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ABSTRACT: Blood glucose monitoring has attracted exten-
sive attention because diabetes mellitus is a worldwide public
health problem. Here, we reported an upconversion
fluorescence detection method based on manganese dioxide
(MnO2)-nanosheet-modified upconversion nanoparticles
(UCNPs) for rapid, sensitive detection of glucose levels in
human serum and whole blood. In this strategy, MnO2
nanosheets on the UCNP surface serve as a quencher.
UCNP fluorescence can make a recovery by the addition of
H2O2, which can reduce MnO2 to Mn2+, and the glucose can
thus be monitored based on the enzymatic conversion of glucose by glucose oxidase to generate H2O2. Because of the
nonautofluorescent assays offered by UCNPs, the developed method has been applied to monitor glucose levels in human serum
and whole blood samples with satisfactory results. The proposed approach holds great potential for diabetes mellitus research and
clinical diagnosis. Meanwhile, this nanosystem is also generalizable and can be easily expanded to the detection of various H2O2-
involved analytes.
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■ INTRODUCTION

Glucose is the major energy source in cellular metabolism and
plays an essential role in the natural growth of cells. Glucose
levels in blood are associated closely with diabetes or
hypoglycemia. On the basis of the statistics of the World
Health Organization, about 300 million people suffered from
diabetes in the year 2010; this number is estimated to almost
double in 2030. Thus, it is of great importance to be able to
accurately monitor the blood glucose levels for the diagnosis
and management of diabetes. Conventional methods for
monitoring blood glucose levels are generally based on
spectrophotometry,1−7 fluorometry,8−11 electrochemistry,12−16

and chemiluminescence.17,18 Although these methods are quite
powerful, they are unsuitable for the direct monitoring of
glucose levels in whole blood. The spectrophotometry- and
electrochemistry-based methods are limited by the interference
from blood color and contamination of the electrode by
proteins in blood. Although the fluorometry-based ones can
overcome the limitations, they commonly suffer from the
autofluorescent background by UV−vis excitation light sources.
Therefore, it is still highly desirable to develop technologies
that are simple, sensitive, and low-cost and especially that can
circumvent interferences from the complex whole blood
samples for the diagnosis and management of diabetes.
The use of upconversion nanoparticles (UCNPs), which can

convert near-infrared (NIR) excitation to visible emission,
provides an alternative method for glucose monitoring.19 In
contrast to the conventional downconversion organic dyes and

inorganic nanoparticles, UCNPs have exhibited attractive
properties, such as sharp emission bandwidth, tunable multi-
color emission, excellent photostability, enhanced light
penetration depth, and negligible autofluorescence background
interference.20−28 These advantages make UCNPs particularly
attractive for biolabeling and biosensing. In the past few years,
several groups have developed UCNP-based Förster resonance
energy transfer (FRET) techniques to detect ions,29,30 small
molecules,31−33 protein,34,35 and nucleic acids36,37 by using
various types of materials such as graphene oxide, organic dyes,
and gold and carbon nanoparticles as acceptors. We have also
developed a phospholipid-modified UCNP nanoprobe for
ratiometric detection and imaging of phospholipase D38 and
a UCNP-based FRET biosensor for sensitive detection of the
human immunodeficiency virus antibody in human serum.39

Because of the negligible interference from autofluorescence of
biological samples and scattering light under excitation of NIR
light, it is expected that assays based on UCNPs can be used to
directly monitor the glucose levels in whole blood.
Recently, Liu’s group discovered that the fluorescence of

UCNPs can be effectively quenched by MnO2 nanosheets and
the fluorescence can be turned on by adding a small amount of
glutathione (GSH). They proposed a method based on MnO2-
modified UCNPs for quantification and imaging of GSH

Received: March 12, 2015
Accepted: April 28, 2015
Published: April 28, 2015

Research Article

www.acsami.org

© 2015 American Chemical Society 10548 DOI: 10.1021/acsami.5b02188
ACS Appl. Mater. Interfaces 2015, 7, 10548−10555

www.acsami.org
http://dx.doi.org/10.1021/acsami.5b02188


levels.40 Interestingly, we found that the MnO2-mediated
quenching effect can also be reversed by adding a little H2O2.
Presumably, the recovery of fluorescence may be attributed to
the H2O2-mediated reduction of MnO2 to Mn2+, leading to
decomposition of the MnO2 nanosheets. On the basis of this
finding, we proposed a MnO2-modified upconversion nano-
system for the sensitive detection of glucose in blood based on
the enzymatic conversion of glucose by glucose oxidase (GOx)
to form H2O2. Compared with the previous glucose detection
methods,8−11 our present MnO2-modified upconversion nano-
system has several outstanding features: first, the NIR-
excitation technique offers nonautofluorescence assays, which
enable the direct monitoring of glucose levels in whole blood;
second, because of the negligible background interference
resulting from NIR excitation, the proposed method has a
lower detection limit than UV excitation; third, as the
fluorescence report element, the high photostability of
UCNPs can ensure ideal signal output. Therefore, this
approach provides a sensitive, selective, and highly desirable
blood glucose monitoring method.

■ EXPERIMENTAL SECTION
Reagents and Materials. Rare-earth chlorides YCl3·6H2O, YbCl3·

6H2O, (CH2CO2)2Tm·xH2O, oleic acid (OA), NH4F, NaOH, 1-
octadecene (ODE; 90%), 2-(N-morpholino)ethanesulfonic acid
(MES), glucose, glucose oxidase (GOx), lactate oxidase, L-tryptophan,
L-phenylalanine, L-glutathione (L-GSH), and reduced N-ethylmalei-
mide (NEM) were purchased from Sigma-Aldrich. D-(+)-Maltose, D-
fructose, D-(+)-galactose, L-lactic acid, and cysteine (Cys) were
purchased from Sangon Biotech (Shanghai, China). L-Lysine, glycine,
KMnO4, NaH2PO4, Na2HPO4, NaCl, and other salts were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Instruments. The transmission electron microscopy (TEM)

images, powder X-ray diffraction (XRD) analysis, UV−vis absorption
spectra, and upconversion luminescence spectra were all obtained by
using the same instrumentation as those described in our previous
literature.38

Synthesis of NaYF4:Yb,Tm@NaYF4 Core−Shell Nanopar-
ticles. OA-capped NaYF4:Yb,Tm core nanoparticles were first
synthesized according to the method described by the literature with
slight modification.41 YCl3·6H2O (0.695 mmol), YbCl3·6H2O (0.30
mmol), and (CH2CO2)2Tm·xH2O (0.005 mmol) (Y:Yb:Tm =
69.5:30:0.5 mole ratio) were added to a 50 mL three-necked flask
containing OA (6 mL) and ODE (15 mL). The subsequent synthetic
process was the same as that described in the literature reported by
Zhao et al.41 The resulting nanoparticles were precipitated by adding
ethanol, collected by centrifugation at 5000 rpm for 5 min, washed
several times with ethanol, and then dispersed in 2 mL of cyclohexane
for the subsequent shell growth procedure. The NaYF4:Yb,Tm@
NaYF4 core−shell nanoparticles were then synthesized. YCl3·6H2O (1
mmol), octadecene (15 mL), and OA (6 mL) were added to a 50 mL
three-necked flask. The shell growth process was also performed
according to the literature reported by Zhao et al.41 The obtained
NaYF4:Yb,Tm@NaYF4 core−shell nanoparticles were dried under a
vacuum for further experiments.
Preparation of Hydrophilic NaYF4:Yb,Tm@NaYF4 Core−Shell

Nanoparticles. The azelaic acid capped hydrophilic nanoparticles
were prepared according to the literature.42 The as-prepared OA-
capped NaYF4:Yb,Tm@NaYF4 core−shell nanoparticles (20 mg)
dispersed in cyclohexane (1 mL) were added to a 100 mL two-necked
flask containing cyclohexane (20 mL), tert-butyl alcohol (14 mL),
water (2 mL), and an aqueous solution of K2CO3 (1 mL, 5 wt %). The
resulting mixture was stirred for 20 min at room temperature. Then 4
mL of a Lemieux−von Rudloff reagent (5.7 mM KMnO4 and 0.105 M
NaIO4 aqueous solutions) was dropwise added to the solution.
Thereafter, the resulting mixture was stirred for 48 h at 40 °C. The
product was collected by centrifugation and washed several times with

deionized water, acetone, and ethanol. Subsequently, the product was
treated with HCl (pH 4−5), and the mixture was stirred for 30 min at
room temperature. At last, the product was centrifugated and washed
and then redispersed in 6 mL of deionized water. The concentration of
hydrophilic nanoparticles was calculated to be ∼3.0 mg mL−1.

Preparation of MnO2-Nanosheet-Modified NaYF4:Yb,Tm@
NaYF4 Nanoparticles.MnO2-nanosheet-modified nanoparticles were
synthesized according to the method described by the literature.40 In
brief, an aqueous solution of azelaic acid capped hydrophilic
NaYF4:Yb,Tm@NaYF4 core−shell nanoparticles (3.0 mg mL−1, 100
μL) was first added to a 1.5 mL microcentrifuge tube. The subsequent
preparation process was the same as that described in the literature
reported by Liu et al.40 The obtained MnO2-nanosheet-modified
nanoparticles were washed with deionized water to remove the excess
potassium and free manganese ions and then redispersed in 1 mL of
deionized water.

H2O2 Sensing. In a typical assay of H2O2, 50 μL of a MnO2-
nanosheet-modified UCNP aqueous solution (0.03 mg mL−1) and
different concentrations of H2O2 (40 μL) were added to 10 μL of 100
mM phosphate buffer (pH 7.0). The mixed solution was incubated at
37 °C for 40 min. Then, the upconversion fluorescence spectra were
recorded under excitation of a 980 nm laser.

Glucose Detection. In a typical assay of glucose, 5 μL of 0.642 mg
mL−1 GOx, 50 μL of a MnO2-nanosheet-modified UCNP aqueous
solution (0.03 mg mL−1), and different concentrations of a glucose
solution (35 μL) were added to 10 μL of 100 mM phosphate buffer
(pH 7.0). The mixed solution was incubated at 37 °C for 40 min.
Then, the upconversion fluorescence spectra were recorded under
excitation of a 980 nm laser.

■ RESULTS AND DISCUSSION
Design and Principle for H2O2 and Glucose Detection

Using MnO2-Nanosheet-Modified UCNPs. The design
strategy for H2O2 and glucose detection was based on H2O2
modulation of MnO2-induced upconverted luminescence
quenching of UCNPs (Scheme 1). To this end, NaY-

F4:Yb,Tm@NaYF4 core−shell nanocrystals with blue upcon-
version emission were synthesized and used as energy donors.
The MnO2 nanosheets were formed and coated on the surface
of UCNPs through the reduction of KMnO4 in MES buffer
under sonication treatment. Because MnO2 nanosheets have a
broad absorption band from 250 to 500 nm,40,43 which overlaps
significantly with the blue emission of UCNPs, the upconverted
luminescence of UCNPs can be effectively quenched by MnO2
nanosheets coated on the surface of UCNPs. This MnO2-
induced quenching effect can be reversed by adding a small
amount of H2O2. It would be the result of H2O2-mediated
reduction of MnO2 to Mn2+, leading to decomposition of the

Scheme 1. Design and Principle for H2O2 and Glucose
Detection Using a MnO2-Nanosheet-Modified UCNP
Nanocomposite
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MnO2 nanosheets accompanied by upconverted luminescence
recovery. The reaction of MnO2 to Mn2+ in the presence of a
small amount of H2O2 can be represented as eq 1.44

+ + → + ++ +MnO H O 2H Mn 2H O O2 2 2
2

2 2 (1)

Moreover, because glucose can be oxidized by oxygen (O2)
to produce H2O2 in the presence of GOx, a sensitive and cost-
effective upconversion fluorescent assay can be achieved for
monitoring of the blood glucose through the detection of
enzymatically generated H2O2.
Synthesis and Characterization of UCNPs and MnO2-

Nanosheet-Modified UCNPs. Highly efficient upconverting
NaYF4:30%Yb,0.5%Tm@NaYF4 core−shell nanoparticles were
first prepared using the solvothermal method.41 The TEM
image showed that these nanocrystals displayed a uniform
hexagonal platelike morphology with a mean size of
approximately 50 nm in cyclohexane (Figure 1A). XRD
analysis (Figure 1B) indicated that the obtained nanocrystals
consisted of a hexagonal phase, whose peak positions and
intensities agreed well with those of the pure hexagonal-phase
NaYF4:Yb,Tm nanocrystals (JCPDS no. 28-1192).
To prepare MnO2-nanosheet-modified NaYF4:Yb,Tm@

NaYF4 UCNPs, the OA ligand on the UCNP surface was
first oxidized to azelaic acid according to a technique reported
by Li et al.42 The obtained azelaic acid capped UCNPs retained
excellent monodispersion in water without changes in size,
shape, and crystallinity after oxidation, as demonstrated by the
TEM image (Figure S1 in the Supporting Information, SI).
Dynamic light scattering (DLS) measurements showed a mean
hydrodynamic diameter of approximately 55 nm for the azelaic
acid capped UCNPs (Figure S2 in the SI), which was the same
as that of OA-capped UCNPs dispersed in cyclohexane (ca. 55
nm), indicating that the oxidation process would not change

the size of the UCNPs. Fourier transform infrared (FT-IR)
spectra further demonstrated that the surface OA ligand was
successfully oxidized to azelaic acid (Figure S3 in the SI). These
results clearly confirmed that the hydrophilic nanoparticles
were successfully prepared.
The hydrophilic NaYF4:Yb,Tm@NaYF4 UCNPs were then

used to prepare the MnO2-nanosheet-modified UCNPs by
adding an aqueous KMnO4 solution in the presence of MES
buffer at pH 6. MES reduced KMnO4 to form amorphous
MnO2 nanosheets on the surface of UCNPs. The formation of
MnO2-nanosheet-modified UCNP assemblies was confirmed
by the TEM image (Figure 1C). Energy-dispersive X-ray
spectroscopy (EDS) showed the signals of seven elements: Na,
F, Y, Yb, Tm, Mn, and O (Figure 1D). Furthermore, in the X-
ray photoelectron spectroscopy (XPS) analyses, two obvious
Mn 2p peaks appeared at the spectra of MnO2-modified hybrid
nanomaterials (Figure S4 in the SI). These results verified the
successful preparation of MnO2-nanosheet-modified UCNP
assemblies.
Next, the optical properties of UCNPs and MnO2-modified

UCNP assemblies were investigated. Under excitation of a 980
nm laser, the NaYF4:Yb,Tm@NaYF4 core−shell UCNPs
exhibited four groups of emission lines, with maxima at 345,
360, 450, and 474 nm (Figure 2A). The MnO2 nanosheets
exhibited a broad absorption band centered at 370 nm, as
shown by UV−vis absorption spectroscopy (Figures 2B and S5
in the SI), which matched well with the reported optical
characteristics of MnO2 nanomaterials.40,43 This absorption
may be due to d−d band transitions as described by previously
reported literature.45 The absorption of MnO2 nanosheets
showed a significant spectral overlap with the UV and blue
emissions of the UCNPs, leading to FRET.

Figure 1. TEM image (A) and XRD patterns (B) of OA-capped NaYF4:Yb,Tm@NaYF4 core−shell UCNPs. TEM image (C) and EDS spectrum
(D) of MnO2-nanosheet-modified NaYF4:Yb,Tm@NaYF4 UCNP assemblies.
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In this work, MES was used to reduce KMnO4 to form
amorphous MnO2 nanosheets on the surface of UCNPs. The
effect of the KMnO4 concentration on the quenching efficiency
was studied in a fixed MES buffer. A series of MnO2-modified
UCNP assemblies were synthesized by changing KMnO4

concentrations (from 0 to 1.6 mM). The upconversion
fluorescence intensity of MnO2-modified UCNP assemblies
decreased gradually with increasing KMnO4 concentrations
(Figure 2C). Compared with the emission spectrum of UCNPs

without MnO2 modification, remarkable quenching (∼93%)
was obtained when 1.6 mM KMnO4 was used. The influence of
the KMnO4 concentration on the quenching efficiency at 450
nm is shown in Figure 2D. The quenching efficiency was
presented as (F0 − F)/F0, where F0 and F represented the
fluorescence intensity at 450 nm without and with MnO2

modification, respectively. The quenching efficiency enhanced
gradually with an increase in the KMnO4 concentration and
reached a maximum value of ∼93% when 1.2 mM KMnO4 was

Figure 2. (A) Upconversion emission spectrum of NaYF4:Yb,Tm@NaYF4 core−shell UCNPs. (B) Absorption spectrum of MnO2 nanosheets (red
line) exhibiting significant spectral overlap with the emission spectrum of NaYF4:Yb,Tm@NaYF4 core−shell UCNPs under excitation of a 980 nm
laser (black line). (C) Upconversion emission spectra of MnO2-nanosheet-modified UCNP assemblies formed at a series of different KMnO4
concentrations. The concentration of lanthanide ions was fixed at 0.3 mg mL−1. (D) Relationship between the fluorescence quenching efficiency of
MnO2-modified UCNP assemblies at 450 nm and the KMnO4 concentration. Inset: Photographs of the MnO2-modified UCNP assembly aqueous
solution formed at a series of different KMnO4 concentrations.

Figure 3. (A) Upconversion fluorescence response of MnO2-nanosheet-modified NaYF4:Yb,Tm@NaYF4 UCNPs after incubation with H2O2 of
different concentrations (0−350 μM) in phosphate buffer (pH 7.0). (B) Plot of the fluorescence intensity at 450 nm against the H2O2 concentration.
Error bars indicate the standard deviations of three repetitive experiments.
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used. In contrast, simple physical mixing of core−shell UCNPs
and presynthesized MnO2 nanosheets led to insignificant
quenching (Figure S6 in the SI). This result further verified
the FRET process from UCNPs to MnO2 nanosheets. In
addition, the TEM images of MnO2-nanosheet-modified
UCNPs formed at different KMnO4 concentrations of 0.2,
0.6, and 1.2 mM are shown in Figure S7 in the SI. It can be
seen from Figure S7 in the SI that the amount of MnO2

nanosheets increased with increasing KMnO4 concentrations.
So, the number of MnO2 nanosheets was one of the key factors
that affected the quenching efficiency. Furthermore, it could be
observed that the color of MnO2-modified UCNP nano-
assemblies became deeper with increasing KMnO4 concen-
tration (Figure 2D, inset). As a result, 1.2 mM KMnO4

concentration was selected for the subsequent experiments.
H2O2 Sensing Based on MnO2-Modified UCNPs. Having

successfully synthesized the MnO2-nanosheet-modified
UCNPs, the possibility of H2O2 sensing using the hybrid
nanoparticles was then explored. The reduction of MnO2 to
Mn2+ by H2O2 was first verified by a highly specific reaction for
Mn2+ (Figure S8 in the SI). The purple solution and UV−vis
absorption spectra that matched well with that of KMnO4 from
450 to 600 nm clearly demonstrated the presence of Mn2+ after
the reaction of MnO2-modified UCNPs with H2O2. Next, we
investigated the response of the MnO2-modified UCNPs at
different H2O2 concentrations. The upconversion fluorescence
was gradually recovered with increasing concentration of H2O2

(Figure 3A). It was found that the upconversion fluorescence
intensity of MnO2-modified UCNPs further decreased from the
original 499123 to 144460 after incubation in phosphate buffer
(pH 7.0) at 37 °C for 40 min (the optimal experimental
condition of H2O2 detection). The addition of 350 μM H2O2

caused a remarkable fluorescence signal (∼6284010), corre-
sponding to 43.5-fold enhancement, which indicated an almost
complete recovery compared with that of UCNPs without
MnO2 modification. The recovery of upconversion fluorescence
may be associated with the H2O2-mediated reduction of MnO2

to Mn2+ (as shown in eq 1), which led to decomposition of the
MnO2 nanosheets. Figure 3B depicted the upconversion
fluorescence intensity at 450 nm as a function of the H2O2

concentration. The fluorescence intensity at 450 nm was
linearly correlated with the H2O2 concentration in the range of
0−150 μM (R2 = 0.988) and 180−350 μM (R2 = 0.987),
respectively. The detection limit (in terms of the 3σ rule) was

calculated to be 0.9 μM. Such a low detection limit can be
attributed to the low background signal by NIR excitation.

Detection of Glucose Based on MnO2-Modified
UCNPs. Considering the significant importance of the
monitoring of blood glucose levels for the diagnosis and
management of diabetes, we further interrogated the feasibility
of the MnO2-modified UCNP nanocomposite for glucose
detection. We first investigated the effect of the incubation
temperature and reaction time on the fluorescence response
(Figure S9 in the SI). The incubation temperature of 37 °C and
reaction time of 40 min were selected for glucose detection in
terms of the best signal-to-background ratio. In addition, the
GOx concentration was also optimized. The responses at a
series of GOx concentrations of 0.001284, 0.00642, 0.0128,
0.0321, 0.0642, and 0.1284 mg mL−1 under a maximum and
fixed glucose concentration of 400 μM were recorded, and a
GOx concentration of 0.0321 mg mL−1 was selected. The
upconversion fluorescence intensity increased with increasing
glucose concentration, varying from 0 to 400 μM (Figure 4A),
and the fluorescence intensity at 450 nm was linearly related to
the glucose concentration in the ranges of 0−250 μM (R2 =
0.990) and 250−400 μM (R2 = 0.985), respectively (Figure
4B). Presumably, the addition of a small amount of H2O2 (that
is, at the low concentration of H2O2) mainly caused the
dissociation of large MnO2 nanosheets to form small
nanosheets, and the latter still can quench the fluorescence of
UCNPs, resulting in a relatively insignificant fluorescence
recovery. In contrast, the addition of a large amount of H2O2
(that is, at the high concentration of H2O2) led to the complete
dissociation of small MnO2 nanosheets, generating significant
fluorescence recovery. Therefore, the fluorescence intensity at
450 nm was linearly correlated with the H2O2 concentration in
two separated ranges. The detection limit of the glucose was
estimated to be 3.7 μM according to the 3σ rule. The MnO2-
modified UCNP nanosystem provided a lower detection limit
than those reported by other optical methods for glucose
detection.4,7,11

To further test the specificity of this nanosystem toward
glucose, other possible interfering species including various
saccharides, metal ions, proteins, and amino acids were
incubated with a mixed solution of MnO2-modified UCNPs
and GOx. As shown in Figure 5, except for GSH and Cys, these
species did not result in obvious interference in glucose
detection. Because GSH and Cys could also reduce MnO2 to
Mn2+,40 the upconversion fluorescence enhanced significantly

Figure 4. (A) Upconversion fluorescence response of MnO2-nanosheet-modified NaYF4:Yb,Tm@NaYF4 UCNPs after incubation with glucose of
different concentrations (0−400 μM) in phosphate buffer (pH 7.0) containing 0.0321 mg mL−1 GOx. (B) Plot of the fluorescence intensity at 450
nm against the glucose concentration. Error bars represent the standard deviation of three repetitive experiments.
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after the addition of GSH and Cys. However, the interference
of GSH and Cys could be eliminated by adding NEM, a
scavenger that can specifically react with GSH and Cys.46 As
can be seen from Figure 5, after incubation of GSH or Cys with
NEM, the addition of MnO2-modified UCNPs gave a negligible
signal enhancement, whereas glucose detection was unaffected
by the introduction of NEM. Therefore, by using NEM as an
effective scavenger of GSH and Cys, the MnO2-modified
UCNP nanosystem can provide a highly selective and sensitive
upconversion approach for glucose detection.
To evaluate the feasibility of the MnO2-modified UCNP

nanosystem for glucose detection in biological samples, the
developed method was applied to detect five individual real
samples including three human serum samples and two whole
blood samples. Taking into consideration the normal glucose
level in healthy human blood as well as the linear range of our
method, 5 μL of samples was added to the reaction system and
diluted to 100 μL, which was a 20-fold dilution. NEM (0.3
mM) was added to the samples to eliminate the interference
from GSH and Cys in real samples. After the addition of 0.3
mM NEM to the human serum sample, the upconversion
fluorescence intensity of MnO2-modified UCNPs in human
serum decreased obviously, and the obtained spectrum was
almost the same as that in phosphate buffer (Figure S10 in the
SI), indicating that NEM did eliminate the interference of GSH
and Cys in blood samples. The analytical results are presented
in Table 1. The glucose concentrations of the clinical samples
were within the range of 4.4−6.6 mM, which was consistent
with the reported levels.12 In addition, standard addition
experiments were also carried out. The recoveries ranged from
96.0% to 104.5% for the five real samples, and a relative
standard deviation (RSD) of around 5% was obtained. These
results have demonstrated the applicability of this MnO2-
modified UCNP nanosystem for blood glucose monitoring in
real samples.
Generality of the MnO2-Nanosheet-Modified UCNP

Nanosystem. To investigate the generality of the MnO2-
modified UCNP nanosystem, the proposed strategy was also
applied to the detection of L-lactic acid. It is well-known that

lactate oxidase can catalyze the oxidation of L-lactic acid to
generate pyruvate and H2O2, and L-lactic acid can be assayed
through the detection of enzymatically generated H2O2. As
shown in Figure S11 in the SI, the upconversion fluorescence
intensity increased with increasing L-lactic acid concentration,
varying from 0 to 800 μM, and the fluorescence intensity at 450
nm was linearly related to the L-lactic acid concentration in the
ranges of 50−400 μM (R2 = 0.986) and 450−800 μM (R2 =
0.967), with a detection limit of 10 μM. This result has
demonstrated that the MnO2-modified UCNP nanosystem is
generalizable and can be applied to the detection of various
H2O2-involved analytes.

■ CONCLUSIONS
We have developed a novel method based on MnO2-
nanosheet-modified UCNPs for rapid monitoring of blood
glucose levels. By combining the highly sensitive H2O2/MnO2
reaction with the nonautofluorescent advantage of UCNPs, a
highly sensitive, selective, and cost-efficient sensing approach
for glucose detection has been designed and applied to monitor
glucose levels in human serum and whole blood samples with
satisfactory results. The proposed nanosystem has great
potential for diabetes mellitus research and clinical diagnosis.
Meanwhile, this nanosystem is also generalizable and can be
easily extended to the detection of various H2O2-involved
analytes. The proposed strategy may offer a new approach to
developing low-cost and sensitive methods for biological and
clinical diagnostics applications.
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Figure 5. Upconversion fluorescence response at 450 nm of MnO2-
modified NaYF4:Yb,Tm@NaYF4 nanoparticle solutions in the
presence of different saccharides, metal ions, proteins, and amino
acids (3 mM each). The concentrations of GSH, Cys, and glucose
were 0.3 mM, and the NEM concentration was 0.9 mM. Error bars
represent the standard deviations of three repetitive experiments.

Table 1. Determination of the Glucose Levels in Human
Serum and Whole Blood Samples Using the MnO2-Modified
UCNP Nanosystem

sampleα
measured
(mM)

added
(mM)

found
(mM)

recovery
(%)

RSD
(%)

1 4.95 1.00 5.80 97.5 3.3
2 6.50 1.00 7.84 104.5 2.9
3 5.78 1.00 6.85 101.0 4.0
4 5.45 1.00 6.19 96.0 5.3
5 4.58 1.00 5.50 98.6 4.1

αSamples 1−3 were human serum, and samples 4 and 5 were whole
blood.
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