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ABSTRACT: Glucose oxidase (GOx) activity assays are vital for various
applications, including glucose metabolism estimation and fungal testing. However,
conventional methods involve time-consuming and complex procedures. In this
study, we present a colorimetric platform for in situ GOx activity measurement
utilizing redox-sensitive electrochromic nanoparticles based on polyaniline (PAni).
The glucose-adsorbed colorimetric paper sensor, herein termed Glu@CPS, is
created by immobilizing ferrocene and glucose onto paper substrates that have
been functionalized with PAni nanoparticles. Glu@CPS not only demonstrated
rapid detection (within 5 min) but also exhibited remarkable selectivity for GOx
and a limit of detection as low as 1.25 μM. Moreover, Glu@CPS demonstrated
consistent accuracy in the measurement of GOx activity, exhibiting no deviations
even after being stored at ambient temperature for a duration of one month. To
further corroborate the effectiveness of this method, we applied Glu@CPS in the
detection of GOx activity in a moldy red wine. The results highlight the promising potential of Glu@CPS as a convenient and
precise platform for GOx activity measurement in diverse applications including food quality control, environmental monitoring, and
early detection of fungal contamination.

■ INTRODUCTION
Glucose (Glu) is a vital component of human physiological
fluids, with elevated concentrations posing a significant threat
to health through the potential onset of diabetes.1 Con-
sequently, a variety of biosensors for glucose measurement
have been developed.2−5 Among these, glucose oxidase (GOx),
produced by fungi such as Aspergillus niger, has emerged as a
primary enzyme in biosensors for glucose detection.6−8 GOx
not only catalyzes the oxidation of glucose into hydrogen
peroxide and d-glucono-δ-lactone but also possesses unique
characteristics such as specific activity, thermal stability, pH
tolerance, and substrate specificity.9−14 These attributes have
led to widespread utilization and growing interest in GOx
across various industrial sectors, including food, clinical
diagnostics, and biotechnology. Concurrently, research utiliz-
ing GOx is actively progressing. Particularly in the food
processing, cosmetics, and pharmaceutical industries, monitor-
ing GOx activity for rapid detection of fungal contamination
has become a research focus.15−20 This approach is crucial not
only for ensuring food safety and quality but also for
maintaining product integrity within these industries.21,22

Traditional methods for GOx activity detection, such as
spectrophotometry, chromatography-based techniques, and
electrochemical analysis, yield valuable insights but require
specialized equipment, extensive expertise, and considerable
processing time.23−27 Additionally, these assays lack the

convenience and accessibility required for in situ detection,
making them unsuitable for rapid, real-time monitoring of GOx
activity. Rapid detection of GOx activity is becoming
increasingly important in diverse fields such as medical care,
environmental monitoring, food safety, and industrial process
control.28−32 Real-time detection of biological substances,
including GOx, is also vital for situations that demand
immediate responsiveness.33,34 A representative example of
on-site detection is the colorimetric paper sensor (CPS),
characterized by its lightweight, low cost, and ease of use.35−37

It affords the advantage of simplicity, obviating the need for
complicated equipment or expertise.36,38 The CPS allows for
intuitive interpretation of results through color changes,
thereby enabling rapid analysis.

The key factors for the development of a CPS suitable for
on-site detection are ease of use, short response time, and cost-
effectiveness.39 To fulfill these criteria, it is essential to fabricate
a CPS by using appropriate materials. Polyaniline (PAni) is a
material that has recently gained attention as one of the
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electroactive polymers due to its unique properties, including
electrical, optical, and environmental stability.40,41 PAni has
numerous applications, especially in sensor technology.42−47

One primary reason is its redox properties, which lead to color
changes during electrochemical reactions.48 Specifically, PAni
nanoparticles (NPs) exhibit distinct color changes when
exposed to various pH levels. Under acidic conditions, they
appear green, indicating their emeraldine salt form. As the pH
shifts toward neutral and basic, they transition to blue,
reflecting their emeraldine base form. This electrochromic
characteristic makes PAni highly effective in detecting the
presence and concentration of specific chemicals or biological
substances in colorimetric sensors. Thus, PAni emerges as an
ideal material for the rapid on-site detection of crucial
substances, such as GOx. Furthermore, ferrocene is another
ideal material for the rapid detection of GOx.49 It comprises
two cyclopentadienyl rings bound to a central iron atom in a
“sandwich” configuration. Ferrocene has been extensively
studied and utilized in the fields of chemistry and electro-
chemistry because of its redox properties, which remain
relatively unaffected by external factors such as pH and
temperature.50 These stable redox properties make ferrocene
suitable for various applications, including batteries, fuel cells,
sensors, and catalysts.51−54

In this study, we developed a glucose-adsorbed CPS (Glu@
CPS) functionalized with pH-dependent electrochromic PAni
NPs and a redox mediator (i.e., ferrocene) for effective GOx
detection. This colorimetric sensor enables rapid analysis of
the range of GOx activity in less than 5 min and exhibits a limit
of detection (LOD) of 1.25 μM GOx. This innovative
approach overcomes the constraints of existing methods,
offering a simple and rapid in situ detection system that is apt
for scenarios that require immediate GOx activity assessment,
such as fungal detection. As a proof-of-concept study, we
demonstrated its feasibility in real-world applications by testing
the presence of GOx in spoiled red wine. As a result, our
assessment is that Glu@CPS presents significant potential as
an important tool in a variety of fields in which rapid detection
is paramount.

■ MATERIALS AND METHODS
Materials. Aniline, pectin (Pec), hydrochloric acid (HCl),

ammonium persulfate (APS), Whatman 41 filter paper, D-
(+)-glucose (Glu), GOx from A. niger, ferrocene, phosphate-
buffered saline (PBS), ethyl alcohol, fructose (Fru), maltose
(Mal), lactose (Lac), sucrose (Suc), lipase, pepsin, pectolyase
from Aspergillus japonicus, lactate oxidase (LOx), and α-
glucosidase were purchased from Sigma-Aldrich (Burlington,
MA, USA). Red wine (Alpace, Chile) was purchased from a
local grocery store in South Korea.
Synthesis of Polyaniline Nanoparticles. First, a 60 mL

aniline-Pec solution was prepared using 1.8 g of Pec, 9 mL of
HCl (11 N), and 0.9 g of aniline in pure water. Next, the
aniline-Pec solution was incubated at 60 °C for 10 min to
dissolve Pec. Then, a 25 mL APS solution containing 2.3 g of
APS in pure water was added dropwise to the aniline-Pec
solution, and the mixture was stirred continuously for 4 h to
synthesize PAni NPs. The resulting PAni NPs were
precipitated via 1:1 ethanol−water (500 mL) filtration and
subsequently washed with 1:1 ethanol−water (500 mL).
Finally, PAni NPs were redispersed by ultrasonication for 5
min. X-ray diffraction (XRD, D8 advance, Bruker, Germany)
patterns of the samples were recorded from 2θ 10 to 60° at the
step of 0.1 s/step using monochromatic Cu Kα radiation at a
40 kV excitation voltage and a 40 mA tube current (Figure
S1a). FTIR characterization of the PAni NPs was carried out
using a Nicolet FTIR spectrometer (Thermo Fisher Scientific
Inc., USA) (Figure S1b). The morphology of the PAni NPs
sample was analyzed by scanning electron microscopy (JSM-
6701F, Jeol, Japan) (Figure S1c). High-resolution SEM images
were obtained at a high voltage (10 kV). The Au layer (∼5 nm
in thickness) was coated onto each paper using a sputter coater
(108 auto, Cressington Scientific Instruments Inc., UK).
Fabrication of the Glu-Adsorbed CPS. A CPS was

fabricated by adsorbing PAni NPs onto Whatman 41 filter
paper. The filter paper was dipped in PAni NPs solution (20
mg/mL) and completely dried for 2 h. The soaking and drying
steps were repeated five times. The CPS was cut into circles (6
mm in diameter) and placed in PBS (pH = 7.4) before use.
Subsequently, Glu@CPS was fabricated as follows. Specifically,
10 μL of Glu solution (40 mg/mL) was dropped onto the
center of the CPS. After completely drying, 10 μL of ferrocene

Figure 1. Schematic diagrams of the (a) fabrication procedure of Glu@CPS, (b) color change of Glu@CPS and molecular structure change of
PAni according to the enzymatic reaction, and (c) comparison of before and after G/B data of Glu@CPS in the absence and presence of GOx.
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solution (4.5 mg/mL) was dropped (Figure 1a). Glu@CPS
was used after it was completely dry.
GOx Detection Using Glu@CPS. GOx solutions were

prepared at various concentrations (0.00, 0.01, 0.05, 0.10, 1.00,
5.00, and 10.00 mg/mL) to evaluate the sensitivity and
response range of Glu@CPS to GOx. For each concentration,
an adequate amount (10 μL) of GOx solution was dropped
onto the center of Glu@CPS, and the color change of Glu@
CPS was monitored for 5 min (Figure S2). The color of Glu@
CPS changes from blue to green in the presence of GOx in the
solution, which is related to the pH-sensitive behavior of the
PAni NPs. As detailed in Figure 1b, the PAni NPs undergo a
distinct color transition in response to changes in the hydrogen
ion concentration. Specifically, at lower pH levels (higher
hydrogen ion concentration), the NPs exhibit a green hue,
indicating the protonated emeraldine salt form of PAni.
Conversely, at higher pH levels (lower hydrogen ion
concentration), the color shifts to blue, representing the
deprotonated emeraldine base form of PAni. Therefore, the
colorimetric change in Glu@CPS is a direct response to the
enzymatic reaction involving GOx, which alters the local pH
and consequently triggers the observable color change in the
PAni NPs. These colorimetric responses were analyzed visually
and quantitatively using the colorimetric analysis tool
(ImageJ).
Glu@CPS Selectivity Test. To evaluate the selectivity

performance of Glu@CPS, the sensor was tested against
various well-known enzymes including lipase, pepsin, pecto-
lyase, and LOx. Each enzyme solution was prepared at the
same concentration (40 mg/mL), and these solutions were
then dropped onto the center of Glu@CPS. Following this, the
colorimetric response of Glu@CPS to the enzyme solution was
monitored.
Darkroom Setup and Data Analysis. Accurate analysis

of paper sensors such as Glu@CPS demands a uniform
environment that allows controlled manipulation of parameters
such as the light source, angle, and shooting equipment. To
this end, a custom-designed darkroom was constructed for the
uniform and accurate analysis of the CPS. The darkroom is
equipped with an internal light source featuring precise
brightness control to ensure consistency in results. Further-
more, for optimal CPS analysis, we compared the degree of
color change according to the number of light sources and the
floor color (Figure S3). Next, CPS shooting was performed
within the darkroom using a smartphone (Samsung Galaxy S22
Ultra). The red−green−blue (RGB) values of the captured
images and videos were extracted using ImageJ software,
followed by an analysis based on the ratio of green/blue (G/B)
within the RGB data. A subsequent increase in the G/B value
was found to correlate with both the presence and
concentration of GOx (Figure 1c). To further enhance the
accuracy of CPS analysis, mean values for G and B were
quantified within a precisely defined circular area of 6 mm in
diameter (380 pixels; Figure S4).
Application in Real Samples. The purchased wine was

refrigerated (4 °C) prior to usage. The wine was diluted with
PBS to a concentration of 10%. To induce fungal growth and
generate moldy wine, 1 mL of the wine was placed in a
microtube and incubated at 23 °C for 2 weeks. The presence of
fungi in the wine was confirmed by the appearance of black
clusters on the surface of the solution.

■ RESULTS AND DISCUSSION
Characterization of Glu@CPS. Figure S1a shows the

XRD pattern of the PAni NPs. The diffractogram of PAni NPs
displayed small humps around 2θ = 25°, with a corresponding
d spacing of 3.41 Å, indicating the periodicity perpendicular to
the polymer chain of PAni NPs.55 Next, we observed the FTIR
spectra of PAni NPs. In Figure S1b, the characteristic peaks at
1585 and 1495 cm−1 were related to the quinonoid and
benzenoid structures, respectively.56 The bands at 1290 cm−1

were assigned to the C−N stretching of the secondary
aromatic amine, consistent with the previously known FTIR
spectrum of PAni NPs.57 Furthermore, the morphology of the
PAni NPs was analyzed using SEM (Figure S1c).44

Principle of Glu@CPS. The scheme for detecting GOx in
solution using Glu@CPS is illustrated in Figure 1b. In this
protocol, GOx in solution is detected by Glu@CPS. When
GOx is present in the solution, it encounters Glu adsorbed on
Glu@CPS and undergoes a reduction to produce glucono-
lactone and hydrogen peroxide (eq 1, Figure S5). This
hydrogen peroxide then spontaneously dissociates to generate
hydrogen ions (eq 2). After this reaction, reduced GOx can
react with another molecule, ferrocene, which is also adsorbed
on Glu@CPS (Figure S6). During this process, the reduced
GOx interacts with ferrocene and is oxidized, leading to the
generation of hydrogen ions (eq 3).58,59

+
+ +

Glucose GOx/FAD

gluconolactone GOx/FADH H O2 2 2 (1)

+ + +H O 2e O 2H2 2 2 (2)

+

+ + +

GOx/FADH 2ferrocene

GOx/FAD 2ferrocene 2H

2 (ox)

(red) (3)

This reaction induces a structural change in the chemistry of
PAni NPs adsorbed onto Glu@CPS, resulting in a color
transition from blue to green. This transformation can be
analyzed either visually or with colorimetric analysis tools. In
the absence of GOx or when GOx is inactivated (i.e.,
denatured), the reduced form of GOx is not generated, thus
preventing any electrochromic reaction (Figure S7). We have
monitored the detection of GOx using Glu@CPS. As depicted
in Figure 1c, upon the addition of a drop of GOx solution,
there is an increase in the G/B value shift, signifying the
presence of GOx.
Optimization of Glu@CPS Performance Conditions.

Previous studies have reported various biosensors for detecting
Glu using redox reactions with GOx.5,44 However, in contrast,
measuring GOx using Glu and other sugars has been rarely
reported.60,61 Herein, we tested which saccharides could
efficiently recognize GOx. First, Glu@CPS, Fru@CPS, Mal@
CPS, Lac@CPS, and Suc@CPS were prepared by coating the
CPS with various saccharides, such as Glu, Fru, Mal, Lac, and
Suc (Figure S8). The concentration of each saccharide solution
was 40 mg/mL. Next, to check whether the saccharide-coated
CPS could detect GOx, 10 μL of GOx (10 mg/mL) was
dropped onto the center of each CPS. As a result, only the G/
B value of Glu@CPS showed a significant increase (i.e., from
blue to green), while the other G/B values did not change (i.e.,
from blue to blue). Specifically, the G/B shift values of Glu@
CPS, Fru@CPS, Mal@CPS, Lac@CPS, and Suc@CPS were
0.47 ± 0.04, 0.00 ± 0.01, 0.00 ± 0.00, −0.01 ± 0.01, and 0.00
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± 0.01, respectively. To ensure consistent analysis across
various saccharide-coated CPSs, the G/B shift values were
normalized by using the largest shift observed in Glu@CPS as
the reference point, which was set at 100%. Consequently, the
other saccharide-coated CPS resulted in the following
normalized values: 0.23 ± 1.66% for Fru, −0.14 ± 0.88% for
Mal, −0.96 ± 1.43% for Lac, and 0.87 ± 1.29% for Suc (Figure
2a), affirming Glu’s suitability for GOx detection.

Also, we optimized the fabrication process of Glu@CPS. In
our previous study, we found that when fabricating a CPS, the
order of adsorbed materials affects the sensor’s performance.44

Therefore, an additional process was carried out under three
conditions (only Glu without ferrocene, ferrocene after Glu,
and Glu after ferrocene) on the CPS. Following the addition of
the GOx solution onto the three different conditions, the G/B

values of each Glu@CPS after 5 min were 0.92 ± 0.01, 1.21 ±
0.01, and 0.97 ± 0.02, respectively (Figure S9). Interestingly,
the Glu@CPS that adsorbed ferrocene after Glu adsorption
exhibited the most favorable performance. The specific
ordering between Glu and ferrocene appears to regulate the
redox reaction, resulting in a more pronounced color change. A
leading hypothesis is that Glu facilitates ferrocene in the
process of electrostatic binding to the CPS. In other words, the
additional adsorption of ferrocene occurs smoothly in Glu@
CPS.

Next, Glu concentration optimization was conducted to
fabricate optimal Glu@CPS. Various Glu concentrations (0−
100 mg/mL) were coated on the CPS, and GOx solution (10
μL, 10 mg/mL) was dropped to obtain a G/B shift. As shown
in Figure 2b, the G/B shift of Glu@CPS increased with

Figure 2. Optimization of Glu on Glu@CPS. (a) Selectivity test of GOx with response to various saccharides. (b) Photographs and the G/B shift
for GOx detection through Glu@CPS with different concentrations of Glu solutions.

Figure 3. (a) CPS photos and (b) heatmap according to the Glu concentration and reaction time. (c) GOx kinetics analysis using Glu@CPS. The
kinetics data were analyzed via video every 30 s, with a GOx concentration of 10 mg/mL. The average time constant was calculated by averaging
the time constants of the curves for each Glu concentration (0−4016.31 mg/mL; see Figure S10). (d) Double reciprocal plot of the G/B value and
Glu concentration from (c) and Figure S11 (Km = 0.9 μM ± 1.62 and Vmax = 1.2 μM min−1 ± 0.1).
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increasing Glu concentration. More specifically, at a given
reaction time (5 min), the G/B value increased in correlation
with the Glu concentration ranging from 1 to 40 mg/mL and
reached saturation at higher concentrations (>40 mg/mL).
Hence, the optimal Glu@CPS was produced using a Glu
concentration of 40 mg/mL.

To assess the feasibility of Glu@CPS-based GOx kinetics
analysis, we designed a 5-by-5 matrix analysis encompassing
five distinct Glu concentrations (0, 1, 5, 20, and 40 mg/mL)
spanning five different reaction durations (0, 5, 10, 15, and 20
min), as depicted in Figure 3a. We confirmed that the color of
the CPS changed more prominently as the adsorbed Glu
concentration increased, in line with the findings in Figure 2b.
However, intriguingly, the alteration in the CPS color did not
directly correlate with the increment in the color change over
time. For a comprehensive examination, the G/B values of the
CPS in Figure 3a were subjected to heatmap plot analysis
(Figure 3b). As a result, the degree of color change did not
intensify with longer time intervals; instead, the most
significant color change occurred at 10 min, followed by a
subsequent decline. This phenomenon can be attributed to the
interplay between the redox reaction and water evaporation on
the CPS surface. More specifically, as the CPS gradually dries
and the solution’s concentration undergoes changes, both
molecular diffusion and redox reactivity consequently diminish.

To thoroughly examine the phenomenon, we analyzed the
kinetics by monitoring every 30 s for a duration of 20 min
(Figure 3c). For each Glu concentration, a kinetics curve was
acquired, showing a tendency quite similar to the heatmap plot
(Figure 3b). The initial slope and final steady-state values in
Figure 3c increase depending on the Glu concentration. The

optimal GOx detection time was calculated by the saturation
point (time constant, τ) in the kinetic curves (Figure S10a).62

The saturation time point for each concentration (1, 5, 20, and
40 mg/mL) was 3.00, 3.84, 7.60, and 6.33 min, respectively.
Based on this result, the Glu@CPS-based GOx analysis time
was set to an average time constant of 5 min (Figure S10b).

For further enzymatic kinetics analysis, we considered the
Michaelis−Menten model (Figure S10).63,64 The initial
reaction rate (Vo) is usually characterized as the mass of
product formed per unit time during the initial phase of the
conversion of the substrate to the product. For Glu@CPS, the
amount of the product is proportional to the G/B value. Vo
was obtained by a linear fit of the initial phase of the curve
depicted in Figure 3c. A nonlinear least-squares fit of Vo to the
concentration of the substrate (Glu) yields a value of 1.2 μM
min−1 for the maximum reaction rate (Vmax), 0.9 μM for the
Michaelis−Menten constant (Km), and 114.7 s−1 for the
turnover number (kcat). According to the literature, the Vmax,
Km, and kcat values for the GOx−Glu reaction are reported as
37.8 μM min−1, 4.87 mM, and 9.71 s−1, respectively.65 This
discrepancy arises from the presence of ferrocene adsorbed on
Glu@CPS, which enhances the enzymatic reaction of GOx. To
facilitate an intuitive comprehension of nonlinear kinetic data,
the Lineweaver−Burk plot was utilized,66 and similar
parameter values were obtained (Figures 3d and S10).
Quantitative Detection of GOx Using Glu@CPS. A

GOx assay was performed to evaluate the ability of Glu@CPS
to detect GOx. Before the GOx assay, we needed to know
about the color characteristics of GOx. The color of GOx is
either white or yellow, and yellow powder extracted from A.
niger is generally used. Thus, depending on the concentration,

Figure 4. Quantitative Detection of GOx. (a) Photographs and the G/B shift of the CPS without Glu according to the GOx concentration. (b)
Photographs and the GOx assay using Glu@CPS. (c) Exponential curve of G/B against the GOx level. (d) Semilog plot showing the sigmoid
relationship between the G/B values and GOx concentration from (c), including sensitivity, LOD, and dynamic range. LOD was calculated by yLOD
= y̅blank + 3σblank. Each data point represents measurements taken in triplicate.
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the color of the GOx solution changes from light yellow to
yellow (Figure S12). As our Glu@CPS biosensor relies on
color, we explored if variations in the GOx solution color could
affect the CPS background color and potentially lead to
inaccurate outcomes. Excluding the color change from the Glu-
GOx enzymatic reaction, we use the CPS to observe the color
change according to the GOx concentration. Figure 4a displays
the G/B shift amounts for different GOx concentrations
(ranging from 0 to 10 mg/mL). The CPS color without Glu
remained consistent across GOx concentrations, with minimal
G/B shifts, indicating no impact from the GOx color.
Moreover, we assessed Glu@CPS’s capability toward GOx
(ranging from 0 to 10 mg/mL). The G/B value of Glu@CPS
rapidly increased, as depicted in Figure 4b,c, exhibiting a strong
correlation (R2 = 0.987) with the concentration of GOx. Using
a semilogarithmic plot (Figure 4d), we determined the
performance metrics of Glu@CPS in terms of sensitivity,
LOD, and dynamic range,67 yielding results of 0.4 (mg/mL)−1,
0.19 mg/mL (1.25 μM), and a GOx range of 0.3−6.5 mg/mL,
respectively. The performance of Glu@CPS is comparable
with that of other GOx detection methods and is summarized
in Table S1.
Selectivity and Stability of Glu@CPS. We performed a

selectivity and stability performance analysis of Glu@CPS. The
selectivity of Glu@CPS to GOx was investigated by testing
with various enzymes (lipase, pepsin, pectolyase, and LOx).
The proposed enzymes, commonly used in the food industry,

were selected based on their potential copresence in the food
to be detected. As shown in Figure 5a, a distinct color change
(i.e., blue to green) was only observed in GOx, whereas other
enzymes exerted no influence on the Glu@CPS color change
(G/B shift). The G/B shifts of Glu@CPS reacted with lipase,
pepsin, pectolyase, LOx, and α-glucosidase were 0.00 ± 0.02,
0.01 ± 0.01, 0.01 ± 0.01, −0.02 ± 0.02, and −0.02 ± 0.00,
respectively. This showed insignificant color changes of −0.45
± 3.51%, 2.12 ± 2.92%, 1.95 ± 2.73%, −3.23 ± 3.67%, and
1.21 ± 2.52% compared to those of the G/B shift when reacted
with GOx. These results demonstrated that the proposed
Glu@CPS shows excellent selectivity for GOx detection.
Subsequently, to evaluate the stability of Glu@CPS, the sensor
was stored in a dry state at 23 °C for different durations (1, 3,
7, 14, and 30 days). For each Glu@CPS, 10 μL of GOx
solution (10 mg/mL) was dropped onto the center, and the
color change of Glu@CPS was monitored at 5 min (Figure
5b). The G/B values of Glu@CPS reacted for varying
durations were 1.29 ± 0.05, 1.25 ± 0.03, 1.21 ± 0.08, 1.22
± 0.01, and 1.20 ± 0.02, respectively. Surprisingly, the
performance of Glu@CPS stored for a month showed minimal
change in comparison to Glu@CPS stored for only 1 day. This
can be attributed to the absence of easily denatured biological
elements (such as proteins) in the produced Glu@CPS. In
addition, the stability of the sensor was measured over long-
term storage (14 days) at various temperatures (4, 23, and 60
°C), relative humidities (20, 30, and 50%), and pH conditions

Figure 5. (a) Selectivity assessment of Glu@CPS involving GOx and other enzymes, such as lipase, pepsin, pectolyase, LOx, and α-glucosidase, and
(b) long-term stability evaluation of Glu@CPS.

Figure 6. (a) Schematic illustration of fungi in liquors. (b) G/B shift of the reaction with wine samples using Glu@CPS and the CPS.
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(pH 3, 7, and 9) (Figure S13). As a result, the performance of
Glu@CPS under each condition was 96.8, 96.6, 95.5, 94.0,
97.3, and 96.1%, respectively. This means that the stability of
Glu@CPS is excellent, even after long periods of time. In
essence, Glu@CPS can be stored at room temperature for a
prolonged duration, making it well-suited for on-site detection.
Quantification of GOx in Real Samples. To investigate

the practical utility of Glu@CPS, we attempted to detect GOx
in alcoholic beverages, where fungi are prone to form (Figure
6a). Wine samples were purchased from a local market and
diluted in 10% PBS. These samples were tested under various
conditions to evaluate the performance of Glu@CPS in wine
(Figure 6b). First, since wine has its own color (red), we tested
whether the color of wine affects the CPS. Upon reacting wine
with the CPS, the G/B shift was 0.00 ± 0.02, indicating a
minimal color change. Next, we checked the reaction of Glu@
CPS with three types of wine (pure, spiked, and moldy). The
spiked wine was supplemented with GOx at a concentration of
1 mg/mL, while the moldy wine was allowed to develop mold
by being stored at 23 °C for 2 weeks. For the pure wine, a
slight G/B shift (0.11 ± 0.00) was observed, likely due to the
minimal amount of GOx present. G/B shifts were 0.27 ± 0.01
and 0.44 ± 0.02 for spiked and moldy wines, respectively.
Surprisingly, for the spiked wines, the G/B shift was similar to
the result (G/B shift at 1 mg/mL GOx concentration)
observed in Figure 4b. Interesting results were also observed in
moldy wine with a G/B shift of approximately 0.44 ± 0.02.
The G/B shift of moldy wine can be calculated at about 5 mg/
mL of GOx. This indicates that GOx was secreted by the fungi
in the wine. This suggests that the proposed Glu@CPS is
capable of detecting GOx produced by fungi in actual samples.

■ CONCLUSIONS
In summary, we fabricated Glu@CPS, capable of selective and
rapid detection of GOx within 5 min. This was achieved by
adsorbing redox-sensitive NPs (i.e., PAni NPs), redox
mediators (ferrocene), and glucose (Glu) onto filter paper.
Glu@CPS can detect GOx concentrations as low as 1.25 μM
and exhibits a strong correlation at 0.3−6.5 mg/mL GOx.
Additionally, Glu@CPS demonstrated stability for one month
of storage at room temperature. It was also effective in
detecting the presence of GOx in moldy wine, thereby
illustrating its practical utility in real-world applications.
Certainly, additional research is required to conduct a broader
analysis of various beverages and foods. The Glu@CPS can
serve as a valuable on-site monitoring tool for GOx activity,
facilitating swift quantification of GOx in the food, cosmetics,
and pharmaceutical industries. We believe that by applying a
variety of adsorbed metabolites, not just glucose, this approach
will offer a new paradigm for the detection of pathogens (e.g.,
bacteria and fungi) through the identification of various
enzymes.
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