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Abstract

In a new approach based on a two-step procedure, co-precipitation method followed by
hydrothermal treatment in a microwave field, Zn-substituted Fe3O4 nanoparticles (Znx Fe3-xO4)
were synthesized. Results of XRD, FT–IR and TEM analysis clearly demonstrate that
nanoparticles were single phase, crystallizing in the spinel structure type (S.G. Fd3m) with
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crystallite size in the range of 2–20 nm, which strongly depends on Zn concentration. The
produced nanoparticles were used for fabrication of modified carbon paste electrodes as a novel
system for electrochemical non-enzymatic glucose detection. It was found that the increase of
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zinc concentration up to the value of x = 0.56 (Zn0.56Fe2.44O4) of as-prepared nanoparticles was
followed with an increase of a performance of the modified carbon paste electrode toward
glucose detection. Linear working range from 0.1 to 2 mM was obtained with detection limit of
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0.03 mM, and with fast response time (< 3 s). Proposed sensor was successfully applied for the
determination of glucose level in real samples with satisfactory recovery. The synthesized zinc-
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ferrite samples were also tested as potential heating agents in magnetic hyperthermia. The
heating ability (SAR value) increases with x value, reaching maximum for x = 0.37. This is
correlated with changes of particle size and magnetic characteristics which strongly depend on
Zn concentration.

sensor; Hyperthermia.
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1. Introduction
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Nanostructure metal oxides crystallizing in the spinel structure type have been investigated
intensively over the years and present a permanent interest due to their wide technological
applications such as magnetic and optical materials [1–3], semiconductors [4], pigments [5],
catalysts [6,7], or material for biomedical applications [8]. Among them, spinel ferrites with
general formula M2+Fe2O4 (M2+ = Fe2+, Mg2+, Zn2+, Co2+, Mn2+, Ni2+, etc.) are important class of
materials both in nano and bulk form. Besides practical applications they attract scientists from
fundamental point of view and serve as model systems in theoretical investigations. By partial
2
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substitution of iron by 3d or 4f elements in M2+Fe2O4, mixed ferrites are formed. Level of
substitution can significantly modify physicochemical properties of parent compounds.
Magnetite nanoparticles are known as one of the most common compounds used for biomedical
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applications. They exhibit some promising properties such as biocompatibility [9] and low
toxicity [10] in human body, possibility to transfer to superparamagnetic form by decreasing
their particle size, and ease of synthesis process and surface treatment [11]. Currently, magnetite
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(Fe3O4) and maghemite (γ-Fe2O3) are the only two U.S. food and drug administration (FDA)

MRI contrasting agents [12].
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approved magnetic materials that can be used in humans as iron deficiency therapeutics and as

On the other side, nano ZnFe2O4 is found to be one of the most interesting spinel systems
because of its unique properties, photochemical stability, good visible-light response and
favourable magnetism [13]. It has a mixed spinel structure (Zn2+1-δ Fe3+δ)Td[Fe3+2-δ Zn2+δ]OhO2-4
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with cations Zn and Fe occupying both crystallographic sites, tetrahedral Td and octahedral Oh
in Fd3m space group, and spinel type of structure. The “δ” denotes inversion degree and can

EP

have values from 1 for normal spinel and 0 for inversed one [14].
A plenty of synthetic methods have been proposed for preparing ZnFe2O4, Fe3O4 and mixed
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ZnxFe3-xO4 such as coprecipitation [15], sol-gel method [16], electrochemical synthesis [17],
reverse micelles [18], mechanical alloying [19], solvothermal method [20], chemical solution
deposition [21] and so on. In recent years, the microwave-assisted hydrothermal synthesis has
been intensively developed due to rapid heating, higher yield, faster kinetics, homogeneity of
prepared samples compared with the conventional hydrothermal method [22,23], and
successfully applied in preparation of ferrites such as Fe3O4 [24], MgFe2O4 [25], CoFe2O4 [26],
NiFe2O4 [27], etc. One of the goals of this study was to find a quick, simple and cost-efficient
3
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method for synthesis of ZnxFe3-xO4 nanoparticles in broad Zn concentration range. Here, we
report the two-step method for the preparation ZnxFe3-xO4 nanoparticles. The produced
nanoparticles were then used for fabrication of modified carbon paste electrodes which were

Zn/Fe ratio on performance of the electrodes was investigated.
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further investigated for non-enzymatic electrochemical glucose detection. Also, the influence of

Glucose sensing devices have important applications in clinical diagnostic and food industry.

SC

Nowadays, most of commercial products are enzymatic glucose sensors due to being fast and
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reversible but they still suffer from lack of the stability because nature of enzymes which
remains main problem with this type of sensors [28]. In recent years, much research is oriented
on non-enzymatic glucose sensors to overcome the limitations such as stability and accuracy
[29,30]. Electrochemical glucose sensors such as amperometric and potentiometric are frequently
used techniques for continuous monitoring because of low cost, fast response time, selectivity,

TE
D

and wider sensing range [31,32]. By means of advanced fabrication techniques, various microand nano- structural materials such as noble metals (Au, Pt, Pd) [33–35], composite alloy metals
(Ni-Cu, Pt-Au, Pt-Pb) [36–38], and various modified metal oxide nanoparticles (ZnO, Fe3O4)

EP

[39,40] have been recently employed in the preparation of electrodes for non-enzymatic glucose
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sensing, by improving biosensor activity, biocompatibility and chemical stability. Materials
containing Zn in their structure, such as ZnO and different varieties of Zn materials, are
nowadays widely investigated for the application as biological sensing devices, due to many
favourable properties. Wide direct band gap (3.37 eV) and large exaction binding energy
(60 meV) as well as their piezoelectric and semiconducting properties found significant
application in different research areas including electrochemical sensors and biosensors [41].
Due to high ability and favourable reaction with oxygen these materials are one of best
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promising materials in the field of sensors [42]. Herein, we have developed a new glucose
flexible electrochemical sensor based on magnetic nanoparticles of zinc-ferrite for a rapid,
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simple and quantitative monitoring of glucose.
Magnetic hyperthermia (MH) is one of the most promising techniques in the treatment of
malignant diseases. The most commonly used nanoparticles for magnetic hyperthermia are
ferromagnetic or superparamagnetic Fe3O4 and γ-Fe2O3. Recently, the biggest challenge is to
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synthesize magnetic nanoparticles (MNPs) with high heating ability (expressed by specific

M
AN
U

absorption rate, SAR). Hence, the attention is focused on the synthesis of complex magnetic
oxides where it is possible to tailor the properties and increase of the SAR by modifying
physicochemical parameters of synthesis. It is well known that the particle size and composition
are closely correlated with morphological and magnetic properties of MNPs, consequently, one
of the aims of this work was to investigate the influence on heating ability by modifying Zn
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concentration in ZnxFe3-xO4.

The main goals of this work were preparation of ZnxFe3-xO4 nanoparticles and ZnxFe3-xO4/carbon

EP

paste electrodes, fabrication and optimization of chemical composition of ZnxFe3-xO4/carbon
paste electrodes for enhanced reagentless detection of glucose and investigation of Zn
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concentration influence (ZnxFe3-xO4) on heating efficiency in magnetic hyperthermia.

2. Material and methods
2.1.Chemicals

Iron(II) sulphate heptahydrate (FeSO4·7H2O, ACS reagent, ≥99.0%), zinc chloride (ZnCl2, p.a
≥98%), ammonium hydroxide solution (NH4OH, ACS reagent, 28,0–30,0% NH3 basis), carbon
(glassy, spherical powder, 2-12 µm, 99,95%), citric acid (C6H8O7, 99%) and mineral oil (light)
5
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were purchased from Sigma Aldrich. Iron(III) chloride hexahydrate (FeCl3·6H2O, ACS reagent,
≥ 99.0%) and sodium hydroxide (NaOH, reagent grade, ≥97.0%) were were purchased from
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Merck, Germany.

2.2.Synthesis of nanoparticles

All reagents were of analytical grade and were used as received without further purification. The
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synthesis of nanoparticles has been based on our previous work [43]. Here, the procedure was
successfully applied to the preparation of Zn-ferrites with different amounts of Zn. The
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nanoparticles represented with formula unit ZnxFe3-xO4 were prepared by two-step procedure,
coprecipitation method at room temperature followed by hydrothermal treatment in microwave
field at 100°C. Briefly, the iron and zinc salts were added to round bottom flask under a blanket
of nitrogen and vigorous mechanical stirring. The nanoparticles were precipitated with NH4OH
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for 1 hour dropwise, and transferred to the microwave reactor. The power of microwave
irradiation was set between 0-1000 W, with a linear heating of mixture from room temperature to
100°C for 10 min. Vessels were quickly cooled in an air flow, and obtained black product was

EP

collected by external magnet and washed with demineralized water several times. Finally, the
nanoparticles were dispersed in water. The synthesized samples were dried overnight at 60°C for
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further characterization.

2.3.Preparation of modified electrodes
The unmodified carbon paste electrode was prepared in a standard way, by mixing carbon
powder and oil in an 80:20 ratios, followed with homogenizing by handle mixing. For the
electrode a Teflon tube with inner diameter of 3 mm was used. Modified electrodes were
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prepared by adding 5 wt % of synthesized ZnxFe3-xO4 to the carbon powder and following the
procedure for preparing the unmodified electrode.
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2.4. Experimental techniques
The Zn and Fe contents in the ZnxFe3-xO4 samples were determined using the inductively coupled
plasma atomic emission spectroscopy (ICP-AES) performed on a Thermo Scientific iCAP 6500

SC

Duo ICP system. The structure/microstructure of the samples was checked/determined using Xray diffraction data. The data were collected with a SmartLab® X-ray diffractometer (Rigaku),
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using Cu Kα radiation (λ = 0.1542 nm). The experimental conditions were: a step size of 0.05o
and with exposition of 3 s per step in the 2θ ranging from 15o to 70o with divergent slit of 0.5
mm, operated at 40 kV and 30 mA. The morphology and the distribution of the particles were
also investigated, with help of transmission electron microscope (TEM) JEM-2100 operated at
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200 kV. Presence of organic molecules at the surface of the particles (capping agent) were
checked by Fourier transform-infrared spectroscopy (FT-IR) in the region from 400 cm-1 to 4000
cm-1 using a Nicolet iS50 FT-IR, Thermo Fisher Scientific spectrophotometer equipped by Smart

EP

iTR attenuated total reflectance (ATR) sampling accessory, by fixing the samples on diamond
plate. The background spectra were measured on a clean and dry diamond crystal.
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Electrochemical measurements were performed using an electrochemical system CH
Instruments. The cell (5 ml) consisted of a three-electrode system, carbon paste electrode or
modified electrode as working electrode, an Ag/AgCl (saturated KCl) reference electrode and a
Pt wire counter electrode. All potentials obtained in this study were reported vs. Ag/AgCl
reference electrode at ambient temperature. pH values were measured with pH meter model
Jenco Instruments Model No. 6071 (Taiwan), using a combined glass electrode.
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2.5. Magnetic measurements
Magnetic properties were studied by means of Quantum Design MPMS XL SQUID (Hmax = 70
kOe) and Quantum Design VersaLab VSM (Hmax = 30 kOe). Different kinds of magnetic
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measurements were carried out. Magnetization vs. magnetic field curves were measured at 300 K

equation 1:
 =  1 −

−

SC

between -30 kOe and 30 kOe. The saturation magnetization (Ms) was estimated by using the

for H tending to ∞,

(1)
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Magnetization vs. temperature were measured between 5 K and 300 K. The samples were cooled
from ambient temperature to 5 K without field (ZFC) and after that the samples were cooled
from room to 5K in small magnetic field (H = 100 Oe) (FC) with measure of magnetization.
Calorimetric measurements of SAR were performed by means of non-adiabatic experimental
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setup DM100 Series built by nanoScale Biomagnetic magnetic fluid hyperthermia measuring
system. Kinetic (heating) curves were recorded under a magnetic field of 15.9 kA m-1 and two
different frequencies (252 kHz and 577 kHz) for 120 s on water colloidal dispersions of the

EP

magnetic nanoparticles. Nanoparticles have been coated by intercalation process with citric acid
(C6H8O7) in order to get more stable suspension. Coating procedure was done by mixing NPs
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and citric acid in concertation of 0.6 mmol CA/g of nanoparticles at room temperature in
ultrasonic bath for 30 min. After intercalation process with citric acid, all samples were stable in
interval of few hours. The concentration of the colloidal dispersion was 3 mg ml-1 for all the
samples. Temperature of the sample was monitored by optical fiber probe. Colloid temperature
was kept below 65°C to minimize evaporation and prevent colloid destabilization. The SAR
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values have been estimated by a linear curve fitting in the first 30 s of the heating curves (initial
slope method). SAR is defined as the power dissipation per unit mass of iron (W/g).

3.1. Structural and microstructural characterization

RI
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3. Results and discussion
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The Zn and Fe content in the ZnxFe3-xO4 samples was determined using ICP-OES technique. The
obtained results were slightly different from those targeted (Table 1 and Figure S1,

Zn salts remains in supernatant.
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Supplementary material). It seems that for higher x values (x > 0.6) some unreacted quantity of

The diffraction patterns of the ZnxFe3-xO4 (x = 0, 0.10, 0.20, 0.37, 0.56, 0.66 and 0.85) are shown
in Figure 1a. The reflections for all samples appeared at approximately same positions as those
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of pure magnetite (x = 0). This indicates that all reflections could be indexed in the Fd3m (No.
227) space group of the cubic structure, suggesting that the samples have spinel structure (ICDD
PDF #22-1012). The samples’ mean crystallite size, determined by Sherrer's equation [44],

EP

decreases with the increase of zinc (x) amount, from 15.5 nm for Fe3O4 to 2.2 nm for
Zn0.85Fe2.15O4. It is worth noting that addition of Zn salts in solution suppress particle/crystallite
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size growth, Table 1. Final sample of the series doesn’t have well-arranged crystal structure and
lattice parameter couldn’t be determined due to very broad reflections.
The value of lattice parameter (a) linearly increases Zn concentration, Table 1 and Figure 1b,
corresponding to the Vegard rule [45]. This is a confirmation of replacement of iron by zinc in
magnetite. The trend could be explained by considering the size of iconic radii of the metal ions.
Zn2+ has bigger radius (0.74 Å), whereas Fe2+and Fe3+ are smaller (0.61 Å and 0.49 Å) which
9
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may induce in increase of the lattice parameter [46,47]. Considering that Td sites are smaller
than the Oh ones, a higher occupancy of the Td sites by bigger metal cations will lead to the
dilatation of the structure and, subsequently, to an increase of a lattice parameter. The shift of the
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(311) reflection peak to lower angles due to cell expansion is shown in the inset of Figure 1b. It
is worth noting that Liu et al. also reported a similar effect of x on the length of the α-axis and
the crystal size with the Zn contents below 0.4 and indicated that that x value might be an

SC

acceptable limit of forming the ZnxFe3-xO4 crystal [48].
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>>>Here Figure 1<<<

Table 1. Chemical composition of the samples according stoichiometric ratio of starting
compound (targeted) and determined by ICP-OES. Lattice parameter a, crystallite size <DXRD>
and particle size <DTEM> with polydispersity σTEM are shown.
Chemical

<DXRD>

a

<DTEM>

σTEM

(nm)

(Å)

(nm)

(%)

15.5(3)

8.368(7)

19.8

26.1

TE
D

Chemical

composition

(Targeted)

(ICP-OES)

Fe3O4

Fe3O4

Zn0.1Fe2.9O4

Zn0.10Fe2.90O4

13.6(5)

8.382(1)

17.8

26.5

Zn0.2Fe2.8O4

Zn0.20Fe2.80O4

11.9(6)

8.398(8)

15.2

26.6

AC
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EP

composition

Zn0.4Fe2.6O4

Zn0.37Fe2.63O4

10.3(8)

8.447(6)

12.8

24.5

Zn0.6Fe2.4O4

Zn0.56Fe2.44O4

5.0(8)

8.467(1)

8.3

28.7

Zn0.8Fe2.2O4

Zn0.66Fe2.34O4

4.7(9)

8.469(5)

8.0

29.2

ZnFe2O4

Zn0.85Fe2.15O4

2.2(5)

-

4.1

23.3

10
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An accurate description of particle size, size distribution and morphology were derived from a
statistical analysis of more than 500 particles for each sample collected from different parts of
the grid, as observed in TEM experiments (Figure 2). As can be seen from TEM images, particle
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with x from 0.0 to 0.56 behave as pseudo-spherical nanoparticles which undergoes log-normal
size distribution. The average diameters of the nanoparticles (<DTEM>) and polydispersity (σTEM)
are listed in Table 1. It can be seen that the evaluated average particle size is comparable with

SC

crystallite size obtained from XRD which indicate that nanoparticles have high crystallinity and
that they are monocrystals and free of defects. Crystallinity decreases with substitution with
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Zn2+, and also particles change in shape from spherical to rounded cubic morphology (Figure
S2). Additionally, it was found that the average diameter of nanoparticles decreases with
increasing x from 0.0 to 0.56, and roughly remained constant value for x = 0.66 and x = 0.85.
Low crystallinity of the sample with x = 0.85 is confirmed with TEM analysis also (Figure S2c).
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>>>Here Figure 2<<<

FT-IR analysis (Figure S3) is useful technique to give us more information about the inorganic
phase, Me–O (Me = Zn, Co, Mg) stretching modes of spinel ferrites falling in the fingerprint

EP

region (1500 cm-1 to 500 cm-1). The metal–oxygen stretching vibrations of the Td and Oh sites
are moving towards lower values for increasing zinc content, from 555 cm-1 for magnetite to 537

AC
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cm-1 Zn0.56Fe2.44O4. Considering values previously reported in the literature for pure magnetite
(570 cm-1) and zinc ferrite (555 cm-1) [49], this trend can be interpreted as a gradual substitution
of Fe2+ by the Zn2+ inside of a spinel structure. In Figure S3b observed ν values are decreasing,
going from magnetite to zinc ferrite with the exception of sample Zn0.66Fe2.34O4. That may be
attributed to cationic distribution because not all Zn ions lie on tetrahedral site but a mixed
cationic distribution may exists depending on Zn/Fe ratio or due to other factor.

11

ACCEPTED MANUSCRIPT

3.2. Magnetic characterization of ZnxFe3-xO4 nanoparticles
To investigate magnetization properties of the studied nanoparticles, hysteresis loops M(H) were
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recorded at room temperature (Figure 3a). The found values of the coercivity, remanent
magnetization and saturation magnetization using M(H) data are summarized in Table S2.
Saturation magnetization (Ms) of Fe3O4 was found to be 77.29 emu/g with reaching maximum
value for Zn0.10Fe2.90O4 at 91.38 emu/g. The increase of Ms with respect to parent compound (x =

SC

0) can be interpreted in terms of elimination of Fe3+ moment cancelling at neighbouring A and B
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sites, since Zn2+ incorporation at A sites locally cancels superexchange A–B. The reduction of
Ms for x > 0.37 could be due to A–B interaction and the consequent takeover of the B–B when
Zn2+ A site occupation is sufficiently high, leading to a reduced moment per unit formula.
Another result shown in Figure 3a is that all of magnetization curves go through the origin of
magnetization graph. This means that the synthesized NPs show superparamagnetic behaviour at
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room temperature because of not exhibiting hysteresis, coercivity, and remanence.
Moreover, the temperature dependence of magnetization of ZnxFe3-xO4 nanoparticles with a field

EP

of H = 100 Oe under both field cooled (FC) and zero field cooled (ZFC) condition was also
investigated (Figure 3b). The ZFC curves for the samples with x = 0.56 and x = 0.66 show a
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weak broad maximum centred at TB∼119 K and TB∼103 K. Above the blocking temperature
(TB) magnetization FC and ZFC curves reveal superparamagnetic characteristics. ZFC curve of
Zn0.85Fe2.15O4 indicates that the blocking temperature is TB∼37 K, while rest of the samples have
TB above room temperature. The effect of inclusions of nonmagnetic ions (as zinc) in spinel
ferrite nanocrystals on magnetic properties has been discussed [13]. These changes in magnetic
properties are probably due to an increase in the magnetic disorder induced by a decrease in the

12
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magnetic interactions of the ions between the sublattices, which favours frustrations, i.e. changes
in the orientation of individual magnetic moments.
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>>> Here Figure 3<<<
The heating ability of the coated materials of ZnxFe3-xO4 NPs in water suspension at
physiological pH was performed to study the differences of samples morphology and

SC

crystallinity by evaluating the specific absorption rate, i.e. the absorbed power per mass unit of
the water suspension. The SAR values were estimated from the initial slope of the kinetic curves,

M
AN
U

dT/dt(0), using the equation 2:
SAR (W⁄g) =  +





"#

× ! × 

"$ % &

(2)

where ' denotes density of nanoparticles in the colloid, '! density of the liquid in the colloid,
"#

"$ % &

maximum gradient of the temperature curve of the colloid, while ! and  are specific
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heat of the liquid and specific heat of the nanoparticles. Figure 4 shows the differences of SAR
calculated by “the slope method” (change of temperature over time for different frequencies: 252

EP

kHz and 577 kHz) for prepared samples. The experimental kinetic curves are shown in Figure
S4, while the SAR values are reported in Table S2. Pure magnetite NPs of 19.8 nm results a SAR
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of ~52 W/g, while measured value increases with the amount of substitution of Fe2+ by Zn2+ and
the highest SAR is for Zn0.37Fe2.63O4 of 12.8 nm with value of ~106 W/g at 252 kHz (see Table
S1), which is more than twice that of pure magnetite. This demonstrates that both core sizes and
chemical composition have influence in heating efficiency. The heating ability is negligible for
the samples with x above 0.37. These results are in good arrangement with the analysis of the
magnetic properties as the heating power depends on magnetization of the material, Ms.

13
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>>> Here Figure 4<<<
Given the heterogeneity of conditions (field amplitude and frequency) for calculating SAR in
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different laboratories, and differences between materials (with different structure, chemical
composition, shape, size etc.), it is difficult to find most appropriate examples in the literature to
compare our results. For example, 10-12 nm single-domain ferrite nanoparticles coated with
dextran, had a SAR value of 210 W/g (field amplitude 7.2 kA/m and frequency of 880 kHz) [50].

SC

Our Zn0.37Fe2.63O4 sample, with a similar particle size, presents a slightly higher SLP value (261
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W/g) with the lower frequency (577 kHz) and field amplitude of 15.9 kA/m; however, the
measurement conditions are not exactly the same and chemical composition is different, but it is
worth noting that Zn0.37Fe2.63O4 NPs can be used as promising candidate for the application in
magnetic hyperthermia.
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The intrinsic loss power (ILP) of the samples was calculated from the equation 3:
ILP (nHm. ⁄kg) =

012

3

(3)

It ranges from 0.6 to 0.8 (in the case of samples with x = 0, 0.1 and 0.2) up to 1.7 (x = 0.37).

EP

Lastly, it must be said that field amplitude, H0 = 15.9 kA/m and frequency, f = 252 kHz, were
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chosen in such manner as their product undergoes the tolerance limit (45 × 6 = 5 ∙
10: ;<=! > =! ) currently accepted in order to avoid any undesired side effects on human beings
for small region exposure [51]. Larger amplitudes and frequencies can induce uncontrolled tissue
overheating due to generated eddy currents and peripheral stimulation of muscles. One more
measurement of SAR at higher frequency, f = 577 kHz, was performed just to confirm heating
ability and to emphasize differences between kinetic curves of different samples. Therefore,
different heating efficiency is coming from the difference in particle size and magnetic
14
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anisotropy, with optimum particle diameter at about 13 nm and saturation magnetisation (Ms)
above 75 emu/g, induced by incorporation of zinc ions in spinel ferrite nanocrystals.
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3.3. Application of ZnxFe3-xO4/glassy carbon electrodes for detection of glucose
Cyclic voltammetry was applied for determination of optimum Zn level in ZnxFe3-xO4 towards
detection of glucose. Firstly, voltammograms were recorded in different pH of supporting

SC

electrolyte using Zn0.56Fe2.44O4. It was found that highest response was obtained using 0.1 M
NaOH as supporting electrolyte (data not shown). Similar behaviour was noticed by other
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authors using structurally similar nanomaterials [52,53]. Optimization of modifiers percentage
wasn’t done and all modifiers were tested in percentage of 5 % based on literature data and our
previous experience [54,55]. Voltammograms in absence and presence of 0.01 M of glucose in
0.1 M NaOH using different modified electrodes are presented in Figure 5. As can be concluded
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from this study increase of Zn content in ZnxFe3-xO4 up to value of x = 0.56 is followed by an
increase of its possibilities toward glucose detection. These phenomena can be attributed to
reduction of nanoparticles size and same trend is confirmed by previous measurements. Decrease

EP

of modified electrode characteristics is in the line with the loss of crystallinity with further
increase of Zn in spinel structure. Based on these results Zn0.56Fe2.44O4 modified glassy carbon
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paste electrode was selected as optimum for glucose detection.
>>> Here Figure 5<<<

Analytical characteristics of selected electrode were investigated using amperometric detection
in previously found 0.1 M NaOH as supporting electrolyte at potential of 0.5 V (Figure 6).
Calibration curve was constructed by plotting oxidation currents versus glucose concentrations
(Inset of Figure 6). It was found that proposed non-enzymatic glucose biosensors show linear
15
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working

range

from

0.1

up

to

2

mM

with

linear

regression

equation,

? (μ;) = 0.046  (<) + 1.373, and linear regression coefficient of R = 0.9941. Limit of
detection (LOD) based 3σintercept/slope was calculated to be 0.03 mM. Developed sensors possess

RI
PT

comparable characteristics (limit of detection, operating range and response time) as those
previously published in the literature. Characteristics of our method and some literature data are
listed in Table 2. Simplicity and low-cost of material with comparable or better results, as well as

SC

easy manipulating steps and renewable electrode surface can be advantages of proposed
modified carbon paste electrode. Five replicative measurements of 0.5 mM of glucose using

with negligible surface passivation.

M
AN
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developed method shows low RSD value of 3.4 % reflects good precision for glucose detection

Table 2. Comparison characteristics of developed method and some literature data
Detection

Linear range

Technique

TE
D

Electrode

(mM)

Reference
time (s)

(mM)

CV

1–10

0.82

-

[56]

Amperometry

1–8.6

0.000043

<4

[57]

Amperometry

0.02–0.24

0.00339

-

[58]

AC
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ZnO nanostructure

Response

limit

Amperometry

0.0005–1.11

0.00015

<3

[59]

Zn0.56Fe2.44O4

Amperometry

0.1–2

0.03

<3

The current

Pine-like Au

EP

ZnO nanoparticles

nanostructure

RGO/Nickel/ZnO
heterostructures

study
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Selectivity of developed method was tested using naturally occurring compounds such as
ascorbic acid and uric acid, which can degrade efficiency of proposed sensor towards glucose
determination (Figure 6b). It is expected that physiological concentration of glucose in human is

RI
PT

about 4–7 mM and concentration of these interfering compounds is much lower (around 0.05
mM or lower). The amperometric response of developed modified electrode to sequential
injection of different concentration of glucose and 0.05 mM of ascorbic and uric acids at

SC

operating potential of 0.5 V clearly indicates negligible influence of these interfering compounds

and precise quantification of glucose.

M
AN
U

and leads to the conclusion that the developed method provides considerably selective, sensitive

>>>Here Figure 6<<<

3.4.Practical application of developed procedure for the determination of glucose in blood
samples

TE
D

Applicability of proposed method was tested for the determination of glucose level in artificial
model samples. Samples were prepared following next procedure: 7 g of human serum albumin
was dissolved in 100 ml physiological solution (0.9% NaCl in 0.01 M phosphate buffer at pH

EP

7.4. Then, 5 model samples were prepared by addition of known amount of glucose. Spiked

AC
C

samples were in concentration of 2, 5, 7, 10 and 18 mM of glucose. The 1.0 mL of model sample
solution was transferred into a volumetric flask and made up to the final volume (10 mL) with
0.1 M NaOH. Results were calculated from the calibration curves with three repetitive
measurements and summarized in Table S2 (Supplementary material). A commercial glucometer
(Ascenia BRIO Blutzuckerkontrol System, Bayer Healthcare) was used for the reference of
glucose determination in blood. The satisfactory comparable results, using our method and
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reference method, indicate that this biosensor can be successfully applied for the determination
of glucose in human serum samples without matrix interferences.

RI
PT

4. Conclusions
Spinel structured ZnxFe3-xO4 nanoparticles have been prepared and tested for potential
applications in biosensors and magnetic hyperthermia. Zinc content in ZnxFe3-xO4 strongly

xO4/carbon

SC

influenced characteristics of material which are essential for applications. Prepared ZnxFe3paste electrodes were used for the development of new reagentless glucose sensor.

M
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The electrodes were tested toward glucose non-enzymatic detection. It can be said that
synthesized ZnxFe3-xO4 were exploited for the first time in connection with amperometric
technique to elaborate the novel and advanced electrochemical protocols for simple, low cost and
reagentless analytical determination of glucose. On the other side, substituted zinc ferrite

TE
D

nanoparticles have potential as heating agents in magnetic hyperthermia application. The Zn
content of x = 0.56 (Zn0.56Fe2.44O4) were found as optimum for modification of carbon electrodes
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Figure captions:
Figure 1. (a) XRD patterns of ZnxFe3-xO4 (x = 0, 0.10, 0.20, 0.37, 0.56, 0.66 and 0.85) obtained

RI
PT

by the CuKα source-equipped diffractometer; (b) lattice parameter as a function of the zinc
content x. Inset of Figure 1b represents shift of the (311) reflection peak.

Figure 2. TEM micrography of ZnxFe3-xO4 nanoparticles and the particle size distribution

SC

histograms with x content of (a) 0; (b) 0.10; (c) 0.20 and (d) 0.37.

Figure 3. Magnetic characterization of ZnxFe3-xO4. (a) Room temperature hysteresis loops of

M
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ZnxFe3-xO4 nanoparticles with different Zn content. (b) Temperature dependence of the zerofield-cooled (ZFC) and the field-cooled (FC) magnetization measured in a field of 100 Oe.
Figure 4. SAR values of samples with different Zn content. SAR values of different samples
calculated by the slope method. The field amplitude was 15.9 kA/m and two different

TE
D

frequencies were applied: 252 and 577 kHz.

Figure 5. (a) Cyclic voltammograms in presence and absence of 0.01 M of glucose using
ZnxFe3-xO4 (with x = 0, 0.10, 0.20, 0.37, 0.56, 0.66 and 0.85) modified glassy carbon paste

EP

electrode in 0.1 M NaOH supporting electrolyte. (b) Cyclic voltammograms in presence of 0.1 M
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of glucose using Zn0.56Fe2.44O4 modified glassy carbon paste electrode in 0.1 M NaOH as
supporting electrolyte.

Figure 6. (a) Amperometric detection of glucose using Zn0.56Fe2.44O4 modified glassy carbon
paste electrode. Inset figure represents corresponding calibration curve. (b) Amperometric
detection of glucose using Zn0.56Fe2.44O4 modified glassy carbon paste electrode in presence of
ascorbic acid and uric acid at concentration level of 0.05 mM. Supporting electrolyte was 0.1 M
NaOH at working potential of 0.5 V.
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Highlights:
•

Preparation of ZnxFe3-xO4 composite by co-precipitation method in combination with

•
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hydrothermal treatment.

Effect of zinc content in ferrite structure was investigated and bifunctionality of the material
was shown.

Construction of non-enzymatic glucose biosensor based on substituted magnetite was done.

•

Promising sensitivity, satisfactory selectivity and simplicity of glucose detection were

SC

•

achieved.
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Prepared materials were tested as potential heating agents in magnetic hyperthermia.
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