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A B S T R A C T

This manuscript presents a novel bioanalytical approach for the selective ratiometric fluorescent sensing of
enzymatic activity of the alkaline phosphatase (ALP) in the biological samples. The probe was designed by
conjugating the pyridoxal 5′-phosphate (PLP) over the surface of bovine serum albumin (BSA) stabilized CdS
quantum dots (QDs) through the interaction of free amine present in BSA with the aldehyde group of PLP. The
conjugation of PLP quenched the emission of QDs. Upon addition of the ALP, the emission of QDs was restored
due to the dephosphorylation and the conversion of the functionalized PLP in to pyridoxal. With this probe, the
ALP activity can be detected down to 0.05 U/L and also successfully applied for the detection of ALP activity in
biological samples such as human serum and plasma.

1. Introduction

Alkaline phosphatase (ALP) is one of the vastly assayed enzyme due
to its ubiquitous roles in numerous biological processes in human
health [1]. ALP is found mainly in the intestine, liver, bone, kidney and
placenta of human body. ALP mainly catalyzes the hydrolysis and
transphosphorylation of phosphomonoesters [2]. The detection of ALP
as biomarker had provided inexhaustible opportunities to diagnose a
number of diseases associated with the human body, such as osteo-
blastic bone cancer, breast cancer, ovarian cancer, prostate cancers and
liver tumors. Also, the ALP quantification is done for some other dis-
eases like diabetes, hepatitis, osteomalacia, Paget's disease, heart
failure, obstructive jaundice and rickets [3–5]. Therefore, there is
burgeoning interest among the chemists to develop convenient and
reliable assay to monitor the ALP activity in biological samples for the
disease diagnosis, biomedical research and other relevant applications
[6,7].

Analytical techniques such as chromatography, isotope label, col-
orimetric, chemiluminescence, fluorometric, surface-enhanced Raman
scattering (SERS) and electrochemical etc. have been utilized for the
monitoring of ALP activity [8–12]. Except the fluorometric methods,
most of the other analytical approaches require complicated pre-treat-
ment, sophisticated instruments and also lack high selectivity, specifi-
city and sensitivity. Therefore, recent research was devoted to

developing ALP selective fluorometric assays using the suitably derived
organic dyes, functionalized nanoparticles, quantum dots and noble
metal nanoclusters with the added analytical advantages of high sen-
sitivity, selectivity, simplicity, less sample consumption and cost-ef-
fectiveness [13]. Most of the recent reports on ALP selective fluorescent
assays were designed by using non-natural monophosphates as sub-
strate which upon catalytic hydrolysis with ALP generates analytically
useful optical response for the ALP detection and quantification.
However, very less effort is made to use the naturally occurring
monophosphates like pyridoxal 5′-phosphate (PLP) to develop an ALP
selective assay [14]. The vitamin B6 PLP serves as a cofactor for more
than 140 enzymes in our body and participates in various kinds of
enzymatic reactions like transamination, racemization and decarbox-
ylation. Importantly, there is a unique relation between the PLP and
ALP in the biological processes. The albumin-bound PLP present in the
blood can’t cross the cell membranes directly; instead, this complex acts
as a reservoir of pyridoxal. Before entering into cells, ALP converts PLP
into pyridoxal which can cross the cell membranes. Therefore, PLP can
be used as a natural substrate for the designing of chemosensors for the
sensing of ALP.

There is potential applications of water-soluble semiconductor
quantum dots (QDs) in the field of sensing and biosensing due to their
attractive optical properties of high Stokes shifts, high fluorescence
quantum yields, stability against photobleaching and longer
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photoluminescence lifetime [15]. The biocompatibility, stability, re-
activity and size-dependent emission of QDs can be easily modified by
surface coating with suitable organic molecules, polymers, proteins and
nucleic acids etc. Also, the cytotoxicity of QDs can be reduced re-
markably after coating QDs with albumins like bovine serum albumin
(BSA) and human serum albumin (HSA) [16]. As PLP can easily interact
with albumin, herein, the yellow fluorescent BSA capped CdS (BSA-
CdS) QDs was synthesized and investigated for the cascade fluorescent
detection of the PLP and the ALP activity. As described in Scheme 1,
when the vitamin B6 cofactor is added to BSA-CdS QDs solution, the
PLP selectively quenched the BSA-CdS QDs fluorescence due to the
imine linkage formed between the free amine present in BSA with the
aldehyde group of PLP. Subsequent addition of ALP into the PLP con-
jugated BSA-CdS (PLP_BSA-CdS) QDs hydrolyzed PLP and converted
into pyridoxal. This hydrolysis retrieved the fluorescence intensity of
QDs, which provides a straightforward bioanalytical approach for the
ratiometric assay of ALP activity. Finally, the proposed method was
validated by quantifying the ALP activity in human serum and plasma.

2. Experimental

2.1. Instrumentations

The instrument Cary Eclipse fluorescent spectrophotometer was
used to record the fluorescence spectra (380–800 nm) whereas the
UV–vis spectra (200–800 nm) were recorded by using the Varian Cary
50 spectrophotometer. Quartz cuvette of 1 cm optical path length was
used to record all the spectra at room temperature. The excitation and
emission slits for recording the fluorescence spectra were kept at 5 nm
and 10 nm, respectively. The FT-IR spectra were measured by using the
KBr pellets on a Nicolet Nexus 670 spectrometer. The quantum dots
morphologies and diameter of the particles were characterized by
transmission electron microscopy (TEM, Hitachi-600, and Hitachi,
Japan) and the energy-dispersive X-ray spectroscopy (EDX) analysis
was performed to obtain the elemental compositions of the quantum
dots. The instrument Jasco Corp, J 715 Dichroism was used to study the
three-dimensional structures of the BSA.

2.2. Reagents

Bovine serum albumin (BSA), adenosine triphosphate (ATP),

alkaline phosphatase (ALP), adenosine diphosphate (ADP), adenosine
monophosphate (AMP) and the vitamin B6 cofactors (PLP, pyridoxal,
pyridoxine and pyridoxamine) were obtained from Sigma Aldrich. The
chemicals such as CdCl2, NaOH, Na2CO3, NaHCO3, Na2S.9H2O, trihy-
droxymethyl aminomethane (Tris), HCl and all metal salts were ob-
tained from Rankem Pvt. Ltd., India.

2.3. Preparation of BSA-CdS QDs

The quantum dots BSA-CdS were synthesized and characterized by
following the reported procedure [17,18]. Into a sample tube, 300 μL of
BSA solution (2.4 mmol L−1), 120 μL CdCl2 solution (50mmol L−1) and
150 μL of Tris–HCl buffer (pH 8.2, 0.1mol L−1) were added and mixed
thoroughly for 10min. After that, 90 μL of Na2S solution (30 mmol L−1)
was added and then diluted to 1500 μL with deionised water. The
mixture was shaken carefully and equilibrated for 15min. The forma-
tion of BSA-CdS QDs was preliminarily indicated from the color change
of solution to light yellow. The synthesized BSA-CdS QDs was char-
acterized by various techniques (UV–vis, fluorescence, FT-IR, and TEM
analyses) and stored in refrigerator for further experimental studies.

2.4. Interaction of PLP with BSA-CDs

The as-prepared 100 μL of BSA-CdS QDs solution was initially di-
luted with 1900 μL of water, and then the different vitamin B6 cofactors
like PLP, pyridoxamine, pyridoxine and pyridoxal (200 μL,
1× 10−3 M) were added. Then, the fluorescence spectra were recorded
to investigate the selectivity of BSA-CdS QDs towards the vitamin B6

cofactors. The fluorescence batch titration was performed by adding the
different amounts of PLP (0–4.3× 10−5 M) into the BSA-CdS QDs so-
lution. The calibration curve was plotted using the titration data and
the obtained slope was used to calculate the limit of detection (LOD) by
applying the IUPAC approved equation i.e., LOD=3 α/slope; where α
is the relative standard deviation (RSD) of the fluorescence readings of
the ten blank samples.

2.5. Procedure to detect ALP activity

The ALP solution was prepared by taking 1.0 mg of the enzyme in
1.0 mL carbonate buffer (pH=10.08) to get a 1.0 mg/mL stock solu-
tion. From this stock solution, 100 μL of the ALP was taken and then

Scheme 1. Schematic diagram showing sensing mechanism of ALP activity with the PLP conjugated BSA-CdS quantum dots.
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diluted to 10mL with buffer to obtain a solution containing 0.01mg/
mL ALP. This solution was used for various spectroscopic studies. The
stock solutions of other analytes (1.0 mM) were prepared freshly in
double distilled water to investigate the selectivity and specificity ex-
periments. The probe PLP_BSA-CdS solution was prepared by adding
PLP (200 μL, 1×10−3M) into a solution of BSA-CdS QDs which was
prepared by diluting the as-prepared 100 μL of BSA-CdS QDs with
1900 μL of water. The fluorescence reading of PLP_BSA-CdS QDs in the
presence of the ALP was taken after incubating the mixture for 30min
at room temperature. The fluorescence batch titration of PLP_BSA-CdS
QDs was carried by adding different amounts of ALP.

2.6. Real sample analyses

The practical utility of PLP_BSA-CdS QDs was validated by detecting
ALP activity in real samples such as human serum and plasma. The
collected plasma and human serum samples were stored in a re-
frigerator for experiments. These samples are centrifuged at 10,000 rpm
for 10min and set to the neutral pH, and then diluted twice with water
for spiking the standard ALP solution. After spiking of ALP to the QDs
solution, the fluorescence spectra were recorded and the concentration
of the ALP was estimated using the linear equation obtained from the
calibration curve.

3. Results and discussion

3.1. Characterisation of BSA-CdS QDs

The analytical techniques, such as UV–vis, fluorescence, FT-IR, and
TEM are applied for the characterization of yellow fluorescent BSA-CdS
QDs, where the TEM image indicates the formation of spherical-shaped
BSA-CdS QDs with the average diameter of ∼2.74 nm estimated by
considering the diameter of thirteen particles (Fig. S1). The BSA-CdS
QDs showed an absorption maxima at 279 nm and an emission band
centered at 520 nm (λexc= 340 nm) (Fig. S2) [17,18]. From FT-IR
study (Fig. S3), the characteristics vibrational bands of the −CONH
groups of BSA were observed at 1657 cm−1 (amide-I band), 1540 cm−1

(amide-II band) and 1400–1200 cm−1 (amide-III band) [19–23]. Also,
the peak appeared around 656 cm−1 is an indication of the formation of
Cd-S bonds [24]. Further, the EDX analysis provides information on the
various elemental compositions present in the BSA-CdS QDs (Fig. S4).

3.2. Interaction of PLP with BSA-CdS QDs

The interaction between the vitamin B6 cofactors (PLP, pyridoxal,
pyridoxamine and pyridoxine) and the BSA-CdS QDs was examined by
fluorescence method (Figs. 2 and S5). The cofactors pyridoxamine,
pyridoxal and pyridoxine failed to perturb the emission of BSA-CdS QDs
at 520 nm (λexc= 340 nm), whereas the fluorescence BSA-CdS QDs was
quenched at 520 nm upon addition of PLP and a new fluorescence band
appeared at 413 nm. Also, the light yellow color fluorescence of QDs
solution turned to cyan blue in the presence of PLP. The kinetic study
revealed that the interaction of PLP with BSA-CdS QDs along with the
associated spectral changes occurred within 1min (Fig. S6). The spec-
tral changes is an indication of the formation of imine linkage between
the eCHO group of the PLP and the free eNH2 groups present in the
BSA coated over the surface of BSA-CdS QDs that bring apparent con-
formational changes in the functionalized BSA [25]. The far-UV CD
analysis of BSA-CdS QDs gave the qualitative information on the sec-
ondary structure along with the apparent conformational changes oc-
curred during the PLP binding (Fig. S7). The BSA-CdS QDs shows two
negative signals at 208 nm and 222 nm is an indication of high α-helix
content of BSA in compared to β-sheet. Upon interaction with PLP, the
CD spectral study revealing a decrease in the α-helix content of BSA
coated over BSA-CdS QDs (Fig. S7).

The imbalance of PLP content in the human body can disrupt many

important physiological processes leading to the several detrimental
effects to the human health. In the United States, the patients suffering
with the disease hypophosphatasia due to the low level of ALP are
advised to measure the blood level of PLP. Therefore, the monitoring of
PLP is important in patients facing scarcity as well as over accumulation
of PLP. The high selectivity of the of BSA-CdS QDs towards PLP among
the other tested vitamin B6 cofactors encouraged us to carry out the
fluorescence titration experiment by adding incremental amounts of
PLP to the BSA-CdS QDs. With the successive incremental addition of
PLP, there was a systematic fluorescence enhancement occurred at
∼413 nm and the BSA-CdS fluorescence quenched at 520 nm (Fig. 2b),
and the yellow fluorescence of BSA-CdS QDs gradually turned to cyan
blue that allowed qualitative naked-eye detection of PLP (Fig. 2c). The
change in fluorescence of BSA-CdS QDs showed good linear range from
0M to 2.4× 10−5 M for the PLP with the LOD down to 2.0 μM (Fig.
S8).

3.3. Detection of ALP activity

In the biological processes, it is well known that ALP hydrolyzes PLP
into pyridoxal by detaching the phosphate group from the PLP. The PLP
and pyridoxal directed distinct fluorescence from the BSA-CdS QDs
encourage us to biomimic the biological process of PLP hydrolysis by
ALP (Fig. 1a). Accordingly, the detection of ALP activity was schema-
tically described in Scheme 1. The yellow emission of BSA-CdS QDs is
quenched by PLP but unaffected by pyridoxal. Therefore, it may be

Fig. 1. (a) Fluorescence spectral changes of BSA-CdS QDs upon addition of
different vitamin B6 cofactors, (b) fluorescence titration and (c) change in the
fluorescent colour (irradiated at 365 nm) of BSA-CdS QDs upon incremental
addition of PLP.
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expected that the addition of ALP into the PLP_BSA-CdS QDs restored
the quenched emission of BSA-CdS QDs by converting PLP into pyr-
idoxal. As the ALP activity is time dependent and also depends on the
pH of the buffer solution, the experimental conditions were first opti-
mized. Out of the various buffer solutions used (phosphate, tris and
carbonate), the carbonate buffer solution with pH=10.08 was used to
study the ALP activity and also 30min incubation time required at
room temperature for the completion of the ALP activity [26].

In addition to ALP (100 μL, 0.95 U/L), other bioactive analytes
(100 μL, 1× 10−3 M), such as Mg2+, Fe3+, K+, Na+, H2PO4-, AMP,
ADP and ATP were added to the solution of PLP_BSA-CdS QDs
(1900 μL). The addition of ALP resulted in the red-shift of the fluores-
cence of PLP_BSA-CdS QDs with maxima at 413 nm–475 nm (Fig. 2).
The fluorescent shift is an indication of the hydrolysis of PLP to pyr-
idoxal that restored the quenched emission of BSA-CdS QDs. The un-
disturbed spectral nature of PLP_BSA-CdS QDs in the presence of other
bioactive analytes makes this nano-assembly highly selective for the
monitoring of ALP activity and therefore this probe can be applied in
the complex biological samples (Fig. 2b).

The fluorescence batch titration experiment of PLP_BSA-CdS QDs
was carried out by adding different amounts of ALP. For this experi-
ment, PLP_BSA-CdS QDs (1900 μL) was taken into the several vials and
different amount of ALP was added followed by diluted to 2mL with
distilled water. After incubation for 30min, the fluorescence spectra
were recorded (Fig. 3a). With the increasing amount of ALP, the
fluorescence of PLP_BSA-CdS QDs at 413 nm was gradually decreased
and red-shifted to 475 nm. Also, the ALP activity to hydrolyze PLP to
pyridoxal can be seen by naked-eye, when observed under UV-light
irradiation at 365 nm (Fig. 3b). The titration data were used to plot a
calibration curve between the change in ratiometric fluorescence in-
tensities I475/I413 against [ALP], which showed satisfactory linearity for
the detection of ALP activities in the range from 0 to 0.95 U/L (Fig. 3c).
Using the slope of the calibration curve, the probe PLP_BSA-CdS QDs
can be applied to detect ALP activity down to 0.05 U/L, which is better/

comparable with the recently reported methods (Table S1). Also, the
estimated detection limit is far lower than the normal level of ALP in
adults (40–190 U/L), which makes this nano-assembly useful for pos-
sible application in the detection of ALP in biological fluids [27].

To complement the practical utility of this probe PLP_BSA-CdS in
complex biological samples for the quantification of ALP activity, the
competitive experiment was performed (Fig. 4). For this experiment,
the fluorescence of PLP_BSA-CdS QDs was recorded in the presence of
ALP and the other interfering analytes mainly found in the biological
samples. The bar representation of competitive experiment clearly de-
lineated that this nanoprobe is highly specific in performing the

Fig. 2. (a) Fluorescence spectral changes of PLP conjugated BSA-CdS QDs and
(b) the bar graph showing selectivity of the nano-assembly towards various
bioactive analytes. Inset shows the fluorescent colour change of PLP conjugated
BSA-CdS QDs after the addition of ALP.

Fig. 3. (a) Binding titration and (b) naked-eye detectable fluorescent colour
change of PLP conjugated BSA-CdS QDs with different amount of ALP. (c) The
calibration plot of ALP (U/L) against I475/413.

Fig. 4. Competetive experiment for the detection of ALP activity using PLP
conjugated BSA-CdS QDs in the presence of other interferring analytes.
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catalytic activity of ALP to hydrolyze PLP to pyridoxal even in the
presence of other interfering analytes.

3.4. ALP sensing in real samples

The applicability of the developed nanoprobe was validated by
quantifying ALP activity in the biological samples (human plasma and
serum). The standard calculation was used to measure the recoveries of
this probe PLP_BSA-CdS QDs. To get the recoveries, the human serum
and plasma samples were spiked with known concentrations of ALP.
After that the resulting spiked solution was added to the solution of
PLP_BSA-CdS QDs and the change in fluorescence spectra were mea-
sured. Using the calibration curve, the concentration of the ALP and the
percentage of recovery was estimated. As tabulated in Table S2, this
nanoprobes shows satisfactory recoveries in all the tested real samples
which indicating the practicability of PLP_BSA-CdS QDs for measuring
the ALP activity in biological samples.

Further, a cost-effective approach was proposed for the quantifica-
tion of the PLP and ALP by integrating the optical responses of quantum
dots with a smartphone. Smartphone with the freely available color
scanning App can measure the change in color intensity. The smart-
phone App record the color intensity by using the standard RGB (red,
green, blue) scale. On that scale, each color ranges from 0 to 255, and
the [0, 0, 0] number corresponds to absolute black whereas
[255,255,255] number to true white. Using the back camera of iPhone
6 s smartphone, the fluorescent color changes of BSA-CdS QDs was
monitored upon incremental addition of PLP whereas the fluorescent
color changes of PLP_BSA-CdS QDs was monitored to quantify ALP. The
calibration curve plotted between the R/G ratio against the added
concentrations of [PLP or ALP] gave good linearity with the R2>0.95
(Fig. S9), and the LOD was estimated down to 6.90 μM for PLP and 0.33
U/L for ALP using the nanoprobes BSA-CdS and PLP_BSA-CdS QDs,
respectively.

4. Conclusions

In summary, a novel nanoprobe was developed by using BSA-CdS
QDs and the PLP as monophosphate substrate for the rapid detection of
ALP activity. The fluorescence of BSA-CdS QDs at 520 nm was quen-
ched by PLP but remains unaffected in the presence of pyridoxal. Upon
addition of the ALP, the functionalized PLP converted to pyridoxal
followed by the emission of BSA-CdS QDs was restored. With this na-
noprobe, the ALP activity can be detected down to 0.05 U/L without
any noticeable interference from other tested bioactive analytes. Also,
the analytical application of the probe was successfully tested for the
quantification ALP activity in various real biological samples such as
human plasma and serum with good recoveries. Further, we believe the
simple strategy developed using the PLP and BSA-CdS QDs will give
new directions for designing novel sensing systems for the detection of
ALP activity and other biomolecules.
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