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ARTICLE INFO ABSTRACT

Developing monitoring technique for alkaline phosphatase (ALP) is crucial due to the important role it plays in
living cells. Here, a kind of biocompatible glutathione-modified CuGaS,/ZnS quantum dots (GSH-CGS/ZnS QDs)
was used as a fluorescent substance and then fabricated “turn-off” fluorescent biosensor for detection of ALP by
help of inner filter effect (IFE). Firstly, we prepared CuGaS,/ZnS (CGS/ZnS) QDs using solvothermal method and
explored the efficient ligand (GSH) exchanges strategy for transferring oil-soluble CGS/ZnS QDs to aqueous
phase. More importantly, we also explored the potential biological applications of the nanohybrid QDs. The
obtained GSH-CGS/ZnS QDs emitted strong yellow fluorescence with the maximum excitation (400 nm) and
emission (601 nm). Then, GSH-CGS/ZnS QDs were mixed with p-nitrophenylphosphate (PNPP) and ALP. PNPP
could be hydrolyzed to p-nitrophenol (PNP) by help of catalysis of ALP, and the excitation spectrum of the GSH-
CGS/ZnS QDs overlapped well with the absorption spectrum of PNP, so the fluorescence of GSH-CGS/ZnS QDs
was initially quenched via the so-called “IFE”. Finally, a novel “turn-off” biosensor for sensitive detection of ALP
in the range of 0.05-10 U L. ~*(R? = 0.98) with a detection limit of 0.01 U L.~ ! was successfully obtained. Results
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indicated that I-III-VI, nanocrystals have great potential for their promising biomedical application.

1. Introduction

Over the past years, quantum dots (QDs) are very promising semi-
conductor nanomaterials due to their excellent optical properties.
Unlike those traditional organic dyes, QDs show unique advantages in
biological applications, such as bright and size-tunable fluorescence
properties, resistance to photobleaching and large stokes shift [1-4].
However, most of semiconductor nanocrystals are toxic which has
limited their clinical application in the biological field [5-8]. Many
researchers have confirmed that these toxic compounds can be degrade
and released into the human body environmental. For this reason, the
cadmium (Cd)-free QDs based on III-V or I-III-VI, materials has been
actively studied [9,10].

Recently, the solvothermal method and hot injection techniques
have been adopted to synthesis I-III-VI, QDs. Ternary group I-III-VI,
semiconductor materials include AgInS, [11], CulnS, [12] and CulnSe,
[13] have been widely investigated. These materials have tunable
emission and less toxicity, which make them promising alternatives for
biological field [14,15]. To date, many interesting CuGaS,

nanostructures have been designed and prepared by different methods
[16-24]. Yang et al. reported the synthesis of non-Cd core/shell
structural CGS/ZnS QDs with strong photoluminescence (PL) emission,
and investigated their application for lighting source [24]. Despite of
many achievements from these studies, most of the researches focused
on lighting source or solar energy conversion of CuGaS, nanomaterials.
To the best of our knowledge, the CuGaS, QDs are rarely used in bio-
logical applications due to their weak fluorescent properties and hy-
drophobic surface. Therefore, it is important to synthesize water-so-
luble CuGaS, QDs with good fluorescence properties for biomedical
applications.

Alkaline phosphatase (ALP) is regarded as an important indicator
for many diseases, including breast cancer, bone disease and liver dis-
ease [25-27]. Recently, ALP enzyme activity has been analyzed by
several methods, such as colorimetric [28], chemiluminescence (CL)
[29] and surface enhanced Raman scattering (SERS) [30-32] methods.
However, these methods have some drawbacks such as high toxicity
and complicated instruments, which limits their practical application.
Therefore, it is necessary to find a facile and nontoxic way for sensitive
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detection of ALP. Fluorescence assay has attracted much attention be-
cause of simplicity, short detection time and high sensitivity [33,34]. In
this work, we prepared the CGS/ZnS QDs (Cu/Ga = 1/1) based on
previously reported and slightly changed the synthetic path to obtained
more uniform nanoparticles. Then, we transferred CGS/ZnS QDs from
the organic phase to water phase by ligand exchange with 3-mercap-
topropionic (MPA) and GSH for the first time [35]. After phase transfer,
the obtained GSH-CGS/ZnS QDs were hydrophilic and their good
fluorescence property was maintained (maximum excitation (400 nm)
and emission (601 nm)), and then they were employed to prepare “turn-
off” fluorescent biosensor for ALP analysis based on inner filter effect
(IFE) [36]. In our case, when ALP was introduced, p-nitrophenylpho-
sphate (PNPP) was hydrolyzed to p-nitrophenol (PNP) whose absorp-
tion spectra overlapped well with the excitation spectra of the prepared
GSH-CGS/ZnS QDs, so the fluorescence of GSH-CGS/ZnS QDs was in-
itially quenched by PNP, this process was called “IFE”. Due to IFE, the
fluorescence intensity of GSH-CGS/ZnS QDs was obviously weakened.
Based on this strategy, a “turn-off” sensor for sensitive detection of ALP
was developed successfully.

2. Materials and methods
2.1. Materials

Gallium(III) nitrate hydrate (Ga(NOs)3xH,0, 99.99 %), cupric
acetate anhydrous (Cu(Ac),), =98 %), oleylamine (OLA, 90 %), 1-oc-
tadecene (ODE, 90 %), Sublimed sulfur (S, 99.5 %), 3-mercaptopro-
pionic (MPA, 99 %) and N,N-dimethylformamide (DMF, =99.9 %)
were obtained from Aladdin. Oleic acid (OA, 90 %) and L-glutathione
reduced (GSH, 98 %) were purchased from Sigma-Aldrich. N-dodeca-
nethio (DDT) was available from Shanghai Lingfeng Co., Ltd. 3-(4,5-
dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) was ac-
quired from Sangon Biotech (Shanghai) Co., Ltd.

2.2. Apparatus and measurements

The fluorescence spectra were collected with a fluorescence spec-
trophotometer (Hitachi F-4600) equipped with an excitation source of
Xenon lamp. The UV/Vis spectra were obtained from a spectro-
photometer (Varian Cary 50). The morphologies and size of QDs were
characterized by transmission electron microscopy (TEM, HITACHI H-
7650, 120 kV). X-ray diffraction (XRD) measurements were recorded on
a Bruker D8 Advance X-ray diffractometer with Cu Ka (A =1.5418 10\).
The fourier transform infrared (FTIR) spectra were obtained on a
Bruker Vector 22 FTIR in the range of 400-4000 cm ™! using KBr pel-
lets. Energy dispersive X-ray spectroscopy (EDS) measurements were
carried out on ultrahigh resolution field emission scanning electron
microscope (JSM-7600F), operating at an accelerating voltage of
10kV. X-ray photoelectron spectroscopy (XPS) measurements were
recorded on a Thermo VG Scientific ESCALAB 250XI electron spectro-
meter with a monochromatic Al Ka X-ray source (1486.6 eV photons).
Hydrodynamic diameter measurements of GSH-CGS/ZnS QDs were
recorded on a dynamic light scatter (DLS, Malvern NANO-ZS920).

2.3. Synthesis of CGS/ZnS QDs

CGS/ZnS QDs were prepared according to previously reported
procedures with a slight change [24]. Cu(Ac); (0.5mmol), (Ga
(NO3)3xH,0 (0.5 mmol) and 5 mL of OLA were added into a three-neck
flask reactor and degassed under vacuum at 140 °C for 30 min. Keep this
temperature, 0.5 mL of DDT was quickly injected into the reactor. The
mixture was then heated to 180 °C under an argon atmosphere. After
that, 2mmol S powder was dispersed in 2 mL of ODE at 190 °C, and
then swiftly added into the reactor at 180 °C for 10 min. Subsequently,
the solution which consisted of 4 mmol Zn(Ac),, 2 mL of DDT, 2 mL of
ODE and 4 mL of OA, was slowly introduced into the above solution and
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then the mixture was held at 230 °C for 2h. The resulting oil phase
products were purified after cooling by precipitation in ethanol and
cyclohexane.

2.4. Hydrophilic modification of CGS/ZnS QDs by ligand exchange

Typically, 20 mg of the dried CGS/ZnS QDs, 200 mg GSH, 2 mL MPA
and 3 mL DMF were mixed into a flask reactor. Then, the mixture was
stirred under the protection of argon at 130 °C for 45 min. After that,
the outcome GSH-CGS/ZnS QDs solution was washed by methanol, and
finally dispersed in water.

2.5. IFE-based fluorescent detection of ALP

10 uL of ALP with an activity ranging from 0 to 100 U L™' was
introduced into Tris-HCl buffer solution (pH 7.4), which consisted of
0.1 uyM MgSO,4 and 1 mM PNPP. Then the mixed solution was incubated
at 37 °C for 30 min, after that, 1 mL of GSH-CGS/ZnS QDs solution was
injected, and the fluorescence spectra at an excitation wavelength of
400 nm was investigated.

2.6. Cell imaging and cytotoxicity assays

The human breast cancer cells of MCF-7 were acquired from the cell
bank of Chinese Academy of Sciences (Shanghai, China) and cultured at
37 °C in high glucose DMEM supplemented with 10 % Fetal Bovine
Serum (FBS) in a 5% CO- environment. In a typical assay, GSH-CGS/
ZnS QDs (200 ug mL™!) were added into cell and incubated for 30 min.
Next, the GSH-CGS/ZnS QDs loaded cells were washed several times
and then PNPP (1 mM) was introduced into cells with an incubation
time of 1h and 2h, respectively. After each indicated time interval
incubation, the plates containing cells were taken out and rinsed by
sterile PBS several times, and then fresh serum free medium was added.
Fluorescent images of cells were obtained by a confocal microscope.

The cytotoxicity of the GSH-CGS/ZnS QDs was estimated by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) method.
MCF-7 cells were firstly incubated with GSH-CGS/ZnS QDs for 24 h in
96-well plates, MTT solution (5 mg mL 1) was introduced to each well
and incubated for 4 h. Finally, dimethylsulfoxide (DMSO, 100 uL) was
injected into each well. The cytotoxic effect of the GSH-CGS/ZnS QDs
was evaluated through the absorbance ratio of the GSH-CGS/ZnS QDs
treated sample versus the control sample.

3. Results and discussion
3.1. Preparation and characterization of CGS/ZnS QDs

The synthetic process was in accordance with the literature with
slight modification [24]. The oil-soluble CGS/ZnS QDs were trans-
formed into water-soluble by ligand exchange with MPA and GSH. TEM
image showed that CGS/ZnS QDs in cyclohexane were about 7—8 nm
(Fig. S1). After ligand exchange, the GSH-CGS/ZnS QDs were well se-
parated (Fig. 1(a)). Fig. 1(b) showed the results of the Dynamic light
scattering (DLS) measurements. The hydrodynamic diameter of GSH-
CGS/ZnS QDs was about 10 nm and very uniform.

XRD patterning showed that the CGS/ZnS nanocrystals matched
with the patterns of CuGaS, (JCPDS card No. 25-0279) and ZnS (JCPDS
card No. 77-2100) with well crystallization, respectively (Fig. 2(a)).
EDS measured data also confirmed that the black nanocrystals were
composed of Cu, Ga, Zn and S elements with a molar ratio of Cu : Ga
approaching 1:1 (Fig. 2(b)). To further clarify the structure and com-
position of CGS/ZnS QDs, the high-resolution XPS spectra were re-
corded in Fig. S2(a). The binding energy located at 932.5 and 952.2 eV
in Fig. S2(b), which attributed to the Cu 2p3/2 and Cu 2p1/2 of Cu (I),
respectively. The XPS peaks at 1119.2 and 1142.3 eV respectively from
Ga 2p3/2 and 2pl/2 of CGS/ZnS QDs in Fig. S2(c), indicating the
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Fig. 1. TEM micrograph (a) GSH-CGS/ZnS QDs. (b) The DLS measurement of GSH-CGS/ZnS QDs.

presence of Ga (III). The peaks showed at 161.4 and 162.3 eV in Fig.
S2(d) should be assigned to the S 2p3/2 and 2p1/2 peak, respectively.
The above results proved the successful synthesis of CGS/ZnS QDs.

Furthermore, the fluorescence spectra of the initial oil phase CGS/
ZnS and the resulting water-soluble GSH-CGS/ZnS QDs were shown in
Fig. 3(a). The maximum excitation of GSH-CGS/ZnS QDs was at
400 nm, and a corresponding emission was observed at 601 nm. Com-
pared to the oil phase CGS/ZnS, the emission peak had a tiny shift from
592 to 601 nm. The slight shift of emission peak can probably be at-
tributed to the moderate growth of the QDs after phase transfer [35].
From Fig. 3(a) (insert 1, 2), it can be clearly seen that the QDs were
successfully transferred into aqueous phase, which showed yellow
fluorescence under the irradiation of an ultraviolet lamp.

QDs were dispersed in water and deposition was not observed after
one week of storage at 4 °C. Moreover, the fluorescence intensity of
GSH-CGS/ZnS QDs had no significant change (Fig. 3b). Results in-
dicated the fluorescence stability of GSH-CGS/ZnS QDs was well
maintained, which the fluorescence property of samples is very im-
portant for their bioimaging application within the experimental con-
ditions.

The ligand exchange of the GSH-CGS/ZnS QDs was investigated by
FTIR (Fig. S3(a)). After ligand exchange, it was found that QDs had an
obvious sharp band at 1698 cm !, which could be attributed to the C=
O vibration from GSH [35]. For comparison, there was no obvious peak
at the same place in the FTIR spectrum of the CGS/ZnS QDs. Result
indicated ligand exchange was successfully performed on the surface of
QDs. As shown in Fig. S3(b), the GSH- CGS/ZnS QDs had zeta potential
of -12.2mV in deionized water, which was in consistent with the pre-
sence of a carboxyl group on their surface [35].

3.2. Detection of ALP activity by GSH-CGS/ZnS QDs based on inner filter
effect

Based on IFE principle, a simple and sensitive fluorescent assay for

ALP detection was proposed (Scheme 1). For the detection purpose, the
GSH-CGS/ZnS QDs were selected as fluorometric reporters, and PNPP
was chosen as ALP substrate, which can be catalytically converted to
PNP by ALP. It can be seen from Fig. S4 that the UV-vis absorption peak
of PNPP was at 304 nm. However, PNP had a strong absorption peak at
405 nm, which overlapped with the fluorescence excitation spectrum of
the GSH-CGS/ZnS QDs. Therefore, PNP might induce the fluorescence
quenching of GSH-CGS/ZnS QDs through IFE. Based on this, the con-
centration of ALP had a quantitative relationship with the fluorescence
intensity of GSH-CGS/ZnS QDs.

The UV absorption spectra of the ALP reaction systems with dif-
ferent ALP concentrations from 0 to 100 U L ™! were recorded (Fig. 4).
With the adding ALP concentration increased, the absorption intensity
of PNPP (at 304 nm) were gradually weakened and the absorption in-
tensity of PNP (at 405nm) were gradually enhanced. Furthermore,
PNPP had a maximum UV absorbance at 304 nm, which had no effect
on the excitation of GSH-CGS/ZnS QDs. It indicated that using GSH-
CGS/ZnS QDs as fluorometric reporter would not interfere with the
detection results of ALP.

As shown in Fig. S5, the fluorescence of GSH-CGS/ZnS QDs re-
mained unchanged when PNPP was introduced alone. However, when
ALP and PNPP were added simultaneously, PNPP can be catalytically
hydrolyzed to PNP, resulting in the fluorescence quenching of the GSH-
CGS/ZnS QDs. In addition, we also tested whether the presence of Na™*,
K*, Cl7, and L-Cysteine would affect the detection of ALP. It can be
seen from Fig. S5(b) that there was no effect on the detection of ALP
when Na™, K*, Cl7, and L-Cysteine was added respectively.

Further, different concentrations of ALP were introduced to 1 mL
GSH-CGS/ZnS QDs solution and incubated with PNPP, after that their
fluorescence was monitored. As shown in Fig. 5(a), the fluorescence
emission of GSH-CGS/ZnS QDs did not change when ALP was not added
into GSH-CGS/ZnS QDs solution incubated PNPP. After adding ALP into
the solution, the fluorescence intensity of the GSH-CGS/ZnS decreased.
Regularly decreased fluorescence intensities of GSH-CGS/ZnS QDs were
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Fig. 2. (a) XRD and (b) EDS spectra of CGS/ZnS QDs.
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Fig. 3. (a) Fluorescence spectra of CGS/ZnS QDs before and after
ligand exchange. (Insert: 1: Photographs of samples CGS/ZnS QDs
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Scheme 1. Specific detection process of ALP based on inner filter effect.
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Fig. 4. The changes of absorption spectra of PNPP (at 304nm) and PNP (at
405 nm) with presence of ALP.

recorded after adding different concentrations of ALP from O to 100 U
L™'. In the inset of Fig. 5(b), a good linear relationship was obtained
between the relative fluorescence intensity (Fo -F) and the ALP con-
centration in the range of 0.05-10 U L', where Fy and F are the
fluorescence intensity of the GSH-CGS/ZnS QDs in the absence and
presence of ALP, respectively. The liner fitting equation can be ex-
pressed as follows:

Fo — F = 101.23[ALP] + 140.297, U L1

The corresponding linear correlation coefficient was 0.98, and the
detection limit of ALP was as low as 0.01 U L™ on the basis of 38/k

in cyclohexane under UV light; 2: Photographs of samples GSH-
CGS/ZnS QDs in water under UV light); (b) The colloidal stability
of hydrophilic GSH-CGS/ZnS QDs at 4 °C for a week storage (SD,
n = 3).

6 7

(where & is the standard deviation of the blank signal and k is the slope
of the calibration curve), which was much lower than most of other
methods (Table 1).

3.3. Selectivity study

Selectivity is an important parameter for evaluating biosensor. To
investigate the specificity of the sensor based on GSH-CGS/ZnS QDs for
ALP, the PL emission effects of the sensor to proteins and enzymes
(including trypsin, immunoglobulin G (IgG), Glucose oxidase(GOx),
lysozyme, bull serum albumin (BSA), human serum albumin (HAS) and
phosphatase (1- (Prop-2-yn-1-yloxy) propan-2-ol(acid phosphatase,
AP)) were studied.

The values of fluorescence intensity ratio F/F, of the GSH-CGS/ZnS
QDs in the absence and presence of proteins, enzymes biomarker and
acid phosphatase were presented in Fig. 6. The results showed that no
any protein biomarker except ALP, which can significantly reduce the
F/F, value, indicating that the sensor had high selectivity for ALP. The
high selectivity of the sensor we proposed was mainly attributed to the
specificity catalysis of ALP to PNPP. In other words, the presence of
trypsin, IgG, GOx, lysozyme, BSA, HAS and AP did not affect the
fluorescent detection of GSH-CGS/ZnS QDs.

3.4. Fluorescence imaging in living cells

The cytotoxicity of GSH-CHS/ZnS QDs was assessed by MTT assay
for bioimaging application. Results indicated that the toxicity of GSH-
CGS/ZnS QDs to MCF-7 cells was not significant compared with the
control group (Fig. S6), even at high concentration (300 ug mL™"). In
addition, PNPP has not cytotoxicity, which has been proved by relevant
literature [41].

In order to further demonstrate the application of the sensor in
biological system, we used ALP-overexpressed MCF-7 cells to evaluate
the cell imaging ability of the GSH-CGS/ZnS QDs probe. Fig. S7 showed
the confocal brightfield images and the corresponding confocal fluor-
escence images in MCF-7 cells incubated with GSH-CGS/ZnS QDs.
Firstly, MCF-7 cells were incubated with GSH-CGS/ZnS QDs for 30 min.
The imaging of intracellular ALP was shown in Fig. S7(a) and (b). MCF-
7 cells without PNPP showed strong fluorescence under laser confocal
illumination. Then, with the time of the QDs-loaded cells incubated
with 1 mM PNPP was prolonged to 1 h and 2 h respectively, more PNPP
was hydrolyzed to PNP by ALP (Fig. S7(c)-(f)). Based on the IFE, only
the fluorescence of the cell itself was observed after the prolonged time
(Fig. S7(f)). The results clearly demonstrated that the probe we pro-
posed could offer the potential for sensitive detection of ALP.
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Fig. 5. (a) The emission intensity of GSH-CGS/
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Table 1
The sensitivity comparison of various analytical measures for detection of ALP.

Methods Linear range (U L™ %) LOD (UL™YH References

TizC2 QDs
Hemin/G-quadruplex
MoS, QDs

VS, QDs
CuGaS,/ZnS

0.1-2
0.1-5
0-5
3.0-1000
0.05-10

0.02
0.03
0.1

0.27
0.01

[37]
[38]
[39]
[40]
This work
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IgG TrypsinGOx Lysozyme HSA BSA AP ALP

Fig. 6. Intensity ratio F/F, of PL emission peak intensities of the biosensor to
different protein and enzymes biomarkers (Including trypsin, IgG, GOx, lyso-
zyme, BSA, HAS and AP) (SD, n = 3).

4. Conclusions

In this case, the water-soluble CGS/ZnS QDs obtained by efficient
ligand exchange with MPA and GSH could exhibit well-dispersed, good
stability and bright PL emission. The fluorescence intensity of GSH-
CGS/ZnS QDs can be significantly quenched by the conversion of PNPP
to PNP with the specific catalysis of ALP. Therefore, based on the IFE,
the hydrophilic GSH-CGS/ZnS QDs we synthesized were successfully
applied in the biomedical field for ALP detection, showing the ad-
vantages of high sensitivity and selectivity.
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