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Abstract

Synthesis of fluorescent naphthalimide-
functionalized Fe3O4 nanoparticles and their
application for the selective detection of Zn?*

present in contaminated soil

Kim, Kyung Tae
Department of Civil and Environmental Engineering
The Graduate School

Seoul National University

A fluorescent dopamine—naphthalimide—dipicolylamine (DPA) was
synthesized as a sensing receptor for Zn?*. Naphthalimide-DPA (2) was
immobilized onto the surface of iron oxide nanoparticle to prepare a hybrid
nanomagnet 1-FezO4 for the purpose of selective detection of Zn?* in soil.
Naphthalimide-DPA (2) and 1-FesO, were observed to bind with Zn?,
leading to significant increase in fluorescence intensity at 527 nm. The
fluorescence increases of 2 (10 uM) and 1-FezO4 (0.33 wt%) by addition of
Zn?* were linear over the [Zn?*] range of 0-7 puM and 0-20 uM, respectively.
These fluorescence changes were highly selective for Zn?*, which were
readily monitored even in the presence of other competitive cations. In
particular, 1-FesO4 exhibited an excellent limit of detection determined to be
0.0345 ppb. Furthermore, this system was found to be suitable for detecting
Zn?* in a wide pH range of 3-11 and could be reused with the addition of
ethylenediaminetetraacetic acid (EDTA). Moreover, nanomagnet 1-Fez;O4

was employed for the selective detection and removal of Zn?* from a soil



sample. These results confirm that the use of 1-Fe3;O. is a novel and simple
method for detecting Zn?* in environmental samples.

Keywords: Zinc, Naphthalimide, Fe;O4 nanoparticles, Nanomagnet, Soil
Contamination

Student Number: 2015-21280
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Chapter 1 Introduction

1.1 General

Particular attention has been focused on heavy and transition metal (HTM)
ions and their detection methods. Exposure to HTM through diverse pathways
can lead to accumulation in the human body, causing severe illness (Sharma et
al. 2007). In particular, zinc is an indispensable element as it plays an
essential role in biological processes (e.g., protein  synthesis,
neurotransmission, and signal transduction) (Park et al 2008). However, the
accumulation of zinc in the human body causes fatal organ failure, copper
deficiency, stomach cramps, skin irritations, vomiting, nausea and anaemia
(Plum et al. 2010; Kang et al. 2012). Thus, the detection and removal of Zn?*
in contaminated samples are of significant interest due to this cation’s unique
role in physiological functions and harmful effects to human body.

Currently, fluorescent sensors have been reported as powerful tools for
detecting metal ions in water and biological samples, attributed to their high
sensitivity and selectivity, as well as ease of operation (Sivaraman et al. 2014;
Shanmugapriya et al. 2016). In particular, development of fluorescent sensors
for Zn?* have engaged great attention, due to the biological significance of
Zn% ions. In general, fluorescent molecules are linked to Zn?*-chelators such
as dipicolylamine (DPA), bipyridine, cyclic polyamines, and etc (Xu et al.
2009; Xue et al. 2009; Sun et al. 2011; Wang et al 2012). However, most of

the sensors exhibit a poor selectivity for Zn?* ions over other metal ions.



Specially, there is difficulty in distinguishing Cd?* and Zn?* ions, owing to
their similar binding properties (Masanta et al 2011; Xue et al. 2012).
Recently, Xu et al. (2009) reported a Zn?*-selective fluorescent sensor based
on amide tautomerization of naphthalimide linked to DPA and this was used
for detecting Zn?* ions in human cells and zebrafish.

Compared to the detection of HTM present in contaminated water,
that of HTM present in contaminated soil is considerably more difficult. Soil
demonstrates potential to buff the contamination level of groundwater and
river (Yong et al. 1990). HTM adsorbed on soil surfaces may leach into
groundwater and stream water, which are important sources of drinking water
(Chen et al. 2011). Thus, it is necessary to investigate the contamination of
zinc in soil.

Conventional analytical methods widely employed for detecting HTM in soil
samples include atomic adsorption spectrometry (Chen et al. 2001),
inductively coupled plasma-mass spectroscopy (ICP-MS) (Rao et al. 2002),
X-ray fluorescence spectrometry (Manceau et al. 2004), and laser-induced
breakdown spectroscopy (Dell’ Aglio et al. 2011). However, their applications
are hindered by high cost and operational expertise, as well as lack of
portability and time-consuming procedures (Al-Kady and Abdelmonem 2013).
However, fluorescent sensors capable of detecting Zn?* absorbed on soil have
been rarely exploited. More recently, fluorescent-sensor-functionalized iron
oxide nanoparticles (IOPs) have attracted immense attention, attributed to
their sensing ability and strong magnetic property (Peng et al. 2011).

Receptor-immobilized magnetic nanoparticles have some important



advantages as solid chemosensors and adsorbents in heterogeneous solid-
liquid phases (Kang et al. 2012; Jung et al. 2011; Son et al. 2010; Park et al.
2010; Lee et al. 2009). First, such nanoparticles are readily synthesized by
hydrolysis reaction which is a versatile technique that allows introduction of
chemical functionalities. Second, immobilized receptors on inorganic
nanoparticles can remove guest molecules (toxic metal ions and anions) from
the pollutant solution. Third, magnetic nanoparticles can be easily isolated and
controlled from pollutants by a small magnet and can be repeatedly utilized
with suitable regenerative treatment. Magnetic nanoparticles can also provide
efficient binding to guest molecules because of their high surface-to-volume
ratio, which simply offers more contact area. Some functionalized 10Ps have
been developed for the selective detection and removal of metal ions (Wang et
al. 2012; Kim et al. 2016; Zhang et al. 2015; Wang et al. 2006). Thus, we
envisaged that the naphthalimide linked to DPA, combined with iron oxide
nanoparticles, can be used for sensing, recovery, and removal of Zn?* ions
selectively in environmental pollution and biological specimens.

Herein, | presented a Zn?'-selective fluorescent naphthalimide-
functionalized FesO4 nanoparticles (1-FesO.), composed of naphthalimide-
dipicolylamine (1) as a Zn?* sensing unit and Fe;O4 as magnetic nanoparticles
(NPs). The 1 consists of a naphthalimide fluorophore as the signaling unit,
dipicolylamine (DPA) as the recognition site for Zn*, and dopamine as the

group for immobilizing Fe30a.



1.2 Outline

This study is divided into five chapters.

Chapter 2 provides background of fluorescence chemosensor and
their mechanism. The mechanism of fluorescence and quenching effect is
explained.

Chapter 3 describes the experimental program about verification of
proposed fluorescence chemosensor. In addition, synthesis process of
proposed chemosensor is explained.

Chapter 4 mainly discuss the sensing characteristics of proposed
fluorescence chemosensor based on the solution test results. Additionally, the
application on contaminated soil is explained.

Chapter 5 summarized the sensing behavior of proposed

fluorescence chemosensor and the results of application on contaminated soil.



Chapter 2 Background

2.1 Background of the Fluorescent Chemosensor
2.1.1 Fluorescence

Fluorescence is a specific charateristic of fluorophore. With specific
molecular structure, conjugated molecules emit light followed by absorption
light or other electromagnetic radiation. Each fluoreophore can absorb
specific wavelengh that they can absorb. As shown in Figure 2.1, the electron
of fluorephore at ground state level eradiated by the photon to excited state
level. Subsequently, by Kasha rule, the irradiated electron immediately vibrate
and rotate down to closest level. Lastly, the electron drops down to ground

state with the emission of photon. This emitted light is known as fluorescence.
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Figure 2.1 Mechanism of fluorescence



2.1.2 Photo-induced Electron Transfer

The intensity of fluorescence can be reduced by variety of method. The
reduction in fluorescence intensity is called fluorescence quenching. One of
the method that can quenches the fluorescence is photo-induced electron
transfer(PET) which is widely used in fluorescence chemosensing field. PET-
based fluorescence chemosensor mainly consist of three parts: fluorophore
which is signal unit, Receptor that acts as a electron donor, and spacer that
links fluorophore and receptor. When the electron of fluorophore is irradiated,
the electron of fluorophore at highest occupied molecular orbital (HOMO) is
transfered to the state of lowest unoccupied molecular orbital (LUMO). The
HOMO energy level of receptor is higer than that of fluorophore and lower
that LUMO of fluorophore. As a result, the electorn in HOMO of receptor
transfers to the electron in HOMO of fluorophore that prohibits the electron in
LUMO of fluorophore returning to the state of HOMO. This effect is called as

PET effect that quenches the fluorescence.
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2.1.3 Chelation Enhanced Fluorescence

Without any binds on receptor, the fluorescence chemosensor loose its own
fluorescence intensity due to PET effect. But when the receptor binds target
substance such as metal ion, the HOMO energy level of receptor changes to
be lower than the that of fluorophore. In other words, upon binding of target
substance to the receptor, the PET effect is blocked, and the fluorescence is
recovered. Above mentioned process is called as chelation enhanced

fluorescence (CHEF).
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Chapter 3 Experimental Program

3.1 Materials and instruments

All fluorescence and UV-Vis absorption spectra were recorded on Shimadzu
RF-6000 and UV-2600 spectrophotometers, respectively. NMR spectra were
recorded on a Varian instrument (400 MHz). Infrared (IR) spectra were
recorded on a Shimadzu FTIR 8400S instrument in the range of 400-4000 cm-
1 by the KBr pellet method. Transmission electron microscopy (TEM) images
were recorded on a JEOL JEM-2100 TEM system operating at 200 kV (293 K)
at an accelerating voltage of 100 kV and a working distance of 16 mm.
Thermogravimetric analysis (TGA) measurements were performed on a TA

Instruments Q-50 thermogravimetric analyzer.

3.2 Spectroscopic methods

Stock solutions of cationic compounds (chloride salts of Na*, K*, Zn?*, Ca?",
Mg?*, Ba?", Cd?*", Co?*, Pb?*, Hg?*, Ni?*, Cu?", Fe?*, and Fe®*") were prepared
using deionized water. Stock solutions of synthetic compounds were prepared
using DMSO. All spectra were collected in HEPES buffer (20 mM, pH = 7.4)
containing 50% (v/v) of DMSO.



3.3 Determination of limit of detection for 1-Fe3O4

The limit of detection (LOD) was calculated using the general definition
proposed by Gary and Winefordner et al. (1983). The LOD should correspond
to the concentration as three times the standard deviation of 10 blank
measurements. The LOD of 1-Fe;O, was found to be 0.0345 ppb for Zn?*. It
was determined by analyzing four standard solutions of DMSO and 20 mM
HEPES (pH 7.4, v/v = 50:50) containing 0.03, 0.15, 0.25, 0.35 ppb of Zn*,

respectively.
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3.4 Synthesis

3.4.1 Synthesis of iron-oleate complex

Metal-oleate complexes were prepared by the reaction between
metal chlorides and sodium oleate. In a typical synthesis, 10.8 g of iron(l11)
chloride hexahydrate (98%, FeCl3-6H,0, 40 mmol, Aldrich) and 36.5 g of
sodium oleate (120 mmol, TCI, 95%) were first dissolved in a mixture of
80 mL of ethanol, 60 mL of distilled water, and 140 mL of hexane.
Second, the resulting mixture was heated at 70 °C for 4 h. Upon reaction
completion, the upper organic layer containing the iron—oleate complex
was washed three times with 30 mL of distilled water, followed by

concentration in vacuo, affording a waxy solid as the final product.

3.4.2 Synthesis of iron oxide nanocrystals

A typical procedure for synthesizing monodisperse iron oxide
(Fe304) nanocrystals with a size of 12 nm is described as follows. First,
the prepared iron—oleate complex (36 g, 40 mmol) and oleic acid (5.7 g,
20 mmol, Aldrich, 90%) were dissolved in 1-octadecene (200 g, Aldrich,
90%) at room temperature. Second, the reaction mixture was heated to
320 °C at a constant heating rate of 3.3 °C min, followed by maintaining
this heating temperature for 30 min. A noticeable reaction occurred when
the reaction temperature reached 320 °C, and the initially transparent

solution became turbid and brownish black. Finally, the reaction mixture

11



was cooled to room temperature, and ethanol (500 mL) was added to

precipitate IOPs, which were then separated by centrifugation.

3.4.3 Synthesis of 1-Fe304

Ligand-exchange reaction-based synthesis of 1-Fe;O. particles was
performed according to a previously reported study (Wei et al. 2012). In
this method, 2-[2-(2-methoxyethoxy)ethoxy]acetic acid (MEAA) ligand
was used as an intermediate compound for increasing the solubility of NPs.
Briefly, ethanol was added to 75 pL of NPs in the growth solution to the
point of turbidity, followed by centrifugation and decantation, affording
~3 mg of a dry pellet; second, 100 uL of neat MEAA ligand and 300 uL of
methanol were added to this dry pellet. Third, the mixture was stirred at
70 °C for 5 h, followed by precipitation with the successive addition of 0.8
mL of acetone and 3.2 mL of hexane. Finally, the mixture was centrifuged
at 15000 rpm for 5 min, forming a clear supernatant, which was discarded.
Then, the pellet was dispersed in a mixed solution of 3 mL of MeOH and
0.5 mL of DI water, followed by the addition of 30 mg of compound 1.
The mixture was stirred again under N, at 70 °C for 12 h, followed by
precipitation with the addition of 10 mL of acetone. The resulting mixture
was centrifuged at 15000 rpm for 5 min, affording a transparent solution,
which was discarded. Then, the pellet was dispersed in 3 mL of

DMSO/HEPES buffer (1/1 viv%, pH = 7.4, 10 mM) and sonicated for 10

12



min. The sample was further purified by centrifugation at 15000 rpm for 5

min.

3.4.4 Synthesis of 1-5

Compounds 1-4 were synthesized by following procedures.
Compound 5 was prepared according to a previously published method

(Lee et al. 2012).

3.4.5 Synthesis of 1

A  mixture of 2 (30 mg, 0.06 mmol), 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDCI) (22 mg, 0.11 mmol), and
DMAP (14 mg, 0.11 mmol) in dimethylformamide (DMF) (5 mL) was
stirred under N2 at room temperature for 30 min. Then, dopamine (16 mg,
0.08 mmol) was added to the reaction mixture, followed by stirring
overnight under N2. Upon reaction completion, the reaction mixture was
diluted with ethyl acetate and washed with water. The collected organic
layer was dried over anhydrous Na,SO.. After solvent removal, the
product was purified by silica column chromatography using DCM/MeOH
(v/v, 30:2) as the eluent, affording 1 (0.021g, 55%) as a yellowish oil. ESI-
MS m/z [M+Na]* calc. 658.254, obs. 659.2545. 'H NMR (CD3OD, 400
MHz): § 2.51-2.57 (m, 2H); 2.66 (t, J = 8.0, 2H); 3.27 (d, J = 8.0, 2H);
3.62 (s, 2H); 4.06 (s, 4H); 4.27-4.31 (m, 2H); 6.46-6.51 (m, 1H); 6.59—
6.67 (m, 1H); 7.19-7.23 (m, 2H); 7.46 (d, J = 7.6 Hz, 2H); 7.69-7.78 (m,

13



3H); 8.16-8.24 (M, 2H); 8.41 (d, J = 3.8 Hz, 4H); 8.74 (t, J = 8.9 Hz, 1H).
13C NMR (CDsOD, 100 MHz): 174.0, 173.1, 165.6, 164.9, 159.7, 151.0,
146.9, 145.3, 141.3, 139.1, 133.7, 132.7, 130.1, 128.1, 125.8, 124.7, 124.0,
123.9, 121.7, 118.7, 118.5, 117.6, 117.1, 62.2, 60.9, 43.0, 37.8, 36.5, 34.0
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1 neH SRR SS5rARfRYNnRiaBnRE 2 Y =22%E I AemE9cBeIZRE0s
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Figure 3.1 'H NMR spectrum of 1 in CD3OD.
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3.4.6 Synthesis of 2

A solution of trifluoroacetic acid (TFA)/DCM (v/v, 2:1) was added
to 3 (0.42 g, 0.72 mmol), followed by stirring at room temperature for 2 h.
Upon reaction completion, the solution was evaporated. Then, the product
was directly used for the next reaction. ESI-MS m/z [M+Na]* calc.
523.1856, obs. 547.45. 'H NMR (CDsOD, 400 MHz): § 2.57 (t,J = 7.4 Hz,
2H); 4.04 (s, 2H); 4.09 (t, J = 8.0 Hz, 2H); 4.73 (s, 4H); 7.32 (t, J = 8.0 Hz,
1H); 7.91 (d, J = 8.2 Hz, 1H); 8.05-7.96 (m, 5H), 8.21 (d, J = 8.0 Hz, 2H);
8.58 (t, J = 7.8 Hz, 2H); 8.93 (d, J = 5.4 Hz, 1H); 9.86 (s, 1H). 3C NMR
(CDsOD, 100 MHz): 175.0, 171.7, 164.7, 164.2, 155.0, 147.9, 143.2,
140.2, 132.5, 131.9, 129.0, 128.9, 128.3, 127.4, 124.4, 122.8, 119.8, 118.5,
57.7,57.3,37.1, 33.3 ppm.
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Figure3.4 *H NMR spectrum of 2 in CD;0D.
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3.4.7 Synthesis 3

To a mixture of 4 (0.36 g, 0.86 mmol), DPA (0.16 mL, 1.23 mmol)
and KI (021 g, 127 mmol) in CH3CN (50 mL), N,N-
diisopropylethylamine (DIPEA) (1.52 mL, 8.73 mmol) was added. The
resulting solution was stirred for 24 h under reflux in nitrogen. Upon
reaction completion, the solution was evaporated, and the product was
dissolved in DCM and washed with water. The collected organic layer was
dried over anhydrous Na>SOg. Finally, after solvent removal, the product
was purified by silica column chromatography using DCM/MeOH (vlv,
40:1) as the eluent, affording 3 (0.42 g, 82%) as a dark brown oil. ESI-MS
m/z [M+Na]" calc. 581.2638, obs. 602.100. *H NMR (CDCls, 400 MHz):
§1.43 (s, 9H); 2.70 (t, T = 8.0 Hz, 2H); 3.62 (s, 2H); 4.08 (s, 4H); 4.47 (t,J
= 8.0 Hz, 2H); 7.14-7.17 (m, 2H); 7.31 (d, J = 7.7 Hz, 2H); 7.60-7.64 (m,
2H); 7.83-7.86 (m, 1H); 8.45 (d, J = 4.0 Hz, 2H); 8.59 (d, J = 8.3 Hz, 1H);
8.65-8.70 (m, 2H); 9.11 (d, J = 8.6 Hz, 1H); 11.77 (s, 1H). )C NMR
(CDCls, 100 MHz): 170.7, 170.5, 163.9, 163.3, 157.5, 149.4, 139.9, 136.7,
132.5, 131.0, 128.8, 128.3, 126.1, 123.4, 123.3, 122.6, 117.2, 116.8, 80.6,
60.5, 59.1, 36.0, 33.8, 27.9 ppm.
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3.4.8 Synthesis of 4

The 5 (0.5 g, 1.47 mmol) was mixed with chloroacetyl chloride (0.8
g, 1.47 mmol) and 4-dimethylaminopyridine (DMAP) (0.25 mL, 2.05
mmol) in 30 mL dry dichloromethane (DCM). The mixture was stirred in
an ice bath for 5 h under N.. Upon reaction completion, the solvent was
evaporated, and the product was dissolved in DCM and washed with water.
The collected organic layer was dried over anhydrous Na,SO4. Finally,
after solvent removal, the product was purified by silica column
chromatography using DCM/MeOH (v/v, 30:1) as the eluent, affording 4
(0.6 g, 98%) as a dark brown oil. ESI-MS m/z [M-H]  calc. 416.1139, obs.
414.950. 'H NMR (CDCl3, 400 MHz): § 1.42 (s, 9H); 2.69 (t, ] = 8.0 Hz,
2H); 4.40 (s, 2H); 4.44 (t, J = 8.0 Hz, 2H); 7.81 (t, J = 8.0 Hz, 1H); 8.19 (d,
J =8.4 Hz, 1H); 8.45 (d, J = 8.2 Hz, 1H); 8.58-8.63 (m, 2H); 9.16 (s, 1H).
13C NMR (CDCls, 100 MHz): 170.6, 164.9, 163.4, 162.9, 137.4, 131.6,
131.1, 128.3, 126.8, 126.4, 123.8, 122.6, 119.5, 118.9, 80.9, 43.3, 36.2,
33.8, 27.9 ppm.
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3.5 Soil sampling, spiking, and extraction

Surface soil samples were collected from the Gwanak Mountain
area in South Korea; the soil samples were air-dried, ground, and sieved,
yielding particles with a size of less than 2 mm. First, 15 mL of a 9000
mg/L zinc nitrate solution was added to 150 g of the parent soil samples
(at a solid:liquid ratio of 1:10), furnishing a target concentration of
approximately 900 mg/kg. Second, the soil and zinc nitrate solution
mixture was incubated in a temperature—humidity chamber for 30 days.
For extraction, 1.5 g of the incubated soil sample was treated with 15 mL
of concentrated nitric acid at room temperature and kept overnight in a
fume chamber. Next, 10 mL of the supernatant was collected, and 90 mL
of distilled water was added to it. Subsequently, 5 mL of this diluted
solution was neutralized to pH 7 using a 1 M NaOH solution. Finally,
additional distilled water was added to attain a total volume of 50 mL. The
Zn?* concentration in the eluate extracted from soil sample was measured

by fluorescent 1-Fez0., as well as, ICP-MS.
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Chapter 4 Experimental Results and Analysis

4.1 Synthesis and characterization of nanomagnet 1-
FesOq

The synthesis process of proposed 1-Fes;O. is depicted in Figure
4.1. Compound 5 was synthesized according to a previously reported
procedure (Xue et al. 2009). First, 5 was treated with chloroacetyl chloride
in the presence of DMAP as the base, affording 4, which was treated with
DPA, DIPEA, and KI in CHsCN, furnishing 3. Subsequently, 3 was
transformed to 2 in TFA/DCM. Next, 2 was coupled with dopamine in the
presence of EDCI and DMAP in DMF, affording 1. Finally, 1 was
immobilized on the surface of FezO4 in methanol under reflux, affording
fluorescent nanomagnet 1-Fe;O4. All synthetic products were confirmed
by 'H NMR, C NMR, FTIR, and ESI-MS (Figure 2.1-2.12). 1-Fe;O04
was characterized by IR, TEM, and TGA. As shown in Figure 4.2, new
strong peaks corresponding to 1 were observed in the IR spectrum of 1-
FesOy4, indicating that 1 is strongly bound to Fes;O, particles. TEM
measurements confirmed that 1-FesO4 exhibits spherical morphology
with a particle diameter of ca. 9 nm (Figure 4.3). These results indicate
that 1 is successfully grafted on the Fe;O4 surface, accounting for ~16.03

wit% of 1-Fe3;0.4, based on TGA result (Figure 4.4).
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Figure 4.3 TEM image of 1-Fe3;O4 particles.
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4.2 Spectroscopic analysis of the response of 2 to Zn?*
ions

Spectroscopic analysis was conducted with 2 to verify the selective
of 2 toward Zn?*. Additionally, considering field condition, pH titration
test was conducted to verify the range of pH that the proposed 2 and 1-
FesO4 can perform well. Further, detection range was determined by
adding increasing amount of Zn?* to the solution of 2 confirming linear
change in fluorescence intensity at 527 nm. Lastly, Reversibility of 2
attributed by chelation was verified by adding excessive amount of Zn?*

and Ethylenediaminetetraacetic acid (EDTA) alternately.

4.2.1 Selectivity of 2 to Zn?*

The sensing behavior of 1-Fe3O4 is dominated by the DPA-linked
naphthalimide moiety. The fluorescence spectral change of 2 was first
observed in presence of metal cations which can exist in soil leachate,
such as Na*, K*, Zn?*, Ca?*, Mg?*, Ba?*, Cd?*, Co?*, Pb?", Hg?", Ni%*, Cu®*,
Fe?*, and Fe**, in HEPES buffer at pH 7.4 containing 50% (v/v) of DMSO.
As shown in Figure 4.5, the spectral change of 2 toward Zn?* in presence
of other competitive metal ions can characterized into three types from the
test results; 1) noncompetitive metal ions, 2) Competitive metal ions and 3)
Quenching metal ions. From the results of Figure 4.5, the addition of K™,
Na*, Ca%", Mg?", Ba?*, Fe?* and Fe®" to the solution of 2 resulted marginal

chance in fluorescence. On the other hand, Upon addition of Zn? and
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Hg?* to a solution of 2 resulted fluorescence enhancement at 527nm with
8.8 and 2.3 fold, respectively. As shown in Figure 4.5 the fluorescence
enhancement for Hg?* was explicitly lower than that for Zn?*. Specifically,
In presence of Cd?* and Pb?*, 2 exhibited fluorescence spectral change at
471 nm and 550 nm. Due to the difference in spectra, Cd?* and Pb?* can be
clearly discriminated from Zn?** with naked eye (Figure 4.6). Lastly,
fluorescence quenching was observed upon addition of Cu?*, Ni** and
Co%,

Similar investigation on flurosecent response of 2 to Zn?* was also
performed in presence of potential competitive metal ions. To the solution
of 2 (10 uM), 100 uM of K*, Na*, Ca?*, Mg?*, Ba*", Cd?*, Co?*, Pb?*, Hg?",
Ni2*, Cu?*, Fe?, and Fe®" were added. Subsequently 100 uM of Zn?* was
added to each solution. From the results (Figure 4.7 and 4.8) significant
fluorescence enhancement at 527 nm was found in Cd?*, Pb?*, and Hg*".
Moreover, quenching metal ions such as Co* and Ni** gave a slight
fluorescence enhancement wupon addition of Zn?*. This results
demonstrates that the 2 strongly binds with Zn?* ions even in presence of
Cd?*, Pb?*, Hg?*, Co?" and Ni?*". To support the strongest affinity of 2
toward Zn?*, the association constants of 2 with Zn?*, Cd?*, Pb?" and Hg?*
were calculated to be 1.55x10° M, 1.05x10° M7, 4.20x10* M, and

4.90x10% M, respectively.

30



2+

2 Mg
K+ BaZ+
2+
3+

e
e

Fluorescence Intensi

Wavelength, nm

Figure 4.5 Fluorescence spectra of 2 (10 uM) in the presence of various
metal ions (K*, Na*, Ca?*, Mg?*, Ba?*, Cd?*, Co?", Pb?*, Hg?*, Ni?*, Cu?*,
Zn*, Fe?*, Fe*"; 10 equiv.) in an aqueous solution (DMS0O/20 mM HEPES
(pH 7.4) = 50:50). Excitation at 370 nm.

Figure 4.6 Visible emission observed for samples of 2, 2/Zn?*, and 2/Cd?".
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Figure 4.7 Fluorescence changes of 2 toward Zn?* in the presence of
various metal ions in HEPES buffer at pH 7.4 containing 50% (v/v) of
DMSO. Excitation wavelength was 370 nm. White bars represent
fluorescence intensity (F.l.) of 2 at 527 nm with the addition of metal
cations (K*, Na*, Ca?*, Mg?*, Ba%*", Fe?*, Fe%*, Cd?*, Pb?*, Hg?*, Co?,
Ni#*, and Cu?"; 10 equiv.) to a solution of 2 (10 uM). Black bars
represent F.l. of 2 at 527 nm with the subsequent addition of Zn?* (10

equiv.) to the solutions of 2 containing various metal ions.
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Figure 4.8 Fluorescence spectra of 2 (10 uM) complexed with Zn?* (10
equiv.) with the addition of various metal ions (K*, Na*, Ca*, Mg?',
Ba?*, Cd?*, Co?*, Pb?*, Hg?*, Ni?*, Cu?", Fe?*, and Fe®"; 10 equiv.) in an

aqueous solution (DMSO/20 mM HEPES (pH 7.4) = 50:50).
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4.2.2 Zn®* Titration Test of 2

The sensing characteristic of 2 for Zn?* was further investigate. The
fluorescence intensity of 2 at 527 nm was observed against the function of
Zn?* concentration range of 0-14 puM. The fluorescence intensity of 2 at
527 nm linearly increased (R?=0.99) over the Zn?* concentration ranging
from 0 to 7 uM. 10 pM of 2 was saturated with the addition of 7 uM of
Zn?*, as shown in Figure 4.9. The quantum yield (®) of 2 was 0.08, while
its quantum yield was 0.52 in the presence of Zn?* (John et al. 1990).
Additionally, Job’s plot test was performed to verify the binding mode of
2 with Zn?*. As depicted in Figure 4.10, the job’s plot results indicate that
2 forms 1:1 complex with Zn?*. The calculated association constant (K3)

of 2 for Zn?* was 1.55 x 10° M (Figure 4.11).
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50% (v/v) of DMSO. Excitation wavelength was 370 nm. (b) Plot of

fluorescence intensity (F.1.) at 527 nm versus [Zn?*].
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4.2.3 pH Titration Test of 2

Considering field condition, The pH range of 2 that can selectively
detect Zn?* was investigated. The effect of pH on detection ability of 2 for
Zn?* was investigated in the pH range of 1 to 11. As shown in Figure 4.12,
explicit amount of increase in fluorescence was found at the range from
pH 4 to pH 11. This result implies that 2 can detect Zn?" minimizing

complicated pretreatment.
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Figure 4.12 Fluorescence changes of 2 in solutions with different pH.
Excitation wavelength was 370 nm. Black line represents the fluorescence
intensity (F.I.) of 2 (10 uM) at 527 nm. Red line represents the F.I. of 2

(10 uM) at 527 nm in the presence of Zn?* (10 equiv.).
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4.2.4 Reversibility Test of 2

Reversibility of 2 was investigated by adding excessive amount of
Zn?* and EDTA alternately. As shown in Figure 4.13, upon addition of
Zn?*, the fluorescence intensity at 527 nm increased. Subsequent addition
of EDTA which well known as strong chelation reagent quenches the
fluorescence. This result proves that the 2 is chelation based detection
method. Additionally, by linking 2 onto Fe;O. nanoparticle, the probe can
be reused after treating with EDTA.
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Figure 4.13 Reversible fluorescence change of 2 between Zn?* and EDTA
in HEPES buffer at pH 7.4 containing 50% (v/v) of DMSO. Excitation

wavelength was 370 nm.
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4.3 Spectroscopic analysis of the response of 1-FesO4 to
Zn2

Spectroscopic analysis was conducted with 1-FesO4 to verify the
selective of 2 toward Zn?*. Additionally, reaction time of 1-FesO, with
Zn?* was investigated. Further, detection range was determined by adding
increasing amount of Zn?* to the solution of 1-FesO4 confirming linear
change in fluorescence intensity at 527 nm. Lastly, Reversibility of 2
attributed by chelation was verified by adding excessive amount of Zn?*

and Ethylenediaminetetraacetic acid (EDTA) alternately.

4.3.1 Selectivity of 1-FesO4 to Zn?*

Weak fluorescence was observed at 527 nm (excitation: 370 nm)
for 1-Fe3;0., similar to that observed for 2 (Fig. 4.14). For investigating
the metal sensing behavior of 1-FesO4, the fluorescence change of 1-
FesO4 was monitored in the presence of various metal ions (K*, Na*, Zn?",
Ca?', Mg*, Ba**, Cd?", Co?, Pb?*, Hg?', Ni?*, Cu?", Fe?*, Fe**) in HEPES
buffer at pH7.4 containing 50% (v/v) of DMSO. As shown in figure 4.14,
a marked emission enhancement was observed with the addition of Zn?*
(~11-fold), while no significant change in fluorescence intensity was
observed for other metal ions. Furthermore, competition experiments
revealed that the fluorescence enhancement of 1-FesOs by Zn?* is not

affected by the presence of potential competitive metal ions, except for
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Co?*, Cu?, and Ni?* (Figure 4.15), which can slightly interfere with Zn?*-

induced fluorescence enhancement.

50
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Figure 4.14 (a) Fluorescence spectra of 1-FesOs (0.33 wt%) in the
presence of various metal ions (K*, Na*, Ca?*, Mg?", Ba?*, Cd?*, Co?*, Pb?",
Hg?*, Ni?*, Cu?, Zn?*, Fe?, Fe®*; 10 equiv.) in aqueous solution
(DMSO/20 mM HEPES (pH 7.4) = 50:50). Excitation at 370 nm. (b)

Graph indicating the fluorescence intensity of 1-FesO4 in the presence of

various metal ions.
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Figure 4.15 (a) Fluorescence spectra of 1-Fe3O, (0.33 wt%) complexed
with Zn?* (10 equiv.) with the addition of metal cations (K*, Na*, Ca?*,
Mg?", Ba%*, Cd?*, Co?*, Pb?*, Hg?*, Ni?*, Cu?*, Fe?*, and Fe®*"; 10 equiv.) in
an aqueous solution (DMSO/20 mM HEPES (pH 7.4) = 50:50). Excitation
wavelength was 370 nm. (b) Graph indicating the fluorescence intensity of
noncomplexed 1-FesO4 (0.33 wt%, black bars) and that of its complex
with Zn?* (10 equiv., red bars) in the presence of various metal cations (10

equiv.) in HEPES buffer (pH 7.4) containing 50% (v/v) of DMSO.
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4.3.2 Response Time of 1-FesO4 to Zn?*

For investigating the response time of 1-Fe;O. for sensing Zn%,
fluorescence spectra were recorded at various elapsed times with the
addition of Zn?* (10 equiv., i.e., 50 uM) to a solution of 1-FesO, (Figure
4.16). Results indicated that the sensing response time of 1-FezO,4 with the

addition of Zn?* was maintained constant within 10 min.
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Figure 4.16 (a) Time-dependent fluorescence spectra of 1-FesO4 (0.33
wt%) with the addition of Zn?* (10 equiv.) in an agueous solution
(DMSO/20 mM HEPES (pH 7.4) = 50:50). (b) Plot of the fluorescence

intensity of 1-FesO4 (0.33 wt%) with Zn?* (10 equiv.) as a function of time.
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4.3.3 Zn?* Titration Test of 1-Fes04

The fluorescence intensity of 1-FesO. linearly increased as a
function of Zn?" concentration (R? = 0.99) in the range of 0-20 uM in
HEPES buffer at pH 7.4 containing 50% (v/v) of DMSO (Figure 4.17).
The limit of detection (LOD) of 1-FesO, for Zn** was determined as
0.0345 ppb (Figure 4.18). The LOD was calculated by using following
equation (Gray and Winefordner 1983; Mun et al 2016)

LOD =3 x o/s

where o is the standard deviation of the blank measurements, s is
the slope of the calibration plot. Such an excellent sensitivity implied that

1-Fe;0, can effectively detect even trace amounts of Zn?* in contaminated

samples.
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Figure 4.17 (a) Fluorescence spectra of 1-FesO4 (0.33 wt%) with different
concentrations of Zn?* in HEPES buffer at pH 7.4 containing 50% (v/v) of
DMSO. Excitation wavelength was 370 nm. (b) Plot of fluorescence

intensity (F.1.) at 527 nm versus [Zn?].
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4.4.4 Reversibility Test of 1-Fe304

The reusability of 1-Fe304 was confirmed by the use of EDTA
(Figure 4.19 (a)). In addition, as shown in Figure 4.19 (b), the 1-FesOs—
Zn?* complex was successfully separated using a magnet. Thus, 1-FesQO4 is
confirmed to be a simple, recyclable, and convenient system for detecting

and removing trace amounts of Zn?* in polluted environments.
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Figure 4.19 (a) Reversible fluorescence change of 1-FesO4 between Zn?
and EDTA in HEPES buffer at pH 7.4 containing 50% (v/v) of DMSO.
Excitation wavelength was 370 nm. (b) Photograph showing the
separation of 1-FesOs using a magnet in HEPES buffer at pH 7.4
containing 50% (v/v) of DMSO.
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4.4 Detection of Zn?* in soil samples

The detection ability of 1-FesO4 for Zn?* present in contaminated
soil was investigated. For this test, soil was treated with zinc nitrate and
incubated for 30 days. Next, this incubated soil was treated with
concentrated nitric acid, and a test solution was extracted. For the
quantitative analysis of Zn?', the fluorescence change of 1-FesO, in a
solution extracted from the contaminated soil was evaluated. Based on the
calibration curve in Figure 4.20, the Zn?" concentration was found to be
6.3 uM; this value is comparable to that obtained from ICP-MS (5.9 uM).
Thus, 1-Fe;O. demonstrates potential for the qualitative and quantitate
detection of Zn?* present in contaminated soil without any interference
from other environmentally relevant metal ions. Furthermore, 1-FesO4 can
be utilized as an efficient medium for detecting Zn?* in various

environmental samples.
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Figure 4.20 (a) Fluorescence spectra of 1-Fe3Os (0.16 wt%) in the
presence of different concentrations of Zn?* in HEPES buffer at pH 7.4
containing 50% (v/v) of DMSO. Excitation wavelength was 370 nm. (b)
Plot of fluorescence intensity (F.I.) at 527 nm versus [Zn?*]. Red dot
indicated a fluorescence enhancement of 1-FesO, collected from the eluate

(4-fold dilution) extracted from soil sample.
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Chapter 5 Conclusions

In summary, a hybrid nanomagnet 1-FesO. functionalized with
dopamine-naphthalimide-DPA (1), which can detect Zn?*, was prepared,;
significant increase in fluorescence was observed at 527 nm. This 1-
FesO4 nanomagnet selectively detected Zn?* in the presence of other
metal ions, and the amount of Zn?" in the aqueous solution was quantified
by fluorescence spectrometry. 1-Fe;O4 exhibited an excellent limit of
detection of 0.0345 ppb. In addition, the reusability of 1-FesO4 was
confirmed by the use of EDTA, and the 1-FesO4-Zn* complex was
successfully separated from aqueous media using a magnet. Furthermore,
the qualitative and quantitative detection and removal of Zn?" present in
contaminated soil samples were possible without any interference from
other environmentally relevant metal ions. These findings thus highlight
that 1-FesO. is a novel fluorescent sensors grafted on the surface of
magnetic nanomaterials for the sensing, recovery, and removal of Zn?*

ions in environmental pollution and biological specimens.

* A reusable naphthalimide-functionalized nanomagnet was synthesized.

« The fluorescent nanomagent exhibited high selectivity for Zn?*,

* The fluorescent nanomagnet exhibited an excellent limit of detection of
0.0345 ppb.

« The removal of Zn?* was achieved by simple separation using a magnet.
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