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An electrochemiluminescence inhibition methods for highly sensitive detection
of oxytetracyecline via microfluidic paper-based analytical devices with egg white-
encapsulated gold nanoclusters

Suphawuth Siriket'?*, Sirirat Phaisansuthichol!, Sakehai Satienperakul!
!Department of Chemistry, Faculty of Science, Maejo University, Chiang Mal 56290, Thailand
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Abstract

This report describes 2 novel electrochemiluminescene (ECL) inhibition method for highly
sensitive determination of the oxytetracycline (OTC) using chicken egg white (CEW)
encapsulated-gold nanoclusters (AuNCs). OTC strongly inhibited the ECL signal of tris (2,
2’ bipyridyl) ruthenium (II) system with the co-reactant of 2-(dibutylamino)ethanol (DBAE).
A microfluidic paper-based analytical devices (WPADs) on carbon screen-printed electrode
was employed for the monitoring of the ECL quenching. The optimum expetimental
conditions, including the scan rate of €V mode, concentration of phosphate buffer solution
and its pH, and the concentration of CEW@AUNCs and DBAE for the ECL inhibition
method, were thoroughly investigated. Under the optimized condition, the linear
concentration range of 50 — 1,000 ng mL and the detection limits of 15 ng mL-' (S/N=3)
were obtained, Based on these investigations, the inhibit ECL of CEW@AuNCs/DBAE on
nPADs/C-SPE system was successfully applied to the determination of OTC residue in frozen
shrimp samples with satisfactory results. ‘ '

Keywords: Oxyteracycline, Electrochemiluminescence, Paper-based analytical
devices, Chicken egg white-gold nanoclusters - ‘
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Abstract: In this work, a green, simple and rapid synthesis method of highly fluorescent and
water-soluble carbon dots (CDs) was reported. Thua-nao khap (fermented soybean plate or Thai
natto sheet) was chosen as the carbon source through the low-temperature carbonization at 220°C
for 12 h with none of another reagent required. The CDs with bright and stable blue
photoluminescence property was afforded under UV irradiation at the maximum fluorescent
emission wavelength of 450 nm. The 7 nm i.d. with sphetical shape of CDs can serve as potential
fluorescent sensors for mercuric ions (Hg*") detection without nitrogen or sulfur doping. The
quenching effect of Hg?* on the fluorescence intensity of CDs was found to be concentration
dependent over the linear range of 5 x 1078 to 5 x 10™% mg L-!, while the lowest concentration to
determine Hg?* ions was observed at 1 x 108 mg L. The results demonstrated that the CDs from
Thua-nao khap can be prepared easily and inexpensively giving a promising potential for Hg*"
determination due to its excellent fluorescent property.

Keywords: Carbon dots, Thua-nao khap, carbonization, fluorescence, Hg?* detection

INTRODUCTION

Fluorescence spectroscopy has considerable attracted a great deal of interest in environmental
monitoring, since it inherently provides a lower limit of detection than any other molecular
spectroscopy. However, sophisticated instrumentations such as cold vapour atomic absorption
spectrometer or inductively coupled plasma mass spectrometer may be applied for accomplishing a




fine result at a very low concentration of mercury. The design and development of highly sensitive
and selective fluorescent sensors, with an ease of use, rapidly implementation and inexpensive
procedure, is clearly needed in flucrometric analysis of mercury.

Intensive research on carbonaceous nanomaterials has been recently focused on the
exploration of photoluminescent fluorophore because of their higher photoactivity, lower toxicity,
and less-expensive cost, compared with heavy-metal contained quantum dots. Fluorescent carbon
dots (CDs), spherical carbon nanoparticles with normally less than 10 nm i.d., have aroused much
interest and intensive research from science communities due to their intriguing properties such as
low toxicity, high aqueous solubility, robust chemical stability, high resistance to photo-bleaching
and excellent biocompatibility [1-2]. CDs can be prepared from various raw materials. They were
generated by two ways of originating carbon source such as graphene, carbon nanotube, activated
carbon, charcoal as “Top-down” [3-5] and patural materials of fruits, flowers, leaves, and animal
products were called “Bottom-up” methods [6-8]. Various synthetic technique approaches of carbon
quantum dots have been developed such as ultrasonic, hydrothermal, solvothermal, microwave,
electrochemical and combustion metheds [9-10]. The advantages of using natural resources for the
synthesis of CDs are cost-effective and eco-friendly. The green synthesis methods are highly
appreciable for a new era, compared to physical and chemical processes.

Fermented soybeans are well known as a protein-rich dietary supplement with high protein
component (54.6%) [11] and consist of nitrogen and sulfur containing amino acids. Several studies
have confirmed this fact with an emphasis on aminc acid profiles to indicate their nutritive quality.
These advantages make fermented soybeans suitable as the ideal carbon source for CDs synthesized
through low-temperature carbonization.

Herein, a simple and green method of synthesized CDs has been developed using rotten beans
plate (Thua-nao khap or Thai natto sheet). Thua-nao khap, as an originated carbon dots precursor was
synthesized by pyrolysis process without any recourses from reducing or oxidizing agents for the first
time. The Thua-nao khap carbon dots’ (TNK-CDs) properties and morphology were characterized
and studied. The fluorescence (FL) system has been proposed as a sensitive and environmental
friendly method for the determination of Hg?" ions, as a highly toxic heavy metal occasionally found
in natural water and wastewater samples.

MATERIALS AND METHODS

Chemicals and Reagents

All chemicals used were analytical grade reagents and without any further purification.
Ultrapure deionized water was used in all preparation and prepared by a compact ultrapure water
system (18.2 Mg, Elga, UK). A 1000 mg L of mercuric chloride standard solution for AAS was
acquired from Fluka (USA). Stannous chloride and hydrochloric acid were obtained from Merck
(Germany).

Synthesis of carbon dots

TNK-CDs were prepared using the pyrolysis method without any reagent doping, Briefly, 50
g of rotten beans plate was ground to a fine powder and placed on the hot air oven (Memmert,
Germany) at 220°C for 12 h. Then the black carbon residue afier grinding with a porcelain mortar
was weighed to 1.0000 g and place into a cellophane membrane bag (CelluSep, USA) for dialysis
with 100 mL ultrapure distilled water. After 6 h, TNK-CDs were filtrated and dispersed completely
in ultrapure deionized water. A 1 mL of TNK-CDs solution was diluted to 25 ml. prior to use. The
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preparation process of the carbon dots can be briefly explained in Figure [, and the bright bluc, stable
fluorescence and excellent waler dispersion can be observed uder UV irradiation using a mercury
tamp,
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Iigure 1. Schematic illustration of the synthesized process of the fluorescent TNK-CDs and its FL
property under UV irradiation.

The fluorescence spectrophotometric (L) measurements were carried out on a lnminescence
spectrometer-LS50B (Perkin Elmer Corporation, USA). The permeated TNK-CDs solution at
appropriate dilution is put in a quartz fluorescence cuvette with 10 mm optical path length, while the
excitation and emission slits were set at 5 nm. The emission spectra were observed when the excited
wavelength was set at 337 nm and recorded over the wavelengih of 400 to 600 nm.

The size and morphology of the TNK-CDs were characterized by a JOEL 2100 transmission
electron microscope (TEM) (JEOL Ltd., Japan), operated at 200 keV. Bright field TEM (BF-TEM)
images and spot energy dispersive x-ray spectroscopy (EDS) were used for morphology and chemical
composition identification. The TNK-CDs were dispersed in ethanol using ultrasonic vibration for
approximately 5 min. The mixture was dropped onto 200-mesh copper grids coated with continuous
carbon films and allowed to dry at room temperature before invesligation.

Application for Hg* analysis in real samples

Four wastewater samples were collected lrom university laboratories, municipality and
hospital wastewater (reatment plants, To remove the solid, the samples were filtered through a
Whatman filter paper (No, 1). The filirate was collected into 5 polypropylene bottles and
supplemented with Hg?" sofution (0, 5, 20, 100, 200 ug L™') for laboratories and hospital wastewater,

All of the sample solutions were stored al 4°C away [from light before fuorescent
measuirement.

Finally, 2 1000 pL, suspension of TNK-CDs was applied to cach 25 mL of standard and sample
solutions, while the FL observation was carried out 5 minutes after the addition of TNK-CDs to the
Hg®* solution.
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RESULTS AND DISCUSSION

Characterization of TNK-CDs

The transmission electron microscopy (TEM) has been used to characterize the morphology
and size distribution of the TNK-CDs. The TEM image shows that TNK-CDs are uniform in size (5-
10 nm) with an average diameter of about 7 nm (Fig. 2) and well dispersed of the spherical particles
in aqueous soluiion.

Optical properties of TNK-CDs

To investigate the fluorescence property of synthesized TNK-CDs, the permeated solution of
CDs was placed into a 10 mm quartz fluorescence cuvette under visible and UV light for comparing
fTuorescent properties. It can be seen from Figure 3 that TNK-CDs are easily dispersed in water and
transparent at visible day light. TNK-CDs can obviously emit bright blue fluorescence light under
UV light excitation (365 nm).

{a) {h)

Figure 3. Photographs of the TNK-CDs aqueous solution under (a) daylight and (b) 365 nm UV light,

Compared with the CDs synthesized from other materials, the quantum yield of TNK-CDs
was calculated using rhodamine B as a reference standard [12]. The TNK-CDs have a high quantum
yield (QY) of 40%. The high quantum yield is possible due to the existence of nitrogen-and sulfur-
containing functional groups, which comes from amino acid content in fermented rotten soybean. The
high quantum yield may be beneficial to improve the sensitivity of detection of Hg?!. The fluorescent



intensity of TNK-CDs was stable for more than 3 months under ambient condition. The result reveals
that the TNK-CDs have a high ability for mercury sensing applications.

Spectral characteristic of TNK-CDs and Hg**

In order for FL quenching based sensors to a truly “green” hazardous chemical should not be
recourse however, the signal should be capable of being detected quantitatively. Hence only TNK-
CDs itself were dispersed in deionized water and investigated for absorption and fluorescence spectra.
In Figure 4, the maximum photoluminescence emission wavelength was observed at 450 nm under
the 337 nm irradiation. It was also illustrated in Figure 5 that Hg?" at various concentrations can
obviously quench the fluorescence intensity of the 400 mg L' TNK-CDs solution, and the
fluorescence quenching was also found to be concentration dependent (Figure 5), which is possible
for TNK-CDs to be potentially used as an Hg?* sensor.

Intensity (au.)

350 400 450 300 550 509

Wavelength {nm)
Figure 4. Fluorescence excitation (blue line) and emission (red line) spectra of TNK-CDs.
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Figure 5. Fluorescent spectra of 400 mg L' TNK-CDs solution after the addition of Hg?* at different
final concentrations.




Application of TNK-CDs for Hg?* detection in real samples

A series of experiments were conducted to evaluate the optimum experimental parameters that
gave the highest FL sensitivity which was then used in the quantitation of Hg?" in real samples. The
optimum condition for the determination of Hg®* was thoroughly investigated by studying the
influences of the system variables, such as pH, the concentration of TNK-CDs and the excitation
wavelength using univariation method.

To verify the utilization of prepared TNK~CDs sensor for environmental analysis, the practical
application of this sensing system for Hg?* was investigated using chemical waste from two scientific
laboratories, wastewater from a water-treatment plant and wastewater from a local hospital. Under
the optimum condition, a calibration curve was constructed which showed a linear response in the
range 5 x 1078 to 5 x 1075 mg L™ concentration of the Hg?* ion, while the limits of quantitation and
detection (I.OQ and LOD) of 5 x 10 mg L" and 1 x 107® mg L were observed. Because of the
relatively low value of the concentration of Hg2" ion in all wastewater samples, neither sample
quenched the TNK-CDs fluorescence intensity, indicating that the Hg* contents of these wastewater
sample were below detection limit. The declared cold vapour atomic absorption spectrometer (model
FIAS-AAnayte 100, Perkin Elmer) also detected no Hg?* from all samples. The recovery results from
three spiked samples with different Hg?* concentrations are shown in Table 1 with good recoveries.
These findings demonstrate the potential of the proposed method for routinely analysis of Hg* ion
level in water samples, at which the United States Environmental Protection Agency (U SEPA) limits
mercury in drinking water to 0.002 mg L™, while the poliutant control department in Thailand set the
maximum mercury level permitted by the industrial effluent standards at 0.005 mg L.

Table 1 Recovery of Hg** in wastewater samples from science laboratories and hospital wastewater.

Sample Added (pg L) Found (pg L) Recovery (%)
Lab A 20 18.09 90.45
50 46.76 93.52
100 98.88 98.88
Lab B 20 18.49 92.45
50 48.13 96.26
100 103.73 103.73
Hospital 20 17.97 89.85
50 45.71 91.42
100 03.84 93.84

CONCLUSIONS

In summary, we creatively synthesized CDs originated from Thua-nao khap according to a
simple and “green” approach without any further reagent modification. Significantly, the CDs were
applied as a metal sensor for the quantitation of Hg?* on the basis of Hg?* induced fluorescence
quenching of CDs, The fluorometric method developed herein was successfully used to determine
Hg*" ions at very low concentration. Interestingly, the new type of CDs was employed for fluorescent
sensing, demonstrating their capability to broaden avenues in sensing, imaging and other purposes.
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Abstract— Electrochemiluminescence (ECL) of Ru(bpy)* with Mn-doped ZnSe quantum dots was synthesized,
characterized and investigated. Cadminm-free quantum dots of Mn:ZnSe QDs was synthesized in aqueous by capped
with MPA. at low temperature pyrolysis procedure. The properties of Mn:ZnSe QDs was characterized by PL
specirophotometry, TEM and EDS. The maximum sbsorption and emisslon of Mn:ZnSe are 385 and 602 mm,
respectively. The average size of guasi-spherical d-dots are around 3.0 nm and the Mn:Zn ratio is 1:20 using EDS. This

QDs will be applied to enhanced-electrochemiluminescence measurement for tetracyclines.

Keywords: Electrochemiluminescence, Cadmium-free quantum dots, Mn:ZnSe, Ru{bpy)y®*, MPA

. 1. INTRODUCTION
- The -significant of electrochemiluminescence

- (ECLY s a:high sensitivity and selectivity method -

" for clinical, food, meétal ions, pesticides and
~ military applications based on light emission
during the high-energy electron-transfer reactions
oceurring at working electrodes in electrochemical
.process.. of. luminophores, including Ru(bpy)s?*,
luminot and quantum dots (QDs) [1-6], have been

- applied in ECL detection. Cadmium chalcogenides-

(e.z. o£.CdTe, CdSe-and CdS) were an excellent
quentum dots for ° ECL-enhancer [7-8).
Unfortunately, these Cd-based QDs wére high
toxicity. Even though, Cd-free quantum dots wesa
mainstreamn  emissive material by * replacing
cadimium with zinc as ZnSe QDs, but emit
photoluminescence spectra around 380 nm and low
quantum yield [9], that not appropridgte for
Rufbpy)s**-based ECL applications which emit at
610 nm [10]. Thus, doping semiconductor
nanocrystals (d-dots) with atomic impurities is an
effective way to manipulale’ the Juminescence
emission spectra of wide band gap semiconductors
like ZnSe that emit the blue region. A system of
interest has been Mn**-doped ZnSe (Mn:ZnSe). In
Mn:ZnSe d-dots, a small amount of Mn?* is
incorporated into the host ZnSe nanocrystalline
lattic, which results in visible luminescence at ca.
585-609 nm attributed to a ‘T)—%A, transition of
Mn?* jons in Ts symmetry [11-13].

In the past decade, numerous organometallic
routs were reported to synthesize Mn:ZnSe QDs
[14-15]. These required pyrolysis (~300°C) in hot
coordinating solvents such as tri-n-octylphosphine
" (TOP), hexadecylamide (HAD), and octadecene

(ODE) followed by the crystal growth at lower
temperaturg (typical 220-260°C). QDs thus
produced -are capped by hydrophobic Hgands and
are only dispersible in low polar organic solvents
such as toluene or chloroform, that dangerous and
high toxic. The simple and low toxic synthesis of
Mn:ZnSe QDs in water is 2 promising alternative
route to organometallic reactions, Wang et al. have
reported the first aqueous route to Mn:ZnSe d-dots
capped with 3-mercaptopropionic acid (MPA) [16],
but QY ‘was only 2.4% and photoluminescence
peak position was only 570 nm. According to Peng
et al. were synthesized Mn:ZnSe' d-dots, PL peak
position can be tuned from 575 to 595 nm [17]. The
interesting  system, Mn?*-doped ZnSe
semiconductor nanocrystals were demonstrated as
efficient emitters the orange-red color closely
Ru(bpy)s** emission.

In this work, we take advantage of the thiol
groups of MPA, for developed MPA-capped
Mn:ZnSe d-dots synthesis in one-pot process at low
temperature, then photoluminescence
spectrophotometry (PL) and transmission electron.
microscopy (TEM)  characterization “weré " °
investigated.

. EXPERIMENTAL

Chemicals

All chemicals were of analytical reagent grade
and were used without further treatment.
Hypophosphorous acid (HPH>Oz, 30%), selenium
powder (~200 mesh Se, 99.95%), sodium
borohydride (NaBHs, 298%) and 3-mercapto-
propionic acid (MPA, >99%) were purchased from
Acros Organics. Ruthenium chloride heptahydrae—
(RuCh-7H,0, 99.98%), zine nitrate
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{Zn(NOs)22H20, 99.0%), manganese chloride
(MnCl24H20, 99.0%) were purchased from
Aldrich, The ultrapure water used in all syntheses
had a resistivity of 18.2 MQ cm! by degases with
Nz gas for 30 min before used.

Procedure
Synthesis of Ru(bpy)s** complex

The ECL luminophores of tris(2,2’-bipyridyl)
ruthenium(fl) was synthesized from RuCls by
reaction with 2,2’-bipyridine, adapted from the
“Inorganic Syntheses” preparation by Broomhead
method, thus reported in the previous experiment

(18]
Preparation of precursor solution

The preparation of WNaHSe solution was
performed according to Shu et al. [19] with some
modification. The MPA stabilizing reagent solution
was prepared by 352 uL MPA in 5 mL water, and
then was adjusted. the pH to 11.2 by drop-wise

‘addition of 1.0 M NaOH solution with "stifting.

0.0125 M MnClz solution wis prepared by
dissolving 0.0495 g MnClz2-4H20 in 10 mi. water.
0.125M Zn(NO3)> solution was prepared by
dissolving 0.1372 g Zn(NOs)»2H20 in 25 mL

water. All precursor solutions were prepared:

freshly. o o
Syrithesis of Mn**-doped ZnSe QDs

150 puL of I x 105 M MnCls and 352 uL. MPA
solution were load into 250 mL three-necked flask,
and then degassed by nitrogen flow for 30 min and
subjected to reflux at 100°C, Fresh NaHSe solution
was injected swiftly into three-necked flask
keeping for 40 min to obtained the ideal size of
MnSe core. After that, a | mL 0.125M Zn{NOs)2
solution was added through a syringe into a three-
necked flask at 90°C by 100 pL min™, then the
- MPA stabilizing reagent solution was diverted to

the three-necked flask, and kept for 20 min, and
then another 12 mL 0.125M Zn(NO3); solution by
500 pL min?, then moderate MPA stabilizing
reagent solution was injected, kept for 15 min, and
then the rest of the 0.125M Zn(NOs): solution was
added. One of the key step of the preparation of
Mn?*-doped ZnSe d-dots was the removal of excess
» Stabilizing reagent from the nanocsystals. For this
to oceur, the prepared colloids were precipitated by
methanol addition and were redissolved in pure
water at pH 9.0, which resulted in partial removal
of the stabilizer. The obtained dispersion was
allowed to take the PL and TEM measurements.

Characterization of Mn**-doped ZnSe ODs

Photoluminescence (PL), both excitation and
emission spectra were obtained by Perkin Elmer
Co., USA, LS50B Luminescence spectro-
photometer. Transmission electron microscopy
(TEM) images were obtained by JEOL, Japan,
JEM-2011FEF HRTEM, operated at 200 KV
equipped with  energy-dispersive  X-ray
spectrometer (EDS).

M. RESULTS AND DISCUSSION

Mn:ZnSe doped quantum dots (d-dots) properties

The synthetic method for Mn:ZnSe QDs is
schematically shown in Fig. 1, where manganese
and zinc precursors along with MPA capping
ligand were loaded in a reaction flask containing
deaerated water at basic pH. The results were in
accordance with a  “nucleation-doping™
mechanism, yellow-green precipitate of Mn:ZnSe
QDs (Fig. 2a) and a strong orange-red emission

“under 365 nm UV light (Fig. 2b). Thé négative

charges of thioalky! acids will also impose a kinetic
barrier for. the growth of stable and small
nanoccrystals.

Photoluminescence spectra (PL) (Fig. 2) were
recorded at 365 nm excitation and 602 nm.

- ~emission. The optical properties of Mn?*-doped

ZnSe QDs are mainly dependent on the size of the
d-dots.. o

Mncl, .
s PHM2 e

Zn(NOs]x

——ege +

Figure 1. Schematics of nucleation and growth
mechanism of Mn™-doped- ZnSe QDs.
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Figure 2. Photoluminescence  emission  spectrn of

MPA-capped Mn**-doped ZnSe QDs. Insel imapes: (a)
yellow-green NCs of Mn:Zn8e QDs and (b) Mn:ZnSe Qs
under visible light (Left) and 365 nm UV light {Right).

Transmission electron n}icroscopy (TEM) Analysis

The morphologies of the Mn:ZnSe QDs capped

with MPA post-synthesis were characierized by

TEM (Fig. 3). The Mn: ZnSe@MPA QDs are
irregularly shaped and they arc aggregated because
of the grain growth that occurred at g high
calcination- temperature. The TEM image also
confirms that the Mn:ZnSe@MPA QDs have a
condensed structure without any observation of
nanopores inside the NCs, The particle size
estimated by TEM micrograph was about -3 nm
diameter, that agree with Sarma et al. [20] and Shao
et al. [11] reported.

Figure 3, (A) TEM (B)Y HR-TEM and (C) BF-TEM
images of Mn*'-doped ZnSe@MPA QDs.

1 z
i T ey AP

Figure 4. EDS spectra of Mn®-doped ZnSc@MPA

QDs.
V.  CONCLUSION

Cadmium-free. quantum. dot of Mn?*"-doped
ZnSe QDs capped with MPA were green and facile
synthesized in aqueous by low temperature (90-
100°C) pyrolysis procedure. The  emission
wavelength of Mn:ZnSe@MPA QDs was 602 nm
that closely Ru(bpy)*" emission. Hence,
Mn:ZnSe@MPA QDs will be investigated the
utility for - enhance sensitivity  of
electrochemiluminescence measurement  and
applicd to determination of selected tetraclines in
food samplies. This work is near complete, but there
are a few topics of continuing interest. The future
work we will synthesis corefshell cadmium-free
Mn**  doped corefshell quantum dots of
Mn:ZnSe/ZnS and Mn:ZnSe/ZnO capped with
some selected amphoteric polymer should be
investigated.
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