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HIGHLIGHTS

e Cucumber was transformed into sus-
tainable carbon materials for construc-
tion various bioelectrochemical deveies.

e The lactate biosensor exhibits excellent
detection performance, and is eligible
for the determination in real samples.

e The lactate biofuel cell with CN-CHMC
exhibits high output power, and can
harvest electrical energy from real
samples.
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ABSTRACT

Sustainable conversion of renewable biomass into high-performance electrode materials has attracted extensive
scientific and technological attention. However, to our knowledge, the potential of biomass derived carbon in
biosensors and biofuel cells (BFCs) developments remains to be explored. Herein, the carbon nanorods assembled
coral-like hierarchical meso-macroporous carbon (CN-CHMC) was synthesized as a sustainable electrode mate-
rial to construct biosensor and lactate/air BFC. The CN-CHMC from cucumber (Cucumis sativus) possesses porous
structure and plentiful defects, which not only facilitate the effective immobilization of enzymes but also
accelerate electron transfer on the bioelectrode surfaces. As an electrochemical lactate biosensor, the CN-CHMC-
based biosensor exhibits a wider linear range with lower detection limit (3.6 pM) and higher sensitivities (57.18
and 30.99 pA mM ! ecm~?) compared to carbon nanotube (CNT)-based biosensor. The feasibility of CN-CHMC-
based biosensor in practical analysis is demonstrated by detecting lactate contents in real samples. By coupling
with bilirubin oxidase-based biocathode, the lactate/air BFC equipped with CN-CHMC reveals a higher output
power (112.7 pW cm™~?) than that of CNT-based BFC. More interestingly, the lactate/air BFC demonstrates the
ability to harvest energy from multi-component samples. The application of CN-CHMC may provide a new
avenue to synthesize electrode materials with economical cost and excellent electrochemical activity.
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1. Introduction

As a dynamic metabolite in the anaerobic glycolysis, lactate is
considered as a key marker for monitoring tissue oxidation and physical
training levels of athletes [1,2]. Lactate levels can also be used as an
indicator of fermentation, as well as the freshness and stability of
products such as juices and milk [3,4]. Therefore, electrochemical bio-
sensors for lactate determination are of paramount significance in food
quality and clinical diagnosis due to their high sensitivity and specificity
[2,5]. In addition, enzymatic biofuel cells (BFCs) can convert the
chemical energy stored in the biosubstances into electrical energy
through enzyme-based bioelectrocatalysis, and are considered as the
next generation alternative energy sources [6,7]. As a common organic
acid, lactate is the biosubstance of choice since it is readily available in
daily products and biological fluids, and possesses a higher solubility in
water (7.6 M) than other biofuels [4,7]. For lactate biosensor and BFC
applications, lactate oxidase (LOx) can catalyze the conversion of lactate
to pyruvate, which is usually preferred due to its favorable kinetics, high
specificity, and relatively low cost [4,8]. However, the redox-active
centers are buried in the insulating protein, rendering them inacces-
sible for effective electrical communication with bare electrodes [9].
Therefore, the effective electron transfer is of fundamental significance
for the development of biosensors and BFC elements [10,11].

Nanomaterials have attracted considerable attention in the fields of
energy storage conversion, catalysis and adsorption due to their large
specific surface area, excellent electrical conductivity, and tunable
physical/chemical properties [12-14]. Therefore, integrating nano-
materials on the electrode surfaces is expected to effectively accelerate
the electron transfer while retaining function and activity of redox en-
zymes, which is of great significance for the development of bio-
electrochemical devices [15,16]. Among the various types of
nanomaterials for enzyme immobilization, carbon nanomaterials have
mostly been investigated due to their favorable electrical conductivity,
wide potential window, excellent chemical stability and good chemical
inertness [17-20]. Recently, from the perspective of sustainability,
biomass-derived carbon nanomaterials have fascinated the scientific
fraternity owing to their multiple heteroatoms, low cost and ecofriendly
synthetic process [21,22]. Besides the economic benefits from nature
biomass, these materials also inherit the compatibility, high electronic
conductivity, wide potential window and chemical inertness of tradi-
tional carbon nanomaterials [23,24]. These characteristics endow them
with great potential as electrode materials for high-performance bio-
sensors and BFCs constructions, but there are few reports in literature on
this topic and further exploration is needed.

As a fast growing vegetable distributed in most countries of the
world, the flesh part of the cucumber (Cucumis sativus) is mainly
composed of a cellulose structure containing various minerals and vi-
tamins, suggesting that cucumber can be transformed into porous ma-
terial [25]. Therefore, a low-cost precursor (cucumber) is employed to
fabricate carbon nanorods assembled coral-like hierarchical
meso-macroporous carbon (CN-CHMC) as electrode material for
immobilizing LOx to construct lactate biosensor and BFC. Physical
characterization revealed that CN-CHMC possesses plentiful defects and
porous structure, which can improve electron transfer rate and offer
effective building blocks for high-quality enzyme loading. Conse-
quently, as a biosensor for lactate, the CN-CHMC-based biosensor ex-
hibits outstanding detection performance. In a semi-biofuel cell
configuration, the CN-CHMC-based lactate/air BFC yields a higher
output power. More importantly, the as-assembled lactate/air BFC has
the ability to harvest energy from human sweat and soft drink.
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2. Results and discussion

2.1. Characterization of the carbon nanorods assembled coral-like
hierarchical meso-macroporous carbon (CN-CHMC)

The scanning electron microscopy (SEM) image of CN-CHMC witness
a coral-like structure, which is assembled from many carbon nanorods
with the diameter of ~100 nm (Fig. 1A). It is also obvious that CN-
CHMC possesses a highly porous structure (represent by red rounds),
which may offer effective building blocks for high-mass enzyme
immobilization and favorable channels for the penetration and trans-
portation of species [26,27]. The high-resolution transmission electron
microscopy (HRTEM) image of CN-CHMC in Fig. 1B shows a distorted
and defective surface, demonstrating the amorphous nature of the
CN-CHMC. In addition, the element mapping images in Fig. 1C suggest
the distributions of O and N over the CN-CHMC.

In Fig. 2A, the X-ray diffraction (XRD) pattern of CN-CHMC presents
two broad weak peaks at ~24° and ~44°, corresponding to the (002)
and (101) planes, respectively [28]. The weak peak is also an indication
of the existence of amorphous structure on CN-CHMC [29]. For the
Raman spectrum of CN-CHMC displayed in Fig. 2B, there are two
obvious bands located at ~1359 cm™* and ~1595 cm ™}, corresponding
to D and G bands, respectively [30]. The former generally corresponds
the existence of the defects/disordered carbon structure, while the latter
corresponds to the Esg phonon of stretching vibration of sp? C=C bond
[31]. Moreover, the intensity ratio of the D to G bands (Ip/Ig) is
employed to describe the extent of defects [32]. The Ip/Ig value of
CN-CHMC (2.67) is higher than that of ordered mesoporous carbon
(0.82) [32] and carbon nanotube (CNT, 0.74) [33]. The higher Ip/Ig
value suggests that the CN-CHMC contains abundant defective sites,
which may be propitious to accelerate electron transfer [34]. The ni-
trogen adsorption-desorption isotherms in Fig. 2C manifest the textural
porosity of CN-CHMC. The Brunauer Emmett Teller (BET) surface area
of CN-CHMC is calculated by the BET model to be 127.30 m? g~'. In
addition, the Barrett-Joyner-Halenda (BJH) model is used to charac-
terize the pore volume and pore size distribution of CN-CHMC [18]. The
pore volume of CN-CHMC is 0.21 cm® g™}, which is calculated by taking
the volume uptake at the relative pressure P/Pj of 0.996. The pore size
distribution of CN-CHMC in the inset of Fig. 2C reveals that the
CN-CHMC contains a large number of mesopores (centered at 34 nm)
and macropores (centered at 79 nm), which is consistent with SEM re-
sults. Such hierarchical meso-macroporous structure of CN-CHMC may
be beneficial to the rapid penetration and transport of species and
accordingly improve the electrochemical performance [35,36].

Fig. 2D shows the X-ray photoelectron spectroscopy (XPS) spectrum
of CN-CHMC. The three elements (C, N and O) in CN-CHMC can be
confirmed by the C 1s peak (284.61 eV, 87.12 at.%), N 1s peak (398.70
eV, 1.25 at.%) and O 1s peak (532.50 eV, 11.63 at.%), respectively
(Fig. 2D) [37]. The O 1s spectrum of CN-CHMC in Fig. 2E shows three
relatively weak peaks, corresponding to C=O (531.75 eV),
C-OH/C-0-C (532.87 eV) and COOH (533.72 eV) groups of CN-CHMC
[37,38]. In Fig. 2F, the N 1s spectrum of CN-CHMC is fitted into three
individual peaks corresponding to pyridinic N (398.1 eV), pyrrolic N
(400.2 eV) and graphitic N (401.8 eV) [39]. The existence of N in
CN-CHMC may be conducive to providing more defect sites, and thus
improve the electrochemical activity of CN-CHMC [40]. As revealed in
Fig. S1, the Fourier transform infrared (FT-IR) spectrum of CN-CHMC
shows two absorption bands at ~3453 cm™' and 643 cm™}, corre-
sponding to O-H and C-H stretching vibrations, respectively [41]. The
bands at ~1650 and ~1425 cm ! are resulted from the N-H or C=C
vibration and C-N vibration, respectively [18,38]. The XPS and FT-IR
spectra demonstrate the existence of oxygen-containing functional
groups (OFGs) in CN-CHMC. The OFGs can enhance the hydrophilicity
of the material, which is beneficial to the immobilization of enzymes and
thereduction of charge transfer resistance [26,42].
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2.2. Electrochemical reactivity

In order to examine the electrochemical reactivity of CN-CHMC,
potassium ferricyanide (KsFe(CN)g), which is highly sensitive to the
material surface, was selected as the electrochemical probe [27].
Fig. S2A exhibits the cyclic voltammograms (CVs) of different electrodes
in 5 mM K3 [Fe(CN)g] including 0.1 M KCl. As shown, the potential
separation (AEp) between the oxidation and reduction peaks at
CN-CHMC modified glassy carbon electrode (CN-CHMC/GCE, 68 mV) is
much lower than that at CNT/GCE (74 mV) or bare GCE (85 mV), which
suggests that the presence of CN-CHMC can make the electron transfer
easier than that at CNT/GCE or bare GCE. According to the
Randles-Sevcik equation [43], the CN-CHMC/GCE exhibits a larger
electroactive surface area of 0.13 cm? compared to CNT/GCE (0.11 cm?)
or bare GCE (0.071 cm?). Additionally, the electron-transfer properties
of different electrodes were also evaluated using electrochemical
impedance spectroscopy (EIS). The charge transfer resistance (Rct),
which is directly related to the electron transfer efficiency between the
electrode materials and electrolyte interface, can be obtained from the
spectrum [36,44]. The Randles equivalent circuit (inset of Fig. S2B) is
chosen to fit the obtained impedance data. By fitting the data (Fig. S2B),
the CN-CHMC/GCE (63.6 Q) shows a lower Rct value than that at
CNT/GCE (137.8 Q) or bare GCE (271.5 Q). These results suggest that
CN-CHMC can provide well electron pathway between the electrode and
electrolyte and accordingly boost the electrochemical activity.

2.3. Electrochemical oxidation and detection of lactate

The development of enzymatic biosensors for selective and sensitive
lactate quantification has been an important focus for research [5]. LOx,
one of the most widely used enzymes, catalyses the oxidation of lactate
to pyruvate coupled to the reduction of oxygen (Oz) to hydrogen
peroxide (H203). Since the lactate concentration is proportional to Oy
consumption produced by the enzymatic reaction, the lactate concen-
tration is determined by indirectly measuring the reduction response
changes caused by Oy consumption, which offers the advantage of
excellent anti-interference ability from other electroactive species [8,
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45]. Here, the electrochemical activities of CN-CHMC-based lactate
biosensor (CN-CHMC/LOx) and CNT-based biosensor (CNT/LOx) to-
ward O, reduction reaction were firstly evaluated by recording the CVs
in Np- and Air-saturated PBS. As shown in Fig. 3A-B, a well-defined
reduction current can be found in the air-saturated solution, while
there is no faradaic current in Ny-saturated solution, suggesting that O
reduction reaction occurs at the two electrodes [46]. However, the
reduction potential for the electroreduction of Oy at CN-CHMC/LOx
(—0.05 V) is more positive than that at CNT/LOx (—0.13 V). In addi-
tion, the catalytic reduction response at CN-CHMC/LOx is as high as
—689.46 pA cm~2, which is 2.21-fold larger than that at CNT/LOx.
These results reflect that CN-CHMC/LOx can provide an enhanced
electrocatalytic activity for O reduction compared to CNT/LOx.

To investigate lactate oxidation catalyzed by LOx on CN-CHMC, the
voltammetric responses of CN-CHMC/LOx were recorded in air-
saturated PBS with various concentrations of lactate (0.5 and 1.0 mM
lactate) (Fig. 3C). As displayed, the addition of lactate into solution re-
sults in an obvious decrease in the reduction response, which is caused
by the O, reduction catalyzed by the CN-CHMC/LOx [47]. This decrease
may be related to the occurrence of enzyme-catalyzed reaction between
the LOx-flavin adenine dinucleotide (FAD) and lactate according to
following equations [48]:

LOx — FAD + Lactate < LOx — FADH, + Pyruvate (€D}

LOx — FADH, + O,—~LOx — FAD + H,0, 2)

The consumption of Oy during enzyme-catalyzed reaction leads to
the decrease in the concentration of O3 in the electrolyte. Additionally,
the reduction current is almost unchanged after the addition of 1.0 mM
lactate into Njy-saturated solution, further confirming that the response
generated by the addition of lactate is attributed to the O, in the buffer
solution (Fig. S3). For comparison, similar measurements were con-
ducted on the CNT/LOx (Fig. 3D). As shown, the reduction current of
CNT/LOx gradually decreases with the increases of lactate concentra-
tion. However, the reduction current produced by lactate oxidation at
CN-CHMC/LOx is more than twice higher than that at CNT/LOx
(Table S1). This phenomenon may be explained that the porous

Rich defects

Fig. 1. (A) SEM image of CN-CHMC. (B) HRTEM image of CN-CHMC. (C) High-angle annular dark-field scanning TEM image of CN-CHMC and the corresponding

element mapping images for C, O and N elements.
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structure and abundant defect sites on CN-CHMC would be beneficial to
the enhanced electron-transfer property between species and the
nanomaterials.

In view of the outstanding electrocatalytic activity at CN-CHMC/LOx
for lactate, CN-CHMC/LOx was used to detect lactate. Fig. 4A and B
exhibits the typical current-time curves obtained at CN-CHMC/LOx and
CNT/LOx upon the sequential additions of lactate into a magnetically
stirred air-saturated PBS at —0.45 V. Such a low applied potential is
beneficial to reduce possible interference and thus endow the lactate
biosensor with a favorable selectivity [37]. As displayed, the injection of
lactate into PBS causes a rapid decrease in the reduction current asso-
ciated with the O3 reduction. The corresponding calibration curves were
displayed in Fig. 4C. As shown, the CN-CHMC/LOx exhibits two linear
ranges of 20-580 pM (R? = 0.999) and 580-1280 pM (R? = 0.997). The
corresponding sensitivities are 57.18 and 30.99 pA mM~ ! cm 2
respectively, which are higher than that obtained at CNT/LOx. The
detection limit of 3.6 pM (S/N = 3) at CN-CHMC/LOx is 2.25 times
lower than that at CNT/LOx. Table S2 summarizes the analytical per-
formance of different LOx-based biosensors for lactate detection. As
displayed, the detection performance of CN-CHMC/LOx is greatly su-
perior to other electrochemical lactate biosensors reported in literature.

Small electroactive species have a tendency to be adsorbed on the
electrode surface and subsequently oxidized or reduced, which may
cause the risk of interference for lactate detection [49]. Thus, the effects
of some possible biomolecules (uric acid (UA), acetaminophen (APAP),
dopamine (DA), ascorbic acid (AA), glucose, and r-cysteine (L-cys)) on
the amperometric responses of lactate were evaluated. In Fig. 4D, a
distinct response is found for the addition of 1.0 mM lactate, while
subsequent injections of interferences give rise to negligible current
responses. The results indicate the high selectivity of CN-CHMC/LOx for
lactate detection. To assess its long-term storage stability, the
CN-CHMC/LOx was stored at 4 °C and employed to investigate the
amperometric response for 1.0 mM lactate every three days (Fig. S4).
The CN-CHMC/LOx electrode still retains 91.8% of its initial response
after 15-day storage, which indicates the excellent storage stability of
CN-CHMC/LOx.

The excellent biosensing performance and stability of CN-CHMC/
LOx endow it with huge potential for the determination of lactate in
real samples. To verify the feasibility, the CN-CHMC/LOx was applied to
analyze the concentrations of lactate in human sweat and soft drink by
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adopting standard addition method. Prior to measurements, the soft
drink was diluted 10-fold with deionized water. Lactate detection in real
samples was carried out by injecting 0.04 mL of human sweat or diluted
soft drink into a 5.0 mL of magnetically stirred air-saturated PBS. As
shown in Table 1, the satisfactory recoveries between 96.7% and
103.3% indicate the great potential of the CN-CHMC/LOx for practical
lactate analysis [37,50].

2.4. Characterization of lactate/air biofuel cell (BFC)

After immobilizing LOx and tetrathiafulvalene (TTF) onto CN-
CHMC/GCE, the resulting CN-CHMC-based bioanode shows a superior
electrocatalytic activity for lactate. Fig. 5A displays the CVs of CN-
CHMC-based (CN-CHMC/LOx-TTF) and CNT-based bioanode (CNT/
LOx-TTF) in the presence or absence of 50 mM lactate. As shown, there is
a pair of distinct peaks located at ~0.10 V and ~0.20 V only in the
absence of lactate, which is a representative redox wave of TTF/TTE"
redox couple [51,52]. When lactate is present in the solution, the FAD of
immobilized LOx can oxidize the lactate that diffuses into the enzyme
layer to form pyruvate (S1), and the generated LOx (FADHo>) is further
oxidized to LOx (FAD) by TTF" (S3).

LOx — FADH, +2 TTF*—LOx — FAD + 2 TTF + 2 H* 3

Subsequently, the TTF generated by the above reaction is electro-
chemically reoxidized to TTF" ion on the electrode surface, producing
an enhanced oxidation current (S4).

2TTF—2TTF" +2 ¢ “4)

The disappearance of the reduction peak is indicative of the fast
regeneration rate of TTF from the reaction of TTF" and LOx (FADHj)
[52]. Therefore, it can be concluded that the enhanced oxidation current
is related to the oxidation reaction of TTF triggered by LOx biocatalysis,
indicating the occurrence of TTF-mediated bioelectrocatalytic process at
CN-CHMC/LOx-TTF and CNT/LOx-TTF. However, the oxidation current
for the electrooxidation of 50 mM lactate at CN-CHMC/LOx-TTF is much
larger than that at CNT/LOx-TTF, which indicates that the
CN-CHMC-based bioanode possesses a higher bioelectrocatalytic activ-
ity for lactate oxidation than CNT-based bioanode. The
background-subtracted polarization curves in Fig. 5B further demon-
strates that the electrochemical response for 50 mM lactate oxidation at
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CN-CHMC/LOx-TTF can reach 0.19 mA cm™2 at 0.30 V, which is larger
than that at CNT/LOx-TTF (0.077 mA cm 2 at 0.30 V) under the same
condition. It is predictable that employing CN-CHMC as support mate-
rial may endow the constructed BFC with a favorable output power.
Bilirubin oxidase (BOx), a typical multicopper oxidase, is usually
used as a cathodic biocatalyst to catalyze four-electron O reduction

under neutral condition [53]. Fig. 5C shows the CVs recorded at
BOx-based biocathode in N3 and air-saturated 0.1 M pH 7.0 PBS. As
shown, the presence of O, introduces a pronounced catalytic current,
while such catalytic phenomenon is not observed in the absence of Oa.
As can be observed from the polarization curves in Fig. 5B, the catalytic
current commenced at about +0.54 mV (vs. Ag/AgCl), which is close to
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Table 1
Analytical performance of lactate determination in different real samples.
Sample Determined by CN- Added Found Mean
CHMC/LOx (pM) (uM) (uM) recovery (%)
Soft drink 31.8 0 31.8 N/A
30 62.8 103.3
60 93.4 102.6
90 123.7 102.1
Human 173.2 0 173.2 N/A
sweat 180 349.3 97.8
360 537.0 101.1
540 695.5 96.7

the potential of type I Cu site of BOx reported in literatures [54,55].
These results clearly indicate that the catalytic current responses are due
to the direct electron transfer-type bioelectrocatalytic feature of BOx for
O reduction at BOx-based biocathode.

Taking into account that the CN-CHMC/LOx-TTF and BOx-based
biocathode exhibit delightful properties for lactate oxidation and O
reduction, respectively, high-performance lactate/air BFC can be
assembled. Fig. 5D exhibits the schematic of assembled lactate/air BFC.
Bioanodic catalyst LOx oxidizes the lactate mediated by TTF, and
generated electrons and protons are transferred from CN-CHMC/LOx-
TTF bioanode to the BOx-based biocathode through an external circuit
and an internal electrolyte, respectively. At the biocathode, the bio-
cathodic catalyst BOx directly reduces oxygen. In the presence of lactate,
the onset potential at the CN-CHMC/LOx-TTF bioanode for lactate
electrooxidation is lower than that at the BOx-based biocathode for O,
reduction, which allows current spontaneously generate based on the
galvanic cell principle [56]. Fig. 5E displays the performance of the
assembled lactate/air BFCs with CN-CHMC-based and CNT-based bio-
anodes in air-saturated solution containing 50 mM lactate. The open
circuit potential (OCP) of BFC with CN-CHMC-based bioanode (0.65 V)
is almost similar to that of BFC with CNT-based bioanode (0.64 V).
However, the maximum power density (Ppax) of BFC with
CN-CHMC-based bioanode is 112.7 yW em ™2, which is higher than that
on BFC with CNT-based bioanode of 98.3 pW cm 2. It is noteworthy that
the P ax of BFC with CN-CHMC-based bioanode (112.7 pW cm~?) is not
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only larger than that of BFC with CNT-based bioanode, but also com-
parable or even superior than that of other reported lactate/air BFC
(Table S3), such as dimethylferrocene-modified linear poly-
ethylenimine/LOx bioanode-based lactate BFC (61.2 pW cm’z) [57] and
Nafion/LOx/CNT based-based lactate BFC (24.43 pW cm2) [58].

Wearable or portable electronic devices have attracted interest from
academia and industry due to their applications in biomedicine, secu-
rity, environment, soft robotics and communications [59,60]. Although
advances in functional materials and manufacturing technologies have
greatly facilitated the development of these devices, many of them still
need to be equipped with traditional systems, such as lithium-ion bat-
teries that require external charging and are not user-friendly [19,26]. A
promising alternative is to use BFCs that generate green electricity from
widely available samples [7,26]. As described above, lactate can be
widely found in biofluids, so lactate-containing human sweat is a po-
tential biofuel for wearable electronic devices [61,62]. As a fermenta-
tion product, lactate widely exists in many fermented products, so
lactate-containing soft drinks are also considered suitable fuels for
portable electronic devices due to their green, available and low-cost
properties. Fig. 5F displays the performance of lactate BFCs by adopt-
ing the mixture of real samples (commercial soft drink and human
sweat) and air-saturated PBS with a volume ratio of 1:4 (v:v) as fuels.
When human sweat or soft drink is employed as the fuel of lactate BFC,
the corresponding power generation is 23.6 yW cm ™2 or 31.2 pW cm 2,
The different lactate/air BFC powers from real samples are attributed to
the different lactate concentrations in the sample, which can be
observed from Table 1. The results demonstrate that the assembled
lactate BFC is capable of generating electricity from the
multi-component sample.

2.5. Cost analysis to CN-CHMC

Besides outstanding electrochemical activities, the feedstock cost is
considered as a significant factor as it is closely related to the feasibility
of large-scale applications. The feedstock cost of CN-CHMC is down to
~US$ 0.58 g'l, which is much lower than that of commercial CNT (US$
1688.81 g'1) or graphene (US$ 1517.3 g'1), demonstrating an attractive
cost-saving feature of the CN-CHMC (Table 54).

A —— CNT/LOX-TTF B ) C
0.274 —— CN-CHMC/LOX-TTF 0.2+ 0.34
s ‘
= p 7 — ;
S 0.18 £ 0. - & 0.0 |
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Fig. 5. (A) CVs of CN-CHMC/LOx-TTF and CNT/LOx-TTF in the presence of 50 mM lactate. Dotted lines: background responses. Scan rate: 5 mV s L(B) Background-
subtracted polarization curves of CN-CHMC/LOx-TTF and CNT/LOx-TTF toward 50 mM lactate oxidation. The curve of biocathode toward O, reduction is also
shown. Scan rate: 2 mV s . (C) CVs of biocathode in Nj-saturated and air-saturated 0.1 M pH 7.0 PBS. Scan rate: 5 mV s~1. (D) Schematic of the designed lactate/air
BFC. (E) Power output characteristics of lactate/air BFCs equipped with CNT-based and CN-CHMC-based bioanodes. Electrolyte: air-saturated 0.1 M pH 7.0 PBS
containing 50 mM lactate. (F) Power output characteristics of lactate/air BFCs harvesting energy from human sweat and soft drink. Scan rate in E-F: 2 mV s~ 1.
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3. Conclusions

A novel and low-cost carbon material, CN-CHMC, was synthesized,
characterized, and used as electrode substrates to construct high-
performance lactate biosensor and BFC. The CN-CHMC with abundant
defective sites and porous structure may facilitate the high-mass loading
of enzymes and provide unobstructed channels for the penetration and
transportation of species, which are beneficial to accelerate electron
transfer. Taking advantage of its excellent electrochemical reactivity,
the CN-CHMC-based lactate biosensor was fabricated and shows satis-
factory biosensing performance. In addition, a one-compartment
lactate/air BFC was also fabricated by combining CN-CHMC-based
bioanode for oxidizing lactate and BOx-based biocathode for reducing
oxygen. The feasibility of the lactate/air BFC in practical application is
demonstrated by harvesting electrical energy from real samples. Con-
clusionally, the current studies demonstrate that the introduction of CN-
CHMC may open up a new direction in developing high-performance
bioelectrochemical devices.
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