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Artificial enzymatic mimics based on nanoparticles have become a powerful tool for the improvement of
analytical performance in the detection of important bioactive compounds. For the first time the intrinsic
peroxidase-like activity of Fe-core/carbon shell nanoparticles (Fe@C NPs) was studied. The catalytic
process was described by a typical Michaelis—Menten curve for enzyme kinetics, and the results were

comparable with those previously published. The high catalytic performance of the Fe@C NPs allows the
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Accepted 27th March 2017 development of a new simple procedure for glucose determination with a low detection limit of 0.21
uM. To our knowledge, this is the first study showing the ability to generate active oxygen species on the

DOI: 10.1039/c7ay00598a Fe@C surfaces. We suppose that our investigation will open up a new direction in medicinal applications

rsc.li/methods using these promising materials.

Introduction

Since the year 2007, when the intrinsic peroxidase-like activity
of Fe;O, nanoparticles (NPs) was established, enzyme-
mimicking sensors based on various nanoparticles have
received enormous interest.' These NPs have significant
advantages over natural enzymes.” For example, natural
enzymes can be deactivated by protease or in the presence of
alkali and strong acids.®> Moreover, the enzymes require special
conditions for storage.® In contrast, the NPs do not possess
these disadvantages. The NPs demonstrate high activity, storage
stability, operability and reproducibility of analytical results
that makes them appealing for the design of sensors based on
interactions with chromogenic peroxidase substrates.>”

The most popular materials for sensor applications are
Fe;0, NPs, where the peroxidase-like activity is associated with
the redox reaction of H,0, with Fe**-ions on the nanoparticle
surface.® However, the pristine Fe;O, NPs have poor stability,
relatively low magnetization and low solubility in acidic media.
Therefore, the development of materials with intrinsic
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peroxidase-like activity opened up a new direction in the prep-
aration of new objects, substrates, and materials. These mate-
rials include metal oxide NPs, such as CuO,”'* Co;0,,"" CeO,,**
V,0s-nanowires* and CoFe,0,,"* metal sulfide NPs such as
CuS™ and FeS,** and noble metal NPs'”*° with various content
and morphologies. At this moment, the most promising mate-
rials for sensor technologies are carbon-based nanomaterials.
Interestingly, the intrinsic peroxidase activity was established
by active compounds immobilized on the carbon surface. For
instance, carbon nanotubes loaded with Fe;O, show high
peroxidase activity ensured by the presence of metal oxide NPs.
Hemin immobilized on graphene sheets is a prospect for the
determination of single-nucleotide polymorphism. A hybrid
material based on gold clusters and graphene oxide was
synthesized, which demonstrated a surprising synergistic
effect.”® The resulting activities are much higher than those of
isolated materials. Surprisingly, pure carbon materials also
have an intrinsic peroxidase-like activity.”*** Thus, luminescent
carbon nanoparticles® demonstrated unusually high activity
towards H,0, decomposition. Graphene oxide* shows
a comparable effect explained by the presence of -COOH groups
on the surface. The peroxidase-like activity of C4o-fullerene® can
be explained in the same way. Previous researchers have
observed a good correlation between the amount of COOH
groups and the activity of the materials.

Recently, the focus of artificial enzyme design shifted
towards a new generation of composites represented by
magnetic materials coated by carbon.*®*?® The carbon layer on
the NP surface improves the stability during storage,”” decreases
agglomeration and can serve as a platform for the covalent
immobilization of organic functional groups.?®?® Furthermore,
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this type of NP demonstrates intrinsic activity comparable to the
activity of their uncoated analogues, and their ability to
generate active oxygen species means there is potential for
anticancer therapeutics. However, the magnetization of Fe;0,-
based NPs is relatively low, which results in difficult isolation
and magnetic separation of nanoparticles from solution.
Therefore, there is a need for a comprehensive study of other
novel carbon-containing metal NPs with superior properties for
peroxidase-like activity.

One of these materials is Fe-core/carbon shell NPs, which are
the most promising materials for medicine and diagnostics.*®
These Fe@C NPs have sufficiently higher magnetization, mon-
odispersity, and crystallinity. It was proven that Fe@C nano-
particles could be easily functionalized by organic functional
groups via diazonium chemistry. The Fe@C nanoparticles
exhibit intriguing catalytic activity. Previously we reported that
the Fe@C NPs were able to activate H, dissociation with the
formation of highly reactive species. The high catalytic activity
is determined by the unique carbon shell which contains
highly-energetic spaces and structural defects. These defects are
able to significantly increase the peroxidase-like activity of the
Fe@C NPs. Due to the mentioned benefits of the Fe@C NPs, we
investigated the peroxidase-like activity in oxidative reactions
with TMB and OPD and determined conditions for maximal
activity. Based on the obtained results, we suggested and
approbated a platform for a HRP mimetic sensor based on
Fe@C NPs for the detection of glucose in water solutions.

Experimental
Materials and methods

Glucose oxidase (GO,, 228000 U g '), glucose, galactose,
arabinose, lactose, maltose, 3,3,5,5'-tetramethylbenzidine
(TMB), o-phenylenediamine (OPD) and DMSO were supplied by
Sigma-Aldrich. Serum and urine samples were provided by the
Cardiology Research Institute (Tomsk, Russia). Banana juice,
apple juice, pea juice, strawberry juice and pomegranate juice
samples were purchased from local stores. A glucose assay kit
was purchased from VECTOR-BEST.

Nanoparticle preparation

The Fe@C nanoparticles were prepared according to a pub-
lished procedure®* by the evaporation of overheated liquid
drops of Fe in Ar flow containing butane.

Nanoparticle characterization

High-resolution transmission electron microscopy (HRTEM)
investigation was carried out with a JEOL JEM 2100F micro-
scope operated at 200 kV. Thermogravimetric analysis (TGA-MS)
was carried out using a DSC-TG-MS 449PC Jupiter Netzsch
(Netzsch GmbH, Germany) instrument coupled with a quadru-
pole mass spectrometer Netzsch 409 Aeolos (electron impact at
70 eV) in the temperature range of 25 to 1000 °C with linear
heating (10 min~") of the sample in a corundum crucible under
an air flow (40 mL min~'). The main physical-chemical char-
acteristics were totally characterized previously.*-*
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Peroxidase-like activity of the Fe@C NPs

The procedure for the evaluation of peroxidase-like activity is
based on a previously reported method for the determination of
Fe;0, activity.®

The peroxidase-like activity of the Fe@C nanoparticles was
examined by adding 20 uL of the Fe@C solution (0.5 mg mL ™)
to 3 mL of 0.1 M NaOAc buffer (pH 3.6) containing 192 uL of
H,0, (30%) and 60 uL of TMB (10 mg mL " in DMSO) solutions.

The kinetic behaviour of Fe@C was studied by monitoring
the absorbance in a time scan mode at 652 nm using a UV-Vis
spectrophotometer Analytik Jena Specord 250 plus in 1 cm
cuvettes. Kinetic investigations were carried out at 40 °C in 520
uL of NaOAc buffer (0.1 M, pH 3.6) with 20 pL of the Fe@C
solution (0.5 mg mL ™). Kinetic measurements with 30% H,0,
as a substrate were carried out with a constant volume of TMB
solution (10 puL, 10 mg mL ™" in DMSO) and different amounts of
30% H,0, (0, 2, 4, 6, 8, 16, 32 and 48 pL). Kinetic analysis with
TMB as a substrate was carried out with 32 pL of H,0, and
different amounts of TMB solution (0.5, 1, 2, 4, 6, 8, 10 and 12
pL). All measurements were repeated three times and showed
high reproducibility over three repeated experiments.

The initial velocities were calculated using the molar
extinction coefficient of oxidized TMB 39 000 M~ " cm™". The
Michaelis constant and maximal reaction velocities for TMB
and H,0, as substrates were calculated using Lineweaver-Burk
plots of the double reciprocal of the Michaelis-Menten
equation

1 Ko 1, 1
Vmax’

V" Vo )

where Vis the initial velocity, Ky, is the Michaelis constant, [S] is
substrate concentration and V., is the maximal reaction
velocity.

Glucose detection with the Fe@C NPs

Glucose detection was carried out in the three following
steps.>"?* First, 50 uL of GO, (1 mg mL ™) and 50 pL of glucose
with different molar concentrations were diluted in 150 pL of
PBS bulffer solution (10 mM, pH 7.0) and incubated at 37 °C for
30 min. After that, 50 pL of the above glucose reaction solutions,
10 puL of TMB (10 mg mL™" in DMSO), and 20 pL of the Fe@C
solution (0.5 mg mL~") were added to 520 uL of NaOAc buffer
solution (0.1 M, pH 3.6). The resulting reaction mixtures were
incubated at 40 °C for 1 h. Then the absorbance was measured
at 652 nm according to the standard procedures for the stan-
dard curve construction.

Biological fluids, serum and urine samples for the glucose
detection were centrifuged at 4000 rpm for 5 min and the
supernatants were diluted 5 and 10 times for the serum and 20
times for the urine samples. The diluted samples (50 pL) were
analyzed according to procedure described above.

For the detection of glucose in juice, each sample (banana,
apple, pea, strawberry and pomegranate juice) was centrifuged
at 10 000 rpm for 5 min and the supernatants were diluted 100
fold. The diluted samples (50 pL) were added to the solution of
50 pL of GO, and 150 pL of PBS buffer and incubated at 37 °C for

This journal is © The Royal Society of Chemistry 2017
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30 min. Then, 50 pL of each reaction solution, 10 puL of TMB
(10 mg mL~" in DMSO), and 20 uL of the Fe@C solution (0.5 mg
mL ") were added to 520 pL of 0.1 M NaOAc buffer (pH 3.6) and
the resulting mixtures were incubated at 40 °C for 1 h. The
glucose concentrations in each sample were measured at
652 nm according to the standard glucose curve.

An enzymatic glucose assay kit was used to confirm the
reliability of the method (explained in the ESIY).

Results and discussion

Previously we described a convenient method for the prepara-
tion of Fe@C and Ni@C nanocomposites via slow evaporation
of melted metal drops in a stream of Ar containing hydrocar-
bons.** Fe@C NPs draw a lot of attention due to their biocom-
patibility, stability, and narrow size distribution.

The prepared Fe@C nanoparticles are nearly-spherical
nanoobjects with an average size of about 10 nm (Fig. 1). The
phase composition, determined by XRD measurements, is
represented by three main components: a-Fe, Fe;C, and carbon.
The obtained nanopowders have high magnetization: about 110
emu g~ '.** The detailed structure was evaluated previously.?**

Determination of the peroxidase-like activity of Fe@C was
carried out using a well-proven method for Fe;O, NPs.® The
procedure consists of an interaction between H,0, and Fe@C
followed by oxidation of chromogenic peroxidase substrates,
such as 3,3',5,5-tetramethylbenzidine (TMB) and o-phenyl-
enediamine (OPD) (Fig. 2). The resulting product of TMB and
OPD oxidation has a maximum absorbance at 652 and 450 nm,
respectively. The significant shifts of absorbance make these
reactions suitable for direct colorimetric determination.

The catalytic activity of metal NPs depends on pH and
temperature. We carried out experiments for the evaluation of
the pH and temperature influence on the NP catalytic activity.
For these purposes, we measured the peroxidase activity in the
pH range of 1-8 and temperature range of 25-90 °C. 0.1 M
citrate, NaOAc, PBS and borax buffers were used as reaction

media for the pH-dependent measurement. For the

Fig.1 TEM image of the Fe@C nanoparticles.
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Fig. 2 The scheme for the Fe@C catalytic oxidation of various
peroxidase substrates. The images show TMB oxidation by H,O, with
and without Fe@C nanoparticles ((a) H,O, and TMB; (b) Fe@C NPs and
TMB; (c) H,O5, TMB and Fe@C NPs; (d) the formation of oxidized OPD
in the presence of H,O, and Fe@C).

measurement of the temperature-activity relationship, we
incubated the reaction mixtures for 15 min at all required
temperatures before carrying out the catalytic activity tests. We
found that the optimal temperature range for the highest
activity of the Fe@C NPs is 30-40 °C while the optimal pH range
is 3.6-4.4 (Fig. S1a and bt), which are similar with the optimal
enzyme pH and temperature ranges published previously.' The
optimal Fe@C concentration was determined using the optimal
pH and temperature parameters and should not be lower than
16 ug mL ™" (Fig. Sict).

The most important property of carbon and carbon-coated
nanomaterials is the improved stability of their catalytic prop-
erties. We evaluated the stability of the peroxidase-like activity
of the Fe@C nanoparticles after incubation in solutions with
the pH range of 1 to 8 and temperature range of 30 to 90 °C
(Fig. S21). The obtained results demonstrated the great repro-
ducibility of the intrinsic enzymatic activity of the Fe@C NPs.

Kinetic investigations of TMB oxidation were carried out at
optimal temperature, pH and nanoparticle concentration and
with different concentrations of H,O, and TMB according to the
enzyme kinetic theory and assays. The initial velocities were
calculated from the values of the slopes and the extinction
coefficient 39 000 M~ " cm ™" of oxidized TMB as stated previ-
ously.® The obtained kinetic curves (Fig. 3a and b) have an
excellent agreement with the Michaelis—-Menten equation for
enzyme kinetics. Moreover, the shape and basic parameters of
the curve are similar to those in published investigations of the
intrinsic peroxidase-like activity of other nanomaterials."**>
The main kinetic parameters, such as the Michaelis constant
(Km) and maximum reaction velocities (Vinay), were calculated
using the transformation of the curves to a linear form (Fig. 3c
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Fig. 3 Kinetic curves of the TMB oxidation (a and b) in direct and (c and d) in double reciprocal coordinates in the presence of the Fe@C
nanoparticles. (a and c) The TMB concentration was constant and the H,O, concentration was varied and (b and d) the TMB concentration was

varied.
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Fig. 4 Schematic illustration of colorimetric glucose detection using
glucose oxidase (GO,) and Fe@C-catalyzed reactions.

and d) according to the Lineweaver-Burk plot (Table S1t). The
estimated parameters were comparable with HRP and another
peroxidase-like nanomaterial.® The obtained results (Table S17)
showed that the nanoparticles have a 4 times higher reaction
rate than the appropriate enzyme. The apparent K;,, value of the
Fe@C nanoparticles was lower than that of the enzyme, sug-
gesting that the Fe@C NPs have a higher affinity for TMB than
HRP. At the same time, the K,, value of Fe@C with H,0, as the
substrate was notably higher than for HRP. This indicates that

2436 | Anal. Methods, 2017, 9, 2433-2439
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Fig. 5 The response curve for glucose detection with the Fe@C
nanoparticles and TMB as the chromogenic substrate. The error bars
represent the standard deviation for three measurements.

a higher concentration of H,0, is required for maximal activity
of the NPs. Comparison with other nanomaterials (Table S17)
revealed that the Fe@C NPs have a middle position between
iron oxide nanomaterials and carbon-based nanoparticles.
Thus, the K, value of the Fe@C NPs with H,0, is more than 1.5
and 3 times lower than that of the Fe;O, nanoparticles and
PBMNPs, respectively, which indicates the higher affinity of

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Selectivity of glucose detection. Blank sample (1), arabinose (2),
lactose (3), maltose (4), galactose (5) and glucose (6), error bars
represent the standard deviation for three measurements.

Fe@C NPs."®* The same parameter for the Fe@C NPs is higher
than for Ceo-carboxyfullerenes and composite Fe;0,@C nano-
particles. However, the mentioned difference can be explained
by the presence of carboxylic groups on the surface of Cgp-car-
boxyfullerenes and composite Fe;0,@C nanoparticles.”>*
Unfortunately, calculation of the catalytic constant was
complicated because the nature of the active centres is not
clearly determined. Our previous study showed that the catalytic
activity of Fe@C NPs in the reaction of H, dissociation is con-
nected with Stone-Wales defects of the carbon layers.*>** The
peroxidase-like activity can be determined by the presence of
Fe;C under the carbon layers. We proposed that both factors
(the Stone-Wales defects and the presence of Fe;C) affected the
intrinsic mimic activity of this material.

Glucose detection with Fe@C

One of the most important applications of artificial mimicking
NPs is the detection of key biologically active products, such as
glucose.*'”'* We proposed that the advantages of the Fe@C NPs
would be useful for colorimetric determination of glucose. The
convenient procedure includes two steps: the oxidation of

Table 1 Determination of glucose in serum and urine samples

View Article Online
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glucose by GO, followed by the formation of H,0, and gluconic
acid, and the reaction of H,0, with the Fe@C NPs (Fig. 4). As
a result, TMB is readily oxidized, and the concentration of the
product can be simply measured using UV-Vis spectroscopy.

Optimisation of the first-step parameters includes the
determination of the GO, concentration and incubation time in
order to improve the efficiency of the detection system. As
shown in Fig. S3 and S4 in the ESI,{ the optimal GO, concen-
tration is 0.2 mg mL ™" and the incubation time is equal to or
more than 20 min. We also estimated the optimal reaction time
of the Fe@C NPs with the activated glucose solution as being 1 h
(Fig. S51). The optimal conditions have been used for the
glucose determination.

The experimental study of the Fe@C-assisted determination
of glucose demonstrated satisfactory results. All measurements
were carried out at optimal pH and temperature in order to
simplify the experimental procedure. We found that the
absorbance at 652 nm was proportionally increased in the
glucose concentration range of 2.06-37 uM (Fig. 5) according to
the equation Ags, nm = 0.0265x (R = 0.9985) with a good
detection limit of 0.21 uM (3g/slope; where ¢ - standard devi-
ation of the regression).

Surprisingly, the detection limit was quite low (Table S2t).
For instance, the detection limit of glucose by Fe;0, NPs coated
by carbon was 2 puM.*® The DNA-nanoceria conjugates’” and
carbon NPs** allow the detection of only 8.9 and 20 uM glucose
respectively. The obtained results can improve the analytic
performance of glucose determination using artificial mimics.

In order to evaluate the selectivity of the Fe@C NPs toward
saccharides we carried out model experiments with galactose,
arabinose, lactose, and maltose. For the activity screening we
chose the same concentrations of saccharides and glucose (1.35
mM). All measurements were performed under the same
conditions, according to the standard procedure for glucose
detection. The control experiment showed a high selectivity of
the method toward glucose. Samples containing another type of
saccharide show the same results as the blank solution (Fig. 6).
Thus, we proved the high selectivity of Fe@C toward glucose.

Result in diluted RSD

Sample no. Dilution samples (uM) Added Recovery (%) (n=5)% Experimental result (mM) Glucose assay kit (mM)
Serum samples
1 600 23.55 0.58 14.13 £ 0.10 14.34 £ 0.42
2 300 15.69 0.54 4.71 £ 0.03 4.80 £ 0.34
3 300 13.59 5 97.4 1.28 4.07 £ 0.07 3.83 £0.31

10 95.5

15 101.7

20 96.7
4 300 29.31 0.52 8.79 £ 0.06 8.61 + 0.41
5 600 23.36 0.81 14.02 £ 0.14 14.21 £ 0.28
Urine samples
1 30.09 1200 0.75 36.11 £+ 0.34 36.97 £ 0.38

5 96.4 1.16 25.03 £+ 0.36 24.97 £ 0.58
2 20.86 10 95.5

15 96.6

This journal is © The Royal Society of Chemistry 2017
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The observed effects allowed the development of a procedure
for the direct determination of glucose in food samples.

Determination of glucose in food samples using Fe@C

The applicability of the Fe@C NPs as a peroxidase mimic was
investigated through the determination of glucose in biological
fluids and juice samples. We tested all of the samples using the
Fe@C NPs and an enzymatic glucose assay kit as a reference
method (Tables 1 and S2). We found that the proposed system
is extremely sensitive: glucose detection was carried out in
serum samples with dilutions of up to 300, and urine samples
with up to 1200 and juice samples with up to 6000 fold
dilutions.

The determined glucose concentration in different serum
and urine samples varied from 4.07 mM to 30.09 mM (Table 1).
Moreover, the proposed method has high reliability and
reproducibility: the relative standard deviation (RSD) for 5
samples was around 0.52-1.28% and recovery after the addition
of the standard glucose solutions to the original samples was
around 95.5-101.7%. The same results were obtained with the
juice samples (Table S31), where the recovery falls in the range
of 94.7-98.0% and the RSD is not above 5%.

Moreover, the concentrations of glucose determined using
the Fe@C NPs are similar with the results of the experiment
based on the enzymatic glucose assay kit. Taking into account
the stability of Fe@C during storage and repeatability of the
results, we developed a good alternative approach to the classic
enzymatic method.

Consequently, colorimetric sensing with the Fe@C nano-
particles is applicable for glucose detection in biological fluids
and liquid food products with high selectivity and sensitivity.

Conclusions

In summary, the Fe@C nanoparticles showed high catalytic
activity as peroxidase mimics in the oxidation of peroxidase
substrates in the presence of H,0,. The catalytic process was
described by a typical Michaelis-Menten curve for enzyme
kinetics. Furthermore, the prepared nanoparticles can be used
as HRP mimetic sensors for the colorimetric detection of
glucose in water solutions in the concentration range of 2.31 uM
to 37 uM with a low detection limit of 0.21 uM. The described
method is applicable for glucose detection in diluted water
solutions of biological fluids and liquid food products (juices)
and is characterized by its simplicity of performance and
reproducibility of results.
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