last decade, and electrochemical 
systems are an excellent option because they exceed the effi-
ciency of those based on the Carnot principle [1, 2]. In this 
sense, a novel electrochemical coupling is possible due to 
the development of devices such as the microfluidic fuel cell 
(μFC), which are compatible with organic, microbiological, 
enzymatic, and inorganic electrodes, thus being applicable 
in biomedicine as a power supply for biosensors and even 
as an analytical sensing system used in microchips [3, 4]. 
µFC operation consists of the fuel and oxidant separation 
by laminar flow without the need of a physical barrier, such 
as a membrane, allowing an excellent ionic transport. Con-
sequently, one of the main problems of these microfluidic 
devices is the electrodes composition and the flow through 
them. On the other hand, one of the most important advan-
tages is that different fuels can be used to produce energy 
and be quantified; fuels such as glucose, ethanol, methanol 
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and glycerol have been reported [5, 6]. One molecule that 
has received few attention as a fuel in studies is cholesterol, 
although it is of high biomedical interest for the continuous 
control of cholesterol in blood serum to minimize the risk 
of cardiovascular diseases [7].

Beyond the scope of µFCs, research in self-powered sen-
sors is currently focused on the development of options for 
the use of the current generated by the oxidation of cho-
lesterol [8]. Specifically, for the oxidation of cholesterol 
(Chol) as a fuel, oxidase (ChOx) has been used, however, 
this enzyme tends to generate resistance to mass transfer, 
thus increasing activity loss [9, 10]. Therefore, the replace-
ment of this enzyme by abiotic catalysts, such as Pt, Pd, Ir, 
Rh, Os, and Ru, has been considered since these inhibit the 
poisoning generated by secondary products in the oxida-
tion of organic molecules [11–15]. Nevertheless, one of the 
main disadvantages of these materials is their high cost and 
the decrease in catalytic loads [16]. In this sense, different 
Ag electrocatalysts have been developed with several nano-
structures and particle sizes between 1 and 10 nm, but an 
alternative material with a high potential to be used is Cu 
because it is inexpensive, excellent conductor, and highly 
selective for the oxidation of different organic molecules 
such as hydrocarbons, glucose, ascorbic acid, L-cysteine, 
uric acid, and dopamine [11, 17].

Therefore, Cu is a potential material to use as a catalyst in 
microfluidic systems as a µFC or sensor, since this material 
provides dual functionality: on the one hand, it can oxidize 
the fuel for energy production and, on the other hand, it can 
act as a functional material suitable to be used as an ampero-
metric sensor [18]. In the literature, data on non-enzymatic 
cholesterol detection using several electrode systems are 
scarce; for example, it has been reported that electrodes 
based on carbon nanofibers nanocomposites/Cu/Ni-dis-
persed polymer, with a sensitivity of 226.2 μA  mM−1  cm−2 
and  Cu2S [19] nanoplates on Cu rods as a biosensor, reach-
ing a sensitivity of 62.5 μA  mM−1, among others [20, 21]. In 
addition, the development of these materials has limitations, 
such as the way the incorporation into the electrodes affects 
cell morphology, active sites, and homogeneity, which are 
essential for the functionality of a μFC system [17, 22].

Thus, in this work, Cu/CuO2 NPs with average par-
ticle sizes between 4 and 10 nm (smaller than previously 
reported) were synthesized as a bifunctional material for 
both as an electrochemical sensor in Chol oxidation and as 
a fuel in a μFC system in alkaline conditions [11]. For the 
case of Cu/CuO2 NPs as a cholesterol sensor, results showed 
a linear range between 0.5 and 1 mM, 850 µA  mM−1  mg−1 
of sensitivity, and limit of detection LOD and quantifica-
tion LOQ of 2.6 µM and 8.9 µM, respectively. These results 
indicate that the material works as a catalyst in the Chol 
oxidation reaction and that it is also possible to obtain the 
highest performance reported for a fuel cell using cholesterol 

as a fuel: the µFC registered a high voltage value (0.98 V), as 
well as a high current and power density of 6.5 mA  cm−2 and 
1.03 mA  cm−2, respectively, during the evaluation. These 
results allow to state that not only a material with potential 
for a dual application can be obtained, but also, to the best of 
our knowledge, to report the first µFC that uses cholesterol 
as fuel.

Experimental methodology

Chemicals

All chemicals were reagent grade, used without any fur-
ther modification. Ethylene glycol was purchased from J.T. 
Baker (≥ 99.9%), polyvinylpyrrolidone (PVP, wt = 360,000), 
ascorbic acid (Macron ≥ 99%), acetone (J.T. Baker ≥ 98.5%), 
 CuSO4, J.T. Baker (≥ 98.5%), 18 MΩ cm deionized water. 
Cholesterol (SIGMA > 99%), NaOH (J.T. Baker > 97%), 
Toray carbon paper 060 (wet proofed), acetic acid (J.T. 
Baker ≥ 98.5%), Chitosan (SIGMA low molecular weight), 
KOH (J.T. Baker ≥ 97.5%) and Triton® X-100 (Hycel), Pt 
(40% CV/CX-3), and Nafion (SIGMA 5 wt. % in lower ali-
phatic alcohols and water, containing 15–20% water).

Cu/Cu2O synthesis

Cu NPs were synthesized according to the modified 
core–shell Cu/Pd synthesis method reported by J. Maya-
Cornejo et al. [23]. In a 100 mL round-bottom flask, ethylene 
glycol was added at 80 °C while stirring at 350 rpm. Sub-
sequently, 6.6 g ascorbic acid and 1 g polyvinylpyrrolidone 
were added. After 30 min, 1 g  CuSO4 precursor salt was 
added and the reaction was left for 36 h, at constant tempera-
ture. After that, acetone and deionized water (DI) washes 
were performed, and a brown precipitate was observed. 
Finally, the precipitate was set to dry for 6 h at 60 °C.

Cu/Cu2O physicochemical characterization

X-ray diffraction (XRD) measurement was carried out in 
a Bruker X-ray diffractometer (model PW3710). The pre-
liminary study of the Cu NPs size, between each synthe-
sis, was performed by light scattering dispersion (DLS) 
using a Zeta Sizer Nano Series Nano-ZS90 instrument at 
an angle of 173°. Scanning electron microscopy (SEM) 
with a JEOL brand microscope (JSM-6060 LV) was car-
ried out, while surface mapping was performed with dis-
persive energy X-ray spectroscopy (EDS, BrukerXFlash 
6110 detector). Physicochemical properties of the modi-
fied electrodes were investigated with a thermogravimet-
ric analyzer 2950 TGA HR V5.5 TA in air, following 
the variation of the weight loss percentage, performed 
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between 25 and 800 °C, at 5 °C   min−1 heating rate of 
with the incorporation of differential scanning calorim-
etry DSC technique. Textural properties of the modified 
electrodes were analyzed by  N2 adsorption–desorption 
isotherms at −196.15 °C using a Micromeritics TriStar 
3000 equipment. Surface area was calculated according 
to the Brunauer–Emmett–Teller (BET) equation. X-ray 
photoelectron spectroscopy (XPS) analysis was used to 
establish the oxidation states of the synthesized Cu NPs 
using a Monochromatic Magics Thermo Scientifics instru-
ment, model K-Alpha + in conditions of v = 1 scan  min−1 
in t = 20.5 s y CAE = 20.

Electrochemical characterization

Evaluation of Cu/Cu2O as a cholesterol sensor

Preparation of the Cu/Cu2O-based electrodes (working elec-
trode) consisted in an ink previously prepared using 1 mg of 
Cu/Cu2O NPs, 0.5% Chitosan (low molecular weight) w/w 
and 15% acetic acid. Then, 4 µL was deposited on Toray 
carbon paper (0.25   cm2). The reference and the counter 
electrode were Ag/AgCl and a Pt wire, respectively. KOH 
(0.3 M) was used as electrolyte for the fuel cell and sensor. 
For the evaluation of the sensor, cyclic voltammetry was 
performed at 10 mV  s−1 as scan rate in a potential range 
between −1 and 0.2 V (vs. Ag/AgCl) with different Chol 
concentrations (0.1–1 mM) using a Potentiostat/Galvanostat 
(Biologic VSP-0363). Sensitivity (S) was calculated from the 
cholesterol sensor calibration curve slope, while the limit of 
detection (LOD) is 3.3 σ/S, where σ is the standard devia-
tion, and the limit of quantification (LOQ) was calculated 
from 10 σ/S [24–26]. All experiments were performed in 
triplicate and the standard deviation was reported.

Evaluation of Cu/Cu2O NPs in a microfluidic fuel cell using 
cholesterol as a fuel

The μFC prototype used in this study has already been pub-
lished by Escalona-Villalpando et al. [27]. The anode was 
prepared by deposition on a Toray paper electrode (A = 0.25 
 cm2) 0.7 mg  cm−2 of catalytic load of Cu/Cu2O, along with 
0.5% wt/wt Chitosan, 15% v/v acetic acid, and 15 mL was 
pipetted onto each carbon electrode surface. The anolyte 
consisted of 0.1 M KOH (Alyt > 97%) solution with 10% 
(w/w) Triton® X-100. The cathode was prepared by depo-
sition of 1 mg of a mixture of 40% commercial Pt with a 
solution of 5% Nafion® and isopropanol via the spraying 
method proposed by Clicchio et al. in 2009 [28]; the catho-
lyte consisted of 0.5 M  H2SO4 solution. The polarization 
curve was linear at 10 mV  s−1 sweep speed [24].

Results and discussion

Microscopy analysis

In Fig. 1a, the morphological analysis of Cu/Cu2O NPs 
by transmission electron microscopy (TEM) is shown, 
where an average particle size between 6 and 7 nm can be 
observed, with 86% of the overall analyzed particles hav-
ing a diameter between 4 and 10 nm, which is confirmed in 
the histogram (Fig. 1b) depicting particle size with respect 
to number of particles. In addition, a mapping through 
X-ray energy-dispersive spectroscopy analysis (Fig. 1c–f) 
displayed that Cu is uniformly distributed in the mate-
rial, in addition to small amounts of oxygen, which can be 
attributed to the fact that irregular spheres are composed 
of Cu and CuO; the presence of C is associated to residual 
PVP from the synthesis process [19, 29]. This distribution 
is due to the synthesis method without using other materi-
als such as reduced carbon oxide as a stabilizer [29].

Structural analysis by XRD and XPS

XRD analysis (Fig. 2a) shows the diffraction patterns of 
the Cu/Cu2O materials, where the characteristic peaks were 
associated to the preferential crystallographic planes (1 1 
1), (2 0 0) and (2 2 0), corresponding to the presence of Cu 
(JCPDS 04-0836) [30]. In addition, the planes (1 1 1), (2 0 
0), (2 2 0) and (3 1 1) are related to  Cu2O (JCPDS 05-0667), 
suggesting the structure corresponds with Cu/Cu2O [18, 31]. 
Scherrer equation was used to estimate the crystallite size 
for  Cu0 and  Cu2O, obtained an average size of 28 and 29 nm, 
respectively. The high-resolution XPS spectrum of the Cu 
2p core level is displayed in Fig. 2b. Peaks for Cu 2p3/2 and 
Cu 2p1/2 correspond to a binding energy of 933.5 eV and 
953.5 eV, respectively, which is according with the reported 
values of  Cu+ and oxidation state for  Cu2O [18, 32]. Satellite 
peaks indicate the existence of  Cu0 and  Cu++; the scanning 
signal (934.8 eV) corresponds to the  Cu++ oxidation state 
attributed to the oxygen signal present in the EDS mapping. 
On the other hand, the first sweep (933.5 eV) is the response 
of Cu 2p. According to the analysis by deconvolution (using 
Advantage program, XPS Thermoscientific) 21 and 79 of 
atomic % correspond to  Cu2+ and  Cu0, respectively. In 
addition, the spectroscopy presented in Fig. 2a was used to 
determine the interplanar distances, which was compared 
to those commercial NPs from Sigma-Aldrich (Table 1). 
This information exhibits an important closeness between 
the theoretical values (*) and those obtained for the synthe-
sized Cu/Cu2O NPs, with an error range not exceeding 9%, 
so it is possible that the material does not present structural 
modifications [33].
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Fig. 1  a TEM morphological analysis of Cu/Cu2O, b size distribution histogram, c–f EDS analysis of Cu/Cu2O-based materials

Fig. 2  a Diffractogram of Cu/Cu2O, b photoelectric X-ray spectroscopy of Cu/Cu2O
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TGA–DSC analysis

In the TGA–DSC analysis of the Cu/Cu2O NPs (Fig. 3a), 
a stable weight was observed as far as 107.1 °C; after that, 
the first degradation stage occurred with a loss of 2.34% 
of the overall weight, which is attributed to residual com-
plexes from the initial synthesis. The resulting material 
degraded at 234 °C; then, the complex underwent a third 
stage of decomposition due to the loss of  (C6H9NO) in Pol-
yvinylpyrrolidone (PVP) molecule, with a weight loss of 
8.4%, demonstrating an increase in the characteristic weight 
and the formation of new structures between carbonaceous 
material and transition metals. This complex decomposed 
until 472 °C, due to the loss of organic waste. Finally, the 
residue represents the weight corresponding to Cupric Oxide 
[34]. In addition, the isotherm corresponded to a Type IV, 
representative of mesoporous materials where the adsorp-
tion process involves the initial formation of a monolayer, 

increasing the relative pressure results in the formation of a 
multilayer (Fig. 3b).

This hysteresis cycle is associated to the filling and emp-
tying of mesopores (pores with a size between 2 and 50 nm. 
Through BET analysis, the material’s surface area was deter-
mined in 25.3  m2  g−1, which compared to other authors is 
close to double the standard 14  m2  g−1 for Cu/Cu2O [35].

Electrochemical characterization

Evaluation of Cu/Cu2O as cholesterol electrochemical 
sensor

The cyclic voltammetry (CV) of Cu/Cu2O NPs on Toray 
carbon paper (TCP) displayed in Fig. 4a shows two oxida-
tion peaks corresponding Cu to  Cu+ (−0.35 V) and  Cu2+ 
(−0.03 V), respectively [22, 36, 37], in alkaline condi-
tions. In addition, one reduction peak has been attributed 

Table 1  Comparison of 
crystallographic parameters 
of synthesized NPs and 
commercial NPs

Material 2θ Plane Network parameter 
(a* = b* = c*) (Å)

Network param-
eter (a = b = c) 
(Å)

Interplanar 
distance (d*) 
(Å)

Interplanar 
distance (d) 
(Å)

Cu 43.317 [1 1 1] 3.61 3.44 2.087 1.997
50.449 [2 0 0] 1.807 1.806
74.126 [2 2 0] 1.278 1.215

Cu2O 36.441 [1 1 1] 4.26 4.34 2.463 2.478
42.329 [2 0 0] 2.133 2.2
52.488 [2 2 0] 1.508 1.539

Commercial Cu 42.156 [1 1 1] 3.58 3.35 2.087 1.997
50.358 [2 0 0] 1.807 1.806
73.987 [2 2 0] 1.278 1.215

Fig. 3  a TGA–DSC s and b isothermal analysis of Cu/Cu2O NPs
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to the cathodic process of  Cu2+ to  Cu+ (−0.39 V), which is 
present in the mechanism for the Cu/Cu2O redox reaction 
[18, 32, 38]. After that, Cu/Cu2O NPs were evaluated in 
the presence of different cholesterol concentrations: from 
0 to 1 mM (Fig. 4-b) observing an increase in the anodic 
current at −0.33 and −0.03 V (vs. Ag/AgCl) and cathodic 
peak at −0.34 V (vs. Ag/AgCl). In addition, the rise to a 
second reduction peak located at −0.75 V was observed. 
This redox process is attributed to the dependence of oxygen 
reduction on the Cu/Cu2O crystal structure, which may be 
related to the Cu (II) complexion with molecule-forming 
soluble species according to Moelans et al., who reported 
this phenomenon for amino acids and other chelating agents 
such as S and O [39]. Subsequently, the oxidation (−0.03 V) 
and reduction (−0.39 V) peaks were analyzed for the sen-
sor mode, because a higher increase in current density was 

observed (Fig. 4c), finding a higher sensitivity (850 µA 
 mM−1  mg−1) in a linear range of 0.5–1 mM (R2 = 0.9973) 
for the reduction peak. As well as low limits of detection 
(LOD) and quantification (LOQ) of 2.6 and 8.9 µM, respec-
tively (Fig. 4d). Already published results for non-enzymatic 
Chol sensors have been quite varied; for instance, Tong et al. 
reported a low linear range of 10–300 nM with an LOD of 
1 nM using MWCNT and a molecularly imprinted poly-
mer [40]. Yoshi and coworkers reported a higher linearity 
range of 1–20 mM (that is, within the range of cholesterol 
found in blood of 1.81–4.9 mmol/L) but a low sensitivity 
(8.08 µA  mM−1   cm−2) using Laponite–Montmorillonite 
material [41]. As for copper oxide materials, Khaliq et al. 
recently reported  Cu2O NP/TiO2 nanotubes with a linear 
range of 24.4–622 µM, 0.05 µM of LOD, and 6034.04 µA 
 mM−1  cm−2 sensitivity [18]. Results of the present study 

Fig. 4  a CV of Cu/Cu2O in 0.1  M KOH in the absence of Chol at 
10  mV   s−1 scan rate; b CVs with additions of different concentra-
tions of Chol (0–1 mM) in 0.1 M KOH; c calibration curve resulting 

from the analysis of the oxidation (−0.03 V) and reduction (−0.39 V) 
peaks; d linear range of reduction peak Chol addition (0.5–1 mM)
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are comparable with some of those mentioned above. The 
experimental strategy used for the evaluation of cholesterol, 
despite not being within the linear range found in real sam-
ples, is to dilute the sample and then multiply it by the dilu-
tion factor to obtain the final result to compare it with com-
mercial cholesterol devices [18]. In other cases, multisensors 
that quantify cholesterol and other analytes such as uric acid, 
triglyceride and glucose have been reported [42, 43].

Evaluation of cholesterol as fuel in a μFC

The evaluation of the anode and cathode in a half-cell con-
figuration was carried out under their respective experi-
mental conditions. For the case of Cu/Cu2O, 0.1 M KOH 
was used in the presence of 0.4 mM Chol (prepared as 
described above), obtaining an open circuit voltage OCV 
of −0.13 V ± 0.05 V (vs. Ag/AgCl); meanwhile the cathode 
was evaluated in 0.5 M  H2SO4, reaching 0.74 ± 0.08 V (vs. 
Ag/AgCl) OCV. This result means that the fuel cell poten-
tial would be around 0.87 V, as shown in Fig. 5a. In the 
evaluation of the μFC, the independent anolyte and catho-
lyte inlets were used to increase voltage, current, and power 
performance, while the flow rate was 3 mL  h−1, in accord-
ance to previously reported works [27, 44, 45]. The cur-
rent and power curves can be appreciated in Fig. 5b where, 
in the absence of fuel, the OCV was 0.38 ± 0.03 V and 
0.34 ± 0.07 mA  cm−2 of current density, showing a return 
in the curve, in the mass transfer region, which was expected 
in the absence of cholesterol. On the other hand, in the pres-
ence of 0.2 and 0.4 mM Chol, the OCV increased to around 
0.65 ± 0.03 V, meanwhile the change in the current and 
power density was not significant: 0.76 ± 0.08 mA  cm−2 and 
0.12 ± 0.05 mW  cm−2, respectively. This behavior is very 
similar with respect to the evaluation of Cu/Cu2O NPS as 

a cholesterol sensor, where no important change presented 
in current at these concentrations. With higher concentra-
tions of cholesterol, the OCV increased from 0.79 ± 0.01 V 
to a maximum of 0.96 ± 0.02 V using 0.6 mM and 1 mM, 
respectively, while the current density increased 2.6 times 
(from 2.5 to 6.5 ± 0.09 mA  cm−2) and the power density by 
2.3 times (from 0.44 to 1.03 ± 0.12 mW  cm−2). Similarly, 
this increased in the current behavior is observed in the same 
Chol concentrations when it was used as a sensor.

When comparing the results of this study to those pre-
viously published by another authors, it was interesting 
observe that there are only two studies reported for fuel 
cells using cholesterol. Minteer’s team reported a choles-
terol biofuel cell using the cholesterol enzyme dehydro-
genase (ChDH) in the bioanode with the redox polymer 
 FcMe2-LPEI and the bilirubin enzyme oxidase (BOx) in the 
cathode linked to MWCNT-modified with anthracene, both 
in a single compartment. They reported 0.59 V OCV, 101 
µA  cm−2 and 20.3 µW  cm−2 of current and power density 
respectively, at pH 7.5 and 5 mM Chol a of [46]. Sekre-
taryova reported a cholesterol self-powered biosensor using 
the enzyme cholesterol oxidase (ChOx) with phenothiazine 
in the anode and the enzyme ChOx with Prussian blue in 
the cathode; the cell had a single compartment and oper-
ated at pH 6.8 with 0.1 M KCl and 1% (w/w) Triton X-100 
using different Chol concentrations. Although they reported 
0.11 V OCV and 11.4 µW  cm−2 power density; the focus of 
this work was the biosensor parameters [47]. In this context, 
it is interesting to analyze the results obtained for the cur-
rent and power curves (Fig. 5b), where an apparently linear 
increase in OCV, current and power density can be observed, 
highlighting that, a R2 = 0.9915 value in a linear range from 
0.4 to 1 mM and 1.48 mW  cm−2  mM−1 of sensitivity was 
obtained. These results suggest that this system can be used 

Fig. 5  a OCV in half-cell of Cu/Cu2O-based anode in 0.1  M KOH 
and 0.4 mM Chol and cathode (Pt/C) in 0.5 M  H2SO4; b power and 
current curves in a µFC obtained in the presence of different Chol 

concentrations: 0, 0.2, 0.4, 0.6, 0.8, 1 mM at 3 mL  h−1 flow rate and 
10 mV  s−1 scan rate
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as a possible cholesterol self-powered biosensor. However, 
additional tests need to be conducted to confirm this state-
ment. It should be noted that this work, to the best of our 
knowledge, is the first microfluidic abiotic fuel cell using 
cholesterol as fuel. On the other hand, there are reports for 
microfluidic cholesterol biosensor [48].

In addition, a SEM analysis of the Cu/Cu2O NPs was 
carried out, before (Fig. 6a) and after the NPs were used 
in the µFC (Fig. 6b). Figure 6b displays the Cu/Cu2O elec-
trode after being used in the µFC, where a type of granula-
tion, possibly due presence of Triton X-100, is observed. 
In Fig. 6C, even adsorbed cholesterol could be appreciated.

The development of a cholesterol sensor and µFC is of 
great importance in the field of biomedicine and health for 
clinical analyses of cardiovascular diseases. Therefore, this 
device allows to sensitize cholesterol in a more effective and 
precise electrochemical way. Moreover, it provides energy 
through non-conventional fuels, creating a self-sustaining 
process. The sensor and the µFC based on Chol proposed 
in this research present advantages such as rapid response, 
small amount of sample intake, lower limit of detection, and 
high performance, providing energy from an unconventional 
and making for effective manufacturing and profitability.

Conclusions

This work presents a nanostructured material based on Cu/
Cu2O as a promising catalyst for cholesterol detection and 
oxidation reaction. By means of several physicochemical 
techniques, the composition, structure, morphology, and size 
parameters of Cu/Cu2O-based material were characterized. 
The nanoparticles were used in a sensor and anodic mate-
rial in a microfluidic fuel cell using cholesterol as a fuel. In 
the case of the cholesterol sensor, the LOD and LOQ values 

were smaller than those already reported with potential 
use for the quantification of cholesterol in biological flu-
ids. Regarding the microfluidic fuel cell device, this device 
generated a voltage around to 0.96 V and 6.5 mA  cm−2 and 
1.03 mW  cm−2 of current and power density, respectively, 
in the presence of low cholesterol concentration between 0.2 
and 1 mM, without the need for oxygen saturation by air sup-
ply and, using optimal electrolyte conditions for the anolyte 
and catholyte. This reduces the cost of the device and elec-
trodes by replacing of the enzymes by use of abundant and 
non-noble metal as cupper. Cu-based NPs presented an 
excellent performance for the dual application both micro-
fluidic fuel cell and sensor with potential applications in 
biomedicine and as an alternative energy source.
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