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Abstract

Monitoring blood glucose has attracted considerable attention because diabetes mellitus is a
global public health problem. Herein, we reported a turn-on fluorescence detection strategy
based on manganese dioxide (MnO,)-phenol formaldehyde resin (PFR) nanocomposite for rapid,
sensitive, and selective detection of glucose levels in human blood. In this biosensing system,
MnO; nanoshell on the PFR nanoparticle surfaces serve as a quencher. PFR fluorescence can
make a recovery in the presence of H,O,, reducing MnO, to Mn®*. The sensor shows a linear
range from 50 nM to 90 uM with a low detection limit of 20 nM for H,O, detection. Thus, the
glucose can be detected on the basis of the enzymatic conversion of glucose by glucose oxidase
to produce H,O,. This method exhibits a wide linear range from 5 uM to 1 mM with a low
detection limit of 1.5 uM. Because of the excellent photostability offered by PFR, the developed
strategy has been successfully applied for the diagnosis of diabetes mellitus in human blood
samples. Compared with commercial glucometer, our method showed satisfactory results,
indicating the significant reliability. The developed turn-on fluorescent sensor might hold great
promise in nanomedicine and bioanalysis.
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1. Introduction

Diabetes mellitus (DM) is a major public metabolic disease that influences 366 million
people in the world in 2011, and this number is predicted to rise to 552 million in 2030 [1,2].
DM is clinically diagnosed by a fasting blood glucose that equal or greater than 7 mM [3].
Therefore, the development of effective glucose biosensor has attracted extensive attention
worldwide. Recently, various methods for the determination of glucose have been reported, such
as colorimetry [4-8], fluorescence [9-13], electrochemistry [14-21], chemiluminescence [22,23],
capillary electrophoresis [24], surface-enhanced Raman scattering [25], and surface plasmon
resonance [26]. Among these noticeable methods, fluorescence-based strategies have sparked
tremendous interest due to their rapid response, facile operation, and excellent sensitivity [27-30].
Many fluorescent compounds have been employed for precise analysis of glucose, including
quantum dots [31,32], noble metal nanoclusters [33-35], up-converting nanoparticles [36-38],
organic dyes [39-41], and composite fluorescent microspheres [42]. However, in many cases, the
complicated material modification, intrinsic toxicity, and turn-off sensing mode cause inevitable
disadvantages, including operational complexity, false results, and unsatisfactory sensitivity, for
DM diagnosis [43,44]. Therefore, it remains a challenge to explore a simple, sensitive, and turn-
on fluorescent method for reliable glucose detection and DM diagnosis.

Recently, Yu and co-workers has proposed a one-step hydrothermal synthetic approach
of phenol formaldehyde resin (PFR) nanoparticle with the feature of superior photostability,
excellent monodispersity, low cytotoxicity, and remarkable biocompatibility [45-47]. We
previously discovered that MnO, can effectively quench the fluorescence of PFR by fluorescence
resonance energy transfer (FRET) from PFR to MnO; and the fluorescence can be recovered by

adding glutathione [48]. Since MnO,-mediated quenching effect has been proved to reverse by



adding a small amount of H,0, [37], we proposed a MnO,-PFR nanocomposite for the selective
and sensitive detection of glucose in blood on the basis of the enzymatic conversion of glucose
by glucose oxidase (GOx) to generate H,O,. Our present MnO,-PFR nanocomposite has several
significant features compared with the previous glucose detection strategies: first, the MnO,
decomposition technique offers turn-on fluorescent assay, which avoids the false result and
improves the reliability of glucose detection in blood samples; second, PFR nanoparticles present
remarkable photostability toward pH and ionic strength and accuracy compared with commercial
glucometer, which ensure reliable signal output; third, because of the excellent accuracy,
sensitivity, and selectively, the proposed sensing system can be employed for DM diagnosis (9

blood specimens from DM patients and 9 blood specimens from normal people were detected).

2. Material and methods

2.1 Materials

All reagents are of analytical grade and were used as received without any further
purification. Potassium permanganate (KMnO,), hydrogen peroxide (30% H;0,), phenol,
sodium hydroxide (NaOH), 2-(N-morpholino)ethanesulfonic acid (MES), and glucose oxidase
were obtained from Sigma Aldrich. Carbohydrate such as glucose, fructose, galactose, mannose
and xylose wused in this work were purchased from Aladdin Chemistry Co., Ltd.
Hexamethylenetetramine (HMT) from Xiya Reagent. Blood specimens of normal and diabetic
patient were obtained from Union Hospital, Tongji Medical College, Huazhong University of
Science and Technology. Ultrapure water obtained from a Milli-Q ultrapure (18.2 MQ) system
was used throughout the experiment.

2.2 Instruments



The UV-Vis absorption spectra were recorded using Cary Eclipse UV-Vis
Spectrophotometer (Agilent technologies). Fluorescence measurements were carried out by using
Cary Eclipse fluorescence spectrophotometer (Agilent technologies). The morphology of
nanoparticles was observed with a Tecnai G2 20 transmission electron microscopy (TEM)
instrument with accelerating voltage of 200kV. The chemical composition and state were
characterized by X-ray photoelectron spectroscopy (XPS) (Thermo Scientific Escalab 250Xl).
Dynamic light scattering (DLS) was conducted by Malvern Zetasizer Nano ZS (Malvern
Instrument) to count the average size of the PFR and PFR-MnO, nanocomposite.

2.3 Synthesis of PFR nanoparticles

Our previous report was referred to synthesize PFR nanoparticles with some
modifications [48]. The synthetic procedure was described as follows: 6.5 mg phenol and 5 mg
HMT were dissolved in 50 mL of water. In the reaction, HMT was used as both the monomer
(HCHO) source for polymerization and the cross-linking agent. After stirring intensely for 15
minutes, the solution was transferred into a Teflon lined autoclave and heated to 160 °C for 90
min. A solution with gray color was finally obtained. Then, the product was centrifuged and
rinsed with ultrapure water and ethanol, respectively, to remove impurities for three times. The
final product was redispersed in 10 mL of ultrapure water.

2.4 Synthesis of MnO,-PFR nanocomposite

Fabrication of MnO,-PFR nanocomposites were processed by mixing 1 mL of PFR (0.25
g/mL) nanoparticles with 2.5 mL of MES buffer (0.1M, pH 6.0). And then, 1 mL of KMnQO, (10
mM) was added into it. After that, the resulting mixture was sonicated for 30 min until a brown

colloid MnO,-PFR nanocomposite was formed. MnO,-PFR nanocomposite was centrifuged and



washed by ultrapure water for three times. The final product was redispersed in 10 mL of
ultrapure water for subsequent reactions.
2.5 Fluorescence sensing of hydrogen peroxide

A 200 pL of MnO,-PFR nanocomposite solution (0.1 g/mL) was mixed with 50 uL of a
certain concentration of H,O, at room temperature. After the incubation of a required reaction
time, the mixture was transferred into a test quartz cuvette for fluorescence test. The emission
fluorescence spectra were recorded at an excitation wavelength of 371 nm.
2.6 Fluorescence sensing of glucose

A 200 uL of MnO,-PFR nanocomposite (0.1 g/mL) was mixed with 12.5 uL of a certain
concentration of glucose and 37.5 uL of GOx for 15 min incubation at 37 °C. Afterward, the
mixture was transferred to quartz cuvette for recording fluorescence emission spectra under 371
nm excitation. For the detection of glucose in practical samples, human whole blood specimens

were centrifuged to obtain the serum for the detection.

3. Results and discussion
3.1 Working principle for H,O, and glucose detection using MnO,-PFR nanocomposite.

Based on the H;O, modulation of MnO,-induced fluorescent quenching of PFR
nanoparticles, H,O, and glucose detection strategy was designed (Scheme 1). To this end, PFR
nanoparticles, the energy donors, with green fluorescence were synthesized by mixing phenol

and HMT at 160 °C for 90 min (Scheme 1 A). The MnO, nanoshell were grow in situ and coated

on the surface of PFR nanoparticles after a redox process of KMnO, in MES buffer under
sonication treatment. Given the broad absorption band of MnO, from 300 to 450 nm [49], the
green emission of PFR nanoparticles was significantly overlapped and the fluorescence of PFR

nanoparticles was effectively quenched. By adding a small amount of H,O,, the MnO,-induced



guenching effect can be reversed (Scheme 1 B). It might attribute to the H,O,-mediated
reduction of MnO; to Mn®", resulting in the decomposition of MnO, accompanied by PFR
fluorescence recovery. The reaction of MnO, to Mn?* with addition of H,O- is represented as eq
1[37].
2H*+ H,0; + MnO, - Mn** + O, + 2H,0 (1)
Moreover, because H,O, can be produced by oxidizing glucose in the presence of O, and
GOx (eq 2) [13,21], a selective and sensitive turn on fluorescent assay can be realized for the

blood glucose monitoring by detection of enzymatically generated H,0,.

GO
Glucose + O, + H,0O —)fgluconic acid + H,0, (2)
(Here Scheme 1)

3.2 Preparation and characterization of MnO,-PFR nanocomposite

PFR nanoparticles were prepared with high water-dispersible property due to the
hydroxyl and amino group on the surface of PFR [46]. MnO, nanoshell grew on the surface of
the as-synthesized PFR by the addition of an aqueous KMnQ, solution in the presence of MES
buffer at pH 6. Thus, the MnO,-PFR nanocomposite was formed. The morphologies of PFR
nanoparticles, MnO,-PFR nanocomposites with and without 300 uM H,0, were characterized by
TEM, respectively. Fig. 1A illustrated that PFR nanoparticles were spherical and well mono-
dispersed, ranging from 19.2 to 34.3 nm and the average diameter is about 26.3 nm (Fig. S1A).
Fig. 1B showed core-shell structure of MnO,-PFR nanocomposite. The diameter significantly
increased compared with mono-dispersed PFR nanoparticles. By DLS characterization, the size
of MnO,-PFR nanocomposite ranged from 458.7 to 825.0 nm with an average diameter of 637

nm (Fig. S1B), which was obviously larger than that of the unsheathed PFR. After the addition



of H,0,, the MnO, nanoshell was decomposed (Fig. 1C), releasing the mono-dispersed spherical
PFR with an average diameter of 28.4 nm (Fig. S1C).
(Here Fig. 1)

To further characterize the deposition of MnO, on the surface of PFR, XPS spectroscopy
analyses were employed. Fig. S2 depicted XPS results of PFR and MnO,-PFR nanocomposite. It
can be observed that the spectroscopy of PFR and MnO2-PFR nanocomposite showed the
existence of carbon (Cls, 284.82 eV), nitrogen (N1s, 399.71 eV), oxygen (O1s, 532.27 eV).
Compared to PFR, the presence of the peak at 641.08eV was observed in the spectra of the
MnO,-PFR nanocomposite, which was ascribed to Mn 2p and the presence of Mn** [45-48].
These results verified the successful preparation of MnO,-PFR nanocomposite assemblies.

The optical properties of PFR and MnO; were furtherly investigated. Fig. 2 showed the
normalized UV-vis absorption of MnO; and normalized fluorescence emission spectra of PFR.
The UV-vis spectrum of PFR exhibited a high and wide absorption band from 300 to 450 nm,
which matched well with the previous published optical characteristics of MnO, nanomaterials
[37,49]. Under the excitation at 371 nm, the PFR exhibits a bright green emission at 511 nm. The
UV absorption of MnO, exhibited a remarkable spectral overlap with the green emissions of the
PFR, enabling FRET process.

(Here Fig. 2)

The photostability of PFR toward complex ambient environments, such as high ionic
strengths or extreme pH, plays a critical role in real-setting detection. Fig. S3 showed the
fluorescence intensities of PFR at different pH values. As is shown, the PFR presented strong
fluorescence activities in a wide pH range of 3-11, implying the excellent photostability under

extreme pH conditions. Next, we studied the influence of ionic strengths on the photostability of



PFR in different concentrations of NaCl. As is shown in Fig. S4, the fluorescence intensity of
PFR kept almost constant with increasing ionic strength from 0 to 1 M. The significant
photostability might attribute to the unique chemical structure that no highly ionized functional
groups presented on the PFR surface. Moreover, we found the fluorescence intensity of PFR
slightly decreased even after 8 months (Fig. S5), which indicated the excellent photostability of
PFR. Taking together, we might conclude the PFR possess significant photostability even under
extreme conditions.

Since KMnO4was reduced to form MnO, nanoshell on the PFR surface in the presence of
MES, the quenching efficiency of the KMnO, concentration was investigated in a fixed MES
buffer. A series of MnO,-PFR nanocomposites were  prepared by changing KMnO4
concentrations (from 0 to 10 mM). The fluorescence intensity of MnO,-PFR nanocomposites
decreased gradually with increasing KMnO, concentrations (Fig. S6A). Compared with the
emission spectrum of fluorescent PFR nanoparticles without MnO, deposition, remarkable
quenching at 511 nm was observed when 8 mM KMnO, was added. The effect of the KMnO,
concentration on the quenching efficiency was displayed in Fig. S6B. The quenching efficiency
was observed to gradually enhance with increasing the KMnO, concentration and it finally
achieved a maximum value of ~73% when 8 mM KMnO, was presented. As a result, 8 mM
KMnQO, was chosen for subsequent experiments.
3.3 Detection of H,0, based on the MnO,—PFR nanocomposite

Having successfully prepared the MnO,-PFR nanocomposite, the feasibility of H,O,
detection was then explored. We first verified the reduction of MnO; to Mn?* in the presence of
H,0, by a highly specific reaction for Mn?* as following equation [37]:

2Mn?* + 5103 + 3H,0 —2MnOj + 5103 + 6H* (3)
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The UV—vis absorption spectra of the MnO,-PFR nanocomposite with H,O, matched
well with that of KMnOj, solution from 400 to 700 nm, which demonstrated the presence of Mn?*
after the reaction of MnO,-PFR nanocomposite with H,0O, (Fig. S7). Next, we investigated the
fluorescence response of the MnO,-PFR nanocomposite with the addition of H,O,. Although the
fluorescence intensity was highly quenched, a significant fluorescence recovery (~90.8%) was
observed after the addition of 300 uM H,0, (Fig. 3A). Fig. 3B vividly showed the fluorescence

quench and recovery process under the UV light. Then, we studied the dynamic response of

fluorescence recovery. The time-dependent recovery showed the reaction of 300 uM H,0, with
the MnO,-PFR nanocomposite reached to equilibrium rapidly in less than 5 minutes (Fig. S8),
which is in favor of rapid practical applications.

(Here Fig. 3)

We next evaluated the response of the MnO,-PFR nanocomposite at different H,O,
concentrations. The fluorescence was gradually recovered with increasing H,O, concentration
from 50 nM to 300 uM (Fig. 4A). The addition of 100 uM H,O, caused a remarkable
fluorescence signal recovery, which implied an almost complete recovery compared with that of
PFR without MnO; modification. The fluorescence recovery of PFR is associated with the H,0,-
mediated reduction of MnO, to Mn*", leading to the decomposition of MnO, nanoshell. Fig. 4B
depicted the PFR fluorescence intensity at 511 nm as a function of the H,O, concentration. The
fluorescence intensity at 511 nm was linearly correlated with the H,O, concentration in the range
from 50 nM to 90 uM with a R? of 0.989 (Inset Fig.4B). The calibration equation is y = 1.11 x +
68.2. The detection limit (3o/slope, where o is the standard deviation of the blank samples) was
calculated to be 20 nM. Since the proposed turn-on fluorescent sensor has a good response

toward H,O, and glucose can be oxidized to generate H,O, by GOx-catalyzed reaction, we
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assume that the design of glucose detection based on the turn-on fluorescence of MnO,-PFR
nanocomposite is enabled.

(Here Fig. 4)
3.4 Detection of glucose based on MnO,—PFR nanocomposite

Considering the significant importance of the blood glucose for the DM diagnosis, we
further investigated the feasibility of MnO,—PFR nanocomposite for glucose detection. We first
investigated the effect of the incubation time on the fluorescence recovery response after glucose
added (Fig. S9). When the incubation time was less than 15 min, the fluorescence intensity
increased dramatically with increasing the incubation time. After 15 min, the fluorescence
intensity reached equilibrium. Thus, the incubation time of 15 min were selected for glucose
detection in terms of the best signal-to-background ratio. In addition, the GOx concentration was
optimized (Fig. S10). The fluorescence intensity increased sharply with the increase of GOXx
concentration and it reached equilibrium at 0.64 mg mL ™. Therefore, 0.64 mg mL™* GOx was
chose for the subsequent reaction.

We investigated the sensitivity of the turn-on fluorescent sensor to verify its potential to
being a fast and simple protocol to detect glucose (Fig. 5A). The fluorescence intensity of the
MnO,-PFR nanocomposite at 511 nm increases gradually upon increasing the concentration of
glucose from 5 uM to 20 mM. As shown in Fig. 5B, the calibration equation serves as the
quantitative basis for the fluorescence intensity enhancement against the concentration of
glucose. The fluorescence intensity increased almost linearly with increasing glucose
concentration, varying from 5 uM to 1 mM. The regression equation is y = 68.3 x + 71.6 with a
R? 0f 0.991. The detection limit of glucose was calculated to be 1.5 uM (3c/slope). The detection

limit obtained from this method was found to be better than the other methods listed in Table S1.
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(Here Fig. 5)

The capability of distinguishing the target molecule from the interferences normally
present in a complex biological environment, which is extremely important for a sensor.
Therefore, the selectivity of the proposed biosensor was gauged with some analogs, such as
fructose, galactose, mannose, xylose, and arabinose. Fig. 5C displayed selectivity results of the
method toward glucose in the presence of other interfering species. Significant signal change was
observed when glucose added and other interfering species barely influent the fluorescence
intensity, revealing the remarkable selectivity of this approach toward glucose over other tested
carbohydrates.

To evaluate the feasibility of the MnO,-PFR nanocomposite for glucose detection in
complex biological samples, the proposed strategy was applied for the diagnosis of DM by
detecting 18 clinically whole blood samples, including 9 normal people specimens and 9 DM
specimens. Whole blood samples were centrifuged to obtain the serum before detection process.
Consideration the normal glucose level in healthy human blood and the linear range of this
method, 12.5 pL of specimens was added to the reaction system and diluted to 250 puL for the
detection, which was a 20-fold dilution. After the GOx-catalyzed reaction to the clinically
specimens, the fluorescence intensity of MnO,-PFR nanocomposite in DM specimens increased
obviously. However, the normal specimens presented a low fluorescence intensity (Fig. 5D). The
calculated glucose concentrations of the DM and normal specimens were within the range of
11.3-19.2 mM and 4.7-6.2 mM (Table S2), which are close to the results that measured by
commercial glucometer. Satisfactory recoveries of glucose from DM specimens were obtained

(95.6%-106.1%) with a relative standard deviation (RSD) from 2.9% to 6.8%, and glucose
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recoveries from normal specimens (92.3%-105.7%) were achieved with a RSD from 2.1% to

6.8%, indicating the excellent accuracy and reliability of this method.

4. Conclusions

We have demonstrated a novel strategy based on MnO,-PFR nanocomposite for rapid
monitoring of blood glucose levels. Combining the sensitive MnO,-H,O; reaction with the
fluorescent advantage of PFR nanoparticles, a highly selective, sensitive, and rapid sensing
method for glucose detection has been developed and applied to monitor glucose levels in human
blood samples with satisfactory results. Compared with the commercial glucometer, our sensor
displayed excellent reliability. The proposed biosensing system is promising for diabetes mellitus
diagnosis and clinical research. In addition, this biosensing system is generalizable and might be
extended easily for the detection of various H,O-involved targets. The proposed approach might
provide a new insight to develop sensitive and reliable methods for biological and clinical

diagnostics applications.
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Figure captions:

Scheme 1. Schematic representation of (A) preparation of PFR nanoparticles and (B) glucose

sensor by turn-on fluorescence of the MnO,-PFR nanocomposite.

Figure 1. TEM image of (A) PFR nanoparticles, (B) MnO,-PFR nanocomposite, (C) MnO,-PFR

nanocomposite with 300 uM H,0..

Figure 2. Normalized UV-Vis absorption spectra of aqueous solutions of MnO;, nanosheets

(green curve) and normalized fluorescence spectra (red curve) of PFR nanoparticles.

Figure 3. (A) Fluorescence emission spectra of PFR nanoparticles (curve a), MnO,-PFR
nanocomposite in the absence (curve b) and presence (curve c¢) of 300 uM H;0,. (B)
Photographic fluorescence response of (a) PFR nanoparticles, (b) MnO,-PFR nanocomposite,
and (c) recovered fluorescent PFR nanoparticles after 300 uM H,0, added under UV light

(excited at 365 nm).

Figure 4. (A) Fluorescence emission spectra of MnO,-PFR nanocomposite in the presence of
different concentrations of H,O; (a-k: 50 nM, 100 nM, 5 uM, 10 uM, 20 uM, 30 uM, 50 uM, 70
uM, 90 uM, 150 uM, and 300 uM, respectively). (B) The corresponding calibration plot for
H,0, detection. The inset was the enlarged linear plot of the fluorescence intensity against the

H,0; concentration. Error bars indicate the standard deviation of three replicates.

Figure 5. (A) Fluorescence emission spectra of MnO,-PFR nanocomposite in the presence of
different concentrations of glucose (a-n: 5 uM, 10 uM, 100 uM, 200 uM, 400 uM, 600 uM, 800
uM, 1 mM, 3 mM, 5 mM, 6 mM, 8 mM, 10 mM, and 20 mM, respectively). (B) The

corresponding calibration plot for glucose detection. Inset shows the enlarged linear relationship

24



between fluorescence intensity and values of glucose concentration. (C) Selectivity of the method
towards glucose sensing in the presence of other interfering species. The concentrations of all the
saccharides kept constant 5 mM. (D) Results of the MnO,-PFR nanocomposite for the diagnosis

of DM in real blood specimens. Error bars indicate the standard deviation of three replicates.
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Fig. 3
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Fig. 4
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Fig. 5
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Specimens
Highlights
e The MnO,-PFR nanocomposite was successfully synthesized.

The fluorescence of PFR can be recovered by H,O, due to reduction of MnO, to Mn?*.

The proposed method is applied for diabetes mellitus diagnosis.

The method is reliable compared with commercial glucometer.
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