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Abstract

In this work, the B-cyclodextrins (BCD) grafted on magnetite @ polynorepinephrine (Fe;0,@PNE) nanomaterial with glucose
oxidase (GOx) from Aspergillus niger was presented. The electroactive nanoplatform was used to construct rapid response
and long-live time biosensor for qualitative and quantitative glucose determination. The nanomaterial was deposited on the
screen-printed electrode (SPE) and integrated with the potentiostat in tandem with a portable devices. The methodology
may affect its relatively low unit cost, miniaturization aspect, and electrode system integrity. The potential usage is intended
for advanced diabetes care with a focus on the point-of-care testing idea. The cyclic voltammetry and amperometry were
used for electrochemical characterization. The presented SPE/Fe,O,@PNE @BCD-GOx biosensor enabled measurements
in a wide range of concentrations (0.1-30.0 mM), an enhanced sensitivity (204.82 nA mM~! cm™?), a low limit of detection
(3.2 uM), and a rapid response (2.6 s). Moreover, the proposed sensor achieved long-term stability, up to 11 months. Testing
on real samples (human blood, human serum, infusion fluids) showed recovery in range from 95.5 to 98.6%. The outcomes
demonstrated that this biosensor has great potential for use in determining the amount of glucose in a biological fluids
and commercial products. The novelty of this work would largely consist of the possibility of qualitative and quantitative
measurements of glucose in real human samples with a long time stability. This portable system enables mobile diagnostics
tests including point-of-care testing idea. Due to the applied p-cyclodextrins on the surface of the novel polynorepinephrine
biopolymer coating, selectivity, stability, and sensitivity were improved.
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1 Introduction

The development of effective diagnostic tools for precise,
simple, and rapid glucose detection in body fluids is a key
factor in the advancement of medicine [1]. Currently, the
common part of diabetes mellitus treatment relies on self-
monitoring using glucometers [1]. However, there are still
scientific reports about numerous errors in the devices
resulting from manufacturing techniques, premature aging,
impropriate storage, or incorrect use [2].

Nowadays, one of the most accurate glucose detection
techniques is still in hospital trials, mainly photometric
chemical analyzers [3]. Following the several advantages of
these devices like high sensitivity, precision, and selectivity,
they contain limitations resulting from the unit cost of the
apparatus, service, maintenance, and staff training [4, 5].
Common curses for the patients are still the need to come
to specialist units, i.e. hospitals or diagnostic institutions,
queues, turnaround time, transport samples to an analytical
laboratory, and re-consultation with the medical crew [6].
Moreover, in recent years, non-enzymatic systems for glu-
cose detection and other analytes, enabling measurements
without the use of enzymes, have become an alternative in
the sensor market [7-9]. Resulting from properly designed,
obtained, and characterized nanomaterials that allow for use
in (bio)sensor systems [10-12].

A new way for glucose measurements is a mobile-based
point-of-care testing (POCT) idea as a part of telemedicine
[3]. POCT is an alternative method to central or core labo-
ratory testing. In this technique, diagnostic procedures are
carried out close to the location of the patient [6]. In addi-
tion, the method enables easy detection, without the need
to involve the laboratory staff and without the patient’s
movement [13]. The trend of POCT due to easy data shar-
ing is an alternative to traditional and complex test meth-
ods, which significantly extended the time of the analysis
itself and finally delayed the possibility of treating patients
[14]. Moreover, POCT is part of advanced diabetes care,
which provides advanced and individual health care plans.

The higher development of mobile POCT sensor tech-
nology was caused by the pandemia of COVID-19, which
spread at the turn of the years 2019/2020, and continues to
this day. As a result, POCT devices with easy data transfer
grew in popularity and turned out to be a very necessary
tool for caring the patient’s health. Through this expan-
sion, the idea of research without leaving home has gained
popularity and hence more interest in mobile-based bio-
sensors [15].
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Polydopamine (PDA) coatings were presented by Lee
et al. in 2007, motivated by the adhesion behavior of mussels
[16]. The adhesive properties of this biopolymer were widely
used in the immobilization of biomolecules and later in the
construction of biosensors. Using PDA enabled effective and
time-stable attachment of enzymes [17]. However, despite
the coating ability of PDA, uncontrolled roughness during
PDA polymerization limits the wide application of PDA, and
has forced the search for new biomimetic polymers. Due to
the significant difference between catecholamine coatings
derived from different monomers, another novel approach
may be the use of polynorepinephrine (PNE). It was proven
that the PNE coating is much smoother than PDA, which
can significantly affect the application, including the attach-
ment of biomolecules and the final properties of the sensors
[17,18].

In this work, we present the biosensor that may be an
attractive alternative for rapid, portable, and long-term sta-
bility of glucose measurement with the possibility of easy
data sharing. Detection of glucose in real samples such as
human serum, human blood, and infusion fluids were carried
out. This biosensor complies with the latest FDA guidelines
related to the construction of new glucometers [19]. The
multicomponent system proposed in the work is character-
ized by unique properties. Magnetite is characterized by
magnetic abilities which enable easy separation and may
significantly increase the thermal stability of the material.
Polynorepinephrine is a quite new biomimetic polymer that
easily functionalizes surfaces with strong adhesive proper-
ties and allows protect the magnetic core. f-cyclodextrins
play a crucial role as nanocontainers greatly affect the effec-
tiveness of the immobilization process and improved the
time stability of the sensor system [5].

In addition, it was hypothesized that the created multi-
component material would improve the properties of the
biosensor, i.e. sensitivity, linearity range, and in particular,
it would improve the stability of the biosensor over time due
to the B-cyclodextrins applied. The novelty of the research
would largely consist of the possibility of sensitive, selec-
tive measurements for a long time of using the biosensor,
and working in tandem with a mobile device. This whole
system enables the mobility of measurements (mobile ana-
lytes monitoring stations), resulting in availability, ease of
use, and reduced unit costs due to the low-cost components.

It is also significant that when this work was undertaken,
there were no existing literature reports on this type of tan-
dem system (potentiostat—mobile devices) with the magnet-
ite@polynorepinephrine @ -cyclodextrins-glucose oxidase
nanomaterials for glucose detection.
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2 Materials and methods
2.1 Chemicals and materials

Substrates for obtaining a hybrid material such as iron(II)
chloride tetrahydrate (FeCl,-4H,0), iron(III) chloride hexa-
hydrate (FeCl;-6H,0), ammonia solution (25%), norepi-
nephrine hydrochloride (NE-HCI), B-cyclodextrins (BCD),
phosphate buffer saline (PBS), citric buffer, glucose oxidase
from Aspergillus niger (protein content 65-85%, molecular
weight 160 kDa), tris(hydroxymethyl)aminomethane (TRIS)
were provided from Merck, Germany. Reagents for elec-
trochemical tests: a-D-glucose, (hydroxymethyl)ferrocene
(HFc), human serum, fructose, maltose, sucrose, uric acid,
ascorbic acid, L-cysteine, and dopamine were purchased
from Merck, Germany. Bio-Rad (USA) provided samples
of human blood. Screen-printed electrodes (SPE) were pur-
chased from Metrohm DropSens. Working electrode (4 mm
diameter) and counter electrodes was made of carbon. The
reference electrode was made of silver. All of the chemicals
were of analytical-grade quality.

2.2 Synthesis of Fe;0,@PNE@BCD hybrid
nanomaterial

The co-precipitation method was used to obtain magnet-
ite nanoparticles. In 100 mL Milli-Q® water, FeCl;-6H,0
(3.44 g; 11.09 mM) and FeCl,-4H,0 (1.72 g; 7.55 mM)
were dissolved and heated to 90 °C. The synthesis was car-
ried out under a nitrogen gas environment, which reduced
the amount of oxygen in the solution, and 20 mL of 25%
aqueous ammonia was supplied dropwise. After 30 min, the
system was cooled to ambient temperature. The reaction for
obtaining magnetite by the co-precipitation method is shown
in Fig. 1A.

To coat the nanoparticles with polynorepinephrine
200 mL TRIS buffer solution (pH 8.5, 10 mM) was added
to 100 mg magnetite nanoparticles. After sonicating the
solution to homogeneity, 100 mg of norepinephrine was
added (0.87 mM). The process was carried out for 24 h
with continuous mixing conditions (Fig. 1B). The mate-
rial was then washed several times with distilled water to
remove unreacted substrates.

Further, the f-cyclodextrins were linked to the Fe;O,@
PNE material via thiol-Michael reaction. To obtain the
Fe;0,@PNE@BCD nanoplatform, 100 mg of Fe;0,@
PNE material was added to 200 mL of TRIS buffer solu-
tion (pH 8.5; 10 mM). Next, 200 mg of 6-monodeoxy-
6-monothio-p-cyclodextrins (SH-PCD) was added to the
carrier. At ambient temperature, the synthesis was contin-
ued for another 24 h. After the synthesis, the material was
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Fig. 1 Schematic representation of magnetite nanoparticles obtained
by co-precipitation method (A); polymerization of NE - HCI on the
Fe;0, nanoparticles (B); SH-BCD addition to Fe;0,@PNE via thiol-
Michael reaction (C); glucose oxidase immobilization on the nano-
material (D); SPE electrode modification with the Fe;0,@PNE @
BCD-GOx (E)

cleaned by washing several times. Reaction schemes are
presented in Fig. 1C.

2.3 Immobilization of GOx on the nanoplatforms

To immobilize the enzyme using the adsorption technique,
5 mg of nanomaterial (Fe;O,, Fe;0,@PNE, or Fe;0,@
PNE@BCD) and 0.5 mg of glucose oxidase were added.
The immobilizations at varied time intervals (1, 2, 8, 12,
24, and 48 h) were done. The process of immobilization is
presented schematically in Fig. 1D.

2.4 Fabrication of SPE/Fe;0,@PNE-GOx and SPE/
Fe;0,@PNE@BCD-GOXx electrodes

The resultant Fe;0,@PNE-GOx (5.32 mg mL~ Y and
Fe;0,@PNE@BCD-GOx.

(6.75 mg mL~ ') nanomaterials were dropped on the sur-
face of a screen-printed electrode (SPE) and allowed to dry
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Fig.2 Transmission electron (A) (D)
microscopy (TEM) micrographs
of the synthesized bare Fe;0,
(A); Fe;0,@PNE nanomate- a
rial (B); Fe;0,@PNE@BCD
nanoplatform (C); FT-IR spec- y
tra (D) of: Fe;0, (a); Fe;0,@ 561
PNE (b); Fe;0,@PNE@BCD
(); SH-BCD (d); and Fe,0,@ b
PNE@BCD-GOx (e)
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at ambient temperature. This step is schematically shown
in Fig. 1E.

2.5 Physicochemical analysis

A Jeol analyzer (JEM-1400) with a resolution of 2 nm and
a maximum acceleration of 120 kV was used to conduct
the transmission electron microscopy (TEM) investigation.
Fourier transform infrared spectroscopy (FTIR) was used
to determine the functional groups contained in the hybrid
platforms’ structure. A Vertex 70 spectrometer was used to
obtain the FTIR spectra. The nanomaterials were tested as
tablets, which were formed by mixing 2 mg of the test ingre-
dient with 250 mg of anhydrous KBr at a 10 MPa pressure.
In air conditions, atomic force microscopy (AFM) was per-
formed with an Agilent 5500 in intermittent contact mode.
Polydispersity index (PDI) values were measured using a
Zetasizer Nano ZS with a range of 0.6—-6000 nm to test the
materials’ stability in a liquid solvent. The same apparatus
was used to determine the zeta potential ({) and to obtain
zeta potential values.

2.6 Electrochemical study
The electrochemical tests were carried out with the small-

est ready-to-go Sensit Smart potentiostat (Palmsens, the
Netherlands), which is compatible with mobile device like
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smartphones and tablets. All tests with glucose solutions
were carried out in PBS (10 mM; pH 7.4) with a 10 mM
mediator (hydroxymethyl)ferrocene (HFc). In the case of
CV studies, tests were carried out in the range of poten-
tials between —0.2 and 0.6 V at a scan rate of 10 mV s~
The tests with the use of amperometry were carried out at a
potential of 0.3 V.

The stability over time was tested for 11 months on the
same electrode, which was stored at 4 °C. Human blood,
human serum, and infusion fluids were carried out as real
samples of glucose. This research was examined using the
standard addition method. Moreover, the obtained results
were compared with 3 commercial blood glucometers.

3 Results and discussion
3.1 Morphological characterization

The prepared Fe;O, NPs, Fe;O,@PNE, and Fe;0,@
PNE@fBCD nanomaterials were characterized by transmis-
sion electron microscopy (TEM). Figure 2 A presented the
magnetite nanoparticles with diameter sizes in the range
of 7-12 nm. These nanoparticles were characterized by a
uniformly spherical shape. In Fig. 2B the core—shell struc-
tured Fe;O,@PNE hybrid nanomaterial was presented.
The polynorepinephrine layer was uniformly coated on the
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surface of the Fe;O,, with thickness distributed in the range
of 2—4 nm, which can be observed in the TEM image. In
Fig. 2C the structure with -cyclodextrins is presented. TEM
images cannot confirm the attachment of the pCD because
of the observed similar structures. To confirm the obtained
nanomaterials, further research was carried out, point-
ing the linked BCD to the magnetite @ polynorepinephrine
nanoplatform.

To check the effectiveness of obtaining individual mate-
rials and the characteristics of functional groups present
Fourier transform infrared spectroscopy (FT-IR) was per-
formed. In Fig. 2D, a curve corresponds to bare magnetite
nanoparticles. The intense peak observed at 580 cm™! is
attributed to the stretching vibration mode associated with
the metal-oxygen Fe—O bonds in the Fe;O, NPs. The char-
acteristic FTIR data peaks for Fe;0,@PNE (curve b) at the
wavenumber with the maximum at 3400 cm™! corresponding
to the —OH group [20]. There are also characteristic bands
corresponding at 1510 and 1619 cm™! corresponding to phe-
nol [20]. Curve c shows the material after p-cyclodextrins
attachment. Moreover, the disappearance of the —SH absorp-
tion peak 2358 cm™! indicates that BCD was successfully
attached to the surface of Fe;O,@PNE hybrid nanomaterial
[21]. The effectiveness of the adsorption immobilization of
the enzyme on the matrix surface was confirmed by signals
at the wave number in the range of 1600—1000 cm™. Cor-
responding to 1625 cm™! groups: amide I; 1525 cm™': amide
II; 1030 cm™!: C—O and additional signals with a wave num-
ber of around 3950 cm™! (N-H) [22].

3.2 Evaluation of particle size and uniformity
of dispersion

The stability and effectiveness of the individual materi-
als Fe;0,, Fe;O0,@PNE, and Fe;0,@PNE@BCD were
checked using electrokinetic analysis at a constant pH of 7.0
(Table S1, see Supplementary Material). The highest value
of the zeta potential was measured for magnetite nanoparti-
cles and was —41.3 mV. Indicating the high stability of the
Fe;0, colloid in the measured solution of electrolyte. Indi-
vidual modifications of these nanoparticles caused the zeta
potential value to drop to —23.8 and —20.5 mV for Fe;0,@
PNE and Fe;0,@PNE@BCD, respectively. This suggests
that conducted modifications may reduce the electrostatic
repulsion between the nanoparticles and indicate the com-
ponents being attached. All obtained zeta potential values
may be still classified as an electrokinetically stable material.

The polydispersity index (PdI) value for Fe;O, obtained
from the NIBS analysis showed an increase in particle size
which is summarized in Table S1 (see Supplementary Mate-
rial). A low PdI (0.186) for magnetite nanoparticles indicates
that they are stable in colloidal form. The polydispersity
index for Fe;0,@PNE and Fe;0,@PNE@BCD was 0.433

and 0.511, respectively, suggesting the polydispersive char-
acteristics of the obtained nanoparticles.

3.3 Immobilization of glucose oxidase (GOx)

Optimization of the glucose oxidase immobilization pro-
cess was carried out with the use of different nanoplatforms
(Fe;0,4, Fe;0,@PNE, Fe;0,@PNE@BCD) at different times
(1,2,4, 8,12, 24, 48 h). The effectiveness of immobiliza-
tion was determined via the Bradford method. The obtained
results are presented in Fig. 3A.

The highest efficiency of the immobilization process was
observed after 24 h for the Fe;0,, Fe;0,@PNE, and Fe;0,@
PNE @BCD nanomaterials with the results 16.4, 37.8, and
49.1 mg g~!, respectively (Table S2, see Supplementary
Material). The prolonged time may cause the enzyme to
leach from the carrier surface.

Moreover, the effectiveness of immobilization on the
nanoplatform was compared with other materials used for
the immobilization of glucose oxidase presented in the lit-
erature in Table 1.

The surface structure of the Fe;0,@PNE@BCD mate-
rial before and after the glucose oxidase (GOx) immobiliza-
tion process were presented using atomic force microscopy
(AFM) (Fig. 3B, C). Significant changes in the material after
immobilization were observed, a nearly fourfold increase
of the Z parameter, which may suggest the successful GOx
attachment. Moreover, before immobilization, the AFM
image of the surface can show a relatively smooth and fea-
tureless surface. After immobilization, the presence of the
immobilized layer can be visualized as a distinct change in
the surface morphology. These images provide visual and
quantitative (in Z parameter) evidence of successful immo-
bilization and can be used to assess the effectiveness of the
immobilization process.

Additionally, height profiles were determined for both
nanoplatforms, as shown in Fig. S1 (see Supplementary
Material). The roughness coefficient (Sa) of the hybrid
material was also evaluated before and after immobilization
(Table S3, see also Supplementary Material). The material’s
Sa value after immobilization is almost two times lower than
the matrix’s value before GOx adsorption. The reduction of
the roughness parameter confirms the smoothing effect of
the enzyme on the surface.

3.4 Electrochemical tests of SPE/Fe;0,@PNE@
BCD-GOx electrode

The Randles—Sevcik equation was used to calculate the elec-
troactive surface area (A) of each electrode, where Ip is the
peak current, n is the number of transferred electrons, D is
the diffusion coefficient in cm? s~!, C is the electroactive

@ Springer
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Fig.3 Quantities of enzyme (A)

immobilized on Fe;0,, Fe;0,@ —e—FeO

PNE, and Fe;0,@PNE@BCD 60 - Fezoj@pNE

1

from glucose oxidase solution
(5 mgmL™ 1) at various times
(n=3) (A); AFM images of
Fe;0,@PNE@BCD nanomate-
rial before (B); and after GOx
immobilization (C)
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40
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20

The amount of immobilized enzyme / mg g
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Table 1 Amount of GOx immobilized on various platforms

Immobilization platform Immobilized GOx/  References
mgg

Fe;0,@PNE 37.8 [5]
Fe;0,@PDA@BCD 47.6 [22]
MIMNs 33.0 [23]

Silica 12.9 [24]
Fe;0,@PDA 36.3 This work
Fe;0, 16.4 This work
Fe;0,@PNE@BCD 49.1 This work

species concentration in mol cm™?, and v is the scan rate in
Vs[25].

D=

I,=2.687-10°-ni-A-D*-C-v )

The electroactive surface area of the paper electrodes was
calculated as 0.075 cm? for the unmodified SPE electrode,
0.291 cm? for the Fe;0,@PNE, 0.380 cm? for the Fe;0,@
PNE@BCD and 0.345 cm? for the Fe;0,@PNE@BCD-GOx
electrode presented in Fig. S2 (see Supplementary Material).
It was also observed that the higher the active surface of the
working electrode, the higher the currents are registered,
which is consistent with literature reports [26].

The response of Fe;O0,@PNE @BCD-GOx modified SPE
electrode to changing glucose concentration was investigated
by a cyclic voltammogram. The mechanism of glucose

@ Springer
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oxidation on the surface of the biosensor is presented in
Fig. 4A. Figure 4B shows the anodic and cathodic current
peaks generated by the addition of glucose concentrations
ranging from 1 mM to 180 mM in 50 mM PBS with 10 mM
HFc, at a scan rate of 10 mV s~ !. The subsequent addition of
glucose resulted in a significant increase in current intensity,
indicating high electrode sensitivity. In the presence of an
external redox mediator—(hydroxymethyl)ferrocene (HFc),
the SPE/Fe;0,@PNE@BCD-GOx biosensor catalyzes the
oxidation of glucose. The reduced form of the HFc is trans-
formed to its catalytically active oxidized form—HFc*.
Then FADH, and HFc™ exchange electrons, resulting in the
regeneration of FAD and the production of HFc. The electro-
catalytic response is proportional to the amount of glucose
after HFc acting is reoxidized on the electrode surface.

The dependence between the current value and the glu-
cose concentration presents the characteristic shape of the
Michael-Menten kinetics [27] (Fig. 4C), which approaches
saturation above 150 mM of glucose. This condition
describes the typical behavior of enzymatic reaction phe-
nomena [28].

Moreover, the CV measurements with different scan
rates in a range from 5 to 100 mV s~ ! were also investi-
gated to further verify the bioelectrochemical activity of the
SPE/Fe;0,@PNE@BCD-GOx electrode. The peak current
increased significantly as the scan rate increased, as shown
in Fig. S3A (see Supplementary Material). Between 5 and
100 mV s~ !, the oxidation and reduction peak currents were
directly proportional to the square root of the scan rate (Fig.
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Fig.4 Schematically presenting
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and various concentrations of
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S3B). The linear correlation R was 0.993 and 0.994, respec-
tively. This suggested that the mass transfer in the modified
electrode was regulated by diffusion [28].

Comparative investigations of SPE/Fe;0,@PNE@CD-
GOx biosensor were conducted to evaluate the electro-
chemical response. The biosensor was used to detect glucose
with successive additions, as shown in Fig. S5A. The linear
relationship between current response and concentration
(Fig. 5B) exhibited a good correlation coefficient (R?) of

0.998 over the concentration range of 0.1-30.0 mM, with
a high sensitivity of 204.82 uA uM~! cm~2 and a low limit
of detection (LOD) of 3.20 puM. The proposed glucose bio-
sensor enables glucose measurement in the whole range of
human blood concentrations (hypoglycemia, normal, early
diabetes, and diabetes), under the WHO guidelines [29].
The proposed SPE/Fe;0,@PNE@BCD-GOx sensor
is additionally characterized by a rapid response time of
2.6 s. Compared to the system without fCD, the response is

@ Springer
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Table 2 Comparison of the
analytical performance of
various glucose GOx-based
biosensors

almost twice faster (Fig. S4, see Supplementary Material).
The rapid response time demonstrates that the as-prepared
catalyst is capable of glucose sensing.

The proposed biosensor was tested using amperometry
without stirring conditions. Fig. S5A (see Supplementary
Material) shows an amperogram obtained at +0.3 V for

Electrode Sensitivity (WA Limit of Linear range (mM)  References
mM~! em™?) detection
(uM)

GOx-SiO,/Lig/Fc/CPE 11.0 145.0 0.5-9.0 [23]
GOx/Nafion®/MnO,-GNR/SPCE 56.32 50.0 0.1-1.4 [30]
Fc-PLL/GOx 6.55 23.0 0-10.0 [31]
GOx/B-CD/MWCNTs/GCE 32.28 0.42 0.05-1.15 [32]
LSG/PBSE/PtNPs/GOx/Nafion® 12.64 2.35 0.0025-2.5 [33]
FTO-CNTs/PEI/GOx 63.38 70.0 0.07-0.7 [34]
GODx/Au@C/TiO,/FTO 29.76 49.0 0.1-1.6 [35]
Au/OPPy/AuNPs/GOx/Nafion® 8.09 40.0 0-2.6 [36]
Fe;0,@PNE-GOx 97.30 6.10 0.2-24.0 [5]
Fe;0,@PNE@BCD-GOx 204.82 3.20 0.1-30.0 This work

50 -

404

304

f: a -1 mM glucose

increased concentrations of glucose, and Fig. S5B shows the
respective calibration curve presenting a linear relationship
between glucose concentration and the current at 45 s. For
this technique, the linear range was 0.5-28 mM, the limit of
detection was 4.11 uM and the sensitivity was calculated as
179.40 yA uM~ ! cm™2.

The analytical performances of the SPE/Fe;O0,@PNE@
BCD-GOx biosensor are compared to other research includ-
ing sensitivity, the limit of detection, and linear range
(Table 2). Compared to other enzymatic biosensors in the
literature, the proposed glucose biosensor showed good ana-
lytical properties for glucose detection, such as good linear-
ity and high sensitivity.

3.5 Interferents tests

The selectivity of the proposed glucose biosensor in the
presence of interfering species is one of its most impor-
tant features. In real samples, some electroactive and non-
electroactive species co-exist with glucose and function as
interfering molecules. Electroactive species such as ascorbic
acid and uric acid are oxidized at the electrode surface and
can affect the current responses of hydrogen peroxide pro-
duced by the enzymatic reaction. Moreover, nonelectroac-
tive species such as fructose, saccharose, and urea can occur
and foul the electrode surface, and affect the final sensor
response [37].

To check the influence of interferents on the presented
SPE/Fe;0,@PNE@BCD-GOx biosensor, an amperometric
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Fig.6 Interference tests of the biosensor; addition of 1 mM of glu-
cose (a) as the main analyte and 1 mM interferents like fructose (b),
maltose (c), saccharose (d), L-cysteine (e), uric acid (f), dopamine

(.

and ascorbic acid (h)

test was carried out at a potential of 0.3 V and the obtained
results were presented in Fig. 6.

The sensor response was measured in the presence of
1 mM glucose and 1 mM interferents like fructose, maltose,
saccharose, L-cysteine, uric acid, dopamine, and ascorbic
acid. The presence of interferents did not significantly affect
the biosensor response (Fig. 6).

3.6 Optimization of the SPE/Fe;0,@PNE@BCD-GOx
electrode

The SPE/Fe;0,@PNE@BCD-GOx biosensor was tested
under various temperatures, pH, and mediator concentra-
tions to find the optimum parameters.

The factor that significantly affects the bioactivity of GOx
and ultimately the effectiveness of glucose detection is the
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Table 3 Measurements of human blood, human serum, and infusion glucose using SPE/Fe;0,@PNE@BCD-GOx biosensor and three commer-

cial glucometers (n=3)

Sample Glucose SPE/Fe;0,@PNE@BCD- Glucometer 1 Glucometer 2 Glucometer 3
concentra-  GOx
EEHM Found/mM Recovery/% Found/mM Recovery/% Found/mM Recovery/% Found/mM Recovery/%
Human blood 3.2 3.1+0.1 969 28+03 875 24+04 750 26+02 812
6.9 6.8+02 98.6 6.1+02 8384 63+03 933 62+02 895
14.1 13.8+0.1 979 13.0+03 922 135+£05 957 13.6+03 964
Human serum 2.7 26+02 96.2 24+0.1 839 2.1+03 778 25+02 926
4.5 43+0.1 955 3.6+02 80.0 33+05 733 4.1+£04 91.1
6.2 6.0+£02 96.8 56+0.1 903 54+03 87.1 5702 919
8.4 82+0.1 97.6 7.8+02 928 74+03 88.1 7.6+02 904
Infusion 5.5 54+0.1 982 52+04 952 4.1+£0.6 745 48+04 873
fluid

pH of the solution. The optimal pH for glucose oxidase is
usually between 5.5 and 7.5, but this varies depending on the
immobilization method and the enzyme environment [37].
To check the optimal pH, tests with 2 mM glucose at various
values of pH (ranging from 3 to 10) were carried out (Fig.
S6A, see Supplementary Material). The enzyme electrode
system showed the highest value of the current at pH 7.4,
which was selected for further glucose testing.

Moreover to check the temperature stability tests were
carried out in the range from 5 to 60 °C (Fig. S6B). The
maximum efficiency of the electrode was demonstrated at
40 °C, which is consistent with literature reports [38]. How-
ever, due to the slight difference from the ambient tempera-
ture, the greater simplicity of the measurements, and the
exclusion of any possible evaporation processes, the remain-
ing measurements were carried out. Furthermore, above
50 °C, the sensor electrode showed a decreased ampero-
metric response which may be caused by the denaturation
of the protein molecules [38].

The mediator concentration may significantly influence
the linear range of a glucose sensor. Previous works showed
a lower linear range and low sensitivity at low mediator
concentrations, while too-high concentrations limited the
enzyme-substrate kinetics [31]. To check the most effective
mediator concentration, various values (ranging from 1 to
20 mM) were tested, which are shown in Fig. S7C. Due to
a marginal increase in sensor response above 10 mM. This
concentration was applied in subsequent testing.

3.7 Testinreal glucose samples

To apply the constructed sensor as a mobile POCT sensor,
tests on real solutions like human blood, human serum,
and infusion fluids were carried out. The research made
it possible to check the operation of the system in the
environment of interferents and confirm the selectivity

and sensitivity. The obtained results are summarized in
Table 3. As part of the tests, 3 samples of human blood
with different concentration ranges (3.2, 6.9, 14.1 mM)
were tested. The high recovery was calculated at the level
0f 96.9-98.6% (n=3) indicating the detection efficiency
and the ability of the biosensor to test biological samples
as well as potential clinical usefulness. A similar high
recovery, ranging from 95.5 to 97.6% was calculated for
studies using human serum containing 4 different glu-
cose levels (corresponding to hypoglycemia to diabetes).
Finally, glucose in the infusion fluids was also tested with
high efficiency (98.2% recovery). The obtained results
indicate the high efficiency of glucose detection in the
SPE/Fe;0,@PNE@BCD-GOx biosensor. Additionally,
they were compared with 3 commercial glucometers.
Moreover, it can be concluded that the proposed SPE/
Fe;0,@PNE@BCD-GOx biosensor is characterized by a
higher recovery compared to commercial blood glucose
detectors available on the market.

3.8 Time stability and reproducibility
of the biosensor

The choice of the material for the immobilization of the
enzyme is crucial to make an efficient electrochemical detec-
tion. The selection of the appropriate material may have a
significant impact on the lower variability of measurements
over time [22].

The biosensor stability study was tested for SPE/Fe;0,@
PNE-GOx and SPE/Fe;0,@PNE @BCD-GOx for 11 months
(Fig. 7). Between the measurements, the electrodes were
stored in a refrigerator at 4 °C.

After prolonged storage, the current for the same added
glucose decreases. The SPE/Fe;O,@PNE-GOx electrode
at 8 months showed 75.1% of its initial response. In con-
trast, the investigated BCD electrode retains over 75.4%
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Fig.7 Comparison of the
long-term stability as a relative 100 =
response to 1 mM glucose for

the SPE/Fe;0,@PNE-GOx and
SPE/Fe;0,@PNE@BCD-GOx 801
biosensors (n=3)

60

40
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Time
T?l?clzje gggﬁ:giriog (z)lifnvjtlrtii?rlll: Biosensor system Maintained storage Time stability Reference
ftability ‘ e stability (%) (days)
Pt/(CHIT/PAA),/GOx 60.0 60 [39]
GOx- Pt/Pani-Pvs 80.6 40 [40]
ANI-MMT/PtNPs-GOx 91.7 60 [41]
GOx@PAVE-CNTs 924 35 [42]
GC/MWCNT/Fe;0,/PDA/B-CD-GOx 63.0 210 [22]
SPE/Fe;0,@PNE-GOx 75.1 140 [5]
SPE/Fe;0,@PNE@BCD-GOx 61.2 330 This work

of its initial performance after 10 months and 61.2% after
11 months. A comparison of the variously constructed bio-
sensors for glucose measurements was presented in Table 4.

Amperometry was used to test the biosensor’s repeatabil-
ity and reproducibility after adding 2 mM of glucose to PBS
(10 mM, pH=7.4). The relative standard deviation (RSD)
obtained (n=38) was 3.6%, indicating high repeatability.
The reproducibility assay value was 0.6%, indicating that
the detection procedure is repeatable.

For the practical uses of electrochemical sensors, good
electrochemical repeatability and stability are just as cru-
cial as strong electrocatalytic activity. The stability of the
SPE/Fe;0,@PNE @ BCD-GOx electrode was also assessed
by recording the current response in 1 mM glucose solution
after 200 consecutive voltammetric cycles (Fig S7TA, see
Supplementary Material). The proposed biosensor showed a
stable character after 200 scans, due to the observed similar
response after continuous scans [43].

In addition, the change of biosensor response over time
after adding 1 mM glucose was checked (Figure S7B). The
biosensor lost 9% of its initial response after 6000 s. This
indicates the stable nature of the proposed biosensor. Due to
the stable properties of the biosensor, potential application in
continuous and real-time measurements is possible.

@ Springer

4 Conclusion

The novel Fe;0,@PNE@BCD hybrid nanomaterial was
synthesized using straightforward techniques with disper-
sion-morphological and electrochemical characteristics. An
adsorption immobilization of glucose oxidase from Asper-
gillus niger was proposed, which was highly effective.

The addition of f-cyclodextrins, as hypothesized, signifi-
cantly increased the efficiency and the amount of immobi-
lized enzyme on the support surface (for the Fe;O,@PNE,
and Fe;0,@PNE@BCD nanomaterials with the results 37.8,
and 49.1 mg g~ !, respectively).

The final nanoplatform was used to build a biosensor
based on a screen-printed electrode with a potentiostat com-
patible with mobile devices. Electrochemical studies indi-
cate that the proposed glucose sensor can be used for glucose
measurements in a wide range of glucose concentrations,
from hypoglycemia to diabetes. Its most important features
are rapid reaction time, high time stability, sensitivity as
well as reproducibility, and repeatability. The use of a mul-
ticomponent system allowed the extension of the long-live
biosensor up to 11 months, enabling selective and sensitive
measurements in the same linearity range.
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The presented biosensor was also tested on real samples
like human blood, human serum, and infusion fluids. The
SPE/Fe;0,@PNE @BCD-GOx biosensor unveils an attrac-
tive alternative as a mobile point-of-care testing tool for
glucose measurements. Additionally, it enables real-time
measurements outside the laboratory.
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tary material available at https://doi.org/10.1007/s10800-023-01937-5.
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