Downloaded via UNIV OF CALIFORNIA SANTA CRUZ on September 30, 2021 at 17:28:07 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

LANGMUIR

pubs.acs.org/Langmuir

Iron, Nitrogen-Doped Carbon Aerogels for Fluorescent and
Electrochemical Dual-Mode Detection of Glucose

Xingzi Wu,II Yujie Sun,|| Ting He, Yulin Zhang,* Guo-Jun Zhang,* Qiming Liu, and Shaowei Chen*

Cite This: Langmuir 2021, 37, 11309-11315

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations ‘

@ Supporting Information

ABSTRACT: Due to their effective catalytic activity and maximum atom oM S0, gelan 2
utilization, single metal atoms dispersed in carbon matrices have found £ el
diverse applications in electrocatalysis, photocatalysis, organic catalysis,
and biosensing. Herein, iron is atomically dispersed into nitrogen-doped
porous carbon aerogel by a facile pyrolysis procedure, and the resulting
nanocomposite behaves both as a peroxidase mimic for the sensitive
detection of glucose by fluorescence spectroscopy and as an effective
catalyst for the electrochemical oxidation of glucose. The glucose
concentration can be quantified within the millimolar to micromolar
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range with a limit of detection of 3.1 and 0.5 uM, respectively. Such a dual-
functional detection platform also shows excellent reproducibility, stability,
and selectivity, and the performance in glucose detection of clinical and artificial human body fluids is highly comparable to that of
leading assays in recent studies and results from commercial sensors. Results from this study suggest that carbon aerogel-supported
single atoms can be used as a dual-functional nanozyme for the construction of low-cost, high-performance dual-signal readout

platforms for glucose detection.

B INTRODUCTION

Functional nanomaterial-based nanozymes have been attract-
ing extensive interest, owing to their catalytic activity that is
similar to native enzymes, yet with robust stability in harsh
environments, ease of large-scale production, and low cost.' In
fact, nanozymes have found diverse applications in biosensing,2
therapeutics,3 organic degradation,4 and so on. Among these,
nanozymes based on carbon nanomaterials,” transition metal
nanomaterials,6 nucleic acid-doped nanomaterials,” and noble
metal nanomaterials®” have been widely applied for disease
diagnosis due to their unique selective activity toward disease-
related substrates.'’ Glucose plays a critical role in the natural
growth of cells, and disordered blood sugar levels are strongly
correlated to diabetes.'' Accurate monitoring of blood glucose
concentration is one of the best ways to prevent and treat
diabetes. Thus far, numerous analytical methods have been
developed for the detection of glucose, including electro-
chemistlry,12 colorimetlry,13 fluorescence,'! and chemilumines-
cence."* However, these methods are generally based on a
single-signal readout mode,''® and the accuracy of the
detection may be compromised by external interferences,
such as nonstandard test procedures, diverse surrounding
environments, and even different operators. To address this
challenge, multi-mode detection of analytes based on, for
instance, electrochemistry and optical techniques is strongly
desired.

Electrochemical bioanalysis has become a focus of research
for glucose detection in recent years with high sensitivity and
short response time. Yet, for the conventional enzyme-
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mediated glucose sensors, several drawbacks are commonly
observed. For instance, the enzyme activity can be significantly
affected by environmental variations, such as temperature,
humidity, and pH. Hence, to mitigate such issues, development
of non-enzymatic glucose sensors with high sensitivity, good
stability, and low cost has emerged as an attractive strategy.

Fluorescence-based methods possess unique advantages,
such as rapid analysis and excellent sensitivity.'' In recent
years, nanozymes mimicking glucose oxidase (GOx) and
horseradish peroxidase (HRP) have been attracting extensive
interest for glucose sensing and detection; yet, most of these
nanozymes have to work under acidic conditions (pH = 3.0—
5.0).%" This greatly limits their applications in clinic tests
under physiological conditions. In addition, most nanozymes
require the use of noble metals.'”” Therefore, for both
fundamental research and biomedical diagnosis, it is imperative
to develop effective nanozymes with good sensitivity,
selectivity, and low cost,"® where both electrochemical and
fluorescent platforms can be exploited for the dual-mode
detection of glucose, so as to enhance the accuracy and
minimize systematic and/or background errors.
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In recent years, single-atom catalysts (SACs) have emerged
as a unique system for the development of nanozymes due to
their maximum atom utilization efficiency, unique geometry,
and full exposure of active sites.'"” To mitigate the issues of
migration and aggregation of the metal centers in SACs,” the
metal loadings are typically maintained at a low level and the
metal centers are embedded within a supporting matrix with
strong chelating moieties, such as heteroatom (e.g, N, P, S, O,
and B)-doped carbon.”’ Generally, increasing the loading of
nitrogen and metal atoms is an ideal solution to enhance the
activity of nanozymes, which can be achieved by increasing the
defect density or metal concentration and/or choosing
appropriate supports.”” Hierarchical 3D N-doped porous
carbon aerogels have been found to serve as a promising
support matrix for SACs with their large surface area, rich mass
transport channels, abundant reserves, and low cost.>>**
Notably, Fe-based SACs have demonstrated excellent perox-
idase-like activity and can catalyze the oxidation of molecular
probes in the presence of hydrogen peroxide produced by the
oxidation of glucose with GOx, as manifested in fluorescence
spectroscopic measurements.”> In electrochemical measure-
ments, such Fe-based nanocomposites have also been found to
catalyze the direct oxidation of glucose.”® These unique
properties may be exploited for the development of a dual-
signal-detection platform.

In this study, a dual-functional single-iron atom nanozyme
was prepared by embedding Fe single atoms in biomass-
derived, 3D porous N-doped carbon aerogels (NCAG/Fe) and
used for glucose detection based on a fluorescence and
electrochemical dual-signal readout platform. The nanozyme
showed robust peroxidase-like properties under physiological
conditions, whereby nonfluorescent o-phenylenediamine
(OPD) was oxidized to fluorescent 2,3-diaminophenazine
(DAP) in the presence of H,0O, generated by GOx-catalyzed
oxidation of glucose. Electrochemically, the NCAG/Fe nano-
composite also demonstrated an apparent electrocatalytic
activity toward the oxidation of glucose. In such a dual-mode
readout platform, the limit of detection (LOD) was estimated
to be 3.1 uM in fluorometric assay and 0.5 pM in
electrochemical detection. The detection platform also
exhibited excellent reproducibility, stability, and selectivity;
and the performance of glucose detection in clinical and
artificial human body fluids was superior/comparable to that of
leading assays in recent studies and results obtained from
commercial sensors.

B EXPERIMENTAL SECTION

Chemicals. Hydrogen peroxide (H,0,, 30%, w/w), disodium
hydrogen phosphate (Na,HPO,), anhydrous calcium chloride
(CaCly), potassium chloride (KCl), sodium chloride (NaCl), ascorbic
acid (AA), urea, and OPD were obtained from Sinopharm Chemical
Reagents Co., Ltd. (Shanghai, China). Gelatin, iron(II) chloride
tetrahydrate (FeCl,-4H,0), zinc(Il) acetate dihydrate (Zn(Ac),:
2H,0), SiO, nanoparticles, glucose, maltose, sucrose, fructose, and
glycine were all purchased from Aladdin Reagents (Shanghai, China).
GOx (100 U mg™!, type X-S, from Aspergillus niger), 1,10-
phenanthroline (PM) monohydrate, sodium hydroxide (NaOH),
ammonium chloride (NH,CI), uric acid (UA), dopamine, r-lactic
acid, L-histidine, L-glutamic acid, and lactose were purchased from
Sigma-Aldrich. All other reagents were of analytical grade. Water was
provided by a Millipore water purification system (18.2 MQ cm).
Serum samples were obtained from healthy volunteers in Wuhan No.
1 Hospital (Wuhan, China).

Preparation of Carbon Aerogels. The NCAG/Fe sample was
prepared by adopting a procedure reported previously.”’ =’ In brief,
24 mg of PM was dispersed in 200 uL of 0.2 M FeCl,-4H,0 in water
under sonication to produce a red Fe(PM);** solution. Separately, 60
mg of gelatin, 30 mg of SiO, nanoparticles, and 2.7 mL of water were
added in a screw-capped vial and mixed under magnetic stirring in a
60 °C water bath for 10 min, into which were then added 200 uL of
the above prepared 0.2 M Fe(PM);** and 80 uL of 1.0 M Zn(Ac),.
The obtained hydrogels were subjected to freezing—thawing three
times (denoted as Gg;_z,/Fe-PM), before being pyrolyzed at 900 °C
for 3 h in a tube furnace under a constant flow of 97% Ar + 3% H, at a
heating rate of 5 °C min~". After being naturally cooled down to room
temperature, the product was etched with HF to remove SiO,
nanoparticles, affording NCAG/Fe.

Fe-free NCAG was prepared in the same fashion except for the
addition of FeCl,.

Characterization. The sample morphologies were examined by
scanning electron microscopy (SEM, Hitachi S-4800) and trans-
mission electron microscopy (TEM, FEI Talos F200S) measure-
ments. Inductively coupled plasma-optical emission spectroscopy
(ICP-OES) analysis was performed with a SPECTRO BLUE SOP
instrument. X-ray diffraction (XRD) patterns were collected with a
D/max 2550 X-ray power diffractometer. X-ray photoelectron
spectroscopy (XPS) measurements were performed with an
ESCALAB 250Xi instrument. Fluorescence tests were conducted
using a Hitachi F-4600 fluorescence spectrophotometer. Nitrogen
adsorption/desorption isotherms were acquired with a Micromeritics
ASAP2460 instrument. X-ray absorption spectroscopy measurements
were performed at the Shanghai Synchrotron Radiation Facility in the
fluorescence mode at room temperature (298 K).

Fluorescence Assay for Glucose Detection. The steady-state
kinetic measurements were performed by recording the absorbance at
41S nm at a 30 s interval within 1 min, and the apparent kinetic
parameters were calculated based on the equation v = v, [S]/(K,, +
[S]), where v is the initial reaction rate, v, is the maximum reaction
rate, [S] is the substrate (H,0, or OPD) concentration, and K, is the
Michaelis—Menten constant.

For the detection of glucose, 10 4L of GOx (12 ug/mL) and 10 uL
of glucose at various concentrations in 50 L of a phosphate buffer
(pH 7.4) were incubated at 37 °C for 40 min, into which were then
added NCAG/Fe and OPD with a final concentration of 10 and 20
pug/mL, respectively. The mixture was further incubated for 10 min at
25 °C, and the fluorescence spectra were acquired under 414 nm
excitation. All fluorescence measurements were repeated three times
for the calculation of the standard deviation.

Non-Enzymatic Electrochemical Assay for Glucose Detec-
tion. In a typical experiment, 1 mg of the as-synthesized NCAG/Fe
powders was suspended in a 1 mL solution that contained 475 uL of
H,O0, 475 uL of ethanol, and 50 uL of a 5% Nafion solution. 10 uL of
the produced ink was dropcast on the surface of a clean glassy carbon
electrode (GCE, 3 mm in diameter) and dried in air. The modified
GCE was used as the working electrode, a saturated calomel electrode
as the reference electrode, and a platinum wire as the auxiliary
electrode. All electrochemical measurements were performed with a
CHI 440 electrochemical workstation. Chronoamperometry was
performed at an applied potential of +0.35 V in a 0.1 M NaOH
aqueous solution with glucose at various concentrations. The test of
each sample was repeated three times, from which the standard
deviation was estimated.

Detection of Glucose in Clinical and Artificial Samples. To
detect glucose in human serum, methanol was mixed with blood
samples to remove proteins under agitation for 2 min. The blood
samples were then centrifuged at 10,000 rpm for 10 min, and the
obtained supernatant was used for glucose detection.

Artificial saliva was prepared from Na,HPO,, CaCl,, KCl, NaCl,
and urea.” Artificial sweat was formulated using a solution containing
0.13 M NaCl, 0.01 M KCl, 0.02 M urea, and 0.01 M r-lactic acid.’’
Glucose solutions at various concentrations were then added to the
artificial saliva and artificial sweat for glucose detection.
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B RESULTS AND DISCUSSION

Preparation and Characterization of NCAG/Fe. Figure
la illustrates the fabrication procedure of the biomass-derived
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Figure 1. (a) Fabrication procedure of biomass-derived NCAG/Fe
carbon aerogel, with the corresponding (b) TEM, (c) bright-field and
(d) dark-field STEM images, and (e) elemental maps.

NCAG/Fe carbon aerogel, which entails three major
steps:”’~>” (a) preparation of a gelatin—zinc hydrogel
containing the Fe(PM);** complex and SiO, nanoparticles
by a repeated cryogelation process at —20 °C, where the SiO,
nanoparticles were used as the structural templates, (b)
controlled pyrolysis, and (c) acid etching for the trans-
formation of the biomass hydrogel to N-doped carbon aerogel
anchored with Fe single atoms (NCAG/Fe). As shown in
Figure S1, the lyophilized hydrogel can be seen to exhibit a 3D
honeycomb-like structure. After pyrolysis and HF etching, the
hydrogel was converted to carbon aerogels with abundant
mesopores, as manifested in TEM measurements (Figure 1b).
In addition, a number of isolated dark (white) dots can be
readily identified in the bright-field (dark-field) scanning TEM
(STEM) images (red circles, Figure 1c,d), and the absence of
nanoparticulate structures suggests that Fe was most likely
atomically dispersed into the porous carbon framework. This is
consistent with results from the corresponding elemental
mapping analysis (Figure le).

Further structural insights of the as-synthesized NCAG/Fe
carbon aerogel were obtained from N, adsorption—desorption
isotherm, XRD, ICP-OES, and XPS measurements. From the
N, adsorption—desorption isotherm and the corresponding
pore size distribution (Figure S2 and inset), the NCAG/Fe
aerogels can be found to possess a hierarchical pore structure
with a high surface area of 1039.9 m* g~'. From the XRD
patterns in Figure 2a, NCAG/Fe can be seen to display only
two broad diffraction peaks at 20 = 24.2 and 43.5° due to the
(002) and (101) planes of the gartially graphitized carbon,
respectively (PDF 656212).”">" The fact that no other
diffraction peaks can be observed further confirms the absence
of metal (oxide) nanoparticles in the sample, consistent with

11311

a b
NCAG/Fe C
E] s
© ©
> > (¢] Fe
c c N H
2 ko) i
£ £
—
20 30 40 50 60 200 400 600 800
2 Theta/ 0 Binding energy/ eV
c d
Fe(ll) ™ pyridinic N
= Fe(Ill) _M-N 7
5 satellite . graphitic N
= 3 oxide N
s e Pyrrolic N
= =2
w
s c
2 [}
£ €
730 720 710 404 400 396
Binding energy/ eV Binding energy/ eV
el f
w 1.2
X
gos8
N
E NCAG/Fe
S oA —Fe foil
z —FePc
0.0

7100 7125 7150 7175 7200
Energy/ eV

0

2 4
Radial distance/ A

Figure 2. (a) XRD patterns of NCAG/Fe. (b) XPS survey spectrum
and high-resolution scans of the (c) Fe 2p and (d) N 1s electrons of
NCAG/Fe. Black curves in panel (c,d) are the experimental data and
colored peaks are deconvolution fits. (e) Fe K-edge XANES spectra of
NCAG/Fe, Fe foil, and FePc. (f) EXAFS spectrum and the
corresponding fit of NCAG/Fe.

results from TEM measurements where Fe was atomically
dispersed within the carbon aerogel (Figure 1).

The elemental compositions of the NCAG/Fe carbon
aerogel were then quantitatively analyzed by XPS measure-
ments. From the XPS survey spectrum in Figure 2b, the
elements of C, N, O, and Fe can be readily identified at ca. 285,
400, 531, and 715 eV, respectively; and based on the integrated
peak areas, the elemental composition was quantified at 87.35
wt % for C, 7.72 wt % for O, 3.99 wt % for N, and 0.95 wt %
for Fe (Table S1). Note that the Fe content was in good
agreement with that obtained from ICP-OES analysis (0.70 wt
% Fe). The high-resolution scan of the Fe 2p electrons is
depicted in Figure 2¢, where two doublets can be deconvoluted
at 710.3/722.5 and 714.5/727.4 eV due to the 2p,,, and 2p;,,
electrons of Fe(II) and Fe(III), respectively.””*” Figure 2d
shows the corresponding N 1s spectrum, where five species
were resolved, pyridinic N at 398.2 eV, Fe—N at 398.8 eV,
pyrrolic N at 399.8 eV, graphitic N at 400.9 eV, and oxide N at
402.5 €V.””** Notably, in the O s spectrum (Figure S3), no
Fe—O peak (ca. 530 eV) was resolved, confirming that indeed
no iron oxides were formed in the sample and the Fe centers
were most likely coordinated with the N dopants, rather than
O, in the carbon matrix. Furthermore, as listed in Tables S1
and S2, the NCAG/Fe carbon aerogel contained 0.83 at % N
in Fe—N and 0.21 at % Fe, corresponding to a Fe:N atomic
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ratio of 1:3.95, that is, FeN, single-atom moieties were most
likely formed within the NCAG/Fe carbon aerogel.

The atomic configuration of the metal sites was then
investigated by X-ray absorption near-edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS)
measurements. From Figure 2e, one can see that the Fe K-
edge of NCAG/Fe is close to that of iron(II) phthalocyanine
(FePc) but greatly different from that of Fe foil, suggesting a
similar chemical state of NCAG/Fe and FePc. Yet, one can see
that the absorption edge of NCAG/Fe was about 0.8 eV higher
than that of FePc, suggesting a valence state between +2 and
+3. In addition, the pre-edge peak of NCAG/Fe can be seen to
be somewhat weaker than that of FePc (with an in-plane
metal-N, site), indicating the formation of out-of-plane metal
sites in the carbon aerogel. The corresponding EXAFS
spectrum of NCAG/Fe shows only one peak at 1.4 A, which
is assigned to metal-N species (Figure 2f). From the fitting
results of the EXAFS data (Figures 2f and S4, Table S3), the
Fe—N coordination number was estimated to be 4.0,
suggesting the formation of FeN, moieties in the porous
carbon aerogel, in good agreement with results from XPS
measurements (Table S2).

Results from our previous work’® have shown that the
catalytic performance was contingent upon the single-atom
loading, and the NCAG/Fe sample with 0.95 wt % Fe (Table
S1) represented the optimal loading. This is why it was chosen
for the present study.

Quantitative Detection of Glucose by Fluorescence
Spectroscopy. From Figure SSa, a prominent emission peak
can be observed at 568 nm in a phosphate buffer solution (pH
7.4) containing 20 pg/mL OPD, 1 mM H,0,, and 10 yg/mL
NCAG/Fe, characteristic of DAP produced from OPD
oxidation.”®’ Note that the emission was substantially reduced
in the absence of H,0,, and no obvious emission was observed
with only NCAG/Fe, OPD, NCAG + H,0, + OPD, or OPD +
H,0, (Figure SSb). This suggests that NCAG/Fe indeed
behaved as a peroxidase mimic that can catalyze the oxidation
of OPD to DAP with H,0,.*° Notably, as compared to the
nanozymes reported previously which exhibit peroxidase-
mimic activities under acidic conditions, the NCAG/Fe
shows robust peroxidase-like properties under physiological
conditions. This is attributed to the unique activity of NCAG/
Fe in catalyzing the formation of hydroxyl radical (*OH) from
H,0,, which then oxidized (nonfluorescent) OPD to
(fluorescent) PAD. Such a property can be exploited as a
unique platform for the detection of metabolites where
hydrogen peroxide is catalytically produced.

We will first examine the detection of H,0O, based on
NCAG/Fe before moving on to glucose as H,0, can be readily
generated by the oxidation of glucose catalyzed by GOx.”
Peroxidase-like activity is known to be dependent on many
factors.>>*® To achieve the best performance for H,O,
detection, various important parameters were optimized, such
as the concentrations of NCAG/Fe and OPD, reaction time,
temperature, and solution pH. Fluorescence response
efficiency (F/F,, where F and F, are the fluorescence
intensities with and without H,0,, respectively) is generally
used as a descriptor to select the optimal conditions. The
concentrations of NCAG/Fe and OPD were first optimized.
From Figure S6a,b, one can see that the F/F, reached the
maximum at 10 yg/mL NCAG/Fe and 20 pig/mL OPD. Thus,
in order to minimize interference of excessive enzymes and
substrates, such concentrations were used in the subsequent

experiments. Next, the impact of reaction time was examined,
and from Figure S6c, the F/F, value can be seen to peak at ca.
10 min, signifying that 10 min was the optimal reaction time.
Similarly, the optimal solution temperature was identified at 25
°C (Figure S6d) and optimal pH at 7.4 (Figure S7).

To better understand the peroxidase-mimicking catalytic
activity of NCAG/Fe, steady-state kinetic measurements were
carried out under neutral conditions. From the apparent K,
and v,,,, values shown in Table S4, the NCAG/Fe nanozyme
can be seen to exhibit an affinity and catalytic activity toward
the two substrates under neutral conditions comparable to that
of HRP but in acidic solutions.

Under the optimized experimental conditions identified
above, the fluorescence emission spectra were acquired with
NCAG/Fe (10 ug/mL), OPD (20 pg/mL), and H,O, at
varying concentrations. As illustrated in Figure S8a, the
fluorescence emission at 568 nm became intensified with
increasing concentration of H,0, from 0.01 to 20 mM (Figure
S8b), exhibiting a good linear relationship in the range of
0.01-1 mM (E/F, = 4.8177[H,0,] + 0.9948, with R* =
0.9968, Figure S8c). The detection limit (30/k, with k being
the slope of the curve and o the standard deviation) was as low
as 1.8 uM. Such a sensitive detection of H,0, based on
NCAG/Fe carbon aerogel makes it possible to extend the
sensor system for glucose detection, where the optimal GOx
concentration was identified at 12 pg/mL (Figure S9a) and
incubation time at 40 min (Figure S9b).

Under these optimal conditions, the fluorescence emission
spectra at 414 nm excitation were acquired with the solution
containing GOx (12 pg/mL), NCAG/Fe (10 ug/mL), OPD
(20 pg/mL), and glucose at different concentrations (Figure
3a). It can be observed that with the increasing glucose
concentration, the fluorescence intensity at 568 nm increased
accordingly. Figure 3b shows the corresponding F/F,, which
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Figure 3. (a) Fluorescence emission spectra at 414 nm excitation with
the solution containing GOx (12 pg/mL), NCAG/Fe (10 ug/mL),
OPD (20 pg/mL), and glucose at different concentrations (specified
in figure legends). (b) Fluorescence response efficiency (F/F,) vs
glucose concentration. (c) Linear range (calibration curve) for the
detection of glucose. (d) Fluorescence response in the presence of
different saccharides, metal ions, and amino acids (3 mM each). The
concentration of glucose is 0.6 mM. Error bars represent the standard
deviations of three repetitive experiments.
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features a linear range from 0.02 to 1 mM (Figure 3c) with the
calibration curve expressed as F/F, = 5.5243|glucose] +
1.0274 (R* = 0.9932). The detection limit was estimated to be
ca. 3.1 uM, which is comparable to leading results reported for
relevant nanozyme-based glucose sensors (Table SS). It has
been known that the blood glucose level of diabetics is usually
>7 mM.”” Thus, the NCAG/Fe-carbon aerogel may serve as a
low-cost, high-performance platform for glucose detection, a
critical step in diabetes diagnosis and monitoring.

In addition to high sensitivity, the NCAG/Fe-based sensing
system also shows excellent selectivity toward glucose
detection. From Figure 3d, one can see that only glucose
results in a remarkable fluorescence response, while no obvious
fluorescence signals were detected in the presence of a wide
variety of potential interferents, such as fructose, maltose,
sucrose, glycine, and common inorganic ions, even at a rather
high concentration (3 mM). This clearly confirms the excellent
selectivity of the NCAG/Fe-based sensing platform and its
teasibility for glucose detection in clinical serum samples,
which contain a range of interfering metabolites (vide infra).
The superb selectivity of NCAG/Fe for distinguishing glucose
from potential interferents is due to the substrate-specific
catalysis of GOx.

Quantitative Detection of Glucose by Electrochem-
ical Measurements. To demonstrate the application of
NCAG/Fe for non-enzymatic glucose sensing, the nano-
composite was deposited on a GCE surface and examined by
chronoamperometric measurements. From Figure S10, one
can see that in comparison to the zero current response at the
bare GCE, the (Fe-free) NCAG-modified electrode produced
a small-current step, which was markedly enhanced with
NCAG/Fe. This demonstrates that the FeN, moieties in
NCAG/Fe were highly active in the electrocatalytic oxidation
of glucose. At an optimal NaOH concentration of 0.1 M
(Figure Slla) and an applied potential of 0.35 V (Figure
S11b), the NCAG/Fe nanocomposite indeed shows an
excellent activity toward glucose oxidation (Figure 4a),
where a wide linear response was observed within the
concentration range of 2—2000 uM, with the corresponding
calibration equation of I (A) = 0.004 [glucose] + 0.018 and a
correlation coefficient (R*) of 0.9976 (Figure 4b). In addition,
the LOD was estimated to be 0.5 uM (S/N = 3), comparable
to leading results reported in earlier studies based on relevant
nanozyme-based glucose sensors (Table SS).

The electrochemical platform also exhibited remarkable
specificity in glucose detection (Figure 4c). In comparison to
the significant current response upon the addition of glucose,
no obvious current signals were observed with a range of
potential interference species, such as NH,Cl, uric acid,
lactose, dopamine, L-AA, L-glutamic acid, and r-histidine. This
result highlights the excellent selectivity of NCAG/Fe toward
glucose detection. The reproducibility and stability of NCAG/
Fe-based electrochemical assay were also investigated. As
shown in Figure S12, the chronoamperometric responses of
five NCAG/Fe-modified electrodes produced very close results
with a low relative standard deviation of only 0.94%, suggesting
excellent reproducibility. In addition, Figure 4d shows the
chronoamperometric responses of a NCAG/Fe-based elec-
trode stored under ambient conditions for up to a week with
the addition of 100 sM glucose, which exhibited a low current
decay of only 8.7%, indicating excellent stability as well.

Detection of Glucose in Clinical and Artificial
Samples. In order to verify the practicability of the NCAG/
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Figure 4. (a) Amperometric response of NCAG/Fe upon the
addition of glucose at various concentrations (2, 10, 50, 100, 200, 500,
1000, and 2000 yM) to a 0.1 M NaOH solution at an applied
potential of +0.35 V. (b) Corresponding linear correlation between
the oxidation current increase and glucose concentration in the range
of 2—2000 uM. (c) Chronoamperometric response of the NCAG/Fe
electrode upon the addition of different interferents, dopamine, L-AA,
NH,Cl, vr-glutamic acid, lactose, uric acid, and v-histidine. (d)
Chronoamperometric profiles of the NCAG/Fe electrode stored
under ambient conditions for up to a week with the addition of 100
UM glucose.

Fe-based dual-mode assay platform, further studies were
carried out to detect glucose in actual clinical serum, artificial
sweat, and artificial saliva samples. Pretreated serum samples
were obtained from Wuhan No. 1 Hospital and diluted as
needed. From the testing results in Table 1, it can be clearly

Table 1. Analysis of Glucose Contents in Human Serum
Samples Using NCAG/Fe-Based Assay

clinical relative relative
data fluorometric error electrochemical error
sample (mM) (mM) (%) (mM) (%)
1 4.3 4.42 + 0.03 2.8 4.46 + 0.08 3.7
2 4.6 4.79 + 0.08 4.1 4.75 + 0.0 3.3
3 S.S 5.72 + 0.20 4.0 5.67 + 0.03 3.1
4 5.7 6.01 + 0.04 5.4 5.92 + 0.10 39
S 6.1 6.43 + 0.09 54 6.38 + 0.09 4.6

seen that the results for the clinical serum samples detected
using the NCAG/Fe-based dual-mode assay platform were
consistent with those from a commercial glucometer, where
the relative errors were in a narrow range of 2.8—5.4%. From
Table 2, one can also see that the glucose concentration in
artificial sweat and artificial saliva was accurately detected with
a low relative error in a range of —4.5 to +4.4%. These results
suggest that the NCAG/Fe-based dual-mode platform
possesses the desired potential for clinical applications with
complicated body fluids.

B CONCLUSIONS

In this study, carbon aerogels with atomically dispersed Fe
were prepared by controlled pyrolysis of biomass precursors
and served as an accurate and reliable dual-functional
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Table 2. Analysis of Glucose Contents in Artificial Sweat
and Saliva Samples Using the NCAG/Fe-Based Assay

added relative relative

glucose fluorometric error  electrochemical  error
sample (uM) assay (uM) (%) assay (uM) (%)
sweat 60 57.29 + 6.33 —4.5 62.44 + 245 4.1
80 82.75 + 6.84 3.4 81.25 + 2.55 1.6
100 97.58 + 2.09 —-2.4 103.26 + 2.89 33
saliva 30 30.10 + 3.74 0.3 30.58 + 2.08 1.9
110 113.04 + 3.67 2.8 114.86 + 3.52 44
190 191.39 + 8.57 0.7 192.24 + 6.76 12

nanozyme for the fluorescence and electrochemical detection
of glucose. The unique activity was ascribed to the FeN,
moieties embedded in the aerogel scaffold. The LOD was
identified to be 3.1 uM in fluorometric assay and 0.5 M in
electrochemical assay. The NCAG/Fe-based sensing platform
also demonstrated remarkable reproducibility, stability and
selectivity and was used for the successful quantitative testing
of glucose in clinical serum samples and artificial body fluids.
Results from this study suggest that single atom-doped carbon
aerogels may be exploited as a viable framework in the
development of low-cost, high-performance, and high-
selectivity nanozyme sensors for biomedical applications.
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