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Abstract: An electrochemical biosensor based on chitosan- and thioctic-acid-modified nanoporous
gold (NPG) co-immobilization glycerol kinase (GK) and glycerol-3-phosphate oxidase (GPO) was
constructed for glycerol determination in wine. The NPG, with the properties of porous microstruc-
ture, large specific surface area, and high conductivity, was beneficial for protecting the enzyme
from inactivation and denaturation and enhancing electron transfer in the modified electrode. The
co-immobilization of the enzyme by chitosan-embedding and thioctic-acid-modified NPG covalent
bonding was beneficial for improving the catalytic performance and stability of the enzyme-modified
electrode. Ferrocene methanol (Fm) was used as a redox mediator to accelerate the electron transfer
rate of the enzyme-modified electrode. The fabricated biosensor exhibited a wide determination
range of 0.1–5 mM, low determination limit of 77.08 µM, and high sensitivity of 9.17 µA mM−1.
Furthermore, it possessed good selectivity, repeatability, and stability, and could be used for the
determination of glycerol in real wine samples. This work provides a simple and novel method for
the construction of biosensors, which may be helpful to the application of enzymatic biosensors in
different determination scenarios.

Keywords: electrochemical biosensor; glycerol; nanoporous gold; glycerol kinase; glycerol-3-phosphate
oxidase

1. Introduction

Glycerol, also known as 1,2,3-propanetriol, is a nontoxic, colorless, odorless, sweet,
hygroscopic and thick liquid. As the main byproduct of the Saccharomyces cerevisae fermenta-
tion process, glycerol naturally exists in various fruit drinks, wine, beer, honey, etc. [1]. Due
to its sweetness and viscosity, a certain amount of glycerol can weaken the bitter odor and
make the wine taste round; the glycerol content is an important indicator for evaluating the
quality of wine [2,3]. The final concentration of glycerol generated in wine fermentation is
approximately a 1:10 ratio of the ethanol formed, which is in the range of 1 to 10 g L−1 [1,4].
Deviations from this value might indicate deterioration of raw materials, technological
alterations of wine production, or even adulteration by adding exogenous glycerol [5].
Therefore, developing a rapid, sensitive, economical, and reliable determination method
for the routine analysis of glycerol concentration is significant for protecting the health and
safety of consumers.

Various analytical methods for the detection and quantification of glycerol have been
proposed, which include gas chromatography [6], liquid chromatography [7], spectrophoto-
metric [8] and enzymatic methods [9], etc. Unfortunately, most of the conventional methods
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have the disadvantage of high cost, time-consuming, tedious pre-treatment as well as the
need for trained personnel [9,10]. Electrochemical methods are preferred owing to their
reusability, rapidity, sensitivity, and accuracy [11]. Notably, the electrochemical enzyme
biosensor has become the most preferred candidate for glycerol determination owing to
its superior catalytic activity, rapid response, and high selectivity [1,12]. For example,
Narwal et al. fabricated a glycerol biosensor based on co-immobilization of glycerol kinase
(GK) and glycerol-3-phosphate oxidase (GPO) nanoparticles onto a pencil graphite elec-
trode. The biosensor showed a wide linearity range for glycerol determination, from 0.01 to
45 mM, with a determination limit of 0.0001 µM [12]. However, some adverse factors,
such as the electron transfer obstruction caused by enzyme proteins, the inactivation of en-
zyme molecules, the instability of the enzyme-modified electrode, etc., still exist and affect
the performance of the enzymatic biosensor, which limits its application [13]. Therefore,
improving the performance of the enzyme electrode by modification is necessary.

To overcome the shortcomings mentioned above of the biosensor, nano materials with
high specific surface area and good conductivity, e.g., carbon nanomaterials [14–16], metal
and metal oxide nanoparticles [17,18], etc., are used as modification materials to immobilize
the enzyme, so as to improve the catalytic efficiency and stability of the biosensor [14–17].
Three-dimensional nanoporous gold (NPG) receives attention as an electrochemical sensor
because of its large surface area, high conductivity, and good electrocatalytic activity [18,19].
The notable biocompatibility of NPG makes it an attractive support platform for the im-
mobilization of enzymes. For example, Yang et al. constructed a type of lipase-NPG
biocomposite by the covalent coupling method, which could retain over 85% of its ini-
tial catalytic activity after ten recycles and exhibit great resistance to denaturation over
a broader range of pH values and temperatures [20]. NPG can be prepared by dealloy-
ing [21,22], anodizing [23], and template synthesis [24]. However, these methods generally
suffer from high energy consumption, impurity pollution, and being environmentally
unfriendly. Thus, the Dynamic Hydrogen Bubble Template (DHBT) method, relying on
the generated hydrogen bubbles as dynamic templates without the need of any removal of
additional organic or inorganic templates, is a great choice for the fabrication of porous
micro/nano structures [25,26].

Thioctic acid (TA), a disulfide with a terminal -COOH group, is used for enzyme
immobilization onto NPG by covalent binding [27]. It can form stable self-assembled
monolayer (SAM) on a gold surface with two S-Au bonds conveniently, while the terminal
groups are able to covalently bind with other molecules. Additionally, chitosan (CHIT),
with great film-forming ability and adhesion, is encapsulated to further prevent enzymes
from falling off [28].

Accordingly, a novel ultrasensitive, rapid, and stable electrochemical biosensor was
developed for glycerol determination in this work. In this biosensor, three-dimensional
nanoporous gold was prepared by the Dynamic Hydrogen Bubble Template method and
used as a carrier for the enzyme. Glycerol kinase (GK) and glycerol-3-phosphate oxidase
(GPO) were used as biorecognition elements, TA as a bifunctional building block, CHIT as a
binder, and ferrocene methanol (Fm) with favorable redox reversibility as a redox mediator.
Figure 1 shows the construction process of the GK/GPO/CHIT/TA/NPG/AuE glycerol
biosensor, and the catalytic reaction process of glycerol on the enzyme-modified electrode
may be followed the equations:

Glycerol + ATP
GK/Mg2+

−−−−−−→ G3P + ADP (1)

G3P + GPO(FAD)→ DHAP + GPO(FADH2) (2)

2Fm++ GPO(FADH2)→ 2Fm + GPO(FAD)+2H+ (3)

2Fm→ 2Fm++2e− (4)
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Figure 1. Schematic illustration of the construction process of the GK/GPO/CHIT/TA/NPG/AuE
glycerol biosensor.

Firstly, glycerol can be phosphorylated to glycerol 3-phosphate (G3P) in the presence
of Glycerol kinase, adenosine triphosphate (ATP), and MgCl2. Then, G3P is oxidized to di-
hydroxyacetone phosphate (DHAP) while the active center of glycerol-3-phosphate oxidase,
flavin adenine dinucleotide (FAD), is reduced to FADH2 [29]. Fm+ is reduced to Fm during
the oxidation process of the FADH2 [13]. The developed biosensor possesses excellent
sensitivity, selectivity, and stability and good applicability for glycerol determination in
real samples. This work provides a promising tool for the rapid determination of some
biomolecules in different application scenarios.

2. Materials and Methods
2.1. Materials and Chemicals

Glycerol kinase (GK, 37.5 U mg−1), glycerol-3-phosphate oxidase (GPO, 74.5 U mg−1),
chitosan (CHIT, average molecular weight 200 kDa, deacetylation degree ≥ 90%), fer-
rocene methanol (Fm, 98%), 1-ethyl-3-[3-dimethylaminopropyl]-carbodiimide hydrochlo-
ride (EDC, 99%), and N-hydroxy-succinimide (NHS, 99%) were purchased from Shanghai
Yuanye Bio-Technology Co., Ltd. (Shanghai, China). Hydrogen tetrachloroaurate (III) xhy-
drate (HAuCl4 H2O, 99.9%) was obtained from Bide Pharmatech Ltd. (Shanghai, China).
DL-Thioctic acid (TA, 99%) was provided by Shanghai Macklin Biochemical Co., Ltd.
(Shanghai, China). Glycerol (99.0%) came from Damao Chemical reagent factory (Tianjin,
China). The red and white wines were purchased from China Great Wall Wine Co., Ltd.
(Beijing, China). The 0.1 M phosphate buffer (PB) with different pH values was prepared
by mixing 0.1 M NaH2PO4 and 0.1 M Na2HPO4 solutions in different volume ratios. All
chemicals and regents were of analytical grade and used without any further purification.

2.2. Instruments

The microstructure and morphology of the prepared materials were characterized
by scanning electron microscopy (SEM, Zeiss Supra40, Bayreuth, Germany). Chemical
compositions were measured using an X-MaxN20 energy dispersive X-ray spectrometer
(EDS, Oxford, UK). Electrochemical measurements were carried out by a three-electrode
system on a CHI 660E Electrochemical Workstation (Shanghai Chenhua Instrument Co.,
Ltd., Shanghai, China). The as-prepared modified electrode, platinum sheet, and saturated
calomel electrode (SCE) were used as a working electrode, auxiliary electrode, and refer-
ence electrode, respectively. The electrochemical performances were measured by cyclic
voltammetry (CV) and electro-chemical impedance spectroscopy (EIS). EIS measurements



Chemosensors 2022, 10, 258 4 of 12

were performed in the frequency range of 0.1 Hz to 100 kHz. All the experiments were
carried out at ambient temperature.

2.3. Preparation of NPG/AuE-Modified Electrode

The bare gold electrode (AuE, 3 mm diameter) was polished with alumina powders
(0.05 µm), rinsed with ethanol and distilled water in an ultrasonic bath, respectively, and
then electrochemically cleaned in 1 M H2SO4 solution from −0.1 to 1.5 V at a scan rate of
100 mV·s−1 until reproducible voltammograms were obtained.

NPG was fabricated through the bottom-up DHBT potentiostatic electrodeposition
method onto the pretreated AuE [30]. An optimized protocol was employed for the
preparation of NPG/AuE, i.e., a constant potential of −4 V was applied for 50 s in the
mixed solution of 50 mM HAuCl4 and 4 M H2SO4. Afterwards, the obtained NPG/AuE-
modified electrodes were washed with water and dried by nitrogen.

2.4. Construction of the Enzymatic Electrochemical Biosensor

The prepared NPG/AuE-modified electrode was incubated with 10 mM TA ethanol
solution for 3 h, then rinsed with ethanol and distilled water successively to obtain a
TA/NPG/AuE-modified electrode. After that, the obtained TA/NPG/AuE-modified elec-
trode was activated in a mixed solution comprising 150 mM EDC and 50 mM NHS. GK
and GPO were dispersed in 0.1 M PB (pH 7.0), respectively, and the final concentration of
both was 6 U µL−1. The isovolumic mixture of the GK and GPO solution was dispersed
into a transparent CHIT solution (0.625 g of CHIT dissolved in 1 wt% acetic acid solution)
in a volume ratio of 1:1. A total of 5 µL of the final mixture was dropped on the activated
TA/NPG/AuE electrode, and the GK/GPO/CHIT/TA/NPG/AuE biosensor was con-
structed after drying at 4 ◦C overnight. For comparison, the GK/GPO/TA/NPG/AuE and
GK/GPO/CHIT/NPG/AuE electrode were also prepared as above. These biosensors were
stored in 0.1 M PB (pH 7.0) at 4 ◦C when not in use.

2.5. Application of Glycerol Biosensor in Real Samples

Red wine and white wine samples were purchased from a local supermarket, Guangzhou,
China. Before detection was carried out, samples were diluted to the appropriate concentra-
tion in order to adjust the glycerol concentration in the wine to the dynamic concentration
range of the sensors. Briefly, 100 µL of wine sample was mixed with PB (0.1 M, pH 7.0) at
a volume ratio of 1:100. The GK/GPO/CHIT/TA/NPG/AuE biosensor was applied to
detect the glycerol content of the above mixture, employing the standard addition method.

3. Results and Discussion
3.1. Structural and Morphological Characterization of the As-pPrepared NPG

For modification materials of the enzyme electrode, properties such as high specific
surface area, high porosity, and controlled morphology are of vital importance. In the
DHBT technique, the size and rate of the evolution of hydrogen bubbles can act as a
dynamic template for the depositing metal atoms, thus forming porous material with a
three-dimensional porous structure [31,32]. During the hydrogen bubble template elec-
trodeposition process, H+ is reduced to H2, accompanied by the deposition of gold ions
in the interstitial spaces of bubbles. The generated gold skeleton forces small bubbles to
coalesce, resulting in the increase of its internal pore size layer by layer until these bubbles
spontaneously escape from the surface and leave uniform porous material on the substrate
electrode [31].

The microstructure and morphology of electrodeposited films can be adjusted conve-
niently by applying different deposition conditions, particularly deposition potential and
deposition time. Cyclic voltammetry experiments were conducted in 1 M H2SO4 solution
on the NPG/AuE-modified electrodes prepared at different potentials (−1, −2, −3 and
−4 V) for 50 s, and at the potential of −4 V for various deposition times (10, 30, 50, 70 and
90 s), as well as bare AuE. The CV curves are shown in Figure 2. From Figure 2, it can be
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found that two anodic peaks were observed at ca. 1.2 V and 1.4 V on all of the CV curves,
which attributed to oxidation on gold ((200), (220), (311), and (111), respectively) [32]. The
cathodic peak at ca. 0.9 V was associated with electrochemical reduction of gold oxide
during the reverse scan and was proportional to the actual surface area of deposited mate-
rials. Figure 2a indicates that the reduction peaks of NPG/AuE-modified electrodes are
significantly higher than bare AuE and increase with the negative shift of electrodeposited
potential. This is because the overall surface of obtained NPG films is relatively compact
due to the lower rate of H2 evolution at lower overpotential (−1, −2, and −3 V), as shown
in Figure S1a–c, while the one prepared at −4 V exhibits higher porosity that increases
the surface area effectively and makes it suitable for enzyme immobilization (Figure S1d).
From the voltammogram of Figure 2b, it can be seen that the extension of deposition time
is particularly significant for the improvement of the reduction peak, which means that
the surface area of NPG film continues to increase in the bottom-up growing process over
time. Only an irregular coral-like structure deposited for 10 s (Figure S2a), macropores
structure contour appeared after 30 s (Figure S2b), and an obvious uniform honeycomb-like
NPG formed until 50 s (Figure S2c); then, the thicker films produced with increased time
to 70 and 90 s (Figure S2d,e). However, it is worth noting that a thicker film is not more
conducive to the performance of electrochemical sensors as the increase in noise level of
measurements and possible structure collapse. Given these considerations, the selected
electrodeposited potential and time for the preparation of NPG/Au-modified electrodes
are −4 V and 50 s, respectively.
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Figure 2. CVs of NPG/AuE-modified electrodes prepared (a) at different potentials (−1, −2, −3 and
−4 V) for fixed time (50 s) and (b) at a fixed potential (−4 V) for different times (10, 30, 50, 70 and
90 s), and bare Au electrode (inset of (a)) recorded in 1 M H2SO4 solution at a scan rate of 100 mV s−1.

The morphologies of prepared NPG which electrodeposited at−4 V for 50 s were char-
acterized by SEM at different magnifications. As depicted in Figure 3a–c, the obtained film
has a typical three-dimensional honeycomb structure with the increased pore size diameter
toward the outer surface and gold skeleton composed of nano dendrites (Figure 3c), which
is in line with the expectation of NPG prepared by DHBT. Furthermore, EDS compositional
analysis, shown in Figure 3d, revealed that only Au was detected and proved the highly
purity of NPG film prepared by the selected approach. The NPG prepared at optimal
parameters was used to construct a glycerol enzymatic electrochemical biosensor in the
following studies.
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spectral (d).

3.2. Electrochemical Properties of Different Modified Electrodes

To demonstrate the successful preparation of the thioctic acid self-assembly membrane,
CV experiments of the NPG/AuE-modified electrode before and after TA self-assembly
were performed in 5 mM [Fe(CN)6]3−/4− solution containing 0.1 M KCl. As could be seen
in Figure 4a, the NPG/AuE-modified electrode shows a well-defined pair of redox peaks.
After immersion, its peak current and double layer capacitance decrease obviously, which
is attributed to the blocking of electron transfer by the decorated TA membrane, and the
result indicates the successful preparation of a TA/NPG/AuE-modified electrode [27].

EIS measurements of different modified electrodes were performed to study the
fabrication process of the biosensor. Figure 4b shows the obtained Nyquist plots of different
modified electrodes. The semi-circle at higher frequencies corresponds to the electron
transfer resistance (Rct), which is related to the electron transfer kinetics for the redox
probe on the surface of the electrode. The linear part at lower frequencies corresponds
to the Warburg diffusion process [33]. The Rct value for a bare AuE is 35.61 Ω, while
the impedance of the NPG/AuE-modified electrode reduces prominently and exhibits an
almost straight line. This change is attributed to the excellent conductivity of NPG. The Rct
value of the TA/NPG/AuE-modified electrode increases to 96.41 Ω due to the hindrance
of the TA self-assembled membrane to the electron transfer on the electrode surface. Then,
the Rct values rise dramatically to 191.60 and 414.70 Ω for the CHIT/TA/NPG/AuE
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and GK/GPO/CHIT/TA/NPG/AuE-modified electrodes, respectively, because the non-
conductive chitosan and enzymes seriously hinder the electron transfer. As can be seen,
the variation of impedance verified the successful construction of the biosensor.
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plots of different modified electrodes in 5 mM [Fe(CN)6]3−/4− solution containing 0.1 M KCl.

3.3. Electrocatalytic Performance of the Fabricated Biosensor toward Glycerol

The electrocatalytic behaviors of different electrodes toward glycerol were evaluated by
CV in 0.1 M PB (pH 7.0) containing 10 mM ATP, 2 mM Fm, 2 mM MgCl2, and 10 mM glycerol.
As displayed in Figure 5, only the typical reversible redox responses of the Fm/Fm+ process
appear at ca. 0.2 V for the AuE and NPG/AuE-modified electrode. In contrast, all the
voltametric responses of the three enzyme-modified electrodes show an increase in the
anodic peak current concomitant with a decrease in the cathodic peak current as a result of
the cascade catalysis of glycerol by GK and GPO. The reaction mechanism can be explained
by Equations (1)–(4). The anodic peak current of the GK/GPO/CHIT/TA/NPG/AuE-
modified electrode is significantly higher than those of the GK/GPO/TA/NPG/AuE and
GK/GPO/CHIT/NPG/AuE-modified electrodes. This certifies that combining covalent
bonding and embedding methods to immobilize enzymes is beneficial to improve the
catalytic performance of the enzymatic biosensor.

To further improve the sensing performance of the GK/GPO/CHIT/TA/NPG/AuE
biosensor, several variables were optimized by CV in 0.1 M PB containing 10 mM glycerol
at a scan rate of 50 mV s−1. All experimental parameters remained constant except the
research object during the optimization process. As shown in Figure S3a,b, the influence
of TA self-assembled time and CHIT concentration on the enzyme immobilization effect
was successively investigated. It was clear that the anodic peak current is the highest when
TA self-assembled time and chitosan concentration are 3 h and 12.5 mg mL−1, respectively.
The loading amount of the enzyme has a great influence on the catalytic performance of
the biosensor, so the GK/GPO concentration was optimized (Figure S3c). It can be seen
that the peak current goes up gradually with the GK/GPO concentration increase and then
remains steady beyond 6 U µL−1, indicating that the load of GK/GPO reaches saturation
when GK/GPO concentration increases to 6 U µL−1. The concentration of ATP, Fm, and
MgCl2 can also affect the enzyme-catalyzed reaction rate and electron transfer efficiency of
the biosensor. Subsequently, the amount of these additives in test solution were optimized
from 5~25 mM for ATP, 2~10 mM for Fm, and 2~10 mM for MgCl2. As displayed in
Figure S3d–f, the highest biosensor response is obtained with 20 mM ATP, 8 mM Fm, and
8 mM MgCl2, respectively. The solution pH can also be a key factor for the catalytic activity
of the enzyme-modified electrode. Therefore, the effect of pH values was studied from



Chemosensors 2022, 10, 258 8 of 12

6.0 to 8.0 (Figure S3g). It can be seen that the maximum peak current appears at pH 7.0.
This indicates that acidic or alkaline conditions are disadvantageous to the activity of GK
and GPO.
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Figure 5. CV curves of the as-prepared modified electrodes in 0.1 M PB (pH 7.0) containing 10 mM
ATP, 2 mM Fm, 2 mM MgCl2, and 10 mM glycerol at a scan rate of 50 mV s−1.

The influence of scan rate on the catalytic current was also investigated in the range of
25 to 200 mV s−1. From Figure S4a, it can be seen that the anodic current increased with the
increase of scan rates. The natural logarithm of the peak current (ln (Ip)) has a good linear
relationship with the natural logarithm of the scan rate (ln (v)) (R2 = 0.9966). As shown in
Figure S4b, the slope value of 0.534 suggests that the catalytic reaction process of glycerol
on the GK/GPO/CHIT/TA/NPG/AuE biosensor is diffusion-controlled [34].

3.4. Analytical Performance of the Fabricated Biosensor

The current response of the GK/GPO/CHIT/TA/NPG/AuE biosensor to glycerol
was investigated under 0.1 M PB (pH 7.0) containing 20 mM ATP, 8 mM Fm, and 8 mM
MgCl2. As can be seen in Figure 6a, the anodic peak currents increase linearly with glycerol
concentration increase, and there is a good linear relationship between the oxidation peak
currents and glycerol concentration from 0.1 to 5 mM (Figure 6b). The linear regression
equation is expressed as I(µA) = 9.173C (mM) + 71.421, with the coefficient of determination
of R2 = 0.9923, in which I and C are the response current and glycerol concentration, respec-
tively. The sensitivity, calculated as the slope of the calibration curve, is 9.17 µA mM−1.
Based on the signal-to-noise ratio of 3, the low limit of determination was estimated to be
77.08 µM. It can be seen from Table 1 that the GK/GPO/CHIT/TA/NPG/AuE biosensor
usually possesses a wider determination range and higher sensitivity.

Table 1. Electrochemical sensors for the determination of glycerol reported in literature.

Sensors Sensitivity (µA mM−1) Linear Range (mM) LOD (µM) References

GK/CK/CRE/HRP/GPE/AuE 0.80 0.005~0.64 1.96 [35]
ADH/TTF/CNT/GE 2.06 * 0.05~1 18 [36]

FeS/NAD+/GIDH 0.025 1~25 160 [37]
GKNPs/GPONPs/GrONPs/PGE 8.59 * 0.001~60 0.002 [29]
AAM/NNMBA/AuNPs/Au-SPE 0.58 0.22~2.47 0.01 [38]
GK/GPO/CHIT/TA/NPG/AuE 9.17 0.1~5 77.08 This work

* Sensitivity value normalized by cm2.
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3.5. Selectivity, Repeatability, and Stability of the Fabricated Biosensor

The selectivity of the enzymatic electrochemical biosensor is an important charac-
teristic for the specific recognition of the target substrate in real samples. According to
the possible existence of interfering species in wine, the influence of 1 mM glucose (Glu),
1 mM urea, 1 mM citric acid (CA), 0.1 mM ascorbic acid (AA) and 5 mM ethanol (ET) on
the response current of the GK/GPO/CHIT/TA/NPG/AuE biosensor were investigated
in 0.1 M PB (pH 7.0) containing 20 mM ATP, 8 mM Fm, and 8 mM MgCl2 and 1 mM
glycerol (GLY). From Figure 7, it can be seen that the peak current variation caused by the
above-mentioned interferents is less than 1%, indicating that the biosensor has satisfactory
selectivity for glycerol.
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Chemosensors 2022, 10, 258 10 of 12

The repeatability was also evaluated under the same conditions using five batches of
the GK/GPO/CHIT/TA/NPG/AuE biosensor in 0.1 M PB (pH 7.0) containing 20 mM ATP,
8 mM Fm, 8 mM MgCl2, and 1 mM glycerol. There is a low relative standard deviation
(RSD) value of 2.48% (Figure S5), reflecting a good repeatability for the prepared biosensor.

Furthermore, the long-term stability of the GK/GPO/CHIT/TA/NPG/AuE biosensor
was investigated by measuring the current response in 0.1 M PB (pH 7.0) containing 20 mM
ATP, 8 mM Fm, 8 mM MgCl2, and 1 mM glycerol. The response current of the as-prepared
biosensor decreases 3.28% after 8 days (Figure S6), suggesting its great long-term stability.
This may be attributed to the great biocompatibility of NPG, which can prevent the enzyme
on the surface of the modified electrode from inactivation or falling off.

3.6. Application of the Biosensor in Actual Food Samples

To further test the performance of the GK/GPO/CHIT/TA/NPG/AuE biosensor in
practical application, two dry wines (one red and one white) were purchased from the
local supermarket and analyzed using the standard addition method. Taking into account
the fact that the glycerol level in wines is far higher than the determination range of the
biosensor, dilution of the samples was necessary. Then, glycerol standard solutions of
two different concentrations (0.5 and 1 mM) were added into the diluted wine samples
and measured by CV method. The results are showed in Table 2. It can be found from
Table 2 that the original glycerol concentration in red wine is higher than that in white
wine, which attributes to the higher fermentation temperature of the production process of
wine [5]. The recoveries range is from 100.49% to 105.07% for the two samples, and RSD
(n = 3) is lower than 4.14% for red wine and 3.33% for white wine. Thus, the as-prepared
biosensor is reliable and can be applied for sensitive and rapid glycerol determination in
actual food samples.

Table 2. Recovery for determination of glycerol in wines.

Samples Original (mM) Added (mM) Detected (mM) Recovery (%) RSD (%)

Red wine 0.74
0.5 1.27 102.76 4.14
1 1.75 101.03 1.65

White wine 0.41
0.5 0.96 105.07 2.06
1 1.42 100.49 3.33

4. Conclusions

In summary, a novel glycerol biosensor based on chitosan- and thioctic-acid-modified
nanoporous gold co-immobilization GK and GPO was successfully fabricated. The NPG
prepared by DBHT had a porous microstructure, large specific surface area, and high con-
ductivity. This work improved the catalytic performance and stability of enzyme-modified
electrodes by chitosan embedding and thioctic-acid-modified nanoporous gold covalent
bonding. The superior conductivity of NPG can enhance the electron transfer in the modi-
fied electrode, and the porous microstructure of NPG is beneficial to immobilize the GK
and GPO, which can effectively protect the enzyme against inactivation and denaturation.
The resulting GK/GPO/CHIT/TA/NPG/AuE biosensor exhibits a relatively wide linear
range, high sensitivity, and low determination limit and great selectivity, repeatability, and
stability. It can be applied for the determination of glycerol in real samples. Additionally,
the biosensor holds great point-of-care application potential in environmental monitoring,
public health, and food safety.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors10070258/s1, Figure S1: SEM images of NPG
electrodeposited at (a) −1, (b) −2, (c) −3 and (d) −4 V for 50 s; Figure S2: SEM images of NPG elec-
trodeposited at −4 V for (a) 10, (b) 30, (c) 50, (d) 70 and (e) 90 s; Figure S3: Effect of several variables
on the response current of the GK/GPO/CHIT/TA/NPG/AuE biosensor: (a) TA self-assembled
time, (b) the concentration of CHIT, (c) the concentration of GK/GPO, (d) the concentration of ATP,
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(e) the concentration of Fm, (f) the concentration of MgCl2 and (g) pH; Figure S4: (a) CV response of
the GK/GPO/CHIT/TA/NPG/AuE biosensor measured in 0.1 M PB (pH 7.0) containing 20 mM
ATP, 8 mM Fm, 8 mM MgCl2 and 1 mM glycerol at different scan rates (25~200 mV·s−1), and (b) cor-
responding linear relationship between anodic peak current and scan rate; Figure S5: Repeatability of
the GK/GPO/CHIT/TA/NPG/AuE modified electrode in 0.1 M PB (pH 7.0) containing 20 mM ATP,
8 mM Fm, 8 mM MgCl2 and 1 mM glycerol at a scan rate of 50 mV·s−1; Figure S6: Storage stability of
the GK/GPO/CHIT/TA/NPG/AuE modified electrode in 0.1 M PB (pH 7.0) containing 20 mM ATP,
8 mM Fm, 8 mM MgCl2 and 1 mM glycerol at a scan rate of 50 mV·s−1.
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