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Abstract
Enzymatic biofuel cells (EBFC) are promising sources of green energy owing to the ben-
efits of using renewable biofuels, eco-friendly biocatalysts, and moderate operating condi-
tions. In this study, a simple and effective EBFC was presented using an enzymatic com-
posite material-based anode and a nonenzymatic bimetallic nanoparticle-based cathode 
respectively. The anode was constructed from a glassy carbon electrode (GCE) modified 
with a multi-walled carbon nanotube (MWCNT) and ferrocene (Fc) as a conductive layer 
coupled with the enzyme glucose oxidase (GOx) as a sensitive detection layer for glucose. 
A chitosan layer was also applied to the electrode as a protective layer to complete the 
composite anode. Chronoamperometry (CA) results show that the MWCNT-Fc-GOx/GCE 
electrode has a linear relationship between current and glucose concentration, which varied 
from 1 to 10 mM. The LOD and LOQ were calculated for anode as 0.26 mM and 0.87 mM 
glucose, respectively. Also the sensitivity of the proposed sensor was calculated as 25.71 �
A/mM. Moreover, the studies of some potential interferants show that there is no signifi-
cant interference for anode in the determination of glucose except ascorbic acid (AA), uric 
acid (UA), and dopamine (DA). On the other hand, the cathode consisted of a disposable 
pencil graphite electrode (PGE) modified with platinum-palladium bimetallic nanoparti-
cles (Nps) which exhibit excellent conductivity and electron transfer rate for the oxygen 
reduction reaction (ORR). The constructed EBFC was optimized and characterized using 
various electroanalytical techniques. The EBFC consisting of MWCNT-Fc-GOx/GCE 
anode and Pt-PdNps/PGE cathode exhibits an open circuit potential of 285.0  mV and a 
maximum power density of 32.25 µW cm−2 under optimized conditions. The results show 
that the proposed EBFC consisting of an enzymatic composite-based anode and bimetallic 
nanozyme-based cathode is a unique design and a promising candidate for detecting glu-
cose while harvesting power from glucose-containing natural or artificial fluids.
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Introduction

Biofuel cells (BFCs) are electrochemical devices that generate electrical energy using 
organic molecules produced during metabolic processes as a fuel and a renewable biologi-
cal catalyst. They are considered environmentally friendly and sustainable energy options 
[1–5]. Two main BFCs have become prominent: enzymatic biofuel cells (EBFCs) that use 
purified oxidoreductase enzymes and microbial biofuel cells (MBFCs) that use micro-
organisms [3–6]. EBFCs are attractive devices that directly convert the chemical energy 
stored in the fuel into electricity using enzymes as biocatalysts. These types of fuel cells 
are commonly employed in biosensors and bioelectronic devices. EBFCs transform enzy-
matic chemical reactivity into electrical power output by oxidizing fuel at the anode and 
reducing an oxidant at the cathode [4–6]. EFBCs are known as renewable and environ-
mentally friendly technologies due to their remarkable properties such as easy miniaturi-
zation, portability, working conditions around room temperatures, and physiological pH. 
Furthermore, EBFCs offer advantages such as high conversion efficiency and versatility 
as they can generate electrical energy from various organic substrates [5–7]. Separating 
the anodic and cathodic parts is unnecessary due to the high selectivity of enzymes. This 
enables the development of miniature and membraneless EBFCs implanted in the human 
body to potentially power medical devices [5, 8–10]. However, current approaches face 
several challenges, such as the need for specific pH and temperature conditions, difficulties 
in stabilizing enzymes to the electrode surfaces, and inadequacies in electron transfer rate 
between the electrodes [9].

Numerous techniques have been developed to improve the enzyme immobilization, 
power output, and stability of EBFCs. Various enzyme immobilization techniques, includ-
ing direct immobilization, cross-linking with bifunctional linker molecules, and self-
assembled monolayers, have already been applied to EBFCs [10, 11]. Various electrode 
surface modifications were also performed using novel materials to promote electron trans-
fer between the redox enzyme and the electrode [10–13]. For this reason, enzymatic elec-
trodes have been prepared using a variety of materials, like gold nanoparticles [14–16], 
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carbon nanotubes, redox polymers, metal complexes [17, 18], or electron transfer media-
tors, which include osmium (Os), benzoquinone, polyvinyl ferrocene, ferrocene (Fc), and 
its derivatives [19, 20]. Redox mediators are chemicals with electrochemical activity and 
widely used in biosensors and biofuel cells. Ferrocene (Fc) and its derivatives are notable 
among all the mediators due to their nontoxicity to the human body and solubility in vari-
ous solvents, including water and ethanol [3, 20]. Carbon nanotubes (CNTs) have also been 
used to improve the properties of Fc-modified electrodes because of their unique biocom-
patibility properties and excellent electrical conductivity [3, 17, 20].

Improving the oxygen reduction reaction (ORR) activity is essential for fuel cell 
development [21]. The glucose/O2 biofuel cell, with a glucose oxidizing anode and an 
O2-reducing cathode, could become an in vivo electricity source to power integrated medi-
cal devices. Recent developments in nanotechnology have led to the designing of new arti-
ficial enzymes called nanozymes. Nanozymes have numerous advantages including diverse 
enzyme-mimicking activities, low cost, high stability, robustness, unique surface chemis-
try, ease of surface tunability, and biocompatibility. These advantages have allowed their 
integration into a wide range of biosensing applications [22, 23]. Several biosensing sys-
tems have been developed using metal, metal oxide, and metal–organic framework-based 
nanozymes [22–25].

In this work, we designed a simple EBFC configuration operating in ambient and physi-
ological conditions containing enzymatic composite material-based anode and nonenzy-
matic bimetallic nanoparticle-based cathode. Glucose was selected as the substrate due to 
its suitability as a biological fuel and its prevalence in various biological fluids includ-
ing blood, tears, saliva, and sweat. In our system, glucose is oxidized by glucose oxidase 
(GOx) at the anode and oxygen is reduced by bimetallic nanoparticle composite material at 
the cathode. The anode consists of a GOx immobilized on a glassy carbon electrode (GCE) 
modified with an MWCNT and Fc. On the other hand, the cathode consisted of a pen-
cil graphite electrode modified with platinum (Pt) and palladium (Pd) metal nanoparticles 
(MNps). Pencil graphite electrode (PGE) was preferred as an electrode material at the cath-
ode because of its advantages, such as electrochemical activity, commercial accessibility, 
good mechanical strength, disposability, low cost, and simple modification procedure [23, 
26]. This novel design of EBFC has produced significant electrical power that can be used 
for various applications, including glucose detection or powering medical devices.

Materials and Methods

Reagents

Analytical-grade chemicals were used without further purification. GOx (from Aspergillus 
niger type 77 units/mg) was purchased from Sigma-Aldrich. Stock solutions of GOx were 
prepared using 0.1 M phosphate buffer solution (PBS) with pH 7.0, and stored at − 20 °C 
until used. Multi-walled carbon nanotubes, ferrocene, palladium (II) chloride (PdCl2), and 
chloroplatinic acid (H2PtCl6) solution 8% wt. in H2O were supplied from Sigma-Aldrich.

Chemicals such as potassium phosphate dibasic (Na2HPO4.2H2O), potassium phos-
phate monobasic (NaH2PO4.2H2O), potassium chloride (KCl), sodium hydroxide (NaOH), 
chitosan (medium molecular weight), and D-( +)-glucose (≥ 99.5%) were purchased 
from Merck. Potassium ferricyanide (K3[Fe(CN)6]0.3H2O) and potassium ferrocyanide 
(K4[Fe(CN)6]0.3H2O) were purchased from Sigma-Aldrich. All solutions were prepared 
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with ultrapure water using the Elga Option Q7B water purification system (18.2 �W cm−1). 
0.10 M KCl containing 0.1 M PBS with pH 7.0 was used as an electrolyte to characterize 
electrodes and biofuel cells.

Apparatus and Electrochemical Measurements

All electrochemical measurements including electrochemical impedance spectroscopy 
(EIS), cyclic voltammetry (CV), linear sweep voltammetry (LSV), amperometry, and open 
circuit potential (OCP) tests were run using a Metrohm model Autolab PGSTAT 128N 
Potentiostat/Galvanostat. Before carrying out the electrochemical tests and between each 
successive addition of glucose, it was ensured that the solutions were purged with either 
air or argon. The stock glucose solutions were allowed to mutarotate for at least 24  h 
before use and then stored in a refrigerator at 4 °C. CV and amperometric techniques were 
employed to characterize the electrodes. In these studies, a three-electrode cell consisting 
of an unmodified or modified working, an Ag/AgCl (KCl, 3 M) reference electrode, and a 
platinum wire auxiliary electrode was used.

Fabrication of the Electrodes

Preparation of Anode Electrodes (MWCNT‑Fc‑GOx/GCE)

Before a modification step, GCEs were polished with different grain sizes (1 µm, 0.3 µm, 
and 0.05  µm, respectively) alumina on a polishing cloth. Then, GCE was sonicated in 
ethanol and ultrapure water and dried with an IR lamp. Then, the dried electrodes were 
placed in an electrochemical cell, and a preconditioning step of 20 scans at 50 mVs−1 
between − 0.4 and 0.4  V (vs. Ag/Ag+) was applied in 0.1  M KCl with the CV method. 
After the preconditioning step, the electrodes were washed with de-ionized water and dried 
in front of IR lamb for 5 min. After the cleaning procedure of GCE, 25 mM Fc containing 
20 mg/mL MWCNT solution was prepared and sonicated for 15 min in an ultrasonic bath. 
Then, 10.0 µL from that solution was added onto the GCE surface and dried with IR lamb 
for 5 min in every 1.0 µL addition. Twenty milligrams per milliliter GOx mixed in 0.10 M 
PBS with pH 7.0 was then dropped on the surface of MWCNT-Fc-GCE, and dried for 
2 h at the room temperature. The preparation of the enzyme electrode is finalized by the 
addition of the % 0.5 chitosan solution in acetic acid. The enzyme electrodes were stored 
at + 4 °C when not in use.

Preparation of Cathode Electrodes (PtNps/PGE, PdNps/PGE, and Pt‑PdNps/PGE)

Platinum nanoparticles (PtNps) have been efficiently deposited onto the surface of PGE 
using an electrochemical method. It was achieved by recording cyclic voltammograms in a 
5.0 mM solution of H2PtCl6 containing 0.10 M KCl from 0.8 to − 0.8 V at a scan rate of 50 
mVs−1 for 30 cycles (Fig. S5A). Electrodeposition mechanism of PtCl62− was reported by 
our previous study [26]. Palladium nanoparticles (PdNps) were also efficiently deposited 
onto the surface of PGE using an electrochemical method [27]. Cyclic voltammograms 
were recorded in a supporting electrolyte of 0.10 M KCl and 5.0 mM PdCl2 at a scan rate 
of 25 mVs−1 for 30 cycles within a potential range of 0.40 V to − 0.25 V (Fig. S5B). For 
the PtPd-Nps electrodes, 5.0 mM of H2PtCl6 and 5.0 mM of PdCl2 containing 0.1 M KCl 
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solutions were used. This is also achieved by recording CV under the same conditions as 
PtNps and PdNps deposition, respectively (Fig. S5C).

Characterization of Electrodes

SEM and EDX images of both unmodified and modified PGE electrodes were taken to 
provide an accurate analysis of the surface changes resulting from the electrochemical 
processes. Scanning electron microscopy (SEM–EDX) images were taken at COBILTUM 
(Science and Technology Application and Research Center) of the Çanakkale Onsekiz 
Mart University with a device of JEOL JSM-7100-F. The electrodes were electrochemi-
cally characterized using CV and EIS techniques which were recorded in a solution con-
taining 5.0 mM Fe(CN)6

3−/4−  + 0.10 M KCl.

Fuel Cell Tests and Real Sample Analysis

The biofuel cells were characterized by recording LSV using MWCNT-Fc-GOx/GCE as 
anode and Pt-PdNps/PGE as a cathode in oxygen-saturated 0.1 M PBS at pH 7.0 with dif-
ferent glucose concentrations. LSV was performed at 1.0 mVs−1 from the OCP of the cell 
to 0 V to evaluate the performance of the designed EBFCs. The current and power of the 
fuel cell were calculated using Ohm’s Law (V = I × R and P = I × V). The output density 
and current density were calculated from the apparent surface area of the anode. All the 
measurements were carried out at 37 °C.

The constructed glucose-based self-powered biofuel cell was tested using a sample 
of artificial blood serum containing 4.77 mM glucose. The performance of the designed 
EBFCs in real samples was also evaluated using LSV.

Results and Discussions

Characterization of Nanozyme‑Based Cathode (Pt–Pd‑Nps/PGE) and Its 
Electrochemical Response to ORR

In the first stage of the studies, the characterization of the cathode was carried out and 
its electrocatalytic activity with the reduction of O2 was examined. It is well known that 
biocathodes consisting of enzymes such as bilirubin oxidase (BOx) and laccase (Lc) have 
been extensively used in developing EFCs due to their direct electron transfer ability and 
selectivity [23, 28–30]. These properties allow them to operate without a separation mem-
brane to prevent cross-reactions at the electrodes [23]. Enzyme-mimicking nanomaterials 
called nanozymes have recently been introduced to biosensor and fuel cell studies [31–33]. 
In this study, PGEs modified with Pt–Pd bimetallic nanoparticles were used as nanozymes 
and have been proposed as a new cathode material in biofuel cell studies for the first time.

First, PtNps, PdNps, and Pt-PdNps were modified on PGE using electrochemical 
methods. SEM images, EDX spectra, and EDS mapping images were then recorded for 
unmodified and modified PGEs. SEM images (Fig. 1) show that the layered structures of 
unmodified PGE are homogeneously covered with nanoparticles obtained from monometal 
and bimetal deposition. Also, EDS mapping images were recorded for PGE, PtNps/PGE, 
PdNps/PGE, and Pt-PdNps/PGE electrodes and given Supplementary files (Fig.  S1, Fig 
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S2, Fig. S3 and Fig S4, respectively). According to EDX results (Fig. S6), it is expected to 
see 76.93% C, 17.68% O, 0.68% Mg, 1.53% Al, 0.25% Ca, 2% Fe, and 2.75% Si in unmodi-
fied PGE because pencil leads consist of clay and graphite [34]. In addition, 13.38% Pt in 
PtNps, 8.52% Pd in PdNps, and 4.27% Pt and 16.47% Pd in Pt-PdNps were found, which 
reflects that monometallic and bimetallic nanoparticles were successfully attached to the 
PGE surface.

EIS is widely used to understand electrode surface changes and resistance properties. 
The EIS curve consists of two main parts: the semicircle and the linear portion. These parts 
provide detailed information on the impedance changes of an electrode surface which is 
valuable for understanding modifications of electrode surfaces and their potential use in 
electrochemical sensing applications [35]. The linear portion of impedance spectra corre-
sponds to the processes of electron transfer that are limited by diffusion. The semicircle is 
closely related to high frequencies and its diameter provides information about the charge 
transfer resistance (Rct) which controls the electron transfer kinetics of the redox probe 
at the electrode’s surface [35]. Thus, unmodified and modified PGEs were also electro-
chemically characterized by evaluating their CVs and EIS to understand electrode surface 
changes and surface resistance properties. EIS spectra of unmodified Pt-Nps/PGE, Pd-Nps/
PGE, and PtPd-NPs/PGE were recorded in 5.0 mM [Fe(CN)6]3−/4− containing 0.10 M KCl. 
The Rct values obtained from Nyquist curves were obtained as 110, 37, 18, and 8 ohms for 
unmodified PGE, Pd-Nps/PGE, Pt-Nps/PGE, and PtPd-NPs/PGE, respectively (Fig. S7A). 
This is attributed to the fact that the metal nanoparticles speed up the transfer of electrons 

Fig. 1   SEM images of A unmodified PGE, B PtNps/PGE, C PdNps/PGE, and D Pt-PdNps/PGE electrodes
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on the surface of the PGE. CVs recorded in the redox probe for each electrode agree well 
with the EIS measurements. It can be seen from CVs that the highest peak currents of 
the redox probe were obtained from Pt-PdNps/PGE while the lowest peak currents were 
obtained from unmodified PGE (Fig. S7B).

To compare the electrocatalytic activities of the electrodes (bimetallic NPs-modified 
PGE), ORR was performed by using unmodified PGE and monometallic modified PGEs 
(PtNps/PGE and PdNps/PGE) together with Pt-PdNps/PGE as cathodes. Figure 2 shows 
the CVs and LSVs of these electrodes in the argon and oxygen-saturated 0.1 M KCl con-
taining 0.1 M PBS at pH 7.0. It can be clearly seen that a remarkable enhancement in the 
electrocatalytic reduction of O2 was observed at Pd-PtNps/PGE compared to unmodified 
PGE and the monometallic NPs-modified electrode. On the other hand, ORR has a high 
overpotential at unmodified PGE, and the current starting at 0 mV did not take the form of 
a peak but gradually increased by shifting potential in a more negative direction. ORR cur-
rent of PtNps/PGE, PdNps/PGE, and Pt-PdNps/PGE were found to be 280, 340, and 570 
µA at − 50, + 50, and + 90 mV vs. Ag/AgCl, respectively. It was concluded that Pt-PdNps/
PGE is the most suitable electrode for the cathode in glucose/O2 type EBFC because bime-
tallic nanoparticle-modified PGE has the highest peak current at a more positive voltage in 
the reduction potential compared to monometallic-modified PGEs.

Characterization and Electrochemical Behavior of Bioanode (MWCNT‑Fc‑GOx/GCE)

Direct electron transfer becomes difficult for GOx since the electroactive group is in the 
inner parts of the enzyme [3]. To overcome this situation, electrodes are modified with 
redox mediators such as ferrocene derivatives and osmium redox polymers [17, 19, 20]. 
In our previous studies, Ni nanoparticles and poly-pyrrole composites [36], nickel oxide-
cobalt (II, III) oxide and nickel oxide-copper nanoparticles [37], and Cu nanoparticles [38] 
were used as redox mediators for nonenzymatic detection of glucose. Redox mediators 
facilitate electron transfer rates between substrate and electrode, resulting in an enhance-
ment in electron transfer at the bioanode surface and in output power. In this study, ferro-
cene was immobilized with GOx onto MWCNT/GCE to obtain an effective bioanode.

To obtain the optimum MWCNT-Fc-GOx/GCE, which gives the most effective 
response to glucose oxidation, the GCE surface was optimized by adjusting the different 

Fig. 2   CVs and LSVs of unmodified/PGE (A and B), Pd-Nps/PGE (C and D), Pt-Nps/PGE (E and F), and 
Pt–Pd-Nps/PGE (G and H) recorded in the supporting electrolyte with 0.1 M PBS at pH 7.0 saturated with 
argon (black) and oxygen (red) (scan rate: 25 mV/s)
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concentrations of MWCNT, Fc, and GOx during the electrode preparation step. To deter-
mine the optimum electrode composition, CVs of each electrode prepared with different 
ratios of modification reagents were recorded in the absence and presence of 5.0 mM glu-
cose. Figure S8. shows the curves of the concentration of modification reagents versus the 
electrocatalytic oxidation peak current of glucose. The maximum peak current for the elec-
trocatalytic oxidation of glucose was achieved when MWCNT, Fc, and GOx (concentra-
tions of 5.0 mg/mL, 25.0 mM, and 20.0 mg/mL, respectively) were immobilized onto the 
GCE surface.

The obtained optimum MWCNT-Fc-GOx/GCE was characterized by recording EIS and 
CVs in the 5.0 mM Fe(CN)6

4−/3− redox probe containing 0.10 M KCl. The Nyquist curves 
were used to estimate the Rct, which was then used to evaluate the insulating properties 
of the electrode/electrolyte interface. Figure S9B shows that the Rct values were found to 
be 1610 (Fig. S9B/c), 140 (Fig. S9B/b), and 580 (Fig. S9B/c) ohms for unmodified GCE, 
MWCNT-Fc-GCE, and MWCNT-Fc-GOx-GCE, respectively. Rct value of unmodified 
GCE (1610 Ω) was remarkably decreased after the modification of both MWCNT and Fc 
(140 Ω) due to high surface area and conductivity of MWCNT and electrostatic interac-
tion between positively charged Fc and negatively charged redox probe. These results indi-
cate that the conductivity of the MWCNT-Fc/GCE which is directly related to its electron 
transfer ability is higher than that of the unmodified GCE. When the surface of MWCNT-
Fc/GCE is immobilized with GOx, Rct is increased to 580 ohms due to steric hindrance 
between the redox probe and large GOx. In addition, there is a good agreement between the 
CV results given in Fig. S9A and the EIS measurements given in Fig S9B. CVs from Fig 
S9A show that the highest peak currents of the redox probe were obtained from MWCNT-
Fc/GCE, while the lowest peak currents were obtained from MWCNT-Fc-GOx/GCE. 
The information obtained from the voltammograms and impedance spectra indicates that 
MWCNT and Fc play an important role in increasing the electron transfer and conductivity 
properties between GCE and the Fe(CN)6

3−/4− redox probe. Finally, all these electroana-
lytical measurements indicate that the modification procedure with MWCNT-Fc and GOx 
was successful.

Additionally, the electrochemical CV data of the bioanode in the Fe(CN)6
3−/4− redox 

probe at different scan rates between 10 and 500 mVs−1 were used to determine the elec-
trochemically active surface area. The Randles–Sevcik equation was used to determine the 
electroactive surface areas of the bare GCE, MWCNT-Fc/GCE, and MWCNT-Fc-GOx/
GCE electrodes. According to this equation, Ip = 2.69 × 105 × n3/2 × A × C0 × D1/2 × v1/2, 
where Ip is the peak current (A), n is the number of the electrons, A is the electroactive 
surface area (cm2), C0 is the concentration of Fe(CN)6

3−/4− (5.0 × 10−6 mol cm−1), and D 
is the diffusion coefficient for Fe(CN)6

3−/4− (7.6 × 10 − 6 cm2 s−1) [39]. Electroactive sur-
face areas of electrodes were calculated as 0.044 cm2, 0.127 cm2, and 0.088 cm2 for GCE, 
MWCNT-Fc/GCE, and MWCNT-Fc-GOx/GCE, respectively. The high electroactive sur-
face area of the MWCNT-Fc/GCE electrode is high due to the fast electron transfer rate of 
Fc between the electrode and electrolyte.

GOx is often used as a biocatalyst to produce biosensors and EBFCs. To evaluate the effi-
cacy of MWCNT-Fc-GOx/GCE in catalyzing glucose oxidation, a series of comparative CVs 
were recorded in the absence and presence of glucose in a 0.1 M PBS with pH 7.0 contain-
ing 0.1 M KCl at a scan rate of 20 mVs−1. It is expected that CV recorded by an unmodified 
GCE showed no anodic peaks attributed to glucose oxidation (Fig. 3A). Figure 3B(a) shows 
that the response of MWCNT-Fc-GOx/GCE in the absence of glucose. A well-defined redox 
couple with a formal potential of 300 mV indicates high activity and shows a characteristic, 
reversible redox peak behavior of Fc, in which a single electron transfer is involved for the 
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electro-oxidation peak current of Fc. Also, electrocatalytic oxidation of glucose was observed 
at the GOx immobilized on the MWCNT-Fc/GCE surface (Fig.  3B(b)). The anodic peak 
of the MWCNT-Fc-GOx/GCE remarkably increased in the presence of 10 mM of glucose, 
while in the presence of the same glucose concentration, the cathodic peaks slightly decreased 
(Fig. 3B(b)). Therefore, the significant increase in the anodic peak of the modified electrodes 
when exposed to glucose demonstrates the excellent oxidative electrocatalytic activity of the 
GOx with electrocatalyst (Fc) towards glucose. Considering that the GCE area, which is 0.07 
cm2, results in a high current density, fast charge transfer on the GCE proves its suitability for 
electrode modification with GOx, Fc, and MWCNT. CVs of MWCNT-Fc-GOx/GCE were 
also measured at different glucose concentrations ranging from 0 to 20 mM (Fig. 3C). The 
electrodes exhibited a higher oxidative current response with increasing glucose concentra-
tions. They showed the same onset potential (approximately − 0.1 V vs. Ag/Ag+) in the CV 
test, which is dependent on the activation of the glucose oxidation reaction. The successful 
immobilization of enzymes on the electrode surface and electron transfer between the enzyme 
and electrode via Fc mediator is also successfully achieved with Fc-MWCNTs modified 
electrodes.

In the GOx-catalyzed oxidation of glucose, FAD is reduced to FADH2 and subsequently 
re-oxidized by O2:

Oxygen can be replaced by redox reagents, including ferrocene derivatives. Additionally, 
ferrocene/ferricinium (Fc/Fc+) couples have been employed for heterogeneous mediation of 
electron transfer between GOx and amperometric electrodes [40]. Given that FAD is situated 
at a depth of > 13 A° below the surface of GOx, direct electron transfer between the enzyme 
and an electrode surface is not observed [40]. However, free FAD is capable of transferring 
electrons with a variety of electrodes, as outlined in the following equation:

In our scheme, a glucose-sensitive electrocatalytic current results from the oxidation of Fc 
at the electrode surface and its reduction by FADH2 by intramolecular electron transfer:

� − D − glucose + FAD − GOx → D − gluconolactone + FADH
2
− GOx

FADH
2
− GOx + O

2
→ FAD − GOx +H

2
O

2

FAD + 2H+
+ 2e− ↔ FADH

2

FADH
2
− GOx − (Fc)n ↔ FADH

2
− GOx − (Fc+)n + ne−

Fig. 3   CVs of A MWCNT-GOx/GCE and B MWCNT-Fc-GOx/GCE in the absence (a), presence (b) of 
5.0 mM glucose, and C MWCNT-Fc-GOx/GCE electrode in different glucose concentrations in 0.1 M pH 
7.0 PBS containing 0.1 M KCl at a scan rate of 20 mV/s
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The electrocatalytic glucose oxidation at the enzymatic electrode (MWCNT-Fc-GOx/
GCE) was also investigated by chronoamperometry (CA). To assess the effect of applied 
potential on the response to glucose, CAs were recorded for MWCNT-Fc-GOx/GCE at 
various potentials ranging from 0.20 to 0.5  V. This was achieved by adding 1  mM glu-
cose successively into a continuously stirred 10 mL solution of 0.10 M pH 7.0 PBS con-
taining 0.1 M KCl. The results show that the maximum peak current was obtained when 
the applied potential was fixed at 0.30  V vs Ag/AgCl. CAs of MWCNT-GOx/GCE and 
MWCNT-Fc-GOx/GCE at 0.30 V were recorded based on the successive addition of glu-
cose in the range from 1 to 10 mM. The CAs in Fig. 4A were recorded within approxi-
mately 5  s of adding glucose and indicate a steady-state current. Additionally, it can be 
observed that these steady-state currents increased as the glucose concentration increased. 
The MWCNT-GOx/GCE (as shown in Fig.  4A, red line) does not respond to glucose. 
However, the MWCNT-Fc-GOx/GCE electrode responds well to glucose. The signal 

FADH
2
− GOx − (Fc+)n → FAD − GOx − (Fc)

2
(Fc+)n−2 + 2H+

Fig. 4   Chronoamperomograms 
of A MWCNT-GOx/GCE and 
MWCNT-Fc-GOx/GCE (black 
line) recorded by the succes-
sive addition of 1.0 mM glucose 
into continuously stirred (at 
100 rpm) 10 mL supporting 
electrolyte (0.10 M of PBS at pH 
7.0) at Ebias of 0.30 V registered 
at 0.30 V. B Calibration plot 
obtained from chronoampero-
mogram of glucose recorded for 
MWCNT-Fc-GOx/GCE
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recorded by the modified GCE (Fig. 4, black line) was higher than that of the MWCNT-
GOx/GCE. The calibration plot suggests a linear relationship between current and glucose 
concentration, which varied from 1 to 10 mM during the study of MWCNT-Fc-GOx/GCE 
(Fig. 4B). To calculate the limit of detection (LOD), the limit of quantification (LOQ), and 
sensitivity values of the proposed sensor, the lowest concentration that gives an ampero-
metric response was recorded ten times. The LOD and LOQ were calculated according to 
the equation of 3 × SD/m and 10 × SD/m (“SD,” the standard deviation for peak currents; 
and “m,” the slope calculated from the calibration curve) and determined as 0.26 mM and 
0.87 mM, respectively. Also the sensitivity of the proposed sensor was calculated 25.71 �
A/mM.

During the final step of anode characterization, the influence of potentially interfer-
ing compounds, such as other monosaccharides (galactose, mannose, fructose, maltose), 
disaccharides (sucrose), uric acid (UA), dopamine (DA), and ascorbic acid (AA), on 
the response to glucose was examined at MWCNT-Fc-GOx/GCE. For this purpose, the 
steady-state background current was stabilized under the optimized conditions. The CAs 
of MWCNT-Fc-GOx/GCE were recorded by adding known volumes of stock solutions of 
glucose and interfering compounds to an electrochemical cell. The concentrations of glu-
cose and each interfering compound were fixed at the same concentration. Table S1 dem-
onstrates the response of interference molecules toward glucose. The results show that the 
designed anode electrode was minimally affected by fructose, sucrose, maltose, mannose, 
galactose, glutamic acid, lactose, and sodium lactate while highly affected by UA, AA, and 
DA. It is well known that these substances exhibit positive interference effects by oxidizing 
at high anodic potentials and enhancing the glucose biosensor’s signal. Our previous stud-
ies showed that a pre-oxidant (NaBiO3) was successfully used to minimize the interference 
of these substances [41]. Thus, solutions, including glucose and interference substances, 
were passed from NaBiO3 filled in an injector several times. After that, the interference 
effects of UA, DA, and AA were significantly reduced by their pre-oxidation with NaBiO3, 
while glucose was not oxidized by NaBiO3. The results indicate that MWCNT-Fc-GOx/
GCE demonstrates a high selectivity towards glucose.

Fuel Cell Performance and Real Sample Analysis

Glucose was chosen as a biofuel model in our BFC development because it is one of the 
significant components of human biofluids including blood, tears, saliva, and sweat. The 
fuel cell performance of the system was evaluated by monitoring power output and cur-
rent density dependent on OCP in air-saturated PBS containing 0.10 M KCl and various 
concentrations of glucose in the range from 1 to 10 mM. The maximum current density of 
460 µA/cm2 and a maximum power output of 32.05 µW/cm2 were obtained at a voltage of 
0.285 V (Fig. 5). The high current and power density were achieved due to the customized 
composite electrodes in both the anode and cathode. These electrodes possess desirable 
electrical conductivity and electrocatalytic properties. The hybrid MWCNT-Fc enables an 
efficient transfer of electrons from the anode to the cathode, significantly increasing the 
power output. Figure 5B demonstrates a positive correlation between glucose concentra-
tion and power density within the 0–10 mM glucose range. The response generated by the 
BFC was observed with successive additions of glucose in the range of 0–10  mM. The 
calibration plot for the self-generated current signal demonstrates linearity up to 10 mM 
glucose. This observation provides strong evidence for the ability of the BFC to detect glu-
cose levels in this range.
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Table 1 compares the performance of the designed glucose-based EBFC with the previously 
reported EBFCs. As can be seen from Table 1, the proposed glucose-based EBFC demonstrates 
better performance than some other previously reported EBFCs in terms of power density val-
ues. Furthermore, the designed electrode for the cathode has never been used previously for 
ORR. PGEs have several benefits, including disposability, affordability, mechanical rigidity, 
simplicity, commercial availability, and ease of surface modification [42]. Also, nanozymes 
have many advantages such as diverse enzyme-mimicking activities, low cost, high stability, 
robustness, unique surface chemistry, ease of surface tunability, and biocompatibility. There-
fore, our cathode design brings the advantages of PGE and nanozymes together. The mecha-
nism of Pt–Pd-Nps/PGE boosting the electrochemical reduction of oxygen can be attributed to 
the synergistic effect of Pt and Pd nanoparticles which makes oxygen reduction at the cathode 
surface more efficient. Additionally, the cathode electrode can reduce oxygen to water without 
the need for enzymes such as BOx and Lc.

The investigation was also conducted to determine the performance of the designed 
EBFC with artificial serum samples. To attain the desired outcome, the glucose levels in 
artificial serum samples were measured by the LSV method, and the voltammograms for 
each sample were recorded under optimized conditions. At 0.280 V, a maximum current 
density of 290 µA/cm2 and a maximum power output of 11.35  µW/cm2 were achieved 
using 10 mM glucose (Fig. S10). This study has shown that designed EBFC can be effec-
tively used for glucose determination in real and artificial samples and suggests their poten-
tial as simple to configure energy-sustaining and noninvasive glucose monitoring devices.

Conclusion

Combining bimetallic and enzymatic catalysts has been suggested as a unique approach 
to moderate-condition glucose oxidation. This study presents the first evaluation of PGE 
modified with Pt–Pd bimetallic nanoparticles for oxygen reduction at the cathode. Fur-
thermore, the membraneless design of our EBFC presents another advantage for the 
developed system. When glucose concentration is 10 mM or higher, the EBFC exceeds 
a maximal registered open-circuit voltage of 0.285 V. The maximal power density was 

Fig. 5   A Power and current density curves at various concentrations with designed EBFC with the anode 
(MWCNT-Fc-GOx/GCE) and the cathode (Pt–Pd-Nps/PGE). B Calibration plot obtained from power den-
sity values
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calculated to be 32.05  µW/cm2 when the cell voltage was 0.285  V and glucose was 
10 mM. This could be attributed to the enhanced energetic efficiency due to the use of 
Fc serving as a mediator for GOx and Pt–Pd bimetallic Nps for ORR. Also, MWCNT 
can significantly enhance the efficacy of EBFCs by increasing the effective electrode 
area. In conclusion, the novel EBFC design proposed in this study is a promising can-
didate for detecting glucose in natural and artificial fluids. The obtained results also 
indicate the potential use of the designed EBFC in energy sustaining and noninvasive 
glucose monitoring devices.
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