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Alkaline phosphatase (ALP) is an important biomarker for many diseases. Therefore, the sensitive and
accurate detection of ALP activity is essential for fundamental biochemical processes and clinic
diagnosis. Herein, we design a fluorescent on—off—on switch for sensitive and visual detection of ALP
activity. Meanwhile, mass barcode-modified quantum dots (QDs) amplified the LC-MS/MS detection
signal in complex biological samples. Firstly, the QDs were modified with phosphorylated Gly-Gly-Phe-
Phe-Tyr (OPOszH,) peptide (GGFFYp) and the mass barcode. The fluorescence of QDs-SS-Yp was
quenched by fluorescence resonance energy transfer (FRET) between QDs-SS-Yp and dansyl chloride
(DNS). ALP can hydrolyze the phosphorylated peptide to form peptide self-assemblies on the QDs-SS-Yp
surfaces. The effective separation distance between the QDs-SS-Yp donor and DNS acceptor becomes
larger, restricting FRET between the QDs-SS-Yp and DNS. At this point, the obvious QDs-SS-Yp
fluorescence signal can be restored. However, the absence of ALP results in no peptide self-assembly on
the QDs-SS-Yp surface and no obvious QDs-SS-Yp fluorescence signal was detected. Therefore, the

ALP activity can be analyzed according to the degree of fluorescence restoration by the fluorescence
Received 20th August 2018 ff itch. Finally, the small tag molecules obtained by cleaving the disulfide bond of the QD
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SS-Yp as a mass barcode were used to amplify the LC-MS/MS detection signal. The proposed approach

DOI 10.1039/c8ra06973e shows a good linear relationship (from 0.01 to 2.4 U L™) and has the significant advantage of a low
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1. Introduction

As a membrane-bound enzyme, alkaline phosphatase® (ALP) is
widely used as an important biomarker in clinical diagnos-
tics.> An abnormal level of ALP in human serum is closely
related to many diseases, such as cancer, bone disease, liver
dysfunction, and diabetes.® Therefore, sensitive and accurate
ALP determination is important. To date, a variety of methods
for ALP detection have been reported, including spectroscopy
(SERS), colorimetry, fluorometry, surface-enhanced Raman
surface plasmon resonance (SPR), electrochemistry, isotopic
labeling and chromatography.*” Although these methods use
different techniques, they usually have some drawbacks. For
example, traditional colorimetric and fluorescent methods
based on organic dyes have poor photostability and water
solubility, and are expensive,® while, electrochemistry and
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isotopic labeling methods based on conjugated poly-
electrolytes have complicated synthetic, purification, and
modification procedures, which affect ALP activity.” Further-
more, in most cases, ALP is expressed at a low abundance level
naturally in biological systems, so the detector signal for ALP
levels has been affected by interference in human serum.*
Many of these reported methods have not been sensitive or
selective enough to accurately detect ALP levels in biological
samples, which greatly limits their practical application in
bioassays, quantitative assessment, and medical diagnosis.™
Therefore, it is necessary to develop an ALP activity monitoring
method with highly amplified sensitivity, improved selectivity,
and reduced sample consumption for limited sample
quantities.*?

Recently, nanomaterial-based signal amplification
methods have attracted increased interest for highly sensitive
and selective ALP detection. Semiconductor quantum dots
(QDs)** possess excellent properties, such as good photo-
stability, long fluorescence lifetime, broad excitation band,
large Stokes shifts, narrow and size-tunable emission spectra,
high quantum yield (QY), and large single-QD surface area for
modification.™ Therefore, QDs have been used for multicolor
imaging, optical barcoding, and multiplex analysis through
different sensing mechanisms. Many QDs (CdTe, CdS, CdSe,
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and CdSe-ZnS) have been reported to detect ALP activity due to
their simplicity, sensitivity, and convenience."® However, the
high biotoxicity of Cd** restricts its applications in biosensing
and bioanalysis. Ag or Au nanoclusters'® are used to detect ALP
activity with the assistance of Cu®**, which has poor optical
stability in biosystems. Carbon dots'’, a new kind of fluores-
cent nanomaterial, have been widely used in drug delivery,
bioimaging, biosensing, and photocatalysis owing to their
biocompatibility and aqueous solubility.”®* However, an
extremely low fluorescence quantum yield (lower than 2.2%)
and lengthy preparation process have limited their further
biomedical applications."” Heteroatom doping*® (Cu-doped
CdS, Mn-doped ZnS, and nitrogen doping) could have poten-
tial in bioanalysis studies owing to photostability and tunable
fluorescent properties. However, doping poses several chal-
lenges, including sophisticated synthetic processes, organic
reaction facilities, and discrimination against interference.”*

Mass spectrometry (MS)*? is another promising analytical
technique for bioanalysis owing to its sensitivity, high
throughput, and easy automation. Matrix-assisted laser
desorption ionization-time-of-flight>® (MALDI-TOF) MS
coupled with soft ionization can detect molecular ion peaks of
biomolecules, such as proteins, peptides, and polymers, with
minimum fragmentation. However, MALDI-TOF MS still has
some problems, such as heterogeneous cocrystallization with
analytes, interference in the low mass region (m/z < 500),
insufficient sensitivity for detecting low abundance analytes,
and difficulty in finding appropriate matrix compositions.
Therefore, MS-based signal amplifying strategies have been
developed. MS signal amplification based on mass barcodes®*
is widely used in kinase activity analysis, DNA assays, immu-
noassays, protein quantitative assessment, and tissue
imaging. Mass barcodes are mass-sensitive enhancement
reagents or small tag molecules that are easily detected by MS.
Mass barcodes usually conjugate with the target biomolecules
to amplify their MS signal.?®

Based on the above analysis, we proposed a fluorescent on-
off-on switch® for sensitive and accurate detection of ALP
activity and amplified signal detection of mass barcode-
modified QDs by LC-MS/MS and tested this approach in
complex biological samples. Firstly, the mass barcode and

Mass barcode

R 4

LC-MS/MS

Selfassembly
Fig. 1 Schematic diagram of sensitive and accurate detection of ALP

activity using a fluorescence on-off-on switch and mass barcode
signal amplification.
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phosphorylated  Gly-Gly-Phe-Phe-Tyr (OPO3;H,) peptide
(GGFFYp) were sequentially conjugated with QDs. In the
absence of ALP, the fluorescence intensity of QDs-SS-Yp was
low (OFF state) owing to FRET between the QD-SS-Yp and DNS.
After ALP addition, the phosphate ester of phosphorylated
peptide was hydrolyzed by ALP and then formed a self-
assembly on the QD surfaces. The distance between the QDs-
SS-Yp donor and DNS acceptor became larger and restricted
FRET occurring between the QDs-SS-Yp and DNS. The highly
fluorescent signal of QDs-SS-Yp can then be measured (ON
state). Finally, the mass barcode was collected by cleaving the
disulfide bond of QDs-SS-Yp and used to amplify LC-MS/MS
detection signal (Fig. 1).

2. Experimental
2.1 Preparation of ZnSe QDs

ZnSe QDs were prepared according to our previous report
with modifications. In brief, NaHSe solution was prepared by
reacting Se powder (7.8 mg, 0.1 mmol) with NaBH, (14 mg,
0.4 mmol) in ultrapure water (1 mL) in an ice-water bath
under N, for 40 min, during which the black color changed to
colorless. ZnSO,-7H,O0 (87.7 mg, 0.4 mmol) and L-GSH
(151.7 mg, 0.4 mmol) were dissolved in ultrapure water (100
mL) and the mixture was adjusted to pH 10.5 using NaOH (1
M) and stirred at 30 °C under N, for 30 min. Next, the NaHSe
solution was rapidly injected into the above nitrogen-
saturated aqueous solution and reacted for 30 min at 30 °C.
The solution was then refluxed at 100 °C for 90 min. The
obtained transparent solution was purified by adding three
times the volume of anhydrous ethanol and centrifuging at
13 000 rpm for 10 min. The precipitate was collected and
dried overnight at 40 °C under vacuum. White or off-white QD
powder was obtained, redispersed in ultrapure water, and
stored at 4 °C until use.

2.2 Preparation of QDs-SS-Yp

The ALP-hydrolyzed phosphate ester reaction involved three
steps. Firstly, Fmoc-SS (9.5 mg, 0.02 mmol) was activated with
EDC (7.7 mg, 0.04 mmol) and NHS (9.2 mg, 0.08 mmol) in
methanol (500 uL) for 2 h at room temperature. QD solution (10
mL, 0.01 mmol) was then mixed with the above activated
solution and stirred gently for 12 h in the dark. The obtained
QDs-SS was purified by adding three times the volume of
anhydrous ethanol and centrifuging at 13 000 rpm for 10 min to
remove unreacted impurities. Secondly, QDs-SS (0.01 mmol)
was redispersed in ultrapure water (10 mL) and activated with
EDC (3.8 mg, 0.02 mmol) and NHS (4.6 mg, 0.04 mmol) at room
temperature for 2 h. GGFFYp peptide (13.4 mg, 0.02 mmol) was
then added and stirred for 12 h at room temperature while
avoiding light. The QDs-SS-Yp solution was filtered through
a dialysis tube (MWCO = 1000) to remove the free peptide and
other impurities. As-prepared QDs-SS-Yp was redispersed in
Tris-HCI buffer (10 mL, 10 mM, pH 7.4) and stored at 4 °C for
use.

This journal is © The Royal Society of Chemistry 2018
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2.3 ALP activity detection procedure

The detection procedure for evaluating our fluorescent approach
to ALP activity was as follows: A series of different concentrations
(0-2.4 U L") of ALP in Tris-HCI buffer solution (200 uL, pH 7.4)
containing QDs-SS-Yp (100 uL, 0.4 umol mL ™" final concentra-
tion), DNS (5 pL, 0.0167 ug mL™ " final concentration). The fluo-
rescence signal was measured after incubation at 37 °C for
30 min. The excitation wavelength was 310 nm and the emission
spectra scan range was 320-600 nm. The maximum emission
intensity of QDs at 385 nm and the maximum emission intensity
of DNS at 500 nm were used for data analysis.

2.4 LC-MS/MS signal amplification by mass barcode

A series of different concentrations (0-2.4 UL™") of ALP in Tris-
HCI buffer solution (200 uL) contained QDs (100 pL, 0.4 pmol
mL™" final concentration), DNS (5 pL, 0.0167 ug mL™" final
concentration). After incubation at 37 °C for 30 min, the self-
assembly complex was centrifuged for 3 min at 13 000 rpm
and carefully rinsed three times with washing buffer to remove
unassembled reactants. The precipitate was redispersed in
water (200 L) and incubated with TCEP (1 mM final concen-
tration) for 30 min at room temperature, which dissociated the
disulfide bonds of QDs and released the mass barcode. Mife-
pristone (10 pL, 1 pmol mL™" final concentration) as internal
standard (IS) and methanol (790 pL) were added to samples.
After vigorous shaking for 3 min, the mixture was centrifuged
for 10 min at 13 000 rpm and the supernatant was used for LC-
MS/MS detection.

Chromatographic separation and mass detection were per-
formed on an Agilent Technologies Series system (Agilent, USA)
using an ODS-2 column (2.1 mm x 150 mm, 5 pm, Hanbon,
China) with a mobile phase consisting of methanol and ultra-
pure water (80 : 20, v/v) at a flow rate of 0.4 mL min . The
autosampler temperature was kept at 8 °C and a 5 pL volume
was injected for LC-MS/MS analysis. The selected multiple
reaction monitoring (MRM) transitions were m/z 322.1 — 322.1
for the mass barcode and m/z 430.1 — 372.2 for the IS. The
fragmentor voltage values for the mass barcode and IS were 120
and 100 V, respectively. The collision energy sets for the mass
barcode and IS were 30 and 0 eV, respectively.

2.5 Human serum sample detection

Healthy adult volunteers gave informed consent and their blood
samples were collected for ALP activity detection. All experi-
ments were performed in accordance with the guidelines of the
Declaration of Helsinki, and experiments were approved by the
ethics committee at China Pharmaceutical University. ALP
solutions of different concentrations (0.05, 0.1, 0.6, 1.0 and 1.8
U L") were added into the 1% diluted human serum. The
detection procedures outlined in Sections 2.3 and 2.4 were used.

3. Results and discussion
3.1 Characterization of QDs-SS-Yp

The optical properties and composition of QDs-SS-Yp were
further investigated by UV-vis absorption, fluorescence

This journal is © The Royal Society of Chemistry 2018
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spectroscopy (FL), X-ray diffraction (XRD), and Fourier trans-
form infrared (FT-IR), respectively. The UV-vis spectra (Fig. 2A)
showed a maximum absorption peak at 355 nm, which was
attributed to the n—mv* transition of the C=0 bond. Meanwhile,
the peak emission of QDs-SS-Yp occurred at 385 nm with
maximum excitation at 310 nm. The narrow half peak width of
the emission spectrum was probably attributed to a more
uniform size and less surface defects. Quantum yields of QDs-
SS-Yp were calculated to be 57.2% using quinine sulfate as
reference. The XRD spectrum (Fig. 2B) showed a broad peak at
27.1°, which was consistent with the crystal form of ZnSe QDs.
The emission peak of ZnSe QDs was at 380 nm (Fig. 2C). After
QDs-SS-Yp formation, the emission peak was redshifted to
385 nm. This result indicated that Fmoc-SS and GGFFYp
peptide were conjugated onto the QDs. Furthermore, FT-IR
analysis (Fig. 2D) was performed to verify the conclusion. In
the ZnSe QDs, abundant amino and carboxyl groups were
present on the surface, as demonstrated by the O-H band at
3273 em ', N-H band at 1568 cm ', and C-O band at
1400 cm . In QDs-SS, Fmoc-SS was conjugated with the surface
of the ZnSe QDs, as demonstrated by the N-H band at
3324 cm™*, C-H band at 3068 cm™*, N-H band at 1550 cm ™,
C-N band at 1402 cm ™', and C-S band at 708 cm ™. In QDs-SS-
Yp, the P-O band at 1186 cm ™' indicated that the GGFFYp
peptide was bonded to the QD surface.

The fluorescence signal remained almost constant under
365 nm light illumination for 1 h (Fig. S10A, ESIt) or after 3
months at room temperature while avoiding light (Fig. S10B,
ESIT). The excellent optical properties of QDs-SS-Yp facilitated
their further applications. The interference of HCIl, NaOH, and
NaCl with the fluorescence intensity of QDs-SS-Yp was also
investigated (Fig. S10C, ESIt). QDs-SS-Yp was not stable at
higher NaOH concentrations and was sensitive to HCl. QDs-SS-
Yp was stable in NaCl up to a NaCl concentration of 0.7 M.
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Fig. 2 (A) Absorption and emission spectra and (B) XRD spectrum of
QDs-SS-Yp solution. (C) Fluorescence emission spectra and (D) IR
spectra of as-prepared QDs, QDs-SS, and QDs-SS-Yp.
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Therefore, the QDs-SS-Yp exhibited good stability under
different pH and salt concentrations, which ensured its appli-
cation to biological samples analysis.

3.2 Principle of ALP activity assay and fluorescence detection

The principle of ALP activity detection is based on a fluores-
cence on-off-on switch, as shown in Fig. 1. The fluorescence of
QDs-SS-Yp can be quenched sufficiently by DNS owing to FRET
between QDs-SS-Yp and DNS. When ALP is added, the fluores-
cence of QDs-SS-Yp was restored immediately. This was due to
ALP being able to hydrolyze phosphorylated peptide (GGFFYp)
and subsequently cause peptide self-assembly on the QD
surface to restrain FRET occurring between the QDs and DNS.
Therefore, the fluorescence of QDs-SS-Yp was recovered again
owing to integration of the released free QDs. Based on this
concept, real-time visual detection of ALP activity could be
spatially and temporally achieved using a single fluorescence
on-off-on switch.

In this work, we selected the 385 nm emitting QDs-SS-Yp as
donor and 500 nm emitting DNS dye as acceptor. This pair
overlapped between the excitation spectrum of DNS and the
emission spectrum of QDs-SS-Yp (Fig. 3A). Generally, QDs can
accommodate multiple acceptors to improve the FRET effi-
ciency in the QD-based FRET assay. To achieve the best
performance in the FRET assay, we mixed different amounts of
DNS with a fixed amount of QDs-SS-Yp and measured the
fluorescence of both the QDs-SS-Yp and DNS at an excitation
wavelength of 310 nm. As shown in Fig. 3B, the fluorescence
intensity of QDs-SS-Yp at 385 nm decreased with increasing
DNS fluorescence intensity at 500 nm. The maximum fluores-
cence intensity of DNS and the minimum fluorescence intensity
of QDs-SS-Yp were obtained at a DNS concentration of 0.0167 pg
mL .

The emission spectra of QDs-SS-Yp (Fig. 4A) were investi-
gated to visually detect the ALP activity after incubating with
different concentrations of ALP (0-2.4 U L '). With the addition
of ALP, the QDs-SS-Yp emission intensity at 385 nm increased.
While the DNS fluorescence intensity at 500 nm decreased. This
phenomenon demonstrated that ALP hydrolyzed the phos-
phorylated GGFFYp peptide and subsequently formed a self-
assembly on the QD surface. This caused the effective separa-
tion distance between the QDs-SS-Yp donor and DNS acceptor
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Fig. 3 (A) Excitation and emission spectra of QDs-SS-Yp and DNS
solution. (B) Fluorescence emission spectra of QDs-SS-Yp with

different concentrations of DNS solution.
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Fig. 5 TEM images of as-prepared QDs-SS-Yp solution in (A) the
absence and (B) presence of ALP (1.2 U L™3). (C) Photograph of QDs-
SS-Yp, DNS, QDs-SS-Yp/DNS, and QDs-SS-Yp/DNS-ALP mixture
solutions obtained under UV light (365 nm). (D) Zeta potentials of ZnSe
QD, QDs-SS-Yp, DNS, QDs-SS-Yp/DNS and QDs-SS-Yp/DNS + ALP
solutions.

to become larger, and restricted FRET between QDs-SS-Yp and
DNS. The fluorescence of QDs-SS-Yp was recovered by the re-
release of QDs. The fluorescence intensity and ALP activity
showed a good linear relationship ranging from 0.02 to 2.4 U
L' (Fig. 4B inset). The linear regression equation was y =
117.3x + 1447.2 (R* = 0.9091). Variable y was the fluorescence
intensity of QDs-SS-Yp and variable x was the ALP concentra-
tion. In this work, the detection limit was 0.001 U L™*, which
was sensitive enough to detect ALP activity in complex biolog-
ical samples assays. The real-time visual detection of ALP
activity could be achieved, although the accurate quantitative
evaluation of ALP did not meet our analysis standards.

This observation was further verified and characterized by
TEM from a microcosmic perspective. Fig. 5A shows that QDs-
SS-Yp without ALP was nearly spherical and monodisperse,
with a diameter of 2-3 nm. However, reticular structures of
nanofibers were present after adding ALP because ALP hydro-
lyzed the phosphate ester of the phosphorylated peptide and

This journal is © The Royal Society of Chemistry 2018
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formed peptide self-assemblies on the QD surface (Fig. 5B). The
corresponding response photograph of the fluorescence on-off-
on switch at different stages is shown in Fig. 5C, as obtained
under UV light (365 nm). Fig. 5C(1 and 2) show blue and yellow
fluorescence in water for QDs-SS-Yp and DNS, respectively. In
the presence of DNS, QDs-SS-Yp with blue fluorescence was
efficiently quenched and strong yellow fluorescence (Fig. 5C(3))
was observed, suggesting that the energy transfer process
between QDs and DNS had occurred. When ALP was added into
the FRET system, the strong yellow fluorescence became weak and
light blue fluorescence appeared (Fig. 5C(4)). Zeta potential
measurements were used to investigate the interaction between
QDs-SS-Yp and ALP. As shown in Fig. 5D, the zeta potentials of
ZnSe QDs and QDs-SS-Yp solution were —52.29 + 2.66 mV and
—39.77 £ 2.49 mV, respectively. These results suggested that the
Fmoc-SS and phosphorylated GGFFYp peptide were successfully
conjugated on the QD surface. The zeta potential of the DNS
solution was 13.02 £ 2.08 mV. After adding DNS into the QDs-SS-
Yp solution, the zeta potential became —15.02 + 1.17 mV, sug-
gesting that FRET occurred between the QDs and DNS. The zeta
potential of the ALP solution was 0 + 0.14 mV. After the ATP and
QDs-SS-Yp solution were incubated for 30 min at 37 °C, the zeta
potential became —12.41 £+ 1.25 mV, suggesting that the phos-
phate ester group of GGFFYp peptide was hydrolyzed to an OH
group by ALP. These OH groups on surface of the QDs then joined
together through hydrogen bonds to form the self-assembly.

3.3 Optimization of ALP activity assay conditions

Before the ALP activity was monitored by QDs-SS-Yp containing
DNS solution, we first optimized the assay conditions for ALP
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Fig. 6 Selectivity of ALP assay in the presence of different (A) cations,
(B) anions, (C) amino acids and different enzymes, and (D) peptides. Fo
is the fluorescence intensity of QDs-SS-Yp containing DNS solution
and F is the fluorescence intensity of QDs-SS-Yp containing DNS
solution in the presence of different anions, cations (450 pM), or amino
acids (465 pg mL™Y), thrombin (2.3 U L™Y), protein tyrosine kinase (PTK,
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activity detection, such as buffer solution, QDs-SS-Yp concen-
tration, and incubation time. As shown in Fig. S11A (ESI),} PBS
buffer solutions (pH 7.4) had a serious impact on the ALP
activity and fluorescence intensity of QDs-SS-Yp, whereas the
water had little effect. In Tris-HCI solution (pH 7.4), the fluo-
rescence intensity gradually increased with increasing ALP
concentration (0-0.8 U L™'). Considering the quenching effi-
ciency and ALP activity, Tris-HCI solution (pH 7.4) was the
optimal reaction system solution in this work. As shown in
Fig. S11B (ESI), T lower concentrations of QDs-SS-Yp (0.02 M and
0.01 M) did not cause an obvious change in fluorescence
intensity with increasing ALP concentration. Therefore, 0.1 M
was chosen as the QDs-SS-Yp concentration for subsequent
experiments. As shown in Fig. S11C (ESI),t the fluorescence
intensity of QDs-SS-Yp containing ALP gradually increased with
reaction time, with only a small difference observed with time.
Considering the hydrolyzation and self-assembly process,
30 min was selected as the appropriate reaction time for
subsequent experiments. We also examined appropriate TCEP
dosages and incubation times for dissociating the QD disulfide
bonds. As shown in Fig. S11D (ESI),T the response intensity of
the mass with ALP concentration gradually increased with
increasing reaction time and TCEP concentration. Therefore,
we chose 30 min and 200 : 1 (molar ratio of TCEP and QDs-SS-
Yp) as the optimal conditions.

Interference with the fluorescence intensity of QDs-SS-Yp
containing DNS solution was investigated to explore the speci-
ficity in serum containing several cations (such as Na*, K*, Ag",
Ca>', Zn>", Mg**, cu®', Fe*!| Li*"), anions (such as F~, CI~, Ac™,
NO*, HCO®~, HSO?~, SO,>~, CO;>~, PO,*7), amino acids (such
as Pro, Ala, Arg, Glu, Gly, Phe, Lys, Asp, Cys), different enzymes
(such as thrombin, protein tyrosine kinase, trypsase, and B-

Table 1 Recovery experiments of ALP in 1% diluted human serum
(n=3)

Add ALP Detected ALP RSD Recovery
(UL L (%) (%)

0.05 0.0486 1.4 97.2
0.1 0.103 0.9 103.4

0.6 0.572 1.6 95.3

1.0 0.976 1.9 97.6

1.8 1.825 1.0 101.4
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Table 2 Comparison of our assay with reported methods for ALP activity detection

Material LOD (UL Linear range (U L") R? Assay time (min) Reference
N-doped carbon dots 0.001 0.01-25 0.996 30 9

Gold nanoclusters 0.002 0.02-50 0.98 92 10
Upconversion nanoparticles 19 62.5-875 0.9985 130 13

Silver nanocluster 5 30-240 0.984 195 16
Carbon QDs 1.4 4.6-383.3 0.996 63 17
Carbon QDs 1.1 16.7-782.6 0.97 33 18
QDs-mass barcode 0.001 0.01-2.4 0.9967 80 This work

glucuronidase), GSH, and peptides (dipeptide, tripeptide, tet-
rapeptide, pentapeptide) under the same conditions. Besides
the decrease in fluorescence intensity induced by Ag", Cu®*,
Fe**, NO*~, all cations and anions showed little effect on the
fluorescence intensity of QDs-SS-Yp (Fig. 6A and B). For the
amino acids, different enzymes (Fig. 6C) and peptides (Fig. 6D),
only ALP led to an obvious increase in fluorescence intensity,
while others had a negligible effect. The interference experi-
ments clearly demonstrated that the above elements had little
effect on the fluorescent intensity of QDs-SS-Yp, indicating the
high selectivity for ALP activity detection.

3.4 LC-MS/MS signal amplification by mass barcode

In LC-MS/MS analysis, the retention times achieved for mass
barcode and IS were 2.882 and 3.659 min, respectively (Fig. S12,
ESIT). As shown in Fig. 7A, the response number increased with
increasing ALP concentration and showed a good linear corre-
lation range from 0.01 to 2.4 U L™'. The linear regression
equation was y = 58.1x + 157.1 (y is the mass response number
and x is the ALP concentration), R*> = 0.9992. Notably, the
sensitivity and accuracy of the proposed method were improved
owing to the amount of mass barcode dissociated from QDs.

The established strategy was investigated for ALP activity
detection in real serum samples to demonstrate its feasibility.
The detection procedure was the same as described above.
Fig. 7B shows good linear correlation ranging from 0.01 to 2.4 U
L~ ". The linear regression correlation equation was y = 86.7x +
123.9 (R* = 0.9967). The detection limit was calculated to be
0.001 U L™, The five serum samples containing different ALP
concentrations were measured using the linear regression
equation in serum. As shown in Table 1, recoveries between
95.3% and 103.4% with a relative standard deviation (RSD)
below 1.9% were achieved. Compared with reported detection
methods for ALP activity (Table 2), our work showed good
sensitivity, accuracy, and reliability.

4. Conclusions

In conclusion, we have presented a fluorescent on-off-off
switch based on FRET for the sensitive visualization and
detection of ALP activity, and that mass barcode-modified QDs
showed an amplified detection signal by LC-MS/MS in complex
biological samples. The assay is based on the principle that the
fluorescence of QDs-SS-Yp can be efficiently quenched by DNS
and recovered by adding ALP, which hydrolyzes the

36532 | RSC Adv., 2018, 8, 36527-36533

phosphorylation peptide of QDs-SS-Yp and subsequently forms
a self-assembly on the QD surfaces. The mass barcode is then
removed by TCEP and collected for LC-MS/MS analysis. The
proposed method is based on three favorable properties: (i)
FRET signal detection can increase the accuracy to avoid false
positivity; (ii) mass barcode counting techniques by LC-MS/MS
have high sensitivity through a signal amplification method;
and (iii) the method can detect trace ALP activity with a very low
detection limit of 0.001 U L™*. Therefore, this method exhibits
significant advantages, including good selectivity, high sensi-
tivity, and low cost, which have great potential in further bio-
logical and clinical applications.
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