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Vitamin Bg cofactor-directed fluorescent “turn-
on” detection of alkaline-phosphatase activity
using bovine serum albumin-functionalized Mn-
ZnS quantum dots7
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We introduced a simple approach for the fluorescent “turn-on” detection of alkaline phosphatase (ALP)
activity. We employed bovine serum albumin (BSA)-functionalized manganese-doped zinc sulfide (Mn-ZnS)
quantum dots (QDs) and the phosphate substrate was the vitamin-Be cofactor pyridoxal 5'-phosphate
(PLP). The emission of Mn-ZnS QDs at 604 nm was quenched in the presence of PLP due to formation of
an imine linkage between the free amine groups present in functionalized BSA and aldehyde group of PLP.
Such fluorescence quenching was not observed with other cofactors of vitamin Be, such as pyridoxal,
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pyridoxamine, or pyridoxine. ALP catalyzes a dephosphorylation reaction in biological processes, where it
can convert albumin-bound PLP into pyridoxal. Mimicking this biological process, the PLP-directed
quenched fluorescence of QDs was restored upon ALP addition. The developed nanoprobe showed a limit
of detection of ALP of 0.003 U L™X. We applied this nanoprobe for the monitoring of ALP activity in
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1. Introduction

In recent years, owing to their wide applications in healthcare
and diagnosis, research on fluorescence sensing and
biosensing has flourished. Alkaline phosphatase (ALP) is an
important enzyme used as a biomarker for the diagnosis of
various diseases. Therefore, detection of ALP activity has
become important in biosensing." Fluorescence-based
approaches for ALP detection have garnered attention due to
their simplicity, cost-effectiveness, rapidity, and high
sensitivity."”> ALP is a glycoprotein-bound dimeric enzyme
that catalyzes dephosphorylation reactions at high pH by
hydrolysis. It is distributed mainly in the liver, bones and
kidneys.> The main function of ALP as a membrane-bound
enzyme is to remove phosphate groups from proteins, nucleic
acids, and small molecules.”® The mean ALP concentration
in the human body is about 20-140 U L"." An abnormal level
of ALP can cause hypophosphatasia, neurological disorders,
liver dysfunction, as well as carcinomas.” Therefore, several
fluorescent based “turn-off” and “turn-on” sensors have been
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biological (human serum and plasma) samples.

reported for the detection of ALP activity.** The turn-on

strategy is very popular thanks to its high sensitivity and
ability to avoid false-positive signals.

A fluorescent chemosensor can be designed by suitably
connecting a light-emitting unit with an analyte-binding
site. The light-emitting unit may be an organic fluorophore
or a fluorescent nanomaterial. Use of fluorescent
nanomaterials has aided sensing and biosensing owing to
their excellent optoelectronic properties: narrow and
symmetric emission spectra, high quantum yield,
photostability, and large Stokes shift.">'® Among various
fluorescent nanomaterials,"”° semiconductor quantum dots
(QDs) have been applied extensively for sensor development
with potential utility for in vivo and in vitro imaging due to
their extraordinary size-dependent photoluminescence.*' >
However, application of semiconductor QDs in sensing and
bioimaging is hampered by toxicity due to the use of heavy
metals such as Cd and Pb.>® Alternately, manganese-doped
zinc sulfide quantum dots (Mn-ZnS QDs) have drawn wide
attention for the design of fluorescent sensors due to their
low toxicity, strong phosphorescence emission, long lifetime,
and stable wide bandgap.””" In the present study, bovine
serum albumin-capped manganese-doped =zinc sulfide
quantum dots (BSA-Mn-ZnS QDs) were synthesized and
applied for the cascade detection of vitamin By cofactor
pyridoxal 5'-phosphate (PLP) and the enzymatic activity of
ALP.
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PLP@BSA-Mn-ZnS QDs

Scheme 1 Sequential detection of PLP and ALP using BSA-capped Mn-ZnS QDs (schematic).

The emission of BSA-capped Mn-ZnS QDs was quenched
upon interaction with PLP (Scheme 1). BSA is a globular non-
glycoprotein, contains 583 amino acid residues, and has 17
cysteine residues (eight disulfide bridges and one free thiol
group).”® BSA contains major functional groups (amine,
hydroxyl, thiol, and carboxyl) and its biocompatibility is
convenient for QD synthesis.’>** The free amine group of the
functionalized BSA of Mn-ZnS QDs interacted with PLP by
forming an imine linkage and quenched the emission of
BSA-capped Mn-ZnS QDs. PLP is the most active form of
vitamin Bg** An inadequate amount of PLP at the
intracellular level can cause autism, schizophrenia,
Alzheimer's disease, Parkinson's disease, or epilepsy.*®*’
Albumin-bound PLP in the liver acts as a “reservoir” for
pyridoxal (PL), and can cross cell membranes only if ALP can
catalytically convert PLP into PL.*®* Mimicking this biological
process, when ALP was added to PLP-decorated BSA-Mn-ZnS
QDs, the dephosphorylation of PLP to PL resulted, which
restored the emission of QDs.

2. Experimental
2.1. Reagents and instrumentation

BSA, ALP, adenosine monophosphate (AMP), adenosine
diphosphate  (ADP), adenosine triphosphate (ATP),
glutathione (GSH), cysteine (Cyst), homocysteine (Hcyst), zinc
acetate (Zn (Ac),-2H,0), manganese chloride (MnCl,), sodium
sulfide (Na,S.9H,0), tris(hydroxymethyl)aminomethane, and
vitamin-Bs cofactors, such as PLP, pyridoxamine (PYOA),
pyridoxine (PY), and PL, were obtained from MilliporeSigma.
All solutions were prepared using water obtained from

MilliporeSigma.
Fluorescence spectroscopy was done on a Cary Eclipse
fluorescence  spectrophotometer (Agilent Technologies)

adjusted with a slit width for an excitation wavelength and
emission wavelength of 10 nm and 20 nm, respectively. The
fluorescence range of spectra was recorded from 310 nm to
800 nm by excitation of the sample at 300 nm. A Varian Cary
50 spectrophotometer (Agilent Technologies) was used to
record UV-vis spectra in the range 200-800 nm. UV-vis
spectra were recorded using a quartz cuvette of path length 1
cm. Each cuvette contained >2 mL of sample solution, and
was used to record absorption and fluorescence spectra. The
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Fourier transform-infrared (FT-IR) spectra were recorded
using IRAffinity-1S (Shimadzu).

2.2. Preparation of BSA-Mn-ZnS QDs

BSA-Mn-ZnS QDs were synthesized and characterized by a
procedure reported previously.®® In brief, to 5 mL of an
aqueous solution of BSA (250 mg mL™") was added (dropwise)
1250 pL of aqueous Zn(Ac),-2H,O (0.1 M) and 250 pL of an
aqueous solution of MnCl, (0.5 M) with constant stirring for
30 min. To this mixture was added (dropwise) 1250 pL of
Na,S-9H,0 (0.1 M) under constant stirring. The resulting QDs
solution was stirred for an additional 60 min. The obtained
colloidal BSA-Mn-ZnS QDs solution was stored under room
temperature for sensing studies.

2.3. Procedure for sensing experiments

A 2 mL working solution of the probe was prepared by
diluting 15 pL of BSA-Mn-ZnS QDs from the stock solution
with 1985 uL of water. Vitamin-Be cofactors (PYOA, PY, PL,
and PLP; 45 pL, 1 x 10~ M) were added to the probe to
investigate selectivity. The fluorescence study revealed that
PLP quenched the fluorescence of QDs selectively. A
fluorescence titration was undertaken by adding incremental
amounts of PLP from 0 M to 2.68 x 10> M to the QDs
solution. The slope of the calibration curve was used to
calculate the limit of detection (LOD) by applying the
International Union of Pure and Applied Chemistry-approved
equation LOD = 3 a/slope, where o is the relative standard
deviation (RSD) of the fluorescence reading of 10 blank
samples.

The catalytic activity of ALP was examined using buffer
solutions (phosphate, carbonate-bicarbonate, and Tris-HCI).
A suitable activity of ALP was shown in 0.1 M Tris-HCI buffer
(pH = 8.0). A stock solution of ALP was prepared by taking 1
mg of ALP in 1 mL of buffer to obtain a concentration of 1
mg mL". Furthermore, 100 uL of the ALP stock solution was
diluted to 10 mL with Tris-HCl buffer to obtain a
concentration of 0.01 mg mL™' of ALP. The ALP-probe
solution was prepared by adding PLP (45 uL, 1 x 107> M) to a
solution of BSA-Mn-ZnS QDs prepared by diluting 15 uL from
the stock solution with 1985 pL of buffer. To investigate
selectivity and interference, different bioactive analytes (10

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) UV-vis absorption and emission spectra (lexc = 310 nm) of BSA-Mn-ZnS QDs (inset shows an image of a QDs solution irradiated with
UV3es nm light). (b) Transmission electron micrograph of BSA-capped Mn-doped ZnS QDs.

uL, 1 x 10~ M) prepared fresh in water (Millipore) and ALP
(10 uL, 0.047 U L") were added to a solution of the probe
PLP@BSA-Mn-ZnS QDs followed by incubation for 30 min at
37 °C. Batch fluorescence titration of PLP@BSA-Mn-ZnS QDs
was carried out by incremental addition of ALP, and spectra
were recorded after 30 min of incubation.

ALP activity was monitored in human plasma and serum
to check the practical utility of the probe PLP@BSA-Mn-ZnS
QDs. The samples of human serum and plasma were
collected with consent from donors and all relevant
guidelines were followed. Samples were centrifuged at 10 000
rpm for ~10 min and maintained to neutral pH. Samples
were diluted 10 times before spiking with a known amount
of ALP. Spiked samples were added to the probe solution
followed by incubation for 30 min. Then, spectra were
recorded to obtain the found concentration of ALP.
Percentage recovery was calculated by comparing the added
concentration and found concentration of ALP.

3. Results and discussion
3.1. PLP detection

A procedure reported previously was adopted to synthesize
BSA-capped Mn-ZnS QDs with some minor modifications.*
BSA-Mn-ZnS QDs showed a flat and broad absorption from
250 nm to 600 nm with an absorption maxima at 278 nm. An
emission band centered at 604 nm (lexe = 310 nm) appeared
due to the electronic transition from “T; to °A, of doped Mn
(Fig. 1a). The transmission electron micrograph of the QDs
revealed the formation of spherical and well-dispersed
particles of diameter ~6 nm (Fig. 1b). The FT-IR spectra of
BSA and BSA-Mn-ZnS QDs were recorded and compared to
support the functionalization of BSA over the surface of QDs
(Fig. S1t). With some variations, the bands of BSA alone were
observed in BSA-Mn-ZnS QDs. A broad band at 3500-3100
em™" appeared due to the stretching vibration of hydroxy and
amine groups. Bands between 1650 cm™ and 1500 cm™ due

© 2022 The Author(s). Published by the Royal Society of Chemistry

to the amide bond supported the functionalization of BSA
over the surface of QDs.

The strong orange emission from QDs was used to study
the interaction of functionalized BSA with cofactors of
vitamin By (PLP, PL, PYOA, and PY). As shown in Fig. 2, the
emission intensity of BSA-Mn-ZnS QDs at 604 nm was
quenched in the presence of PLP. Other cofactors of vitamin
Bs (PL, PYOA, and PY) failed to perturb the fluorescence
profile of QDs. Post-functionalization of PLP over the surface
of QDs followed by photoinduced electron transfer (PET)
from the excited conduction band of QDs to the lowest
unoccupied molecular orbital (LUMO) of PLP is expected to
quench fluorescence at 604 nm.*>*" The free amine groups
of BSA were expected to form an imine linkage with the
aldehyde group of PLP. The FT-IR spectra of PLP@BSA-Mn-
ZnS QDs showed a vibration at 1648 em™, which supported
the formation of an imine linkage between PLP and
functionalized BSA (Fig. S1bf). Furthermore, X-ray
photoelectron spectroscopy (XPS) of BSA-Mn-ZnS QDs was

—— BSA-Mn-ZnS QDs|
800 - —BH
—PYOA
—PY
- —PLP
S 600
s
>
‘@
5
£ 400-
200-
550 600 650 700 750

Wavelength (nm)

Fig. 2 Changes in fluorescence spectra of BSA-Mn-ZnS QDs in the
presence of different cofactors of vitamin Bg (2.25 x 107> M).
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Fig. 3 XPS deconvoluted spectra of PLP@BSA-Mn-ZnS QDs for C 1s showing the characteristic spectrum for C=0 and C-O (a), C-C, C-N, and

C=N (b), Zn 2p (c), and Mn 2p (d).

undertaken in the presence of PLP to obtain a deeper insight
into the interaction between PLP and BSA-Mn-ZnS QDs (Fig.
S2 and 3). Deconvolution of some important elements in the
XPS survey spectrum supported formation of an imine
linkage. The C 1s peak was deconvoluted into two
components (Fig. 3a): the peak at 531.4 eV was attributed to
the C-O and C=O0 of the monodentate carboxylate group and
the peak at 532.1 eV was assigned to the bidentate
carboxylate.”” The C1s peak consists of other sub-bands of C-
C, C-N, and C=N at 284.14, 285.49, and 287.47 eV,
respectively.”® The deconvoluted Mn peak showed bands at
640.79 eV and 653.54 eV for Mn 2p1/2 and Mn 2p3/2,
respectively (Fig. 3c). For Zn, it splits into Zn 2p3/2 (peak at
1021.64 eV) and Zn 2p1/2 (peak at 1044.68 eV).**

PLP has an active role in biological processes. Hence, the
detection and quantification of PLP is important because
PLP is used as a biomarker for the diagnosis of various
diseases.*>"® Therefore, the sensitivity of the probe BSA-Mn-
ZnS QDs was examined by carrying out fluorescence titration
(Fig. S3at): an aliquot of PLP was added successively to the
solution of BSA-Mn-ZnS QDs and, after each addition,

582 | Sens. Diagn., 2022, 1, 579-585

spectra were recorded. The fluorescence intensity at 604 nm
of QDs decreased continuously with an increasing
concentration of PLP. The change in fluorescence intensity of
QDs at 604 nm showed good linearity from 4.9 uM to 22.1
puM of PLP. Using the slope of the calibration curve (Fig.
S3b7), the PLP concentration could be estimated down to 1
uM. The sensitivity of QDs for PLP was comparable with that
reported for fluorescence-based sensors. Also, the developed
probe BSA-Mn-ZnS QDs avoids the toxic reagents (e.g,
chlorite, bisulfate, and cyanide) used for PLP detection by
various analytical approaches.*®

3.2. Detection of ALP activity

ALP belongs to a class of hydrolases and acts on phosphate
groups. This enzyme catalytically dephosphorylates the
albumin-bound PLP into PL. In the present study, PLP could
quench the emission of BSA-Mn-ZnS QDs at 604 nm but was
unaffected in the presence of PL. The distinct fluorescence
changes of BSA-Mn-ZnS QDs in the presence of PLP and PL
encouraged us to develop an ALP nanoprobe. A 2 mL solution

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of an ALP nanoprobe, PLP@BSA-Mn-ZnS QDs, was prepared
by mixing 45 uL of PLP (1 x 10> M) with BSA-Mn-ZnS QDs
solution. The pH was adjusted at 8.0 with Tris-HCI as the
buffer. ALP (10 puL, 0.047 U L") and other bioactive analytes
(10 pL, 1 x 10~ M) were introduced to the PLP@BSA-Mn-Zn$
QDs solution, followed by incubation at 37 °C for 30 min,
before recording the fluorescence spectra. The quenched
emission of QDs at 604 nm was enhanced selectively in the
presence of ALP (Fig. 4a). Other analytes showed no
noticeable changes in the fluorescence profile of PLP@BSA-
Mn-ZnS QDs. This result supported the notion of ALP-driven
catalytic ~dephosphorylation of PLP into PL.*® This
phenomenon is expected to suppress PET from the excited
conduction band of QDs to the LUMO of PL and enhance the
fluorescence intensity at 604 nm.

The specificity of PLP@BSA-Mn-ZnS QDs for ALP
detection was inspected under a competitive environment
(Fig. 4b). The fluorescence spectra of PLP@BSA-Mn-ZnS
QDs were recorded in the presence of ALP (10 uL,
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Fig. 4 Fluorescence spectra of PLP@BSA-Mn-ZnS QDs in the

presence of various bioactive analytes (a). Fluorescence spectra of
PLP@BSA-Mn-ZnS QDs in the presence of ALP and other interfering
bioactive analytes (b).
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0.047 U L") and co-presence of different interfering
bioactive analytes (10 pL, 1 x 10 M). The ALP-driven
fluorescence enhancement of PLP@BSA-Mn-ZnS QDs was
practically unaltered in the presence of other bioactive
analytes. These outcomes confirmed the high selectivity of
the nanoprobe PLP@BSA-Mn-ZnS QDs for detecting ALP
activity.

The catalytic activity of ALP could restore the quenched
emission of PLP@BSA-Mn-ZnS QDs by converting PLP into
PL under the optimized conditions of Tris-HCI as buffer (pH
= 8.0) and 30 min of incubation at 37 °C. Batch fluorescence
titration was undertaken to examine the sensitivity of
PLP@BSA-Mn-ZnS QDs as an ALP probe (Fig. 5a). For the
titration, a 2 mL solution of the nanoprobe PLP@GSH-Mn-
ZnS QDs was placed in different vials and incremental
amounts of ALP (1 pL) were added. The recorded
fluorescence spectra showed continuous enhancement at 604
nm with increasing amounts of ALP. The titration data were
used to plot a calibration graph by taking the changes in
fluorescence intensity at 604 nm from 0.005 U L™ to 0.047 U

1000
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\
800 \\\
\\.
3 %
=600 - 0.005 U/L
"i N N
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Fig. 5 Changes in fluorescence spectra of PLP@BSA-Mn-ZnS QDs
with increasing amounts of ALP (a), and the calibration curve used to
estimate ALP sensitivity (b).
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Table 1 Analyses of real samples to quantify ALP activity using the
nanoprobe PLP@BSA-Mn-ZnS QDs

Samples Found (UL™") Added (UL™) Recovery% RSD% (n = 3)
Plasma 0.098 0.099 99 1.31

0.440 0.430 103 0.80
Serum 0.210 0.240 90 2.05

0.477 0.470 101 1.02

L™ (Fig. 5b), and LOD was estimated to be 0.003 U L. The
ALP level in blood of a healthy adult is 20-140 U L""."* The
developed nanoprobe showed a much lower LOD and was
analytically comparable/superior to that of reported
fluorescent ALP probes."

ALP activity was monitored on human serum and plasma
samples to examine the practicality of the developed
nanoprobe PLP@GSH-Mn-ZnS QDs. Diluted samples of
human serum and plasma were spiked with a standard
solution of ALP, and then the PLP@GSH Mn-ZnS QDs
solution was added. Fluorescence spectra were recorded at
604 nm to determine the ALP concentration. The nanoprobe
PLP@BSA-Mn-ZnS QDs showed satisfactory recovery
(Table 1), which suggested good practicability for quantifying
ALP activity in biological samples.

4. Conclusions

BSA-stabilized Mn-ZnS QDs were synthesized and applied for
the cascade detection of PLP and ALP activity. The fluorescence
intensity of BSA-Mn-ZnS QDs at 604 nm was quenched in the
presence of PLP with a sensitivity of 1 pM. PLP was expected to
form an imine linkage with the free amine group in the
functionalized BSA in Mn-ZnS QDs. Furthermore, PLP@BSA-
Mn-ZnS QDs were applied for fluorescent turn-on detection of
ALP. In the presence of ALP, PLP@BSA-Mn-ZnS QDs aided
catalytic dephosphorylation of albumin-bound PLP and were
converted into PL@BSA-Mn-ZnS QDs. The quenched
fluorescence at 604 nm was enhanced upon conversion of PLP
into PL, which allowed ALP detection down to 0.003 U L.
Importantly, the applicability of PLP@BSA-Mn-ZnS QDs was
validated by monitoring ALP activity in real biological (human
serum and plasma) samples.
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