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In this study, a simple and one-pot pyrolysis strategy is developed to the mass production of Fe, N-
incorporated carbon nanotubes in situ grown on 3D porous carbon foam (denoted as Fe-Phen-CFs), which
provides highly active Fe-N and doped-N species, and large surface area with exposed active sites. The

10 obtained composite exhibits intrinsic peroxidase-like catalytic activities. With the Fe-Phen-CFs as

catalyst, the peroxidase substrate of terephthalic acid (TA) can be oxidized to the fluorescent product of
hydroxyterephthalate (HTA) by H,0,, which provides a unique strategy for fluorescent detection of H,O,.
With such process, as low as 68 nM H,0, could be detected with a linear range from 0.1 to 100 uM.

Meanwhile, by integrating glucose oxidase on the Fe-Phen-CFs composite, sensitive detection of glucose

15 is also achieved with a linear range from 0.5 to 200 pM and a limit of detection of 0.19 M. Most
importantly, such novel TA/Fe-Phen-CFs system can be successfully applied to glucose determination in
real human serum samples. The unique nature and 3D structure of Fe-Phen-CFs composite makes it

promising for the fabrication of low-cost, high-performance biosensors.

» 1. Introduction

Hydrogen peroxide (H,0;) is not only of great importance in
the fields of pharmaceutical, food chemistry,
environmental protection and mining but also acts as an oxidative
stress marker and a defense agent in response to pathogen

»s invasion in a physiological process.'™ In living organisms, H,0,
bursts can trigger several classes of essential signaling proteins
that affect cell proliferation and thus lead to various diseases,
including cancer, diabetes, cardiovascular and neurodegenerative
disorders.*® Therefore, the sensitive detection of H,O, is one of

30 the most important research issues in chemical and biological
fields. As another important compound, glucose is an energy
source for the living cells and metabolic intermediate in
biological systems. Much research has demonstrated that diabetes
and some cancers are associated with the breakdown of glucose

35 transport in human body.”!" Therefore, one of the major
challenges in the prevention of these diseases is sensitively
monitoring glucose concentration. The glucose oxidase (GOD)
can catalyze the oxidation of glucose to gluconolactone and
H,0,'% glucose + O, — GOD — gluconolactone + H,O,. Thus,

40 the quantification of glucose can be achieved by indirect
detection of the concentration of enzymatically liberated H,O,.

To date, various methods have been developed for detecting
H,0, and glucose, including colorimetry,*'® electrochemistry,”
72 chemiluminescence®?® and fluorescence detection.”>°

science,

4s Among these techniques, fluorometric approach has attracted
special interest because of their highly sensitivity and specificity.
In addtion, fluorometric tecnique usually does not need expensive
or sophisticated instruments, complicated operation and detection
procedures. So far, many glucose and H,O, sensors heve been

so fabricated; however, peroxidases have been frequently chosen to
develop those sensors. The intrinsic drawbacks, such as
instability, high cost and critical operating condition may limit
their practical applications. Recently, nanomaterial-based
peroxidase mimics have received considerable attention owing to

ss their advantages of low cost, tunable catalytic activity etc.’'* A
variety of nanomaterials, including Au nanoclusters
/manoparticles,”* *> 3 Pt nanoparticles (NPs),”’ Au@Pt
nanostructures,”® * Fe;04 NPs,*” *! Co;0, NPs,* CuO (Cu,0)
NPs,** V,05 nanowires,*® carbon dots*” ** and single-walled

o carbon nanotubes,” have already been employed as enzyme
mimics. However, noble metal nanomaterials have high cost and
tedious preparation procedures. Meanwhile, most of them are
unstable and prone to be aggregated in aqueous solutions, leading
to the decrease of specific surface area and catalytic activities.”

es To solve these bottlenecks, organic ligands are introduced on
particle surface to improve the stability and dispersion of
nanomaterials. However, complicated surface modification is
required and the presence of surface ligands might suppress the
catalytic activity of nanomaterials.*® *!

7  Recently, the emergence of composites fabricated by loading
nanomaterials onto carbon matrices with large surface area, such

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 00-00 | 1



o

>

@

Iy
S

=
=3

I
b

9
3

55

Journal of Materials Chemistry B

as graphene and carbon nanotubes, provides an alternative way to
enhance the stability and dispersion of nanomaterials.®>™
Typically, such composites usually exhibit enhanced catalytic
activity and/or some properties compared with
nanomaterials alone, due to the enlarged active surface area and
the synergic effect of nanomaterial and the carbon matrix. In
recent years, transition metal-nitrogen-carbon composites (M/N/C,
M = Fe, Co) have been synthesized and studied extensively as
low-cost and precious metal-free catalysts for oxygen reduction
reaction in both acidic and alkaline fuel cells.’*®' Although exact
understanding on the nature of the active sites in these composites
remains controversial, it has been extensively identified that a
majority of such potential composites either possess doped
nitrogen or metal-coordinated nitrogen species in the carbon
matrix. To the best of our knowledge, there are no reports on the
exploration of the catalytic property of M-N-C composites in
fluorescent sensor,.

In the present study, Fe- and N- simultaneously incorporated
carbon (donated as Fe-Phen-CFs) were
successfully prepared through a one-pot thermolysis of
commercially available melamine foam impregnated with 1, 10-
phenanthroline and iron complex. The obtained Fe-Phen-CFs
composite showed intrinsic peroxidase-like catalytic activities.
By taking advantage of the peroxidase-like catalytic activity of
the Fe-Phen-CFs composite and using TA as a fluorescent
peroxidase substrate, a TA/Fe-Phen-CFs system was fabricated
for the determination of H,O,. In the presence of hydrogen
peroxide, the Fe-Phen-CFs composite can effectively catalyze the
decomposition of hydrogen peroxide into hydroxyl radicals
followed by an oxidation reaction between the hydroxyl radical
and terephthalic acid (TA), giving a remarkable fluorescent signal.
On the other hand, H,O, is a product of enzymatic reactions
between GOD and glucose in the presence of oxygen, based on
which a simple fluorescent method was also developed to detect
glucose by integrating GOD and Fe-Phen-CFs composite. Under
optimal conditions, as low as 68 nM H,0, could be detected with
a linear range from 0.1 to 100 pM, and 0.19 pM glucose can be
determined with the linear range from 0.5 to 200 pM. In addition,
the novel TA/Fe-Phen-CFs system was successfully applied to
the glucose determination in real human serum samples.

novel

nanostructures

2. Experimental Section
2.1 Materials

1, 10-phenanthroline (C1,HgN,, 99%) was purchased from Alfar
Aesar. Iron (II) sulfate heptahydrate (FeSO4 7H,0O, A.R. grade,
>99.0%), hydrogen peroxide (H,O,, A.R. grade, 30%) and
glucose (C¢H204-H,O, A.R. grade) were obtained from Beijing
Chemical Works. Terephthalic acid (CgHgO4, >99.0%) was
purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai,
China). Glucose oxidase was purchased from Aladdin Reagent
Company (Shanghai, China). Melamine foam was supplied by
Puyang Green Universh Chemical Co., Ltd. All chemicals were
used as received without further purification. And all aqueous
solutions were prepared with ultrapure water supplied by a Water
Purifier system (18.3 MQ cm).

2.2 Synthesis of Fe-Phen-CFs composite

The composites were

synthesized through the following
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procedure by using iron (II) sulfate (FeSQO,), 1, 10-phenanthroline
(Phen) and commercial melamine foam. Typically, FeSO,
(0.0898 g) and Phen (0.1748 g) were first dissolved and mixed in
160 mL anhydrous ethanol in a vessel with a molar ratio of 1:3 to
form a salmon Fe-Phen complex. Then 0.4610 g of melamine
foam slices was soaked in the complex solution and the vessel
was continuously shaken for 12 h at room temperature allowing
the thorough absorption of Fe-Phen complex on melamine foam
slices. The fully impregnated melamine foam slices were
evaporated at 70 °C for 10 h to remove the solvent. Then, the
ceramic boats containing the dried slices were placed in a tube
furnace and heated at 800 °C in a nitrogen atmosphere for 1 h
with a heating rate of 2 °C/min. The heat-treated material was
then leached with 0.5 M H,SO, to remove any metallic or metal
oxide crystallites that might have formed during the thermolysis.
The leached sample was heat-treated again at the same
temperature under nitrogen atmosphere. The product was denoted
as Fe-Phen-CFs.

For comparison, through the similar process, Fe-CFs was also
synthesized without the addition of Phen, and carbonized
melamine foams (CFs) was prepared by pyrolysing pure
commercial melamine foam at 800 °C under nitrogen atmosphere.

2.3 Characterization

The morphologies of the as-prepared materials were characterized
with a XL30 ESEMFEG scanning electron microscope (FE-SEM)
operating at an accelerating voltage of 20 kV, and elemental
analyses of the materials were carried out using techniques of
energy dispersive X-ray spectroscopy (EDS), equipped in the FE-
SEM. High-resolution transmission electron microscopy
(HRTEM) images were collected on a JEM-2010 (HR)
microscope operated at 200 kV. Powder X-ray diffraction (XRD)
was performed on a D8 ADVANCE (Germany) using Cu Ka
radiation with a Ni filter (A = 0.154059 nm at 30 kV and 15 mA)
to examine the crystallinity of the products. X-ray photoelectron
spectroscopy (XPS) measurements were performed by using a
VG Thermo ESCALAB 250 spectrometer (VG Scientific)
operated at 120 W. The binding energy was calibrated against the
carbon 1s line. Fluorescence spectra were obtained using a
Fluoromax-4 spectrofluorometer (Horiba Jobin Yvon Inc.).

2.4 Hydrogen peroxide determination

In a typical hydrogen peroxide (H,O,) assay, an appropriate
concentration of H,O, (0.5 mL) was added to a brown vial
containing of Fe-Phen-CFs (20 pg), TA (25 mM, 0.8 mL) and
phosphate buffer (0.2 M, 3.65 mL, pH = 7.0). The mixture was
incubated at 50 °C for 20 min. Then the fluorescence spectrum
was collected on a Fluoromax-4 spectrofluorometer under the
excitation wavelength of 315 nm.

2.5 Glucose detection

Different concentrations of glucose (0.5 mL), GOD (1 mg/mL,
62.5 ul) and phosphate buffer solution (0.2 M, 62.5 uL, pH = 7.0)
were added into a brown vial and incubated at 37 °C for 20 min.
Then phosphate buffer solution (0.2 M, 3.525 mL, pH = 7.0), Fe-
Phen-CFs (20 pg), and TA (25 mM, 0.8 mL) were added to the
above glucose reaction solution for another 2 h at 50 °C. The
resulting reaction solution was measured by using a Fluoromax-4
spectrofluorometer under the excitation wavelength of 315 nm.
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2.6 Serum samples detection

For glucose determination in serum, a serum sample was first
pretreated by centrifugation at 7000 rpm for 15 min to eliminate
the possible interference of proteins by using an Amicon Ultra
s filter with a 3000 molecular weight cutoff. The obtained sample
was diluted by a phosphate buffer solution and determined in the
same way as the procedures mentioned above for glucose
detection. The results of proposed method were compared with
that of measured by the glucose oxidase endpoint method in
10 hospital.

30 Fig. 1 (A-C) SEM images of the 3D iron- and nitrogen-incorporated
carbon structures (Fe-Phen-CFs) at different magnifications. (D) EDS
pattern of the Fe-Phen-CFs.

3. Results and Discussion

3.1 Synthesis and characterization of 3D Fe-Phen-CFs
35 composite

By using a facile one-pot thermolysis strategy, iron- and nitrogen-
incorporated 3D carbon nanostructure (Fe-Phen-CFs) was
synthesized with commercially available melamine foam, iron
salt (FeSO,) and 1, 10-phenanthroline (Phen) as precursors. For
40 comparison, Fe-incorporated carbon composite without addition
of Phen (Fe-CFs) and carbonized melamine foam (CFs) were also
synthesized. The morphologies of the as-synthesized samples
were first investigated by SEM. As can be seen from Fig. S1A
and B, the CFs prepared by pyrolyzing pure melamine foam are
ss composed of branched fibers with a diameter of several
micrometers and these branches entwine each other to form three-
dimensional typical open-cell network structure. After the
pyrolysis of melamine foam impregnated with the complex of
iron (IT) and Phen at 800 °C under N, atmosphere for one hour,
so the obtained product (Fe-Phen-CFs) still maintained the
intrinsically three-dimensional frame of carbon foams (Fig. 1A).
From the magnified SEM images of Fe-Phen-CFs composite
shown in Fig. 1B and C, the skeleton of carbon foams is covered
by a closely packed layer of vertically stood carbon nanotubes,
ss which is quite different from the smooth surface of CFs (Fig.
S1C). These SEM characterizations clearly show that carbon
nanotubes have been successfully in situ grown on the surface of
carbon foams. The corresponding energy dispersive X-ray

spectroscopy (EDS) (Fig. 1D) indicates that iron content has been
¢ incorporated in the Fe-Phen-CFs composite except for the
intrinsic nitrogen and carbon presented in carbon foam (Fig. S1D).
However, in the absence of Phen during the pyrolysis process, no
carbon nanotubes were formed on the surface of carbon foam,
and only aggregated metal nanoparticles are distributed on the
skeleton of carbon foam, as shown in Fig. S2A-C. This result
indicates coordinated metal may be favorable for the in situ
growth of carbon nanotubes on the carbon foam under the present
condition. Therefore, compared to the CFs and Fe-CFs, the Fe-
Phen-CFs hybrid could provide enhanced surface area with
exposure of catalytically active sites, and large pore size for facile
mass transportation.
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Fig. 2 High resolution XPS spectra of Cls (A) and N1s (B) for the three
90 samples of CFs, Fe-CFs and Fe-Phen-CFs.

X-ray photoelectron spectroscopy (XPS) measurements were
performed to investigate the chemical composition and chemical
states of C, N and Fe in the Fe-Phen-CFs composite. The XPS

os survey spectrum in Fig. S3A distinctly shows the presence of four
predominant peaks at 285.9, 400.3, 534.9 and 723.0 eV,
corresponding to the binding energies of C;,, Nj, Ojs and Fe;p,
respectively. This result indicates that after pyrolyzing the
melamine foam soaked with the complex of Fe (II) and Phen,
100 nitrogen and iron have been successfully incorporated into the
carbon foam composite, in agreement with the EDS results.
Based on the XPS spectra, the contents of C, N and Fe in the Fe-
Phen-CFs composite were evaluated to be 96.71, 3.17 and 0.13%,
respectively. In this work, melamine foam acts as a self-sacrificed
10s carbon and nitrogen precursor, and the introduction of Phen was
expected to provide additional nitrogen source, which can be
further confirmed by the C;; XPS spectra. Fig. 2A compares the
high-resolution C, spectra of CFs, Fe-CFs and Fe-Phen-CFs
samples. From Fig. 2A an improved degree of nitrogen-doping in
Fe-Phen-CFs can be observed by the additional peak at 288.4 eV
(C-N/C=0), in addition to the presence of peaks at 284.6 eV
(C=C/C-C), 286.0 eV (C-O/C=N) and 289.1 eV (C=0/0-C=0) in
all three samples.”> The improved nitrogen-doping degree is
believed to be an important contributing factor for the enhanced
15 catalytic activity of Fe-Phen-CFs. Moreover, the high-resolution
Njs XPS in Fig. 2B shows that the contents of pyridinic N

1
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(398.35 eV) and graphitic N (400.8 eV) almost keep constant for
the CFs, Fe-CFs and Fe-Phen-CFs samples, while those of the
two peaks corresponding to Fe-N (398.9 eV) and pyrrolic N
(399.9 eV) are significantly enhanced for the Fe-Phen-CFs
s composite. Therefore, it can be proposed that the pyrrolic N and
Fe-N in Fe-Phen-CFs may contribute to the higher catalytic
activity of Fe-Phen-CFs composite compared to other two carbon
structures
Fig. S3B shows the X-ray diffraction (XRD) pattern of the as-
10 prepared Fe-Phen-CFs composite. There are only two obvious
diffraction peaks with 26 centered at 26.0° and 43.2°, which can
be indexed to the (002) and (100) planes of graphite structure. No

nanostructure, scanning electron microscopy images and the
corresponding elemental mapping were collected. From the

e elemental maps in Fig. 3E-H, it can be seen that four different

elements of C, N, O and Fe are present in the 3D Fe-Phen-CFs
composite, which is consistent with the XPS results. Fig. 3 F and
H show that N and Fe are evenly distributed throughout the
whole 3D composite. It could be proposed that with the growth of

¢s carbon nanotubes under the catalysis of Fe, Fe was not only

doped in the carbon nanotubes but also detained within the
micropores of carbon foam skeleton by forming the Fe-N bonds.
These results indicate that melamine foam can serve as a
promising carbon and nitrogen precursor for the growth of

Page 4 of 9

information of crystalline iron or iron oxide phase indicates that
the iron element in the composite exists as coordinated state, but
15 not as nanocrystal phase, which is consistent with the XPS results.

70 nitrogen-doped carbon nanotubes.
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Fig. 3 (A-C) HRTEM micrographs of the Fe-Phen-CFs composite at
30 different magnifications. Scale bars: (A) 5 nm; (B) 100 nm and (C) 5 nm.

(D) Scanning electron microscopy image of the Fe-Phen-CFs and the

corresponding elemental mapping of (E) C, (F) N, (G) O, and (H) Fe.

Intensity (a.u)

The morphology and crystal structure of the Fe-Phen-CFs
35 composite were further examined by HRTEM. Fig. 3 A-C exhibit
the HRTEM images of the 3D Fe-Phen-CFs composite at . . . .
different magnifications. Clearly, the formed carbon nanotubes 250 300 350 400 450 500 550
are vertically and firmly anchored on the surface of the carbon Wavelength (nm)
foam skeleton (Fig. 3B). The magnified image shown in Fig. 3A
40 reveals the tubulate structure of the 1D carbon materials and
presents the well-resolved lattice fringes with an interplanar
spacing of 0.34 nm, referred to the (002) plane of graphite
carbon. Such crystal structure clearly indicates the formation of
multi-walled carbon nanotubes. On the other hand, from the
4s magnified HRTEM image in Fig. 3C, the carbon foam skeleton
substrate shows disorder carbon phase. The HRTEM images
demonstrate again that multi-walled carbon nanotubes can be in
situ formed on the skeleton of carbon foam after the pyrolysis of
melamine foam impregnated with Fe(I)-Phen complex. During
so the pyrolysis, with the presence of transition metal (Fe), the
disordered carbon phase of melamine foam can be partly
transferred into a graphite carbon structure (carbon nanotubes) at
a relatively low temperature (800 °C) under the catalysis of Fe.
Moreover, Fe species can interact with amorphous carbon, and
ss thus lead to the surface rearrangement by coordinating with

Na

Fig. 4 (A) Schematic illustration of the Fe-Phen-CFs composite-based

fluorescent sensor for H,O, detection. (B)The excitation and emission

spectra of TA (a), TA +Fe-Phen-CFs (b), TA+H,O, (c) and
75 TA+H,0,+Fe-Phen-CFs (d)

3.2 Peroxidase-like activity of Fe-Phen-CFs composite for
H,O, detection

The analytical determination of hydrogen peroxide is of great
so importance for medical diagnosis since hydrogen peroxide is an
intermediate product formed in the case of various detection
processes. Due to the highly active Fe-N specie together with
doped-N species, and sufficient surface area of carbon nanotubes
grown on the porous carbon foam, the Fe-Phen-CFs composite is
ss expected to exhibit highly catalytic activity as a peroxidase
mimetic for the fluorescent detection of hydrogen peroxide and

nitrogen and carbon within the micropores.® ® To gain further
insight into the element distribution of the 3D Fe-Phen-CFs

glucose. The detection mechanism is shown in Fig. 4A. The
original TA doesn’t have fluorescence under excitation. In the

4 | Journal Name, [year], [vol], 00—00
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35 Fig. 5 Fluorescence responses to different concentrations of hydrogen peroxide (from 0 to 400 uM) in the TA (25 mM, 0.8 mL) and phosphate buffer
(pH=7.0) solution with the presence of different catalysts: Fe-Phen-CFs (A), Fe-CFs (D) and CFs (G). (B, E, H) The corresponding dependence of
fluorescence intensity on the hydrogen peroxide concentration with the three kinds of catalysts: Fe-Phen-CFs (B), Fe-CFs (E) and CFs (H). C, F and 1
show the calibration curves for the detection of hydrogen peroxide. All emission spectra were collected at Aex= 315 nm and at 50 °C

o~
@

presence of hydrogen peroxide, a peroxidase mimetic of Fe-Phen-
CFs can catalyze the break of O-O bonds to form hydroxyl
radicals.** % An oxidation reaction then occurs between hydroxyl
radical and TA to form hydroxyterephthalate (HTA) which can
give fluorescence under a certain excitation. The detection of
H,0, could be achieved by using the dependence of fluorescence
intensity on the concentration of H,O,. From Fig. 4B, it can be
observed that HTA exhibits maximum emission at 426 nm when
excited at 315 nm (curve d); however, no fluorescence is
produced from TA (curve a) and TA/Fe-Phen-CFs (curve b).
Although slow oxidation of TA can be induced by H,O, without
catalyst (curve c), the fluorescence is very weak. It can be seen
that the fluorescence intensity could be greatly enhanced up to 30
folds with the presence of Fe-Phen-CFs catalyst. In addition, the
fluorescence intensity of HTA was found to be proportional to the
concentration of hydrogen peroxide. Thus by monitoring the
fluorescence intensity, hydrogen peroxide can be detected
sensitively. Compared to the traditional protein-based peroxidases,
the present Fe-Phen-CFs composite is cost-efficient and highly
stable.

60

6

o

70

75

In order to achieve the optimum assay performance, the
experimental conditions, including solution pH, reaction
temperature, TA concentration and the dose of Fe-Phen-CFs were
optimized. The solution pH is an important factor that affects the
catalytic activity of Fe-Phen-CFs in the sensing system. The
experimental results are shown in Fig. S4A. With pH increasing,
the fluorescence intensity firstly increases and then decreases
rapidly, showing the maximum fluorescence intensity at pH = 7.
Therefore, in the following fluorescence measurements,
phosphate buffer (pH = 7.0) was used. The effect of TA
concentration on the fluorescence intensity was also investigated.
It can be seen from Fig. S4B that the fluorescence intensity
increases with TA concentration increasing, and then keeps
almost constant when the TA concentration is larger than 3.5 mM.
Since excessive TA (non-fluorescent molecular) could not affect
the fluorescence intensity of HTA, and in order to extend the
linear range for the determination of hydrogen peroxide, 4 mM of
TA was adopted in the following detection experiments. As
shown in Fig. S4C, with the used amount of Fe-Phen-CFs
increasing, the fluorescence intensity increases rapidly and then

This journal is © The Royal Society of Chemistry [year]
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reaches a constant value when the dosage is larger than 20 pg.
Therefore, the optimal dosage of 20 ng of Fe-Phen-CFs catalyst
was used for the subsequent analysis. Finally, the effect of
reaction temperature on the fluorescence intensity was studied in
the range of 25-60 °C, as shown in Fig. S4D. The fluorescence
intensity of the sensing system increases with the increase of
reaction temperature in the range of 25-50 °C and then decreases
when temperature is higher than 50 °C. Based on this result, 50
°C was used as working temperature.

Under the optimal conditions described above, the TA
oxidation reaction catalyzed by the Fe-Phen-CFs in the presence
of hydrogen peroxide was then studied. The sensitivity of the
proposed strategy towards hydrogen peroxide detection was
investigated by adding a series of different concentrations of
hydrogen peroxide into the catalytic system. Fig. 5A displays the
change of emission spectra in response to the variation of
hydrogen peroxide concentration in the range from 0 to 400 uM.
As plotted in Fig. 5B, with hydrogen peroxide concentration
increasing, an obvious increase of fluorescence intensity can be
observed, demonstrating a concentration-dependent fluorescence
response. Fig. 5C shows the calibration curve for quantitative
analysis of hydrogen peroxide. The fluorescent intensity is
linearly dependent on hydrogen peroxide concentration in the
range from 0.1 to 100 pM. The calibration equation can be
described as 1 = 2.72x10* [H,0,] + 6.16x10* (I is the
fluorescence intensity at 426 nm, and [H,O,] refers to the
concentration of H,0,), and the calibration coefficient is R?=
0.998. The limit of detection (LOD) was estimated to be 68 nM
based on three times the standard deviation rule (LOD=3SD/S).
As shown in Table S1, the detection performance based on the
present 3D Fe-Phen-CFs sensing material is superior to those of
many previously reported fluorescent assay techniques.

Subsequently, the sensing properties of the as-prepared Fe-CFs
and CFs catalysts for hydrogen peroxide detection were
compared. Fig. 5D and G shows the fluorescence spectra
obtained from Fe-CFs and CFs, respectively, with different
concentrations of hydrogen peroxide. By comparing the spectra
in Fig. 5A, D and G, it can be seen that at a same concentration of
H,0,, the fluorescence intensity obtained from the Fe-Phen-CFs
is much stronger than those from Fe-CFs and CFs, indicating the
higher catalytic activity of the Fe-Phen-CFs structure. From Fig.
SE and H, the fluorescence intensities also show gradual
increases with increasing the concentration of hydrogen peroxide,
indicating both Fe-CFs and CFs could catalyze the oxidation of
TA molecules to generate fluorescent HTA in the presence of
hydrogen peroxide. As shown in Fig. 5F and I, Fe-CFs shows a
linear range between 0.5 and 200 uM with LOD of 0.22 uM and
CFs shows a linear response in the range from 0.5 to 100 uM
with LOD of 0.32 uM for H,0, detection. It is worth noting that
the much higher sensitivity and lower LOD of Fe-Phen-CFs than
those of Fe-CFs and CFs suggests the enhanced -catalytic
efficiency of Fe-Phen-CFs. The improved catalytic performance
might be attributed to the additional and highly active pyrrolic N
and Fe-N sites for catalyzing the break of hydrogen peroxide, as
well as the unique morphology of the in situ formed carbon
nanotubes with large surface area.

3.3 Glucose detection based on the 3D Fe-Phen-CFs structure

Reliable and fast detection of glucose is of considerable

importance in clinical diagnostics and laboratory. Hydrogen

o peroxide is a product of glucose oxidase (GOD)-catalyzed
enzymatic reactions of glucose in the presence of oxygen.
Therefore, a simple fluorescent method was developed for the
detection of glucose by integrating GOD and TA/Fe-Phen-CFs.
In the presence of glucose and GOD, the product of the

¢s enzymatic reaction can be catalyzed by Fe-Phen-CFs to form
hydroxyl radical. An oxidation reaction then occurs between
hydroxyl radical and TA to form fluorescent HTA. As a result,
glucose can be indirectly determined by monitoring the
fluorescent intensity.
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Fig. 6 (A) Fluorescent emission spectra of reaction solution in the
140 presence of Fe-Phen-CFs upon addition of different concentrations of
glucose ranging from 0 to 400 uM. (B) The dependence of fluorescence
intensity on the glucose concentration. The inset shows the calibration
curve between the fluorescence intensity and glucose concentration from
0.5 to 200 pM. (C) Fluorescence responses to glucose and various
145 interferents. The concentrations of the studied species are as follows:
sucrose, 500 uM; lactose, 500 uM; maltose, 500 uM; fructose, 500 puM;
glucose 100 uM. All emission spectra were collected at Aex= 315 nm.

Based on above sensing mechanism and optimal conditions,

the glucose detection based on Fe-Phen-CFs was investigated by
150 adding different concentrations of glucose into the catalytic
system. As shown in Fig. 6A, the fluorescence intensity at around
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426 nm increases gradually with glucose concentration increasing,
indicating that TA can be efficiently oxidized to fluorescent HTA
molecules by the Fe-Phen-CFs. Fig. 6B presents the variation of
fluorescence intensity versus the concentration of glucose. A
good linear correlation (Fig. 6B inset, R*= 0.998) was obtained
within the concentration range from 0.5 to 200 uM. The linear
regression equation is as follows: I = 8.97 x 10* [Glucose] + 3.21
x 10° (I is the fluorescence intensity at 426 nm and [Glucose]
refers to the concentration of glucose). The detection limit was
estimated to be 0.19 uM which is superior to those of many
reported results (Table S2).

Furthermore, the detection selectivity of the proposed
technique was evaluated by using glucose analogues, including
sucrose, lactose, maltose and fructose, as interfering species. As
can be seen from Fig. 6C, although the concentrations of
interfering molecules are five-fold higher than that of glucose,
very weak fluorescent signals were observed from the interferents
due to the high substrate specificity of GOD. However, the
sensing system shows strong fluorescence upon the addition of
glucose. Such result demonstrates that the glucose sensor based
on Fe-Phen-CFs structure has high selectivity for possible
practical applications.
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Fig. 7 Quantification of glucose concentrations in human serum sample 1
(A) and sample 2 (B) via the standard addition method.
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3.4 Glucose determination in human serum

To evaluate the feasibility of the present sensing system for
analysis of glucose in biological samples, the proposed method
was applied to the detection of glucose in human serum samples.
Serum samples were provided from Northeast Normal University
Hospital. The serum samples were diluted 1000-fold before the
analysis. The concentration of glucose in the human serum
samples was quantified by using the standard addition method. In
experiments, the even aliquots of human serum were added to
standard solutions containing different concentrations of glucose
from 0 to 100 uM and the resulting fluorescence was measured.
The experimental data were plotted as the concentration of added
standard glucose versus the obtained fluorescence intensity. As
shown in Fig.7A and B, linear regressions were performed to get
the X-intercept of the calibration lines, which correspond to the
concentrations of glucose in the diluted real serum samples.
Taking the dilution factor into consideration, the glucose
concentrations of 5.75 and 13.37 mM in serum sample 1 and
sample 2 were determined, respectively. As shown in Table 1, the
results obtained from the proposed method are in good agreement
with those measured by the glucose oxidase endpoint method in
hospital. These results indicate the present TA/Fe-Phen-CFs-
based fluorescent sensor may be a promising platform for the
glucose analysis of real samples.

Table 1 Comparison of the analytical results of glucose sensing in human
serum based on the present method and the glucose oxidase endpoint
method in hospital

Samples Proposed method (mM) Hospital (mM) Relative deviation (%)

Serum 1 5.75 5.90 2.54

Serum 2 13.37 13.10 2.06

4., Conclusion

In this work, we present a simple one-pot pyrolysis method for
preparing Fe- and N-incorporated carbon nanotubes in situ grown
on 3D porous carbon foam (denoted as Fe-phen-CFs). The
obtained 3D composite could provide highly active Fe-N and
doped-N species and large surface area with exposed catalytically
active sites. The unique structure endows the Fe-Phen-CFs
composite with intrinsic peroxidase-like activity and provides a
fluorescent assay for hydrogen peroxide and glucose. The
fluorescence sensing system based on TA/Fe-Phen-CFs showed a
good response toward hydrogen peroxide with a linear range
from 0.1 to 100 uM and a limit of detection of 68 nM. Moreover,
by integrating GOD and Fe-Phen-CFs composite, sensitive assay
of glucose was also obtained with the linear range from 0.5 to
200 pM and a limit of detection of 0.19 pM. In addition, such
novel TA/Fe-Phen-CFs system was successfully applied to the
glucose determination in real human serum samples. Compared
to the traditional protein-based peroxidases, the Fe-Phen-CFs
composite is cost-efficient and highly stable. We hope that the
present study could promote the understanding of catalytic
behaviors of Fe, N-functionalized carbon composites as enzyme
mimics and develop their wide applications in biosensors.

This journal is © The Royal Society of Chemistry [year]
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