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Abstract: Nowadays, biosensors are gaining increasing interest in foods” and beverages’ quality
control, owing to their economic production, enhanced sensitivity, specificity, and faster analysis. In
particular, colorimetric biosensors can be combined with color recognition applications on smart-
phones for the detection of analytes, rendering the whole procedure more applicable in everyday
life. Herein, chitosan (CS) films were prepared with the deep eutectic solvent (DES) choline chlo-
ride/urea/glycerol (ChCl:U:Gly). Glucose oxidase (GOx), a widely utilized enzyme in quality control,
was immobilized within CS films through glutaraldehyde (GA), leading to the formation of CS/GOx
films. The optimized GOx concentration and DES content were determined for the films. Moreover,
the effect of the pH and temperature of the glucose oxidation reaction on the enzymatic activity of
GOx was studied. The structure, stability, and specificity of the CS/GOx films as well as the Km
values of free and immobilized GOx were also determined. Finally, the analytical performance of
the films was studied by using both a spectrophotometer and a color recognition application on a
smartphone. The results demonstrated that the films were highly accurate, specific to glucose, and
stable when stored at 4 °C for 4 weeks and when reused 10 times, without evident activity loss.
Furthermore, the films displayed a good linear response range (0.1-0.8 mM) and a good limit of
detection (LOD, 33 uM), thus being appropriate for the estimation of glucose concentration in real
samples through a smartphone application.

Keywords: chitosan films; glucose oxidase; deep eutectic solvent; glucose; colorimetric biosensors;
color recognition application

1. Introduction

Quality control in the food industry aims at the evaluation of food characteristics such
as flavor and texture before supplying food products to consumers [1]. More specifically,
investigating the sugar content of food and beverages is of great importance, since glucose
and other sugars are strongly correlated with food quality and human health [2-5]. So
far, conventional analytical methods, such as high-performance liquid chromatography
(HPLC) and gas chromatography (GC), have been utilized for glucose detection; however,
such methods are costly, time-consuming, and may be destructive [6,7]. Furthermore,
conventional analytical methods are laborious and require specialized equipment, which is
usually difficult to carry for on-site analyses and is operated by qualified personnel [8,9].

Lately, enzymatic biosensors have emerged as efficient analytical tools to assess food
quality [10]. In fact, the analyses are conducted by non-specialized personnel through
portable devices rapidly and cost-effectively, as well as sensitively and selectively, thanks
to the enzymatic recognition process [9]. Glucose oxidase (GOx or GOD) is the enzyme that
has been used for glucose monitoring in blood since 1962 [11], yet it is oftentimes applied
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for glucose biosensing due to its superior biocatalytic properties [12]. In detail, GOx is a
flavoprotein most commonly produced by Aspergillus niger, which can catalyze the oxida-
tion of its main substrate, glucose, to D-glucono-5-lactone and hydrogen peroxide (H,O,),
with the former finally converted to gluconic acid and the latter to water and oxygen [13].
Notably, the produced H,O, by GOx can be exploited by horseradish peroxidase (HRP) for
the oxidation of a colorimetric substrate, such as 2,2"-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS), 3,3’,5,5'-tetramethylbenzidine (TMB), or o-dianisidine, leading to the
formation of a colored product, which can be quantified spectroscopically; this is a useful
method for glucose analysis [14-17].

During the fabrication of biosensors, a critical point is the immobilization of the
biocatalysts [18]. Chitosan is a biopolymer widely used for this purpose owing to its
biocompatibility, biodegradability, non-toxicity, functional groups for enzyme immobiliza-
tion, and its ability to create films [19]. Regarding GOx biosensors and their application
in food samples, the biocatalyst has been immobilized on modified electrode surfaces in
the presence of chitosan either covalently or through entrapment of the enzyme within
a chitosan hydrogel [20-22]. However, to the best of our knowledge, there is a lack of
research on chitosan-based GOx biosensors other than electrochemical ones for glucose
determination in food products.

Colorimetric enzymatic sensors comprise an ideal alternative approach for analyte
monitoring, as they have a simple and sustainable method that does not require specialized
equipment and personnel [23]. The method is based on the detection of color change
as a result of the enzymatic reaction, which can be visually perceptible and measured
spectroscopically [24]. Recently, color recognition applications available on smartphones
and computers were proposed for the colorimetric analysis of glucose simply and on-site by
capturing an image of the colored system with a smartphone or an office scanner [25-28].

In the present work, a novel colorimetric glucose biosensor based on chitosan films was
constructed aiming to simplify the procedure of multiple sample analysis without the need
for specialized equipment. Firstly, a chitosan solution was mixed with the deep eutectic
solvent (DES) choline chloride/urea/glycerol (ChCl:U:Gly). Then, the aforementioned
mixture was mixed with GOx and glutaraldehyde, drop-cast on the wells of a well plate,
and dried for the covalent immobilization of the enzyme within the formed films. The
structural and biocatalytic characteristics of the developed system as well as its analytical
performance were studied. Finally, the biosensor was successfully applied to glucose
detection in beverages using a smartphone application. To the best of our knowledge, not
only is it the first report for enzyme immobilization in chitosan—-ChCl:U:Gly films, but
also for a colorimetric glucose biosensor based on such films for glucose determination in
beverages using a smartphone as a detector and a transducer.

2. Materials and Methods
2.1. Materials

Low-molecular-weight chitosan (>75% deacetylated), GOx by Aspergillus niger, HRP,
glucose, 2,2"-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS), and choline chloride
(>98%, ChCl) were purchased from Sigma-Aldrich (Saint Louis, MO, USA). Urea (>99%,
U) was obtained from Fluka (Charlotte, NC, USA). Glycerol (0.5% max water, Gly) and
glutaraldehyde (25%, GA) were bought from Fisher Scientific (Waltham, MA, USA).

2.2. Preparation of the DES ChCl:U:Gly

The DES ChCl:U:Gly was prepared by mixing appropriate amounts of choline chloride,
urea, and glycerol at a molar ratio of 1:1:1 [29]. The mixture was incubated at 80 °C and
underwent an intermediate vortex until a clear solution was obtained.

2.3. Preparation of Chitosan Films

A 1.5% w/v chitosan solution was prepared by dissolving 1.5 g of chitosan in 100 mL
of a 1% v/v aqueous acetic acid solution and incubating it overnight at 70 °C under



Biosensors 2024, 14, 299

30f18

constant stirring [29]. The solution was subsequently centrifuged at 9500 rpm for 15 min
and the insoluble particles were discarded. The chitosan solution was then mixed with
the ChCl:U:Gly solution in the concentration range of 0-5.68% v/v and incubated under
magnetic stirring for 1 h at room temperature for the complete homogenization of the
mixture. For the immobilization of GOx, the protocol of Yao et al. [30] was followed with
some adaptations, which was further combined with the concept of enzyme immobilization
on chitosan-coated well plates as in Elchinger et al. [31]. Firstly, the stock solutions of GOx
(0.25-2 mg/mL) and GA (2.5% v/v) were prepared by dissolving both in 50 mM phosphate
buffer, pH 7.0. Appropriate volumes of the GOx and GA stock solutions were mixed with
an appropriate volume of the chitosan-DES solution to reach the final concentrations of
0.025-0.2 mg/mL, 0.05% v/v, and 0-5% v/v for GOx, GA, and DES, respectively. For the
formation of the films, 250 uL of the solution was drop-cast on 96-well plates and dried at
30 °C. After, the formed films (CS/GOx) were rinsed with 50 mM phosphate buffer, pH
7.0, thrice. For the formation of blank CS films (without GOx), the same procedure was
followed, but a buffer solution was added instead of the GOx-containing one.

2.4. Structural Characterization of the Films

The structural characterization of the films was carried out using attenuated total
reflection (ATR). The films that were used for this experiment were neat CS films (0% v/v
DES) and CS-DES films (3% v/v DES) without GA and GOx (CS and CS-DES, respectively),
with GA and without GOx (CS-GA and CS-DES-GA, respectively), and with GA and GOx
(CS-GA-GOx and CS-DES-GA-GOx, respectively). The films were prepared by drop-casting
2.5 mL of the final film-forming solution to a 12-well plate with final concentrations of GOx
and GA equal to 0.1 mg/mL and 0.05% v/v, respectively. The samples were placed at the
ATR PRO ONE accessory of a Jasco FT/IR 4700 spectrometer (JASCO, Tokyo, Japan) and a
total of 64 scans at a resolution of 2 cm ! were recorded in the range of 400-4000 cm 1.

2.5. Optimization of CS/GOx Film Preparation

The assay for the measurement of the enzymatic activity of GOx is based on the
combination of two reactions [14,15] (Equations (1) and (2)). The first reaction is the
catalysis of glucose oxidation by GOx, which leads to the production of gluconic acid and
H,0,. In the second reaction, HRP catalyzes the oxidation of ABTS owing to the presence
of HyO,, resulting in the formation of ABTS*, a blue-green solution with absorbance
at 405 nm.

Glucose + O, SO Gluconic acid + Hy,O, (1)
ABTS + H,0, "8 ABTS* + H,0 )

For the selection of the optimized GOx concentration and DES content, the CS/GOx
films with GOx concentrations and DES content ranging between 0.025 and 0.2 mg/mL and
0 and 5% v/v, respectively, were studied. The CS/GOx and CS (blank) films were incubated
with 200 puL of the reaction solution, which consisted of glucose (0.25 mM), ABTS (0.5 mM),
and HRP (10 ug/mL), for 5 min at pH 7.0 and 30 °C. The solutions were then transferred
to the clean wells of an ELISA well plate and the absorbance of the solutions was read at
405 nm. The Beer-Lambert law was applied for the calculation of the produced ABTS*
concentration. One unit (1 U) of enzymatic activity is equal to the amount of the enzyme
that catalyzes the production of 1 nmol of ABTS" per minute under the above-described
reaction conditions. The experiment was conducted in triplicate.

2.6. Effect of pH and Temperature on the Enzymatic Activity of GOx

For the determination of the effect of the reaction pH on the enzymatic activity of free
GOx, the reaction solution contained glucose (0.25 mM), ABTS (0.5 mM), HRP (10 pg/mL),
and GOx (2.5 ug/mL) in a total volume of 200 pL, all prepared in 50 mM citrate phosphate
buffer pH 4.0 and 5.0; in 50 mM phosphate buffer pH 6.0, 7.0, and 8.0; and in 50 mM
Tris/HCl buffer pH 9.0. The reaction solution was incubated at 30 °C for 5 min and its
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absorbance was measured at 405 nm in 1 min intervals in an ELISA reader. The effect of
the reaction temperature on the enzymatic activity of free GOx was studied as indicated
previously, except for the pH, which was fixed at 7.0, and the temperature, which varied
between 30 and 50 °C. The relative activity was calculated for the different conditions by
defining the highest enzymatic activity as 100%.

The effect of the pH and temperature on the enzymatic activity of immobilized GOx
was investigated as described in Section 2.5. More specifically, the CS/GOx and CS (blank)
films were incubated with 200 pL of the reaction solution, namely glucose (0.25 mM), ABTS
(0.5 mM), and HRP (10 pg/mL). The films were incubated for 5 min at the appropriate pH
and temperature and the absorbance was measured at 405 nm at the end of the incubation
period after transferring the solutions to clean wells of an ELISA well plate. The experiment
was conducted in triplicate.

2.7. Kinetic Study of GOx

The kinetic study of free GOx was performed by mixing glucose (0.25-200 mM), ABTS
(2 mM), HRP (20 pg/mL), and GOx (0.5 ug/mL) in a total volume of 200 pL in 50 mM
phosphate buffer, pH 7.0. Each mixture was incubated at 30 °C for 5 min and its absorbance
was measured at 405 nm at regular time intervals.

The kinetic study of immobilized GOx was conducted by incubating the films with a
mixture of glucose (0.025-4 mM), ABTS (2 mM), and HRP (20 pg/mL) in a total volume of
200 pL in 50 mM phosphate buffer, pH 7.0. The films were incubated at 30 °C for 5 min and
their absorbance was finally measured at 405 nm. A Michaelis-Menten plot was created for
both forms of GOx and the Km values were obtained. The kinetic constants were calculated
using nonlinear regression analysis (EnzFitter, Biosoft, UK). The experiment was conducted
in triplicate.

2.8. Precision Evaluation and Storage Stability of Immobilized Gox

The precision of the CS/GOx films was investigated in terms of reusability (repeatabil-
ity) and reproducibility. The reusability of immobilized GOx was evaluated for 10 reaction
cycles by measuring the enzymatic activity of the biocatalytic system after 10 successive
incubations with the reaction solution consisting of glucose (0.25 mM), ABTS (0.5 mM), and
HRP (10 pg/mL) at pH 7.0 and 30 °C for 5 min. The remaining activity was calculated for
each cycle concerning the initial enzymatic activity, which was defined as 100%. After each
reuse cycle, the films were washed with the buffer solution thrice.

The reproducibility of the CS/GOx films was studied by incubating six different films
with the above-mentioned reaction solution under the same conditions. The results were
expressed as relative standard deviation (RSD).

The storage stability of the immobilized enzyme was studied during 4 weeks of storage
at 4 °C and room temperature (RT). Briefly, the initial enzymatic activity of immobilized
GOx was determined as described previously and was defined as 100%. Afterwards, the
films were stored at 4 °C and RT under dry conditions. Every week, a different triplet of
CS/GOx and blank films was used to determine the remaining enzymatic activity. All
experiments were conducted in triplicate.

2.9. Analytical Performance of the Biosensor through UV/Vis Spectroscopy

The efficiency of the constructed biosensor was assessed in terms of its linear range, the
limit of detection (LOD), the limit of quantification (LOQ), and specificity towards glucose.
The linear response range was determined by the plot of glucose concentration versus the
absorbance. The LOD and LOQ values were calculated using Equations (3) and (4) [32]:

LOD — 3.3><(7’ 3)
S
LOQZlOXU @)

S 7
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where 0 is the standard deviation of the response of the blank samples and S is the slope of
the calibration curve.

The specificity test of the immobilized GOx was performed by checking the ability of
various sugars to be used as alternative substrates. In essence, except for glucose, fructose,
maltose, and sucrose were used at the concentration of 1 mM. The reaction solution of the
sugar (1 mM), ABTS (2 mM), and HRP (20 pg/mL) was transferred to the CS/GOx films,
and after 5 min of incubation at 30 °C the absorbance was measured as described in the
previous paragraphs (Section 2.5). All experiments were conducted in triplicate.

2.10. Analytical Performance of the Biosensor through a Color Recognition Application

The linear range, LOD, and LOQ of the CS/GOx films were determined through a
color recognition application as well. In detail, photographs of the colored reacted solutions
in Sections 2.7 and 2.9 were captured after their removal from the film-containing wells and
their transport to clean ones. For this purpose, a smartphone (Xiaomi Redmi 9T, Xiaomi
Communications Co., Ltd., Beijing, China) was used as a camera and an analysis tool. The
distance between the phone and the samples was fixed at 20 cm, the color of the background
was white, and direct illumination was avoided to capture the images under the same light
conditions. The freely available application “Color Grab” was downloaded on the device
and utilized for the color analysis among the different samples. The Color Grab application
allows the user to detect colors from an image simply and quickly, providing information
on the most common color models. Moreover, real-time color measurement is feasible,
which is a useful feature of the application since color can be picked in real-time through the
phone’s camera without the need to have captured a photograph beforehand. Here, after
image acquisition, the color was picked from the images at the center of each sample and
far from glaring spots, and various color parameters were obtained. More specifically, the
“Value” parameter of the Hue, Saturation, Value (HSV) color space, which gives insight into
the brightness of the colors and can receive values between 0 and 100% [33], was selected
for the quantification of the results. The linear range of glucose was determined by plotting
the glucose concentrations with their corresponding values. The LOD and LOQ values
were calculated by Equations (3) and (4). The experiment was conducted in triplicate.

2.11. Determination of the Glucose Content in Real Samples through a Color Recognition Application

The glucose content in beverages was determined through a commercially available
biosensor (Contour next, ASCENSIA Diabetes Care) and the developed CS/GOx films.
Here, the real samples were apple juice, pineapple juice, mixed fruit juice (with 9 different
fruits), a lemon-lime soft drink with zero sugar, and soda water. Firstly, glucose solutions
of known concentrations were prepared and used to create a calibration curve, which
correlated the known glucose concentrations with the concentrations detected by the
commercial biosensor. Then, the apple juice, pineapple juice, and mixed fruit juice were
diluted appropriately with 50 mM phosphate buffer, pH 7.0, so their glucose content fell
into the measuring range of the commercial biosensor (10-600 mg/dL or 0.56-33.3 mM).
However, this step was not necessary for the lemon-lime soft drink with zero sugar
and soda water. First, the glucose content of the beverages was calculated by using the
commercial biosensor and the calibration curve of glucose. In order to calculate the glucose
content using the CS/GOx films, at least three CS/GOXx films as well as blank ones were
simultaneously incubated for 5 min at 30 °C and pH 7.0, with the following reaction
solutions: (i) glucose (0.1 mM), (ii) glucose (0.8 mM), and (iii) real sample (5 pL from 10x
diluted solution of apple juice or mixed fruit juice, 15 uL from 20x diluted solution of
pineapple juice, or 15 pL from the undiluted lemon-lime soft drink and soda water). The
above reaction solutions also contained ABTS (2 mM) and HRP (20 pg/mL) in a total
volume of 200 uL. At the end of the incubation period, the solutions were transferred
to the clean wells of an ELISA well plate to terminate the reaction and a photograph of
all the solutions was taken under the same light conditions. The selection of the glucose
concentrations, 0.1 and 0.8 mM, was because each represents the lowest and highest value
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of the linear response range towards glucose in the case of the color recognition application,
as will be discussed further in the Results section. The obtained images were imported
into the Color Grab application and the color was picked at the center of each solution.
The value parameters of 0.1 and 0.8 mM glucose solutions were used each time to create a
2-point calibration plot and its equation was used to calculate the unknown concentrations
of the beverages. The experiment was conducted in triplicate.

2.12. Spiking Study in a Real Sample through a Color Recognition Application

The accuracy of the proposed CS/GOx biosensing films was evaluated with the
spiking study. For this purpose, 4 CS/GOx films along with blank films were incubated
at pH 7.0 for 5 min at 30 °C with glucose (0.1 mM and 0.8 mM), pineapple juice (15 uL
from 20x diluted solution), and pineapple juice with a known added concentration of
glucose (0.2 mM). Accordingly, the same procedure was followed for the lemon-lime soft
drink with the difference that, instead of juice, 15 puL from the undiluted lemon-lime soft
drink was used as the sample and the same known concentration of glucose (0.2 mM) was
added. These reaction solutions also contained ABTS (2 mM) and HRP (20 pg/mL) in a
total volume of 200 pL. The procedure for image acquisition and analysis was the same as
that in Section 2.10. The recovery rate of spiked glucose was calculated using Equation (5).
The experiment was conducted in triplicate.

spiked sample result — unspiked sample result
0O == 1 0O
R(%) known spike added concentration x 100% ©)

3. Results

In the present study, a colorimetric glucose biosensor was developed by implement-
ing GOx within CS films (Figure 1). The DES ChCl:U:Gly was implemented in the film
preparation in order to improve its mechanical and physicochemical properties, acting as
a plasticizer, based on another report where the employment of U-based DES was stud-
ied [34]. GA was added not only to enhance the stability of the biocatalyst, but also to
exploit the possible crosslinking properties of U and GA [35]. The concentration of glucose
in the test samples could be determined by incubating the CS/GOx films with the test
solution, capturing photographs of the reacted solutions with a smartphone, and processing
the data with a smartphone application. To the best of our knowledge, this is the first time
that a chitosan smartphone-based GOx colorimetric biosensor has been developed and
applied in food glucose quantification.

Figure 1. CS/GOx films prepared in the wells of an 8-well ELISA strip (yellowish color): (a) top view
of the films; (b) side view of the films.

3.1. Structural Characterization of the Films

The structural properties of the CS films were characterized using ATR spectroscopy.
The spectra of neat chitosan films (0% v/v DES) with and without GA and GOx as well
as their DES-containing counterparts (3% v/v DES) were obtained and are presented in
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Figure 2. With regard to the neat chitosan film (Figure 2a), the polymer’s characteristic
bands are observed, as described elsewhere [29]. The characteristic bands of the saccharide
structure appear in the range 800-1150 cm 1 [30], referring to the C-C and C-O bonds [36],
with the band at 1152 cm~! corresponding to the C-O-C of the saccharide ring [37]. The
bands at 1320 cm ! (Amide III), 1378 cm !, and 1410 cm ! correspond to C-N stretching of
N-acetyl residues [38], acetamide groups, and carboxylate groups [36], respectively. Also,
the bands appearing at 1538 cm ™! (Amide IT) and 1634 cm~! (Amide ) are assigned to the
bending of the primary amine’s N-H bond and to the stretching vibration of the amide
group’s C=0 bond [36,39], while the broadband at 3000-3600 cm ™1 is attributed to the N-H
and O-H stretching vibrations [36].

500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000
T U T T T T T T T T T T T
104 |—— CS-GA-GOx] ] E—I l T T .
104 i
78
=
x 52
26
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78
X
o 52
26
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x 52
26
el " 1 L 1 n 1 n 1 I 1 1 1 " 4 L)1 N 1 N 1 N 1 N 1 N 1 N 1 N 4
500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000
-1 o
Wavenumber (cm) Wavenumber (cm™)
(a) (b)

Figure 2. ATR spectra of (a) CS neat films, CS-GA and CS-GA-GOx films; (b) CS neat films, CS films
with 3% v/v DES, and DES.

Focusing on the impact that GA and GOx had on the chemical structure of chitosan,
no significant changes were detected, which is in accordance with the results of another
study examining the interaction of GOx immobilized in a chitosan film [30]. Probably, the
concentration of GA that was used (0.05% v/v) was not enough to cause major changes in
the spectrum, contrary to the results of other studies [37,40,41] where a higher concentration
of GA was used and an increase in the intensity of a band around 1650-1660 cm ! (C=N
bond) occurred. However, herein, a small shift of the band at 1634 cm ™! to 1639 cm ™! is
observed in the CS-GA film that could probably be assigned to the formation of the C=N
bond between the amine groups of CS and carbonyl groups of GA, overlapping with the
band that is related to the vibration of the C=O bond. Analogous small shifts and overlaps
are also reported elsewhere [39], indicating the crosslinking of GA with CS. Furthermore,
when GOx was added, this shift disappeared and the band reappeared at 1633 cm ™! with
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slightly increased intensity, in comparison to the spectra of CS and CS-GA films. This
increase in the intensity of the Amide I band and the possible overlapping of the peaks of
C=0 and C=N vibrations could be attributed to the presence of GOx [30,42].

When DES is incorporated in the CS film, significant changes are observed in the IR
spectrum, which can be attributed to the presence of the DES (Figure 2b). Nevertheless,
the main bands of the CS structure are still detected, indicating that the polymeric core
still exists. It is noteworthy that a significant shift in the band at 1538 cm ™! to 1557 cm ™!
occurs and changes at the 3000-3600 cm ! region are observed, as similarly reported in
another study [34]; these are possibly attributed to the interaction between CS and DES.
No considerable changes were observed among CS-DES, CS-DES-GA, and CS-DES-GA-
GOx films (Figure S1), and thus, although the DES’s existence can be noticed in the DES-
containing films, it seems that its presence obstructs the detection of significant differences
between the unmodified and the GA-GOx modified CS films.

3.2. Optimization of CS/GOx Film Preparation

The preparation of the CS/GOx films was optimized in terms of GOx concentration
and DES content. Firstly, the effect of the initial GOx concentration was studied in the range
of 0.025-0.2 mg/mL in films containing 1% v/v DES. The enzymatic activity of the CS/GOx
films was determined over this range of GOx concentrations and the results are depicted in
Figure 3a. An increase in the GOx concentration from 0.025 mg/mL to 0.1 mg/mL led to a
pronounced increase in the enzymatic activity. A possible explanation is that by increasing
GOx concentrations more enzymatic molecules are immobilized and catalytically available.
Nevertheless, a less intense increase was noted in the range of 0.1-0.2 mg/mL. This could
be because at a certain point, the immobilization carrier becomes gradually saturated and
fewer GOx molecules are efficiently attached. The same trend was observed in the work of
Susanto et al. regarding the effect of the initial GOx concentration on the binding capacity
of the enzyme [40]. Considering the enzymatic activity of the biocatalyst and the cost of the
process, the GOx concentration was selected to be equal to 0.1 mg/mL.

N
o

1.8
1.6 1 #”ﬂttﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂlli 1.6
] /i 1.4
1.2 4 - 1.2
= £ 1
‘€ 1.0 £ 104
= <] g
o
E 0.8 E 0.8 1
= 0.6+ -] 0.6-_
0.4 0.4+
0.2 0.2
0.0
00 T T T T
0.00 0.05 0.10 0.15 0.20

[GOx] (mg/mL)

(a) (b)

Figure 3. Effect of (a) GOx concentration (0.025-0.2 mg/mL); (b) DES content (0-5%) in the enzymatic
activity (U) of the immobilized GOx.

DESs are green solvents that are formed by mixing one or more hydrogen bond donors
(e.g., U, Gly) and a hydrogen bond acceptor (e.g., ChCl) [29]. So far, various choline
chloride-based DESs have been used for the fabrication of chitosan films, due to their
plasticizing effect [34,43]. Here, the ChCL:U:Gly DES was investigated as a plasticizer.
Various amounts of the DES solution were mixed with the chitosan solution, leading to final
concentrations in the range of 1-5% v/v, and the enzymatic activity of GOx was measured
in each case (Figure 3b). As can be seen in Figure 3b, the highest enzymatic activity is



Biosensors 2024, 14, 299

9of 18

Relative activity (%)

120

observed at 0% DES, whereas about a 21-25% reduction is obtained in the presence of the
DES. However, the 3% v/v content of the DES was selected as the optimum, since a better
plasticizing effect was realized in that case, enabling the reusability of the films. Similarly,
the addition of the DES ChCI:U in a CS solution for the formation of CS films resulted in
more flexible films [34].

3.3. Optimization of Reaction Conditions

The effect of the reaction pH and temperature on GOx activity was also investigated
to optimize the bioprocess conditions and, thus, the biosensor efficiency. For the pH study,
buffer solutions with pH values in the range of 4.0-9.0 were studied for their effect on the
enzymatic activity of free and immobilized GOx. As shown in Figure 4a, the free biocatalyst
displays its highest activity at pH 7.0, with GOx activities for the rest of the tested pH
values being significantly lower. The immobilization of GOx resulted in enhanced relative
activity in the pH range of 6.0-8.0, while the relative activity for the other pH values was
significantly higher than that of free GOx. These results are in agreement with other reports
where it is claimed that enzyme immobilization offers a stabilizing effect over enzyme
activity [44—-46].
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Figure 4. Effect of (a) pH; (b) temperature (T) on the activity of free and immobilized GOx in
CS/GOx films.

The influence of the reaction temperature on GOx activity was examined in the range
of 30-50 °C (Figure 4b). Free GOx exhibited its lowest relative activity at 30 °C; however, at
35-50 °C its activity remained practically the same. On the contrary, the relative activity
of immobilized GOx increased drastically with increasing reaction temperatures from 30
to 50 °C. The same trend was observed for free and immobilized GOx in the study of
Haskell et al.; the relative activity of free GOx increased with increasing the temperature
from 30 to 35 °C, and the values of relative activity were very close at 35-45 °C, but at
50 °C declined intensively, while the relative activity of the immobilized enzyme increased
with increasing the temperature from 30 to 45 °C, but at higher temperatures it started to
decrease [44]. Moreover, Ates and I¢li observed the same trend for immobilized GOx as in
the present work; the relative activity increased with increasing temperatures and finally
started to decline at 55 °C [47]. This behavior could be the result of the creation of a favored
transition state of the enzyme-substrate complex at temperatures higher than 30 °C [48].
Considering the prerequisites of a sustainable bioanalytical method and in order to ensure
high enough activity and neutral conditions, the reaction of glucose oxidation was decided
to be conducted at pH 7.0 and 30 °C.
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3.4. Kinetic Studies of Free and Immobilized GOx

The Km value, a kinetic parameter indicative of the affinity of the enzyme towards
its substrate, was measured by incubating the free GOx and CS/GOx films with various
glucose concentrations. The Michaelis-Menten plot of the free and immobilized GOx is
presented in Figure 5. The Km value of free GOx was calculated to be 15.77 &+ 0.60 mM,
while that of immobilized GOx was 1.56 =+ 0.24 mM. Therefore, the immobilization of GOx
increased its affinity towards glucose by almost 10 times, possibly due to an improved
arrangement of GOx molecules and a better accessibility of the substrate to the active
site [15]. The Km value of free GOx has been reported to have various values in the range of
9-22 mM [15,48-51], which could be related to the existing differences between the assays.
It is worth noting that the Km values of immobilized GOx in the present study and in
the study of Yao et al., on which the fabrication of our film was based, were very close
(1.56 mM and 2 mM, respectively) [30]. Thus, the immobilization of GOx in the CS/GOx
films exerted a positive impact on its catalytic activity.
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Figure 5. Michaelis-Menten plot of (a) free GOx; (b) immobilized GOx in CS/GOx films.

3.5. Precision Evaluation and Storage Stability of Immobilized GOx

Some desired characteristics of biosensors are precision (reusability and reproducibil-
ity) and storage stability for long periods [42]. Therefore, the optimized biocatalytic system
of CS/GOx films was studied regarding these features. More specifically, the reusability of
CS/GOx films was measured for 10 consecutive cycles of glucose oxidation at 30 °C. The
results are depicted in Figure 6a with the remaining activity of the first cycle being defined
as 100%. Interestingly, during the 10th reaction cycle, the system practically retained all
its initial activity (99 4 1%). Similarly, the immobilization of GOx in magnetic cellulose
nanocrystals led to the maintenance of 100% of its initial activity during the 10th reaction
cycle [15]. However, in comparison to similar work, where GOx was immobilized on
polyphenol-coated multi-well plates, the biocatalyst retained about 30% of its initial activity
during the fifth cycle of operation [50]. The enhanced reusability of GOx in our study could
be attributed to the covalent linkage of GOx molecules within the chitosan matrix through
GA, which protected the enzyme molecules from detachment [52].

The reproducibility of CS/GOx films, that is, the similarity of the obtained results
by different films under the same reaction conditions, was evaluated through the RSD
value [42]. Here, the reproducibility of CS/GOx films was found to be good, since the
RSD value of six films was equal to 3.27%, which is acceptable as it is lower than 4% [22].
Correspondingly, in the study of Ang et al. the reproducibility was 9.46% for low-molecular-
weight chitosan films with covalently immobilized GOx [42], while in the study of Artigues
et al. the RSD was 2.5% for a biocatalytic system composed of immobilized GOx using a
chitosan hydrogel onto highly ordered titanium dioxide nanotube arrays [22].
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Figure 6. Evaluation of (a) reusability; (b) storage stability of immobilized GOx in the CS/GOx films
at 4 °C and room temperature (RT).

In addition, the CS/GOx films were tested for their storage stability. The remaining
activities of CS/GOx films, which were stored at 4 °C and RT during 4 weeks of storage,
are presented in Figure 6b with the remaining activity of the biocatalyst being defined
as 100% for the initial activity measurement (week 0). The CS/GOx films were proven
to be more stable when stored at 4 °C rather than RT, since in the former case GOx did
not lose any of its initial activity after 4 weeks of storage, while in the latter case, it lost
only 15% of its initial activity. These results further support the fact that immobilization
plays a significant role in the stabilization of enzymes. Notably, GOx immobilized in a
similar chitosan network matrix retained 90% and 62% of its initial activity after 2 weeks
and 2 months of storage at 4 °C under dry conditions, respectively [30]. In the study of Yee
et al., the remaining activity of GOx after the first week of storage at 4 °C dropped to 70%
and it remained constant for the following 3 weeks [15]. The storage stability of GOx at RT
was investigated in the study of Bai et al., where immobilized GOx retained approximately
43% of its original activity after 21 days of storage [51]. Nevertheless, encapsulated GOx in
a paper-based glucose sensor demonstrated high stability for up to 6 weeks of storage at
RT [53]. All in all, the proposed CS/GOx films could be considered as more sustainable
than the above-mentioned systems, as CS/GOx films combine both reusability and storage
stability, not only at 4 °C but also at RT. Thus, the developed films can be utilized with
high precision and stability in biosensing applications, features that increase the economic
viability of the system.

3.6. Specificity Study of Immobilized GOx

Specificity is a very important characteristic of biosensors, since in order to be applica-
ble in complex samples, they should respond only to the analyte of interest. The specificity
of CS/GOx films was tested by incubating distinct films with solutions of glucose, fructose,
maltose, and sucrose at concentrations of 1 mM. Figure 7 depicts the results of the specificity
study, expressed in units of relative activity (%), with the relative activity of GOx towards
glucose being defined as 100%. As can be seen from the graph, the developed CS/GOx
films were highly specific to glucose, as they displayed zero activity when fructose, maltose,
and sucrose were used instead of glucose. Hence, CS/GOx films can be utilized for the
specific detection of glucose.
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Figure 7. Specificity study of GOx in CS/GOx films towards glucose, fructose, maltose, and sucrose.

3.7. Analytical Performance of the Biosensor through UV /Vis Spectroscopy

Subsequently, the analytical performance of CS/GOx films was evaluated towards
glucose detection. For this purpose, the films were incubated with reaction solutions
containing glucose in the range of 0.009—4 mM. Right after the incubation period, the ab-
sorbance of the solutions was measured spectrophotometrically, and the glucose calibration
curve was created (Figure 8a). The linear response range towards glucose was determined
by the calibration curve and was found to be 0.009-0.1 mM. The LOD and LOQ were
also calculated and were equal to 2 and 7 puM, respectively. A comparison of the results
obtained in this work and in similar recent works of glucose colorimetric sensors based
on UV /Vis measurements is presented in Table 1. More specifically, the lower limit of the
glucose linear range and LOD in the present study are lower than those referred to in the
literature (Table 1), indicating that the developed CS/GOx films are capable of detecting
lower glucose concentrations. On the contrary, the upper limit of the linear range is not
as high as in other studies, which could be addressed by properly diluting the samples of
higher concentrations so their absorbance values fall into the linear range.
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Figure 8. Calibration curve of glucose using CS/GOx films determined by (a) UV/Vis; (b) color
recognition application.
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Table 1. Comparison of the analytical properties (linear range, LOD, LOQ and real sample)

of the CS/GOx films and other glucose colorimetric sensors in the literature based on UV/Vis

measurements.
Immobilization Support Lm(;;:l\ll{[e)mge LOD (uM) :1101\’% Real Sample Ref.
Magnetic cellulose nanocrystals 0.25-2.5 83 - - [15]
Polyamide microparticles 0.01-3.0 . 53'.7 - Human urine [54]
(in urine)
Electrospun blended
chitosan—poly(vinyl alcohol) 2.7-13.8 - - - [17]
nanofibers
Polyphenol-coated

multi-well plates 0.0244-6.25 - - Rat plasma [50]

95 (GOx) Red and white wine, pear juice,
Poly(ANI-co-AA) composite film 0.025-0.2 27.7 - fresh pomegranate juice, and [26]

(GOx-HRP) pharmaceutical product

CS films

Apple juice, pineapple juice,
0.009-0.1 2 7 mixed fruit juice, lemon-lime This work
soft drink, and soda water

3.8. Analytical Performance of the CS/GOx Films through a Color Recognition Application

The analytical performance of the CS/GOx films was also studied using a color recog-
nition application on a smartphone as an attempt to simplify the analysis procedure and
render it more applicable for everyday use. So far, various applications and color parame-
ters have been used to calculate analyte concentrations through colorimetric biosensors [55].
Here, the reaction solutions, whose absorbance was previously measured spectrophotomet-
rically, were photographed and the color parameters were extracted for the selected areas
of the images in the Color Grab application (Figure 9). Among the different obtained pa-
rameters, the Value parameter from the HSV color space was found to be more suitable for
the analysis in the present study. Thus, glucose concentration was plotted versus the value
parameter and a calibration curve was obtained as well (Figure 8b). In that case, the linear
response range towards glucose was 0.1-0.8 mM, the LOD was 33 uM, and the LOQ was
99 uM. Comparing these results with those previously obtained by a spectrophotometer, it
can be inferred that the LOD, the LOQ, and the lower and upper limits of the linear range
are higher when using the color recognition application. The same trend was observed
for the LOD based on the spectrophotometric analysis and the smartphone application
on poly(aniline-co-anthranilic acid) (ANI-co-AA) composite films, where either GOx or
a combination of GOx-HRP was immobilized [26] as well as on a cerium oxide-based
hypoxanthine biosensor [56]. It should be noted that several dilutions of the sample may
be required to obtain values in the linear range. Moreover, the LOD in our work and
others” with smartphone-based glucose analysis do not seem to differentiate to a great
extent (Table 2) [53,54], and in some cases, it appears to be lower in our approach [26,57].
Thus, the proposed colorimetric CS/GOXx films could be applied to the smartphone-based
determination of glucose content in real samples.
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Figure 9. Photograph of the user interface of the Color Grab application. Color pick of the reacted
solutions (left) and report of the color parameters (right). The “Value” parameter is highlighted with
a blue frame. Lines 1, 3, and 5: glucose solutions 0.05-1 mM after incubation with CS/GOx films;
lines 2, 4, and 6: respective blank solutions.

Table 2. Comparison of the analytical properties (linear range, LOD, LOQ, and color recognition
application) of the CS/GOx films and other glucose colorimetric sensors in the literature based on
color recognition applications on smartphones.

T g Linear Range LOQ ‘e A
Immobilization Support (mM) LOD (uM) (uM) Recognition Application Ref.
Filter paper 2.78-29.97 1370 - Self-developed [57]
Cuz(PO4)2-3H,0 hybrid 0.001-1 0.3 - Not specified [25]
microflowers
109 (GOx)
Poly(ANI-co-AA) composite film 0.025-0.2 494 - ColorLab [26]
(GOx-HRP)
Pluronic-based nanocarrier - 22 - Color Grab [53]
Polyamide microparticles 0.01-3.00 30.7 (in urine) - Photoshop [54]
CS films 0.1-0.8 33 99 Color Grab This work

3.9. Determination of Glucose Concentration in Real Samples Using the CS/GOx Films and the
Smartphone Color Recognition Application

Finally, the CS/GOx films were utilized to determine the glucose concentration in
apple juice, pineapple juice, mixed fruit juice, lemon-lime soft drink (0% sugar), and
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soda water. To this aim, different CS/GOx films were incubated with diluted or undiluted
samples of the beverages containing HRP and ABTS as well as two films that were incubated
with glucose solutions corresponding to the lower and upper limit of the linear response
range. The inclusion of the lower and upper limits was essential, since all the samples were
photographed simultaneously, and a two-point calibration curve was created to calculate
the glucose content of the beverages. It is important to mention that the photographs
were taken in different light conditions, in order to evaluate the effect of light on the final
results regarding the determination of glucose concentration in the solutions of unknown
concentration. Interestingly, when all the solutions were photographed under the same
conditions, the calculation of the glucose concentration of a solution with the smartphone
application was practically the same among the different light conditions. So, an advantage
of this setup is the ability to use it in real conditions, without the need for specific dark
boxes or lights.

Using the color recognition application, the initial concentration of glucose in apple
juice, pineapple juice, mixed fruit juice, lemon-lime soft drink, and soda water was cal-
culated and was found to be equal to 152.9, 93.4, 213.6, <0.1, and <0.1 mM, respectively
(Table 3). The results were verified by a commercial glucose biosensor. In detail, the glucose
concentration in apple juice, pineapple juice, mixed fruit juice, lemon-lime soft drink, and
soda water was determined with the commercial biosensor as 172.6, 108.0, 173.6, <0.6, and
<0.6 mM, respectively. Nevertheless, it should be noted that the commercial biosensor
itself may have an error in the measurements, since the accepted deviation for glucose
concentrations < 100 mg/dL (<5.55 mM) is &= 15 mg/dL (& 0.83 mM), whereas for glucose
concentrations > 100 mg/dL (5.55 mM) it is & 15%. Thus, the developed CS/GOx films
could be used effectively to estimate the glucose content in real samples by using the color
recognition application.

Table 3. Glucose concentration of apple juice, pineapple juice, mixed fruit juice, lemon-lime soft
drink, and soda water, determined by the CS/GOx films and the commercial biosensor.

[Glucose] (mM)

Sample CS/GOx Films Commercial Biosensor
Apple juice 1529 £ 3.4 172.6
Pineapple juice 93.4 4+ 1.7 108.0
Mixed fruit juice 213.6 + 3.4 173.6
Lemon-lime soft drink (0% sugar) <0.1 <0.6
Soda water <0.1 <0.6

The accuracy of the CS/GOx films was studied last. For this purpose, a sample from
pineapple juice was diluted and spiked with a known glucose concentration (0.2 mM).
Afterward, its concentration was calculated with the smartphone application, so that the
recovery rate could be determined. The glucose concentration of the unspiked pineapple
juice sample in the diluted sample was 0.35 £ 0.01 mM, while in the spiked sample was
0.52 mM. The experiment was also conducted for the lemon-lime soft drink, which did not
contain the target analyte. The glucose concentration of the unspiked lemon-lime soft drink
sample was 0 mM, while that in the spiked sample was 0.21 & 0.02 mM. Therefore, the
recovery rate was equal to 86 £ 4% for the pineapple juice and 105 £ 8% for the lemon-lime
soft drink, which appertain to the acceptable range of recovery values (>80%) [58], proving
the high accuracy of the CS/GOx films.

4. Conclusions

In the present study, CS/GOx films were developed with cheap raw materials and
proposed as colorimetric biosensors. Firstly, CS-DES-containing films were prepared with
GOx being immobilized within the films. Afterwards, the preparation of the CS/GOx films
was optimized regarding the GOx concentration and DES content, since the presence of the
ChCl:U:Gly DES led to films with improved plasticity. Moreover, the pH value of 7.0 and
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the temperature of 30 °C were selected for the reaction of glucose oxidation. The system of
CS/GOx films was proven to demonstrate higher affinity towards glucose than the free
form of GOx as well as to be stable for over 10 uses and 4 weeks of storage at 4 °C and at
RT. The analytical performance of the films was also studied and the linear response range
towards glucose, the LOD, and the LOQ were determined both spectrophotometrically
(0.009-0.1 mM, 2 uM, and 7 uM, respectively) and by a color recognition application avail-
able on smartphones (0.1-0.8 mM, 33 uM, and 99 uM, respectively). Finally, the films were
successfully applied to glucose determination in real samples (apple juice, pineapple juice,
mixed fruit juice, lemon-lime soft drink, and soda water) by using the color recognition
application, and the results were verified by a commercial glucose biosensor. Overall, the
films were found to be ideal for colorimetric glucose detection, since they exhibited high
precision, accuracy and stability, specificity to glucose, and LODs comparable to others
referred to similar works. Hence, the proposed biosensor configuration could simplify the
procedure of glucose analysis and lower its cost and the required time, since the analysis
can be performed simultaneously for multiple samples by using a smartphone without the
need for specialized equipment. In future experiments, natural dyes that are responsive to
pH changes caused by gluconic acid production could be incorporated into the films, thus
eliminating the need for utilization of HRP and ABTS and reducing the overall cost of the
biosensor. Furthermore, additional experiments could be performed in biological fluids to
investigate whether the developed biosensor could be used in healthcare applications.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/bios14060299/s1, Figure S1: ATR spectra of CS-DES films, CS-
DES-GA and CS-DES-GA-GOx films. The DES content of the CS-DES films was 3% v/v.

Author Contributions: Conceptualization, A.S. and H.S.; methodology, A.S.,, M.G.B. and H.S,;
software, A.S.; validation, A.S. and M.G.B.; formal analysis, A.S.; investigation, A.S., M.G.B. and
H.S.; data curation, A.S.; writing—original draft preparation, A.S. and M.G.B.; writing—review and
editing, H.S. and T.E.M.; supervision, H.S.; funding acquisition, H.S. and T.E.M. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Hassoun, A.; Jagtap, S.; Garcia-Garcia, G.; Trollman, H.; Pateiro, M.; Lorenzo, ] M.; Trif, M.; Rusu, A.V,; Aadil, RM.; Simat, V; et al.
Food Quality 4.0: From Traditional Approaches to Digitalized Automated Analysis. J. Food Eng. 2023, 337, 111216. [CrossRef]

2. Lopes, EM.; Batista, K.d.A.; Batista, G.L.A.; Fernandes, K.E. Biosensor for Determination of Glucose in Real Samples of Beverages.
Food Sci. Technol. 2012, 32, 65—69. [CrossRef]

3. Rady, AM.; Guyer, D.E.; Watson, N.J. Near-Infrared Spectroscopy and Hyperspectral Imaging for Sugar Content Evaluation in
Potatoes over Multiple Growing Seasons. Food Anal. Methods 2021, 14, 581-595. [CrossRef]

4. Mason, M.; Longo, E.; Scampicchio, M. Monitoring of Glucose in Beer Brewing by a Carbon Nanotubes Based Nylon Nanofibrous
Biosensor. J. Nanomater. 2016, 2016, 5217023. [CrossRef]

5. Evans, C.E.L. Sugars and Health: A Review of Current Evidence and Future Policy. Proc. Nutr. Soc. 2017, 76, 400—407. [CrossRef]

6. Galant, A.L,; Kaufman, R.C.; Wilson, J.D. Glucose: Detection and Analysis. Food Chem. 2015, 188, 149-160. [CrossRef]

7.  Magwaza, L.S,; Opara, U.L. Analytical Methods for Determination of Sugars and Sweetness of Horticultural Products-A Review.
Sci. Hortic. 2015, 184, 179-192. [CrossRef]

8. Mehrotra, P. Biosensors and Their Applications—A Review. |. Oral Biol. Craniofacial Res. 2016, 6, 153-159. [CrossRef]

9.  Bankole, O.E.; Verma, D.K.; Chavez Gonzalez, M.L.; Ceferino, J.G.; Sandoval-Cortés, ].; Aguilar, C.N. Recent Trends and Technical
Advancements in Biosensors and Their Emerging Applications in Food and Bioscience. Food Biosci. 2022, 47, 101695. [CrossRef]

10. Wijayanti, S.D.; Tsvik, L.; Haltrich, D. Recent Advances in Electrochemical Enzyme-Based Biosensors for Food and Beverage

Analysis. Foods 2023, 12, 3355. [CrossRef]


https://www.mdpi.com/article/10.3390/bios14060299/s1
https://www.mdpi.com/article/10.3390/bios14060299/s1
https://doi.org/10.1016/j.jfoodeng.2022.111216
https://doi.org/10.1590/S0101-20612012005000003
https://doi.org/10.1007/s12161-020-01886-1
https://doi.org/10.1155/2016/5217023
https://doi.org/10.1017/S0029665116002846
https://doi.org/10.1016/j.foodchem.2015.04.071
https://doi.org/10.1016/j.scienta.2015.01.001
https://doi.org/10.1016/j.jobcr.2015.12.002
https://doi.org/10.1016/j.fbio.2022.101695
https://doi.org/10.3390/foods12183355

Biosensors 2024, 14, 299 17 of 18

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Clark, L.C,, Jr;; Lyons, C. Electrode Systems for Continuous Monitoring in Cardiovascular Surgery. Ann. N. Y. Acad. Sci. 1962, 102,
29-45. [CrossRef] [PubMed]

Bauer, J.A.; Zamocka, M.; Majtan, J.; Bauerova-Hlinkova, V. Glucose Oxidase, an Enzyme “Ferrari”: Its Structure, Function,
Production and Properties in the Light of Various Industrial and Biotechnological Applications. Biomolecules 2022, 12, 472.
[CrossRef] [PubMed]

Bankar, S.B.; Bule, M.V,; Singhal, R.S.; Ananthanarayan, L. Glucose Oxidase—An Overview. Biotechnol. Adv. 2009, 27, 489-501.
[CrossRef] [PubMed]

Alatzoglou, C.; Patila, M.; Giannakopoulou, A.; Spyrou, K,; Yan, F; Li, W.; Chalmpes, N.; Polydera, A.C.; Rudolf, P.; Gournis, D.;
et al. Development of a Multi-Enzymatic Biocatalytic System through Immobilization on High Quality Few-Layer Bio-Graphene.
Nanomaterials 2023, 13, 127. [CrossRef] [PubMed]

Yee, Y.C.; Hashim, R.; Mohd Yahya, A.R.; Bustami, Y. Colorimetric Analysis of Glucose Oxidase-Magnetic Cellulose Nanocrystals
(CNCs) for Glucose Detection. Sensors 2019, 19, 2511. [CrossRef] [PubMed]

Ornelas-Gonzalez, A.; Rito-Palomares, M.; Gonzalez-Gonzélez, M. TMB vs ABTS: Comparison of Multi-Enzyme-Based Ap-
proaches for the Colorimetric Quantification of Salivary Glucose. J. Chem. Technol. Biotechnol. 2022, 97, 2720-2727. [CrossRef]
Coskuner Filiz, B.; Basaran Elalmis, Y.; Bektas, 1.S.; Kantiirk Figen, A. Fabrication of Stable Electrospun Blended Chitosan-
Poly(Vinyl Alcohol) Nanofibers for Designing Naked-Eye Colorimetric Glucose Biosensor Based on GOx/HRP. Int. ]. Biol.
Macromol. 2021, 192, 999-1012. [CrossRef]

Sassolas, A.; Blum, L.J.; Leca-Bouvier, B.D. Immobilization Strategies to Develop Enzymatic Biosensors. Biotechnol. Adv. 2012, 30,
489-511. [CrossRef] [PubMed]

Chauhan, S.; Thakur, A. Chitosan-Based Biosensors—A Comprehensive Review. Mater. Today Proc. 2023, in press. [CrossRef]
Uwimbabazi, E.; Mukasekuru, M.R.; Sun, X. Glucose Biosensor Based on a Glassy Carbon Electrode Modified with Multi-Walled
Carbon Nanotubes-Chitosan for the Determination of Beef Freshness. Food Anal. Methods 2017, 10, 2667-2676. [CrossRef]

Kim, D.S,; Yang, X.; Lee, J.H.; Yoo, H.Y.; Park, C.; Kim, S.W,; Lee, J. Development of GO/Co/Chitosan-Based Nano-Biosensor for
Real-Time Detection of D-Glucose. Biosensors 2022, 12, 464. [CrossRef]

Artigues, M.; Abella, J.; Colominas, S. Analytical Parameters of an Amperometric Glucose Biosensor for Fast Analysis in Food
Samples. Sensors 2017, 17, 2620. [CrossRef] [PubMed]

Wu, Y;; Feng, J.; Hu, G.; Zhang, E.; Yu, H.-H. Colorimetric Sensors for Chemical and Biological Sensing Applications. Sensors 2023,
23, 2749. [CrossRef] [PubMed]

Dai, H.; Li, Y.; Zhang, Q.; Fu, Y.; Li, Y. A Colorimetric Biosensor Based on Enzyme-Catalysis-Induced Production of Inorganic
Nanoparticles for Sensitive Detection of Glucose in White Grape Wine. RSC Adv. 2018, 8, 33960-33967. [CrossRef] [PubMed]
Zhang, Y.; Zhang, Y.; Yang, C.; Ma, C.; Zhang, M.; Tang, J. Facile Immobilization of Glucose Oxidase with Cuz(PO4),-3H,O for
Glucose Biosensing via Smartphone. Colloids Surfaces B Biointerfaces 2022, 210, 112259. [CrossRef] [PubMed]

Hosu, O.; Lettieri, M.; Papara, N.; Ravalli, A.; Sandulescu, R.; Cristea, C.; Marrazza, G. Colorimetric Multienzymatic Smart
Sensors for Hydrogen Peroxide, Glucose and Catechol Screening Analysis. Talanta 2019, 204, 525-532. [CrossRef] [PubMed]
Gabriel, E.EM.; Garcia, P.T.; Lopes, EM.; Coltro, WK.T. Paper-Based Colorimetric Biosensor for Tear Glucose Measurements.
Micromachines 2017, 8, 104. [CrossRef]

Soni, A.; Jha, S.K. A Paper Strip Based Non-Invasive Glucose Biosensor for Salivary Analysis. Biosens. Bioelectron. 2015, 67,
763-768. [CrossRef] [PubMed]

Bellou, M.G,; Patila, M.; Fotiadou, R.; Spyrou, K.; Yan, E; Rudolf, P.; Gournis, D.P.; Stamatis, H. Tyrosinase Magnetic Cross-Linked
Enzyme Aggregates: Biocatalytic Study in Deep Eutectic Solvent Aqueous Solutions. Biomolecules 2023, 13, 643. [CrossRef]

Yao, H.; Li, N.; Xu, ].Z.; Zhu, ].J. A Glucose Biosensor Based on Immobilization of Glucose Oxidase in Chitosan Network Matrix.
Chin. . Chem. 2005, 23, 275-279. [CrossRef]

Elchinger, P-H.; Delattre, C.; Faure, S.; Roy, O.; Badel, S.; Bernardi, T.; Taillefumier, C.; Michaud, P. Immobilization of Proteases on
Chitosan for the Development of Films with Anti-Biofilm Properties. Int. |. Biol. Macromol. 2015, 72, 1063-1068. [CrossRef]
Somatek, Inc. ICH Q2(R1) Validation of Analytical Procedures: Text and Methodology. In ICH Harmonised Tripartite Guideline;
Somatek, Inc.: San Diego, CA, USA, 2005; pp. 11-12. ISBN 9780470659878.

Hosu, O.; Ravalli, A.; Lo Piccolo, G.M.; Cristea, C.; Sandulescu, R.; Marrazza, G. Smartphone-Based Immunosensor for CA125
Detection. Talanta 2017, 166, 234-240. [CrossRef]

Wong, W.Y.; Wong, C.Y.; Rashmi, W.; Khalid, M. Choline Chloride: Urea-Based Deep Eutectic Solvent as Additive to Proton
Conducting Chitosan Films. J. Eng. Sci. Technol. 2018, 13, 2995-3006.

Sai, N.; Sun, W.; Wu, Y.; Sun, Z; Yu, G.; Huang, G. A Highly Sensitive Immunoassay for Atrazine Based on Covalently Linking
the Small Molecule Hapten to a Urea—Glutaraldehyde Network on a Polystyrene Surface. Int. Immunopharmacol. 2016, 40, 480—486.
[CrossRef]

Ferreira, A.S.; Nunes, C.; Castro, A.; Ferreira, P.; Coimbra, M.A. Influence of Grape Pomace Extract Incorporation on Chitosan
Films Properties. Carbohydr. Polym. 2014, 113, 490—-499. [CrossRef]

Pavoni, ] M.E; dos Santos, N.Z.; May, 1.C.; Pollo, L.D.; Tessaro, I.C. Impact of Acid Type and Glutaraldehyde Crosslinking in the
Physicochemical and Mechanical Properties and Biodegradability of Chitosan Films. Polym. Bull. 2021, 78, 981-1000. [CrossRef]
Zeng, ].; Ren, X.; Zhu, S.; Gao, Y. Fabrication and Characterization of an Economical Active Packaging Film Based on Chitosan
Incorporated with Pomegranate Peel. Int. ]. Biol. Macromol. 2021, 192, 1160-1168. [CrossRef]


https://doi.org/10.1111/j.1749-6632.1962.tb13623.x
https://www.ncbi.nlm.nih.gov/pubmed/14021529
https://doi.org/10.3390/biom12030472
https://www.ncbi.nlm.nih.gov/pubmed/35327664
https://doi.org/10.1016/j.biotechadv.2009.04.003
https://www.ncbi.nlm.nih.gov/pubmed/19374943
https://doi.org/10.3390/nano13010127
https://www.ncbi.nlm.nih.gov/pubmed/36616038
https://doi.org/10.3390/s19112511
https://www.ncbi.nlm.nih.gov/pubmed/31159318
https://doi.org/10.1002/jctb.7165
https://doi.org/10.1016/j.ijbiomac.2021.10.048
https://doi.org/10.1016/j.biotechadv.2011.09.003
https://www.ncbi.nlm.nih.gov/pubmed/21951558
https://doi.org/10.1016/j.matpr.2023.01.123
https://doi.org/10.1007/s12161-017-0793-6
https://doi.org/10.3390/bios12070464
https://doi.org/10.3390/s17112620
https://www.ncbi.nlm.nih.gov/pubmed/29135931
https://doi.org/10.3390/s23052749
https://www.ncbi.nlm.nih.gov/pubmed/36904948
https://doi.org/10.1039/C8RA06347H
https://www.ncbi.nlm.nih.gov/pubmed/35548829
https://doi.org/10.1016/j.colsurfb.2021.112259
https://www.ncbi.nlm.nih.gov/pubmed/34883340
https://doi.org/10.1016/j.talanta.2019.06.041
https://www.ncbi.nlm.nih.gov/pubmed/31357329
https://doi.org/10.3390/mi8040104
https://doi.org/10.1016/j.bios.2014.09.042
https://www.ncbi.nlm.nih.gov/pubmed/25282078
https://doi.org/10.3390/biom13040643
https://doi.org/10.1002/cjoc.200590275
https://doi.org/10.1016/j.ijbiomac.2014.09.061
https://doi.org/10.1016/j.talanta.2017.01.073
https://doi.org/10.1016/j.intimp.2016.10.003
https://doi.org/10.1016/j.carbpol.2014.07.032
https://doi.org/10.1007/s00289-020-03140-4
https://doi.org/10.1016/j.ijbiomac.2021.10.064

Biosensors 2024, 14, 299 18 of 18

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Galan, J.; Trilleras, J.; Zapata, P.A.; Arana, V.A.; Grande-Tovar, C.D. Optimization of Chitosan Glutaraldehyde-Crosslinked Beads
for Reactive Blue 4 Anionic Dye Removal Using a Surface Response Methodology. Life 2021, 11, 85. [CrossRef]

Susanto, H.; Samsudin, A.M.; Rokhati, N.; Widiasa, .N. Immobilization of Glucose Oxidase on Chitosan-Based Porous Composite
Membranes and Their Potential Use in Biosensors. Enzym. Microb. Technol. 2013, 52, 386-392. [CrossRef] [PubMed]

Frick, ].M.; Ambrosi, A.; Pollo, L.D.; Tessaro, I.C. Influence of Glutaraldehyde Crosslinking and Alkaline Post-Treatment on the
Properties of Chitosan-Based Films. . Polym. Environ. 2018, 26, 2748-2757. [CrossRef]

Ang, L.F; Por, L.Y,; Yam, M.E. Study on Different Molecular Weights of Chitosan as an Immobilization Matrix for a Glucose
Biosensor. PLoS ONE 2013, 8, €70597. [CrossRef] [PubMed]

Roliniska, K.; Jakubowska, E.; Zmieriko, M.; Leczycka-Wilk, K. Choline Chloride-Based Deep Eutectic Solvents as Plasticizer and
Active Agent in Chitosan Films. Food Chem. 2024, 444, 138375. [CrossRef] [PubMed]

Haskell, A K.; Sulman, A.M.; Golikova, E.P; Stein, B.D.; Pink, M.; Morgan, D.G.; Lakina, N.V.; Karpenkov, A.Y.; Tkachenko, O.P;
Sulman, E.M.; et al. Glucose Oxidase Immobilized on Magnetic Zirconia: Controlling Catalytic Performance and Stability. ACS
Omega 2020, 5, 12329-12338. [CrossRef] [PubMed]

Dogag, Y.I; Teke, M. Immobilization of Bovine Catalase onto Magnetic Nanoparticles. Prep. Biochem. Biotechnol. 2013, 43, 750-765.
[CrossRef] [PubMed]

Abbasi, M.; Amiri, R.; Bordbar, A.-K.; Ranjbakhsh, E.; Khosropour, A.-R. Improvement of the Stability and Activity of Immobilized
Glucose Oxidase on Modified Iron Oxide Magnetic Nanoparticles. Appl. Surf. Sci. 2016, 364, 752-757. [CrossRef]

Ates, S.; I¢li, N. Properties of Immobilized Glucose Oxidase and Enhancement of Enzyme Activity. Artif. Cells Nanomed. Biotechnol.
2013, 41, 264-268. [CrossRef] [PubMed]

Rauf, S.; Thsan, A.; Akhtar, K.; Ghauri, M.A.; Rahman, M.; Anwar, M.A.; Khalid, A.M. Glucose Oxidase Immobilization on a
Novel Cellulose Acetate- Polymethylmethacrylate Membrane. J. Biotechnol. 2006, 121, 351-360. [CrossRef] [PubMed]

Dong, L.C.; Wang, G.; Xiao, Y.; Xu, Y.; Zhou, X,; Jiang, H.; Luo, Q. Immobilization of Glucose Oxidase on a Novel Crosslinked
Chitosan Support Grafted with L-Lysine Spacers. Chem. Biochem. Eng. Q. 2011, 25, 395-402.

Sunogqrot, S.; Al-Hadid, A.; Manasrah, A.; Khnouf, R.; Hasan Ibrahim, L. Immobilization of Glucose Oxidase on Bioinspired
Polyphenol Coatings as a High-Throughput Glucose Assay Platform. RSC Adv. 2021, 11, 39582-39592. [CrossRef]

Bai, J.; Ma, H.; Fan, X.; Yang, H.; Liu, C.; Xu, Z.; Liu, Y. Efficient Immobilization of Glucose Oxidase on Mesoporous MIL-125 and
Their Catalytic Activities. Results Mater. 2022, 14, 100267. [CrossRef]

Kim, J.S.; Lee, S. Immobilization of Trypsin from Porcine Pancreas onto Chitosan Nonwoven by Covalent Bonding. Polymers 2019,
11, 1462. [CrossRef] [PubMed]

Yoo, S.; Min, K;; Tae, G.; Han, M.S. A Long-Term Stable Paper-Based Glucose Sensor Using a Glucose Oxidase-Loaded, Mn,;BPMP-
Conjugated Nanocarrier with a Smartphone Readout. Nanoscale 2021, 13, 4467-4474. [CrossRef] [PubMed]

Braz, ].E.,; Dencheva, N.V.; Tohidi, S.D.; Denchev, Z.Z. Fast, Multiple-Use Optical Biosensor for Point-of-Care Glucose Detection
with Mobile Devices Based on Bienzyme Cascade Supported on Polyamide 6 Microparticles. Polymers 2023, 15, 2802. [CrossRef]
[PubMed]

Zahra, Q.U.A; Mohsan, S.A.H.; Shahzad, F.; Qamar, M.; Qiu, B.; Luo, Z.; Zaidi, S.A. Progress in Smartphone-Enabled Aptasensors.
Biosens. Bioelectron. 2022, 215, 114509. [CrossRef] [PubMed]

Mustafa, F.; Othman, A.; Andreescu, S. Cerium Oxide-Based Hypoxanthine Biosensor for Fish Spoilage Monitoring. Sens.
Actuators B Chem. 2021, 332, 129435. [CrossRef]

Soni, A.; Jha, S.K. Smartphone Based Non-Invasive Salivary Glucose Biosensor. Anal. Chim. Acta 2017, 996, 54-63. [CrossRef]
[PubMed]

Aini, B.N.; Siddiquee, S.; Ampon, K. Development of Formaldehyde Biosensor for Determination of Formalin in Fish Samples;
Malabar Red Snapper (Lutjanus malabaricus) and Longtail Tuna (Thunnus tonggol). Biosensors 2016, 6, 32. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/life11020085
https://doi.org/10.1016/j.enzmictec.2013.02.005
https://www.ncbi.nlm.nih.gov/pubmed/23608508
https://doi.org/10.1007/s10924-017-1166-3
https://doi.org/10.1371/journal.pone.0070597
https://www.ncbi.nlm.nih.gov/pubmed/23940599
https://doi.org/10.1016/j.foodchem.2024.138375
https://www.ncbi.nlm.nih.gov/pubmed/38402735
https://doi.org/10.1021/acsomega.0c01067
https://www.ncbi.nlm.nih.gov/pubmed/32548416
https://doi.org/10.1080/10826068.2013.773340
https://www.ncbi.nlm.nih.gov/pubmed/23876136
https://doi.org/10.1016/j.apsusc.2015.12.120
https://doi.org/10.3109/10731199.2012.731415
https://www.ncbi.nlm.nih.gov/pubmed/23110680
https://doi.org/10.1016/j.jbiotec.2005.08.019
https://www.ncbi.nlm.nih.gov/pubmed/16242200
https://doi.org/10.1039/d1ra07467a
https://doi.org/10.1016/j.rinma.2022.100267
https://doi.org/10.3390/polym11091462
https://www.ncbi.nlm.nih.gov/pubmed/31500182
https://doi.org/10.1039/d0nr06348g
https://www.ncbi.nlm.nih.gov/pubmed/33503078
https://doi.org/10.3390/polym15132802
https://www.ncbi.nlm.nih.gov/pubmed/37447448
https://doi.org/10.1016/j.bios.2022.114509
https://www.ncbi.nlm.nih.gov/pubmed/35940005
https://doi.org/10.1016/j.snb.2021.129435
https://doi.org/10.1016/j.aca.2017.10.003
https://www.ncbi.nlm.nih.gov/pubmed/29137708
https://doi.org/10.3390/bios6030032

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of the DES ChCl:U:Gly 
	Preparation of Chitosan Films 
	Structural Characterization of the Films 
	Optimization of CS/GOx Film Preparation 
	Effect of pH and Temperature on the Enzymatic Activity of GOx 
	Kinetic Study of GOx 
	Precision Evaluation and Storage Stability of Immobilized Gox 
	Analytical Performance of the Biosensor through UV/Vis Spectroscopy 
	Analytical Performance of the Biosensor through a Color Recognition Application 
	Determination of the Glucose Content in Real Samples through a Color Recognition Application 
	Spiking Study in a Real Sample through a Color Recognition Application 

	Results 
	Structural Characterization of the Films 
	Optimization of CS/GOx Film Preparation 
	Optimization of Reaction Conditions 
	Kinetic Studies of Free and Immobilized GOx 
	Precision Evaluation and Storage Stability of Immobilized GOx 
	Specificity Study of Immobilized GOx 
	Analytical Performance of the Biosensor through UV/Vis Spectroscopy 
	Analytical Performance of the CS/GOx Films through a Color Recognition Application 
	Determination of Glucose Concentration in Real Samples Using the CS/GOx Films and the Smartphone Color Recognition Application 

	Conclusions 
	References

