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HIGHLIGHTS

GRAPHICAL ABSTRACT

e A novel dual-functional biosensor for
the detection of PPi and PPase is
developed.

e The biosensor provides a low detec-
tion limit for PPi and PPase.

e The biosensor can be used for the
assaying of PPase activity in human
serum.

e Globulin protected gold nanoclusters

with excellent stability are
synthesized.
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A novel ultrasensitive dual-functional biosensor for highly sensitive detection of inorganic pyrophos-
phate (PPi) and pyrophosphatase (PPase) activity was developed based on the fluorescent variation of
globulin protected gold nanoclusters (Glo@Au NCs) with the assistance of Cu®*. Glo@Au NCs and PPi
were used as the fluorescent indicator and substrate for PPase activity evaluation, respectively. In the
presence of Cu®*, the fluorescence of the Glo@Au NCs will be quenched owing to the formation of Cu?*-
Glo@Au NCs complex, while PPi can restore the fluorescence of the Cu?*-Glo@Au NCs complex because
of its higher binding affinity with Cu**. As PPase can catalyze the hydrolysis of PPi, it will lead to the
release of Cu?* and re-quench the fluorescence of the Glo@Au NCs. Based on this mechanism, quanti-
tative evaluation of the PPi and PPase activity can be achieved ranging from 0.05 pM to 218.125 pM for
PPi and from 0.1 to 8 mU for PPase, with detection limits of 0.02 uM and 0.04 mU, respectively, which is
much lower than that of other PPi and PPase assay methods. More importantly, this ultrasensitive dual-
functional biosensor can also be successfully applied to evaluate the PPase activity in human serum,
showing great promise for practical diagnostic applications.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Monitoring of enzyme activity has attracted great interest
because of its potential application in diagnosis, prognosis, and
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treatment of diseases. Inorganic pyrophosphatase (PPase), an
elementary metal-dependent hydrolysis enzyme which could
specifically catalyze the conversion of one molecule of inorganic
pyrophosphate (PPi) into two orthophosphate (Pi) ions [1,2], plays
central roles in many biological processes such as calcium ab-
sorption, lipid metabolism, bone formation and other biochemical
transformations [3,4]. PPi, an abundant phosphate species in bio-
logical systems, is involved in many enzyme-catalyzed biosynthesis
where it plays various important roles. Consequently, sensitive and
fast detection of PPi and PPase activity are of sustained attention
due to its urgent and important significance for investigating the
PPi and PPase-related biological processes and disease diagnosis.
Thus far, several techniques have been developed to detect PPi
(fluorescent chemosensor and magnetic nanoparticle [5,6]) and
PPase activity (chemiluminescent, enzymatic and colorimetric
methods [7,8]). Nevertheless, these methods suffer from either
time-consuming procedures, expensive cost or relatively low
sensitivity, which limit their widespread application for routine
detection [9]. Therefore, simple, convenient, economic and sensi-
tive methods for sensitive PPi and PPase activity detection still
remain a challenge.

As a promising and burgeoning category of fluorophores,
biomolecule templated metal nanoclusters, especially protein
protected gold nanoclusters (Au NCs), have attracted considerable
attention because of the three-dimensional (3D) complexed
structures which can withstand a wide range of pH and can be
easily conjugated with other biosystems [10—14]. Up to now,
various proteins have been developed for the preparation of
fluorescent Au NCs including trypsin, bovine serum albumin,
transferring, pepsin, insulin, lysozyme and horseradish peroxidase,
etc [15—18]. Their convenient synthesis strategies, excellent
biocompatibility and prominent stability, along with the sensitive
fluorescence switching behaviour are beneficial for the develop-
ment of Au NCs-based enzyme activity assays [19]. Nevertheless,
there have been scarce previous studies reporting on protein
directed synthesis of fluorescent Au NCs for assessing enzyme
(such as PPase) activity [20—22]. In view of the importance of this
research topic, the development of novel protein directed syn-
thesis of fluorescent Au NCs with lower synthetic demands, which
can be used for assessing PPase activity are still of great
significance.

In this work, globulin protected gold nanoclusters (Glo@Au NCs)
with prominent photo-stability (pH-, temperature-, salt- and time-
stability) and excellent water dispersibility have been successfully
synthesized and were systematically characterized by using high-
resolution transmission electron microscopy (HRTEM), atomic
force microscope (AFM), ultraviolet absorption spectroscopy, fluo-
rescence spectroscopy, X-ray photoelectron spectroscopy (XPS), X-
Ray Diffraction (XRD) and infrared (IR) spectroscopy. Subsequently,
taking advantage of the good biocompatibility and strong fluores-
cence of the Glo@Au NCs, in combination with the unique fluo-
rescence quenching of Glo@Au NCs caused by Cu®*, effective
fluorescence recovery induced by competitive interaction of PPi to
Cu®*, and hydrolysis ability of PPase to PPi, an ultrasensitive dual-
functional biosensor capable of detecting PPi (turn on) and PPase
activity (turn off) was established. As the synthetic strategy of the
Glo@Au NCs is simple and convenient, and there is no tedious
organic reaction involved during the whole experiment, this dual-
functional biosensor offers an excellent and facile method for the
evaluation of PPi and PPase activity. Furthermore, owing to the
combination of enzymatic hydrolysis reaction with the off-on-off
fluorescent sensing mechanism, this biosensor is highly selective
and sensitive (with a detection limit of 0.04 mU), and can be suc-
cessfully applied to the quantitative monitoring of PPase activity in
human serum samples.

2. Materials and methods
2.1. Materials

All reagents were of analytical reagent grade. HAuCls-3H,0
(Hydrogen tetrachloroaurate trihydrate), pyrophosphatase (EC
3.6.1.1), inorganic from baker's yeast (Saccharomyces cerevisiae)
and Y-Globulin were obtained from Sigma-Aldrich (USA). Copper
(1) sulfate pentahydrate (CuSO4-5H,0), pyrophosphate (PPi) and
sodium hydroxide (NaOH) and other salts were purchased from
Aladdin Ltd. Water was obtained through a Millipore Milli-Q water
system. Serum sample were obtained from the Affiliated Hospital of
the Beijing Normal University, and the sample was collected with
informed consent from the human subject. In addition, this sample
collection was approved by Institutional Review Board of Beijing
Ditan Hospital.

2.2. Instruments

The morphology and size of Glo@AuNCs were characterized by a
JEM-2100 transmission electron microscope (TEM) with an accel-
erating voltage of 200 kV. Fluorescence spectra were recorded by an
F-4600 fluorescence spectrometer. Height characterization was
performed by atomic force microscopy (AFM) (from Veeco with a
Illa controller) operating in tapping mode. X-ray diffraction (XRD)
patterns in the Bragg’ s angle (20) range of 20—80° were collected at
room temperature by using a Bruker D8 diffractometer with Cu Ko
radiation. X-ray photoelectron spectroscopy (XPS) was performed
on a thermoelectron instrument (Thermo-VG Sci-entific ESCALAB
250), and all spectra were referenced to the C 1s peak at 285.0 eV.
Infrared spectra (IR) were recorded using a FT/IR-410 Fourier
transform infrared spectrophotometer (JASCO, Japan). UV—vis ab-
sorption spectra were recorded by a CARY 500 UV—vis—NIR Varian
spectrophotometer using a 1 cm path length quartz cell at room
temperature.

2.3. Preparation of Glo@Au NCs

All glassware were washed with aqua regia and rinsed with
ultrapure water. Typically, Y-Globulin (0.25 g) was dissolved in
water (5.0 mL), then 5.0 mL of 10.0 mM HAuCly was added under
vigorous stirring, and the color of this solution turns from colorless
to light-yellow. After 2 min, NaOH solution (1.0 mL, 1.0 M) was
introduced, and the mixture was incubated at 37 °C for 6 h. The
color of the solution changed from light-yellow to deep brown. The
prepared Glu@Au NCs solution was stored at 4 °C before use.

2.4. Fluorescent PPase activity assay

The prepared NCs solution was diluted 100 times using phos-
phate buffer solution (PBS, pH 7.4) and marked as Glo@Au NCs (1/
100), for the real-time PPase assays. 5 uL of PPase with different
activities ranging from 0 to 10 mU was respectively added to 200 pL
of the aforementioned Au NCs solution (1/100) containing Cu®*
(18.75 uM), PPi (218125 pM) and Mg?* (0.1 pM). After a brief
mixing (1 min), the fluorescence spectra of the mixture were
recorded respectively.

3. Results and discussion
3.1. Synthesis and characterization of Glo@Au NCs
Fig. 1A presents a typical transmission electron microscopy

(TEM) image of the prepared Glo@Au NCs, revealing that they are
spherical with good monodispersity. Moreover, the well-resolved
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Fig. 1. (A) Typical TEM image of the Glo@Au NCs, inset displays the HRTEM image and size distribution histogram of the Glo@Au NCs. (B) AFM image (2D) of the Glo@Au NCs (C)
AFM image (3D) of the Glo@Au NCs. (D) Absorption spectra (blue line) and emission (red line) spectra of the Glo@Au NCs, inset shows photographs of the Au NCs under sunlight
(left) and 365 nm UV light illumination (right). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

lattice planes with a spacing of ~0.23 nm (corresponding to the d-
spacing of the {111} crystal plane of Au) in the HRTEM image (inset
in Fig. 1A) shows the prominent crystalline structure of the Glo@Au
NCs, which is in accordance with the previous report [23]. The
diameter histogram in the inset in Fig. 1A, calculated by measuring
more than 100 particles in the TEM image, shows that the Glo@Au
NCs have an average size of about 1.76 nm. Fig. 1B and C shows the
typical two-dimensional and three-dimensional AFM image of the
monodispersed Au NCs on freshly cleaned mica surfaces, the
topographic morphology with small spherical dots and cross-
sectional heights of the Au NCs were consistent with our TEM
data. The prepared Glo@Au NCs shows a broad absorption band in
the UV region and the absence of plasmon resonance bands of
larger Au nanoparticles in the visible region, suggesting the suc-
cessful formation of Au NCs (Fig. 1D). Additionally, the fluorescence
emission was also investigated to confirm the formation of Glo@Au
NCs. As shown in Fig. 1D, the prepared Glo@Au NCs, with a quan-
tum yield (QY) of 5.6% (calibrated with rhodamine B as the refer-
ence), exhibit strong red fluorescence with an emission maximum
at 650 nm.

In order to obtain additional information about the Glo@Au NCs,
XPS was carried out and the results are shown in Fig. 2A. The
binding energy of the Au 4f5;; and Au 4f;); peaks are 84.13 and
87.83 eV, respectively, indicating that both Au® and Au* exist in the
Glo@Au NCs [24]. Moreover, the Au(l) surrounded on the surface of
gold core is beneficial for the stabilization of the Au NCs [25], and it
is proved that the Glo@Au NCs are relatively stable and the fluo-
rescence quenching only occurred slightly after two months of

storage in darkness at 4 °C (Fig S1A, see Supporting Information). In
addition, they also have high stability under various pH values,
different concentrations of NaCl and various temperatures (Fig S1B
to D, see Supporting Information). Moreover, the S 2p3/2 peak at
163.1 eV (Fig. 2B) corresponding to a gold thiolate again confirms
the covalent interaction of AuNCs with the sulfhydryl group of Glo
[26]. It is noteworthy that the typical peak representing oxidized
sulfur (at about 168 eV) is absent from the S(2p) region in
Glo@AuNCs, suggesting that this approach used here was gentler
for preparing Glo@AuNCs [27].

Consistent results were obtained in XRD measurements. The
structures of the Glo@Au NCs were then examined by XRD mea-
surements. As shown in Fig. 2C, four additional diffraction peaks
emerged at 20 = 38.1°,44.2°, 64.7°, and 77.8°, which are in keeping
with the (111), (200), (220) and (311) diffractions of fcc gold (JCPDS
75-2870) [28]. Comparison of the IR spectra of globulin and Glo@Au
NCs demonstrates that the functionalization of Glo to AuNCs led to
a shift of the peak corresponding to the amide in Glo at wave
numbers from 1656 to 1664 cm™! (Fig. 2D). Such shift is possibly
related to a modification of the structure of the protein backbone
primarily because of the interaction of Glo and Au. Additionally, the
IR spectra of Glo@AuNCs shows the characteristic bands for pri-
mary amines at 1531 cm~! and 3306 cm™, C-H vibration band at
2958 cm™ !, indicating the presence of Glo in the prepared Glo@Au
NCs (Fig. 2D). Furthermore, a systematic study was performed to
investigate the optimal conditions (e.g. the concentration of
HAuCly, NaOH and globulin, respectively) for preparing the highly
fluorescent Glo@Au NCs. As shown in Fig S2, an optimal
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Fig. 2. (A) Au 4f electron region of the XPS of the Glo@Au NCs. (B) S 2p electron region of the XPS of the Glo@Au NCs. (C) XRD patterns of the Glo@Au NCs. (D) Infrared spectroscopy

of the globulin and the as-prepared Glo@Au NCs.

composition of 10 mM HAuCly, 1.0 M NaOH and 50 mg/mL of
globulin generates the highest red emission of the Glo@Au NCs.

3.2. Principle of the dual-functional biosensor

A highly sensitive dual-functional biosensor for PPi and PPase

activity detection was developed inspired by the competitive
binding of Cu?* between fluorescent Glo@Au NCs and PPi, accom-

panied by a fluorescence turn off-on-off process (Scheme 1). As
shown in Fig. 3, the red fluorescence of the Glo@Au NCs (1/100)
could be immediately quenched in the presence of Cu®* (18.75 pM),

which may be resulted from the coordination of Cu?* with the

X

*

Scheme 1. Schematic representation of the ultrasensitive biosensor based on the competitive binding of Cu?>* between Glo@Au NCs and PPi.
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Fig. 3. Fluorescence emission spectra and photographs (inset) under UV light of the
Glo@Au NCs (a), Glo@Au NCs + Cu?* (b), Glo@Au NCs + Cu®>* + PPi (c), and Glo@Au
NCs + Cu®* + PPi + PPase (d) in PBS (pH 7.4).

carboxyl group of globulin, and the formation of Glo@Au NCs-Cu?*
complexes. Thus, effective charge transfer from Glo@Au NCs to
Cu®* was built and the Au-S charge transfer in the interface of the
Glo@Au NCs would be blocked [29,30]. Nevertheless, the fluores-
cence could be partially recovered within seconds by the addition

of PPi (218.125 pM), as PPi would preferentially bind to Cu?* with
higher affinity, and effectively recapture the Cu?* from the surface
of the Glo@Au NCs [31,32]. Therefore, the quantitative detection of
PPi could be realized based on the fluorescence signal recovery.
Finally, PPase was introduced into the solution containing Glo@Au
NCs-Cu®*-PPi to catalyze the hydrolysis of PPi to Pi (which is unable
to complex with Cu?*), allowing the release of Cu®>*. Therefore, the
free Cu?* will bind to Glo@Au NCs and cause the fluorescence
quenched again. Based on this mechanism, a real-time ultrasensi-
tive dual-functional biosensor for PPi and PPase activity detection
was established.

3.3. PPi and PPase activity detection based on the dual-functional
biosensor

Firstly, conditions for PPase assay, including the added amount
of Cu>* and PPi were optimized. As shown in Fig. 4A and B, the
fluorescence of the Glo@Au NCs (1/100) was gradually quenched
with the increasing concentration of Cu?* (0—37.5 uM). In the
presence of 18.75 uM Cu?*, approximately 90% of the initial fluo-
rescence intensity of the Glo@Au NCs (1/100) was quenched, and
this Cu®* concentration was then adopted in the following exper-
iments. Subsequently, the fluorescence intensity of the system
could be gradually restored after the addition of different concen-
trations of PPi (Fig. 4C). An excellent linear correlation (R* = 0.9942)
exists based on the fluorescent recovery effects (I/Iy) on the
quencher concentration of PPi over the range from 0.05 to
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Fig. 4. (A) Fluorescence emission spectra of the Glo@Au NCs with the addition of different Cu>* concentrations increasing from 0 to 37.5 uM. (B) Relative fluorescence intensity (I/lo
at 650 nm) for Glo@Au NCs versus the Cu?* concentrations. (C) Fluorescence emission spectra of the Glo@Au NCs-Cu?>* complexes with addition of different PPi concentrations
increasing from 0 to 3490 uM. (D) Relative fluorescence intensity (I/lo at 650 nm) for Glo@Au NCs -Cu®* versus the PPi concentrations. Inset: expanded linear region. Measurements

were carried out by using Glo@Au NCs (1/100) in 10 mM PBS (pH 7.4).

j.aca.2016.12.026

Please cite this article in press as: S. Xu, et al., A novel dual-functional biosensor for fluorometric detection of inorganic pyrophosphate and
pyrophosphatase activity based on globulin stabilized gold nanoclusters, Analytica Chimica Acta (2017), http://dx.doi.org/10.1016/




6 S. Xu et al. / Analytica Chimica Acta xxx (2017) 1-8

ﬁ [PPase] (mU)
S 0
© 0.1 Y=0.971-0.036X
> S 1
s Z§ R=0.9915
] 4.0 )
£ g.g =
= #6.0
[+ ]
O
7]
e
e
b 9
600 650 700 750 0 2 4 6 8
Wavelength (nm) [PPase] (mU)
C
0.24
Blank HSA Lys Try Tf GSH Thr Gla Ser ppase Al
=
s 0.04
=
= .
S
= .0.2 -
=
3 |
3
S -0.4 -
[~
S T
= -0.6
o
-0.8

Fig. 5. (A) Changes in the emission spectrum of Glo@Au NCs (1/100) containing Cu®* (18.75 uM), PPi (218.125 uM) and Mg?* (0.1 uM) after adding PPase in different concentrations.
(B) Plot of the relative fluorescence intensity versus the PPase concentrations. (C) Relative fluorescence intensity (I/Io at 650 nm) of Glo@Au NCs (1/100) containing Cu?* (18.75 uM),
PPi (218.125 pM) and Mg?* (0.1 uM) after adding the control biomolecules only (2.0 pg/mL proteins or 1 pM GSH), and coexistence of 10 mU PPase (red columns) at room tem-
perature. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

218.125 puM. The detection limit is found to 0.02 uM (Fig. 4D) using
30/S method (where s is the standard deviation of the blank signal
and S is the slope of the linear calibration plot [33]), which is lower
than the recent reports [34,35]. And this linear relationship be-
tween the fluorescence intensity ratios of the Glo@Au NCs (1/100)
and the concentrations of PPi would be beneficial to the subsequent
real-time and quantitative PPase activity assay. Hence, 218.125 pM
PPi was chosen as the optimum concentration for PPase activity
assay.

The activity of PPase was monitored using Glo@Au NCs (1/100)
in 10 mM PBS (pH 7.4) containing Cu®* (18.75 pM), PPi (218.125 uM)
and Mg?* (0.1 uM) as the standard assay solution. Related reactions
were recorded by fluorescence emission spectroscopy after adding

Table 1
Detection results of PPase in human serum.

different activity units of PPase at room temperature. As shown in
Fig. 5A, the emission intensity at 650 nm is gradually reduced with
increasing the PPase concentration. A linear correlation was ob-
tained based on the quenching effects (I/Ip) on the quencher con-
centration of PPase over the range from 0.1 to 8 mU. The detection
limit is found to 0.04 mU (Fig. 5B) using 35/S method (where s is
the standard deviation of the blank signal and S is the slope of the
linear calibration plot [32]), which is significantly lower than that of
most previously reported methods [7,36].

In addition to good sensitivity, highly special response to the
analyte over potentially competing species is also a requirement for
an assay in biomedical and environmental systems. Therefore, the
selectivity of the dual-functional biosensor to PPase over other

Sample Spiked amount (mU) Detected amount (mU) Recovery (%) RSD (%),n=5
1 0 0.02 - —

2 2.0 2.03 + 0.05 101.50 2.46

3 4.0 4.14 + 0.04 103.50 0.97

4 8.0 7.86 +0.12 98.25 1.53
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potential coexistent biocomponents such as 2.0 pug/mL of HSA, Lys,
Try, Tf and 1 uM of GSH, Thr, Gla and Ser were investigated in
control experiments. As shown in Fig. 5C, these potentially coex-
isted biological components had minor or negligible quenching
effects on the fluorescence intensity, even the added concentration
of the control proteins (2.0 pg/mL) is much higher than the amount
of PPase in the assay. These results revealed that this dual-
functional biosensor had high sensitivity and excellent selectivity
toward PPase.

3.4. Detection of PPase in human serum

To further explore the potential practical application of this ul-
trasensitive dual-functional biosensor, the recovery rates of
different concentrations of PPase in human serum were detected.
We selected three final PPase concentrations (2, 4, and 8 mU),
which are in the liner range from 0.1 to 8 mU for the real sample
test. As shown in Table 1 in the supporting information, the re-
coveries were acceptable, ranging from 98.25 to 103.50%, indicating
great potential of this bioassay for quantitative determination of
PPase in human serum samples.

4. Conclusions

In summary, Glo@Au NCs with unique optical properties have
been synthesized and characterized in detail. With the assistance
of competitive coordination between Cu?* and PPi, we have
established a simple and novel fluorescent bioassay for PPase ac-
tivity detection with a super high sensitivity and ultralow detec-
tion limit (0.04 mU), which is superior to previous reports.
Moreover, combining the enzymatic hydrolysis reaction with the
off-on-off fluorescent sensing mechanism, the dual-functional
biosensor is highly selective and can be successfully applied to
the quantitative determination of PPase in human serum samples.
It is expected that the present work may not only offer a general
route for the synthesis of protein templated fluorescent Au NCs,
but also accelerate the development of competitive fluorescent
biosensors.
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