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� A sensing platform based on Fe/N-CDs
and o-phenylenediamine (OPD) was
developed for determination of
xanthine and uric acid in real human
fluid samples.

� Both the fluorescent property and the
peroxidase-like property of Fe/N-CDs
facilitate the improvement of
analytical performance of the
developed sensing platform.

� Ratiometric fluorescent and
colorimetric testing modes endow the
sensing platform with both high
sensitivity for quantitative analysis
and facile observation for qualitative
analysis.
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A universal ratiometric fluorescence and colorimetric dual-mode sensing platform for detecting hydrogen
peroxide (H2O2) and related metabolites in human fluid was constructed based on iron and nitrogen co-
doped carbon dots (Fe/N-CDs). As a fluorescent nanomaterial with peroxidase-like property, Fe/N-CDs
emits fluorescence at 449 nm (F449) under excitation of incident ultraviolet light, and can catalyze the oxi-
dation of o-phenylenediamine (OPD) by H2O2 for generating 2,3-diaminophenazine (oxOPD) that exhibits
obvious absorption at 420 nm (A420) and fluorescence emission at 555 nm (F555). The Förster resonance
energy transfer (FRET) between Fe/N-CDs and oxOPD would result in the fluorescence quenching Fe/N-
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Iron and nitrogen co-doped carbon dots
Ratiometric fluorometry
Colorimetry
H2O2

Human fluid
CDs and the fluorescence enhancement of oxOPD, which facilitates the quantitation of oxOPD by ratio-
metric fluorometry. Since the amount of generated oxOPD is determined by the amount of H2O2 con-
sumed during the oxidation reaction, the detection of H2O2 and related metabolites can be realized by
monitoring both ratiometric fluorescent (F555/F449) and colorimetric (absorption, A420) signals of
oxOPD. This dual-mode sensing platform exhibits excellent selectivity and sensitivity toward with
H2O2, xanthine and uric acid in both human serum and urine samples, demonstrating its good potential
for monitoring H2O2 and metabolites involved in H2O2 metabolism in human body. The detection limits
(LODs) of H2O2, xanthine and uric acid obtained by this sensing platform were 0.07, 0.15, and 0.14 lM for
ratiometric fluorescence mode, and 0.12, 0.52, and 0.47 lM for colorimetric mode, respectively. By uti-
lizing appropriate oxidases in this universal sensing platform, the determination of other metabolites
involved with producing H2O2 can also be realized facilely.

� 2022 Elsevier B.V. All rights reserved.
1. Introduction

Hydrogen peroxide (H2O2) as one type of reactive oxygen spe-
cies in human body is an inevitable byproduct of cell metabolism
and serves as a signaling molecule for indicating physiological
activities or oxidative stress [1]. Moreover, a large variety of
metabolites in human body such as cholesterol, xanthine, glucose,
lactate, choline, glutamate and alcohol can be oxidized to produce
H2O2 under the catalysis of corresponding enzymes [2]. Xanthine
is an intermediate generated in the metabolism of animal purine
nucleotides and deoxynucleotides. Normal xanthine concentration
ranges in body fluids of healthy human are 0.5–2.5 lM for plasma
and 40–160 lM for urine [3]. And abnormal levels of xanthine in
human fluids can indicate diseases including gout, uric acid depos-
its and renal calculus [4]. Uric acid is the final products of purine
metabolism in human body [5]. Generally, the normal concentra-
tion ranges of uric acid are 0.13–0.46 mM in serum and 1.49–
4.46 mM in urinary excretion [6]. Aberrant levels of uric acid in
human fluid are related to gout, hyperuricemia, hypertension,
urolithiasis, arthritis, cardiovascular and kidney diseases [7,8].
Since H2O2, xanthine and uric acid are essential biomarkers for clin-
ical diagnosis, it is meaningful to develop efficient methods for sen-
sitive and rapid detection of them in human fluid samples.

Nowadays, various analytical methods such as high-
performance liquid chromatography (HPLC) [9], chemilumines-
cence [10], electrochemistry [11], colorimetry [12] and fluorometry
[13] have been developed for quantitatively monitoring H2O2, xan-
thine and uric acid in biosamples. In most of these methods, enzy-
matic system usually plays key role for improving both sensitivity
and selectivity due to the high specific and catalytic efficiency of
enzymes [14]. Recently, more attention was focused on the
nanomaterial-based artificial enzymes (nanozymes). Compared
with natural enzymes, nanozymes display conspicuous features
including high chemical stability, simple preparation and storage
needs, good biocompatibility and tunable catalytic activity [15–17].

Fluorescent carbon dots (CDs) have been widely applied in
chemical analysis, bioimaging and biosensing [18–20]. As is well
known, heteroatom doping for CDs is an effective way to improve
the functions of CDs and broaden their applications. It has been
observed that trace metallic impurities, especially trace iron impu-
rities in nanoparticles play very important roles for the peroxidase-
mimicking activities of the nanoparticles [21,22]. Therefore, many
types of Fe-doped CDs exhibit a comparable catalytic activity like
natural peroxidases such as horseradish peroxidases (HRP)
[23,24]. Compared with routine fluorometry based on the quench-
ing or the enhancement of fluorescence at a single peak wave-
length, the ratiometric fluorometry can effectively reduce the
distractions of background and the fluctuations of instruments by
employing the ratio of two fluorescence intensities at different
peak wavelengths as a response signal, which not only makes the
results more accurate but also improve the sensitivity greatly [25].
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Herein, we synthesized a new type of iron and nitrogen co-
doped carbon dots (Fe/N-CDs) (Scheme 1a) and employed it as
both the fluorescent indicator and the catalyst for the oxidation
reaction between o-phenylenediamine (OPD) and H2O2. By utiliz-
ing the absorption of the oxidative product 2,3-
diaminophenazine (oxOPD) and the Förster resonance energy
transfer (FRET) between Fe/N-CDs and oxOPD, a dual-mode sens-
ing platform (Scheme 1b) with both ratiometric fluorescence and
colorimetric readouts was constructed, of which the response sig-
nals were proportional to the amount of oxOPD generated during
the oxidation reaction. Since the amount of H2O2 provided in a
human fluid sample or originated from a H2O2 metabolism-
involved metabolite determines the amount of oxOPD in the test-
ing system, H2O2 or the corresponding metabolite can also be
quantified by this sensing platform. Absorbance of the typical
absorption band of oxOPD at 420 nm (A420) and the intensity ratio
of fluorescence emitted from oxOPD against that emitted from Fe/
N-CDs (F555/F449) were employed as the ratiometric fluorescence
and colorimetric response signals, respectively. Good accordance
between the detecting results of xanthine and uric acid in real
human fluid samples obtained by the developed sensing platform
and the reference methods reveal the applicability of the devel-
oped sensing platform for future clinical diagnosis.

2. Experimental

2.1. Preparation of Fe/N-CDs

The Fe/N-CDs were synthesized according to a reported one-pot
hydrothermal method with minor modification [26]. Briefly, 0.06 g
of FeCl3�6H2O, 0.10 g of EDTA and 0.06 mL of DETA were dissolved
in 10 mL of ultrapure water. Subsequently, the mixture was trans-
ferred into a 30-mL Teflon-lined autoclaved, followed by heating at
200 �C for 6 h. The final product was diluted 2500-fold in PB buffer
(10 mM, pH = 7.4) and was stored at 4 �C for further use.

2.2. Peroxidase-like activity and kinetic analysis of Fe/N-CDs

The peroxidase-like activity variation of Fe/N-CDs under dif-
ferent temperature and pH was investigated by carrying out
the catalytic oxidation reaction of 3,3ʹ,5,5ʹ -teramethylbenzidine
(TMB). The relative catalytic activity (%) of Fe/N-CDs was defined
as (A / Amax � 100%), in which A is the absorbance of a reaction
system at 652 nm after incubating for 5 min, and Amax is the
maximum value of A obtained by varying environmental temper-
ature or pH.

The kinetic analysis of the catalytic reaction was performed by
monitoring the absorbance at 652 nm of the reaction systems with
various concentrations of TMB or H2O2. The dynamic parameters
were calculated based on the Michaelis-Menten equation:



Scheme 1. Schematic diagram for detection of H2O2 and H2O2 metabolism-involved metabolites by the sensing platform developed in this work.
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V0 ¼ Vmax � ½S�
Km þ ½S�

where V0 and Vmax respectively denote the initial and maximal
velocities of the catalytic reaction, [S] and Km respectively express
substrate concentration and Michaelis constant. The velocities of
each reaction were measured by monitoring the absorbance at
652 nm of the reaction system at 1.0 min interval.
2.3. Dual-mode detection of H2O2, xanthine and uric acid

To detect H2O2, 300 lL of OPD (10 mM), 40 lL of Fe/N-CDs,
100 lL of H2O2 solution at a certain concentration level were
successively introduced into 560 lL of PB buffer (10 mM,
pH = 7.4). The resulting solution was incubated at 37 �C for
30 min. Then the solution was examined by both ratiometric
and colorimetric modes. Intensity ratio of fluorescence emission
at 555 nm against that at 449 nm (F555/F449) at the excitation
wavelength of 370 nm and absorbance at 420 nm (A420) were
respectively calculated or recorded as the response signals of
the above detection modes.

To detect xanthine, 300 lL of OPD (10 mM), 40 lL of Fe/N-
CDs, 50 lL of XOD (10 U/mL), and 100 lL of sample or standard
solution containing xanthine were added into 510 lL of PB buf-
fer (10 mM, pH = 7.4). The mixed solution was incubated for
30 min at 37 �C. The following procedures of incubation, spectral
recording and data calculation are similar to these for detecting
H2O2.

To detect uric acid, 300 lL of OPD (10 mM), 40 lL of Fe/N-CDs,
100 lL of uricase (1 U/mL), and 100 lL of sample or standard solu-
tion contain uric acid were added into 460 lL of PB buffer (10 mM,
pH = 7.4). The following experimental procedures are similar to
these for detecting H2O2.
3

2.4. Determination of xanthine and uric acid in real samples

Three human serum samples and three human urine samples
from individual healthy volunteers were provided by the First
Hospital of Jilin University (Changchun, China). Each of these sam-
ples was examined by HPLC methods [27]. All the serum samples
were diluted 10-fold with PB buffer (10 mM, pH = 7.4) prior to
detecting xanthine or uric acid, and all the urine samples were
respectively diluted 10-fold or 100-fold with PB buffer (10 mM,
pH = 7.4) prior to detecting xanthine or uric acid. The spiked serum
and urine samples were prepared by adding xanthine or uric acid
standard solutions into the real samples. The procedures for detec-
tion of the real or spiked samples were similar to these described in
Section 2.3.
3. Results and discussion

3.1. Characterization of Fe/N-CDs

As displayed in the image and the size statistics of particles
obtained by transmission electron microscopy (TEM, Fig. 1A), the
Fe/N-CDs are spherical and exhibit a good dispersibility with an
average diameter of 2.3 nm.

Identification of surface chemical groups and elemental analysis
of Fe/N-CDs were performed by Fourier transform infrared spec-
troscopy (FT-IR, Fig. 1B) and X-ray photoelectron spectroscopy
(XPS, Fig. 2). In FT-IR spectrum, the broad absorption band at
3430 cm�1 is associated with OAH and NAH stretching vibrations,
the band at 2357 cm�1 is assigned to the O@C@O group, the band
at 1628 cm�1 corresponds to the stretching vibrations of C@O or
C@N groups, the band at 1389 cm�1 originates from the bending
vibrations of CAN [28,29]. The XPS spectra (Fig. 2) furtherly reveal
the elemental composition of Fe/N-CDs. Three main peaks emerged
at 284.5 eV, 399.2 eV, and 531.1 eV in the full scan survey spec-



Fig. 1. (A) TEM image and particle size distribution of Fe/N-CDs. (B) FT-IR spectrum of Fe/N-CDs.
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trum (Fig. 2A) of Fe/N-CDs indicate the types and ratios of domi-
nant elements including carbon (C 1s, 56.55%), nitrogen (N1s,
7.3%), and oxygen (O 1s, 34.35%), respectively [30]. Iron also con-
tributes a little signal at 710.8 eV in the above spectrum (Fe 2p,
1.8%). In the high-resolution spectra of C 1s (Fig. 2B), there are
three peaks appeared at 284.5 eV, 285.6 eV, and 288.0 eV, which
are respectively derived from CAC/C@C, CAN, and C@N/C@O
groups [31]. The spectrum of N 1s (Fig. 2C) can be subdivided into
three peaks at 399.3 eV, 400.0 eV, and 401.2 eV, which are ascribed
to CANAC, CAN, and NAH [23,32]. The spectrum of O 1s (Fig. 2D) is
attributed to three contributions, corresponding to 530.7 eV for
CAO, 531.8 eV for C@O, 532.4 eV for CAOAC/CAOH, respectively.
The spectrum of Fe 2p (Fig. 2E) can be subdivided into two peaks
at 710.8 and 723.7 eV, which are ascribed to Fe 2p3/2 and Fe
2p1/2 [33]. Results of XPS analysis are consistent with that obtained
by FT-IR measurement.
3.2. Optical properties of Fe/N-CDs

Optical properties of Fe/N-CDs were studied by ultraviolet–vis-
ible absorption spectroscopy (UV–Vis) and fluorescence spec-
troscopy. As displayed in Fig. 3A, the Fe/N-CDs exhibits a broad
absorption band at 200–400 nm (black line), and shows a maxi-
mum fluorescence emission at 436 nm (blue line) and a maximum
fluorescence excitation at 362 nm (red line). Three excitation peaks
displayed at 245 nm, 270 nm and 362 nm indicate the various exci-
tation energy trapped on the Fe/N-CDs (red line). Fig. 3B shows the
fluorescent emission spectra of the Fe/N-CDs at different excitation
wavelengths between 350 nm and 410 nm, demonstrating the
excitation-dependent behavior of the Fe/N-CDs, which probably
originating from the surface state defects [34]. The quantum yield
(QY) of the Fe/N-CDs was measured to be 9.07% by an absolute
method.
3.3. Peroxidase-like activity of Fe/N-CDs

According to reported literatures [21], it is the iron element
doped into CDs that gives the Fe/N-CDs intrinsic peroxidase-like
catalytic activities. By using TMB and H2O2 as substrates, influence
of the environmental pH and temperature on the peroxidase-like
catalytic activities of the Fe/N-CDs (Fig. S1), and the steady-state
catalytic kinetics of the Fe/N-CDs (Fig. S2) were investigated. It
can be observed that the catalytic activity of the Fe/N-CDs was
pH-dependent. The catalytic activities of the Fe/N-CDs were
improved under acidic conditions because the low-pH environ-
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ment facilitates the Fenton reaction induced by the iron element
dopped in CDs, which is in accordance to the previous research
reports of similar iron-doped nanoenzymes [35,36]. The testing
results were fitted by the basic Michaelis-Menten equation and
its double reciprocal formats to obtain the catalytic constants
(Table S1). The Km values of Fe/N-CDs with H2O2 and TMBwere cal-
culated as 1.297 mM and 0.736 mM, respectively.

3.4. Fluorescence emission stability of Fe/N-CDs

Effects of environmental pH and ionic strength on the spectral
stability of Fe/N-CDs were explored. As depicted in Fig. S3A, fluo-
rescence emission of Fe/N-CDs was influenced slightly by the envi-
ronmental pH levels varying from 3.0 to 10.0. Fig. S3B shows that
high ionic strength (NaCl, 5 M) exhibits little effect on the fluores-
cence emission of Fe/N-CDs. Results of photobleaching experiment
(Fig. S3C) reveal the good photobleaching resistance of Fe/N-CDs
under ultraviolet irradiation at 370 nm for 60 min. These results
indicate the sufficient spectral stability of the synthesized Fe/N-
CDs for further chemical or biological applications.

3.5. Optimization of experimental parameters

Effects of experimental conditions including amount of OPD and
incubation time were investigated (Fig. S4). The optimized amount
of OPD and of the incubation time prior to analysis were respec-
tively selected as 3 mM and 30 min for the Fe/N-CDs-catalyzed oxi-
dation. The excitation wavelength of this sensing platform was set
at 370 nm for ensuring the fluorescence emission efficiencies of
both Fe/N-CDs and oxOPD. The environment pH level for this sens-
ing platform was set at 7.4 since it is the normal value of blood pH
level in human body.

Experimental conditions for the detection of xanthine and uric
acid were optimized in detail. Results revealed that the optimized
amount of xanthine oxidase and uricase were 0.5 U/mL (Fig. S5A)
and 0.1 U/mL (Fig. S6A), respectively, and a total incubation time
of 30 min prior to analysis of xanthine or uric acid (Fig. S5B, S6B)
was sufficient for both the enzyme-catalyzed hydrolysis and the
Fe/N-CDs-catalyzed oxidation.

3.6. Sensing mechanism

The response mechanism of this sensing platform was studied
by fluorescence emission spectroscopy, UV–Vis absorption spec-
troscopy and fluorescence decay profile (Fig. 4). One of the



Fig. 2. XPS spectra of Fe/N-CDs. (A) Full scan survey spectrum. (B-E) High-resolution spectra of C 1s, O 1s, N 1s, and Fe 2p, respectively.
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peroxidase-like properties of Fe/N-CDs is reflected in its ability to
catalyze the oxidation of chromogenic substrates in the presence
of H2O2. Spectra illustrated in Fig. 4A proved that Fe/N-CDs possess
the ability for catalyzing the oxidation of TMB. As represented in
Fig. 4B, the fluorescence emission of Fe/N-CDs was influenced very
slightly by individually adding H2O2 or OPD into the testing sys-
tem. However, after both H2O2 and OPD were added into the test-
ing system, the fluorescence emission of Fe/N-CDs decreased
significantly and a new fluorescence emission peak at 555 nm
emerged, indicating the generating of oxOPD by the Fe/N-CDs-
catalyzed oxidation of OPD. The oxidation product oxOPD also
exhibits an absorption band at 420 nm (Fig. 4C).

It can be observed that the absorption spectrum of oxOPD
(Fig. 4C) overlapped with the fluorescence emission spectrum of
Fe/N-CDs (Fig. 4B). Moreover, the fluorescence lifetime of Fe/N-
5

CDs decreased obviously after introducing H2O2 and OPD into the
testing system. Zeta potential analyses (Fig. S7) revealed the poten-
tial values of Fe/N-CDs in absence and presence of oxOPD were
�4.05 and + 7.89 mV, respectively, indicating oxOPD molecules
can be bonded on the surface of Fe/N-CDs via electrostatic interac-
tion. Therefore, Förster resonance energy transfer (FRET) from Fe/
N-CDs to oxOPDwas confirmed as one of the fluorescence response
mechanisms of this sensing platform, which was also proved by
the previous research work [37].

Under the specific catalysis of xanthine oxidase or uricase, H2O2

can be generated during the hydrolysis of xanthine or uric acid.
Therefore, the sensitive detection of H2O2, xanthine and uric acid
(Scheme 1) can be performed by monitoring the intensity ratio of
fluorescence emission at 555 nm against that at 449 nm (F555/
F449) or the absorbance at 420 nm (A420). By changing correspond-



Fig. 3. (A) UV–Vis absorption (Abs), fluorescence excitation (Ex) and emission (Em) spectra of Fe/N-CDs. (B) Fluorescence emission spectra of Fe/N-CDs at various excitation
wavelengths.

Fig. 4. (A) UV–Vis absorption spectra of testing systems containing TMB and H2O2 in presence and absence of catalytic Fe/N-CDs. Inset is the photograph of the corresponding
testing systems. (B) Fluorescence emission and (C) UV–Vis absorption spectra of testing systems containing various reagents of the developed sensing platform. (D)
Fluorescence emission decay curves of Fe/N-CDs in absence and presence of H2O2 and OPD. Concentration of H2O2 and OPD were 400 lM and 3 mM, respectively.
Environmental pH level was 7.4. Fluorescence excitation wavelength was 370 nm.
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ing enzymes, the sensing platform developed in this work can be
furtherly employed to detect other H2O2 metabolism-involved
metabolites.
3.7. Selectivity

To evaluate the selectivity of the present sensing platform
towards xanthine and uric acid, the influence of ions and biological
substances commonly coexisting in human serum or urine on the
detecting results were investigated. Results illustrated in Fig. S8
reveal that no obvious interference from the above ions or sub-
stances were observed, indicating the excellent selectivity of the
sensing platform.
6

3.8. Analytical performance

Fig. 5 demonstrates the fluorescence and UV–Vis responses of
the sensing platform towards H2O2. Moreover, the color of the test-
ing system changes gradually from blue to yellow under the illumi-
nation of a 365-nm UV lamp (Inset of Fig. 5A), and from colorless to
yellow under daylight (Inset of Fig. 5C) along with the increasing
initial concentration of H2O2. As shown in Fig. 5B, a good linear
relationship was found between the fluorescence intensity ratio
F555/F449 and the H2O2 concentration ranging from 0.2 lM to
200 lM. The limit of detection (LOD) for H2O2 obtained by the
ratiometric fluorescence mode was calculated as 0.07 lM (S/
N = 3). The absorbance at 420 nm is also linear to the H2O2 concen-



Fig. 5. (A) Fluorescence spectra of the sensing system with different initial H2O2 concentrations. Inset photograph shows the corresponding color changes under the
illumination of a 365-nm UV lamp. (B) Plot of fluorescence responses against concentrations of H2O2. (C) UV–Vis absorption spectra of the sensing systemwith different initial
H2O2 concentrations. The inset photograph shows the corresponding color changes under daylight. (D) Plot of absorbances against concentrations of H2O2.

Fig. 6. (A) Fluorescence spectra of the sensing system with different initial xanthine concentrations. Inset photograph shows the corresponding color changes under the
illumination of a 365-nm UV lamp. (B) Plot of fluorescence responses against concentrations of xanthine. (C) UV–Vis absorption spectra of the sensing system with different
initial xanthine concentrations. The inset photograph shows the corresponding color changes under daylight. (D) Plot of absorbances against concentrations of xanthine.
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Fig. 7. (A) Fluorescence spectra of the sensing system with different initial uric acid concentrations. The inset photograph shows the corresponding color changes under the
illumination of a 365-nm UV lamp. (B) Plot of fluorescence responses against concentrations of uric acid. (C) UV–Vis absorption spectra of the sensing system with different
initial uric acid concentrations. The inset photograph shows the corresponding color changes under daylight. (D) Plot of absorbances against concentrations of uric acid.

Table 1
Detection results for xanthine and uric acid in real and spiked human serum and human urine samples by the proposed sensing platform and reference HPLC methods (n = 3).

Target Testing mode Sample spiked Determined (lM) Recovery (%) RSD (%) HPLC method (lM)

Xanthine Ratiometric fluorometry Serum 1 0 4.45 – 2.6 4.57
Serum 2 30 35.13 101.9 1.91 34.91
Serum 3 50 54.39 99.64 0.85 54.27
Urine 1 0 16.81 – 0.97 16.59
Urine 2 30 47.12 101.8 1.68 46.93
Urine 3 50 66.49 99.8 0.55 66.98

Colorimetry Serum 1 0 4.65 – 1.29 4.57
Serum 2 30 33.75 97.3 3.13 34.91
Serum 3 50 54.03 98.9 1.15 54.27
Urine 1 0 16.24 – 2.61 16.59
Urine 2 30 45.91 97.7 2.42 46.93
Urine 3 50 66.44 99.7 0.38 66.98

Uric acid Ratiometric fluorometry Serum 1 0 25.87 – 3.91 26.93
Serum 2 20 47.12 100.9 0.95 46.71
Serum 3 40 65.77 97.1 2.72 65.36
Urine 1 0 10.67 – 1.19 10.43
Urine 1 20 30.26 99.2 0.94 30.88
Urine 1 40 49.68 98.1 1.84 50.35

Colorimetry Serum 1 0 26.79 – 0.88 26.93
Serum 2 20 46.85 99.6 0.57 46.71
Serum 3 40 66.19 98.2 0.9 65.36
Urine 1 0 10.24 – 1.75 10.43
Urine 2 20 30.94 102.6 2.32 30.88
Urine 3 40 49.69 98.2 1.57 50.35
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tration in the range of 0.2–200 lM (Fig. 5D). The LOD for H2O2

obtained by the colorimetric (UV–Vis absorption) mode is 0.12 lM.
Similarly, the fluorescence and UV–Vis responses of the sensing

platform towards xanthine and uric acid were shown in Fig. 6 and
Fig. 7, respectively. The linear ranges for xanthine and uric acid are
respectively 0.5–100 lM and 0.5–100 lM for ratiometric fluores-
8

cence mode, and 0.8–90 lM and 0.5–100 lM for colorimetric
mode. The LODs (S/N = 3) for xanthine and uric acid are respec-
tively 0.15 lM and 0.14 lM for ratiometric fluorescence mode,
and 0.52 lM and 0.47 lM for colorimetric mode.

The above results indicate that the sensitivities of this sensing
platform for xanthine and uric acid detection are comparable to
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or slightly better than many previously reported methods
(Table S2, S3).

3.9. Detection of xanthine and uric acid in real sample

To estimate the practicability of the present sensing platform
for detecting xanthine and uric acid in human fluid samples, it
was applied to examining the real and spiked samples by both
ratiometric fluorescent and colorimetric modes. The good accor-
dance between results obtained by this sensing platform and by
reference HPLC methods (Table 1) indicates the excellent practica-
bility of this sensing platform.
4. Conclusion

In this work, a multifunctional nanomaterial Fe/N-CDs with
properties of both peroxidase-like catalysis and fluorescence emis-
sion was prepared via a one-pot hydrothermal method. By utilizing
the Fe/N-CDs-catalyzed oxidation of a routine chromogenic devel-
opment reagent OPD in presence of H2O2, fluorescent oxOPD which
would induce the quenching of fluorescence emitted form Fe/N-
CDs via FRET process was generated. The intensity ratio of fluores-
cence emitted by oxOPD against that emitted by Fe/N-CDs, as well
as the absorbance of oxOPD indicated the amount of H2O2 con-
sumed during the above oxidation reaction, therefore they were
employed as the response signals for realizing the ratiometric flu-
orescence and the colorimetric detections of H2O2. Since H2O2

would be generated by corresponding enzyme-catalyzed hydroly-
sis reactions of various metabolites in human fluid, determination
of these metabolites was realized based on the above method for
detecting H2O2. Finally, a universal sensing platform for sensitive
detecting metabolites involved in H2O2 metabolism in human fluid
was established. This sensing platform exhibits high accuracy,
selectivity and sensitivity for determination of xanthine and uric
acid in real human serum and urine samples, demonstrating its
promising potential for future applications in study of clinical
diagnosis.
5. Compliance with ethical standards
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