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In this research, water-soluble thioglycolic acid-capped ZnS quantum dots
(QDs) are synthesized by the chemical precipitation method. The prepared QDs
are characterized using x-ray diffraction and transmission electron microscopy.
Results revealed that ZnS QDs have a 2.73 nm crystallite size, cubic zinc blende
structure, and spherical morphology with a diameter less than 10 nm. Photo-
luminescence (PL) spectroscopy is performed to determine the presence of low
concentrations of starch. Four emission peaks are observed at 348 nm, 387 nm,
422 nm, and 486 nm and their intensities are quenched by increasing concen-
tration of starch. PL intensity variations in the studied concentrations range
(0-100 ppm) are best described by a Michaelis—Menten model. The Michaelis
constant (K,,) for immobilized z-amylase in this system is about 101.07 ppm.
This implies a great tendency for the enzyme to hydrolyze the starch as sub-

strate. Finally, the limit of detection is found to be about 6.64 ppm.

Key words: ZnS QDs, starch, a-amylase, thioglycolic acid,
photoluminescence, concentration

INTRODUCTION

Starch, a polysaccharide, consists of glucose units,
with alpha-1,4 and alpha-1,6 glycosidic bonds and
has been used in water treatment industries as a
coagulant.! Starch is used in the form of anionic,
cationic, and non-ionic starch-based materials to
increase the efficiency of water treatment pro-
cesses.? Starch derivative compounds, originating
from either their use as coagulant in water treat-
ment processes or raw water sources may remain in
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treated potable water and cause an undesirable
growth of bacteria in water distribution systems.?
Various methods are used to measure starch
directly and quantitatively including calorimetry,*
high performance liquid chromatography (HPLC),?
immobilized enzymes,® multi-enzymes electrodes,’
and formation of colored complexes (e.g., interaction
of iodine with starch).® However, these methods are
complicated, expensive, and time-consuming. Two
of the most reliable and reproducible methods are
McCleary et al.’s method? and Ewers’ polarimetric
method,’® now widely accepted by the American
Association of Cereal Chemists (AACC) and the
European Community (EC), respectively.
Nanotechnology is empowering technology that
deals with nanometer-sized objects. It is expected
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that nanotechnology will be created at different
levels: materials, devices, and systems.''™5 Quan-
tum dots (QDs) are semiconductor nanocrystals with
adiameter of2 nm—100 nm. They are commonly used
as high-sensitive optical sensors due to their unique
luminescence properties such as narrow emission
bandwidth, size-dependent tunable photolumines-
cence, longer fluorescence lifetime, and hi gh bright-
ness as a result of quantum confinement.*%-% Zn§S is
one of the first QDs to be discovered and is applied for
sensors and biodevices because of its large band gap
of ~3.77 eV and ~3.72 eV for hexagonal wurtzite
(WZ) and cubic zinc blende (ZB) ZnS, respectively.®’

The aim of this evaluation is to develop a reliable,
rapid, inexpensive, and sensitive fluorescent-based
biosensor for determination of low concentrations of
starch remained in drinking water. Starch quantifi-
cation is based on photoluminescence variations of
colloidal ZnS QDs linked to starch enzyme called
alpha-amylase enzyme.”®

EXPERIMENTAL PROCEDURE
Reagents

Soluble starch, glucose, zinc acetate dehydrate,
sodium sulfide, thioglycolic acid (TGA), and sodium
hydroxide were purchased from Merck, Germany.
Bacillus-derived alpha-amylase enzyme was pur-
chased from SERVA, Germany. All chemicals were
in analytical grade.

Synthesis of Surface Modified TGA-Capped
ZnS Quantum Dots

The ZnS colloidal QDs solution is synthesized using
a reaction between Zn?* and S ions at ambient
temperature and in the presence of TGA as the

stabilizer and size-controlling agent. Our method is
similar to that used by Xiao et al.®® with minor
modifications. Firstly, 20 mL of a 0.05 M zinc acetate
solution is obtained by dissolving the required
amount of zinc acetate dihydrate in double distilled
water. Then, 0.25 ml of TGA is added to the above
mixture at 80°C and vigorously stirred for 30 min.
Afterwards, 20 ml NasS stock solution is added drop-
wise to the above mixture and then stirred continu-
ously for 2 h. A change in opacity of the solution is an
indication of ZnS formation in the reaction vessel. The
resulted colloidal solution is used for further tests.

As acidic conditions destroy the QDs®® and -
amylase is not active in acidic pH, colloidal TGA-
capped ZnS QDs are neutralized by adding the
required amount of 1 M NaOH. Then, 5 ml of a
500 ppm a-amylase solution is added to the reaction
vessel and stirred vigorously at ambient tempera-
ture for 30 min.

Preparation of Sample Solutions

First, standard starch solutions are prepared by
adding the required amount of starch to double
distilled water. Then, 1 ml of each sample is added
to 15 ml of the colloidal solution of «-amylase
immobilized on ZnS QDs at pH 7 and 40°C under
vigorous stirring for 30 min. Finally, photolumines-
cence spectra of each reaction vessel is measured by
exciting at 264 nm.

Apparatus

Transmission electron microscopy (TEM) micro-
graphs are recorded by a Hitachi H-800 and x-ray
measurements are performed using an Equinox
3000 diffractometer utilizing radiation Cu-K,
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Fig. 1. XRD patterns for the synthesized TGA-capped ZnS QDs.
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(2 = 1.5406 A). The fluorescence spectra and inten-
sities are measured with a Perkin-Elmer LS55
spectrophotometer for which the slit width is set
at 5 nm for both excitation and emission. All optical
measurements are performed at room temperature.

RESULTS AND DISCUSSION

Characterization of TGA-Capped ZnS
Quantum Dots

Colloidal solution of ZnS QDs are centrifuged at
5000 rpm and then washed two times with ethanol

Fig. 2. TEM micrograph of the TGA-capped ZnS QDs.

for x-ray diffraction (XRD) analysis. Figure 1
reveals the XRD patterns for ZnS QDs. As it can
be seen in Fig. 1, there are three peaks at about
20 = 27°, 48°, and 57°. This means that our synthe-
sized ZnS QDs can be indexed as cubic zinc blende
phase structure (JCPDS 5-566). The crystallite size
can be calculated from Debye—Schrerr equation
defined as below®:

0.9
b= FWHM cos(0)’ D

where D, 0, A, and FWHM are crystallite size,
degree of maximum peak in XRD patterns, x-ray
wavelength, and full width at half maximum in the
XRD patterns, respectively. The crystallite size of
ZnS QDs is calculated to be about 2.73 nm.

For the TEM micrograph, the colloidal ZnS QDs
solution is used. Figure 2 shows TGA-capped ZnS QDs.
As it can be observed in this figure, the particles have a
size of less than 10 nm and spherical morphology.

Figure 3 shows emission spectra of our colloidal
ZnS QDs. There are four peaks at A = 348 nm,
387 nm, 422 nm, and 486 nm. In colloidal ZnS,
vacancy states lie deeper in the gap than states
arising from interstitial atoms.®’ Therefore, we
conclude that the two short wavelength peaks at
348 nm and 387 nm, and the two long ones at
422 nm and 486 nm are due to transitions involving
interstitial states and vacancy states, respectively.
Denzler et al.® have also reported four peaks for
colloidal ZnS QDs synthesized by the chemical
precipitation method. Based on their results and
discussion, interstitial sulfur states and sulfur
vacancy states should be located closer to the
valence band edge than interstitial zinc states and

160 -

140 -

120

100 |

PL Intensity(a.u.)
[ns]
o

60 |
40}
20}
U 1 1 1 1 1
250 300 350 400 450 500 550 600
Wavelength (nm)

Fig. 3. Photoluminescence emission spectra of colloidal ZnS QDs, excited at 264 nm.
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Fig. 4. Effect of temperature of the starch hydrolysis reaction on PL intensities of enzyme-capped ZnS QDs at pH = 7.
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Fig. 5. Effect of pH of the starch hydrolysis reaction on PL intensities of enzyme-capped ZnS QDs at 40°C.

zinc vacancy states to the conduction band edge.
Consequently, we attribute the peak at 348 nm and
387 nm to the sulfur and zinc vacancy, respectively,
and the ones at 422 nm and 487 nm to interstitial
sulfur and zinc, respectively.

Photoluminescence (PL) emission of ZnS QDs is
strongly depended on surface modification, synthe-
sis method, and conditions.®® In most cases, only
one®+% or two®%” and sometimes four®” peaks are
reported for fluorescence emissions of ZnS QDs.

Conjugating «-Amylase to ZnS QDs and Its
Activity

To determine the optimum conditions (pH and
temperature) for enzyme activity, we carried out
additional experiments. As optimum conditions for
activity of a-amylase are reported to be 40°C and
pH = 7,58%9 we assumed that these conditions were
also optimal for a-amylase immobilized on ZnS QDs.
We used these conditions as a starting point to find
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Fig. 6. (a) Photoluminescence study of enzyme-capped ZnS QDs in the presence of standard starch solutions with different concentrations, (b)
Comparative PL intensity variations with starch concentration, (c) PL intensity as a function of starch concentration (d) changes of relative PL
intensity with starch concentration and (e) The Linwearer-Bruke plot for the Michaelis—Menten model based on the results presented in the

current work.

Table I. Reported K,, for a-amylase from different
sources

Enzyme source K., (ppm) Reference
Bacillus licheniformis 8300 73
p-amyloliquefaciens 4110 74
Lactobacillusmanihotivor 2440 75
Bacillus 101.07 Current work

the optimum enzyme activity conditions for our
QDs. We spanned the temperature-pH space once
by keeping the pH constant at 7 and changing the

temperature and once by maintaining a tempera-
ture of 40°C and varying the pH. We added 1 ml of a
50 ppm starch solution in doubled distilled water to
the above reaction vessel at various conditions and
performed PL measurements. According to Figs. 4
and 5, the largest PL intensity quench was observed
at pH = 7 and 40°C, the starting point condition.

Photoluminescence Study

Figure 6a reveals the PL intensity of each reac-
tion vessel. PL intensity quenches by increasing
starch concentration. In Fig. 6b, comparative PL
intensity (Io—I) also increased by increasing starch
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Table II. Effect of glucose as an impurity on the relative error between the starch concentrations calculated
from the M-M model and the actual concentration in each sample

Glucose (ppm) Starch (ppm)

Starch from M-M model (ppm)

Relative error (%)

10 90
30 70
50 50

90.21 0.23
70.37 0.53
49.53 —-0.94

concentration, and it did not remain constant for
high concentrations samples, therefore, we con-
cluded that this system could be used for starch
determination with concentration much higher than
100 ppm.”® As the aim of this project is the deter-
mination of starch at low concentration, it is not
relevant to find the high limit of quantification for
this system. Figure 6¢c indicates that with an
increase in starch concentration, PL intensity
decreased non-linearly for all samples. Figure 6d
shows changes of relative PL intensity (I/Iy) with
starch concentration. This figure confirms our con-
clusion from Fig. 6b because relative PL intensity
for 100 ppm starch is just about 0.76, which shows
that the capacity of this system is higher than
100 ppm.

Michaelis-Menten Model

The Michaelis—-Menten model (M-M) is a model
used for investigation of immobilized enzyme affin-
ity to the substrate.”* M—M model is defined by the
following equation:

1 K, 1 1
IO _Ii Vmaxa+vmax’ (2)

where Iy—I is the comparative PL intensity, C is the
starch concentration in ppm, and K,, and V., are
constants. Small values of the Michaelis constant
(K,,) indicate the high affinity of enzyme for the
substrate.”” Figure 6e presents the Linwearer-
Bruke plot for M-M model based on PL intensity
results in this work. PL data agree very well with
the M-M model and this model can be used as a
standard curve for low concentration starch deter-
mination. Table I shows the value of K, in different
studies for c-amylase with starch as substrate. K,
for this system is considerably lower than other
reported values, which indicates that «-amylase
immobilized on ZnS QDs has a high tendency to
hydrolyze starch as substrate.

Limit of Detection (LOD)

As PL intensity changes linearly with starch
concentration (see Fig. 6¢), the limit of detection
can be determined using the equation LOD :3{5—”,
(where ¢ is the standard deviation of blank mea-
surements of six replicates containing 10 ppm
starch and S is the absolute value of slope obtained

from Fig. 6¢). For our ZnS QDs, the limit of
detection for starch is calculated to be 6.64 ppm.

Selectivity

Selectivity and the effect of impurities is studied
by using three mixtures of starch and glucose with
varying ratios of starch to glucose and a total
concentration of 100 ppm. As shown in Table II,
there is a less than 1 % relative error between the
starch concentrations calculated from the M-M
model and the actual concentration in each sample.
Therefore, our designed fluorescence-based sensor
is very selective in determination of starch.

CONCLUSIONS

In conclusion, colloidal TGA-capped ZnS QDs are
successfully synthesized using the chemical precip-
itation method. o-amylase is used as a starch-
converting enzyme and is immobilized on colloidal
ZnS QDs. A linear quench in PL intensity is
observed with an increase in starch concentration.
Our data is best described by the Michaelis—Menten
model. The ultralow Michaelis constant (K,,) indi-
cates the high affinity of immobilized enzyme to
starch as substrate. This fluorescence-based detec-
tion method is reliable, rapid, inexpensive, and very
sensitive. Eventually, PL data agree very well with
the M—M model, and this model can be employed as
a standard curve for determination of starch con-
centrations less than 100 ppm in different samples.
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