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Abstract

The authors describe a method for the preparation of orange-red emissive carbon dots (CDs) with excitation/emission peaks at
520/582 nm. The CDs were hydrothermally prepared by a one-pot strategy from trimesic acid and 4-aminoacetanilide. The
fluorescence of the CDs is strongly quenched by hydrogen peroxide. The oxidation of glucose by glucose oxidase (GOx)
produces H,O, that quenches the fluorescence via static quenching. Based on this phenomenon, a fluorometric method was
established for the determination of glucose. Under the optimum conditions, response is linear in the 0.5 to 100 uM glucose
concentration range, with a 0.33 uM limit of detection. The method is selective for glucose over its analogues and was
successfully applied to the determination of glucose in diluted human serum and in urine from diabetics and healthy individuals.
Recoveries from spiked samples range from 98.7 to 102.5%.

Keywords Nanoparticles - Fluorescence nanoprobe - Fluorescence assay - Hydrogen peroxide - Glucose oxidase - Glucose
detection - Gluconic acid - Static quenching - Human serum - Urine analysis

Research highlights

1. New orange-red emissive carbon dots (CDs) were prepared via one-pot
strategy.

2. The fluorescence of the CDs was quenched by hydrogen peroxide
(H,0,) via static quenching effect caused by aggregation.

3. The present fluorescence assay can detect glucose in the range of
0.5 uM to 100 puM, with a 0.33 pM limit of detection which makes it
to be more sensitive than numerous reported fluorescent approaches
based on various nanomaterials.

4. The fluorometric probe was successfully applied to detect glucose in
diluted (spiked) human serum and urine samples from diabetic patients
and healthy individuals.

5. The approach required no surface modification of the CDs which
makes it to be more simple, rapid and cost-efficient than other reported
methods that rely on complex preparation of nanoprobes.
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Introduction

Glucose plays a key role in biological systems because it
is acting not only as a source of energy of the living cells
but also as a metabolic intermediate product in the forma-
tion of other complex molecules. Moreover, glucose level
in blood and urine is also an indicator of human health
conditions [1, 2]. Monitoring of blood and urine glucose
levels is extremely essential, mostly because dysfunction
of glucose uptake can lead to metabolic syndrome, hyper-
tension, increased cardiovascular risk, and type-II diabetes
[3]. Diabetes mellitus is one of the most common public
health threats worldwide. According to the World Health
Organization statistics, about 347 million people suffered
from diabetes in the year 2013 and 3.8 million people are
dying from it every year; this number is estimated to al-
most double in 2030 [4]. Even though blood glucose
levels in diabetic patients and healthy individuals are both
in the range of millimolar, the complex blood matrix are
the source of grave interferences in glucose detection [5],
resulting in the need for sample dilution processes preced-
ing the analysis. Hence, for detecting low glucose concen-
trations, a highly sensitive method is needed.

Various methods for glucose determination have been
reported such as Surface Enhanced Raman Scattering
(SERS) [6], colorimetry [7], electrochemistry [8], mass
spectrometry [9], chemiluminescence [10], and fluores-
cence [11]. Among them, fluorescence-based technologies
have gained tremendous attention due to their good sta-
bility, excellent sensitivity, low cost, test rapidity and ease
of handling [12]. Thus numerous fluorescent compounds
have been used for accurate determination of glucose,
including nanoclusters [13], organic dyes [14], and quan-
tum dots (QDs) [15]. However, most of previous strate-
gies usually need complicated modification, complex
sample pretreatment, high experimental cost, unsatisfacto-
ry limits of detection and lack of suitability to clinical
samples. Thus, it is of great importance to develop a mod-
ification-free, cost-effective, sensitive and selective fluo-
rescence method for glucose detection to deal with com-
plex biological samples.

Compared to molecular fluorescence, QDs, also called
semiconductor nanocrystals have been intensively studied ow-
ing to their exceptional properties such as size dependent emis-
sion, broad absorption spectrum, narrow and symmetric emis-
sion peak, high quantum yield, high luminescence efficiency
and resistance against photo-bleaching [16]. However, semi-
conductor QDs are associated with the inherent heavy metal
toxicity, and noble metal materials involve high cost. In a com-
parison to QDs, CDs have shown distinct advantages owing to
their excellent photostability, biocompatibility, low cytotoxici-
ty, water dispersibility, highly tunable photoluminescence
property, electrochemiluminescence and chemical inertness
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[17]. Therefore, CDs are continuously being explored as an
alternative for dye-based probes and toxic QDs in many bio-
logical applications [18].

Herein, we have demonstrated an effective fluorescent
platform for serum and urine glucose sensing with
modification-free CDs as the signal output. The CDs were
synthesized by one-step hydrothermal method using
trimesic acid and 4-aminoacetanilide hydrochloride as ni-
trogen and carbon sources (Scheme la). The CDs have
been successfully utilized as a fluorometric probe for sen-
sitive and selective detection of glucose for the first time.
The fluorescence method is mainly based on the enzymat-
ic conversion of glucose by GOx to form H,O, [11].

Compared to the known fluorescence-based H,O,-assisted
glucose detection strategies [13, 19-21], our assay possesses
some notable features: first, the assay results of this new type
of nanoprobe can be read as soon as the probe-sample incu-
bation was completed; second, glucose can be well distin-
guished from both its analogues and various potential interfer-
ing materials present in human serum and urine; most impor-
tantly, the CDs were directly functionalized by amino and
carboxyl groups in the particle synthesis thus no any addition-
al surface modification for introducing binding sites was need-
ed which allows for detection of glucose without increasing
the complexity and cost of the nanoprobes.

Experimental section
Reagents and materials

4-Aminoacetanilide hydrochloride was purchased from Alfa
Aesar (China) Chemicals Co., Ltd. (https://www.alfa.com),
H,0, (30%) and CH;COOH were purchased from Tianjin
Guangfu Chemical Reagent Factory (Tianjin, China) (https://
guangfuhuashi.cn.china.cn/). Glucose was purchased from
Sangon Biotech (Shanghai) Co., Ltd. (http://sangon.bioon.
com.cn/). 2-[4-(2-Hydroxyethyl)-1-piperazine]ethanesulfonic
acid (HEPES), 3-(N-Morpholino) propanesulfonic acid
(MOPS) and glucose oxidase (GOx, 0.5 U/mg) were purchased
from Sigma-Aldrich (https://www.sigmaaldrich.com/china-
mainland.html) and stored in a refrigerator at —18 °C. Trimesic
acid, arabinose, ribose, xylose, lactose, maltose, sucrose,
mannose, fructose, galactose and other regents were purchased
from Adamas Reagent Co., Ltd. (http://www.adamas-beta.
com/). Tris(hydroxymethyl)aminomethane (Tris) was acquired
from Sinopharm Chemical Reagent Co. Ltd. (http:/www.
sinoreagent.com/). In all experimental processes, the ultrapure
water used was purified through an 18,202 V AXL water
purification system (Chongqing, China). All chemicals used
were of analytical reagent grade, obtained from commercial
sources, and directly used without further purification.
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Scheme 1 a One-Step synthetic strategy of the CDs; b Schematic illustration of the CDs for glucose detection

Instrumentation

Transmission electron microscopy (TEM) observations
were performed on a Hitachi-600 microscope (Hitachi,
Japan). UV-visible (UV—-Vis) absorption spectra of the sam-
ples were recorded on a TU-1901 double-beam UV — vis
spectrophotometer with a 1 cm quartz cell (Purkine General
Instrument Co., Ltd., Beijing, China). Fluorescence emis-
sion and excitation spectra were measured on a RF-5301PC
spectrofluorometer equipped with a 1 cm quartz cell
(Shimadzu, Kyoto, Japan). Fourier transform infrared (FT-
IR) spectra were obtained on a Nicolet Nexus 670 FT-IR
spectrometer with the KBr pellet technique. X-ray photo-
electron spectroscopy (XPS) measurements were carried
out using a PerkinElmer PHI-5702 multifunctional photo-
electron spectrometer with an Al K« exciting source.

Synthetic procedures for the CDs

The CDs were synthesized by one-pot hydrothermal route. In
a typical experiment, 0.5 g of trimesic acid and 0.5 g of 4-
aminoacetanilide hydrochloride were dissolved in 10 mL of
ultrapure water, and stirred for several minutes. Then the mix-
ture solution was transferred into 25 mL of Teflon lined

stainless autoclave. The sealed autoclave was heated at
200 °C for 12 h. After the reaction, the autoclave was naturally
cooled to room temperature. The final product solution was
dialyzed in a dialysis bag (1000 Da, molecular weight cutoff)
for about 24 h at room temperature. The CDs were stored at
4 °C for further use.

Fluorescence detection of glucose

In a typical experiment, 100 pL glucose solutions of varied
concentration were incubated with GOx (0.5 U/mg) in
Britton-Robinson (BR) buffer (pH 6.1) at 37 °C for 40 min
to yield H,O,. 50 uL of the CDs was then added to the reac-
tion mixture. After 5 min, the fluorescence spectrum was re-
corded using excitation at 520 nm.

Glucose detection in human urine and serum samples

The human urine samples of diabetic patients were obtained
from the First Hospital of Lanzhou University and samples of
healthy individuals were collected from healthy volunteers
before and after 50 g Oral Glucose Tolerant Test (OGTT).
Human serum sample was purchased from Beijing Solarbio
Life Sciences Co., Ltd., (Beijing, China). Prior to analysis, the
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collected samples were stored at —18 °C and thawed at ambi-
ent temperature before further preparation. The preparation of
samples was performed with the following two steps: Firstly,
samples were centrifuged at 13000 rpm for 10 min. Secondly,
the supernatants were diluted 10 times using BR buffer and
finally, 100 uL of the diluted samples was used to detect
glucose as described above.

Results and discussion
The design principle of the fluorescence method

A novel and efficient fluorescence method for selective glu-
cose detection has been designed by using the synthetic fluo-
rescent CDs as the fluorescence probe. The process of this
approach is shown in Scheme 1b. Glucose was oxidized by
oxygen (O,) in the presence of GOx to produce gluconic acid
and H,O,. When the reaction mixture resulting from GOx
catalyzed oxidation of glucose is added to the CDs solution,
the generated H,O, effectively quenches the fluorescence of
the CDs due to static quenching effect and the quenched lu-
minescence intensity of the CDs is proportional to the level of
H,0,. Therefore, the concentration of glucose can be obtained
by detecting the amount of the enzymatically generated H,O,.
Thus, the CDs can be used as a fluorometric probe for detec-
tion of glucose.

Optimization of parameters in the synthesis
of the CDs

The CDs were synthesized by one-step hydrothermal method
using trimesic acid and 4-aminoacetanilide hydrochloride as
both carbon source and surface functionalizing agents. As
shown in Fig. S1, two other chemicals containing C, H, O
and N were experimentally tested in pairs under hydrothermal
conditions, and their products were observed under UV light
illumination to judge whether or not they merited further in-
vestigation. The obtained solutions emitted blue and yellow-
ish fluorescence. Trimesic acid and 4-aminoacetanilide hydro-
chloride were finally selected because their products yielded
orange-red fluorescence. Subsequently, different amounts of
trimesic acid and 4-aminoacetanilide hydrochloride were ad-
justed in parallel reactions (Fig. S2). The results demonstrate
that there was no fluorescence when only trimesic acid was
used to synthesis the CDs. Moreover, a weak fluorescence at
582 nm was observed when only 4-aminoacetanilide hydro-
chloride was used for carbon source and surface
functionalization of the CDs. Interestingly, it was found that
when the mass amount of the reactants is 0.5 g: 0.5 g, the CDs
possess the optimum FL intensity. Similarly, the optimum
temperature and reaction time were determined to be 200 °C
and 12 h, respectively (Fig. S3 and S4).
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Characterization of the CDs

The morphology of the CDs was measured by TEM. As shown
in Fig. 1a, the CDs are spherical morphology with homoge-
neous particle size range of 0.7-2.8 nm and an average diameter
of around 1.6 nm (the inset in Fig. 1a). The FT-IR spectrum
(shown in Fig. 1b) was measured to identify the surface func-
tional groups present on the CDs, which displays numerous
distinct absorption peaks in the range of 500-4000 cm . It is
perceived that the CDs reveal a great number of carboxylic and
amino groups [20, 22, 23]. The detailed description is provided
in the supporting information. The remarkable optical proper-
ties of the CDs were confirmed by UV-vis absorption and fluo-
rescence spectra. A series of emission spectra for the CDs were
recorded at different excitation wavelength ranging from 420 to
570 nm at 10 nm intervals. The results shown in Fig. 1¢ indicate
that the emission peaks of the CDs exhibit an excitation-
wavelength-dependent property, a specific behavior to CDs
[24]. This excitation-dependent fluorescence feature of the
CDs can be ascribed to the size variation and the distinct emis-
sive trap sites. The strongest fluorescence emission band is
located at 582 nm with excitation at 520 nm. Figure 1d shows
that the aqueous solution of the CDs exhibits two characteristic
absorption bands centered at 231 and 281 nm in the UV-vis
spectrum (green curve) which can be attributed to the 7t-7t* and
n-7t* transitions of CDs [25], respectively. The black line and
the red line present the optimal excitation (520 nm) and emis-
sion (582 nm) wavelength of the CDs. Moreover, the inset
shows the photograph of the aqueous solution of the CDs,
showing that the CDs are water-soluble and that, under
365 nm UV light, they exhibit a strong orange-red fluorescence
originated from surface functional groups as well as the elec-
tronic conjugate structures [26]. The surface composition and
elemental analysis for the CDs were determined by XPS. The
full range of XPS analysis (Fig. S5) clearly shows four major
peaks at 200.2, 285.3, 398.7, and 531.4 eV which are
corresponded to Cl 2p (5.84%), C 1 s (73.96%), N 1 s
(8.30%), and O 1 s (11.89%), respectively [27-29]. The de-
tailed description is provided in the electronic supporting infor-
mation (ESM). Furthermore, the influence of strong light expo-
sure on the fluorescence of the CDs was investigated. As shown
in Fig. S6, the fluorescence intensity of the CDs remained rel-
atively stable after light illumination at 520 nm for 60 min,
indicating the outstanding photostability of the CDs.

Enzymatic detection of glucose based on the CDs
probe

As shown in Fig. 2a, the fluorescence intensity of the CDs
gradually decreased with increasing H,O, concentration from
0 to 1000 uM indicating that the correlation between fluores-
cence quenching and H,0O, concentration is dose-dependent.
The calibration plot was also established by plotting the
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Fig. 1 a TEM image of the CDs (Inset: size distribution histogram); b
FTIR spectrum of the CDs; ¢ Emission spectra of the CDs at various
excitation wavelengths from 420 to 570 nm with an interval of 10 nm;

fluorescence quenching efficiency (/y-/)/I versus H,O, con-
centration (Fig. 2b), where /, and / are the fluorescence inten-
sities in the absence and presence of H,O,, respectively. A
good linearity concentration was raised from 10 to 300 uM,
the regression equation is (/o-1)/Ip=0.0016cn,0, (LM) —
0.0152, with a correlation coefficient R* of 0.995. These re-
sults suggest that the CDs are appropriate for highly sensitive
quantification of H,O, in aqueous solution. Since GOx can be
used to catalyze the oxidation of glucose to release gluconic
acid and H,O, [11], therefore, the sensitive detection of H,O,
enables the CDs to detect glucose with aid of GOx.

To improve the sensitivity of this method, the experiment
condition was optimized, such as buffer, pH, temperature,
incubation time as well as concentration of GOx. The per-
formance of GOx and glucose was carefully assessed in five
different buffers (20 mM, pH 7.4), including phosphate,
Tris-HCI1, HEPES, MOPS and BR buffer. As shown in
Fig. S7, the highest response of fluorescence was achieved
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and (D) UV — vis absorption (green line) and fluorescence spectra (black
line for excitation and red line for emission) of the CDs (Inset: photograph
of the CDs under UV light with excitation wavelength at 365 nm)

when the enzymatic reaction occurred in BR buffer.
Similarly, the effect of pH on the CDs used for glucose
detection was investigated because the catalytic activity of
GOx is pH-dependent [15]. From Fig. S8 it can be conclud-
ed that a weak acid environment (around pH 6.1) is the
optimum pH value for glucose detection. Moreover, the re-
action temperature of GOx-mediated enzymatic reaction
was investigated. Fig. S9 shows that the maximum fluores-
cence quenching efficiency was obtained at 37 °C. The in-
cubation time of GOx-mediated enzymatic reaction was
studied as well. Fig. S10 shows that the optimum fluores-
cence quenching efficiency was obtained at 40 min.
Furthermore, the amount of GOx for GOx-mediated enzy-
matic reaction was investigated. Fig. S11 shows that the
highest fluorescence quenching efficiency was reached
using 500 pg/mL of GOx.

Using the above optimum conditions, the sensitivity of
GOx-mediated glucose detection was assessed. The
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Fig.2 Fluorescence emission spectra (Aex = 520 nm) of the CDs solution
upon the addition of various concentrations of H,O, (from top to bottom,
0, 10, 20, 50, 70, 200, 300, 500, 700 and 1000 uM). b Plot of
fluorescence quenching efficiency (Z, — 1)/ Iy vs concentration of HyO,,

fluorescence quenching of the CDs was observed by increas-
ing the glucose concentrations ranging from 0.5 to 1500 pM
(Fig. 3a). As a result of H,O, generated from the GOx-
mediated oxidation of glucose, a gradual decrease of fluores-
cence intensity occurred with increasing the concentration of
glucose, indicating that the fluorescence quenching was glu-
cose dose-dependent. Figure 3b displays a plot of (Iy-1)/1
versus glucose concentration, where I, and / are the fluores-
cence intensities in the absence and presence of glucose, re-
spectively. The inset shows that the response is linear in the
range 0.5-100 uM glucose. The linear equation is (/y-)/I, =
0.0029¢41cose(LM) + 0.0062 with a correlation coefficient R?
of 0.998. The detection limit of glucose was calculated to be
0.33 uM (3 s/k, where s is the standard deviation of the blank
samples and % is the slope of the calibration plot). In addition,
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Fig. 3 Fluorescence emission spectra (Aex = 520 nm) of the CDs solution
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Plot of fluorescence quenching efficiency (/o — 1)/l vs concentration of
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where Iy and / are the fluorescence intensities in the absence and presence
of H,O,, respectively. Error bars are the standard deviation of three
independent experiments. Inset: plot of linear region from 10 to 300 uM

we compared the analytical performance of our method to
some previous reported approaches for glucose detection.
Table 1 shows that the present method is more sensitive than
numerous reported fluorescent approaches based on various
nanomaterials including ZnO nanoparticles [30], nanoceria
[31], MnO,-nanosheet [21], gold nanoparticles (AuNPs) and
graphene oxide quantum dots (GOQD) [32], silicon nanopar-
ticles [11], copper nanoparticles [19], and some other C-dots
[24], except for the method based on MnO,-CD nanocompos-
ite [20]. Nevertheless, the present method avoids the complex
preparation of the probe in the MnO,-CD nanocomposite and
most importantly, this method is one of few examples of the
fluorescence-based H,O,-assisted glucose detection strategy
to achieve the highest sensitive detection of glucose using
modification free CDs.

b
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glucose, where I, and 7 are the fluorescence intensities in the absence and
presence of glucose, respectively. Error bars are the standard deviation of
three independent experiments. Inset: plot of linear region from 0.5 to
100 uM
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Table 1 Comparison of various nanomaterial-based strategies for glucose detection using fluorescence as signal output

Probe Signal output Linear range (uM) LOD (uM) Real sample Reference
ZnO nanoparticles Turn-off 1x103-13 x 104 1x103 no [30]
CeO, NPs Turn-on 0-200 8.9 Serum [31]
MnO,-Nanosheet-Modified UCNPs. Turn-on 0-250 37 Blood & Serum [13]
AuNPs and GOQD Turn-off 2.5-75 0.65 Serum [32]
SiNPs Turn-off 10-7000 3.5 Serum [11]
dsDNA-CuNPs and SG I Turn-on 20400 8.5 Blood [19]
MnO,-CD nanocomposite Turn-on 0-120 0.053 Serum [20]
C-dots/AgNPs Turn-on 2-100 1.39 Serum [24]

CDs Turn-off 0.5-100 0.33 Serum & Urine This work

Selectivity of the CDs for glucose detection

To evaluate the selectivity of the CDs probe toward glu-
cose, the effects of several different sugars (arabinose,
ribose, xylose, lactose, maltose, sucrose, mannose, fruc-
tose and galactose) and some potential interfering mate-
rials commonly existing in human urine (uric acid (UA),
urea, ascorbic acid (AA), K*, Ca®, Mg", CI", Na" and
Zn2+) were analyzed. As shown in Fig. 4a, the addition
of these sugars to the CDs solution caused a negligible
fluorescence quenching efficiency (I-1y)/ly compared to
the glucose results even at concentrations 100-times
greater than that of glucose. The high selectivity is at-
tributed to the specificity of GOx towards glucose.
Similarly, the substances existing in urine showed no
significant interference (Fig. 4b). These results indicate
that this approach is extremely selective for differentiat-
ing glucose from its analogues and demonstrate high
selectivity towards glucose sensing against other
coexisting interferences.
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Fig. 4 Selectivity investigation of the present method for glucose
detection: a Fluorescence quenching efficiency (/y — [)/], response of
the CDs to glucose (75 uM) and some carbohydrates (750 uM), where
Iy and [ are the fluorescence intensities in the absence and presence of

Possible quenching mechanism

The quenching of fluorescent materials generally results
from Forster resonance energy transfer (FRET), inner fil-
ter effect (IFE), dynamic quenching (DQE) or static
quenching (SQE) [33]. To explore the sensing quenching
mechanism between H,O, and the CDs, corresponding
experiments were assessed to study each of the above
mentioned quenching effects.

When a spectral overlap occurred between the UV — vis
absorption spectrum of a quencher and the emission spec-
trum of a fluorescence agent, the quenching mechanism is
considered to be FRET or IFE. As shown in Fig. S12A,
the emission spectrum of the CDs is not overlapped with
the absorption spectrum of the quencher (H,O,), indicat-
ing that FRET or IFE probably did not occur in the fluo-
rescence quenching mechanism. Furthermore, the changes
of zeta-potential were performed to further discuss the
mechanism. As shown in Fig. S12B, the zeta potential
of the CDs was increased from —0.1025 mV to 12.4 mV
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glucose, respectively. b Some common substances as interferences
(75 uM); (Note: the mixture stands for the anti-interference study in the
coexistence of glucose). The error bars signify the standard error obtained
from three repetitive measurements
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on the addition of H,0,, indicating the tendency for the
formation of aggregates. The formation of aggregated as-
sembly was also confirmed by TEM images of the CDs
before and after adding H,O,. Fig. S13 shows that the
CDs were well dispersed in buffer and their average par-
ticle size was 1.6 nm. However, the addition of H,O, into
the CDs solution caused the aggregation of the CDs and
their average particle size was increased to 8 nm (Fig.
S14). Correspondingly, the color of the CDs solution
changed from red to brown along with the dispersion state
of the CDs turning into an aggregation state. (Fig. S15A
and B). To further investigate the quenching mechanism
of the CDs by H,O,, the interaction between the CDs and
H,0O, was characterized by the UV/Vis spectrophotometry.
The absorbance of the CDs showed a remarkable decrease
upon addition of H,O, (Fig. S12A), suggesting a static
interaction between H,O, and the CDs [34]. To confirm
the quenching mechanism, quenching results were
interpreted using the Stern-Volmer plot. Previous reports
have demonstrated that, in a defined range of concentra-
tion, if the quenching type is single static or dynamic
quenching then the plot of Fo/F versus [Q] (Stern—
Volmer plot) would be linear [35]. Whereas, an ascending
curvature of the Stern—Volmer plot refers to combined
(dynamic and static) quenching [36]. In this work, a good
linear correlation was obtained with the Stern—Volmer
plot in the range of 10-300 uM (Fig. S16A), indicating
the occurrence of a single static or dynamic quenching.
Considering the fact that there were no obvious changes
of fluorescence lifetime for the CDs before and after
adding different concentrations of H,O, (Fig. S16B), the
dynamic quenching effect can be excluded. Thus, it infers
the presence of clear characteristics of a single static
quenching process. These results suggest that the H,O,
induced fquenching of the CDs is considered to stem from
static quenching caused by aggregation.

Application to real samples

To assess the feasibility of the CDs for glucose detection
in biological samples, glucose concentrations in human
serum and urine samples from diabetics and healthy indi-
viduals were analyzed. Unknown concentrations of glu-
cose in serum were detected by the present method and
compared to commonly used glucometer. As shown in
Table 2, there is a good agreement between the results
provided by two independent approaches which are in
accordance with the fact that the general range of blood
glucose concentration in healthy individual is about 3—
8 mM [3]. To further verify the accuracy of our method,
the recoveries were determined by spiking 2.5, 5.0 and
10.0 mM glucose in human serum samples (Table 2).
The average glucose concentration recoveries of 98.7—
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Table 2 Determination of the glucose level in a human serum sample

and recovery tests using CDs and glucometer analysis

Spiked (mM)  Detected (mM)  Glucometer (mM)  Average
(mean®+SD®) (mean®+SD®) recovery (%)

0 5.38+£0.07 5.43+0.05

2.5 7.85+£0.06 8.06+0.15 99.3

5.0 10.35+0.09 10.41+0.10 98.7

10 15.42+0.14 15.17+0.11 102.5

#Mean value for three determinations
®Standard deviation

102.5% were achieved with a relative standard deviation
(RSD) of less than 5%, which is acceptable for quantita-
tive analyses performed in biological samples.

Urine and blood glucose monitoring are two major
techniques usually applied for evaluating diabetes con-
trol. Urine glucose monitoring cannot substitute blood
glucose monitoring, but it can be used as an alternative
or complement where blood glucose monitoring is not
affordable, accessible, or desirable. To extend the appli-
cability of the present fluorescence assay, glucose con-
centrations in urine samples from diabetics and healthy
individuals before and after 2 h for taking 50 g oral
glucose tolerant test were analyzed and the results were
compared with the commonly used glucometer (Table 3).
The effective glucose detection in both serum and urine
samples has accentuated the potential for practical appli-
cation of the CDs for the analysis of glucose in physio-
logical real clinical samples.

Nonetheless, one major limitation of our method lies in the
fact that the incubation time of GOx-mediated enzymatic re-
action is a bit longer (40 min). Hence, future work should
focus on improvements in accelerating the incubation time.

Table 3  Determination of glucose in human urine from diabetics and
healthy individuals

Samples(a’b) Glucometer (mM) Proposed RSD (n=3, %)
method (mM)
D1 5.13 4.86 2.18
D2 7 6.59 2.06
D3 6.4 6.48 3.08
D4 19.26 20.01 4.07
H1 < LOD (undetected) 0.58 2.61
H2 < LOD (undetected)  0.65 2.33
H3 3.13 3.16 1.55
H4 3.66 371 3.37

#Samples of D1 to D4 are human urine obtained from diabetic patients

®Samples of H1 to H4 are from healthy individuals before (H1, H2) and
after (H3, H4) 2 h for taking 50 g oral glucose tolerant test (OGTT)
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Conclusions

In conclusion, a novel CDs-based fluorescent probe was syn-
thesized. The CDs display good water dispersibility, excellent
photostability as well as strong orange-red fluorescence.
Owing to the static quenching of the CDs caused by the
H,0,, we developed a sensitive enzymatic assay for glucose
determination. Moreover, this fluorometric probe showed a
great potential for glucose detection in complex biological
samples. Compared to the previous nanoprobe-based methods
for glucose detection, this approach shows several advantages:
Firstly, the approach does not involve complex modification
of the CDs. Secondly; it has a lower detection limit than most
of others. Thirdly, the orange-red emission of the CDs pre-
sages more opportunities for studying the biological systems
in future applications. Furthermore, this method provides an
alternative platform to detect other oxidase substrates which
can catalyze the oxidation of their respective substrates to
generate H,O,.
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