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Artur Jędrzak a,b,⇑, Maria Kuznowicz a, Tomasz Rębiś c, Teofil Jesionowski a
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This work describes a novel nanoplatform based on polynorepinephrine (PNE) grafted on magnetite
nanoparticles (Fe3O4) with glucose oxidase (GOx) from Aspergillus niger (Fe3O4@PNE-GOx). The system
was integrated with a smartphone analyzer as a potential point-of-care testing (POCT) biosensor for glu-
cose measurement.
Covering the magnetite surface with the biomimetic polymer polynorepinephrine significantly

increased the effectiveness of enzyme immobilization which was 38.40 mg g�1, compared with
17.30 mg g�1 on the bare surface of magnetite. The Fe3O4@PNE-GOx nanoplatform was deposited on a
screen-printed electrode (SPE) and then used with the world’s smallest ready-to-go potentiostat and a
smartphone in tandem for glucose measurement. This biosensor displayed a broad range of linearity
(0.2–24 mM), a low detection limit (6.1 lM), and good sensitivity (97.34 lA mM�1 cm�2). Moreover, it
exhibited a fast electrocatalytic response (8 s), and long-term stability (up to 20 weeks). It was used to
detect glucose in real samples such as human serum, human blood, infusion fluid, and commercial glu-
cose solutions.
The results obtained indicate that the proposed biosensor may be an attractive system for point-of-care

testing (POCT), or in various industries, using a smartphone and potentiostat in tandem.
� 2022 Elsevier B.V. All rights reserved.
1. Introduction

Diabetes mellitus is a long-term illness that affects human life
quality. This health issue is related to a lack of digestion of
monosaccharides, especially glucose. The condition may have var-
ious causes: (i) non-production of insulin, a hormone responsible
for the transfer of sugars from the blood to cells (type 1 diabetes);
(ii) its resistance to monosaccharides (type 2 diabetes); or (iii) its
blocking by placental hormones, increasing the blood sugar level
in pregnant women (type 3, gestational diabetes) [1,2]. Persistently
high glucose concentration in the blood may cause serious health
problems such as kidney disease, heart disease, cancers, blindness,
depression, dementia, and many others [3,4].

Therefore, glucose measurement is one of the most prominent
analyses in clinical diagnostics, and it also plays a crucial role in
pharmacy, environmental monitoring, and in the food industry,
for the precise determination of the amount of glucose in products
[5–7].

In 2021, the global biosensors market was worth US$ 25.5 bil-
lion, and it is projected to grow at a phenomenal 7.9% per year until
reaching US$ 36 billion in 2027. Nearly half of the biosensor mar-
ket is accounted for by medical biosensors, including electrochem-
ical glucose biosensors [8].

However, due to many errors and limitations in commercial
blood glucometers, caused by factors such as inappropriate stor-
age, coding, calibration, the strip manufacturing process, and sus-
ceptibility to the influence of temperature on these devices, the
U.S. Food and Drug Administration (FDA) has issued recommenda-
tions for new blood glucometers [9–11]. The primary implications
of the new guidance for diabetes are that (i) newly produced glu-
cose biosensors will need to be more accurate, (ii) larger studies
will be required before they are authorized, and (iii) accuracy will
be more prominently displayed on their packaging [12,13]. The
FDA guidelines state that 95% of all measured values of glucose
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in blood must be within 15% of the true value, and 99% should be
within 20% of the true value [13].

Moreover, the increasingly widespread availability of modern
technology such as smartphones, tablets, and smartwatches is
leading to an increase in their use in human medical care [14–
16]. Comprehensive digitization is driving the development of
point-of-care testing (POCT). POCT, or bedside testing, is a type of
medical diagnostic study performed at the place and time of care
[17–19]. This trend is antagonistic to the traditional and complex
system of testing only in a medical laboratory, which significantly
prolonged the time of analysis and delayed the ability to treat the
patient’s condition. According to specialists, upcoming progress
will affect therapy in the case of patients with diabetes, stroke,
infectious diseases, and cancer [17–19].

This work concerns a proposed smartphone-based biosensor for
quick, simple, and mobile glucose measurement, with the potential
for use in diabetes care, as well as in the food and pharmaceutical
industries [13,20]. Portable biosensors can be used in situations
such as point-of-care diagnostics, with the added benefit of being
able to operate in real time (as a mobile diagnostic station).

Our straightforward synthesis of a novel hybrid nanoplatform
based on polynorepinephrine grafted onto magnetite nanoparticles
(Fe3O4@PNE) with glucose oxidase (GOx) unveils a potential nano-
material for the immobilization of enzymes as well as a platform
for biosensors, compliant with the FDA guidelines. The proposed
biosensor may be an attractive alternative for portable, rapid glu-
cose measurement, with long-term stability for glucose detection
in real samples such as human serum and blood. It is also signifi-
cant that when this work was undertaken, there were no existing
literature reports on this type of tandem system (potentiostat-
smartphone) with hybrid nanomaterials based on mag-
netite@polynorepinephrine for glucose detection.
2. Reagents and apparatus

2.1. Materials and chemicals

Iron(II) chloride tetrahydrate (FeCl2�4H2O), iron(III) chloride
hexahydrate (FeCl3�6H2O), and ammonia solution (25%), nore-
pinephrine hydrochloride, phosphate buffer saline (PBS) (pH 7.4,
10 mM), citric buffer (pH 5.5, 10 mM), glucose oxidase from Asper-
gillus niger (protein content 65–85%, molecular weight 160 kDa), a-
D-Glucose (�99.5%, MW: 180.16 g mol�1) (hydroxymethyl)fer-
rocene (HFc), tris(hydroxymethyl)aminomethane (TRIS), human
serum from male AB plasma, fructose, maltose, sucrose, uric acid,
ascorbic acid, L-cysteine, and dopamine were purchased fromMer-
ck, Poland. Human blood was purchased from Bio-Rad, USA.
Biosensor systems were constructed based on a screen-printed
electrode (SPE) obtained from Palmsens (Houten, Netherlands).
All of the chemicals were of analytical grade quality.
2.2. Synthesis of Fe3O4@PNE hybrid material

The preparation of magnetite nanoparticles was based on the
co-precipitation method. FeCl3�6 H2O (3.44 g; 11.09 mM) and
FeCl2�4 H2O (1.72 g; 7.55 mM) were dissolved in 100 mL of Milli-
Q� water, and heated to 90 �C. 20 mL of 25% aqueous ammonia
was added dropwise, and synthesis was performed in a nitrogen
gas atmosphere, which reduced the amount of oxygen in the sys-
tem. The system was cooled to ambient temperature after 30 min.

To coat the nanoparticles with polynorepinephrine, 200 mL of
TRIS buffer solution (pH 8.5, 10 mM) was added to 100 mg of the
magnetite nanoparticles obtained in the previous step. The solu-
tion was sonicated to homogeneity, and then 100 mg of nore-
pinephrine was added (0.87 mM). The process was conducted for
2

different time intervals (2, 6, 24 h). The synthesis of the Fe3O4@PNE
hybrid material is illustrated schematically in Fig. 1A.
2.3. Glucose oxidase immobilization on the Fe3O4@PNE nanoplatform

Glucose oxidase was immobilized on the surface of Fe3O4 or
Fe3O4@PNE using an adsorption process, with the addition of
5 mg of the nanomaterial and 0.5 mg of glucose oxidase. The pro-
cess was carried out in 1 mL citric buffer (10 mM, pH 5.5). To opti-
mize the process, the immobilization was carried out over different
time intervals (1, 2, 6, 10, 24, and 48 h). The immobilization pro-
cess is illustrated schematically in Fig. 1B.
2.4. Fabrication of SPE/Fe3O4@PNE-GOx electrode

At the next stage, 1 lL of the obtained Fe3O4@PNE-GOx nano-
material (6.18 mg mL�1) was deposited on the surface of a
screen-printed electrode (SPE) and left to dry at ambient tempera-
ture. The resulting system was ready to use for electrochemical
testing. The electrode modification is shown schematically in
Fig. 1C.
2.5. Physicochemical analysis

Transmission electron microscopy (TEM) analysis was carried
out using a Jeol analyzer (JEM-1400) with a resolution of 2 nm
and a maximum acceleration of 120 kV. The functional groups pre-
sent in the structure of the hybrid platforms were determined
using Fourier transform infrared spectroscopy (FTIR). The FTIR
spectra were obtained using a Vertex 70 spectrometer. The nano-
materials were analyzed as tablets, made by combining 2 mg of
the test substance with 250 mg of anhydrous KBr at a pressure
of 10 MPa. Atomic force microscopy (AFM) was performed using
an Agilent 5500 in intermittent contact mode, in atmospheric con-
ditions. To test the stability of the materials in a liquid solvent, zeta
potential (f) and polydispersity index (PdI) values were deter-
mined using a Zetasizer Nano ZS with a range of 0.6–6000 nm.
2.6. Electrochemical study

All electrochemical measurements were performed using the
world’s smallest potentiostat, the Sensit Smart (Palmsens, Nether-
lands) [21]. Electrochemical tests were carried out using the dedi-
cated PStouch application. Different concentrations of glucose
solution were dissolved in 10 mM PBS (pH 7.4) with 10 mM
hydroxymethyl(ferrocene) and examined using cyclic voltammetry
(CV) and chronoamperometry (CA). The potential was set between
–0.2 and 0.6 V for CV testing, and the scanning rate was 10 mV s�1.
The constant potential for glucose detection by CA was set at 0.3 V.
The repeatability of the glucose sensor was investigated by evalu-
ating five separate electrodes. The sensor was stored in a refriger-
ator and tested every two weeks (for 20 weeks) to establish
stability over time. The response of the biosensor in glucose detec-
tion was evaluated in the presence of potential interferents such as
fructose, saccharose, maltose, L-cysteine, uric acid, ascorbic acid,
and dopamine. Concentrations of the aforementioned interferents
were 1 mMwhich is much higher than would normally be encoun-
tered in real samples. The biosensor was also used for glucose mea-
surements in real samples such as human serum, human blood,
infusion glucose solutions, and commercial glucose solutions.
Additionally, real glucose solutions were tested using a commercial
glucometer. All of these results are given in Table 5 (in section 3.6).



Fig. 1. Synthesis of magnetite@polynorepinephrine nanomaterial (A); immobilization of GOx on Fe3O4@PNE nanoplatform (B); modification of the screen-printed electrode
(SPE) (C).
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3. Results

3.1. Physicochemical characterization

The morphological structures of Fe3O4 and Fe3O4@PNE were
investigated by transmission electron microscopy (TEM). The mag-
netite nanoparticles, as shown in Fig. 2A, present a uniformly
spherical shape with diameters in the range 7–11 nm.

The Fe3O4 coated with a polynorepinephrine layer is visible in
the second TEM image (Fig. 2B). The thickness of the PNE coating
Fig. 2. Transmission electron microscopy (TEM) micrographs of the synthesized ma
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is uniform, of the order of 2–3 nm. The TEM images confirmed
the presence of a thin, well-defined structure on the surface of
the nanoparticles. FTIR and zeta potential analysis also validated
the surface functionalization of the magnetite nanoparticles.

As compared to bare magnetite nanoparticles, PNE coating has a
significant impact on the hydrodynamic particle size. The PdI and
zeta potential values obtained for magnetite and for the Fe3O4@-
PNE nanomaterial are summarized in Table 1. The magnetite
nanoparticles had a dispersity of 0.195, which increased to 0.419
when they were coated with PNE. The zeta potential changed from
gnetite nanoparticles (A) and magnetite@polynorepinephrine nanomaterial (B).



Table 1
PdI and zeta potential analysis of Fe3O4 and Fe3O4@PNE (n = 3).

Sample PdI Zeta potential [mV]

Fe3O4 0.195 ± 0.032 �43.3 ± 0.5
Fe3O4@PNE 0.419 ± 0.020 �26.5 ± 0.8
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–43.3 mV for Fe3O4 NPs to –26.5 mV for Fe3O4@PNE NPs, which
may confirm that the surface is covered with a biopolymer. In addi-
tion, graphs of zeta potential distribution are provided in Fig. S1
(see Supplementary Material).

Fourier transform infrared spectroscopy (FTIR) tests were per-
formed to analyze polynorepinephrine formation over time (2, 6,
24 h). Fig. 3 shows the FTIR spectra for Fe3O4 and Fe3O4@PNE
formed at different polymerization times.

In the spectrum for Fe3O4, the visible strong peak at 577 cm�1

corresponds to vibrations of the Fe–O functional group [22]. Cate-
chol groups (–OH) are associated with a large absorbance range of
3450–3100 cm�1 for PNE [23]. Overlapping C = C resonance vibra-
tions and C–N stretching modes are associated with peaks at
1615 cm�1 and 1514 cm�1 respectively [24].

In addition, the increased intensity observed over time suggests
that a greater amount of polynorepinephrine was formed after a
longer polymerization time. These results demonstrate the effi-
ciency of the PNE coating of magnetite nanoparticles (Fig. 3).
3.2. Immobilization of glucose oxidase(GOx)

The amount of immobilized GOx on the Fe3O4@PNE nanoplat-
form and the optimal conditions for this process were determined
using the Bradford protein assay.

The immobilization process was also affected by the processing
time (1, 2, 3, 6, 10, 24, 48 h) on the different nanoplatforms (Fe3O4

and Fe3O4@PNE) – these results are shown in Fig. S2 (see Supple-
mentary Material). The highest amount of enzyme immobilized
on both nanoplatforms was obtained after 24 h, and this was deter-
mined as the optimal time. The addition of PNE nanoparticles
increases the amount of enzyme immobilized on the matrix sur-
face more than twofold (the rates are 17.3 and 38.4 mg g�1 for
Fe3O4 and Fe3O4@PNE hybrid nanomaterial, respectively).

It is caused by catechol groups occurring in the structure of
polynorepinephrine, which present high reactivity towards nucle-
Fig. 3. Fourier transform infrared spectroscopy (FTIR) spectra obtained for Fe3O4 (a)
and for Fe3O4@PNE formed at 2 h (b), 6 h (c), 24 h (d).
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ophiles like thiol, amino groups found in amino acids in the struc-
ture of the enzyme. The creation of hydrogen bonds between
glucose oxidase (GOx) molecules and quinones, or the amino
groups presented in the Fe3O4@PNE nanoplatform may explain
the higher efficiency of GOx immobilization on the hybrid nano-
material [25,26].

Additionally, interactions between enzyme (GOx) and nanoma-
terial (Fe3O4@PNE) may be based on van der Waals forces, ionic
interactions or hydrogen bonds,

[27]. The results obtained are summarized in Table 2 and are
compared with other carriers that have been used to immobilize
glucose oxidase.

To characterize the morphology of the Fe3O4@PNE nanomaterial
before and after the immobilization of glucose oxidase, images
were taken using atomic force microscopy (AFM) (Fig. 4).

As shown in Fig. 4A, the 3D AFM images of Fe3O4@PNE pre-
sented well-formed nanoparticles, as was also confirmed by the
related height profile (Fig. S3A; see Supplementary Material).
Fig. 4B shows the Fe3O4@PNE-GOx surface, for which the value of
the parameter z is more than doubled compared with the system
without GOx (2.5 and 6.2 nm for Fe3O4@PNE and Fe3O4@PNE-
GOx respectively).

The roughness coefficient (Sa) was also determined for the
hybrid material before and after immobilization; the results
obtained are given in Table 3 (n = 3).

The value of Sa for the material after immobilization is lower
than the value for the matrix before GOx adsorption. This result
confirms the smoothing effect of the enzyme.

3.3. Electrochemical tests of SPE/Fe3O4@PNE-GOx electrode

For electrochemical characterization of the analyzed systems,
cyclic voltammograms of the bare screen-printed electrode (SPE),
modified SPE/Fe3O4@PNE and SPE/Fe3O4@PNE-GOx electrodes
were recorded in the presence of 1 mM Fe(CN6)3-/4- (Fig. S4; see
Supplementary Material). As shown in Fig. S4, a peak-to-peak sep-
aration of 150 mV was observed for the unmodified SPE electrode.
Separations of 143 and 120 mV were recorded for the SPE/Fe3O4@-
PNE and SPE/Fe3O4@PNE-GOx electrodes respectively. These values
indicate the irreversible behavior of [Fe(CN)6]3-/4- at the studied
electrodes. However, the decrease in peak-to-peak separation after
electrode modification suggests the acceleration of charge transfer
kinetics compared with the bare SPE. The deposition of nanostruc-
tured Fe3O4@PNE and Fe3O4@PNE-GOx materials on the surface of
the SPE results in a significant increase in redox peak currents. The
highest peak currents were observed for the SPE/Fe3O4@PNE-GOx
electrode, and can be attributed to its having the highest electroac-
tive surface area.

Electrochemical impedance spectroscopy (EIS) was next
applied, to study the electron transfer characteristics. The EIS spec-
tra are displayed in the inset of Fig. S5 as Nyquist plots, fitted with
theoretically computed findings using an equivalent Randles cir-
Table 2
Amounts of GOx immobilized on various platforms.

Sample Immobilized GOx /mg g�1 Ref

SiO2/Lig 25.28 [25]
CNCs 20.08 [28]
OMC 37.38 [29]
YS-DMONs 20.10 [30]
Fe3O4/PDA 35.20 [31]
Fe3O4 17.30 This work
Fe3O4@PNE 38.40 This work

Cellulose nanocrystals (CNCs); ordered mesoporous carbon (OMC); yolk-shell
tetrasulfide bond bridged dendritic MONs (YS-DMONs); silica-lignin (SiO2/Lig),
magnetite/polydopamine (Fe3O4/PDA)



Fig. 4. AFM images of Fe3O4@PNE nanomaterial before GOx immobilization (A) and after GOx immobilization (B).

Table 3
Coefficient of roughness (Sa).

Sample Fe3O4@PNE Fe3O4@PNE -GOx

Sa 61.21 ± 2.44 81.21 ± 2.66
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cuit model. The charge transfer resistance (Rct) can be calculated
from the semicircle obtained in the Nyquist plot. The plots show
that the Rct of the bare SPE (DRct = 2350 X) is significantly
decreased by coating with Fe3O4@PNE (DRct = 86 X), suggesting
the facilitation of the electron transfer kinetics by Fe3O4@PNE
nanoparticles at the SPE surface. The immobilization of GOx on
Fe3O4@PNE caused an increase from 86 X to 114 X, which may
be due to the insulating nature of GOx. It should be noted that at
pH above 4.2 (the isoelectric point) GOx exists in a negatively
charged form [32]. This may cause repulsion between the anionic
Fe(CN)63-/Fe(CN)64- redox probes and the negative charge carried
by GOx, resulting in a slightly larger semicircle diameter, and thus
indicating an increase in resistance compared with SPE/Fe3O4@-
PNE. Similarly, the extensive protein caging of GOx’s FAD redox
center confirmed a reduction in electron transfer [33].

The effective surface areas of the SPE, SPE/Fe3O4@PNE, and SPE/
Fe3O4@PNE-GOx electrodes were calculated from the voltammetric
peak currents recorded in a solution containing 1 mM of Fe
(CN6)3-/4- at scan rates ranging from 10 to 100 mV s�1 (Fig. S6;
see Supplementary Material) using the Randles–Sevcik equation
[34]:

Ip ¼ 2:69 � 105
� �

nACD
1
2v1

2 ð1Þ

where n is the number of electrons engaged in the redox reaction
(n = 1), A is the electrode surface area (cm2), C is the concentration
of the redox species in solution (0.01 mol cm�3), D is the molecule’s
diffusion coefficient in solution (7.6 � 10�6 cm2 s�1), and v is the
scan rate (V s�1) [35,36].

The effective surface areas calculated for SPE, SPE/Fe3O4@PNE
and SPE/Fe3O4@PNE-GOx were high values of 0.078 cm2,
0.300 cm2 and 0.284 cm2 respectively. The rise in current intensity
may thus be linked to the nanoelectrodes’ increased surface area
[34].

Next, the electrochemical properties of the SPE/Fe3O4@PNE-
GOx material were studied in the presence of HFc redox mediator.
The effect of various scan rates on the electrochemical properties is
depicted in Fig. 5A. The redox current increased as the scan rate
was increased from 10 to 100 mV s�1. The dependence of the cur-
rent (Ip) on the square root of the scan rate (v1/2) (Fig. 5B) is an
important diagnostic criterion when using cyclic voltammetry to
determine the type of reaction mechanism. The results indicate
that the redox reaction of GOx on the electrode surface is a
quasi-reversible diffusion-controlled electrochemical operation
[37].
5

In addition, polynorepinephrine has numerous catechol groups
which are functional redox ligands, which are responsible for elec-
tron hopping transfer which mimics electron transport in a biolog-
ical system, and redox polymers [38].

Electrochemical investigations were performed to characterize
the response of the Fe3O4@PNE-GOx electrode. Cyclic voltammo-
grams (CVs) were obtained without glucose and in the presence
of glucose, in a range from –0.2 V to 0.6 V, at a scan rate of 10mV s�1

(Fig. 6A). The Fe3O4@PNE-GOx biosensor catalyzes the oxidation of
glucose in the presence of an external redox mediator (HFc). At suf-
ficiently positive potential the reduced form of the mediator HFc is
converted to its catalytically active oxidized form HFc+. Then elec-
tron exchange occurs between FADH2 and HFc+, resulting in the
regeneration of FAD and the formation of HFc. The re-oxidation
of HFc on the electrode surface results in a bioelectrocatalytic
response that is proportional to the quantity of glucose present
in the solution [39–41]. The reactions occurring can be presented
as follows:

glucose + FAD ! gluconolactone + FADH2 ð2Þ
FADH2 + 2 HFcþ!FAD + 2 HFc + 2Hþ ð3Þ
HFc ! HFcþ + e� ð4Þ
In Fig. 6B, the curve presents the correlation between peak cur-

rent and glucose concentration. The voltammetric response
approached saturation when the glucose concentration was above
110 mM. This response is a result of Michael–Menten kinetics and
is typical of enzymatic biosensors [42].

The relationship between the response current and glucose con-
centration can be found using Lineweaver–Burk plots. The Kapp

m

value of 1.35 mM, reflecting the affinity of the enzyme to the elec-
trode, is smaller than previously reported values of 2.10, 3.44,
10.11, and 14.50 mM [43–46], indicating that the GOx immobilized
on Fe3O4@PNE has a high affinity to glucose.

Following optimization of the settings, the biosensing system’s
analytical response was assessed using chronoamperometry, in
which different quantities of glucose were sequentially injected
and continuously stirred into PBS (pH 7.4) supplemented with
10 mM of HFc, and with a potential of 0.3 V. The analytical perfor-
mance of the prepared Fe3O4@PNE-GOx biosensor was evaluated
with glucose concentrations varying from 0.2 to 34 mM (Fig. 7A).
The linear relation of the current with concentrations of glucose
between 0.2 mM and 24 mM, with a correlation coefficient of
0.998 (n = 3), is shown in Fig. 7B. Based on the slope of the linear
fit in Fig. 7B, the sensitivity of the biosensor was calculated as
97.34 lA mM�1. The obtained calibration curve enables the testing
of glucose levels from hypoglycemia (<3.8 mM/L) through normal
glucose levels (3.9–5.5 mM), early diabetes (5.6–10.0 mM), and
diabetes (greater than10.0 mM).



Fig. 5. Cyclic voltammograms of SPE/Fe3O4@PNE-GOx in PBS containing 10 mM hydroxymethyl(ferrocene) at different scan rates (in the range from 10 to 100 mV s�1) (A);
linear fitting chart of the Ipa (y = 21.189x – 25.049, R2 = 0.996) and Ipc (y = -18.204x + 25.756, R2 = 0.997) versus v1/2 (B).

Fig. 6. Cyclic voltammograms of Fe3O4@PNE-GOx electrode in PBS solution containing 10 mM HFc and various concentrations of glucose at scan rate 10 mV s�1 (A);
calibration graph (B) (n = 3).

Fig. 7. Chronoamperometric response of SPE/Fe3O4@PNE-GOx electrode in 10 mM PBS (pH 7.4) containing 10 mM of HFc on injection of various concentrations of glucose at a
working potential of 0.3 V (A); the resulting calibration curve (y = 6.814x + 12.662, R2 = 0.998) (B).
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The presented calibration curves are adequate for calculating
glucose concentrations in both healthy and diabetic patients [47].
The limit of detection (LOD) of the SPE/Fe3O4@PNE-GOx electrode
was calculated as 6.1 lM, using the following equation:

LOD ¼ 3 � d
S

ð5Þ

where S is the slope of the calibration curve and d is the standard
deviation at the lowest concentration [48].

One of the characteristics of a biosensor is the response time,
defined as the time required to achieve a 95% steady-state signal
[49]. On exposure to a 2 mM glucose solution (Fig. S7; see Supple-
mentary Material) the SPE/Fe3O4@PNE-GOx biosensor attained 95%
of the constant signal after 8 s, which is faster than previously
reported [50,51].

Without the use of mixing conditions, accurate measurements
were obtained with the chronoamperometry method. Fig. 8A pre-
sents chronoamperometric responses of the SPE-based biosensor
to different concentrations of glucose ranging from 0.5 to 22 mM
at a working potential of 0.3 V. A well-defined amperometric
response of the biosensor to successive additions of glucose was
observed. The calibration curve was created using data from three
runs and the average current response of the sensor after 45 s.
Error bars represent the standard deviations of the measurements
for each concentration. As shown in Fig. 8B, the linear range of the
Fe3O4@PNE-GOx biosensor was from 0.5 to 22 mM of glucose, with
a correlation coefficient of 0.996. Based on the slope of the linear fit
in Fig. 8B, the sensitivity of the biosensor was calculated as
30.73 lA mM�1 cm�2.

As shown in Table 4, the linear concentration range, limit of
detection, and sensitivity are equivalent to those reported in the
literature for enzyme biosensors.

3.4. Optimization of the SPE/Fe3O4@PNE-GOx electrode

The designed SPE/Fe3O4@PNE-GOx electrochemical sensor was
optimized for several parameters, including temperature, pH of
the solution, mediator concentration, and immobilization time.
These parameters were adjusted in the presence of 2 mM glucose
solution, always changing one parameter to obtain the optimum
process conditions.

The pH value has a strong influence on the activity of the
enzyme [61]. The influence of pH on the performance of the SPE/
Fe3O4@PNE-GOx electrode was investigated (Fig. S8A; see Supple-
mentary Material). The highest currents were observed for a pH of
7.4, and the electrode exhibited a good relative response in the pH
Fig. 8. Amperometric response of biosensors to different glucose concentrations without
resulting calibration curve (y = 4.043x + 4.392. R2 = 0.996) (B).
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range from 5.0 to 9.0. The optimal pH value determined in this test
has been confirmed in other studies using glucose oxidase as the
enzyme [31,62,63].

To evaluate the influence of temperature on the proposed sys-
tem, tests were carried out for various temperatures in a range
from 15 �C to 60 �C. The effect of temperature on the electrode
response is shown in Fig. S8B. The highest currents were recorded
at 40 �C; however, because the enzyme also showed high activity
at 25 �C, this temperature was selected for subsequent
experiments.

The glucose response with HFc (in the concentration range from
1 mM to 30 mM) is presented in Fig. S8C. Above 10 mM there was
only a slight increase in the relative sensor response. Therefore,
10 mM HFc was used in further tests.

The effect of the immobilization time (2, 5, 10, 24, and 48 h) on
the electrode response in the presence of 2 mM glucose is shown in
Fig. S8D. The highest response was recorded for 24 h of immobi-
lization, which confirms the results obtained with the Bradford
method.
3.5. Interference tests

The selectivity of the prepared biosensor was investigated in
the presence of interferents such as ascorbic acid, dopamine, uric
acid, L-cysteine, and other sugars (saccharose, fructose, and mal-
tose) by amperometric analysis at 0.3 V. The results (Fig. 9) showed
that the current value did not vary appreciably in the presence of
the above interferents. The experiments were carried out under
previously determined optimal operating conditions (25 �C,
10 mM HFc, pH 7.4). However, the tested interferent concentra-
tions are about 5 times higher than those found in blood [64].

Analysis of these results shows that the proposed system offers
very high selectivity. At the same time, a very good response to
glucose alone is retained, and the presence of interferents in the
solution did not affect the glucose response.
3.6. Testing in real glucose samples

The glucose content in samples of human serum and human
blood was measured, to demonstrate the practicality of the glucose
sensor as a potential POCT biosensor. Measurements of known glu-
cose concentrations in human serum samples were also performed
to confirm the selectivity and sensitivity of the glucose measure-
ment. Three different quantities of glucose (2.3 mM, 5.6 mM,
10.2 mM) were measured in human serum. The recovery was com-
mixing conditions, containing 10 mM of HFc at a working potential of 0.3 V (A); the



Table 4
Comparison of the analytical performance of various glucose biosensors.

Electrode Sensitivity (lA mM�1 cm�2) LOD (lM) Linear range (mM) References

GOx-SiO2/Lig 0.78 145.00 0.5–9.0 [25]
Fe3O4/PDA-GOx 1.55 115.74 1–26.0 [31]
ZnO/Pt/GCSPs/GOx 88.36 0.03 0.05–1.0 [52]
GOx/Graphene/CHIT/GCE 37.93 0.02 0.08–12.0 [53]
Graphene–CdS–GOx 1.76 700.00 2.0–16.0 [54]
GOx/Ag@MWCNT-IL-Fe3O4 – 2.12 0.006–2.0 [55]
GOx/Au/MXene/Nafion 4.20 5.90 0.1–18.0 [56]
GOx/Au/MWCNTs/PVA 16.60 200.00 0.5–8.0 [57]
GOx/AuNPs/Pty/PB 16.70 1.00 0.00001–1.0 [58]
PNE/GOD/AuNPs@PNE/Au 35.40 1.34 0.003–3.4 [59]
Nafion/GOx/ZnO/Au 24.60 5.00 0.1–7.1 [60]
Fe3O4@PNE-GOx 97.30 6.10 0.2–24.0 This work

Glucose oxidase (GOx/GOD); zinc oxide (ZnO); platinum (Pt); chitosan submicron particles (GCSPs); chitosan (CHIT); cadmium sulfide nanoparticle (CdS); silver (Ag); multi-
walled carbon nanotubes (MWCNT); gold (Au); magnetite (Fe3O4); polyvinyl alcohol (PVA); polydopamine (PDA); lignin (Lig); silica (SiO2); Prussian blue (PB); polytyramine
layer (Pty); molybdenum disulfide (MoS2)

Table 5
Measurement of human blood, human serum, infusion glucose and glucose samples (n = 3), using our proposed SPE/Fe3O4@PNE-GOx biosensor and a commercial glucometer.

Sample Glucose concentration / mM SPE/Fe3O4@PNE-GOx Commercial glucometer

Found / mM Recovery / % Found / mM Recovery / %

human serum 0 0 – 0 –
2.3 2.2 ± 0.1 95.7 2.1 ± 0.1 91.3
5.6 5.4 ± 0.1 96.4 5.3 ± 0.1 94.6
10.2 9.9 ± 0.1 97.1 9.6 ± 0.2 94.1

human blood 3.1 3.0 ± 0.1 96.8 2.7 ± 0.1 87.1
6.1 6.0 ± 0.1 98.4 5.8 ± 0.2 95.1
14.7 14.4 ± 0.2 98.0 13.9 ± 0.2 94.6

infusion fluid 5.7 5.6 ± 0.1 98.2 5.4 ± 0.3 94.7
glucose sample 1 4.4 4.3 ± 0.1 97.7 4.2 ± 0.3 95.4
glucose sample 2 5.5 5.3 ± 0.1 96.4 5.1 ± 0.2 92.7
glucose sample 3 7.8 7.5 ± 0.1 96.2 7.3 ± 0.2 93.6

Fig. 9. Interference tests of the biosensor with 1 mM glucose, 1 mM fructose, 1 mM
saccharose, 1 mM maltose, 1 mM L-cysteine, 1 mM uric acid, 1 mM ascorbic acid,
and 1 mM dopamine in 10 mM HFc at 0.3 V.
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puted at between 96% and 97% (n = 3), as shown in Table 5, demon-
strating that the biosensor is also reliable for biological samples,
and these results also confirmed its clinical usefulness. The Fe3-
O4@PNE-GOxmodified electrode was tested in real sample analysis
using the standard addition procedure. Subsequently, tests were
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carried out on human blood solutions with low, medium, and high
glucose concentrations.

Finally, glucose concentrations were also determined in com-
mercially available glucose samples, including infusion fluids and
glucose drinks. The results indicated good accuracy in the mea-
surement of glucose, with recoveries between 96.1% and 97.7%
for our proposed SPE/Fe3O4@PNE-GOx biosensor. The results
demonstrate the electrochemical biosensor’s good performance
in the examination of genuine samples.

3.7. Storage stability and reproducibility of the biosensor

One of the major limitations of biosensors is their stability over
time. The stability of the SPE/Fe3O4@PNE-GOx biosensor was
tested over 20 weeks, with the sensor stored at 4 �C when not in
use. Results indicating the electrode’s stability over time are shown
in Fig. 10.

The data show that current continues to flow through the elec-
trode as time elapses, and the increases in intensity are propor-
tional to the amount of glucose added. The current intensity for
the same glucose additions decreases over time. However, the elec-
trode retains more than 82.2% of its initial performance after
16 weeks, and 75.1% after 20 weeks. Its aging can be attributed
to the progressive breakdown of the enzyme on the working elec-
trode; the effect of other environmental variables (evaporation,
contamination, oxidation, etc.) can be assumed to be limited or
absent, because the biosensors were individually vacuum pack-
aged before storage at elevated temperatures, and were used only
once [64].

The stability of the sensor was also tested in terms of the num-
ber of tests performed, with the use of cyclic voltammetry. The
curve was recorded in the presence of PBS (pH 7.4) together with



Fig. 10. SPE/Fe3O4@PNE-GOx biosensor relative response over time for 2 mM of
glucose (n = 3).
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10 mM hydroxymethyl(ferrocene) and 2 mM glucose. As shown in
Fig. S9 (see Supplementary Material), after 100 scans, the sensor
current response decreased to 89% of its original value, demon-
strating the good stability of the proposed system.

Chronoamperometry was used to test the biosensor’s repeata-
bility and reproducibility, based on the addition of 2 mM of glucose
to PBS (10 mM, pH = 7.4). The relative standard deviation (RSD)
obtained (n = 5) was 3.1%, indicating high repeatability (inter-
day assay). The intra-day assay value was 0.6%, indicating that
the detection procedure is repeatable.
4. Conclusion

Herein, this work presents a smartphone-based biosensor for
quick, simple, and mobile glucose measurement. The use of poly-
norepinephrine for coating magnetite nanoparticles allowed to
improve the adsorption of enzyme onto the magnetite@polynore-
pinephrine hybrid nanoplatform. Furthermore, designing and
obtaining the inorganic/organic carrier made it possible to obtain
a synergistic effect to create a biosensor with improved properties
such as sensitivity, selectivity, linear range and stability over time,
as well as its possible to miniaturization and operation with a
potentiostat and a smartphone in tandem.

Moreover, the proposed SPE/Fe3O4@PNE-GOx biosensor was
characterized by selective glucose recognition and fast response
in real glucose samples such like human blood, human serum, infu-
sion fluids and commercial glucose samples. The proposed
smartphone-based SPE/Fe3O4@PNE-GOx biosensor has the poten-
tial for use as a mobile, highly sensitive, highly selective instru-
ment for rapid glucose measurements in medicine, in line with
the trend toward point-of-care testing, as well as in various indus-
tries. Due to these properties, the obtained biosensor may be used
as a portable analytical station having the advantage of being able
to work in real-time, in conditions outside of the laboratory as a
mobile diagnostic station.
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