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Monitoring «-glucosidase («-Glu) activity is of great significance for the early diagnosis of type II di-
abetes. Here the blue fluorescent carbon dots (CDs) were integrated with two different recognizing
molecules, B-cyclodextrin and phenylboronic acid, for assembling a multifunctional CDs (mCDs) nanoplat-
form for sensitively analyzing «-Glu and its inhibitors. The hydrolyzed product of 4-nitrophenyl-c-D-
glucopyranoside (a-Glu substrate), p-nitrophenol, could efficiently quench the fluorescence of mCDs due
to its cooperative molecular recognition with S-cyclodextrin and phenylboronic acid. The mCDs could be
utilized for the detection of «-Glu activity with the limit of detection of 0.030 U/L. Moreover, the present
a-Glu detection platform revealed a high selectivity, and other natural enzymes showed scarcely any ef-
fect on the present mCDs system. The proposed method could be facilely used to screen «-Glu inhibitors
with satisfying performance. The rational mCDs is expected to supplement more comprehensive biosens-
ing platforms for highly sensitive and specific recognition of disease-relevant biomarkers with clinical
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importance.
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Diabetes mellitus is a serious and chronic public disease, and
the accompanying nephropathy, retinopathy, neuropathy, ulcera-
tion, and cardiovascular diseases, always bring inconvenient and
even fatal threats for diabetes patients [1,2]. International Diabetes
Federation has reported that 537 million adults suffered from di-
abetes, and has also predicted that the worldwide diabetic cases
will increase to 783 million by 2045 [3]. Among these diabetes
cases, more than 90% of cases are type II insulin-irrelative dia-
betes mellitus [4]. As a well-known biomarker of type II diabetes
locating at the epithelium of small intestine, «-glucosidase («-Glu)
could hydrolyze a-glucopyranoside to release glucose, resulting in
a high expression level of blood glucose after a meal [5,6]. In the
early treatment and prevention of type Il diabetes, «-Glu inhibitors
have been identified as effective drugs for blocking the digestion of
carbohydrates and the subsequent absorption of glucose in small
intestine [7]. Therefore, the monitoring of «-Glu activity and the
screening of «-Glu inhibitors have a significant implication for the
accurate diagnosis and effective prevention of diabetes.
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Recently, luminescent carbon dots (CDs) have attracted much
attention in biosensing researches due to their predominant advan-
tages of high resistance to photobleaching, excellent biocompatibil-
ity and low toxicity [8-10]. CDs could inherit the high affinity of
their precursors toward the corresponding targets via the surface-
decorated recognition groups. Thus these as-achieved functional
CDs could be facilely utilized as ideal sensing candidates for spe-
cific target recognition and detection [11-13]. In order to achieve
diverse functionalities, the surface of CDs requires more exten-
sive modifications with distinct ligands. Up to date, the functional-
ized CDs were always obtained through the one-pot synthesis from
recognition sites-involved precursors, or the post-synthetic chemi-
cal conjugation of recognition molecules onto CDs surfaces. For in-
stance, by using boric acid as recognition group, CDs could be con-
veniently utilized for selective discrimination of w-Glu and its in-
hibitors [14]. However, this chemical conjugation strategy requires
multistep preparation, and leads to poor reproducibility. Then the
synthesis of a-Glu targeting CDs was achieved via the simplified
one-pot hydrothermal preparation from 3-aminobenzeneboronic
acid and 1,2-ethylenediamine precursors [15]. However, these boric
acid-modified CDs are still confronted with limited sensitivity and
specificity for o-Glu assay. Thus, it is highly desirable to develop a
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facile and more accessible CDs-based «-Glu sensing platform with
improved sensitivity and efficiency.

B-Cyclodextrin, a well-known molecular host, can selectively
accommodate organic molecules into its hydrophobic cavity via the
specific guest/host association interaction. 8-Cyclodextrin has re-
cently been modified onto the surface of luminescent quantum
dots for selective and sensitive sensing purpose [16-18]. Mean-
while, B-cyclodextrin-derived CDs have also emerged as a ver-
satile means for the detection of different metal ions, amino
acids, and proteins [19-21]. We anticipated that the simultane-
ous functionalization of CDs with combination of boric acid and
B-cyclodextrin could realize a substantially enhanced detection
of a-Glu and its inhibitors via the cooperative recognition from
their multiple distinct sensing mechanism fronts. Herein, the mul-
tifunctional CDs (mCDs) were constructed by using phenylboronic
acid and B-cyclodextrin as precursors via one-pot solvothermal
method. The as-achieved mCDs showed highly specific and sen-
sitive detection of «-Glu through the surface-anchored boronic
acid and pB-cyclodextrin recognizing groups. p-Nitrophenol (NP),
the hydrolysis product of «-Glu substrate, could simultaneously
bind with boronic acid and accommodate into S-cyclodextrin cav-
ity of mCDs for quenching its fluorescence (Scheme 1). The NP-
mediated quenching principle of mCDs was systematically investi-
gated toward sensitive «-Glu detection. Besides, the mCDs/a-Glu
system could be utilized to efficiently detect a-Glu inhibitors with
high sensitivity. Accordingly, the rational engineering of multiple
recognition sites on mCDs has supplemented a versatile and robust
sensing platform for the detection of w-Glu and for the screening
of its inhibitors, and thus shows great promise for clinical diagno-
sis and treatment.

The bright blue fluorescent mCDs were facilely assembled
through the facile solvothermal treatment of SB-cyclodextrin and
phenylboronic acid mixture. Meanwhile, to reveal the function of
B-cyclodextrin and phenylboronic acid precursor, S-cyclodextrin-
absent (pCDs) and phenylboronic acid-absent (8CDs) CDs were
synthesized from only phenylboronic acid and ﬂ-cyclodextrin pre-
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Scheme 1. Schematic illustration of the sensing mechanism of «-Glu assay. (A) a-
Glu catalyzed hydrolysis of 4-nitrophenyl-a-D-glucopyranoside (NPGlu) substrate.
(B) The principle of mCDs derived form pB-cyclodextrin/phenylboronic acid for «-
Glu assay.

cursor (Fig. 1A). The as-prepared mCDs revealed a uniformly spher-
ical nanostructure with an average diameter of 2.2 nm, which was
slightly smaller than that of SCDs (2.6nm) and pCDs (2.4nm,
Fig. 1B and Fig. S1 in Supporting information). The chemical com-
positions of these different CDs were subsequently analyzed by
X-ray photoelectron spectroscopy (XPS, Fig. 1C), which revealed
the representative peaks of C, N, O, and B elements. The high-
resolution XPS analysis of B 1s from mCDs was deconvoluted into
two peaks for C—B (191.8eV) and B—0O (192.7 eV, Fig. S2A in Sup-
porting information) [22]. For XPS analysis of surface C 1s of mCDs,
the peaks at 283.9, 284.4, 285.7, 286.4, and 287.7 eV were denoted
to the C—B, C=C/C-C, C—N, C-0 and C=0 groups, respectively (Fig.
S2B in Supporting information) [23-25]. The XPS analysis of N 1s
showed two different peaks at 400.2 and 401.7 eV, which corre-
sponded to the form of C—N and N-H bonds in the generated
mCDs (Fig. S2C in Supporting information) [26]. The XPS analysis
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Fig. 1. Characterization of the multifunctional CDs. (A) The synthesis of (a) mCDs, (b) pCDs and (c) BCDs. (B)

Wavelength (nm)

TEM image, (C) XPS survey spectra, (D) FTIR characterization,

(E) zeta potential, (F) UV-vis absorption, and (G) fluorescence spectra of these differently prepared CDs with the same excitation of 370 nm.
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of O 1s revealed three different peaks at 530.9, 531.6 and 533.2 eV,
which indicated the formation of C=0, C—O—C/C—-OH and B-0 for
the obtained mCDs, respectively (Fig. S2D in Supporting informa-
tion) [16,27]. Particularly, in comparison with SCDs and pCDs con-
trol, the newly introduced C—B and C—O bonds, together with the
obviously shifted XPS peaks of C and O, indicated the varied chem-
ical composite of mCDs by S-cyclodextrin and phenylboronic acid.
Besides, Fourier transform infrared (FTIR) spectroscopy was em-
ployed to characterize these CDs. As revealed in Fig. 1D, the broad
absorbance of 3500-3000 cm~! was attributed to the stretching
vibrations of —OH and —NH bonds, while the peak at 1680 cm~!
suggested the existence of C=0 and C=C stretching vibration [28].
These peaks between 2980 and 2860 cm~! were assigned to the
C—H stretching vibration of methyl/methylene groups. The peak of
mCDs at 1343 cm~! could be attributed to the stretching vibration
of B—O bond [22], which was similar to that of 8CDs and pCDs
control. Similarly, C—N/C=N stretching vibration, N—H deformation
vibration, and the C=0 stretching of amine bond was observed at
830, 1640 and 1240 cm™!, respectively [29-31]. Furthermore, zeta
potential was performed to investigate the surface charge of these
CDs. As compared to the negatively charged SCDs (—0.791 mV) and
pCDs (—3.77mV), mCDs showed less negative charge (—0.016 mV,
Fig. 1E), indicating that the compact mCDs were simultaneously
functionalized with phenylboronic acid and B-cyclodextrin.

Having demonstrated the successful construction of mCDs, the
optical property of mCDs was then investigated via UV-vis ab-
sorption and fluorescence spectroscopy. The UV-vis absorption of
mCDs showed two typical absorption bands at 220 nm and 265 nm
(Fig. 1F), which was ascribed to the m-m* transition of aromatic
sp? domain and the n-7* electron of C=0 bond, respectively [32].
Note that the characteristic peaks of mCDs at 265 nm exhibited a
red-shift absorption from 260 nm to 265nm in relative to that of
BCDs (261 nm) and pCDs (263 nm), demonstrating the existence
of B-cyclodextrin and phenylboronic acid in the compact mCDs.
Then the detailed photoluminescence property of mCDs was per-
formed under various excitation wavelengths. It showed that mCDs
presented an excitation-tunable Iuminescence behavior (Fig. S3 in
Supporting information). The excitation-dependent fluorescence of
mCDs can be attributed to the quantum confinement of conjugated
m-electrons in a sp? network, the surface defects (including het-
eroatom doping), the multiphoton active processes, and potential
anti-Stokes transitions [33-35]. Obviously, under the same exci-
tation wavelength, the fluorescence of mCDs (450nm) showed a
remarkable redshift of 30 and 15nm in relative to that of SCDs
(420nm) and pCDs (435nm, Fig. 1G). Besides, by using quinine
sulfate as a reference, the obtained mCDs showed a relative high
quantum yield (11.7%) compared to pCDs (6.3%) and SCDs (10.2%).
Attractively, the resultant mCDs showed high photostability even
under 90 min photoirradiation (Fig. S4 in Supporting information),
extreme salt solution (500 mmol/L, Fig. S5 in Supporting informa-
tion) and different pH stimulations (4.0-9.0, Fig. S6 in Support-
ing information). Accordingly, mCDs present high photostability,
high toleration with salt and pH stimulations, thus showing great
promise for biosensing application.

The established boronic acid/B-cyclodextrin functionalized
mCDs structure was then used to monitor a-Glu activity under the
optimized condition of 30 min incubation at 37 °C (Fig. 2A and Fig.
S7 in Supporting information). As displayed in Fig. 2B, the fluo-
rescence of mCDs was remarkably suppressed with increasing o-
Glu concentrations, indicating that the proposed mCDs platform is
sensitive to target a-Glu. The mCDs exhibited a good linear rela-
tionship between the fluorescence ratio of mCDs with and with-
out «-Glu (F/Fy) and o-Glu concentrations by the regression equa-
tion F/Fy=0.972 — 0.0318 x ¢ (R =0.995) ranging from 0.100U/L
to 15.0U/L. And the detection limit (LOD) of a-Glu was calculated
to be 0.030U/L according to the conventional 30/S equation (o is
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Fig. 2. The detection performance of mCDs toward «-Glu. (A) Schematic illustration
of mCDs, pCDs and SCDs toward «-Glu produced products. (B) Fluorescent response
of mCDs toward «-Glu of varied concentrations. (C) The corresponding linear rela-
tionship between F/Fy and «-Glu. (D) The selectivity of mCDs for various analytes.
Error bars were derived from three parallel experiments.

the standard deviation for a blank control, and S is the slope of
the corresponding calibration curve) (Fig. 2C). By contrast, pCDs
and BCDs exhibited a linear relationship with the a-Glu concentra-
tions ranging from 1.00 U/L to 30.0U/L and 5.00 U/L to 30.0 U/L un-
der the same concentration of CDs (Figs. S8 and S9 in Supporting
information). Accordingly, mCDs showed a considerably improved
performance for «-Glu detection with 10 and 50-fold sensitivity
enhancement in relative to SCDs and pCDs. Note that this «-Glu
sensing performance of the compact mCDs nanoplatform is com-
parable or even better than most of the current CDs-based sens-
ing systems (Table S1 in Supporting information), further confirm-
ing the dual recognizing-site-improved sensing performance of CDs
strategy. Meanwhile, «-Glu target could also be quantified by the
absorption of «-Glu generated NP product (Fig. S10A in Support-
ing information). And the lowest detectable concentration of «-
Glu was achieved to be 2.5U/L, which is much higher than that of
CDs-based «-Glu sensor (Fig. S10B in Supporting information). Ac-
cordingly, the fluorescent mCDs exhibited a satisfactorily improved
sensing performance for «-Glu, suggesting a great potential for
monitoring the lowly expressed biomarkers in clinical diagnosis.
Having demonstrated the high sensitivity of the mCDs for a-
Glu detection, we subsequently evaluate the specificity and long-
term stability of the w-Glu targeting mCDs system. As revealed in
Fig. 2D, several potential interfering agents, including amino acids
(such as cysteine (Cys), histidine (His), and tryptophan (Trp)), pro-
teins and natural enzymes (such as bovine serum albumin (BSA),
glutathione (GSH), glucose oxidase (GOx), and alkaline phosphatase
(ALP)) were introduced to evaluate the specificity of mCDs. Not
surprisingly, only «-Glu could motivate an obviously decreased
fluorescence of mCDs. By contrast, the fluorescence intensity of
these interfering agents is close to the background signal, indicat-
ing a negligible impact on the present mCDs-based sensing sys-
tem. Besides the high specificity of mCDs, the long-term fluores-
cence stability of mCDs also played a critical role in sensing appli-
cation, as revealed in Fig. S11 (Supporting information). The mCDs
presented a negligible effect on the fluorescence intensities for
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Fig. 3. The mCD-based screening of «-Glu inhibitors. (A) Fluorescence spectra of
o-Glu targeting mCDs system in the presence of acarbose inhibitors with var-
ied concentrations. (B) The inhibition ratio of acarbose toward «-Glu activity. (C)
Fluorescence spectra of «-Glu targeting mCDs system in the presence of 2,4,6-
tribromophenol inhibitors with varied concentrations. (D) The inhibition ratio of
2,4,6-tribromophenol toward «-Glu activity. Error bars were derived from three par-
allel experiments.

a month and the fluorescence intensity decreased by 8.6% for 4
months compared to the newly-prepared mCDs, demonstrating the
excellent long-term stability of mCDs for further fluorescence de-
tection. Accordingly, the high specificity and long-term stability of
the present mCDs-based sensing system was demonstrated, and
thus providing prospective biological application by stably screen-
ing «-Glu from other interfering species in complex samples.

The highly sensitive and specific sensing performance of the
current mCDs convinced us to utilize it for carrying out «-Glu as-
say in human serum samples that were spiked with different con-
centrations of «-Glu (5 and 10 nmol/L). As listed in Table S2 (Sup-
porting information), the recoveries of w-Glu were achieved rang-
ing from 94.6% to 102% with RSD below than 5%, demonstrating
the high reliability of our developed mCDs-based sensing platform
for analyzing «-Glu of practical samples.

To realize the earlier treatment and prevention of diabetes
mellitus, the inhibition of «-Glu is of great significance to con-
trol the patients’ postprandial blood glucose levels and to main-
tain the expression of glucose within a relatively normal range
[36,37]. Thus the screening of «-Glu inhibitors is highly desirable
to realize the efficient inhibition of «-Glu. The mCDs was intro-
duced for screening «-Glu inhibitors by incubating the o-Glu sens-
ing system with two well-known inhibitors, acarbose and 2,4,6-
tribromophenol. Clearly, the fluorescence of the mCDs-based «-
Glu sensing system increased with elevated concentrations of in-
hibitors, indicating that the activity of «-Glu is indeed inhibited.
The inhibition efficiency varied with the concentration of acarbose
and 2,4,6-tribromophenol, and the corresponding half-maximal in-
hibitory efficiency of inhibitor (ICs5q) value is determined to be
50.0 pg/mL (77.0 pmol/L) and 0.500 umol/L for acarbose and 2,4,6-
tribromophenol, respectively (Figs. 3A-D), which is comparable to
that obtained by other strategies (Table S3 in Supporting informa-
tion). As a result, the proposed mCDs-based «-Glu sensing plat-
form is feasible for screening «-Glu inhibitors, and thus shows
great potential for discovering new inhibitors of high clinical sig-
nificance.
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Fig. 4. The possible a-Glu sensing mechanism of mCDs platform. (A) The effect of
NPGlu hydrolysis products on the fluorescence quenching of mCDs. (B) Reversible
normalized fluorescence ratio changes of mCDs versus NP incubation duration. (C)
The fluorescence quenching efficiency of mCDs with different dosage of NP. (D) The
Stern-Volmer plot between the fluorescence of mCDs and the concentration of NP.
Error bars were derived from three parallel experiments.

4-Nitrophenyl-o-D-glucopyranoside (NPGlu), a common «-Glu
substrate, could be catalyzed by «-Glu and hydrolyzed into NP
and glucose. Here the NP product contains a single hydroxyl group,
which can bind to the phenylboronic acid group via the formation
of B-O bond for effectively quenching the fluorescence of mCDs,
thus achieving a quantitative assay of a-Glu. Meanwhile, the NP
product could also easily enter the cavity of S-cyclodextrin where
NP can act as an electron acceptor to quench the fluorescence
of mCDs via a well-known electron transfer mechanism. In addi-
tion to NP product, the NPGIu generated glucose product has also
been demonstrated to be the effective quenching agent for boric
acid-functionalized CDs [38,39]. Primary results have confirmed
the quenching of the as-prepared mCDs might be attributed to
the residual phenylboronic acid and S-cyclodextrin groups. Thus,
the quenching effect of glucose and NP on the proposed mCDs
was subsequently investigated to reveal the dominant species for
mCDs-mediated «-Glu detection. As shown in Fig. 4A, the fluores-
cence of mCDs revealed a slight variation after introducing glucose
with different concentrations (10.3, 40.6 and 109 pmol/L). How-
ever, the fluorescence variation tends to be obvious for NP and «-
Glu/NPGlu mixture of the same concentration. Accordingly, these
results demonstrated that the glucose product itself cannot exe-
cute as an effective quencher for mCDs, while only the NP prod-
uct can effectively quench the fluorescence of mCDs. Thus, the
NPGlu hydrolysis-generated NP product can act as an excellent sig-
nal transducer for sensing «-Glu target. Besides, the fluorescence
of mCDs was rapidly suppressed after their incubation with NP,
and could easily reach to an equilibrium value within 2 min (Fig.
4B). The fluorescence-suppressing efficiency of mCDs was achieved
to be 82.8% based on their exposure to NP of varied concentrations
(Fig. 4C and Fig. S12 in Supporting information). In addition to the
clear change on fluorescence intensity, an apparent red-shift of the
position of the emission maximum was observed from 450 nm to
458 nm upon the addition of «-Glu or NP into mCDs. This fluores-
cence wavelength shift of mCDs was supported by the interaction
between mCDs and quencher NP, further modulating the fluores-
cence of CDs [40,41]. Thus, the remarkable fluorescence suppres-
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sion of mCDs is caused by NP, indicating a significant interaction
between mCDs and NP.

The fluorescence quenching process arises from the inter-
action between the fluorescent molecules and the quencher
molecules, which always involves two representative dynamic and
static quenching mechanism. The standard Stern-Volmer equation
Fo/F=1+ks/[Q] was used to estimate the quenching constant ksy
that represents the binding affinity between fluorescent molecules
and the quencher molecules, where [Q] is the concentration of
quencher (NP), Fy and F are the fluorescence intensity in the ab-
sence and presence of quencher, respectively. Clearly, the fluores-
cence of mCDs gradually quenched after their subjecting to in-
creased concentrations of NP (Fig. 4D), where the fluorescence in-
tensity of mCDs was well correlated with the concentration of NP
with the linear relationship in the range of 5.00-150 pmol/L as
represented by the equation Fy/F=1.001 + 0.01055 x ¢ (R?> =0.998).
According to the standard Stern-Volmer equation, ks, is calculated
to be 1.05x 10*L/mol. In a typical dynamic quenching process,
ksy =kq x T9, where kq represents the molecular quenching rate
constant, and tg is the fluorescence lifetime in the absence of NP
quencher [42,43]. Accordingly, the kq is calculated to be 2.48 x
10'2L mol-! s~!, which failed to support the collision-controlled
dynamic quenching process in aqueous solution (1 x 10'°L mol~!
s~1) [44,45]. Therefore, the dynamic quenching mechanism is not
responsible for the NP-induced fluorescence. Since the dynamic
and static quenching process could both be fitted into the Stern-
Volmer equation, then the time-resolved fluorescence test was fur-
therly performed to investigate the detailed quenching mechanism.
As shown in Fig. S13 (Supporting information), the average flu-
orescence lifetimes of bare mCDs and NP-treated mCDs are al-
most unchanged, further confirming the dominant role of the static
quenching process for the present mCDs-based sensing platform.
As a result, the specific NP-responsive mCDs was capable of moni-
toring the activity of «-Glu by which the substrate NPGlu was ef-
ficiently hydrolyzed into NP quenching unit.

In summary, we have developed a robust multifunctional flu-
orescent mCDs biosensor for highly sensitive and selective detec-
tion of «-Glu and for efficient screening of its inhibitors. The si-
multaneous integration of mCDs with two different recognizing
molecules, B-cyclodextrin and phenylboronic acid, could effectively
improve the binding affinity to NP, the «-Glu hydrolyzed prod-
uct. The versatile and robust mCDs enabled the highly efficient
and sensitive analysis of «-Glu with LOD of 0.030U/L, which was
50- and 10-times enhancement relative to pCDs and BCDs deco-
rated with single recognizing element. Moreover, the mCDs/x-Glu
system was successfully used for screening «-Glu inhibitors with
high performance. Compared to conventional fluorescent sensors,
the multifunctional CDs offers a valuable insight on the rational
design of highly efficient and robust biosensors via the integration
of multifunctional recognition elements, and thus supplementing a
prospective diagnostic nanoplatform for clinical diagnosis.
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