Journal Pre-proof .

SPECTROCHIMICA
ACTA

Fluorescent gold nanocluster-based sensor for detection of
alkaline phosphatase in human osteosarcoma cells

Hao-Hua Deng, Qi Deng, Ke-Lin Li, Qiong-Qiong Zhuang, Yu-
Bin Zhuang, Hua-Ping Peng, Xing-Hua Xia, Wei Chen

PII: S1386-1425(19)31265-X
DOI: https://doi.org/10.1016/j.saa.2019.117875
Reference: SAA 117875

Spectrochimica Acta Part A: Molecular and Biomolecular

To appear in: Spectroscopy

Received date: 19 October 2019
Revised date: 27 November 2019

Accepted

28 November 2019
date:

Please cite this article as: H.-H. Deng, Q. Deng, K.-L. Li, et al., Fluorescent gold
nanocluster-based sensor for detection of alkaline phosphatase in human osteosarcoma
cells, Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy(2019),
https://doi.org/10.1016/j.saa.2019.117875

This is a PDF file of an article that has undergone enhancements after acceptance, such
as the addition of a cover page and metadata, and formatting for readability, but it is
not yet the definitive version of record. This version will undergo additional copyediting,
typesetting and review before it is published in its final form, but we are providing this
version to give early visibility of the article. Please note that, during the production
process, errors may be discovered which could affect the content, and all legal disclaimers
that apply to the journal pertain.

© 2019 Published by Elsevier.


https://doi.org/10.1016/j.saa.2019.117875
https://doi.org/10.1016/j.saa.2019.117875

Fluorescent gold nanocluster-based sensor for detection of alkaline

phosphatase in human osteosarcoma cells

Hao-Hua Deng,** Qi Deng,” Ke-Lin Li,* Qiong-Qiong Zhuang,® Yu-Bin Zhuang,°
Hua-Ping Peng,** Xing-Hua Xia,” Wei Chen*?

% Higher Educational Key Laboratory for Nano Biomedical Technology of Fujian

Province, Department of Pharmaceutical Analysis, Fujian Medical University, Fuzhou

350004, China

® Fujian Key Laboratory of Drug Target Discovery and Structural and Functional

Research, School of Pharmacy, Fujian Medical University, Fuzhou 350004, China

¢ Laboratory Animal Center, Fujian Medical University, Fuzhou 350004, China
9 State Key Laboratory of Analytical Chemistry for Life Science and Collaborative
Innovation Center of Chemistry for Life Sciences, School of Chemistry and Chemical

Engineering, Nanjing University, Nanjing 210093, China
* Corresponding author. Tel./fax: +86 591 22862016.

E-mail address: chenandhu@163.com (W. Chen), phpfimu@126.com (H.P. Peng).

* Hao-Hua Deng and Qi Deng contributed equally to this work.



Abstract

Gold nanoclusters (AuNCs) have attracted much attention as signal transducers in
photoluminescence chemical/biological sensors. Herein, we employ bovine serum
albumin/3-mercaptopropionic acid co-modified AUNCs as a fluorescence probe, Fe**
as a quencher, and pyrophosphate as an alkaline phosphatase (ALP) substrate and Fe**
chelator to design a novel biosensor for ALP detection, achieving a detection linear
range of 0.8-16 U/L and a detection limit of 0.78 U/L. The developed method is
successfully applied to the detection of ALP in human osteosarcoma cells and is
shown to be suited for ALP inhibitor screening.

Keywords: Gold nanocluster; Fluorescence; Alkaline phosphatase; Human

osteosarcoma cells; Enzyme inhibitor

1. Introduction

Alkaline phosphatase (ALP, EC 3.1.3.1), a membrane-bound metalloenzyme, is
widely distributed in human tissues such as liver, bone, intestine, kidney, and placenta
[1, 2]. Under alkaline conditions, ALP can catalyze the hydrolysis of inorganic
pyrophosphate (PPi) to phosphate (Pi) and the de-/transphosphorylation of other
phosphate ester-containing molecules, thus playing an important role in cellular signal
transduction and cell cycle (growth and apoptosis) regulation. ALP is a widely used
biomarker for clinical diagnosis and therapy, as its abnormal expression is associated
with numerous diseases such as liver dysfunction [3], bone disease [4], and prostate
cancer [5]. Moreover, ALP is a widely used label in gene- and immunoassays for
nucleic acid, proteins, and drug monitoring. Therefore, the development of convenient,
sensitive, and selective ALP detection methods is a task of high significance [6-8].

Gold nanoclusters (AuNCs) are relatively stable molecular aggregates comprising
several to hundreds of gold atoms protected by an organic molecule layer [9]. As the
sizes of AUNCs are comparable to the Fermi wavelength of internal electrons, the
continuous energy level near the Fermi level splits into discrete energy levels to
endow these nanoclusters with physicochemical and photoelectric properties different

from those of nanoparticles, as exemplified by unique HOMO-LUMO transitions [10],
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magnetism  [11], optical isomerism [12], photocatalytic activity [13],
photoluminescence [14, 15], and electrochemiluminescence [16, 17]. Compared with
traditional fluorescent materials such as small-molecular organic fluorescent dyes,
quantum dots, and fluorescent proteins, AuNCs feature the advantages of high
photostability, adjustable fluorescence wavelength, good biocompatibility, and
preparation simplicity, and are therefore widely used for small molecule and protein
detection as well as for cell labeling and imaging [18-30].

In our previous work, 3-mercaptopropionic acid (MPA) and bovine serum albumin
(BSA) were employed as co-modifiers to prepare water-soluble BSA/MPA-AUNCs
with orange-yellow fluorescence [31], which was found to be effectively and
selectively quenched by Fe**. Herein, the combination of Fe**-induced quenching of
BSA/MPA-AUNC fluorescence and the PPi-triggered fluorescence recovery is used to
detect ALP in human osteosarcoma cells. The developed method is shown to be
suitable for the screening of alkaline phosphatase inhibitors and is concluded to have

great application prospects in biological research and clinical diagnosis.

2. Materials and methods
2.1. Materials and instruments

HAuUCI4-4H,0 and FeCls;-6H,O were purchased from Aladdin Reagent Co.
(Shanghai, China). BSA was obtained from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). MPA was acquired from Adamas Reagent Co. (Shanghai, China).
Sodium pyrophosphate and ALP were procured from Sigma-Aldrich (Shanghai,
China). Photoluminescence spectra were recorded on a Cary Eclipse fluorescence
spectrophotometer (Agilent, USA). Transmission electron microscopy (TEM) images

were acquired on a JEM-2100 microscope (JEOL, Japan).

2.2 ALP detection procedure
Tris-HCI buffer (pH 9.1; 10 mM, 100 pL) was treated with aqueous sodium
pyrophosphate (150 uM, 100 uL) and varying amounts of ALP, and the obtained

mixture was incubated at 37 °C for 30 min, treated with aqueous HAc (0.7 M, 180 pL)
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and BSA/MPA-AuUNCs-Fe** (120 uL), and incubated for 10 min at 37 °C. After the
reaction, the fluorescence intensity at 575 nm (Fs7s) was measured using an excitation

wavelength of 320 nm.

2.3. ALP detection in human osteosarcoma cells

Human bone osteosarcoma cells (Saos-2) were grown in McCoy’s 5A complete
medium supplied with fetal bovine serum (10%), streptomycin sulfate (100 U/mL),
penicillin G sodium (100 U/mL), and L-glutamine (2 mM) for 24 h at 37 °C. Triton
X-100 solution (0.01%, 100 pL) was added to each cell well, which was followed by
incubation on ice upon continuous shaking for 30 min. The cell lysate was centrifuged
at 12000 rpm for 10 min at 4 °C, and 100 uL of the supernatant was collected for the

ALP assay.

2.4. Evaluation of the inhibitory effect of NaF on ALP activity

NaF solutions (50 pL) of different concentrations were added to sodium
pyrophosphate (300 uM, 50 pL) and ALP (100 U/L, 100 pL) solutions, and the
mixtures were incubated at 37 °C for 30 min and treated with HAC (0.7 M, 180 uL)
and BSA/MPA-AUNCs-Fe** (120 uL). The Fszs (320-nm excitation) of the resulting

mixtures was measured after 10-min incubation at 37 °C.

3. Results and discussion
3.1. Principle of ALP biosensing

Highly fluorescent BSA/MPA-AUNCs were prepared according to a previously
published protocol [32] and had diameters of <2 nm (Fig. 1A). The colorless and
transparent BSA/MPA-AuUNC aqueous solution exhibited intense orange-yellow
fluorescence under irradiation with ultraviolet light (Fig. 1B), with maximum

excitation and emission wavelengths determined as 360 and 575 nm, respectively.
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Fig. 1. (A) Representative TEM image and (B) fluorescence spectra of
BSA/MPA-AUNC:s. Inset in (B) shows photographs of BSA/MPA-AUNCs in ambient

light (left) and UV light (right). The scale bar represents 5 nm.

In the presence of Fe®', the fluorescence of BSA/MPA-AUNCs significantly
decreased (turn-off) (Fig. 2), which was ascribed to the fact that the semi-full state of
the Fe 3d orbitals (4s°3d°) resulted in relatively high electron density and strong
electron-transfer ability [33]. Therefore, upon exposure to BSA/MPA-AUNCs, Fe**
rapidly bound to MPA, and the d-orbital electron transfer resulted in fluorescence
quenching [32]. The introduction of PPi resulted in the restoration of fluorescence
(turn-on) due to the competitive binding of PPi to Fe®*. In the presence of ALP, PPi
was hydrolyzed to release Fe®*, and the fluorescence was turned off. The conceptual

framework of the proposed ALP biosensor is shown in Scheme 1.
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Fig. 2. Fluorescence emission spectra of (a) BSA/MPA-AuUNCs, (b)

BSA/MPA-AUNCs + 10 uM Fe**, (c) BSA/MPA-AUNCs + 10 pM Fe** + 30 uM PPi,

and (d) BSA/MPA-AUNCs + 10 uM Fe®** + 30 uM PPi + 40 U/L ALP.,
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Scheme 1. Schematic illustration of fluorescent ALP biosensing based on

BSA/MPA-AUNCSs and an enzyme-triggered reaction.

3.2. Optimization of detection conditions

After proving the feasibility of our method, we optimized assay conditions. First,
the effect of Fe** concentration on the emission performance of BSA/MPA-AUNCs
was investigated. As shown in Fig. 3A, Fss decreased with increasing Fe®*
concentration, reaching a plateau at 10 uM, which was therefore chosen as the optimal
Fe®* concentration. Next, we optimized the concentration of sodium pyrophosphate.

As can be seen from Fig. 3B, Fs5 increased with increasing sodium pyrophosphate
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concentration, saturating at concentrations higher than 30 pM. Therefore, the

optimum concentration of sodium pyrophosphate was chosen as 30 uM.
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Fig. 3. Dependence of Fss on the concentrations of (A) Fe** and (B) sodium
pyrophosphate. The concentration of BSA/MPA-AuUNCs is 0.2 mM (based on Au

content).

3.3. ALP assay performance

The performance of the proposed biosensor was investigated for various concentration
of ALP under optimized conditions. Fs75 decreased with increasing ALP concentration,
and this decrease was found to be linear in the ALP concentration range of 0.8-16 U/L
(Fig. 4A). The limit of detection (LOD = 3S/K, where S is the standard deviation of
the blank signal and K is the slope of the standard curve) was calculated as 0.78 U/L.
A relative standard deviation (RSD) of 1.19% was obtained from six replicated
measurements of a 2 U/L ALP sample, which was indicative of good reproducibility.
Table S1 summarized some fluorescent approaches for ALP determination. It can be
seen that our method is more sensitive than most listed methods.

The presence of complex proteins in biological systems results in a high demand
for selectivity improvement through the use of enzyme-triggered reactions in
biological and clinical applications. To evaluate the specificity of the proposed
fluorescent ALP biosensor, eight common enzymes (proteinase K, catalase, glucose

oxidase, horseradish peroxidase, lysozyme, urease, acetylcholinesterase, and
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superoxide dismutase) were investigated. As shown in Fig. 4B, these enzymes caused
no obvious fluorescence change despite being present at levels exceeding that of ALP

10- to 100-fold, which was indicative of good selectivity for ALP.
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Fig. 4. (A) Linear relationship between Fszs and ALP concentration. (B) Selectivity of
the ALP sensing system. The order of 1-10 corresponds to blank, alkaline
phosphatase (ALP), proteinase K, catalase, glucose oxidase, horseradish peroxidase,
lysozyme, urease, acetylcholinesterase, and superoxide dismutase. The concentration
of alkaline phosphatase equaled 20 U/L, that of acetylcholinesterase equaled 200 U/L,
and those of other enzymes equaled 2000 U/L.

3.4. ALP assay in human osteosarcoma cells

As ALP is a ubiquitous intracellular enzyme, and its activity is an indicator of
osteoblast differentiation, this enzyme is widely used in the clinical research of bone
metabolism abnormalities and osteopathy. Therefore, the quantitative detection of
intracellular ALP activity is of high clinical significance. However, because of the
influence of cell culture medium, cell density, cell state, and cell lysate, the detection
of intracellular ALP activity is more demanding than that of serum. To verify the
applicability of the developed method to complex sample analysis, it was used to
determine the level of ALP in Saos-2 human osteosarcoma cells, and the results were
shown to be well linearly correlated (r=0.991) with those of the p-nitrophenyl

phosphate (PNPP) method (Fig. 5). Notably, the difference of measured ALP
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concentration between the two approaches is ascribed to the different Kinetic
parameters of ALP towards PPi and PNPP. In a further spike-in recovery experiment,
quantitative detection of ALP was achieved with an acceptable recovery of
90.5-111.4% (Table 1) and an RSD of <5%, which showed that the developed method
is suitable for the detection of ALP in complex biological samples and exhibits

satisfactory accuracy and precision.
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Fig. 5. Correlation between BSA/MPA-AUNCs (x-axis) and PNPP (y-axis) methods

for the determination of ALP content in Saos-2 cells.

Table 1. Results of the spike-in recovery experiment for ALP quantitation in Saos-2

cells.
Spiked (U/L) Found (U/L) Recovery (%) RSD (%, n=4)
0 2.5 - -
2 4.7 1114 1.95
4 6.1 90.5 2.94
5 7.1 91.3 3.37

3.5. Screening of ALP inhibitors

In view of the importance of enzyme inhibitor research for drug design, the
9



developed biosensor was employed to evaluate ALP inhibitor. As NaF is a common
inhibitor of ALP [34], it was chosen as the target to verify the applicability of the
enzyme inhibitor screening procedure. NaF was pretested for its effect on the
fluorescent intensity of our assay system. It was found that NaF can not cause any
significant change in the fluorescent intensity of BSA/MPA-AuUNCs-Fe**-PPi mixture
(Fig. S1). Fig. 6 shows that ALP activity progressively decreased with increasing NaF
concentration, with the half-inhibitory concentration determined as 0.52 mM. These

results indicate that the sensing system is suited for ALP inhibitor screening.
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Fig. 6. Effect of NaF concentration on ALP inhibition efficiency.

4. Conclusion

Herein, we designed a fluorescence ALP sensor using PPi as a substrate, and Fe®*
as an effective quencher of BSA/MPA-AuUNCs fluorescence. The Fe**-induced
quenching of BSA/MPA-AUNCs fluorescence in combination with specific Fe**-PPi
binding ability and the degradation of PPi by ALP allowed for ALP quantitation based
on the turn-off-on-off signal as a readout. The developed method was successfully
applied to the detection of ALP in human osteosarcoma cells and the study of the
inhibitory effect of NaF on ALP activity. Therefore, the developed biosensor was

concluded to have a broad range of potential applications in biological research, drug
10



discovery, and clinical medicine.
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Highlights
e Alkaline phosphatase detection in human osteosarcoma cells.
® BSA/3-mercaptopropionic acid co-modified AuNC as a fluorescence probe.
o Fe*"-induced quenching of BSA/MPA-AuNC fluorescence.

® Pyrophosphate as an alkaline phosphatase substrate and Fe** chelator.
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