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A B S T R A C T   

The determination of cholesterol is greatly important because high concentrations of this biomarker are asso
ciated to heart disease. Moreover, cholesterol can be used as a fuel in enzymatic fuel cells operating under 
physiological conditions. Here, we present a cholesterol biosensor and a peroxide-free biofuel cell based on the 
electrocatalytic oxidation of the NADH generated during the enzymatic reaction of cholesterol dehydrogenase 
(ChDH) as an alternative to the H2O2 biosensing strategies used with cholesterol oxidase-bioelectrodes. Azure A 
functionalized-carbon nanodots were used as NADH oxidation electrocatalysts and for ChDH covalent immo
bilization. The biosensor responded linearly to cholesterol concentrations up to 1.7 mM with good sensitivity 
(4.50 mA cm− 2 M− 1) and at a low potential. The ChDH bioelectrode was combined with an O2-reducing bilirubin 
oxidase cathode to produce electrical energy using cholesterol as fuel and O2 as oxidant. Furthermore, the 
resulting enzymatic fuel cell was tested in human serum naturally containing free cholesterol.   

1. Introduction 

Cholesterol is the most common steroid lipid and an essential 
structural component of animal cell membranes. It is also an important 
biomarker because high blood cholesterol levels are linked to ischemic 
heart disease, atherosclerosis, and stroke, among other diseases [1–4]. In 
general, total cholesterol in blood should be below 5 mM, although for 
patients with cardiovascular disorders or diabetes the levels should be 
lower (4.5 mM) [5]. Adequate monitoring of cholesterol can help to 
prevent and assess the risk of developing cardiovascular disease, as well 
as to control high cholesterol treatments. The simple and rapid mea
surements that biosensors can provide are clearly advantageous over the 
classical methods for cholesterol determination, such as the 
Liebermann-Burchard test, which employs corrosive reagents, or chro
matographic techniques, which require complex procedures and costly 
equipment [3,6,7]. In the present context, research on technologies for 
more effective, affordable and sustainable biosensors is of paramount 

importance. 
The current status of enzymatic detection of cholesterol with point- 

of-care devices as well as the advances in ultrasensitive electro
chemical biosensors for cholesterol have been reviewed recently [3,8]. 
Electrochemical cholesterol biosensors have achieved high success and a 
few have been marketed (e.g. CardioChek “Cholesterol & Glucose Test 
Monitors” by Polymer Technology Systems Inc. (PS-003528 ER1 1005)) 
[7]. Most electrochemical biosensors are based on the enzyme choles
terol oxidase (ChOx) that catalyzes the oxidation of cholesterol to 
cholest-3-ene-4-one using oxygen as electron acceptor with the subse
quent formation of H2O2. The measurement of cholesterol is performed 
by the quantification of H2O2 at the electrode [9–12]. Apart from ChOx, 
a biosensor based on cytochrome P450scc [13] and, more recently, a 
bioelectrode having immobilized cholesterol dehydrogenase (ChDH) 
and diaphorase in a bilayer fashion [14] have been reported. ChDH also 
catalyzes the oxidation of cholesterol, but it uses nicotineamide adenine 
dinucleotide (NAD+) as electron acceptor instead of O2, generating 
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NADH (the reduced form of the redox couple) and not H2O2. This dif
ference is advantageous since biosensors using the dehydrogenase 
enzyme are independent of O2 availability, thus variable O2 concen
tration in samples does not affect their reproducibility. NADH can be 
oxidized by using electrocatalysts that lower the oxidation overpotential 
at carbon electrode surfaces and therefore minimize the interferences 
from compounds present in biological samples, whereas H2O2 detection 
methods are prone to interferences [14]. Various NADH oxidation cat
alysts, such as quinone derivatives, phenazines, phenothiazines, 
nitro-fluorenone and catechol, have been extensively studied [15–18] 
due to the ubiquity of the enzymatic reactions involving NADH as a 
cofactor and therefore the relevance of NADH detection. Furthermore, 
the grafting of phenazines and phenothiazines on screen printed elec
trodes for NADH oxidation has been reported [18–20]. 

Most biosensors require a power source to operate, e.g. a battery. 
However, lithium batteries raise environmental concerns, are difficult to 
miniaturize and complicate the sensor design [21]. Enzymatic fuel cells 
constitute a potential solution to these issues, as they enable the pro
duction of electrical energy under mild conditions by using physiolog
ical fluids as the fuel [22]. Generally, oxidoreductase enzymes are used 
as biocatalysts for fuel oxidation at the anode, and multicopper oxidases 
(laccase and bilirubin oxidase) or peroxidase catalyze the reduction of 
O2 or peroxides, respectively, to H2O at the cathode [22–24]. These 
electrochemical devices have an extremely simple design of only two 
electrodes (the anode and the cathode) and open the possibility to 
develop autonomous biosensors, in which the power output correlates to 
the analyte concentration [25]. Although research on autonomous sys
tems has been focused mainly on glucose, lactate and ethanol 
self-powered biosensors [25–29], other biomarkers such as acetylcho
line and cholesterol have been also considered [21,30,31]. A 
single-enzyme self-powered biosensor for free cholesterol based on 
ChOx and Prussian blue was reported by Sekretaryova et al. [32]. This is 
the only cholesterol self-powered biosensor reported to date, in which 
the short-circuit current response is proportional to the analyte 
concentration. 

Among the latest carbon-based nanomaterials, carbon nanodots 
(CNDs) are particularly interesting due to their excellent solubility, 
biocompatibility, low cost and sustainable synthetic procedures 
[33–35]. Very recently, we have functionalized CNDs with dyes acting 
as redox or optical probes by insertion of the probe in the CNDs structure 
in a single-step synthetic procedure [36,37]. This modification strategy 
is simpler than those including post-synthetic modifications of CNDs. In 
the present work, we functionalized CNDs with Azure A, a phenothia
zine dye which is known to catalyze the oxidation of NADH [18], and for 
the first time, we electrografted the modified nanomaterial on an 

electrode surface for the development of an enzymatic biosensor. 
Here, we present a cholesterol biosensor based on the electro

catalytic oxidation of the NADH generated during the enzymatic reac
tion of cholesterol dehydrogenase (Scheme 1A) as an alternative to the 
H2O2 biosensing strategies used with cholesterol oxidase-bioelectrodes. 
Azure A functionalized-carbon nanodots were used as NADH oxidation 
electrocatalysts and for ChDH covalent immobilization. The bio
electrode was combined with an O2-reducing bilirubin oxidase (BOx) 
cathode (Scheme 1B) to produce electrical energy using cholesterol as 
fuel and O2 as oxidant. The resulting enzymatic fuel cell (EFC) was 
characterized and tested in human serum naturally containing free 
cholesterol. 

2. Materials and methods 

2.1. Chemicals 

L-arginine, 3,3′-diamino-N-methyldipropylamine, Azure A (AA), 
morpholine ethanesulphonic acid (MES) hydrate, disodium hydrogen 
phosphate, sodium dihydrate phosphate, potassium ferricyanide, po
tassium ferrocyanide trihydrate, N-(3-(dimethylamino)propyl)-ethyl
carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), 
sodium nitrite, cholesterol dehydrogenase (ChDH) from Nocardia spe
cies (33.8 U mg− 1), bilirubin oxidase (BOx) from Myrothecium verrucaria 
(9.1 U mg− 1), cholesterol, β-nicotinamide adenine dinucleotide (NAD+), 
β-nicotinamide adenine dinucleotide reduced disodium salt hydrate 
(NADH) and human serum (from human male AB plasma, USA origin, 
sterile-filtered) were purchased from Merck. Dialysis membrane tubing, 
100–500 Da cut-off, was provided by Spectrum Laboratories. Multiwall 
carbon nanotubes (MWCNTs) were provided by Nanocyl S.A. Triton X- 
100, hydrochloric acid and N,N-dimethyl formamide (DMF) were pur
chased from Scharlau. All solutions were prepared using MilliQ water 
purified with a Millipore Milli-Q-System station (18.2 MΩ cm at 25 ºC). 
Cholesterol is minimally soluble in water. Homogeneous cholesterol 
solutions were prepared as reported in [38]: A stock 10 mM cholesterol 
solution was prepared in phosphate buffer (0.1 M, pH = 7.5) containing 
10 % (w/w) of Triton X-100 in a thermostated bath at 65 ◦C. This so
lution was stored at 4 ◦C in the dark and was stable for at least 15 days 
(until turbidity was observed). 

2.2. Instrumentation 

A microwave system CEM Discover (Matthews (NC), USA) was used 
for AA-CNDs synthesis. A Cary Eclipse Varian spectrofluorimeter was 
used for fluorescence measurements. UV-Vis spectra were recorded 

Scheme 1. (A) Cholesterol biosensor (bioanode) and (B) O2-reducing biocathode coupled in an enzymatic fuel cell configuration.  
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using a UV-1900 spectrophotometer from SHIMADZU using a quartz 
cell. Lacey carbon support film copper grids (400 mesh, Electron Mi
croscopy Sciences) were employed for transmission electron microscopy 
(TEM). A JEOL JEM 2100 electron microscope was used for this purpose. 
Elemental analysis of Azure A modified carbon nanodots (AA-CNDs) was 
performed with Perkin-Elmer 2400 CHN elemental analyzer. 

Electrochemical measurements were conducted with an Autolab 
potentiostat PGSTAT 30 from Metrohm. Experiments were performed in 
a three-electrode cell configuration using a Pt wire as a counter elec
trode and an Ag/AgCl (3 M NaCl) reference electrode at room temper
ature. The cell was filled with 2 mL of 100 mM phosphate buffer pH 7.4 
containing 2.5 % (w/w) Triton X-100. The presence of Triton X-100 is 
required for the enzymatic oxidation of cholesterol by cholesterol de
hydrogenase. The surfactant acts as an enzyme activator [39]. The 
biofuel cell was characterized by linear sweep voltammetry at 1 mVs− 1, 
starting at the OCP initially recorded. A porous frit was used to separate 
the biocathode from the buffer solution containing the surfactant for 
preventing the loss of BOx activity. All potentials mentioned in the 
manuscript are referred vs. Ag/AgCl unless otherwise stated. 

2.3. Azure A-carbon nanodots (AA-CNDs) synthesis 

AA-CNDs were synthesized following a similar procedure to that 
reported in [37] using a different mediator. 87 mg of L-arginine, 73 mg 
of Azure A, 86 μL of 3,3′-diamino-N-methyldipropylamine and 100 μL 
Milli-Q water were mixed and then irradiated in a microwave system at 
a constant temperature of 240 ºC and at a maximum pressure of 20 bar 
for 3 min. The obtained solid was dispersed in 10 mL of ultra-pure water 
and filtered using a 0.1 µm porous filter. The suspension was then dia
lyzed in a 100–500 Da dialysis membrane for 1 week. The final con
centration of as prepared AA-CNDs was 2.0 mg mL− 1. The resulting 
AA-CNDs suspension was stored at 4 ºC until use. Unmodified CNDs 
(without AA) were also prepared by using the same procedure without 
adding AA to the precursors mixture [40]. 

2.4. Preparation of the AA-CNDs/ChDH-modified bioanode 

Glassy carbon (GC) electrodes (BASi-Bioanalytical Systems, Inc.; 
diameter = 3 mm) were polished with 1 µm diamond paste (Buehler) 
and rinsed with water and ethanol. 10 μL of a 1 mg MWCNTs suspension 
in DMF, previously sonicated for 30 min, were dropcasted on the GC 
electrode surface and dried at 70 ºC. AA-CNDs were diazotated in an ice 
bath by mixing 500 μL of the AA-CNDs suspension and 500 μL of 60 mM 
NaNO2 in HCl (0.5 M) during 45 min. The grafting of AA-CNDs on the 
electrode surface was performed by immersing the GC/MWCNTs elec
trodes in the previous solution and cycling the potential between 0.5 V 
and − 1 V at 0.10 V/s to electrochemically reduce the in situ generated 
diazonium salt. 10 reductive scans were performed to improve the cat
alytic efficiency for NADH oxidation (it was about 40% higher than that 
after 2 scans). Non-diazotated AA-CNDs were prepared in a 0.25 M HCl 
solution (without NaNO2). The electrografting of AA in the absence of 
CNDs was also performed for the analysis of the catalytic NADH 
oxidation. The concentration of AA was equivalent to that present in AA- 
CNDs and was calculated from the S content obtained by elemental 
analysis ([Azure A] = 337 μM). The resulting modified electrodes were 
washed with purified water before experiments or further modifications. 
Cholesterol dehydrogenase was covalently immobilized on AA-CNDs- 
modified electrodes by the carbodiimide method: 3.6 μL of ChDH 
(81 mg mL− 1), 1.2 μL of 14 mM EDC and 1.2 μL of 21 mM NHS, in pH 6 
MES buffer (10 mM), were deposited on the electrode surface and 
incubated for 90 min. Afterwards the modified electrode was rinsed 
with pH 6 MES buffer and used for the electrochemical measurements. 

2.5. Determination of cholesterol human serum 

The concentration of free cholesterol in human serum was 

determined by the standard addition method in a sample spiked with 
increasing concentrations of cholesterol (from 0.1 mM to 1 mM) con
taining 10 mM NAD+ and 2.5 % Triton X-100. 

2.6. Preparation of the biocathode 

BOx was immobilized on low density graphite (LDG) electrodes ac
cording to a previously reported method [41]. LDG rods of 3 mm 
diameter (Merck) were immersed into an electrochemical cell filled with 
an ice-cooled solution, prepared immediately before its use by mixing 
5 mL of 20 mM 6-amino-2-naftoic acid in acetonitrile and 5 mL of 2 mM 
NaNO2 in 2 M HCl aqueous solution. Two reductive cyclic voltammo
grams from 0.6 V to − 0.3 V at 0.200 V⋅s− 1 were recorded. After rinsing 
the electrode with water, 20 μL of 0.83 mg⋅mL− 1 BOx in 10 mM MES 
buffer pH 6 were deposited on the electrode surface and covered with a 
lid to avoid evaporation for 30 min. Afterwards, covalent immobiliza
tion was performed by adding 5 μL of 36 mM EDC and 5 μL of 17 mM 
NHS, both in 10 mM MES buffer pH 6, and left to react for 90 min at 
room temperature. 

3. Results 

3.1. Characterization of AA-CNDs and AA-CNDs-modified bioanodes 

AA-CNDs were characterized by different techniques to investigate 
their morphology and composition. Fig. 1A shows the TEM micrographs 
of the spherical AA-CNDs. The determined mean diameter, after 
measuring around 150 particles at different TEM images, was 2.8 
± 0.8 nm (Fig. 1B). All AA-CNDs had a diameter in the range between 
1.0 and 5.5 nm. 

UV-Vis absorption spectroscopy also showed relevant information 
regarding the structure of the nanomaterial (Fig. 1C). AA-CNDs spec
trum (blue line) exhibits an absorption peak at 285 nm due to the 
π-π * transition of the conjugated C––C. This kind of groups are normally 
present in the core of carbon nanodots. The same band has been detected 
in the unmodified carbon nanodots spectrum (black line). The contri
bution observed in the AA-CNDs spectrum at 300 nm is ascribed to the 
π-π * transition of the phenothiazine ring as it can be also detected in the 
AA spectrum (red line). In the AA spectrum, the band at 635 nm is 
related to the n–π * transitions of the C– = N bond of the phenothiazine 
ring. In the case of AA-CNDs, this contribution appears as a broad band 
with two peaks at 560 and 614 nm. This different behavior between AA 
and AA-CNDs is a consequence of the covalent bond stablished in AA 
molecules when they are inserted (covalently) in the carbon nanodots 
structure. Another evidence that supports the covalent link of the Azure 
A phenothiazine ring in the carbon nanodots structure was revealed by 
fluorescence spectroscopy. As shown in the fluorescence spectrum in 
Fig. 1D, AA-CNDs (blue), unmodified CNDs (black) and Azure A (red) 
solutions emit radiation at 360 nm upon 300 nm excitation. However, 
the fluorescence emission intensity is higher in the case of AA-CNDs 
compared with unmodified CNDs and AA (in equivalent concentra
tions). We attribute this effect to the presence of AA molecules cova
lently linked to the carbon nanodots structure. 

Elemental analysis of AA-CNDs and unmodified CNDs were carried 
out to detect differences in the composition of the new synthesized 
nanomaterial. In the case of AA-CNDs the obtained results were 52.58 % 
C, 8.12 % H, 20.78 % N, 1.44 % S and 17.08 % O (calculated by sub
traction). The data obtained for unmodified carbon nanodots were 50.29 
% C, 9.04 % H, 21.93 % N, 0.00 % S and 18.74 % O (calculated by 
subtraction). The presence of S in AA-CNDs can be considered an evi
dence of the insertion of the phenothiazine, since S is not found in the 
unmodified CNDs. 

Further characterization of AA-CNDs using FTIR and XPS was carried 
out showing the covalent insertion of AA molecules into the carbon 
nanodots nanostructure. The main bands observed at the FT-IR spectrum 
(Fig. 1E) of AA-CNDs (blue line) are the same as those observed in the 
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unmodified CNDs spectrum (black line): the bands at 1639 and 
896 cm− 1, corresponding to primary amines, and the band at 802 cm− 1, 
ascribed to secondary amines, are all of them due to the L-arginine 
precursor; whereas the bands at 3432, 1639 and 1116 cm− 1 (primary 
amines) and the band at 1166 cm− 1 (tertiary amine) come from the 3,3′- 
diamino-N-methyldipropylamine. The bands in the AA-CNDs spectrum 

(blue line) that are in agreement with the presence of AA molecules are 
those at 1654, 1500 and 1203 cm− 1, related to tertiary amines and 
secondary aromatic amines, respectively, and which are similar bands to 
those detected in the AA spectrum (red line). Furthermore, the band 
around 1628 cm− 1 is attributed to N-H bending, which agrees well with 
the insertion of phenothiazine rings in the AA-CNDs nanostructure 

Fig. 1. (A) TEM micrograph of synthesized AA-CNDs and (B) AA-CNDs size histogram obtained from measuring 150 particles. (C) UV–Vis spectra and (D) fluo
rescence emission spectra (λexc = 300 nm) of 0.11 mg⋅mL− 1 of AA-CNDs (blue), 0.11 mg⋅mL− 1 of CNDs (black) and 10 µM AA (red) in Milli-Q water. (E) FT-IR 
spectra of AA-CNDs (blue), CNDs (black), AA (red) and a mixture of CNDs and molecular AA (AA+CNDs) (green). (F) XPS N 1s and C 1s regions of AA-CNDs, 
CNDs and AA+CNDs. 
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rather than a simple adsorption happening when an equivalent amount 
of AA is adsorbed over unmodified carbon nanodots (AA+CNDs) (green 
line). 

XPS analysis of AA-CNDs, AA+CNDs and CNDs samples was also 
performed to confirm the successful insertion of AA in AA-CNDs. Fig. 1F 
shows the N 1s and C 1s core level peaks of the three samples. The high- 
resolution spectrum of nitrogen, which shows complex features, was 
carefully decomposed. The best fit of the N 1s core level shows three 
contributions at about 400.0–400.5 eV, 401.1–401.66 eV and 
403.0–403.5 eV, which are assigned to nitrogen in N-(C3), C––N (cycles) 
and N––C positively charged quaternary species, respectively [42]. The 
AA-CNDs exhibit an additional forth nitrogen component at 397.9 eV, 
which could be attributed to the pyridinic nitrogen (imine) [42–44], i.e., 
to nitrogen with a lone electron pair, located either at the edge of the 
graphitic network or next to a vacancy, and bonded to two carbon 
atoms. The presence of this additional component only for AA-CNDs (it 
does not appear in the AA+CNDs sample, without covalent linkage) 
suggests a chemical structure modification, compatible with a covalent 
interaction between the AA dye and the CNDs. Therefore, these data 
confirm the insertion of AA in the carbon nanodots (AA-CNDs), which 
does not occur in the AA+CNDs mixture. Moreover, the C 1s peak of the 
AA-CNDs shows significant changes compared to CNDs and AA+CNDs 
(see Fig. 1F, C 1s). Although the C 1s core level peak shows four similar 
components for AA-CNDs, AA+CNDs and CNDs samples, at 285.2 eV, 
286.8 eV, 288.2 eV and 289.9 eV, the ratio between the intensity of the 
components differs for AA-CNDs. AA-CNDs show a noteworthy increase 
in the first carbon component; CNDs and AA+CNDs show however a 
very similar peak profile in the carbon region. This corroborates the 
chemical structure modification indicated above for AA-CNDs. 

In previous works, we have demonstrated that the aromatic primary 
amine groups of CNDs can be diazotated to form a covalent bond onto 
carbon conductive surfaces by an electrografting process [40,45]. Here, 
AA-CNDs were electrografted for the first time on GC/MWCNTs elec
trodes to obtain a stable modified surface capable of electrocatalysing 

NADH oxidation. When cycling the potential as described in the 
experimental section, a cathodic process ascribed to the reduction of 
aryldiazonium groups in CNDs was observed (Fig. S1A). This process 
generates highly reactive aryl radicals that can be grafted on the elec
trode surface forming C-C bonds. To discriminate if the electrografting 
was performed via diazonium groups generated from the CNDs amino 
groups or of the AA ones, a solution containing a similar concentration 
of the dye to that in the modified CNDs (estimated through the S content 
in AA-CNDs) was submitted to the same electrografting procedure 
(Fig. S1B). The reduction process observed during the AA-CNDs elec
trografting is similar to that reported for unmodified CNDs containing 
amino groups [40,45], whereas the electrochemical processes detected 
when AA was employed, which are characteristic of the electrografting 
of AA on carbon conductive surfaces [18], were not detected when 
AA-CNDs were electrografted. This suggests that the immobilization of 
the AA-CNDs was mainly performed through the diazotated amine 
groups of the CNDs. Control experiments using non-diazotated AA-CNDs 
did not show reduction processes (Fig. S1C). These results confirm the 
diazotation and reduction of the aromatic amines in AA-CNDs, resulting 
in a covalent attachment of the modified CNDs on GC/MWCNTs 
electrodes. 

The covalent immobilization of AA-CNDs on the GC/MWCNTs 
electrode was studied by means of AFM. Fig. 2A shows an AFM topo
graphic image of a GC surface after modification with MWCNTs fol
lowed by the AA-CNDs electrografting procedure. It is observed that the 
surface is completely covered with a film mainly formed of globular 
structures randomly distributed along the surface. Fig. 2B shows the GC/ 
MWCNTs surface in the absence of AA-CNDs. As can be seen, the surface 
is completely covered, but not in a homogeneous way because there are 
areas less covered with MWCNTs. Figs. 2D and 2E represent the topo
graphic profile of both surfaces, GC/MWCNTs/AA-CNDs and GC/ 
MWCNTs. Significant differences are observed in the profiles, showing 
that in the case of the GC/MWCNTs surface there are bare areas. These 
results suggest that surface modification with AA-CNDs is effective. AA- 

Fig. 2. AFM topographic images of GC/MWCNTs/AA-CNDs (A), GC/MWCNTs (B) and GC (C). Associated topographic profile plotted as a line in Figure A, B and D, 
respectively (D, E and F). 
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CNDs are electrografted on the electrode surface, completely covering 
the entire surface in a homogeneous and compact manner. As a control, 
the AFM image of the GC electrode without modification and its corre
sponding profile can be seen in Figs. 2C and 2F. 

We also characterized the electrodes after the surface modification 
steps by cyclic voltammetry in the presence of the ferri/ferrocyanide 
redox couple. GC, GC/MWCNTs, GC/MWCNTS/AA-CNDs and GC/ 
MWCNTS/AA-CNDs/ChDH electrodes were analysed. Fig. S2 and 
Table S1 show that the electrochemical signal considerably improves 
after modification of the GC surface with MWCNTs: the peak current 
intensities (ipa, ipc) of ferricyanide/ferrocyanide increase, whereas peaks 
separation (ΔE) decreases. This effect is explained by the increase of the 
electroactive area and the enhancement of the electron transfer kinetics 
of the redox probe. Further modification with AA-CNDs and ChDH do 
not significantly improve the electrochemical response. These results 
support that the modification of the GC electrode surface performed by 
dropcasting of MWCNTs was required for efficient electrografting of AA- 
CNDs and sensitive cholesterol biosensing. The higher sensitivity and 
stability of biosensors based on MWCNTs dropcasted on carbon elec
trodes has been often reported before [46,47] and confirm strong 
adsorption of MWCNTs on GC. 

3.2. Electrocatalytic oxidation of NADH on the AA-CNDs-modified 
electrode 

The oxidation of NADH on AA-CNDs-modified electrodes was 
investigated by cyclic voltammetry experiments in the absence and in 
the presence of the surfactant Triton X-100 (Fig. 3), which is required for 
cholesterol solubilization and substrate oxidation by cholesterol dehy
drogenase. The oxidation current at ca. − 0.050 V ascribed to the 
mediator Azure A in AA-CNDs increased upon NADH addition (Fig. 3A). 
A 60 mV-shift towards higher potentials was observed for the peak po
tential when the surfactant was added, whereas the peak current barely 
changed. As can be seen by comparison with Figs. 3B and 3C, AA-CNDs 
decrease the overpotential of NADH oxidation in a larger extent than AA 
or MWCNTs in the presence of Triton X-100; the overpotentials required 
at GC/MWCNTs/AA and GC/MWCNTs electrodes are, respectively, 
100 mV and 400 mV higher than that on AA-CNDs modified electrodes. 
In contrast to the small effect of Triton X-100 in the electrochemical 
response obtained with AA-CNDs-modified electrodes, the surfactant 
strongly affects the NADH oxidation in the absence of AA-CNDs; GC/ 
MWCTs and AA-modified electrodes showed a 200 mV-shift towards 
more oxidant potentials and the electrocatalytic current of AA remark
ably decreased. 

The NADH oxidation peak currents obtained with AA-CNDs- 
modified electrodes at various scan rates increase linearly with the 
scan rate (peak current (µA) = 0.45 (mVs− 1) + 3.5; R2 = 0.999, Fig. S3), 
suggesting that the electrocatalytic oxidation is an adsorption-controlled 
process. Even though the adsorption of the NAD+/NADH species occurs 
on the electrode surface, the AA-CNDs-modified electrodes are barely 
affected by passivation as it will be demonstrated by the results shown in 
Section 3.3 (the catalytic response is stable after several measurements). 

3.3. Determination of cholesterol 

The AA-CNDs-modified electrodes were combined with ChDH for the 
determination of cholesterol. An increase in the oxidation catalytic 
current was observed in voltammetry experiments after the addition of 
cholesterol, indicating that the NADH generated by the enzyme during 
the oxidation of the substrate is re-oxidized by the electrocatalytic AA- 
CNDs system (Fig. S4A). The results of control experiments in the 
absence of the enzyme (Fig. S5) demonstrate that the AA-CNDs modified 
electrodes do not respond to cholesterol, meaning that the presence of 
the enzyme is required for cholesterol sensing. In addition, the immo
bilization of ChDH on AA-modified electrodes without CNDs did not 
lead to an electrochemical response after cholesterol addition. 

Fig. 3. Electrocatalytic oxidation of NADH on GC/MWCNTs electrodes with (A) 
electrografted AA-CNDs, (B) electrografted AA and (C) without additional 
modifications in the absence (dotted lines) and in the presence (thick lines) of 
Triton X-100. Cyclic voltammograms in thin lines were performed in the 
absence of NADH. Conditions: ν = 10 mV/s, [NADH] = 1 mM, pH 7.5 phos
phate buffer (100 mM), 2.5 % Triton X-100. 
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Therefore, CNDs are required for the attachment of the enzyme and for 
the subsequent detection of cholesterol. 

Fig. 4A shows the amperometric response to increasing concentra
tions of cholesterol of AA-CNDs/ChDH-modified bioelectrodes con
taining 10 U of ChDH, poised at 0.2 V (vs Ag/AgCl, 3M Cl-). 
Bioelectrodes prepared with lower amount of enzyme provided poor 
signal reproducibility (Fig. S6). As can be seen in Fig. 4A, the current 
density (j) transients stabilized after a few seconds and their values 
increased with cholesterol concentration in the range measured ac
cording to the Michaelis-Menten model (Fig. 4B). The apparent 
Michaelis-Menten constant, KM

app, was 2.9 ± 0.6 mM. This value is 
higher than that reported with a bioanode based on ChDH [14]. 
Nevertheless, the lower affinity of our bioanode broadens the linear 
range for the determination of cholesterol. The calibration plot (inset to 
Fig. 4B), obtained with 3 independent electrodes, depicted a linear range 
between 0.1 and 1.7 mM (current density (µA cm− 2) = 4.50 [Choles
terol] (mM) – 0.006; R2 = 0.992). A sensitivity of 4.5 ± 0.4 mA cm− 2 

M− 1 was obtained. The detection and determination limits were 

calculated to be 1.0 µM and 2.6 µM. The reproducibility was evaluated 
for the determination of 1 mM cholesterol using 3 different electrodes 
(RSD: 9.6 %). The evaluation of the stability of the sensor showed that 
86 % of the signal obtained with a 1 mM cholesterol solution was 
retained after 24 h and more than 10 determinations. The electrode was 
stored in buffer solution between measurements. 

To the best of our knowledge, only two bioelectrodes for cholesterol 
determination based on ChDH have been reported before: a disposable 
biosensor for total (free and esterified) cholesterol [48] and a bioanode 
for (free) cholesterol which uses an additional enzyme (diaphorase) in 
combination to ChDH [14]. Our biosensor has a simpler design with only 
one enzyme, works at lower potential, and responds linearly to free 
cholesterol in the physiological range (up to 1.7 mM), in contrast to the 
most sensitive bioelectrode (Table 1). The normal range of total 
cholesterol is from 4.14 mM to 5.18 mM, approximately a range of free 
cholesterol from 1.24 mM to 1.55 mM (30 % of total). 

3.4. Interference study 

The effect of various potential interfering compounds in the elec
trochemical response of AA-CNDs/ChDH-modified bioelectrodes was 
evaluated in the presence of 1.7 mM cholesterol. The variations in the 
current density values at 0.2 V are inferior to 5 % for the compounds 
tested (Table 2). These results indicate that the developed biosensor can 
be used for the selective determination of cholesterol. 

3.5. Analysis of cholesterol in human serum 

The concentration of free cholesterol in human serum was deter
mined by the standard addition method as described in Materials and 
methods. A concentration of 1.0 mM free cholesterol was found. The 
certified concentration of total cholesterol in the sample is 3.6 mM, and 
accounts for free cholesterol and lipoproteins containing cholesterol. 
The concentration of free cholesterol is generally around 30 % of the 
total, thus 1.1 mM. This value is consistent with the concentration 
determined with the AA-CNDs/ChDH-modified electrodes (recov
ery = 93 %) indicating that the bioelectrodes are suitable for the 
determination of free cholesterol in real human serum. 

3.6. Application to enzymatic fuel cell development 

Given that cholesterol can be used as a fuel for EFCs operating under 
physiological conditions, the AA-CNDs/ChDH bioelectrode was com
bined with an O2-reducing BOx cathode to produce electrical energy. 

Fig. 4. (A) Chronoamperometric response of the AA-CNDs/ChDH-modified 
bioelectrode towards cholesterol (a: blank; b: 0.1 mM; c: 0.2 mM; d: 0.5 mM; 
e: 1.0 mM; f: 1.7 mM; g: 2.3 mM; h: 3.8 mM). (B) Dependence of the current 
density on cholesterol concentration. The dashed line is the non-linear regres
sion for the calculation of KM

app. Inset: Calibration plot (current density 
(µA cm− 2) = 4.50 [Cholesterol] (mM) - 0.006; R2 = 0.992; n = 3 electrodes). 
Conditions: E = 0.2 V vs Ag/AgCl (3 M Cl-), pH 7.5 phosphate buffer (100 mM), 
2.5 % Triton X-100, [NAD+] = 10 mM. 

Table 1 
Comparison of the analytical characteristics of cholesterol bioelectrodes based 
on ChDH.  

Electrode Sensitivity 
(mA cm− 2 

M− 1) 

Linear 
range 
(mM) 

Detection 
limit (μM) 

E vs 
Ag/ 
AgCl 
(V) 

Refs. 

Screen printed 
carbon/working 
ink:1,10- 
phenanthroline- 
5,6-dione/ChDH/ 
NAD/cholesterol 
esterase 

9.1a 1.29 – 
12.88a 

386a 0.3b [48] 

Toray carbon paper/ 
FcMe2-LPEI/ 
diaphorase/C8- 
LPEI/ChDH 

60.12 0.005 – 
0.2 

5 0.34 [14] 

GC/MWCNTS/AA- 
CNDs/ChDH 

4.5 0.1 – 
1.7 

1 0.2 This 
work  

a Data refers to esterified cholesterol. b Potential vs carbon pseudo-reference 
electrode. 
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The BOx biocathode undergoes the 4e- reduction of O2 to H2O at high 
potential without the need of a mediator [23]. This is expected to in
crease the open-circuit potential (OCP) of the EFC. Furthermore, the 
inhibition of BOx by H2O2, which affects the stability of ECFs employing 
oxidases, is not problematic in our case since this compound is not 
produced at the ChDH bioelectrode [14,49]. 

The voltammetric characterization of the biocathode shows a 
reduction wave with an onset potential of 0.5 V and a maximum cata
lytic current of about 17 µA, whereas the catalytic current of the bio
anode is lower than that of the biocathode and increases at − 0.1 V 
(Fig. S4). This indicates that the bioanode is the rate-limiting electrode. 

Fig. 5 shows the power and current density curves of the assembled 
EFC that couples the AA-CNDs/ChDH bioanode and the BOx biocathode. 
The short-circuit current density and the maximum power density (Pmax) 
in buffer containing 10 mM NAD+ and 2.5 mM cholesterol were 
38 µA cm− 2 and 3.8 µW cm− 2 at 0.25 V, respectively. The open circuit 
potential (OCP) was 0.493 ± 0.012 V (n = 3), which corresponds well 
with the difference between the bioanode and the biocathode potentials. 
The obtained OCP is higher than that of the only reported cholesterol 
self-powered biosensor based on cholesterol oxidase [32] and similar to 
that achieved with the only other EFC employing ChDH [14]. These 
results demonstrate the potential of our system for the development of 
self-powered biosensors in which the power generated by the EFC sus
tains sensor operation. 

The performance of the EFC was evaluated at different cholesterol 
concentrations by applying 0.25 V. The power density linearly increased 
in the cholesterol range from 0.9 to 2.9 mM (R2 = 0.996) (Fig. S7). 

The EFC was also tested in human serum naturally containing 
cholesterol (3.6 mM total cholesterol, approximately 1.1 mM free 
cholesterol) supplemented with 10 mM NAD+ and 2.5 % Triton X-100 
(Fig. 5B). A Pmax of 1.57 µW cm− 2 at 0.25 V, a short-circuit current 
density of 19 µA cm− 2 and an OCP of 470 mV were reached. Although 
the OCP of the EFC was hardly unaltered in human serum, a decrease in 
the power density was observed. This lower power density could be due 
to the presence of compounds in human serum (e.g., proteins) that foul 
the electrode as well as redox-active species. 

4. Conclusions 

We have developed a cholesterol biosensor based on the electro
catalytic oxidation of the NADH generated during the enzymatic reac
tion of ChDH, as an alternative to cholesterol oxidase-bioelectrodes that 
detect H2O2. This biosensing strategy is not limited by O2 availability 
and facilitates the design of enzymatic fuel cells, as H2O2 is an inhibitor 
of enzymes frequently used at the biocathode. The ChDH bioelectrodes 
modified with Azure A-carbon nanodots allow the determination of free 
cholesterol in the physiological range with good sensitivity, reproduc
ibility and at low potential. In combination with a BOx biocathode, we 
demonstrated the production of electrical energy under physiological 
conditions in using the cholesterol naturally present in human serum as 
a fuel and O2 as an oxidant. These results contribute to the development 
of self-powered cholesterol biosensors independent of oxygen avail
ability and therefore with improved reproducibility. 
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[36] E. Martínez-Periñán, Á. Martínez-Sobrino, I. Bravo, T. García-Mendiola, E. Mateo- 
Martí, F. Pariente, E. Lorenzo, Neutral Red-carbon nanodots for selective 
fluorescent DNA sensing, Anal. Bioanal. Chem. (2022), https://doi.org/10.1007/ 
s00216-022-03980-1. 
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