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Abstract

Highly sensitive detection of H,O, and glucose is critical for fundamental research and disease diagnosis. A ratiometric sensor
can simultaneously afford two readout signals that provide an internally normalized response to change, thereby reducing false
results and improving detection accuracy. A novel ratiometric fluorescent nanosensor for ultrasensitive detection of hydrogen
peroxide and glucose was constructed on the basis of the peroxidase-like properties of a hierarchical cobalt/carbon nanotube
hybrid nanocomplex (Co-CNT). The as-prepared Co-CNT catalyzes the transformation of the non-fluorescent Amplex Red (AR)
into a fluorescent derivative and the transformation of fluorescent scopoletin (SC) into a non-fluorescent derivative in the
presence of H,O,. The sensing system changes colour from yellow to blue, which can be clearly seen with the naked eye.
With the fluorescence ratio of AR to SC as readout, the detection limit of H,O, reaches as low as 100 nM. The developed assay is
further utilized for determining H,O,-related oxidase reactions with the glucose and glucose oxidase system as model. Glucose
can be selectively and sensitively detected as low as 150 nM. Satisfactory recoveries are obtained for glucose detection in serum
samples. The developed assay is simple in terms of preparation and operation and provides a straightforward method for cost-
effective and reliable detection of H,O, and H,O,-related reactions in clinical diagnosis and biomedical applications.
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Enzyme-based detection assays for H,O, have been widely
developed owing to their high specificity and efficiency [9].
However, enzymes are usually expensive and unstable for
long-term storage. Therefore, considerable efforts have been
devoted to develop nanomaterial-related assays for H,O, de-
termination, such as metal-organic frameworks (MOFs)
[10-12], single-wall carbon nanotubes [13—15], bimetallic al-
loy nanomaterials [16—-19], DNA-templated silver
nanoclusters [20], upconversion nanoparticles [21, 22] and
cerium-based nanomaterials [9, 23, 24]. Such investigations
provide alternative assays for reducing the cost and environ-
mental interference. Among the developed assays, fluorescent
techniques have been attracted ever-increasing attention ow-
ing to their high sensitivity and simple operation [1, 25, 26].
However, it worth noting that most fluorescent strategies are
developed with a single fluorescent probe as signal indicator.
Detection assays that function according to either signal “turn-
on” or “turn-off” might lead to false positive or false negative
results. A ratiometric fluorescent sensor can simultaneously
afford two readout signals modulated by the target substrate,
presenting a built-in correction function [27]. This endows the
ratiometric sensor with the capability to reduce false results
and thus improve detection accuracy. However, only a few
ratiometric biosensors have been developed for determination
of both H,O, and glucose [1, 28-31].

Very recently, cobalt-based nanomaterials were reported as
excellent catalysts for oxygen reduction reactions and oxygen
evolution reactions [32—34]. Considering their outstanding
catalysis capability, it is expected that the cobalt-based
nanomaterials have great potential for biosensing applications.
In our investigation, we for the first time found that a hierar-
chical cobalt/carbon nanotube hybrid nanocomplex (Co-
CNT), prepared by using MOFs of ZIF-67 as precursors, ex-
hibits excellent peroxidase-like properties and can not only
significantly quench the fluorescence of scopoletin (SC) but
also transform the non-fluorescent Amplex Red (AR) into its
fluorescent derivative with high fluorescence response via ox-
idation in the presence of H,O,. The intrinsic catalytic activity
of Co-CNT allows it to act as useful building block for the
development of ratiometric fluorescent nanosensors for H,O,.
Furthermore, based on the production of H,O, from glucose
via catalysis by GOX, this strategy also provides a novel meth-
od for ratiometric sensing of glucose. The detection strategy
provides a straightforward method for construction of
ratiometric nanosensors to improve detection accuracy.

Experimental section
Materials and chemicals

KCl, CaCl,, Cu(NO3),, lysine (Lys), methionine (Met), gly-
cine (Gly), glucose and H,O, were obtained from Sinopharm
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Chemical Reagent Co., Ltd. Glucose oxidase (GOx), Amplex
Red (AR) and scopoletin (SC) were purchased from Sigma-
Aldrich Co., Ltd. BSA was obtained from Beijing Solarbio
Science & Technology Co., Ltd. Co(NO3), and 2-
methylimidazole were obtained from Shanghai Macklin Bio-
chemical Co., Ltd. All reagents were of analytical grade and
used without further purification. All solutions were prepared
with ultrapure water (18.2 M) ¢cm) obtained from a Milli-Q
purification system. Fetal bovine serum was purchased from
Scitecher and had been filtered (0.1 mm) by the manufacturer
prior to purchase.

Apparatus

The morphology of Co-CNT was obtained using field emis-
sion scanning electron microscopy (SEM) (FESEM, JEOL,
JSM-670IF). Fluorescence spectra were recorded with a
LUMINA fluorescence spectrometer (Thermo, USA). X-ray
photoelectron spectroscopy (XPS) analyses were conducted
on an ESCALAB-MKII spectrometer (VG Co., U.K.) with
Al K X-ray radiation as the X-ray source for excitation.

Synthesis of hierarchical cobalt/carbon nanotube
hybrid nanocomplex (Co-CNT)

Co-CNT was prepared using ZIF-67 MOFs as precursor ma-
terials according to a previous report [35] with slight modifi-
cation. 2-Methylimidazole (4.9266 g) was dissolved in 50 mL
methanol and Co(NO3),-6H,0 (4.3655 g) was dissolved in
150 mL methanol. These two solutions were then mixed to-
gether and kept for 24 h at room temperature. The purple
precipitate was collected by centrifugation and then washed
several times with ethanol. The product was dried under vac-
uum for 24 h. The ZIF-67 particles were dispersed in a ceram-
ic boat, heated to 350 °C, maintained for 1.5 h, and then the
temperature was raised to 700 °C for 3.5 h at a heating rate of
2 °C /min under an atmosphere of N»/H, (90%/10% volume
ratio). After that, the furnace was cooled down to room tem-
perature gradually.

Fluorescent detection of H,0,

The sensing platform was prepared by mixing AR (1.0 uM)
and SC (2.5 uM) with the as-prepared Co-CNT (final concen-
tration of 0.9 pg/mL) in Tris-HCI buffer (25 mM, pH 8.0).
H,0, was added into the sensing platform and the resulting
solution was incubated at 25 °C for 5 h. The fluorescence
spectra of AR (A¢x =540 nm) and SC (A, =370 nm) were
then measured. The excitation wavelengths were selected by
monitoring the fluorescence spectra of AR and SC at different
excitation wavelengths (see Electronic Supplementary
Material (ESM) Fig. S1). The excitation slit width was set as
5 nm (see ESM Fig. S2).
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Scheme 1 Schematic of Co-
CNT-based fluorescent
nanosensor for ratiometric detec-

tion of H,O, and glucose Glucose
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Fluorescent detection of glucose

For the detection of glucose, GOx (4.0 puL, 1.0 mg/mL) and
glucose (20 pL) with different concentrations were incubated
at 37 °C for 1 h (Tris-HCI buffer solution, 144 uL, 25 mM,
pH 8.0) and then transferred into the as-prepared sensing plat-
form. After incubation at 25 °C for 5 h, the fluorescence spec-
tra of SC and AR were recorded. For the detection of glucose
in serum samples, glucose with different concentration was
added into diluted serum samples. The determination follow-
ed the same procedure as that described above.

Fig. 1 SEM images of ZIF-67
nanoparticles (A), Co-CNT with
scale bar of 2.0 um (B) and

500 nm (C). (D) Fluorescence
spectra of SC (a), SC + H,0, (b),
SC + Co-CNT (c), SC+H,0, +
Co-CNT (d), AR (e), AR + H,O,
(f), AR+ Co-CNT (g), AR +
H,0, + Co-CNT (h)
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Selectivity

Taking the complex environment into consideration, we select-
ed the following interfering substances comprising mainly nat-
ural amino acids, small molecules and metal ions with physio-
logical concentrations: glucose (0.1 mM), glycine (Gly), methi-
onine (Met), lysine (Lys), galactose, maltose, fructose, sucrose,
BSA, calcium ions (Ca?"), potassium ions (K*), magnesium
ions (Mg"), and copper ions (Cu?"). The interfering substances
were all 1.0 mM except BSA (0.1 mg/mL). After incubation
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with the sensing system, the fluorescence responses were mea-
sured via fluorescence spectrophotometry.

Pretreatment of serum sample

Serum was centrifuged for 5 min (6000 rpm), then separated
and diluted into an appropriate concentration with ultrapure
water.

Results and discussion
Detection principle and feasibility for H,0, detection

The developed ratiometric assay is based on the peroxidase-
like property of Co-CNT, which can convert the fluorescent
SC into a non-fluorescent derivative and the non-fluorescent
AR into a fluorescent derivative as illustrated in Scheme 1.
The Co-CNT was prepared by following a previous report
with slight modification [35]. As illustrated in Fig. 1, the poly-
hedral structure of the as-prepared ZIF-67 nanoparticles (A) is
well retained after thermal treatment in the presence of
Co(NOs), while the surface becomes much rougher (B).
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Open voids are monitored from the amplified image (C), in-
dicating the formation of cobalt—carbon nanotube with hollow
structures. XPS experiments were further conducted to mon-
itor the chemical composition of the Co-CNT (see ESM Fig.
S3). Fluorescent spectra were recorded to validate the feasi-
bility of the developed assay (Fig. 1D); the maximum fluores-
cence of SC is found at 465 nm (a). The presence of either
H>0, (b) or Co-CNT (c) has negligible influence on the fluo-
rescent responses of SC, which only can be significantly
quenched once H,O, and Co-CNT coexist in the sensing sys-
tem (d). The other signal probe AR is not fluorescent (e) and
presents only dim fluorescence in the presence of H,O, (f) or
Co-CNT (g). The coexistence of H,O, and Co-CNT outstand-
ingly augments the fluorescent response of AR (h). The results
validate the efficient peroxidase-like activity of Co-CNT to-
wards SC and AR in the presence of H,O,. If the concentra-
tion of Co-CNT is fixed, the signal changes of SC and AR
would be related to the concentration of H,O,. According to
the inverse fluorescent responses of AR and SC, therefore, a
ratiometric fluorescent sensor for H,O, and glucose detection
was successfully constructed with the ratio of fluorescence
intensity of AR at 585 nm to that of SC at 465 nm, Flsgs/
Fl46s, as the readout.
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Fig. 2 (a) Flsgs of AR and Co-CNT with different concentrations in the
presence (black) and absence (red) of H,O,. (b) Fly65s of SC and Co-CNT
with different concentrations in the presence (black) and absence (red) of
H,0,. (¢) Flsgs of AR in the presence of Co-CNT and H,O, versus
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reaction time. The error bars were obtained according to three indepen-
dent experimental results
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Optimization of experimental conditions

To acquire high performance of the developed sensing system,
the concentration of Co-CNT and incubation time were opti-
mized by monitoring the signal change of AR and SC (Fig. 2).
As mentioned above, Co-CNT can oxidize AR to present dim
fluorescence in the absence of H,O,; thus, the concentration
of Co-CNT was optimized by comparing the change in fluo-
rescence of AR in the absence and presence of H,O, (A). With
increasing concentration of Co-CNT, the fluorescence of the
AR solution is slightly enhanced in the absence of H,O,, but
the fluorescence is outstandingly augmented in the presence
of H,O,. A maximum fluorescence enhancement is found
when the Co-CNT concentration reaches 0.9 pug/mL. For the
fluorescence probe SC, no obvious change is found with Co-
CNT concentration in the absence of H>O,. Under the assis-
tance of H,0,, the fluorescence of SC is significantly de-
pressed and reached a plateau if the concentration of Co-
CNT is higher than 0.9 pg/mL (B). Thus, 0.9 pg/mL of Co-
CNT is used in the following experiments. The incubation
time was optimized by monitoring the fluorescence change
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Fig.3 Fluorescence spectra of the Co-CNT-based nanosensor, SC (a) and
AR (b), versus H,O, concentrations, 0, 0.2, 0.5, 1.0, 2.0, 5.0, 10, 15, 20,
40, 50, 80, 100 uM. (c) Linear relationship of Flsgs/Flses versus H,O,
concentrations. The error bars were obtained via three independent
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of AR (Flsgs) and SC (Fly6s) at 25 °C (Fig. 2C). It was found
that the maximum fluorescent intensity for AR and the mini-
mum fluorescent intensity for SC were reached after 5 h. The
incubation time for reaching maximum signal change at dif-
ferent temperature was further explored (see ESM Fig. S4).
The Flsgs/Flug5 of the sensing system reaches a maximum
after incubation for 300 min when keeping the reaction at
25 °C (a), which is slightly shortened to 270 min at 37 °C
(b). When the temperature raises to 45 °C, the reaction time
for reaching the maximum of Flsgs/Fl435 reduces to 210 min
(c). However, the reaction time extends to 300 min again to
reaching the maximum of Flsgs/Fl4g5 when the reaction tem-
perature raises to 60 °C. It is considered that H,O, is prone to
decomposition at high temperature, which may inhibit the
reactions between the Co-CNT and AR and SC. According
to the above results, though the required incubation time at
45 °C is the shortest, that temperature is not suitable for po-
tential application to in vivo detection and not convenient for
in situ detection. Meanwhile, since the required incubation
time at 25 °C is close to that at 37 °C, 25 °C is selected for
the following investigation.
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experiments. (d) Photos of the sensing system at different HO, concen-
tration under UV excitation. The concentrations of H,O, from left to right
are 0, 0.5, 10, 20, 40, 50, 80 and 100 uM
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Sensitivity of developed sensing system for H,0,
and glucose

Under the optimal experimental conditions, the sensitivity of
the developed ratiometric fluorescent assay was evaluated by
monitoring the fluorescence response of the sensing system as
a function of H,O, concentration (Fig. 3). As the concentra-
tion of H,O, increased, Fl65 of SC decreased (Fig. 3A) while
the Flsgs of AR increased (Fig. 3B). With the developed
ratiometric fluorescent nanosensor, a linear range of Flsgs/
Fl465 versus H,O, concentration is found over three orders
of magnitude from 0.2 to 20 uM (R*=0.989), Fig. 3C. The
limit of detection (LOD) is estimated as 100 nM according to
the calculation of three times the signal to noise ratio, which is
comparable or better than most previous reports for H,O,
detection [36-38] (see ESM Table S1). Under UV excitation,
the sensing system exhibits blue fluorescence before adding
H,0,; the colour gradually changes to red with increasing
concentration of H,O,, providing an interesting method for
visual detection. Furthermore, a linear range from 0.2 to
20 uM for H,O, detection in serum is obtained according to
the as-developed assay, validating its potential application in
biological environments (see ESM Fig. S5).
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Fig.4 Fluorescence spectra of the Co-CNT-based nanosensor, SC (a) and
AR (b), at different concentrations of glucose: 0, 1, 2, 3, 4, 5, 10, 15, 20,
50, 100, 200 puM. (c) Linear relationship of Flsgs/Flygs versus glucose
concentrations from 1.0 uM to 50 pM. The error bars were obtained via
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It is well known that many biological substrates including a
large variety of metabolites in the human body can be oxi-
dized by their specific oxidoreductases to produce H,O,, such
as cholesterol oxidase to cholesterol, glucose oxidase (GOx)
to glucose, and acetylcholinesterase/choline oxidase to acetyl-
choline. Given the developed sensor performance, such a sen-
sitive response of Co-CNT toward H,O, provides a universal
platform to detect substrates involving H,O,-generation reac-
tions for biomedical applications. As a proof-of-concept dem-
onstration, glucose was chosen as the model to validate the
feasibility. The presence of either glucose or GOx has no sig-
nificant influence on the fluorescent response of AR and SC
since no H,O, is generated in these cases. After the GOx
concentration was optimized (see ESM Fig. S6), the detection
for glucose was conducted by addition of the corresponding
GOx to the sensing system. In this case, H,O, is generated in
situ as a result of the catalytic activity of GOx on glucose.
With addition of glucose, the fluorescence response of SC is
decreased (Fig. 4A) while the fluorescence response of AR is
enhanced (Fig. 4B). The Flsgs/Fly65 linearly dependds on the
glucose concentration within range from 1.0 uM to 50 uM
(R*=0.999), Fig. 4C. The LOD of 150 nM for glucose is
obtained according to the calculation of three times the signal
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three independent experiments. (d) Photos of the sensing system at dif-
ferent concentrations of glucose under UV excitation. The concentrations
of glucose from left to right are 0, 2.0, 4.0, 5.0, 10, 50, 100 and 200 uM
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to noise ratio, which is comparable or better than most reports
for glucose detection (see ESM Table S2). Similar to the H,O,
detection, the fluorescence colour of the sensing system
changes from blue to red with addition of glucose under UV
excitation (Fig. 4D).

Specificity of developed sensing system

High specificity is crucial especially in real sample detection.
To evaluate the specificity, the fluorescent response of the
sensing system was monitored after adding a diverse range
of possible interferences including metal ions, proteins, amino
acids and sugars (Fig. 5). Obviously, only glucose causes ob-
vious change of Flsgs/Fly6s. The other additives did not result
in obvious fluorescent signal change, even at concentrations
ten times that of glucose, which is ascribed to the specificity of
the catalysis by GOx toward glucose. The results indicate the
excellent selectivity of the developed assay.

Feasibility for glucose detection in real samples

The potential application of the provided assay in real biolog-
ical samples was further explored by detecting glucose in se-
rum samples according to the same procedure as discussed
above. Glucose detection in serum was first conducted with
a glucometer. Considering that the developed nanosensor pre-
sents excellent sensitivity, the serum sample was diluted to
allow for detection with the proposed assay. The results ob-
tained with the developed assay are comparable with those
measured with the glucometer. The feasibility of glucose de-
tection in real samples was further explored by spiking a cer-
tain amount of glucose into the diluted serum samples. The
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Fig. 5 Selectivity of the Co-CNT-based nanosensor for glucose. The
concentration of glucose is 0.1 mM. The concentrations of metal ions,
amino acids and other saccharides were 1.0 mM, and the concentration of
BSA was 0.1 mg/mL. Error bars were obtained according to three inde-

pendent experiments
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recoveries are found to be within a narrow range from 93.3%
to 105.0% (see ESM Table S3). The results validate that the
developed Co-CNT-based sensing platform is feasible for glu-
cose detection in biological samples.

Conclusion

A novel ratiometric fluorescent sensor for H,O, and glucose
has been successfully constructed on the basis of excellent
peroxidase-like properties of the as-prepared Co-CNT, which
can simultaneously oxidize non-fluorescent Amplex Red into
a fluorescent derivative and the fluorescent scopoletin into a
non-fluorescent derivative in the presence of H,O,. The de-
veloped sensing system presents excellent sensitivity and can
detect H,O, and glucose as low as 100 nM and 150 nM,
respectively. The sensing system changes colour from blue
to red with increasing concentration of H,O, or glucose under
UV excitation. The developed strategy is label-free and en-
zyme-free, providing a convenient method that is simple in
terms of preparation and operation. The investigation provides
a straightforward assay for cost-effective and sensitive detec-
tion of H,O, and H,O,-related reactions, presenting signifi-
cant potential application in clinical diagnosis and biomedical
applications.
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