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Abstract

Fluorescent nanomaterials have high sensitivity, specificity, and stability, making
them potential candidates for use in environmental analysis, biosensors, food safety, and
imaging techniques. First of all, a simple, eco-friendly, and low-cost electrochemical
approach has been applied to the syntheses of carbon dots (C dots) from histidine
hydrochloride in the absence or presence of halides (Cl, Br, and I) at various potentials
up to 10 V. The halides play two important roles in determining the formation of C dots;
controlling the reaction rate and surface states. Fourier transform infrared spectroscopy,
cyclic voltammetry, electrochemical impedance spectroscopy, and X-ray photoelectron
spectroscopy results of I-C dots reveal the interactions of Cu®" with the surface ligands
(imidazole and histidine). The I-C dot probe in the presence of 0.8 mM I is selective
toward Cu?" over the tested metal ions such as Hg?>" and Ag". Practicality of this probe
has been validated by the analyses of tap, lake, and sea water samples, with negligible
matrix effects.

In the second part, a one-pot, simple chemical oxidation approach has been applied
to synthesize hydrophobic carbon dots (TO-C dots) at room temperature from triolein

(TO) in concentrated sulfuric acid solution. Sodium copper chlorophyllin (SCC) quenches

v
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the fluorescence of TO-C dots by a photoinduced electron transfer process. Quantitation
of SCC in flavored drinks shows percentage recovery (%R) vaues of 98-103% and
relative standard deviation (RSD) values less than 6.5%. The hydrophobic TO-C dots can
be simply converted into hydrophilic TO-C dots through hydrolysis in NaOH solution.
The presence of sulfonyl groups on the hydrophilic TO-C dots enhances the coordination
ability of the CDs toward Cu?" ions, leading to fluorescence quenching which allows for
the detection of Cu®" ions. The assay has been validated with the analysis of spiked soil
samples, with %R values of Cu concentration of 97.8-99.0% and RSDs below 2.0%. The
surface tunable CD probes demonstrate their potential for the rapid screening of Cu®" ions
in environmental samples and SCC in foods.

In the third part, m-Phenylenediamine carbon nanoparticles (mPA CNPs) were
developed through one-pot hydrothermal reaction as a novel fluorescent probe (quantum
yield = 10%) for pH and hypochlorite sensing. m-Phenylenediamine was chosen as the
major component of CNPs for pH and hypochlorite responsiveness. Meanwhile, ascorbic
acid with many oxygen-containing groups was introduced to generate favorable
functionalities for improved water solubility and enhanced sensing response. The as-

prepared mPA CNPs exhibited a linear fluorescence response over the pH ranges from
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pH 5.5 to 8.5 (R? = 0.989), and over the concentration range of 0.125-1.25 uM for
hypochlorite (R? = 0.985). The mPA CNPs were further applied to the cell imaging. The
mPA CNPs were also successfully used for cell imaging and sensitive detection of
hypochlorite as well as pH changes in biological system.

In the last part, a glutathione (GSH)-assisted approach in the presence of a polymer
has been demonstrated for the preparation of stable and fluorescent gold nanoclusters (Au
NCs). GSH acts as a reducing agent, while the polymer is used as a template to stabilize
the as-formed Au NCs. The optimal pH value for the preparation of polymer-templated
GSH-Au NCs is 11.0. With respect to the fluorescence intensity and stability,
polydiallyldimethylammonium (PDDA) is more suitable than polystyrene sulfonate (PSS)
for the preparation of Au NCs. The PDDA/GSH-Au NCs show sensitivity and selectivity
for the quantitation of sulfide ions, with a linear detection range of 1-10 uM and a low
detection limit (signal-to-noise ratio = 3) of 0.32 uM. The low-cost PDDA/GSH-Au NCs
have been applied to the quantitation of sulfide ions in spring water samples with good
accuracy and recovery.

Keyword: carbon dots, gold nanoclusters, carbon nanoparticles, copper ions, Sodium

copper chlorophyllin, hypochlorite.
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1.1 Background

Environmental and food safety issues are becoming more prominent as human
civilization becomes more urbanized. Toxic chemicals, water pollutants, and illegal
additives that have resulted in negative effects on our health have sparked global alarm.
Given these negative effects, it is imperative to develop reliable and effective
techniques for monitoring these chemicals. Atomic absorption/emission spectrometry
(AAS/AES), inductively coupled plasma mass spectrometry (ICP-MS), and liquid
chromatography coupled with mass spectrometry (LC-MS) are classic methods for
detecting heavy metals or organic pollutants in water [1-4]. These techniques are
sensitive and accurate, but they require costly apparatus, well-trained workers,
significant sample pretreatment processes, and a lengthy testing period. To achieve
sensitive and selective analysis of trace water contaminants, it is still a significant goal
to develop simple, quick, resilient, and cost-effective devices/probes. Colorimetric and
fluorescent approaches for detecting water pollutants have been developed using
nanomaterials such as noble metal nanoparticles (NPs), carbon dots, and semiconductor
quantum dots [5-9], in addition to organic probes [10,11]. These probes can enable
quick, easy operation and multiplex detection through the selective interaction with the
target analytes after suitable surface functionalization with diverse ligands such as thiol

compounds, DNA, proteins, and enzymes [12-13]. Label-free optical sensors with
2
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desirable qualities in terms of simplicity, speed, compatibility, sensitivity, and
selectivity are highly needed to implement real-time and on-site detection of water

contamination.

1.2 Carbon dots (C dots)

C dots are quasi-spherical nanocarbon particles with diameters less than 10 nm.
Since Xu and colleagues discovered C dots in 2004 [14], a number of approaches for
synthesizing them have been developed. These approaches can be broadly classified
into two categories: "top-down" and "bottom-up" (Figure 1-1) [15]. The top-down
method involves using techniques like arc discharge, electrochemical oxidation, and
laser ablation to transform larger bits of carbon structures (such as graphite, graphene,
carbon nanotubes, and activated carbon) into nano-sized, fluorescent C dots. For
example, Xu and colleagues used an oxidation process between arc-discharged soot and
nitric acid to produce fluorescent C dots by purifying single-walled carbon nanotubes
(SWCNTs) [14]. However, this approach is rarely used these days due to some
downsides, including the use of expensive materials, harsh reaction conditions, and
long reaction times. In bottom-up methods, small molecules (such as amino acids,

glucose, and citric acid) are used to generate C dots through a sequence of processes
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including condensation, polymerization, carbonization, and passivation by

hydrothermal or electrochemical methods [15-18]. The properties of C dots are mainly

affected by the nature of the precursors [19]. C dot form retains or enhances the

properties of the precursors during the processes of dehydration, polymerization,

carbonization, and passivation [17].

The rich and distinctive fluorescence properties of C dots are a result of their

structural variety. Most scientists believe that a carbonaceous core and a surface

passivation layer play the main roles in the complex fluorescence properties of C dots

[20]. The carbonaceous core consists of a combination of sp2 and sp3-hybridized

carbons, while the surface passivation layer, which is composed of various functional

groups, forms on the surface of the carbonaceous core in order to reduce the Gibbs free

energy of C dots. At the same time, the surface passivation layer leads to multiple

combinations of functional groups, resulting in the complex properties of C dots, such

as multicolor emissions and excitation-dependent emissions. These surface functional

groups mainly depend on the precursor used and affect the polarity, reactivity, and

selectivity of C dots. In addition, C dot properties can also be tuned by heteroatomic

(such as N, S, and X) doping, which improves radiative recombination and results in a

higher quantum yield [21]. C dots are applied in sensing and imaging due to their

4
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stability to light and salt, low cost, and ease of tuning.

1.3 Applications of C dots

C dots are widely used in sensors and cell imaging due to their inherent
fluorescence characteristics, high sensitivity, fast response, simple preparation, and
high selectivity. Due to their small size, large specific surface area, and rich surface
functional groups, C dots can detect a variety of analytes through static or dynamic
quenching. After a dynamic collision with the quencher, the fluorescence of C dots can
be quenched due to non-radiative energy transfer or the new ground state of analyte-C
dots complex, which indicates dynamic quenching or static quenching, respectively[22].
On the other hand, noncontact mechanisms like the photoinduced electron transfer
(PET), inner filter effect (IFE), and fluorescence resonance energy transfer (FRET) can
also apply to sensing analytes. C dots are applied to the detection of metal ios such as
Cu?' [23], Hg?' [24], Zn*" [25], Fe*" [26], and CIO™ [27] which selective interact with
the surface groups of C dots mostly carboxylate and amino groups via coordination or
electrostatic interaction. For example, C dots prepared from citric acid and hyaluronic
acid are selective toward Fe®" [28] and those prepared from o-phenylenediamine are

selective toward Cu?’ [29], due to the formation of iron-hydroxyl complex and o-
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phenylenediamine-copper complex on the surface of C dots.

1.4 Gold nanoclusters

Noble metal nanoclusters (NCs) with various protective ligands (e.g.,

macromolecules, polymers, and tiny organic ligands) form a distinct sub-class of NPs

with several to tens of atoms [30]. Metal NCs have molecule-like characteristics such

as discrete electronic states and size-dependent fluorescence since the size of the metal

core is equal to the electron's Fermi wavelength (ca. 0.7 nm) [31,32]. Metal NCs' optical

characteristics are mostly determined by their atomic—level structures, which can be

affected by core size, metal composition, capping ligand type, and ligand—surface metal

atoms/ions complexation [33]. Gold, silver, and copper are commonly used to synthesis

metal NCs. Among them, Gold nanoclusters are the most widely used, due to their

stability and higher quantum yield.

Gold NCs (AuNCs) feature a core of few to hundreds of gold atoms and are

maintained by ligands on the surface that protect them. Normally, their average size is

less than 5 nm [34]. The numbers of Au atoms in the core, oxidation states, structure,

and protective ligands all affect the fluorescence of AuNCs [35-38]. Metal NCs exhibit

significant fluorescence properties when the metal size is close to the Fermi wavelength.
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The metal NCs emit light under ultraviolet light because electrons transfer between
occupied d-band and Fermi level (Er), or between Highest Occupied Molecular Orbital
and Lowest Unoccupied Molecular Orbital (HOMO-LUMO) [39]. The continuous
frequency band divides into distinct energy levels when the nanoparticle size
approaches the Fermi wavelength [40]. The energy level spacing (E) of AuNCs has a
significant impact on their fluorescence properties. The E of AuNCs is determined by
the ratio of E¢/N' to the emission energy, where Er is the Fermi level of gold and N is
the number of Au atoms that make up AuNCs, according to the spherical colloid model
[41]. On the other hand, the ligand-to-metal charge transfer transition (LMCT) or
ligand-to-metal-metal charge transfer transition (LMMCT) is involved in the
fluorescence mechanism of AuNCs, which can convert excited states S1 or S2 (singlet
states) into T1 or T2 (triplet states) due to the presence of heavy atoms (Au), resulting
in longer-wavelength emission and a longer lifetime (~1 ps). [36, 42, 43] There are
many types of ligand used to protect AuNCs. During 1978 to 2000s, a series of research
represented found that phosphine can generate small-sized fluorescence AuNCs while
well controlling the particle size. [44] In recent two decades, thiols have become one of
the most used ligands for synthesizing AuNCs, since the strong interaction of Au-S
improves the stability of AuNCs. [45] The unique thiol-Au interaction also played an

important role in the size-focusing process in both top-down and bottom-up strategy.

7
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For example, the size of AuNCs can be controlled via changing the ration of lipoic acid
and 11-mercaptoundecanoic acid which represent lipoic acid has stronger etching eftect
than 11-mercaptoundecanoic acid. The emission of AuNCs is caused by charge transfer
from the S atom in the sulfhydryl ligand to the core of the AuNCs (LMCT)[46,47].
Thus, the ability of sulfhydryl groups to donate electrons has a significant impact on
the fluorescence intensity of AuNCs (Figure. 1-2) [48]. Thiols are convenient to use in
the production of AuNCs due to the presence of sulfhydryl groups, but appropriate
ligands must be chosen to provide robust fluorescence emission. Furthermore, the
specific interaction between the target analyte and the ligand on the metal NCs surface
can cause a significant change in theirfluorescence, allowing for a variety of sensing
applications ranging from metal ions to small molecules to large macromolecules like

nucleic acids and proteins [30,49].

1.5 Application of AuNCs

The advantages of large stock shift and mild synthetic condition drive AuNCs as
new star in the sensing field. Similar to C dots, AuNCs are mainly applied to heavy
metal ions sensing due to the abundance of the surface functional group. For example,

GSH capped AuNCs are used to sensing Cu®" ions via the coordination between Cu**
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ions and amine and carboxylate groups of GSH [50]. In 2018, Nath and college improve
the quantum yield of AuNCs to 20% via treating dithiothreitol (DTT) with BSA. The
DTT-BSA AuNCs can be used to detect Pb%>* ions through the coordination of Pb*" ions
and amino acid residues of BSA [51]. Contrary to C dots, Au NCs can also detect
analytes by metallophilic interaction causing fluorescence quenching. A classic
example is the closed-shell interaction between Hg*" ions (4f*5d'%) and surface Au*
ions (4f145d!%) of AuNCs have been wildly used to monitor the Hg?" ions level in water
samples [38,52-54]. After Hg?" ions alter the electronic structure of AuNCs, the
fluorescence of AuNCs is significantly quenched [55]. Beside this, there is another case
of CN" which can dissolve Au in AuNCs in to Au(CN)* form [56]. Our group has
demonstrated BSA-Ce/Au NCs as a ratiometric sensor for CN- based on the
fluorescence at 658 nm quench induced by CN- etching Ce/Au core and the
fluorescence at 410 nm enhancement due to complexes among BSA, Ce*', and
[Au(CN)2] [56]. S* is an important analyte because of its toxicity. Since the solubility
product constant (Ksp) of AusS is quite low (1.58*107° M?), AuNCs are suitable for the
detection of S* [57]. Additionally, our group introduced a one-pot approach to prepare
DNA-Au/Ag NCs which is extremely sensitive toward S* (LOD = 0.83 nM) due to the
sulfide formation and the structure change of templated DNA from packed hairpin to

random coil structures [58]. As a result, although AuNCs have great sensitivity and

9
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selectivity toward cationic and anionic analytes, most of them are not stable even keep

in the refrigerator for above 2 months.

10
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1.6 Motivation

The design of fluorescence nanomaterials is important for biological and analytical

applications. In this dissertation, C dots and AuNCs are selected as the platform due to

their good photo- and chemo-stability and higher biocompatibility compared to

semiconductor quantum dots and organic dyes. Our group has demonstrated the

underlying chemistry and strategies of C dots for heavy metal ion detection. However,

they can be improved in some ways. First, the key to nanomaterials being applied in

our daily lives is cost. Although C dots show great potential in various applications,

their yield is not good enough for large-scale production, especially using the most

popular hydrothermal method. Second, most of the functional groups on the surface of

C dots are amine, carboxylic acid, keto, and hydroxyl groups. Improving the diversity

of functional groups can lead to more applications. Third, detecting C dots in complex

matrices such as oil, hot spring water, and sea water is still a big challenge and is not

well-discussed. The solubility and stability of C dots in these matrices are the key to

overcoming this challenge. Therefore, we will use two scalable methods to produce C-

dots, chemical oxidation and electrochemical methods. Both of these methods do not

involve the danger of high pressure and allow us to observe changes in the precursors

at any time. In addition, we will functionalize the surface of C-dots with unusual

functional groups such as hydrophobic and sulfonic groups to expand their potential
11
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applications in complex matrix.

Contrary to C dots, AuNCs have been protected by many types of ligands and are

soluble in various organic solvents. Although AuNCs show tolerance to solvents, there

are still two problems that need to be solved. First, like C dots, AuNCs are not cost-

effective due to the expensive ligands such as proteins, DNA, and thiolate molecules.

Second, compared to C dots, although AuNCs exhibit longer emission wavelengths and

fluorescence lifetimes, their photo-stability is not as good. Therefore, we will attempt

to use charged polymers as templates to synthesize AuNCs and observe the effect of

different charge polymers on the fluorescence of AuNCs through electrostatic forces to

achieve suspension.
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Top Down

BottomUp V¥ ¥

Figure 1-1. Top-down and bottom-up approaches for the synthesis of C-dots.

(Reprinted with permission from ref. 15 Copyright 2020 Elsevier)

23

doi:10.6342/NTU202300566



11-MUA

Au NP

11-MUA

Au NDs@11-MUA

Figure 1-2. Cartoon representation of the preparation of Au NDs@11-MUA for the
detection of Hg ions based on Hg-induced luminescence quenching. (Reprinted with

permission from ref. 48, Copyright 2013, Royal Society of Chemistry)
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Chapter 2 Parameters Affecting the Optical

Properties of Carbon Dots Prepared from Histidine

The content in this chapter has been published to: Y.-S. Lin, Y Lin, A.P. Periasamy, J
Cang, H.-T. Chang, Parameters affecting the synthesis of carbon dots for quantitation

of copper ions. Nanoscale Adv. 1 (2019) 2553-2561.
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2.1 Introduction

Photoluminescent nanomaterials such as carbon dots (C dots), quantum dots,

nanoclusters, and gold nanodots have become interesting optical sensing materials for

detecting various analytes.[1-5] Among them, C dots are more biocompatible and stable

against salt and photoirradiation induced photoluminescence (PL) quenching. Most C

dots possess interesting excitation dependence PL properties; their emission undergoes

a red shift upon increasing the excitation wavelength.[6] Usually, their PL intensity

decreases upon increasing the emission wavelength.[7] The interesting PL properties of

C dots are related to their core size, surface defects and ligands, oxidation state, as well

as number of conjugated n electrons.[1,8-14]

Many approaches, including laser ablation, ultrasonication, direct heating,

microwave-assisted heating, plasma treatment, hydrothermal routes, have been applied

for the preparation of C dots from different precurssors.[15-21] Among them, the

hydrothermal approach is most popular, mainly because of its simplicity.[6,21] It has

been reported that C dots are formed through four steps of condensation, polymerization,

carbonization, and passivation.[22-24] Various sources, including coffee powder, tea,

and apple juice, have been used for preparation of C dots through hydrothermal

approaches.[6,25-30] However, hydrothermal approaches require high energy and are

usually limited to preparation of few grams of C dots per batch.
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Although the formation processes and optical properties of C dots have been
suggested,[22-24] strong evidence to support the suggestion/hypothesis is still needed.
In this study, we applied our previously developed electrochemical approach to the
preparation of C dots from histidine.[31] We previously showed that control of solution
pH value is important for the electrochemical preparation of C dots from glycine.
However, detailed information about the formation of C dots is missing. We in this
study further tested several important factors for controlling the preparation of C dots
from histidine, including electrolysis time, concentration of histidine, as well as species
and concentrations of salts (electrolytes). We measured the UV-vis absorption and PL
spectra of C dots that had been prepared in alkaline solution at 10 V for different periods
of time up to 120 min. Through the obtained optical data, we provided more detail
information about the effect of halides on the formation of C dots. The C dots prepared
in the presence of iodide (I') are selective and sensitive for quantitation of copper ions

(Cu?") in the presence of 0.8 mM Nal.

2.2 Experimental Section

221 Materials.

L-Histidine hydrochloride monohydrate was purchased from TCI (Tokyo, Japan).
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Potassium nitrate (>99.0%), silver nitrate (>99.0%), and sodium chloride (>99.0%)

were purchased from Sigma-Aldrich (St. Louis, MO, USA). Copper nitrate trihydrate

(>99.0%), lead nitrate (>99.0%), and sodium bromide (99.5 %) were purchased from

Acros (Morris Plains, NJ, USA). Magnesium nitrate hexahydrate (>98.0%) and sodium

iodide (>99.0%) were procured from SHOWA (Tokyo, Japan). Cobalt chloride (97.0%),

iron chloride (98.0%), and mercury chloride (>98.0%) were obtained from Alfa Aesar

(Heysham, England). Calcium nitrate tetrahydrate (>99.0%) and manganese chloride

dehydrate (>99.0%) were purchased from Merck (Kenilworth, NJ, USA). Monobasic,

dibasic, and tribasic sodium salts of phosphate, phosphoric acid (85.0%), sodium

hydroxide (98.0%), and zinc nitrate hexahydrate (>99.0%) were obtained from J.T.

Baker (Center Valley, PA, USA). Ultrapure water (18.2 MQ cm) from a Milli-Q system

(Millipore, Billerica, MA, USA) was used to prepare all solutions.

2.2.2 Preparation of C dots.

A two-platinum-electrode electrochemical system was used for the synthesis of C

dots. The length and diameter of the Pt electrode are 6 and 0.05 cm, respectively. A

single output direct current (DC) power supply (TP-1303C, Taipei, Taiwan) was used

for the synthesis of C dots under a static potential (1 to 10 V) between the two electrodes.

Known amounts (0.38-3.83 g) of histidine hydrochloride were dissolved separately in
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NaOH solution (1 M) to obtain final concentrations of 0.09-0.90 M, with a final pH
value of 9.0 that was adjusted with 10 M HCI1 or NaOH. To study the effect of halides
on the formation of C dots from histidine, aqueous solutions of NaCl (0-2.34 g), NaBr
(2.06 g), or Nal (3.00 g) were added to the histidine solutions (20 mL). Aliquots (10
uL) of the solutions after being subjected to the electrolysis for various periods of time
(1-120 min) were taken out for spectrochemical measurement. For quantitation of Cu**
ions, the C dots that had been prepared at 10 V for 120 min and had been left
undisturbed at ambient temperature (25 °C) for two days were used. This solution was
then filtered through a 0.22 pm membrane to remove large particles, which was then
subjected to dialysis against pure water through a membrane (MWCO = 100-500D) for
24 h. For simplicity, C dots prepared in the presence of Cl', Br’, and I" are denoted as
CI-C, Br-C, and I-C dots, respectively. Their concentrations are presented as 1X for

simplicity.

2.2.3 Characterization.

Aqueous solutions of four different C dots were subjected to PL measurements
using a microplate fluorometer (Synergy 4 Multi-Mode Microplate Reader) from
BioTek instruments (Winooski, VT, USA). Their PL decay curves were recorded using

a photo-counting TimeHarp 300 system from PicoQuant (Berlin, Germany) with a
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diode laser emitting at 375 nm (FluoTime 300) as the light source. A Synergy H1 multi-
mode monochromatic spectrophotometer from BioTek instruments (Winooski, VT,
USA) was used to measure their UV-vis absorption spectra. The Fourier transform
infrared (FTIR) spectra of histidine and C dots were recorded using a Varian 640 FTIR
spectrophotometer from Varian (Palo Alto, CA, USA). The transmission electron
microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM)
images of the C dots were acquired using an H-7100 TEM from Hitachi (Tokyo, Japan)
and a JSM-1200EX II HRTEM from JEOL (Tokyo, Japan), respectively. The X-ray
photoelectron spectroscopy (XPS) measurements were conducted using a K-Alpha X-
ray photo electron spectrometer system from Thermo (Waltham, MA, USA). The
binding energy values of C dots were calibrated using the Cl1s signal at 284.6 eV. Their
Raman spectra were acquired using an Olympus BX51 microscope and a Nicolet
Almega XR dispersive Raman spectrometer from Thermo (Waltham, MA, USA) with
a 10 mW laser emitting at 780 nm peak, using the Raman peak of Si wafer (520 cm™")
as a standard. Cyclic voltammetry (CV) curves of phosphate buffer (20 mM, pH 3.0)
without and with containing C dots (200 pL) and metal ions (200 uM) were recorded
using a CHI 760D electrochemical work station from CH instruments (Austin, TX,
USA). A glassy carbon electrode, saturated Ag/AgCl, and Pt wire were used as the

working, reference, and counter electrodes, respectively. Electrochemical impedance
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spectra (EIS) and the Nyquist plots of glassy carbon electrodes in the frequency range
of 0.01 to 10000 Hz at an amplitude of 5 mV were recorded using the CHI 760D
electrochemical work station in N> saturated phosphate buffer (20 mM, pH 3.0) without

and with containing C dots (200 uL) and Cu®** ions (200 uM).

2.2.4  Quantitation of Cu®" ions.

Quantitation of Cu?" ions (0-50 pM) using C-dots (0.001X; final concentration)
was conducted in phosphate buffer solutions (20 mM) at pH values of 3.0 and 7.0.
Linearity, limit of detection, and selectivity were investigated at pH 3.0. To obtain
linearity for quantitation of Cu®" ions, aliquots of C dots (0.01X, 100 uL) were added
to phosphate buffer solution (25 mM, pH 3.0, 800 pL) prior to addition of Cu®* ions
(0500 puM, 100 pL). The mixtures were equilibrated by shaking at ambient
temperature for 60 min, and their PL spectra were recorded when excited at 420 nm. To
test the selectivity, C dots (0.1X, 100 pL) were added to phosphate buffer solution (25
mM, 800 pL). Various metal ions (K*, Mg?*, Ca*", Mn**, Fe**, Co**, Cu**, Zn*', Pb*",
Hg?*, Ag*; 1 mM, 100 pL) were then added into the resulting solution. The mixtures
were equilibrated while shaking at ambient temperature for 60 min, and their PL spectra
were recorded with an excitation wavelength of 420 nm. This assay was validated by

the analyses of lake and tap water samples that had been collected from National Taiwan
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University campus, and sea water sample that had been collected from Keelung coast
(East China Sea; Taiwan). Each of the water samples was filtered through a 0.22 pm
membrane. Aliquots (100 pL) of the real samples were spiked with various
concentrations (0.3-3 uM; final concentrations) of Cu®" ions. Then, phosphate buffer
(200 mM, pH 3.0, 100 pL), C dots (0.01X, 100 pL), and ultrapure water were added
subsequently to the spiked solutions, each with a final volume of 1.0 mL. The mixtures
were equilibrated while shaking at ambient temperature for 60 min, and their PL spectra

were recorded under excitation at 420 nm.

2.3 Results and discussion

231 Formation of C dots

When applying a voltage greater than 1.31 V, oxidation of histidine occurred on
the Pt anode, in which the oxidized histidine was adsorbed onto the electrode through
its terminal carboxyl group and secondary amino group. Most of the adsorbed
molecules were then converted to form imidazoles.[31,32] During the electrolysis
course, the solution pH value increased slightly as a result of the formation of NH3. The
adsorbed imidazoles were converted to form C dots through a process of polymerization,
carbonization and passivation.[32] The production yield of C dots prepared from amino
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acids through a simple electrochemical approach under alkaline than acidic conditions

is usually higher.[31] The yields of C dots, CI-C dots, Br-C dots, and I-C dots are 5.1,

12.3, 15.6 and 33.8%, respectively. The yield of C dots is lower than the other three

dots, mainly because they were prepared in the solution containing lower concentration

of electrolyte. The yield of I-C dots is the highest, mainly because I is a stronger leaving

group than Br and CI', leading to higher reaction efficiency.

2.3.2 Effect of applied voltage.

Applied voltage affects the electrolysis rate and thus the formation of C dots. At

an applied voltage < 1.31 V,[33] C-dots were not formed, mainly because oxidation of

histidine did not occur. At a constant electrolysis time (3 min), the PL intensity of the

solution increases upon increasing applied voltage from 1 to 10 V as shown in Figure

2-1A. Interestingly, the PL profiles are all similar, revealing that the applied voltage

unlikely affect the structure of C-dots. The result reveals that more C dots were formed

when applying at a higher voltage for the same reaction time. Considering reaction

speed and PL intensity, we selected 10 V for preparation of C dots hereafter. Since the

amount of heat and bubbles generated increased upon increasing voltage, a voltage

greater than 10 V is not suggested unless a cooling system is applied.
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2.3.3 Effect of histidine concentration and pH value.

Figure 2-1B shows the PL spectra of C dots prepared from different concentrations

of histidine (0.09-0.90 M) at pH 9.0 and 10 V for 120 min. The PL intensity at 505 nm

increases upon increasing the concentration of histidine up to 0.63 M. Further

increasing histidine concentration, the PL intensity decreases, mainly because through

intermolecular attractions some unreacted histidine molecules formed aggregates and

then adsorbed onto the surfaces of C dots, leading to aggregation of C dots. Under the

optimal histidine concentration (0.63 M), we tested the effect of pH (3.0-9.0) on the

formation of C dots. Figure 2-1C shows that the PL intensity increases upon increasing

the pH values from 3.0 to 9.0. Under acidic conditions (pH ~ 3.0), protonated imidazole

ring interacts weakly with the Pt anode surface, leading to poor efficiency of oxidation,

polymerization, and carbonization. Upon increasing pH value (e.g. pH ~ 5.0), the

interaction of histidine with the Pt electrode increases, thus C dots are formed quickly,

leading to higher PL than that synthesized at pH 3.0. More C dots are formed and PL

further increases upon increasing pH value from 5.0-7.0, simply because the interaction

of the adsorbed molecule with the Pt electrode is stronger as a result of increased

dissociation degrees of its carboxylic acid group.[34] At pH 9.0, the PL intensity

reaches its maximum. The anodic generation of oxygen/or hydroxyl ions accelerates

the electrochemical oxidation/or polymerization of the adsorbed molecules, leading to
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the formation of C dots with more emissive traps and higher PL intensity.[35] Further

increasing pH value, amount of C dots formed increases slightly. Since it is difficult to

prepare solution with similar compositions to that at lower pH values, synthesis of C

dots at pH > 9.0 was not conducted.

234 Effect of sodium halides.

It has been reported that addition of sodium halides into amino acid solution

enhances its electrochemical oxidation rates due to increased conductivity.[36] We thus

investigated the effects of NaCl (0-2.0 M) on formation of C dots under optimal

conditions (0.63 M histidine and pH 9.0). Figure 2-1D shows that the PL intensity of

CI-C dots increases upon increasing the NaCl concentration up to 1 M, mainly because

of increased reaction rates. At NaCl concentrations greater than 1 M, histidine

molecules aggregated as evidenced with the formation of a white solid product. Thus 1

M NaCl was found to be optimal for preparation of C dots. Under similar synthesis

conditions, Br-C dots and [-C dots were prepared for comparison of their

physicochemical and spectrochemical properties with that of CI-C dots and C dots.

Figure 2-2 shows the TEM images of C dots, CI-C dots, Br-C dots and, I-C dots. All of

the X-C dots were prepared under similar conditions (close ionic strengths). By

counting 100 of the four types of C dots, their average sizes were determined to be 3.2
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+0.6, 3.9+0.9, 3.840.6 and, 4.940.7 nm, respectively. The HRTEM images displayed in
the insets show each of them having lattices with a d-spacing of 0.31 nm that are
consistent with the (002) diffraction planes of sp? graphitic carbon. The FTIR spectra
(Figure 2-3) were recorded to identify the functional groups on the surfaces of the four
types of C dots. The peaks at 2962, 1640, 1462 and 1150 cm™! were assigned to —CHx>—,
amide I/C=0, amide III/C-N, and C-O stretching vibrations, respectively. The broad
bands at around 3320 cm™! suggests the existence of functional groups such as—COOH,
—~OH, —-NH,, -NH3" on the surface of all four C dots.[37] The suggestion is supported
with their high water dispersibility. The XPS spectra displayed in Figure 2-4 show their
Cls spectra, revealing the presence of C—C (284.6 ¢V), C-1 (285.2 ¢V), C—Br (285.6
eV), C—N/or C-O (286.0 eV), C—Cl (286.6 eV), C=0 (286.8 ¢V), and O—C=0 (287.8
eV) bonds.[38,39] Each of their N1s spectra shows four peaks at 398.1 eV, 399.1 eV,
399.8 eV and 400.6 eV, which are attributed to pyridinic N, pyrrolic N, graphitic N, and
N-H, respectively.*’ The deconvoluted Cls and N1s spectra support the presence of
ring structures and the formation of C dots. Table 2-1 lists the elemental compositions
of the as-prepared C dots. Note that the Br-C dots and I-C dots have higher oxygen
content than the rest, indicating their greater surface passivation. The Raman spectra of
the four types of C dots displayed in Figure 2-5 show the characteristic D- and G-bands

at 1311 cm ™' and 1531 cm™!, which are attributed to the first-order scattering of the Eag
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vibration mode in the graphite sheets and the structural defects, respectively.[41] The
peak at 1420 cm™ is attributed to the carboxylate groups (COO").[31] The D-band to G-
band ratio (In/Ig) of the four types of C dots decreases in the order of I-C dots (0.98) >
Br-C dots (0.96) > C dots (0.94) > CI-C dots (0.90), showing that I-C dots possess the
highest density of defects. The result suggests that the halides affect the surface
reconstruction processes and defects differently.[42]

Figure 2-6A-C show the effect of sodium halides on the PL of C dots at different
excitation wavelengths. As shown in Figure 2-6A, C dots prepared in the absence and
presence of 1 M NaCl upon excitation at 280 nm all exhibit one sharp peak at 330 nm
and two broad peaks at 445 and 505 nm. The sharp peak at 330 nm is attributed to strong
emission from the n—n* transitions in the core.[43] The two broad peaks are attributed
mainly to strong emissive contribution from the surface states. The PL intensities of Cl-
C dots at 445 and 505 nm are higher than those prepared in the absence of NaCl.
Increased NaCl concentration greatly enhanced the oxidation rate of histidine, leading
to formation of more strong emissive surface states and thus high PL intensity. Unlike
CI-C dots, the peak at 330 nm for Br-C dots or I-C dots was quenched significantly due
to inner effect, greater specific adsorption capacity and greater covalent character of Br
/T" than CI'.[44] Br-C and I-C dots both show two peaks at 445 and 505 nm, revealing

the existence of emissive surface states. Although I" has greater effect on the surface

37

doi:10.6342/NTU202300566



state, the PL intensities of I-C dots at the two peaks are weaker than that of CI-C and

Br-C dots, mainly because it induces greater PL quenching through intersystem

crossing. The quenching efficiency of C dots at 505 nm induced by 1 mM Nal is 43.9

%, which supports our reasoning. As shown in Figure 2-6B, upon excitation at 360 nm,

two emission peaks at 445 and 490 nm all were observed in the four types of C dots.

Their PL intensities both decrease in the order of C1-C dots > Br-C dots > C dots > [-C

dots because of strong intersystem crossing (heavy-atom effect). As shown in Figure 2-

6C, upon excitation at 420 nm, an emission peak at 505 nm was observed, with a

decreased order of PL intensity: CI-C dots > C dots > Br-C dots > I-C dots. The

differential PL increasing/decreasing orders at various excitation wavelengths is mainly

because the three halides have stronger effects on the surface emission than on the core

emission. Figure 2-6D shows the absorption spectra of all four tested C dots solutions

and histidine hydrochloride solution. A sharp peak at 220 nm for histidine

hydrochloride solution is assigned to its imidazole ring.[45] The peak at 220 nm for Br-

C dots and I-C dots undergoes a red shift, mainly due to the absorption of the two

halides. The broad absorption over the wavelength range from 300 to 400 nm is

attributed to the n—=w* transition of the C=0O bond and the m—n* transition of the

conjugated C=C b0Ond.[24]
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2.35 Effect of reaction time

To provide more detailed information about the formation of C dots, we

investigated the effect of reaction time on the formation of the four types of C dots.

Figure 2-7 shows the time-dependence PL intensities of all four C dots when excited at

different wavelengths. As shown in Figure 2-7A, upon excitation at 280 nm, the PL of

C dots at 330 nm increases gradually and reaches a plateau at around 50 min.

Meanwhile the PL of CI-C dots does not change significantly for the first 20-min period.

Instead, it increases gradually and reaches a plateau at 50 min. In both cases, the PL

decreases slightly after 50 min and becomes stable after 120 min. The results suggest

that Cl” suppresses the core emission when its content on the CI-C dots is high. Upon

increasing reaction time, the amount of C dots increases, leading to less density of

adsorbed CI on the surface of each C dot. Because the emission at 330 nm is small in

the Br-C and I-C dots, the effects of Br  and I" on their time-evolution PL are hard to be

observed. Figure 2-7B compares the PL intensities of the four types of C dots at 445

nm. Besides the PL of I-C dots, the PL intensities from the other three all increased

gradually upon increasing reaction time, revealing that more surface states are formed.

For I-C dots, the PL increases gradually and reaches a plateau at around 8 min, and then

decreases before reaching a constant at around 30 min, mainly because of the formation

of I3” that has strong absorption bands centered separately at near 280 and 350 nm,
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leading to PL quenching of the C dots due to the inner filter effect. The PL of CI-C dots,

Br-C dots and I-C dots are all higher than that of C dots, supporting that the halide affect

the surface emission and formation rate of C dots. Besides I-C dots, gradual increased

PL intensities were found in the other C dots when excited at 360 or 420 nm (Figure 2-

7C-F). Because of having stronger effects on the surface defects and intersystem

crossing of iodide, the PL intensities of I-C dots decrease once they reach their maxima.

Interestingly, all the three C dots prepared in the presence of sodium halides show

detectable PL within 1 min electrolysis when excited at 360 or 420 nm (Figure 2-7C-

F). Also displayed in the insets of Figure 2-7C-F are their time-dependent UV-vis

absorption spectra. The sharp peak at 220 nm for each of the four C dots is assigned to

that of imidazole ring.[45] Upon increasing the electrolysis time, the peak of Br-C dots

or I-C dots at 220 nm undergoes a red shift due to increased absorption of Bryor I as a

result of increases in their formation amounts. The absorbance values over 300 to 400

nm increases upon increasing the reaction time, mainly because of gradual increases in

the formation of C dots. Table 1 reveals negligible differences in the PL lifetimes

(excitation wavelength/emission wavelength: 375/440 nm) of C dots, CI-C dots, Br-C

dots and I-C dots regardless of the reaction times. The lifetime data support iodide

induced greater intersystem crossing. Besides I- C dots, the other three types of C dots

obtained after 60 min have slightly longer lifetimes, mainly because of increases in their
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surface oxidation with oxygen.

2.3.6 Formation routes.

Scheme 1 summarizes the formation of C dots from histidine at pH 9.0. After

adsorption of histidine onto the anodic Pt electrode, histidine undergoes an

electrochemical oxidation to form imidazole. Subsequently, the adsorbed imidazole is

through a process of polymerization, carbonization, and passivation to form C dots. As

shown in Scheme 1 the solution color changes can be easily observed by the naked eye.

The solution becomes darker upon increasing reaction time, mainly because greater

amounts of C-dots and larger aggregates (particles) of C dots are formed. Oxidation

also occurs to change their surface states. Addition of the halides to the reaction solution

increases the conductivity and thus the electrolysis rate. In addition, the halides also

induce formation of greater surface defects. Their different nucleophilic substitution

rates, specific adsorption capacity, and migration/or diffusion rates are also responsible

for the formation of different C dots.[46]

2.3.7 Sensitivity and selectivity.

To test analytical applications of the four C-dots, their stability in aqueous
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solutions at different pH values (3.0-11.0) was tested. As displayed in Figure 2-8A, they
are all stable in the tested pH region. The main reason for choosing the
excitation/emission wavelengths of 420/505 nm is because the optical properties are
related to the surface defects of the C dots and are expected to be more sensitive to an
environmental change. Figure 2-8B shows their high salt tolerance; stable up to 3 M
NaCl. The results reveal their potential in analytical applications. Because histidine has
high specificity towards Cu®* (formation constant K =2.34 x 10' at pH 4.0),[47] we
used the as-prepared C dots to detect Cu?* ions. Cu?* plays important roles in many
biological functions, while at high concentrations also potentially causes some diseases
such as gastrointestinal disorders, liver/kidney damage.[48-50] Although the sensitivity
for the detection of Cu?" is slightly higher at pH 7.0 than at 3.0, mainly because Cu**
ions interact more strongly with the adsorbed histidine and the surface functional
groups such as amino and carboxylate, interference from Zn** ions are seriously at pH
>3.0. In addition, formation of metal oxides is another disadvantage. On the other hand,
poor sensitivity and less stability of C dots at pH < 3.0 are disadvantageous.

To evaluate selectivity of the four C dots toward Cu?* at pH 3.0, we determined
their relative PL intensity [(/r — Iro)/Iro] at 505 nm in the presence of different metal
ions when excited at a wavelength of 420 nm. Figure 2-9 shows the selectivity of all

four tested C dots toward various metal ions at a concentration of 100 uM. Cu**, Hg*",

42

doi:10.6342/NTU202300566



and Ag" all induced significant PL quenching of the four types of C dots. To mask the
interferences from Hg?" and Ag" ions, Nal was added. The solubility products (Ksp)
values of Hgol, and Agl are 4.6 x 10% and 8.3 x 10°!7, respectively, which are much
higher than that (1.0 x 107'?) of Cul. To minimize interference from Ni**, in addition to
Nal, citric acid that can form stroner complexes with Ni>* over Cu®" was added.[51] In
the presence of 0.8 mM Nal and 1 mM of citric acid, I-C dot probe provides high
selectivity toward Cu®* ions (100 uM) over the potential interfering metal ions (100 pM)
as shown in Figure 2-10A. We note that the other three types of C dots also can be used
for selective detection of Cu?" ions, with slighly higher interference from some potential
interfering species such as Fe*". Hereafter, we only discuss quantitation of Cu?" using
I-C dots.

Figure 2-10B shows the relative PL intensity of [-C dots decreases upon increasing
Cu**ions over the concentration range of 0-50 pM. The Cu** induced PL quenching is
mainly through an electron transfer process.[52] The quenching efficiencies of C dots
and I-C dots induced by 100 uM Cu?* are 65.2 % and 65.6 %, respectively, ruling out
strong interaction of the surface iodides with Cu®*. The I-C dots probe exhibits linearity
toward Cu** ions over the concentration range of 0.3-3 uM (R? = 0.98), with a limit of
detection (LOD) of 0.22 uM at a signal-to-noise ratio 3. The LOD is lower than the

tolerance level (20 uM) of Cu?" ions in drinking water defined by US Environmental
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Protection Agency (EPA).[4] Table 2-3 lists the linear ranges and the LODs of different
nanomaterials based probes toward the quantitation of Cu** ions, showing a lower LOD
provided by the I-C dots than that by the rest.[53-60] In addition, organic solvent is not
required when applying this simple assay. Having high selectivity and low LOD, the I-
C dot probe holds great potential for the quantification of Cu?" ions in real samples

containing complex matrixes.

2.3.8 Sensing mechanism.

To provide more information about the specificty of I-C dots toward Cu®" ions, a
simple and sensitive electrochemical tool (CV) was applied. Bare GCE exhibits a
featureless CV curve over the potential range from -0.6 to 0.8 V in the presence of I-C
dots (1 mL) as shown in Figure 2-11A. Faradaic or non-Faradaic reactions did not occur
even when CVs were recorded in a wide potential window (-0.6—1.3 V), revealing that
the active binding sites did not contribute to the electron transfer or double layer
capacitance. In a solution containing I-C dots and Fe®" ions, oxidation or reduction
peaks of Fe** ions were not detected. After spiking Cu?* ions (100 pM) into the solution,
two reduction peaks at ca. —0.1 and —0.31 V and one oxidation peak at ca. 0.1 V
appeared [61] Peaks at -0.31 and 0.1 V are attributed to the reduction and oxidation of
Cu-histidine complexes, respectively. Upon increasing Cu?" concentrations, the

reduction peaks shifted to more negative potentials, revealing that Cu®* ions were
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reduced to metallic copper (Cu®) at ca. —0.1 V. To identify the interfacial changes
during the formation of the complex, EIS measurements were conducted. The Nyquist
plot of a bare GCE recorded in the presence of I-C dots with N> purging is displayed in
Figure 2-11B. The bare GCE exhibits a small arc in the high frequency region due to
strong adsorption of I-C dots on the electrode surface. The arc diameter becomes
smaller in the presence of Cu®" as a result of improved charge transfer. CV and EIS
results revealed the plausible binding sites of Cu®" ions in I-C dots and the reduction of
Cu?" ions to form the metallic copper, supporting our proposed sensing mechanism. As
shown in Table 2-1, the oxygen content of I-C dots increased significantly after being
reacted with Cu®" ions. As depicted in Figure 2-3, the characteristic absorption peaks at
1640 cm™ and 1596 cm™ disappeared after being reacted with Cu®" ions, revealing the
oxidation of amide I groups on the surface of [-C dots.[62] Two new bands at 1289 and
2383 cm™! are ascribed to the C-O and COs stretching vibrations, which revealed that
the surface functional groups of I-C dots were oxidized. The 2p3» and 2p1» peaks at
932.3 and 952.1 eV in the Cu 2p spectrum are attributed to the metallic copper,
respectively (Figure 2-4).[63] There is a small characteristic satellite peak around
942.0 eV for Cu 2p3, which indicates some unreacted copper ions were bound onto
the surface of I-C dots. All these results confirm that the I-C dots were oxidized by

the surface Cu?" ions/complexes and metallic copper was formed on the surface of I-C
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dots.

2.3.9 Real sample analysis.

Practicality of the I-C dot probe was validated through the determination of the
concentrations of Cu?* ions in various real samples, including tap water, lake water and
sea water, using a standard addition method. Figure 2-12 shows good linearity (R? =
0.98) of relative PL intensity [(Iro — Ir)/Iro] responses at 505 nm toward spiked Cu?*
ions over the concentrations range from 0.3 to 3 pM. There was no obvious difference
in the linearity and the slope among the three samples, revealing negligible matrix
effects. Having high sensitivity and selectivity, this probe is useful for quantitation of

Cu?" ions in water samples.

2.4 Conclusions

A simple and cost-effective electrochemical approach was applied to prepare C
dots from histidine under alkaline conditions, which allows one to gain more
information about the formation of C dots. Upon increasing reaction time, more C dots
were formed. Because the formation speed of C dots increases upon increasing

electrolysis rate, larger amounts of C-dots can be prepared in a short period of time
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from precursors in high-conductivity media at a high voltage using a large electrode.
When compared to hydrothermal routes, this electrochemical approach produces much
less amount of large particles. Halides induce surface defects, leading to enhanced
surface emission intensity, but they also cause PL quenching through intersystem
crossing. Having a high sensitivity and selectivity, the I-C dot probe holds great

potential for quantitation of Cu?" in complicated samples.
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Table 2-1. Elemental compositions (%) of four types of C dots before and after reaction

with Cu®" ions.

I-C dots +
Elements Cdots Cl-Cdots  Br-C dots I-C dots

Cu2t
C 68.79 66.40 57.00 59.70 44.84
N 14.52 15.35 17.73 15.30 6.50
0) 16.33 17.61 23.96 23.33 47.15
I -2 - - 1.46 0.55
Br - - 0.95 - -
Cl 0.37 0.64 0.23 0.21 0.22
 not detected
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Table 2-2. PL lifetimes of four different types of C dots determined at different time

periods of electrolysis.

Nanomaterials T1 min (NS) T30 min (NS) T60 min (NS) T120 min (11S)
C dots 5.57 4.92 4.83 5.05
CI-C dots 4.58 4.71 4.45 4.54

Br-C dots 4.51 4.89 4.72 4.84
I-C dots 4.29 4.40 4.01 3.91
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Table 2-3. Quantitation of Cu®" ions using different nanomaterial probes.
g p

Probe Linear range (UM) LOD (uM) Ref.
*CdSe@C-TPEA 1-100 1 53
®ZnS QDs 26-260 7.1 54
‘Probe L 4-12 1.8 55
9B, N-C dots 1-25 0.3 56
Cys-CdS QDs 2-10 1.5 57
C dots 5.16-20 1.72 58
Petroleum coke C dots 0.25-10 0.029 59
N-C dots 0.6-30 0.19 60
I-C dots 0.3-3 0.22 This study

*TPEA: N-(2-aminoethyl)-N,N,N’tris(pyridin-2-ylmethyl)ethane-1,2-diamine.

*QDs: quantum dots.

‘Probe L prepared from 4-bromo-1,8 naphthalene anhydride and 2-thiophene
formaldehyde.

4B, N-C dots prepared from aminophenylboronic acid

61

doi:10.6342/NTU202300566



Appliedvoltage (V) [Histidine] (M)

—0.09

—_ —_ —0.27
=0 3

= = —0.45

= by —10.63
= =

W W —_— (.90
- [
5 ¥
c =
_1 _1
o [

L L L] L} T T T L
450 500 550 600 650 700 450 500 550 600 650 700

Wavelength (nm)

Wavelength (nm})
(©) ’ D)

INaCl] (M)
0
. . —0.3
= S —1.0
Z = —20
= =
L] w
c c
I k3]
IS IS
I |
o oo
L L T L) T T T
450 500 550 500 650 700 450 500 550 500 650 700

Wavelength (nm) Wavelength (nm)

Figure 2-1. Effects of (A) applied voltage, (B) histidine concentration, (C) pH, and (D)
NaCl concentration on the formation of C dots at 10 V for 2 h. Excitation and emission
wavelengths are 420 nm and 505 nm, respectively. (A) 0.63 M histidine at pH 9.0; (B)

1 M NacCl at pH 9.0; (C) 0.63 M histidine and 1 M NaCl; (D) 0.63 M histidine at pH

9.0.
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Figure 2-2. TEM images of (A) C dots, (B) CI-C dots, (C) Br-C dots, and (D) I-C dots.

Insets: HRTEM images of the corresponding C dots.
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Figure 2-3. FTIR spectra of (a) histidine, (b) C dots, (c) CI-C dots, (d) Br-C dots, (e) I-

C dots, and (f) I-C dots after reaction with 100 pM Cu** ions.
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Figure 2-4. Deconvoluted (A) Cls and (B) N1s core level XPS spectra of (a) C dots, (b)

CI-C dots, (c) Br-C dots, and (d) I-C dots. (C) Deconvoluted Cuzp32 core level spectra
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of I-C dots after reaction with 100 uM Cu?" ions.
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Figure 2-5. Raman spectra of (A) C dots, (B) CI-C dots, (C) Br-C dots, and (D) I-C dots.
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Figure 2-6. Effect of sodium halides on the formation of C dots from 0.63 M histidine

solution at pH 9.0 with/without containing 1 M NaX at 10 V for 2 h. PL spectra (A-C)

and UV-vis absorption spectra (D). PL spectra of C dots (a), CI-C dots (b), Br-C dots

(c), and I-C dots (d) at excitation wavelengths of (A) 280, (B) 360, and (C) 420 nm.

UV-vis absorption spectra of C dots (a), Cl-C dots (b), Br-C dots (c), I-C dots (d) and

histidine (e).

67

doi:10.6342/NTU202300566



(A)
- (a)
= (b)
S
L
2
]
c
2
=
|}
0 2‘0 4‘0 SID BIO 160 150
Time (min)
©) -
. 0 - (a
3 Time (min) - ()
o 120
F == (c)
E == (d)
El 0
. <
.‘E. 200 300 400 500 600 TOO 800
3\ Wavelength (nm)
@
c
3
£

(E)

Intensity (a. u)

Absorbance (a. u.)

20 40 80 80 120
Time (min)
Time (min) - (@
120 -
= (c)
== (d)
o.
200 300 400 500 600 TOO B

Wavelength (nm)

Time (min)

== (a)
== (b)
= (c)
=== (d)
El
o
; L 2
]
c
2
£ |-
0 2‘0 4‘0 B.D Bll] 160 150
Time (min
- - == (a)
- Time (min)
H 120 = ()
8 = (c)
& —_
g ()
ENE D o
‘-EL 200 300 400 500 600 700 M;d
‘2\ ‘Wavelength (nm)
]
c
2
£
L L) L L L) T
20 40 60 80 100 120
(F) Time (min)
- - == (a)
B Time (min) - )
s 120
H ~ ()
£ )
HE
Lt 200 300 400 500 600 700 800
3 Wavelength (nm)
]
=
2
£

20

80
Time (min)

T
40

T T L
80 100 120

Figure 2-7. Effect of reaction time on the PL intensity and UV-vis absorption spectra of

C dots (a), CI-C dots (b), Br-C dots (c), and I-C dots (d). The emission wavelengths are

330 (A), 445 (B), and 505 nm (C), respectively, when excited at 280 nm. The emission

wavelengths are 445 (D) and 490 nm (E), respectively, when excited at 360 nm. The

emission wavelength is 505 nm (F) when excited at 420 nm. Insets in (C), (D), (E) and

(F) are their corresponding UV-Vis absorption spectra. All C dots were prepared at 10
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V from 0.63 M histidine solutions at pH 9.0 with/without containing 1 M NaX.
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Figure 2-8. Effects of (A) pH (3.0-11.0) and (B) NaCl concentration (0—3.0 M) on the

stability of (a) C dots, (b) CI-C dots, (¢) Br-C dots, and(d) I-C dots. C dots: 0.01X;

phosphate solutions: 20 mM; excitation and emission wavelengths: 420 and 505 nm,

respectively.
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Figure 2-9. Selectivity of (a) C dots, (b) CI-C dots, (¢) Br-C dots, and (d) I-C dots
toward the detection of Cu®" ions (100 pM) over the other metal ions (100 pM) in
phosphate buffer (20 mM, pH 3.0). The concentrations of the four C dots used are all

0.01X. Other conditions are the same as in Figure 2-6.

71

doi:10.6342/NTU202300566



(A) (B)

1.5 0.8
L1
0.6+ 3
0.
g = x*
= T 11 0.3
3 ~ 0.44 & 3
s * 2oz
e B
L = 04 e
0.2
tH “%e o5 10 15 2o 25 30
4 Concentration of Cu?* (uM)
n'c F L) L T L) L)
0 10 20 30 40 50

S F ST S S eS Concentration of Cu2* (uM)

Figure 2-10. Selectivity (A) and sensitivity (B) of I-C dots for Cu?* ions (100 pM) in
phosphate buffer (20 mM, pH 3.0) containing 0.8 mM Nal and 1 mM citric acid. The
concentrations of [-C dots in (A) and (B) are 0.01X and 0.001X, respectively. Iro and /¢
are the PL intensities of I-C dots at 505 nm in the absence and presence of Cu**,
respectively, when excited at 420 nm. The concentrations for the other metal ions are

all 100 uM. I-C dots were prepared from 0.63 M histidine solution at pH 9.0 containing

1 M Nalat 10 V for 2 h.
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Figure 2-11. (A) CV curves and (B) EIS spectra of bare GCE recorded in phosphate

buffer (20 mM, pH 3.0) under different conditions. (A) I-C dots were dispersed in

phosphate buffer (20 mM, pH 3.0) solution (a) without and (b-f) with containing Cu**

and Fe** (200 pM). Cu?" ion concentrations (uM) used are (b) 100, (c) 200, (d) 300, (e)

400, and (f) 500. Fe** was added as a control. Scan rate for CV curves is 50 mV s™. (B)

EIS spectra were recorded over the frequency range from 0.01 to 10000 Hz at an

amplitude of 5 mV in N saturated phosphate bufter (a) without I-C dots, (b) with I-C

dots, and (c) with I-C dots and 100 uM Cu?" ions. Inset in (B): Magnified view of high

frequency region of EIS spectra.
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Figure 2-12. Linearity of relative PL intensity at 505 nm of I-C dots (0.001X) toward
the quantitation of Cu?* ions in (A) tap water, (B) lake water, and (C) seawater. Samples
were mixed with phosphate buffer (20 mM, pH 3.0), and standard Cu?* solutions. Other

conditions are the same as in Figure 2-6.
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Chapter 3 Carbon dots with polarity-tunable
characteristics for the selective detection of sodium

copper chlorophyllin and copper ions

The content in this chapter has been published to: Y.-S. Lin, Z.-Y. Yang, A Anand, C.-C.
Huang, H.-T. Chang, Carbon dots with polarity-tunable characteristics for the selective
detection of sodium copper chlorophyllin and copper ions. Anal. Chim. Acta 1191 (2022)

339311.
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3.1 Introduction

Carbon dots (CDs) are quasi-spherical nanoparticles of nanocarbon family with sizes
below 10 nm [1]. Advantages of simple synthesis, low toxicity, high biocompatibility, and
photo-stability of CDs allow for their application in different fields, including bioimaging
[2,3], sensing [4—6], photocatalysis [7], and biomedical applications [8—11]. These
applications also take advantage of their distinctive surface-structures, electronic and
optical properties such as excitation-dependent emission and tunable bandgap, and
diverse surface functional groups, which strongly depend on the synthesis methods,
precursors, surface functionalization, passivation, and heteroatom doping [12]. Various
approaches such as electrochemical oxidation [13], chemical oxidation [14,15],
hydrothermal routes [16], and microwave-assisted heating [17], have been developed to
obtain CDs. Of these methods, chemical oxidation has been proven to be highly favorable
for the large-scale synthesis of CDs.

Copper is a widely used metal in numerous industrial, environmental, and domestic
processes. However, environmental pollution as a result of rapid industrialization has led
to a significant concern in environmental monitoring of Cu?* ions [18]. Moreover, Cu**
ion is one of the essential elements that plays an important role in many biological

functions in humans [19], while excessive Cu?" ion may cause diseases such as Wilson
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disease, and other neurodegenerative disorders like Alzheimer’s and Parkinson’s disease
[20,21]. On the other hand, sodium copper chlorophyllin (SCC), a semi-synthetic
derivative of chlorophyll (natural green pigment), is widely used as a food coloring agent
for candies and olive oils to impart green color [22]. SCC is mainly produced by the
saponification of chlorophyll by alkali treatment, to yield chlorophyllin, followed by the
replacement of magnesium ion in the porphyrin ring with Cu?* ion [22]. SCC is more
stable than most green food coloring agents, and hence it is used as an adulterant to
disguise inferior olive oil as high-quality virgin olive oil [23]. SCC is allowed as a food
colorant in various products in the European Union (EU) [24,25]. The acceptable daily
intake (ADI) of Cu-chlorophyll and related complexes is less than 15 mg kg™' body
weight/day [24] as recommended by EU, which is higher than that (7.5 mg kg ! day™')
allowed by the United States Food and Drug Administration (US FDA) [26]. Therefore,
the detection of SCC in food samples is important due to its uptake regulation.
Inductively coupled plasma mass spectroscopy (ICP-MS) and liquid
chromatography-mass spectrometry (LC-MS) are the common methods for the detection
of Cu?" ions and SCC, respectively [27,28]. However, the requirement of sophisticated
equipments, complicated and time consuming operation procedures, and the cumbersome

sample preparation tremendously limit their wide applications. Thus, it is necessary to
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develop detection methods for Cu?" ions and SCC with advantages of high sensitivity,
simple operation, rapid analysis, and low cost. In recent years, fluorescent CDs have been
widely studied for the detection of metal ions [29—-34]. CDs are biocompatible and exhibit
excitation-dependent emission properties [35,36]. The fluorescence changes of CDs may
depend on various mechanisms such as charge transfer (CT), photoinduced electron
transfer (PET), excimer formation, Forster resonance energy transfer (FRET), or
aggregation induced emission (AIE) [37]. Monitoring of fluorescence changes of CDs is
usually conducted for the detection of Cu®" ions [38—42]. However, they suffer from the
interferences from metal ions such as Co?*, Ni?, and Hg?" [40-42], mainly because of
their strong complexation with the surface functional groups (carboxylic and amine) of
CDs [38-42]. Whereas, sulfonyl groups provide higher selectivity for Cu*" ions over
potential interfering metal ions like Co®* [43]. Unlike Cu®" ion, detection of copper- based
complexes such as SCC is more challenging and CD-based fluorescence probes are rarely
reported for the quantitation of SCC. Hydrophobic CDs from different precursors have
been reported for various applications like fluorescence imaging probes, optoelectronic
devices, photoluminescence ink, and polymer-based composite materials [44,45].
Therefore, preparing hydrophobic CDs can be a promising alternative for the detection

and quantitation of SCC in drinks and food.
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All the fluorescence-based probes reported for the detection of metal ions are either
hydrophilic or hydrophobic [44,45]. To the best of our knowledge, no report is available
on the synthesis of hydrophilic CDs from the hydrophobic ones, used for the detection of
metal ions or metal-based complexes. In this study, CDs is prepared by chemical
oxidation of triolein (TO) using concentrated sulfuric acid at ambient temperature (25 °C).
TO is a relatively less expensive compound in the fatty acid family. Its olein group
provides hydrophobicity when its glycerol part undergoes carbonization to form
hydrophobic carbon dots (TO-C dots). The obtained TO-C dots are well dispersed in
organic solution due to their long alkyl chains on the surfaces. One interesting
characteristic of the TO-C dots is that their surface hydrophobicity can be easily converted
to hydrophilicity after a simple hydrolysis reaction, followed by deprotonation of their
carboxylic acid groups in NaOH solution. To show their potential for quantitation of Cu**
ions in various samples, the hydrophobic TO-C dots were applied for the quantitation of
SCC in non-alcoholic flavored drinks, meanwhile the hydrophilic TO-C dots were used

for the analysis of Cu*" in soil samples.
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3.2 Experimental Section

3.21 Materials

Triolein was obtained from TCI (Tokyo, Japan). Aluminum chloride (> 99.0%),
potassium nitrate (> 99.0%), quinine hemisulfate salt monohydrate (> 97.0%), rhodamine
6G (> 99.0%), silver nitrate (> 99.0%), sodium bicarbonate (> 95.0%), sodium chloride
(> 99.0%), sodium copper chlorophyllin (> 98.0%), and sulfuric acid (> 98.0%) were
bought from Sigma-Aldrich (St. Louis, USA). Cadmium chloride (99.0%), copper nitrate
trihydrate (> 99.0%), and lead nitrate (> 99.0%) were obtained from Acros (Morris Plains,
USA). Chromium nitrate (> 99.0%) and magnesium nitrate hexahydrate (> 98.0%) were
purchased from SHOWA (Tokyo, Japan). Iron chloride (> 98.0%), nickel chloride (>
97.0%), cobalt chloride (> 9 7.0%), and mercury chloride (> 98.0%) were procured from
Alfa Aesar (Heysham, England). Monobasic, dibasic, and tribasic sodium salts of
phosphate (> 96.0%), sodium hydroxide (98.0%), and zinc nitrate hexahydrate (> 99.0%)
were purchased from Macron Fine Chemicals (Center Valley, PA, USA). Calcium nitrate
tetrahydrate (> 99.0%) and manganese chloride dihydrate (> 99.0%) were obtained from
Merck (Kenilworth, NJ, USA). Montana soil (SRM2710) was obtained from National
Institute of Standards and Technology (NIST, Maryland, USA). Non-alcoholic flavored

drinks (green milk tea with SCC (Uni-President Enterprises Corporation, Tainan, Taiwan)
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and without SCC (Lipton, United Kingdom)) were purchased from a local market in

Taipei City, Taiwan. Dimethyl sulfoxide (DMSO), ethanol, ethyl acetate, and toluene

solvents (> 98.0%) were purchased from J.T. Baker (Center Valley, USA). Ultrapure

water (18.2 MQ cm) from a Milli-Q system (Millipore, USA) was used to prepare all

solutions.

3.2.2 Preparation of hydrophobic and hydrophilic TO-C dots

TO-C dots were synthesized by a chemical oxidation approach [46]. 100 mM triolein

(40 mL) was added into 13.5 M H2SO4 (40 mL) in a flask and stirred for 3 h at room

temperature. Both triolein and H2SO4 were prepared in ethyl acetate. After the reaction,

the mixture was diluted two times with ethyl acetate and purified by liquid-liquid

extraction. Briefly, the mixture was extracted with ultrapure water (100 mL) once to

remove the hydrophilic residues and excess sulfuric acid, and then neutralized the

remaining H2SOs in organic phase with 0.1 M NaHCO3 (100 mL). After removing ethyl

acetate by rotary evaporation, the NaHCO3 and salt were removed by centrifugation to

obtain hydrophobic TO-C dots. To prepare hydrophilic TO-C dots, 500 mg of

hydrophobic TO-C dots were redispersed in 1 M NaOH solution (10 mL) and incubated

for 30 min. The product obtained was dialysed against ultrapure water through a
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membrane (MWCO = 1.0 kDa) for 24 h, with the water replaced every 6 h. The solution
was lyophilized and then redispersed in ultrapure water to obtain hydrophilic TO-C dots

with a concentration of 50 mg mL™! for further application.

3.2.3 Characterization of TO-C dots

Fluorescence measurements of TO-C dots were carried out using a FSS5
spectrophotometer (Edinburgh instruments, Livingston, USA). A FluoTime 300 system
(PicoQuant, Berlin, Germany) with a diode laser as the light source (emitting at 375 nm)
was used to measure the fluorescence decay curves. UV-vis absorption spectra were
recorded using Evolution 201/220 UV-visible spectrophotometer (Thermo, Waltham, MA,
USA). A Varian 640 FTIR spectrophotometer (Palo Alto, CA, USA) was used to measure
the Fourier transform infrared (FTIR) spectra of glycerol, triolein, and TO-C dots. The
transmission electron microscopy (TEM) images of the TO-C dots were recorded using
Hitachi H-7100 TEM (Tokyo, Japan). A K-Alpha X-ray photoelectron spectrometer
(Thermo, Waltham, MA, USA) was used to perform the X-ray photoelectron
spectroscopy (XPS) measurements. Calibration of the binding energy values of TO-C dots

was done using the Cls signal at 284.6 eV as a standard.
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3.2.4 Determination of fluorescence quantum yield

The fluorescence quantum yield (QY) of TO-C dots was measured using quinine

sulfate as the standard and calculated with the following equation:

QY = QYyeq X 1% X Ajid x (Ji;)z
Where I and I denote the integrated fluorescence intensities of TO-C dots and
quinine sulfate, respectively. Ax and 45w denote the absorbance values of TO-C dots and
the standard, respectively. 1x and s represent the refractive indexs of the solvent used
for dispersing TO-C dots and dissolving the standard, respectively. Quinine sulfate (QY sw:

54%) was dissolved in 0.1 M H>SOy (refractive index: 1.33) and the hydrophobic TO-C

dots were dispersed in ethyl acetate (refractive index: 1.37).

3.25 Detection of SCC

Detection of SCC (0-100 uM) using hydrophobic TO-C dots (1.0 mg mL™!, final
concentration) was conducted in ethyl acetate:acetone (5:1) solution. To obtain linearity
for the quantitation of SCC, 100 uL of TO-C dots (10 mg mL™!, in ethyl acetate/acetone
solution) were added to 800 uL ethyl acetate/acetone solution followed by the addition of
100 uL. SCC (0-1.0 mM, in ethyl acetate/acetone solution). After shaking at ambient
temperature for 15 min, their fluorescence spectra were recorded under excitation at 400

84

doi:10.6342/NTU202300566



nm. The assay validation was performed by the analyses of green milk tea with containing
SCC (Uni-President Enterprises Corporation, Tainan, Taiwan) and without containing
SCC (Lipton, United Kingdom) purchased from a local market in Taipei City, Taiwan.
Liquid-liquid extraction of drinks (5.0 g) was performed according to a reported method
(TFDAAO0017.01) from Taiwan Food and Drug Administration (TFDA) [47]. Aliquots
(200 pL) of the drinks were spiked with various concentrations of SCC (20 uL with final
concentration of 1.0-10 uM). Subsequently, hydrophobic TO-C dots (10 mg mL™!, 100
uL) and ethyl acetate/acetone solution (680 uL) were added to the spiked solutions (final
volume 1.0 mL). The mixtures were equilibrated for 15 min, and their fluorescence
spectra at an excitation wavelength of 400 nm were recorded. The spiked samples were
further analyzed using ICP-MS. Aliquots (5 pL) of the drinks were treated with liquid-
liquid extraction before being subjected to digestion with aqua regia. Before ICP-MS
analysis, they were spiked with various concentrations (1.0-10 uM) of Cu*" ions in 2%

nitric acid.

3.2.6 Detection of Cu?" ions

100 uL of hydrophilic TO-C dots (1.0 mg mL ") and 100 uL Cu>" ions (0—1.0 mM)
were added to 800 uL sodium phosphate buffer solution (12.5 mM, pH 8.0), and shaken
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at ambient temperature for 15 min to attain equilibrium and the fluorescence spectra
(excitation wavelength=400 nm) were recorded. The above procedure was repeated with
other metal ions (AI**, Cd**, Ca", Cr**, Cu?’, Co*", Fe**, Pb*", Mg*", Mn?*, Ni*", K*, Ag",
Zn*" or Hg*"; 100 uM, 100 uL) to invesitigate the selectivity of the assay. To test the
tolerance (the tolerable concentration ratios for interferences with a relative error of <5%),
100 uL hydrophilic TO-C dots (1 mg mL ") and 100 uL Cu** ions (100 uM) were added
to 800 uL sodium phosphate buffer solution (12.5 mM) followed by the addition of metal
ions (AI**, Ca*, Cr*, Co®', Fe*', Pb*, Mg*, Ni**, K, or Zn®") with different
concentrations and then shaken for 15 min before recording the fluorescence spectra.
Applicality of the hydrophilic TO-C dots probe was validated by the analysis of a soil
sample obtained from NIST. Acidic digestion of the soil sample (1.0 g) was performed
according to EPA method 305B [48]. Briefly, aliquots (33 uL) of the diluted solution of
digested soil samples were spiked with various concentrations (final concentrations 0.5—
10 uM) of Cu?" ions. Sodium phosphate buffer (50 uL, 200 mM, pH 8.0), 100 uL
hydrophilic TO-C dots (1.0 mg mL™!, 100 uL), and ultrapure water were added (final
volume 1.0 mL) to the spiked solutions and the mixtures were shaken at ambient

temperature for 15 min to attain equilibrium before recording their fluorescence spectra.
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3.3 Results and Discussion

3.3.1 Synthesis of TO-C dots

The hydrophobic TO-C dots with their surfaces dominated by alkyl groups along

with some carboxyl, hydroxyl, and sulfonyl groups were prepared at ambient temperature

by a concentrated sulfuric acid-mediated oxidation reaction of triolein (Scheme 3-1).

Concentrated sulfuric acid was chosen as the carbonization agent due to (1) its strong

dehydrating activity for carbonization, (2) its strong oxidizing ability that assists the

generation of hydroxyl and carboxyl groups, and (3) its ability to generate sulfur-

containing functional groups on CDs such as sulfonyl groups through an addition reaction

[49]. The advantage of this synthesis method is that it could achieve carbonization and

surface functionalization without the need for applying high temperature or any additional

energy. Triolein is a symmetrical triglyceride derived from glycerol with three branches

of mono-unsaturated omega-9 fatty acid (i.e., oleic acid; an organic acid with a long chain

of 17 carbon atoms), and thus it is insoluble in water. The polyol characteristic (three

hydroxyl groups) of glycerol imparts increased miscibility with water and hygroscopic

nature. At high temperature (160 °C), glycerol in the presence of sulfuric acid could be

carbonized to form nanocarbon [50], however it produces mostly soluble sulfonated

products at lower temperature (100 °C) [50]. In the present study, no CDs were formed
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when glycerol (50 mM) was used as the precursor to react with sulfuric acid (6.75 M) at
ambient temperature (data not shown). Figure 3-1 shows the UV-vis absorption and
fluorescence spectra of the products obtained separately from glycerol and triolein after
their reactions with sulfuric acid. In the case of glycerol, the resulting solution was
colorless, and no absorption and fluorescence peaks were observed (Figure 3-1A). In
contrast, for triolein (50 mM), a dark brown solution was obtained after the reaction, and
an absorption band at 265 nm and a shoulder band at around 320 nm were obsedrved,
attributed to the 7—7* and n—z* transition of C=C and C=0O bonds due to carbonization
and oxidation, respectively (Figure 3-1B(a)). The as-formed TO-C dots (Figure 3-2) show
excitation wavelength-dependent fluorescence emission properties (Figure 3-1B(b)),
mainly due to the polycyclic aromatic domains formed with different sizes, surface and/or
crystal defects, and existence of various surface functional groups [35]. The average
particle diameter of TO-C dots is 6.0 £ 1.3 nm (n = 50) as measured by the TEM (Figure
3-2A). The FT-IR spectra of glycerol and triolein before and after reacting with
concentrated sulfuric acid are shown in Figure 3-3(a—d). Glycerol after reacting with
concentrated sulfuric acid shows four new peaks at 2910, 2820, 1650, and 1350 cm™!,
which are assigned to Fermi resonance of aldehydic C—H stretching, overtone of the C—H

bending peak, C=C stretching, and S=O stretching vibrations, respectively [51]. The
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formation of these functional groups is mainily through partial carbonization, oxidation,
and sulfonation of glycerol. In the case of hydrophobic TO-C dots, the peaks at around
3500, 2910/2820, 1750, 1350, and 1260 cm™' correspond to O—H, alkane/C—H, C=0,
S=0, and C-O stretching vibrations, respectively. When compared to curve (b), the
prominent peaks of C=0, S=0, and C-O in the hydrophobic TO-C dots (curve d) reveal
stronger oxidization and sulfonation. Moreover, the peak at 1699 cm™! due to the aromatic
C=C bond indicates carbonization occurred during the formation of the TO-C dots [52].
Deconvoluted XPS spectra (Figure 4-4) reveal the presence of C—C/C=C (284.8 eV,
78.4%), C-S (285.8 eV, 7.8%), C-0 (286.6 eV, 10.6%) and C=0 (288.8 eV, 3.1%) (Cls);
O-S (531.6 eV, 16.8%), O=C (532.1 eV, 48.3%) and O—C (533.4 eV, 34.9%) (Ols), and
—C-S0;5 2p*? (168.6 eV (2p31), 64.2%) and 2p'? (170.1 eV (2p112), 35.8%) (S2p), which
further evidence the oxidization, sulfonation and carbonization processes during the
formation of the TO-C dots.

Scheme 3-1 presents the proposed formation mechanism of the TO-C dots from
triolein at ambient temperature. During the reaction with sulfuric acid, triolein undergoes
acylization to form acyl cations [53]. The acyl cations, as the electrophilic group, further
go through electrophilic addition with alkenyl groups on triolein to form ketones

containing carbocations. The carbocation-containing ketones follow two reactions: (1)
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formation of carbocation-containing ketones with more alkyl groups (i.e., polymeric

carbocation-containing ketones) through stepwise electrophilic addition with alkenyl

groups, and (2) formation of alkenes by acid-catalyzed aldol condensation with other

carbocation-containing ketones [54]. Besides, the formation of alkyl hydrogensulphates

with sulfonyl groups is as a result of the sulfuric acid-mediated sulfonation of alkenes.

Subsequently, TO-C dots are formed by a process of polymerization through repeated

electrophilic addition and condensation followed by carbonization and surface

passivation.

3.3.2 Effect of triolein and sulfuric acid concentration

We studied the effect of triolein concentration with a fixed sulfuric acid

concentration and vice versa, on the formation of TO-C dots. Figure 3-5(A—C) displays

the absorption spectra of products from the reactions of different concentrations of triolein

(5—200 mM) and 6.75 M sulfuric acid for 3 h. The absorbance at 260 nm increased with

increase in the concentration of triolein, while the fluorescence intensity at 370 nm only

increased upon increasing the concentration of triolein up to 50 mM. Upon further

increasing its concentration to 200 mM, the fluorescence intensity decreased significantly.

The TEM images (Figure 3-6A) reveal that the average particle sizes (n = 100) of
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hydrophobic TO-C dots consistently increased from 6.0 + 1.5 nm to 115.1 £42.6 nm with

the increase in the concentration of triolein from 5 to 200 mM, which may be due to the

increase in the degree of polymerization and carbonization. The larger particle size and

core-shell structure are due to the incomplete carbonization, leading to a polymer-like

shell capped on the carbonized core. The highest QY was observed (23.2%) when the

concentration of triolein was 50 mM. Figure 3-5b shows the effect of concentration of

sulfuric acid (0.09-9.00 M) used in the preparation of hydrophobic TO-C dots using 50

mM triolein as the precursor. The absorbance at 260 nm increased upon increasing the

concentration of sulfuric acid. The fluorescence intensity at 370 nm increased with

increase in the sulfuric acid concentration up to 6.75 M. Further increasing sulfuric acid

concentration, significant carbonation led to formation of large particles with weak

fluorescence. Thus, the optimal sulfuric acid concentration for the synthesis of carbon

dots was set as 6.75 M on the basis of fluorescence intensity. The TEM images (Figure 3-

6B) also reveal the significant change in the size and morphology of TO-C dots with the

increase in sulfuric acid concentration. The TO-C dots with a core-shell structure is

formed only at the concentration of sulfuric acid < 4.50 M, and the size of TO-C dots

decreased from 161.7 + 47.6 nm to 7.48 + 2.86 nm upon increasing sulfuric acid

concentration from 4.50 to 6.75 M.
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3.3.3 Concentration-dependent optical properties of TO-C dots

The hydrophobic TO-C dots prepared in ethyl acetate exhibit concentration-
dependent fluorescence behavior (Figure 3-7); as their concentration increased from 0.66
to 33 mg mL!, the maximum excitation/emission wavelengths shifted from 320/370 to
440/540. This concentration-dependent fluorescence of hydrophobic TO-C dots was also
prominent in other polar organic solvents such as ethanol, dimethyl sulfoxide, and toluene
(Figure 3-8). The concentration-dependent shift in the maximum excitation/emission
wavelengths, irrespective of the organic solvents, implies the aggregation of CDs at
higher concentration. The aggregation of TO-C dots at a high concentration is supported
by the TEM images (Figure 3-2A and 3-2B). At a lower concentration (0.66 mg mL™"),
the average diameter of TO-C dots was ca. 2.8 nm, while at a higher concentration (33
mg mL™), the aggregated size increased to ca. 110 nm. The fluorescence emission process
of CDs is dominated not only by core crystal structure but also surface states [54]. In the
TO-C dots, the surface states are regulated by the graphene-core edge as well as surface
ligands such as alkylene, sulfonyl, and carbonyl groups. The aggregation of TO-C dots
can extent the n-electron conjugation system. Therefore, an increase in the aggregation of
TO-C dots could significantly lower the electronic bandgap, causing a red-shift in the
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maximum excitation/emission wavelengths [55].

3.3.4 Fluorescence detection of sodium copper chlorophyllin (SCC) by

hydrophobic TO-C dots

First we tested hydrophobic TO-C dots for the detection of sodium copper
chlorophyllin (SCC). SCC could quench the fluorescence of TO-C dots significantly
(Figure 3-9A). To minimize the interference from sample matrix, the detection was
conducted at the excitation/emission wavelengths of 400/500 nm. Figure 3-9B shows that
the relative fluorescence decrease [(/ro—IF)/Iro] of TO-C dots in ethyl acetate:acetone (5:1)
solution increases upon increasing the concentration of SCC in the range of 1.0-100 uM.
The TO-C dots probe exhibits linear response toward SCC over the concentration range
of 1.0-10 uM (R?>= 0.97), with a LOD (signal-to-noise ratio of 3) of 0.61 uM (38.7 ppb
for copper) at a signal-to-noise ratio of 3. The LOD is much lower than the maximum
allowable level (64 ppm for copper) of SCC in non-alcoholic flavored drinks defined by
TFDA [56]. Since SCC does not possess absorption bands over the range of 400 to 600
nm in ethyl acetate:acetone solvent (Figure 3-10), we can exclude the possibility of inner
filter effect and FRET for the fluorescence quenching. A recent report by Ji et al. reveals
that copper chlorophyllin interacts with CDs and significantly declines their fluorescence
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via electron transfer and FRET [57]. The different observation could be due to different

types of CDs used. Figure 3-11 displays the fluorescence decay of TO-C dots in the

absence and presence of SCC measured by time-correlated single-photon counting, with

excitation and emission wavelengths of 375 and 460 nm, respectively. The average

fluorescence lifetimes of the hydrophobic TO-C dots in the absence and presence of SCC

are 3.701 and 3.167 ns, respectively, suggesting that photoinduced electron transfer (PET)

mainly contributes to the SCC-induced fluorescence quenching of TO-C dots [58]. The

copper ion is chelated by chlorophyllin as an electron acceptor for PET, and chlorophyllin

moiety facilitates its access to the surfaces of TO-C dots. Furthermore, the hydrophobic

TO-C dots were highly specific in the determination of Cu-based complexes. No

fluorescence quenching of TO-C dots was observed in the presence of chlorophyll

(chlorophyllin magnesium complex) (Figure 3-9A), which suggests that the fluorescence

quenching of TO-C dots is highly related to their interaction with metal ions in the

complex, rather than the organic part of the molecule.

We further employed hydrophobic TO-C dots to determine the concentration of SCC

in non-alcoholic flavored drinks by applying a standard addition method. Table 3-1 shows

percent recovery (%R) values of 98—103% and RSDs of <1.2% for the pretreated samples

after spiked with SCC over the concentration range from 1.0 to 10 uM. The concentrations
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of SCC determined by the hydrophobic TO-C dots and ICP-MS were found to be 5.90
(#0.22) and 5.80 (£0.15) uM (n = 3), respectively. The ¢-test value and F-test value
obtained by correlating the two methods were 1.40 (critical #-test value of 2.78 at a 95%
confidence level) and 3.77 (critical F-test value of 19 at a 95% confidence level),
respectively, revealing insignificant difference in the two results.

Hydrophobic TO-C dots are highly soluble in organic solvent, which is suitable for
the analysis of hydrophobic analyte SCC, which can eliminate the interference from
water-soluble interferents such as copper ions or other metal ions. As can be seen in
Figure 3-12, Cu?** ions did not quench the fluorescence of hydrophobic TO-C dots in ethyl
acetate:acetone solvent, revealing their high selectivity toward SCC. In addition, SCC did
not exhibit the UV-visible absorption in the 400-600 nm range (Figure 3-10), which
excluded the inner filter effect. Copper chlorophyllin is widely used as a coloring agent
in oils such as olive oil. The hydrophobic TO-C dots are very suitable for the detection of
copper chlorophyllin in oil samples due to their hydrophobic characteristic, which are
otherwise difficult with hydrophilic CDs. Whereas the hydrophilic TO-C dots selectively
interact with Cu®" ions via sulfonyl groups, leading to the formation of complex and
fluorescence quenching, while other metal ions did not form complex or quenching.

Therefore, we believe the synthesis strategy and analysis method design are quite
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different from other reported methods.

3.3.5 Preparation of hydrophilic CDs and detection of Cu** ions

The hydrophilic TO-C dots were obtained by NaOH-mediated hydrolysis of the
hydrophobic TO-C dots. The dispersibility of hydrophilic TO-C dots in water (solubility
> 20 mg mL™") is greatly enhanced as a result of the formation of carboxylate groups
through hydrolysis of ester groups (curve e in Figure 3-3). Hydrophilic TO-C dots’
excitation and emission characteristics are similar to that of hydrophobic TO-C dots;
however, the fluorescence intensity of hydrophilic TO-C dots is about 10-fold lower than
that of hydrophobic TO-C dots, due to solvent effect in the aqueous medium (Figure 3-
13). After the conversion of hydrophobic TO-C dots into hydrophilic TO-C dots, the
interaction of the surface functional groups with the polar solvent has a significant effect
on their surface-related fluorescence properties [59]. Their average size (18.5 £ 5.0 nm)
is larger than that (6.0 £1.3 nm) of the hydrophobic TO-C dots, since the TO-C dots are
aggregated through surface interaction while transferred into water phase. The contact
angle of hydrophilic TO-C dots (12°) on a glass slide is much smaller than that of the
hydrophobic TO-C dots (79°), which confirms the conversion of the hydrophobic TO-C
dots to hydrophilic TO-C dots after NaOH treatment. To show the potential application
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of the hydrophilic TO-C dots, they were employed in the detection of various metal ions.
Our results show that the TO-C dots is highly selective toward Cu®" ions, as evident from
its significant fluorescence quenching over that induced by the other tested ions (Figure
3-14A). The multidentate complexation of surface ligands of TO-C dots, such as
carboxylate, hydroxyl, and sulfonyl with the Cu®* ions lead to aggregation and thus PET,
i.e., the excited electrons from the TO-C dots translate to the free d-orbital of Cu®" ions,
and thereby inducing fluorescence quenching. The fluorescence quenching induced by
Cu?* increases upon increasing the pH value up to 8.0, revealing that the deprotonated
carboxylate and sulfonate groups play a vital role in the coordination to Cu®" (Figure 3-
15). Compared to other CDs for detecting Cu?* ions [60-62], the use of hydrophilic TO-
C dots shows minimum interference from other metal ions such as Co?>" and Ni*" ions,
mainly attributed to their sulfonyl groups present on the surfaces [43]. Figure 3-16 shows
the decrease in the peaks at 1560 cm™' (C=O stretching) and 1380 cm™! (S=O stretching)
upon the addition of Cu?" ions into the TO-C dots, which strongly supports sulfonyl
groups participate in their coordination with Cu?* ions. Also, after incubating with Cu?*
ions, the TO-C dots shows aggregation as evident from the TEM images (Figure 3-2D).

The increase in the size of TO-C dots (from 18.5 £ 5.0 nm; » = 100 to 30.4 £ 11.3 nm; n

= 50) in the presence of Cu** further confirms that Cu?* caused the aggregation of the
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TO-C dots, due to the electrostatic interaction between the Cu?" ions and the highly
cationic (zeta potential = —69.3 mV) hydrophilic TO-C dots [63]. The shorter average
fluorescence lifetime of hydrophilic TO-C dots after reacting with Cu®" (4.462 ns vs.
2.486 ns) demonstrates PET also contributes to the fluorescence quenching (Figure 3-17).

Figure 3-14B shows that the relative fluorescence change of hydrophilic TO-C dots
increases with Cu?* ion concentration in the range of 0.5-100 uM. The TO-C dots exhibits
linear response toward Cu®" ions over the concentration range of 0.5-10 uM (R*> = 0.99),
with a LOD of 0.21 uM (13.3 ppb), which is lower than the permitted maximum level of
copper in drinking water (20 uM, 1.27 ppm) set by US Environmental Protection Agency
(EPA) [64]. A comparison of various CDs-based probes for Cu?" ion detection (Table 3-
2) shows the superior nature of hydrophilic TO-C dots probe with a lower LOD [65-70].
The highly selective TO-C dots probe is a potential candidate for the detection of Cu®*
ions in real samples with complex matrixes.

The practicality of hydrophilic TO-C dots probe was confirmed by the quantitatation
of Cu in the soil sample (Montana Soil, SRM2710). We first evaluated the tolerance of
the TO-C dots probe to higher metal content (interfering ions) in the soil sample. When
sensing Cu®* ions using the TO-C dots probe, the tolerance concentrations of common

interfering ions in the soil sample were at least 10 times the Cu?* concentrations (within
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a relative error of + 5%) (Table 3-3). By applying an standard addition method, the
concentration of Cu?* ions in the Montana Soil sample (certified value 2.95 mg g})
determined by our TO-C dots probe was 2.89 + 0.06 mg g* (n = 5), showing a
nonsignificant difference at 95% confidence level (Table 3-4). Therefore, with high
sensitivity, selectivity, and great tolerance, the hydrophilic TO-C dots probe is suitable

for quantifying Cu?* ions in soil samples.

3.4 Conclusions

A one-step chemical oxidation approach was applied for synthesizing hydrophobic
carbon dots (TO-C dots) at ambient temperature by a strong oxidation reaction of triolein
with concentrated sulfuric acid. The hydrophobic TO-C dots exhibit concentration- and
excitation-dependent emission characteristics. Deprotonation of carboxylic acid groups
on the surface of hydrophobic TO-C dots through a simple hydrolysis reaction in NaOH
solution yielded hydrophilic TO-C dots. The presence of sulfonyl groups on their surface
enhances their selectivity toward Cu?" ions. Chlorophyllin moiety on the surface of
hydrophobic TO-C dots facilitates the access and interaction of SCC, and induced
fluorescence quenching through PET. On the other hand, upon coordination with the
surface groups of the hydrophilic TO-C dots, Cu®" ions induced their aggregation and
thus caused fluorescence quenching. The hydrophobic and hydrophilic TO-C dots probes
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were validated by the quantitation of SCC in non-alcoholic flavored drinks and Cu?" ions
in a soil sample, respectively. Our results show great potential of the highly sensitive and
selective probes for rapid screening of Cu?" ions and copper-based complexes in

environmental samples and foods.
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Table 3-1. Determination of SCC in non-alcoholic flavored drinks.

Total
Concentration ~ Added Recovery RSD?
Sample concentration
(uM) (uM) (%, n=3) (%, n=3)
(uM)
14 1.17 1.57 2.71 98 0.9
1.17 3.15 4.33 100 1.2
1.20 4.72 6.06 103 1.0
20 ND¢ 1.57 1.62 103 1.1
ND¢ 3.15 3.19 101 1.1
ND¢ 4.72 4.81 102 1.1

¢ green milk tea containing SCC was diluted 5-fold.
b green milk tea without containing SCC was diluted 5-fold.
“not detected.

4 RSD value of triplicate experiments of standard addition
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Table 3-2. Comparison of the detection of Cu?" ions using CDs prepared from different

precursors.
Linear range LOD
Precursor Sensing Mechanism Ref.
(uM) (uM)
Peanut shells Static quenching 0-50 4.8 65
Pear juice Not provided 1.6-787 1.6 66
Aminophenylboronic
Static quenching 1-25 0.3 67
acid
Citric acid Static quenching 5.16-20 1.72 68
Citric acid and
Dynamic quenching 0.6-30 0.19 69
histidine
Petroleum coke PET* 0.25-10 0.029 70
Triolein PET 0.5-10 0.21 This study
PET: photoinduced electron transfer
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Table 3-3. Tolerance of hydrophilic TO-C dots with interfering ions in soil sample in the

presence of 10 uM Cu** ions.

Adding concentration RSD?
Interfering ions
(uM) (%, n=23)

A" 1000 2.2
Ca®* 500 24
Fe** 300 23
Mg?* 500 1.6

K" 500 0.9
Zn** 500 2.1
Co* 100 1.9
Ni%* 100 1.1
Cr** 100 1.7
Pb** 200 1.9

“RSD value of triplicate detections of Cu?" ions in the presence of interfering ions.
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Table 3-4. Determination of Cu®" in soil sample (Montana Soil, SRM 2710).

Amount Added  Total amount  Recovery RSD
Sample
(mgg') (mgg')  (mgg') (%,n=3) (%, n=3)
Montana Soil 2.93 2.95 5.81 97.7 1.01
2.96 5.90 8.79 98.8 1.59
2.97 8.85 11.7 98.4 2.04

Reference value of Cu in Montana Soil (SRM 2710) is 2.95 mg g .
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Figure 3-1. (a) UV-vis absorption and (b) fluorescence spectra under different excitation

wavelengths (from 320 to 600 nm; in 40 nm increments) of (A) glycerol (50 mM) and (B)

triolein (50 mM) after reacting with sulfuric acid (6.75 M) in ethyl acetate for 3 h. The

obtained products were diluted 200-fold in ethyl acetate prior to the measurements. Insets

to (b): photographs of the corresponding solutions upon excitation with a hand-held UV

lamp (365 nm).

117

doi:10.6342/NTU202300566



88 8

Fraction (%)
3

Fraction (%)

o o

0 v
60 80 100 120 140 160 180
Size (nm)

Fraction (%)

ol m -
5

10 15 20 25 30 35 40
Size (nm)

Figure 3-2. TEM images of hydrophobic TO-C dots at the concentration of (A) 0.66 mg
mL ! and (B) 33 mg mL! in ethyl acetate. (C) and (D) hydrophilic TO-C dots (100 pg
mL!) in the absence and presence of 10 uM Cu?" ions in sodium phosphate buffer (10

mM, pH 8.0).
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Figure 3-5. (A) UV-vis absorption and (B) fluorescence spectra, and (C) QY of

hydrophobic TO-C dots prepared from the triolein reacted with sulfuric acid at the
concentration of (a) sulfuric acid (6.75 M)/triolein (5-200 mM) and (b) sulfuric acid

(0.09-9.00 M)/triolein (50 mM). The excitation wavelength is 320 nm for the collection

of fluorescence spectra.
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Figure 3-6. TEM images of TO-C dots obtained from triolein reacted with sulfuric acid,

(A) sulfuric acid (6.75 M)/triolein (5-200 mM) and (B) sulfuric acid (2.25-9.00

M)/triolein (50 mM). The obtained CDs were dispersed in ethyl acetate.
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Figure 3-7. (A) UV-vis absorption spectra of hydrophobic TO-C dots (0.66—33 mg mL™").
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Figure 3-8. Concentration-dependent fluorescence properties of hydrophobic TO-C dots
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Figure 3-9. (A) Fluorescence spectra of hydrophobic TO-C dots in the absence (black
curve) and presence of SCC (10 uM; red curve) or chlorophyll (10 uM; blue curve). (B)
Fluorescence spectra of hydrophobic TO-C dots in the presence of different
concentrations of SCC (0—100 uM) in ethyl acetate/acetone solution (5:1, v/v). The
concentration of hydrophobic TO-C dots was 1.0 mg mL. /ro and /r are the fluorescence
intensities of hydrophobic TO-C dots at 500 nm in the absence and presence of SCC,
respectively, at an excitation wavelength of 400 nm. Inset to (A) shows the photographs

of TO-C dots solutions before and after adding SCC (10 uM).
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Figure 3-11. Fluorescence decay curves of hydrophobic TO-C dots (1.0 mg mL™") in

ethyl acetate:acetone (5:1) solution in the (A) absence and (B) presence of SCC (10 uM)

upon excitation using a 365-nm pulsed laser. The fluorescence decay was fitted to a

biexponential decay and the lifetime of (A) and (B) were determined to be 1.788/6.594

ns (60.20/39.80%) and 1.383/5.781 ns (59.44/40.56%) (t1/72).
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Figure 3-12. Fluorescence spectra of hydrophobic TO-C dots in the absence (black line)
and in the presence of Cu** ions (10 uM; red line) or SCC (10 uM; blue line) in ethyl

acetate/acetone solution (5:1, v/v).
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sodium phosphate (pH 8.0) solution under excitation from 320 nm to 600 nm.
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Figure 3-14. (A) Selectivity of the hydrophilic TO-C dots probe toward Cu®" ions

against other metal ions and (B) fluorescence spectra of the TO-C dots at various Cu**

concentrations (0—100 uM) in sodium phosphate buffer (10 mM, pH 8.0). The

concentrations of hydrophilic TO-C dots in (A) and (B) were both 100 pg mL. I and

Ir are the fluorescence intensities of the TO-C dots at 500 nm in the absence and

presence of Cu?’, respectively, at an excitation wavelength of 400 nm. The

concentrations of all metal ions in (A) are 10 uM. Inset to (A) shows the photographs

of the hydrophilic TO-C dots solutions before and after adding CuCl, (10 uM) upon

excitation with a hand-held UV lamp (365 nm). Error bars represent the standard

deviations of experiments in triplicates.
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Figure 3-15. Fluorescence intensities of hydrophilic TO-C dots (100 pug mL™) in
sodium phosphate buffer solution (10 mM, pH 5-9) at 500 nm in the absence and
presence of Cu®" ions (50 pM) when excited at 400 nm. Error bars represent the

standard deviations of experiments in triplicate.
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Figure 3-16. FT-IR spectra of hydrophilic TO-C dots (100 pg mL™") in the (a) absence

and (b) presence of Cu®" ions (10 uM).
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Figure 3-17. Fluorescence decay curves of hydrophilic TO-C dots (1.0 mg mL™!) in the

(a) absence and (b) presence of Cu?* ions (10 pM) upon excitation using a 365-nm

pulsed laser. The fluorescence decay was fitted to a biexponential decay and the lifetime

of (a) and (b) were determined to be 1.943/6.773 ns (47.81/52.19%) and 1.055/5.711 ns

(69.24/30.76%) (t1/12).
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Scheme 3-1. Schematic representation of the preparation of hydrophobic TO-C dots
from triolein and H>SO4 through a chemical oxidation route, and conversion of
hydrophobic TO-C dots to hydrophilic TO-C dots through alkaline hydrolysis. Their

separate applications for the detection of SCC and Cu®" ions are also depicted.
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Chapter 4 Development of fluorescent carbon
nanoparticle-based probes for intracellular pH and

hypochlorite sensing

The content in this chapter has been published to: Y.-S. Lin, L.-W. Chuang, Y.-F. Lin,
S.-R. Hu, C.-C. Huang, Y.-F. Huang, H.-T. Chang, Development of Fluorescent Carbon
Nanoparticle-Based Probes for Intracellular pH and Hypochlorite Sensing.

Chemosensors 10 (2022) 64.
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4.1 Introduction

Many biological functions such as respiratory acidosis| 1], lysosomal functions|[2],

and tumor growth[3] are related to the intracellular pH value. Thus, variation of pH

values in biological fluids is usually an index for physiological disorders. For example,

the extracellular pH of tumor tissue is lower than that of normal tissue.[4] In addition

to pH value, the level and species of reactive oxygen species (ROS) inside cells are also

important to be carefully monitored because they have been shown related to cell

signalling like apoptosis and gene expression.[5] Although high concentrations of ROS

inside cells could induce carcinogenesis and cell damage, appropriate ROS level is

essential for some cellular functions like differentiation. Hypochlorite is one of

important ROS, which is produced from peroxidation of chloride ions catalyzed by

myeloperoxidase (MPO) inside cells.[6] Although hypochlorite plays an important role

in immune system, it at high levels might cause several diseases such as cancer and

neuron degeneration.[6,7] Thus, techniques for monitoring of cellular pH value and

ROS level are needed.

Many organic molecules and nanomaterials based fluorescent probes have been

shown sensitive for monitoring of cellular pH values.[8] Most of the sensing strategies

are based on the fact that the fluorescent properties of the probes are pH dependent. For

example, we demonstrated a dual emission probe that uses BSA-Au/Ce nanoclusters to
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monitor cellular pH values, in which the fluorescence intensity of BSA-Ce complex at

410 nm is pH dependent, but that for Au NCs at 650 nm is pH independent.[9] The

ratiometric fluorescence approach was validated by measuring the local pH values

inside cancer cells. Chen et al. designed another fluorescent probe based on Forster

resonance energy transfer (FRET) between a pH-insensitive fluorophore [poly(9,9-

dioctylfluorenyl-2,7-diyl), Aem = 439 nm] and a pH-sensitive fluorescent dye

(fluorescein isothiocyanate, Aem = 517 nm) in the semiconducting polymer dots (Pdots-

PPF). Upon a single excitation at 380 nm, the Pdots-PPF exhibit ratiometric pH sensing

ability within a wide range of pH value ranging from 3.0 to 8.0.[10] Recently,

fluorescent carbon based-nanoparticles have received great interest due to their low

chemical/cytotoxicity, good biocompatibility, multicolor luminescence tunability and

resistance to photobleaching.[11-13] Carbon dots (CDs) prepared by a variety of carbon

sources in facile methods have shown significantly improved behaviors and

demonstrated as a suitable candidate for fluorescent pH sensing.[13-17]

Relatively, fluorescent probes for determining cellular hypochlorite contents are

rare.[18-20] The sensing mechanism behind these probes mainly relies on the strong

oxidation property of hypochlorite. For example, Zhong et al. developed an

aggregation-induced emission probe based on benzothiazole derivatives (BTD) for

hypochlorite detection.[21] The recognition of BTD by hypochlorite involves C=N
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cleavage and hydrolysis to aldehyde groups. A ratiometric fluorescent probe for

hypochlorite was constructed by co-embedding aminocyanine dye and Rhodamine B

within a silica nanoparticle to form a FRET pair. [22] It is hypothesized that the nitrogen

substitution at the polymethine can be served as a better ROS chemosensor due to its

lower oxidation potential. The pioneer work from Yin et al. reported the determination

of hypochlorite in a dual-readout mode based on the blue emission CDs with down and

up conversion luminesce characteristics.[23] Increasing efforts have been devoted to

fabricate CDs with enhanced photoluminescence (PL) properties to detect hypochlorite

in real samples.[24-27] It has been found that CDs doped with heteroatoms such as

nitrogen or tethered to other functional units can lead to a red-shift in emission and

greater reactivity toward hypochlorite.[28-31] It can provide sensitive and selective

responses to the hypochlorite in biological systems.

Inspired by the above-mentioned circumstances, we synthesized fluorescent

carbon nanoparticles (CNPs) from m-phenylenediamine (m-PD) and ascorbic acid (AA)

through a hydrothermal route to monitor cellular pH and hypochlorite levels. The

combination of m-PD and AA not only increases the diversity of functional groups, but

also brings more active sites, thereby enhancing their responses to target analytes. We

investigated several important factors, including molar ratio of m-PD/AA and synthesis

temperature that affect the formation of the nanoparticles (mPA CNPs). At the optimal
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sensing conditions, mPA CNPs showed pH-dependent fluorescence properties over the
range of 5.5-8.5, indicating that they are promising for monitoring pH fluctuations in
living cells. Under the physiological condition, the probe also showed great sensitivity
and selectivity for the quantitation of hypochlorite. We evaluated the possible
fluorescence quenching mechanisms of mPA CNPs in response to changes in pH and
hypochlorite. The probe was further validated by monitoring cellular pH values and
hypochlorite levels, showing their greater potential for cell imaging and real-time

sensing.

4.2 Experimental Section

4.2.1 Materials

Ammonium oxalate (>98%), L-(+)-ascorbic acid (AA, =99.8%), monosodium
hydrogen phosphate (98%), m-phenylenediamine (m-PD, >99%), and sodium periodate
(99%) were purchased from Acros Organics (Geel, Belgium). Disodium hydrogen
phosphate (98%), sodium borohydride (= 98%), %), sodium phosphate (96%), 2'-
7'dichlorofluorescin diacetate (DCFH-DA), Hoechst 33342, potassium nitrite (>96%),
potassium dioxide (99%), hydrogen peroxide (36%), iron chloride (> 98.0%), dimethyl
sulfoxide (DMSO, >99.5%) and sulfuric acid (95—98%) were purchased from Sigma-
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Aldrich (St. Louis, MO, USA). Sodium hydroxide (pellet, >98%) was purchased from
Macron Fine Chemicals (Center Valley, PA, USA). Sodium nitrite was purchased from
Thermo Fisher Scientific (Waltham, USA). Sodium hypochlorite (NaClO) (10-12%)
was purchased from Aencore (Surrey Hills, Australia). Ultrapure water (18.2 MQ cm)
from a Milli-Q ultrapure system was used in this study.

Superoxide (O27) was generated by dissolving KO in DMSO. Hydroxyl radical
(OH) was generated by the Fenton reaction. Typically, hydrogen peroxide (H202, 10
eq) was added to FeCl, in ultrapure water. Peroxynitrite (ONOQO") was prepared by
adding 0.6 M KNO, 0.6 M HC1 and 0.7 M H>O> to a 3 M NaOH solution at 0°C. The
concentration of ONOO" was estimated by using the extinction coefficient of 1670 cm™!

M !at 302 nm in 0.1 M aqueous sodium hydroxide solutions. NaClO and H>O» were

diluted in ultrapure water.

4.2.2 Cells culture

Murine prostate cancer cell line Tramp C1 cells were cultured in Dulbecco’s
modified Eagle medium (DMEM) containing fetal bovine serum (10%) and
penicillin/streptomycin (1%) under a humidified atmosphere of 5% CO- in air at 37 °C.
The medium was purchased from ThermoFisher Scientific (Waltham, Massachusetts,

USA).
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4.2.3 Instruments

A monochromatic microplate spectrophotometer (Synerg H1) form Biotek

Instruments, (Santa Clara, California, USA) was used for the fluorescence

measurement. A transmission electron microscope (TEM) (H-7100) from Hitachi

(Tokyo, Japan) was used to record TEM images of the synthetic products. Field

emission transmission electron microscope (FE-TEM) (JEM-2100F) form JEOL

(Akishima, Tokyo, Japan) was further used to record their images. Their X-ray

photoelectron spectroscopy (XPS) spectra were taken with a system (PHI 5000

VersaProbe III) from ULVAC-PHI (Chigasaki, Kanagawa, Japan). A Fourier transform

infrared (FT-IR) spectrophotometer (Varian640-IR) from Varian (Palo Alto, California,

USA) was employed to record their FT-IR spectra. Their ultraviolet-visible (UV-Vis)

absorption spectra were taken using a spectrophotometer (Evolution 220; from

ThermoFisher Scientific (Waltham, Massachusetts, USA). Their fluorescence spectra

were measured using a spectrofluorometer (SF5) from Edinburgh Instruments

(Livingston, England). A FluoTime 300 system from PicoQuant (Berlin, Germany) with

a diode laser emitting at 375 nm was used as the light source to record the fluorescence

decay of mPA CNPs.
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4.2.4 Synthesis of mPA CNPs

A hydrothermal method at various temperatures (170-260 °C; 260 °C is the

highest temperature allowed by our heating system) was applied for the synthesis of

mPA CNPs from different amounts of m-PD (50 mM) and AA (25-100 mM). Based on

the yield, stability, and optical properties of the product, reaction temperature at 260 °C

for 2 h, 50 mM of m-PD, 50 mM of AA, and solution pH of 4.0 were selected. In brief,

m-PD (54 mg, 0.5 mmol) and AA (88 mg, 0.5 mmol) were dissolved in 10 mL ultrapure

water (adjusted with 1 M HCl to pH 4.0), which were then poured into a 50 mL teflon-

lined stainless steel autoclave. After reaction at 260 °C for 2 h, the mixture was cooled

to ambient temperature before conducting centrifugation at 3000 g under ambient

temperature for 10 min. The pellet was discarded, and the supernatant (c.a. 4 mL) was

subjected to dialysis with a dialysis bag (100-500 Da cut-off) against ultrapure water

(1 L) for 24 h. Subsequently, the product (mPA CNPs) was collected. We also noticed

that no changes in appearance, UV-Vis and FL spectra were observed by simply mixing

m-PD (54 mg) and AA (88 mg) at pH 4 for 2 h without heating. As a control, m-PD (54

mg) or AA (88 mg) were dissolved in 10 mL of ultrapure water and subjected to the

same hydrothermal synthesis and purification procedures. The purified products were

then dispersed in ultrapure water before use.
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4.2.5 Determination of fluorescence quantum yield and lifetime

Quantum yield (QY) of the mPD C-dots, AA NS and mPA CNPs were determined
by a relative measuring method. Quinine sulfate (QY = 0.53 in 0.05 M sulfuric acid,
Aex = 385 nm) was chosen.

The obtained parameters were mentioned in the following:

, A1 n?
PO XX

Where ¢ is the QY of the testing sample, A4 is the absorbance of the testing sample,
I is the integrated fluorescence emission intensity of the testing sample, and 7 is the
refractive index. The prime symbol (') represent to the selected reference. To get the
accurate results, the optical density of a series solutions of the testing samples and
reference was adjusted to the range of 0-0.1. The fluorescence spectra were measured
and the fluorescence areas were integrated. Finally, QY of the testing sample would be
determined by the comparison of the integrated fluorescence area versus absorbance
curves.

The fluorescence decay of mPA CNPs was fitted with a single-exponential decay:

I =1 _t
= Iy exp(—
¢t = o exp( - )
Where, Iy and /; are the intensity at time zero and certain time. 1 is fluorescence

life time defined as the time for the intensity drop to 37%. The sample concentration

was 1.0 pg/ml. The rate constants (radiative rate, K non-radiative rate, Ku),
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fluorescence life time (1) and quantum yield (¢) obey the following equation:

1 k,

i ke " T ik

The radiative rate and non-radiative rate can be calculated by following equation:
¢ k 1

r
—_= — =k R — =
T kr + knr X (kr + knr) T T kr knr

4.2.6 pH sensing based on mPA CNPs

To study the pH responsiveness of mPA CNPs, various mPA CNPs (1 pg mL-1)
solu-tions were prepared by mixing mPA CNPs (10 pg mL-1, 50 pL), ultrapure water
(400 pL) and phosphate buffer (200 mM, 50 puL) with different pH values (pH 3.0—11.0)
for 10 min. Their UV-Vis and fluorescence spectra were then recorded. To investigate
the reversibility of pH response of mPA CNPs, the solutions containing 5-fold
concentration of mPA CNPs at pH 3.0 were prepared in a similar manner, and then
adjusted to various pH values by adding 0.1 M NaOH or HCI. To record the
fluorescence microscopic images of mPA CNPs, mPA CNPs (100 pug mL-1, 10 uL)
prepared at various pH values were applied separately to microslides and each slide was

covered with a glass.
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4.2.7 Detection of ROS and anti-oxidants based on mPA CNPs

To determine the sensitivity of the assay for hypochlorite, various solutions were
prepared by mixing mPA CNPs (5 pg mL™!, 50 pL), phosphate buffer (200 mM, pH 7.4,
50 pL), and solutions (400 pL) containing different concentrations of sodium
hypochlorite. The final concentration of hypochlorite is in the range of 0.125—1.25 pM.
After equilibration at 25 °C for 1 h, the solutions were subjected to fluorescence
measurement at 500 nm when excited at 400 nm.

Various solutions were separately prepared by mixing mPA CNPs (50 pg mL™!, 50
uL), ultrapure water (350 pL), phosphate buffer (200 mM, pH 7.4, 50 uL) and tested
substrates [ | mM of H>O», O2","OH, NaNO», (NH4)2C204, and NaBHy4, 50 puL; 100 uM
of ONOO" and NaClO, 50 uL]. After shaking at 160 rpm for 30 min at 25 °C, their

fluorescence spectra were recorded under 400 nm excitation.

4.2.8 In vitro biocompatibility assessment

The cell viability was evaluated by conducting the Alamar blue assay. Tramp C1
cells seeded at a density of 8000 cells per 96-well plate were incubated overnight in
DMEM (200 pL) for cells adhesion. Then, the cells were treated with various

concentrations of mPA CNPs (0—20 ug mL") for 2 h. The treated cells were then washed
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with phosphate buffer saline (PBS) and incubated with refreshed DMEM for 24 h. Next
day, the medium was removed and replaced with 100 pL of diluted Alamar Blue agent
(diluted 10 times with DMEM) for 2 h. The fluorescence intensity at 595 nm was

measured under the excitation at a wavelength of 545 nm.

4.2.9 In vitro pH detection

To study the pH response of mPA CNPs in living cells, Tramp C1 cells seeded at
a density of 1.0 x 10° cells per 24-well plate (with a round-shaped glass inside each
well) were incubated overnight in DMEM (500 uL) for cells adhesion. Then, the
medium was replaced with PBS of different pH values (pH 5.4, 6.4, 7.4 and 8.4) before
adding mPA CNPs solutions (50 ug mL™!, 50 pL). After 2-h incubation, the medium
was replaced with PBS (500 pL). The cells were then treated with Hoechst 33342 (5 pg
mL™) for 10 min, followed by multiple washes with PBS. A paraformaldehyde solution
(PFA, 500 pL) was added to fix the cells for 15 min. Finally, the PFA solution was
removed and the cells were washed with PBS (500 pL). The glass in each well was then
taken out, dried, and placed on a microslide containing 10 pL of mounting medium.
Fluorescence cell images were captured with the fluorescence microscope
(excitation/emission filters: 470-490 nm band pass/520 nm long pass).

For the flow cytometry measurement, the treated cells were washed with PBS and
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detached from the plate by trypsin (0.25%, 200 pL). The medium (400 pL) were then
added to inactivate trypsin. The cell pellet was collected by centrifugation at

500x g for 5 min and subjected to flow cytometry analysis.

4.2.10  In vitro hypochlorite detection

Similar to the above method, Tramp C1 cells were seeded at a density of 1.0 x 10°
cells per 24-well plate and incubated overnight for cells adhesion. Afterwards, the
medium with mPA CNPs solution (5 pg/mL) was replaced for 2-h incubation. The
treated cells were then washed with PBS and incubated with PBS in the absence and
presence of NaClO (10 uM). Fluorescence images were taken at different time spans
from 0 to 30 min. Trypsinization was also performed to collect cells under different

treatments, followed by flow cytometry analysis.

4.3 Results and Discussion

4.3.1 Characterization of mPA CNPs

We found that the yield, absorbance, and the fluorescence intensity of mPA CNPs

increase upon elevating the hydrothermal temperature from 170 to 260 °C. For

example, the fluorescence intensity ratio of mPA CNPs obtained at 170, 200, 230 and
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260 °Cis 1:2.0:4.4:6.2. We noticed that temperature did not play a significant role in

affecting their characteristic features of absorption and fluorescence spectra. For this

reason, only the mPA CNPs prepared at 260 °C for 2 h were subjected to further

characterization and used to develop sensitive probes. In addition, the products prepared

separately from m-PD and AA have also been characterized to support the advantages

of mPA CNPs over these two products.

The TEM image depicted in Figure 4-1A shows that mPA CNPs have spherical

structures, with an average size of 232 £+ 53 nm (50 counts). The surfaces of mPA CNPs

are rough as shown in the inset of Figure 4-1A. When m-PD is the only precursor

(Figure 4-2A), m-PD CDs with an average size of 7.5 £1.4 nm and interlayer spacing

of 0.31 nm were obtained, corresponding to the (002) plane lattice of graphite.[32]

According to the literature, the m-PD CDs were formed through processes including

oxidation, polymerization, carbonization, and passivation.[33] When AA was used as

the precursor, irregular and flake-shaped materials were obtained as shown in Figure 4-

2B. The three TEM images suggest that the AA should play a certain role in the

formation of large-scale mPA CNPs. It has been reported that a fluorescent material can

be produced through the condensation reaction between m-PD and AA at ambient

condition.[34] The formation of large mPA CNPs may be caused by the subsequent

condensation during the heating process. It is also important to highlight that lattice
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fringes were only observed in the m-PD CDs sample. This indicates that with the supply
of AA, the graphitization of m-PD tends to be retarded, resulting in CNPs consisting of
polymer chains with a slight degree of carbonization. In this study, we also found that
the molar ratio of m-PD/AA only affects the absorbance and fluorescence intensity. The
ratio of fluorescence intensities at 500 nm of the products prepared with the molar ratio
of m-PD/AA of 0.5, 1, and 2 is 0.9:1:0.7. Figure 4-1B shows the absorption spectrum
of mPA CNPs. There is a sharp peak at 242 nm and a broad band over 320 to 450 nm,
which separately correspond to the n-n* transition in benzenoid rings and the higher
conjugated polymer chains.[35] The fluorescence spectra of mPA CNPs depicted in
Figure 5-1C exhibit both excitation-dependent/independent emission properties, with
the strongest PL intensity at 500 nm when excited at the wavelength of 400 nm. The
fluorescence QY, lifetime, radiative rate and non-radiative rate are approximately 10%,
791 ns, 1.26 x 107 s7! and 1.14 x 108 s71 , respectively. These fluorescence
properties are fairly close to the fluorescence carbon dot nature.[36] In contrast, m-PD
CDs like most CDs show excitation-dependent emission properties as shown in the
inset of Figure 4-2C,[11-14] with the strongest emission intensity in the blue region.
Figure 4-2C shows a sharp absorption peak at 290 nm and a broadband at 320-350 nm
of m-PD CDs, corresponding to the n-n* transition of aromatic C=C bonds and n-n*

transition of C=0 and C=N bonds at the edge of the carbon lattice, respectively.[37] As
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compared to the fully carbonized m-PD CDs, the bright green emission originated from

mPA CNPs could be attributed to the crosstalk of multiple luminescence centers,

2

including molecular-state, crosslink-enhanced-emission-effect-related state, sp

subdomains (carbon core state), and surface state.[38] The product obtained from AA

only emits weakly at 395 nm when excited at 255 nm, so we will not discuss it hereafter.

The XPS spectra displayed in Figure 4-3 indicate that mPA CNPs and m-PD CDs

are predominantly composed of carbon, nitrogen, oxygen. The high-resolution Cis

spectrum is deconvoluted into five individual component peaks, corresponding to —C—

C/-C=C (284.6 eV), ~C-N (285.3 eV), -C-0 (286.0 eV), -C=0/-C=N (288.1 eV), and

—COO (289.0 eV), respectively.[39,40] The signal of C—C/C=C in mPA CNPs is lower,

but the sum of C-O, C=0 and COO peak intensities is higher than m-PD CDs. This

result is consistent with our findings shown in Figure 4-1A and Figure 4-2A, indicating

that the engagement of AA leads to the successful incorporation of oxygen-containing

residues into the polymer chains/carbon hybrid structures. The detection of a stronger

—C=0 (531.8 eV) signal over —-C—-O (532.8 eV) in mPA CNPs also confirms that they

exhibit a higher oxidation state than m-PD CDs due to AA.[41,42] The Nis XPS peaks

at 399, 399.9 and 401.1 eV were assigned to pyridinic N, amino N and the sum of

graphitic N and protonated amino N, respectively.[43,44] The aliphatic-to-aromatic N

ratio signal detected in mPA CNPs is stronger than m-PD CDs, indicating that there are
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abundant amino groups decorated on the surface/polymer chains.

For the FT-IR spectra of mPA CNPs and m-PD CDs depicted in Figure 4-4, the
peaks observed at 3408 and 3313 cm ™!, the broad band around 3212 cm ™!, and the peak
at 3035 cm ™! were attributed to the stretching vibrations of N-H, O-H, and aromatic
C—H, respectively.[45] The intense signal centered at around 1632 cm™ conveyed
signals from quinoid imine stretching, —-C=C- ring stretching and —NH> bending, and
the peaks registered at 1500 and 1334 cm™! were separately assigned to the C=C and
C—N stretching vibrations of benzenoid amine.[46,47] The characteristic peak of C=0
stretching at 1701 cm™! indicates the introduction of AA residues in mPA CNPs.[48]
The spectral features of mPA CNPs are comparatively more apparent than those of m-

PD CDs, further confirming the greater retention of pyrolytic m-PD/AA polymers.

4.3.2 pH sensing based on mPA CNPs

As illustrated in Figure 4-5A, the PL intensity of mPA CNPs (1.0 pg mL!) at 500
nm decreases upon increasing pH values from 3.0 to 11.0. The UV-Vis spectra displayed
in the inset of Figure 4-5A also show blue shifts of the peaks from 260 to 240 nm and
400 to 350 nm upon increasing the pH value. Figure 4-5B shows that the fluorescence
intensity of mPA CNPs exhibit a linear response to pH over the range of 5.5 to 8.5 (R?

=0.989), revealing their potential for pH sensing of biological samples. It is expected
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that the pH responsiveness of mPA CNPs is resulted from the protonation/deprotonation

of the amino and carboxyl groups, respectively.[49,50] As depicted in Table 4-1, the

zeta potential of mPA CNPs becomes less positive as pH increases, which supports our

hypothesis. Meanwhile, mPA CNPs undergo aggregation, as demonstrated in the

fluorescence microscopic images in Figure 4-5C and the corresponding hydrodynamic

sizes detected by dynamic light scattering were 352 + 15, 803 + 104, and 1157 £+ 224

nm, at pH values of 3.0, 7.0, and 11.0, respectively. Due to the aggregation behaviour,

non-radiative energy transfer such as photoinduced electron transfer (PET) can readily

occur through the close proximity of neighboring amine groups.[51,52] The

fluorescence lifetimes of mPA CNPs were investigated and the average values at pH

3.0(8.191ns),7.0 (7.91 ns) and 11.0 (7.02 ns) were obtained from the fluorescence decay

curves in Figure 4-6. The reduced lifetime indicates that the mPA CNPs undergoes an

ultra-fast electron transfer process when excited at higher pH values. This combined

dynamic and static quenching mechanism based on the fluorescence quenching of mPA

CNPs can be adopted to develop high-efficiency pH sensors. We further investigated

the reversibility of the pH response of mPA CNPs by alternately changing the pH value

of the solution from 3.0 to 11.0 in three consecutive cycles (3.0-11.0-3.0). The results

shown in Figure 4-5D demonstrates that the fluorescence intensity of mPA CNPs is

reversible under cycling various pH. In addition, the inset photograph also shows that
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the color of the solution becomes lightter but cloudy under alkaline conditions.
Encouraged by the results mentioned above, mPA CNPs were applied for
intracellular pH monitoring. As displayed in Figure 5-7, the fluorescence intensity of
mPA CNPs in Tramp C1 cells progressively decreased with the pH increasing from 5.4
to 8.4. The average intensity of fluorescent from each event was further quantified using
the flow cytometry (Figure 4-8), and the fluorescence of mPA CNPs is pH-dependent
in living cells, corresponding to that in the fluorescence spectra (Figure 4-5A and B).
Compared with other CDs previously reported (Table 4-2)[16,39,49,50,53-55], mPA
CNPs are effective for cell staining as satisfactory and reliable cell images can be
achieved with a relatively reduced dose (5 ug mL! for 2 h). It should also be noted that
mPA CNPs exhibit eligible biocompatibility. It can be found that under the same
cultivation conditions, more than 80 % of cells survived as the dose of mPA CNPs is
less than 20 pug mL' (Figure 4-9). Taken together, mPA CNPs are competent for

intracellular pH sensing.

4.3.3 Hypochlorite sensing based on mPA CNPs

Hypochlorite can induce the fluorescence quenching of mPA CNPs (0.5 ug mL™?)
at 500 nm, and the intensity exhibits a linear relationship (R? = 0.985) with the

concentration in the range of 0.125-1.25 uM in phosphate buffer at pH 7.4 (Figure 5-
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10A). The limit of detection (LOD) was estimated to be 0.029 uM based on the signal-
to-noise ratio of 3. Table 4-3 shows that mPA CNPs provides comparable sensitivity to
hypochlorite when compared to the other reported methods based on CDs.[24-
27,29,31,56] It is well accepted that the surface functional groups such as aromatic
amines possess a high tendency to oxidize when hypochlorite is introduced.[28,31] In
this sensing process, static fluorescence quenching occurs due to the generation of less
or non-fluorescent ground state complexes. In view of this, the FT-IR spectra of mPA
CNPs versus hypochlorite was explored. As depicted in Figure 4-11, the characteristic
absorption peaks at 3200 and 1334 cm™* corresponding to N—-H and C—N stretching
vibrations were reduced, while the peak at 1632 cm™ increased due to the appearance
of more quinoid imine after the introduction of hypochlorite. The selectivity of mPA
CNPs (5 pg mL™) toward hypochlorite (NaCIO) over common ROS (H202, Oz,
ONOO", OH) and various antioxidants [NaNO2, (NH4)2C204, and NaBH4] was further
investigated. Figure 4-10B shows that hypochlorite (10 uM) caused significant
fluorescence quenching of mPA CNPs, while the effects of other substances (100 uM)
were almost negligible. Only a slight fluorescence quenching of mPA CNPs was found
in the presence of OH radical (100 uM). From Table 4-4, it can be observed that the
one electron redox potential of NaCIO (1.49 eV) is the highest except for OH radical

(2.33eV)[57-59]. In addition, the negatively charged nature of hypochlorite also makes
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them readily accessible to the mPA CNPs surface via electrostatic interactions,
resulting in a superior propensity for oxidation. The performance of mPA CNPs on
hypochlorite detection was further compared with DCFH-DA, which is a commercial
dye commonly used to detect various ROS. As Figure 4-10C displayed, mPA CNP
provides a more selective response to hypochlorite than DCFH-DA. These findings
confirm the promising bioapplicability of mPA CNP in the detection of hypochlorite in
living cells.

Subsequently, mPA CNPs was employed as a fluorescent probe for specific
detection of hypochlorite in Tramp C1 cells. As shown in Figure 4-12, cells emit green
fluorescence when they were stained with 5 ug mL™! of mPA CNPs for 2 h. After the
introduction of NaClO (10 uM), the fluorescence intensity decreased gradually and
demonstrates an effective diminish after 30 min. In addition, the fluorescence intensity
of mPA CNPs after 30 min of stimulus was also detected by flow cytometry (Figure 4-
13). The bar graph shows that the fluorescence of mPA CNPs was reduced by
approximately 25% after hypochlorite treatment. On the contrary, after co-treatment
with N-acetylcysteine (NAC, 10 mM), an ROS scavenger, no fluorescence quenching
of mPA CNPs was detected since the hypochlorite-mediated oxidation was inhibited.
Therefore, mPA CNPs developed herein can be regarded as a potential probe for real-

time detecting hypochlorite changes in cells stimulated by different pharmaceuticals.
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4.4 Conclusions

In the study, we developed a novel type of fluorescent probe, mPA CNPs with pH

sensing and hypochlorite detection capabilities. Through a one-pot hydrothermal

process using two different carbon sources, green emission fluorescent CNPs with a

quantum yield of 10% were generated. Due to the existence of effective functional

groups, the as-prepared mPA CNPs exhibited favorably responsiveness toward pH and

hypochlorite. In response to higher pH values, the fluorescence of mPA CNPs decreased

through a combination of static and dynamic quenching mechanisms due to the

deprotonation of amino groups. In addition, hypochlorite with high oxidation potential

for aromatic amines was capable of reducing the PL of mPA CNPs based on static

quenching. The mPA CNPs have been successfully applied to cell imaging owing to

their high efficiency of cell uptake and good biocompatibility. With the pH-sensitive

response in the range of 5.5-8.5 and high selectively to hypochlorite among other

interfering analytes, mPA CNPs further demonstrated their promising potential for

fluorescence sensing of pH values and hypochlorite in Tramp C1 living cells.

156

doi:10.6342/NTU202300566



4.5 References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

A.L Arieft, A. Kerian, S.G. Massry, J. DeLima, Intracellular pH of brain:

alterations in acute respiratory acidosis and alkalosis. Am. J. Physiol. 230 (1976)

804-812.

H. Tapper, R. Sundler, Role of lysosomal and cytosolic pH in the regulation of

macrophage lysosomal enzyme secretion. Biochem. J. 272 (1990) 407—414.

E. Persi, M. Duran-Frigola, M. Damaghi, W.R. Roush, P. Aloy, J.L. Cleveland,

R.J. Gillies, E. Ruppin, Systems analysis of intracellular pH vulnerabilities for

cancer therapy. Nat. Commun. 9 (2018) 2997.

Y. Kato, S. Ozawa, C. Miyamoto, Y. Maehata, A. Suzuki, T. Maeda, Y. Baba,

Acidic extracellular microenvironment and cancer. Cancer Cell Int. 13 (2013) 89.

F. Weinberg, N. Ramnath, D. Nagrath, Reactive oxygen species in the tumor

microenvironment: an overview. Cancers (Basel). 11 (2019) 1191.

P. Chen, Z. Zheng, Y. Zhu, Y. Dong, F. Wang, G. Liang, Bioluminescent turn-on

probe for sensing hypochlorite in vitro and in tumors. Anal. Chem. 89 (2017)

5693-5696.

C. Nusshold, M. Kolllroser, H. Kofeler, G. Rechberger, H. Reicher, A. Ullen, E.

Bernhart, S. Waltl, 1. Kratzer, A. Hermetter, H. Hackl, Z. Trajanoski, A.

Hrzenjak, E. Malle, W. Sattler, Hypochlorite modification of sphingomyelin
157

doi:10.6342/NTU202300566



generates chlorinated lipid species that induce apoptosis and proteome alterations

in dopaminergic PC12 neurons in vitro. Free Radic. Biol. Med. 48 (2010) 1588—

1600.

[8] J.T.Hou, W.X. Ren, K. Li, J. Seo, A. Sharma, X.Q. Yu, J.S. Kim, Fluorescent

bioimaging of pH: from design to applications. Chem. Soc. Rev. 46 (2017)

2076-2090.

[9] Y.-N. Chen, P.-C. Chen, C.-W. Wang, Y.-S. Lin, C.-M. Ou, L.-C. Ho, H.-T.

Chang, One-pot synthesis of fluorescent BSA—Ce/Au nanoclusters as ratiometric

pH probes. Chem. Commun.50 (2014) 8571-8574.

[10] P. Chen, L. Ilyas, S. He, Y. Xing, Z. Jin, C. Huang, Ratiometric pH sensing and

imaging in living cells with dual-emission semiconductor polymer dots.

Molecules 24 (2019) 2923.

[11] H.-W. Chu, B. Unnikrishnan, A. Anand, Y.-W. Lin, C.-C. Huang, Carbon

quantum dots for the detection of antibiotics and pesticides. J. Food Drug Anal.

28 (2020) 539-557.

[12] A. Han, S. Hao, Y. Yang, X. Li, X. Luo, G. Fang, J. Liu, S. Wang, Perspective on

recent developments of nanomaterial based fluorescent sensors: applications in

safety and quality control of food and beverages. J. Food Drug Anal. 28 (2020)

486-507.

158

doi:10.6342/NTU202300566



[13] D. Xu, Q. Lin, H.-T. Chang, Recent advances and sensing applications of carbon

dots. Small Methods 4 (2020) 1900387.

[14] H. Ehtesabi, Z. Hallaji, S. Najafi Nobar, Z. Bagheri, , Carbon dots with pH-

responsive fluorescence: a review on synthesis and cell biological applications.

Microchim. Acta 287 (2020) 150.

[15] W. Song, W. Duan, Y. Liu, Z. Ye, Y. Chen, H. Chen, S. Qi, J. Wu, D. Liu, L.

Xiao, C. Ren, X. Chen, Ratiometric detection of intracellular lysine and pH with

one-pot synthesized dual emissive carbon dots. Anal. Chem. 89 (2017) 13626—

13633.

[16] X. Ye, Y. Xiang, Q. Wang, Z. Li, Z. Liu, A red emissive two-photon fluorescence

probe based on carbon dots for intracellular pH detection. Small 15 (2019)

1901673.

[17] M. Zhang, R. Su, J. Zhong, L. Fei, W. Cai, Q. Guan, W. Li, N. Li, Y. Chen, L.

Cai, Q. Xu, Red/orange dual-emissive carbon dots for pH sensing and cell

imaging. Nano Res. 12 (2019) 815-821.

[18] D. Li, Y. Feng, J. Lin, M. Chen, S. Wang, X. Wang, H. Sheng, Z. Shao, M. Zhu,

X. Meng, A mitochondria-targeted two-photon fluorescent probe for highly

selective and rapid detection of hypochlorite and its bio-imaging in living cells.

Sens. Actuators B Chem. 222 (2016) 483—491.

159

doi:10.6342/NTU202300566



[19] M. Vedamalai, D. Kedaria, R. Vasita, I. Gupta, Oxidation of phenothiazine based
fluorescent probe for hypochlorite and its application to live cell imaging. Sens.
Actuators B Chem. 263 (2018) 137-142.

[20] Y. Feng, S. Li, D. Li, Q. Wang, P. Ning, M. Chen, X. Tian, X. Wang, Rational
design of a diaminomaleonitrile-based mitochondria — targeted two-photon
fluorescent probe for hypochlorite in vivo: solvent-independent and high
selectivity over Cu®*. Sens. Actuators B Chem. 254 (2018) 282-290.

[21] X. Zhong, Q. Yang, Y. Chen, Y. Jiang, Z. Dai, Aggregation-induced fluorescence
probe for hypochlorite imaging in mitochondria of living cells and zebrafish. J.
Mater. Chem. B 8 (2020) 7375-7381.

[22] G. Chen, F. Song, J. Wang, S. Sun, J. Fan, X. Qiang, X. Wang, B. Dou, X. Peng,
FRET spectral unmixing: a ratiometric fluorescent nanoprobe for hypochlorite.
Chem. Commun. 48 (2012) 2949-2951.

[23] B. Yin, J. Deng, X. Peng, Q. Long, J. Zhao, Q. Lu, Q. Chen, H. Li, H. Tang, Y.
Zhang, S. Yao, Green synthesis of carbon dots with down- and up-conversion
fluorescent properties for sensitive detection of hypochlorite with a dual-readout

assay. Analyst 138 (2013) 6551-6557.

160

doi:10.6342/NTU202300566



[24] Y. Hu, J. Yang, L. Jia, J.-S. Yu, Ethanol in aqueous hydrogen peroxide solution:

Hydrothermal synthesis of highly photoluminescent carbon dots as

multifunctional nanosensors. Carbon 93 (2015) 999-1007.

[25] E.E.C. Simoes, L.P. Silva, J.C.G.E. Silva, J.M.M. Leitao, Hypochlorite

fluorescence sensing by phenylboronic acid-alizarin adduct based carbon dots.

Talanta 208 (2020) 120447.

[26] H. Wang, L. Zhang, X. Guo, W. Dong, R. Wang, S. Shuang, X. Gong, C. Dong,

Comparative study of CIN-Cdots and N-Cdots and application for trinitrophenol

and ClO- sensor and cell-imaging. Anal. Chim. Acta 1091 (2019) 76-87.

[27] L. Wang, J. Jana, J.S. Chung, S.H. Hur, High quantum yield aminophenylboronic

acid-functionalized N-doped carbon dots for highly selective hypochlorite ion

detection. Spectrochim. Acta A Mol. Biomol. Spectrosc. 260 (2021) 119895.

[28] L. Ma, S. Sun, Y. Wang, K. Jiang, J. Zhu, J. Li, H. Lin, A graphene quantum dot-

based fluorescent nanoprobe for hypochlorite detection in water and in living

cells. Microchim. Acta 184 (2017) 3833-3840.

[29] Y. Meng, H. Zhang, W. Li, Y. Liu, X. Gong, S. Shuang, C. Dong, A facile

synthesis of long-wavelength emission nitrogen-doped carbon dots for

intracellular pH variation and hypochlorite sensing. Biomater. Sci. 9 (2021)

2255-2261.

161

doi:10.6342/NTU202300566



[30] F. Yan, Z. Bai, T. Ma. X. Sun, F. Zu, Y. Luo, L. Chen, Surface modification of

carbon quantum dots by fluorescein derivative for dual-emission ratiometric

fluorescent hypochlorite biosensing and in vivo bioimaging. Sens. Actuators B

Chem. 296 (2019) 126638.

[31] Y. Jiao, Y. Meng, W. Lu, Y. Gao, Y. Liu, X. Gong, Y. Liu, S. Shuang, C. Dong,

Design of long-wavelength emission carbon dots for hypochlorous detection and

cellular imaging. Talanta 219 (2020) 121170.

[32] S.A. Hill, D. Benito-Alifonso, S.A. Davis, D.J. Morgan, M. Berry, M.C. Galan,

Practical three-minute synthesis of acid-coated fluorescent carbon dots with

tuneable core structure. Sci. Rep. 8 (2018) 12234.

[33] C.-I. Wang, W.-C. Wu, A. P. Periasamy, H.-T. Chang, Electrochemical synthesis

of photoluminescent carbon nanodots from glycine for highly sensitive detection

of hemoglobin. Green Chem. 16 (2014) 2509-2514.

[34] X. Wu, Y. Diao, C. Sun, J. Yang, Y. Wang, S. Sun, Fluorimetric determination of

ascorbic acid with o-phenylenediamine. Talanta 59 (2003) 95-99.

[35] J. Stejskal, Polymers of phenylenediamines. Prog. Polym. Sci. (2015) 41, 1-31.

[36] Z.X. Liu, Z.L. Wu, M.X. Gao, H. Liu, C.Z. Huang, Carbon dots with aggregation

induced emission enhancement for visual permittivity detection. Chem.

Commun. 52 (2016) 2063-2066.

162

doi:10.6342/NTU202300566



[37] A. Sharma, T. Gadly, S.S. Neogy, K. Ghosh, M. Kumbhakar, Molecular origin
and self-assembly of fluorescent carbon nanodots in polar solvents. J. Phys.
Chem. Lett. 8 (2017) 1044-1052.

[38] Q. Zeng, T. Feng, S. Tao, S. Zhu, B.Yang, Precursor-dependent structural
diversity in luminescent carbonized polymer dots (CPDs): the nomenclature.
Light Sci. Appl. 10 (2021) 1-13.

[39] Y.X. Jiao, G.H. Han, Y. Gao, W. Lu, Y. Liu, M. Xian, S. Shuang, C. Dong, Facile
synthesis of orange fluorescence carbon dots with excitation independent
emission for pH sensing and cellular imaging. Anal. Chim. Acta 1042 (2018)
125-132.

[40] A.M. Craciun, A. Diac, M. Focsan, C. Socaci, K. Magyari, D. Maniu, 1.
Mihalache, L. M. Veca, S. Astilean, A. Terec, Surface passivation of carbon
nanoparticles with p-phenylenediamine towards photoluminescent carbon dots.
RSC Adv. 6 (2016) 56944-56951.

[41] M. Vedamalai, A.P. Periasamy, C.-W. Wang, Y.-T. Tseng, L.-C. Ho, C.-C. Shih,
H.-T. Chang, Carbon nanodots prepared from o-phenylenediamine for sensing of

Cu** ions in cells. Nanoscale 6 (2014) 13119-13125.

163

doi:10.6342/NTU202300566



[42] A. Dutta, S.T.Y. Trolles-Cavalcante, A. Cleetus, V. Marks, A. Schechter, R. D.
Webster, A.Borenstein, Surface modifications of carbon nanodots reveal the
chemical source of their bright fluorescence. Nanoscale Adv. 3 (2021) 716-724.

[43] O.L. Li, S. Chiba, Y. Wada, G. Panomsuwan, T. Ishizaki, Synthesis of graphitic-
N and amino-N in nitrogen-doped carbon via a solution plasma process and
exploration of their synergic effect for advanced oxygen reduction reaction. J.
Mater. Chem. A 5 (2017) 2073-2082.

[44] T. Pillar-Little, D.Y. Kim, Differentiating the impact of nitrogen chemical states
on optical properties of nitrogen-doped graphene quantum dots. RSC Adv. 7
(2017) 48263-48267.

[45] R. Gupta, S. Sanotra, H.N. Sheikh, B.L. Kalsotra, Room temperature aqueous
phase synthesis and characterization of novel nano-sized coordination polymers
composed of copper (II), nickel (II), and zinc (II) metal ions with p-
phenylenediamine (PPD) as the bridging ligand. J. Nanostructure Chem. 3
(2013) 1-9

[46] L. Zhang, H. Wang, W. Yu, Z. Su, L. Chai, J. Li, Y. Shi, Facile and large-scale
synthesis of functional poly (m-phenylenediamine) nanoparticles by Cu?*-
assisted method with superior ability for dye adsorption. J. Mater. Chem. A 22

(2012 18244-18251.

164

doi:10.6342/NTU202300566



[47] F. Limosani, E. M. Bauer, D. Cecchetti, S. Biagioni, V. Orlando, R. Pizzoferrato,
P. Prosposito, M. Carbone, Top-down N-doped carbon quantum dots for multiple
purposes: heavy metal detection and intracellular fluorescence. Nanomaterials 11
(2021) 2249.

[48] K.I. Takei, R. Takahashi, T. Noguchi, Correlation between the hydrogen-bond
structures and the C=0 stretching frequencies of carboxylic acids as studied by
density functional theory calculations: Theoretical basis for interpretation of
infrared bands of carboxylic groups in proteins. J. Phys. Chem. B 112 (2008)
6725-6731.

[49] S. Li, X. Song, Y. Wang, Z. Hu, F. Yan, G. Feng, Developed a ratiometric
fluorescence pH nanosensor based on label-free carbon dots for intracellular
lysosome imaging and water pH monitoring with a smartphone. Dyes Pigm. 193
(2021) 109490.

[50] S. Song, J. Hu, M. Li, X. Gong, C. Dong, S. Shuang, Fe** and intracellular pH
determination based on orange fluorescence carbon dots co-doped with boron,
nitrogen and sulfur. Mater. Sci. Eng. C 118 (2021) 111478

[51] T. Ghosh, S. Chatterjee, E. Prasad, Photoinduced electron transfer from various
aniline derivatives to graphene quantum dots. J. Phys. Chem. A 119 (2015)

11783-11790.

165

doi:10.6342/NTU202300566



[52] D. Escudero, Revising intramolecular photoinduced electron transfer (PET) from

first-principles. Acc. Chem. Res. 49 (2016) 1816—-1824.

[53] S. Zhang, X. Ji, J. Liu, Q. Wang, L. Jin, One-step synthesis of yellow-emissive

carbon dots with a large Stokes shift and their application in fluorimetric imaging

of intracellular pH. Spectrochim. Acta A Mol. Biomol. Spectrosc. 227 (2020)

117677.

[54] Q. Wang, H. Yang, Q. Zhang, H. Ge, S. Zhang, Z. Wang, X. Ji, Strong acid-

assisted preparation of green-emissive carbon dots for fluorometric imaging of

pH variation in living cells. Mikrochim Acta 186 (2019) 1-9.

[55] J. Shangguan, D. He, X. He, K. Wang, F. Xu, J. Liu, J. Tang, X. Yang, J. uang,

Label-free carbon-dots-based ratiometric fluorescence pH nanoprobes for

intracellular pH sensing. Anal. Chem. 88 (2016) 7837-7843.

[56] Z. Wei, H. Li, S. Liu, W. Wang, H. Chen, L. Xiao, C. Ren, X. Chen, Carbon dots

as fluorescent/colorimetric probes for real-time detection of hypochlorite and

ascorbic acid in cells and body fluid. Anal. chem. 91 (2019) 15477-15483.

[57] S. Losada-Barreiro, C. Bravo-Diaz, Free radicals and polyphenols: The redox

chemistry of neurodegenerative diseases. Eur. J. Med. Chem. 133 (2017) 379-

402.

166

doi:10.6342/NTU202300566



[58] P. Nguema, M. jun, Application of ferrate (VI) as disinfectant in drinking water

treatment processes: a review. Int. J. Microbiol. Res. 7 (2016) 53-62.

[59] R.M.G. Berg, K. Mgller, D. M.Bailey, Neuro-oxidative-nitrosative stress in

sepsis. J. Cereb. Blood Flow Metab. 31 (2011) 1532-1544.

167

doi:10.6342/NTU202300566



Table 4-1. Zeta potentials of mPA CNPs (1 pg mL ") at various pH values.

pH Zeta potential (mV)
3.0 16.3+£1.3
5.0 11.7+1.8
7.0 6.5+0.6
9.0 2.1+1.5
11.0 47+1.4
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Table 4-2. Comparison of the in vitro fluorescence behavior of mPA CNPs with

other CD-based pH sensors.

Dosage
Linear Labeling
Materials Precursors (ng mL° Reference
pH range time (h)
1
)

p-phenylenediamine,

pH-CDs  o-phenylenediamine  3.5-6.5 20 0.5 16
and dopamine
2.6-4.6;
N-CDs  p-phenylenediamine 600 0.5 38
5.0-6.8

anthranilic acid and
CDs 3.0-8.02 400 4 48

o-phenylenediamine

4-carboxyphenyl-

boronic acid and 2,5-
BNSCDs 1.6-7.0 500 0.5 49

diaminobenzenesul-

fonic acid
Y-CDs  o-phenylenediamine  4.0-8.2 40 4 52
G-CDs  m-phenylenediamine 6—-10 40 5 53
CDs citric acid and basic ~ 5.2-8.8 500 2 54
169

doi:10.6342/NTU202300566



fuchsin

mPA m-phenylenediamine
5.5-8.5 5 2 This work
CNPs and ascorbic acid

2 non-linear
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Table 4-3. Comparison of the fluorescence behavior of mPA CNPs with other CD-based

hypochlorite sensors.

Linear range
Materials Precursors LOD (nM)  Reference

(uM)

CDs ethanol and H,O» 0.1-10 80 24

3-aminophenylboronic
CDs 0-200 4470 25

acid and alizarin red S

dried shaddock peel and
CLN-CDs 3.24-216 2880 26

concentrated HCl

glutaric acid and 3-
GAAP-CDs 0.1-100 500 27

aminophenylboronic acid

1.5-112.5;
N-CDs neutral red and glutamine 270 29
112.5-187.5
safranine T and 0.74-5.93;
N, P-CDs 46.1 31
phosphoric acid 5.93-25.93
2,5-
RD-CDs diaminobenzenesulfonic 0.1-100 83 55
acid
mPA CNPs  m-phenylenediamine and 0.125-1.25 29 This work
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ascorbic acid

Table 4-4. One electron redox potential of ROS and antioxidants.

Redox couple E%V

"OH, H'/ H,0 2.33

OCI, 2H'/ CI', H,0 1.49
ONOO", 2H"/ NO,", H,O 1.4
0y, 2H"/ H,02 0.94
H,O,, H/ "OH, H,0 0.38

NO2", H,O/ NO, 20H" -0.46

C204%/2C0O; -0.59

BH4+, 8OH/ H,BO3, 5SH,0 -1.24
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Figure 4-1. (A) TEM image of mPA CNPs. Inset: high resolution TEM image and size

distribution analysis. (B) UV-Vis absorption and fluorescence spectra of m-PD CDs

excited at 400 nm. Inset: photograph of 1 mg mL' mPA CNPs solution. (C)

Fluorescence spectra of mPA CNPs in aqueous solution as a function of excitation

wavelength from 320 nm to 480 nm.
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Figure 4-2. TEM images of (A) m-PD CDs (insets: high-resolution TEM image and size
distribution analysis) and (B) AA nanoparticulates. (C) UV-Vis absorption and
fluorescence spectra of m-PD CDs. Inset: fluorescence spectra of m-PD CDs in aqueous

solution as a function of excitation wavelength.
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Figure 4-3. XPS survey spectra and high-resolution XPS scan spectra over Cis, O1s and

Nis of (A) mPA CNPs and (B) m-PD CDs.
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Figure 4-4. FT-IR spectra of (A) mPA CNPs and (B) m-PD CDs (v: stretching, o:

bending).
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Figure 4-5. (A) Fluorescence spectra of mPA CNPs (1 ug mL™') at pH values of 3.0, 5.0,

7.0, 9.0, and 11.0. Inset: Corresponding UV-Vis spectra of mPA CNPs (1 ug mL™). (B)

Plot of the fluorescence intensity at 500 nm versus pH values. (C) Fluorescence

microscopic images of mPA CNPs at pH 3.0, 7.0 and 11.0. (D) The fluorescence

intensity of mPA CNPs at 500 nm cycled between pH 3.0 and 11. 0. Inset:

Corresponding photographs under (a) white light and (b) UV light. The pH of the mPA

CNPs solution is switched back and forth between 3.0 and 11.0 by using 0.1 M HCI or

NaOH solutions, respectively. Excitation and

nm, respectively.

emission wavelengths are 400 and 500
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Figure 4-6. Fluorescence decay curves of mPA CNPs (1.0 ng mL") at pH (A) 3.0, (B)

7.0 and, (C) 11.0 upon excitation using a 365-nm pulsed laser.
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Bright field Hoechst mPA CNPs

-
- .
s

Figure 4-7. Fluorescence microscopic images of Tramp CI1 cells stained with mPA
CNPs (5 pg mL") were exposed to various PBS solutions at pH 5.4, 6.4, 7.4, and 8.4
for 2 h. From left to right were different channels: bright field, blue channel (Aex=350—
380 nm, Aem =420 nm) and green channel (Aex =470—490 nm, Aem = 520 nm). The scale

bar denotes 20 um.
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Figure 4-8. Flow cytometry analysis of Tramp C1 cells treated with mPA CNPs (5 pg
mL!) at various pH values for 2 h. (A) A histogram (number of events versus FITC
channel signal) and (B) The bar graph representing the relative fluorescence intensity

(F/Fo) versus the pH value. Fo and F denote the mean fluorescence intensities of mPA
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CNPs in Tramp C1 cells at pH 5.4 and other specific pH values, respectively.
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Figure 4-9. Cell viability for Tramp C1 cells in the presence of a series of concentrations

of mPA CNPs.
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Figure 4-10. (A) Plot of the fluorescence reduction of mPA CNPs versus hypochlorite

concentration. The linear relationship between (F — Fo)/Fo and NaClO concentration

ranges from 0.125 to 1.5 uM. Fo and F denote the fluorescence intensities of mPA CNPs

at 500 nm in the absence and presence of hypochlorite. Excitation wavelength is 400

nm. (B) Effects of potential interferences on fluorescence intensities of mPA CNPs (5

pg mL) at 500 nm in 20 mM phosphate buffer (pH 7.4). The concentrations of NaClO

and ONOO" are both 10 uM and the concentrations of H>0», Oz, 'OH, NaNO,,

(NH4)2C204, and NaBHj4 are all 100 uM. (C) Fluorescence intensity changes of mPA

CNPs (5 pg/ mL) or DCFH-DA (25 uM) in 20 mM phosphate buffer (pH 7.4) toward

various ROS and ONOO'". Fy and F denote separately the fluorescence intensities of
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respective probe in the absence and presence of different analytes. DCF fluorescence is

detected by using excitation and emission wavelengths of 485 and 535 nm, respectively.
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Figure 4-11. FT-IR spectra of mPA CNPs in the (A) absence and (B) presence of NaCIO

(100 uM).
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Figure 4-12. Fluorescence microscopic images of Tramp C1 cells incubated with mPA
CNPs (5 ug mL) in DMEM medium (pH 7.4) for 2 h. Afterwards, the stained cells
were stimulated with PBS in (A) the absence of and (B) the presence of 10 uM NaClO.
Fluorescence images were collected at different time spans from 0 to 30 min. From left

to right are different channels: bright field and green channel (Aex =470—490 nm, Aem =
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520 nm). The scale bar denotes 32 pum.
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Figure 4-13. Flow cytometry analysis of Tramp C1 cells stained with mPA CNPs (5 pg
mL") incubated with NaClO (10 pM) or NaCIO/NAC (10 pM and 10 mM, respectively)
for 30 min. (A) A histogram (number of events versus FITC channel signal) and (B)
The bar graph representing the relative fluorescence intensity (F/Fo) versus different
treatments. Fo and F denote the mean fluorescence intensities of mPA CNPs in Tramp

C1 cells in the absence and presence of hypochlorite.
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Chapter 5 Polymer/glutathione Au nanoclusters for

detection of sulfides

The content in this chapter has been published to: Y.-S. Lin, L.-W. Chuang, B.-Y. Wu,
Y.-H. Lin, H.-T. Chang, Polymer/glutathione Au nanoclusters for detection of sulfides.

Sens. actuators. B Chem. 333 (2021) 129356
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5.1 Introduction

Gold nanoclusters (Au NCs) with sizes smaller than 3 nm emit light in the visible
to near-infrared (NIR) region when excited by UV light, but they do not show strong
absorption in the visible region as found for larger-sized gold nanoparticles [1-3]. A
ligand-to-metal charge transfer (LMCT) mixed with a ligand-to-metal-metal charge
transfer (LMMCT) has been suggested for the fluorescence properties of Au NCs,
meaning that their fluorescence is dependent on the core and surface properties [4].
More specifically, the emission wavelength and quantum yield for Au NCs are related
to their sizes, structures, oxidation states, and surface ligands [5]. Owing to their ease
in preparation, biocompatibility, long lifetime, and large Stokes shift, Au NCs have
been widely used in sensing of important analytes and cell imaging [6, 7]. Most Au NC
based sensing and imaging systems take advantage of analyte-induced fluorescence
quenching. To provide higher sensitivity and reproducibility for quantitation of
important analytes such as glucose, thrombin, trypsin, H>2O2, NO2", H2S, Hg2+, Pb**,
Cu?" in biological and environmental samples, template (surface ligand) species and
concentration, temperature, pH, and ionic strength must be optimized [8-13].

A variety of approaches have been demonstrated for the synthesis of Au NCs in
aqueous solution. Many thiol compounds such as cysteine, glutathione (GSH), para-

mercaptobenzoic acid (p-MBA), I1l-mercaptoundecanonic acid, lipoic acid,
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phenylethylthiolate have been commonly used for the preparation of Au NCs, mainly

because of their reducing ability and strong bonding with gold under alkaline conditions

[14-19]. In addition, these compounds act as protecting agents to control the size of the

Au NCs and minimize their aggregation [20]. The surface thiol ligands possess different

electronic structures, and, thus, also affect the absorption and photoluminescence

properties of Au NCs [21-23]. Interestingly, the emission wavelength and quantum

yield of Au NCs can be tuned by using two different small thiol compounds such as

glutathione and cysteine as reducing and capping agents, mainly through controlling

thier oxidation states, surface properties, and structures [24-26]. A ligand-induced

etching approach using thiol compounds such as 11-mercaptoundecanonic acid has

been applied to the preparation of Au NCs from Au nanoparticles under alkaline

conditions [27]. At pH > 9.0, the thiol compounds oxidize the surface Au atoms and

then form Au-thiol complexes to stabilize the Au NCs. One feature of this approach is

that the size and optical properties of the Au NCs can be easily tuned by selecting

various thiol compounds. However, the as-prepared Au NCs are unstable against high

concentration of salt (e.g., >10 mM NaCl) and photoirradiation.

Ligand-exchange  approaches using polymers such as  poly(N-

isopropylacrylamide-acrylicacid-2-hydroxyethylacrylate) and  poly(amidoamine)

(PAMAM) as templates are useful for the preparation of polymer-capped Au NCs from
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thiol-capped Au nanoparticles [28-30]. However, such preparation processes are
tedious and slow and are usually problematic. Alternatively, Au NCs have been
prepared from Au" using proteins such as bovine serum albumin (BSA) as templates
under alkaline conditions [31]. At pH > 12.0, proteins with tyrosine residues provide
strong reduction strength to reduce Au** ions to form Au NCs. In addition, the proteins
protect as-formed Au NCs to minimize their contact with quenchers such as oxygen and
salt. However, use of a large quantity of proteins is required. To minimize the amount
of proteins use, a thiol-assisted approach has been employed for the preparation of Au
NCs in the presence of proteins [32]. For example, GSH was used to reduce Au’* to
Au" ions, which are further reduced to form Au atoms by proteins such as BSA and
transferrin. It is important to point out that the protein-protected Au NCs are much more
stable against salt and photoirradiation over small thiol-capped Au NCs.

Herein, a thiol-assisted approach using GSH in the presence of
polydiallyldimethylammonium (PDDA) or polystyrene sulfonate (PSS) was applied to
the preparation of Au NCs from Au®". We investigated several important factors such
as the charge and concentration of polymers, reaction time, as well as pH on the
formation of Au NCs, and, thus, their optical properties and stability. Our study found
that PDDA over PSS is more suitable for the preparation of Au NCs. The as-prepared

PDDA/GSH-Au NCs were found to be sensitive and selective for quantitation of sulfide.
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Practicality of this simple, rapid, sensitive, and selective assay was validated by the

quantitation of sulfide ions in samples of spring water.

5.2 Experimental Section

521 Materials

Hydrogen tetrachloroaurate(Ill) trihydrate (HAuCls) was obtained from Alfa
Aesar (Heysham, England). Glutathione (GSH), PDDA (molecular weight 100,000—
200,000), potassium chromate, PSS (molecular weight 70,000), sodium salts of acetate,
bromide, carbonate, chloride, fluoride, iodide, nitrate, phosphate, sulfate, sulfide, and
thiosulfate were obtained from Sigma-Aldrich (St. Louis, MO, USA). Monobeasic,
dibasic, and tribasic sodium salts of phosphate, phosphoric acid, as well as sodium
hydroxide were obtained from J.T. Baker (New Jersey, USA). Ultrapure water (18.2
MQ cm) from a Milli-Q system (Millipore, Billerica, MA, USA) was used in all

experiments.

522 Synthesis of PDDA/GSH-Au NCs

Stock solutions of PDDA (10 wt%) and GSH (30 mM) were simply prepared in

ultrapure water. Various amounts of PDDA (final concentrations, 0.1—1 wt%), GSH
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(final concentrations, 2—4 mM), and HAuCl4 (final concentration, 2 mM) were used to

prepare PDDA/GSH-Au NCs. One example of the mixture used for the preparation of

PDDA/GSH-Au NCs was prepared by mixing PDDA (1 wt%, 100 pL), GSH (30 mM,

100 pL), and ultrapure water (685.5 pL) at 25 °C to form a PDDA-GSH mixture.

HAuCl4 (20 mM, 100 pL) was then added to the mixture, which was then subjected to

vigorous stirring for 10 min. Next, the mixture was pre-heated at 70°C for 5 min prior

to adjustment of the solution pH to a value of 11.0 by adding 1 M NaOH, with a final

mixture volume of 1.0 mL. The reaction was carried out at 70°C for 6 h. Similar

procedures, besides a reaction time of 24 h, were applied for the preparation of

PDDA/GSH-Au NCs at various pH values, including 2.0, 5.0, and 8.0. The final pH

values were adjusted via the addition of 1.0 M HCI or NaOH. The PDDA/GSH-Au NCs

were stored in the dark at 4°C and their concentrations are denoted as 1X for simplicity.

A 35 kDa cut-off dialysis bag was used to purify the as-prepared PDDA/GSH-Au NCs

(2 mL) against 2 L of ultrapure water for 6 h prior to further characterization.

523 Synthesis of PSS/GSH-Au NCs

Stock solutions of PSS (10 wt%) and GSH (30 mM) were simply prepared in

ultrapure water. Various amounts of PSS (final concentrations, 0.1-1 wt%), GSH (final

concentrations, 2—4 mM), and HAuCls (final concentration, 2 mM) were used to
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prepare PSS/GSH-Au NCs under similar conditions to that used for the preparation of

PDDA/GSH-Au NCs. The PSS/GSH-Au NCs were stored in the dark at 4°C and their

concentration are denoted as 1X for simplicity. A 35 kDa cut-off dialysis bag was used

to purify the as-prepared PSS/GSH-Au NCs (2 mL) against 2 L of ultrapure water for

6 h prior to characterization.

524 Synthesis of GSH-Au NCs

Freshly prepared aqueous solutions of HAuCls (20 mM, 100 pL) and GSH (30

mM, 100 pL) were mixed with ultrapure water at 25°C. Aliquots of I M HCl or NaOH

were added separately to the mixtures to separately adjust their pH values to 2.0, 5.0,

8.0 and 11.0. The mixtures were reacted at 70°C for 24 h. The as-formed GSH-Au NCs

were stored in the dark at 4°C and their concentrations are denoted as 1X for simplicity.

A 35 kDa cut-off dialysis bag was used to purify the as-prepared GSH-Au NCs (2 mL)

against 2 L of ultrapure water for 6 h before being subjected to characterization.

5.25 Characterization

The fluorescence emission spectra for as-prepared PDDA/GSH-Au NCs,

PSS/GSH-Au NCs, and GSH-Au NCs were recorded with a Synergy 4 microplate
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reader (BioTek, Winooski, VT, USA) with an excitation wavelength of 365 nm. The

fluorescence lifetimes were recorded using a time-resolved absorption and emission

spectrometer (NS010; Pascher Instrument, Sweden) using a diode laser emitting at 350

nm as the light source. A p-Quant microplate UV-Vis spectrophotometer (BioTek,

Winooski, VT, USA) was employed to record the absorption spectra. The Fourier

transform infrared (FT-IR) spectra of PDDA, GSH-Au NCs, and PDDA/GSH-Au NCs

were recorded using a Varian 640 FTIR spectrophotometer (Palo Alto, CA, USA).

Transmission electron microscopy (TEM) images of the Au NCs were taken by using a

JSM-1200EX II microscope (JEOL, Tokyo, Japan). The zeta potentials for the Au NCs

were measured using a dynamic light scattering analyzer (DLS) from Nano ZS

(Malvern, Worcestershire, UK). Prior to X-ray photoelectron spectroscopy (XPS)

measurements, the Au NC samples were drop cast onto Si substrates and the solvents

allowed to evaporate at ambient temperature (25°C) and pressure. X-ray photoelectron

spectroscopy (XPS) measurements were conducted using an ESCA Model: PHI 5000

VersaProbe from VG Scientific (West Sussex, UK). The binding energies were

corrected with the C 1s peak at 284.6 eV as a standard.

5.2.6 Detection of sulfides

Phosphate buffer (PB, 200 mM, pH 10.0, 20 uL) and PDDA/GSH-Au NCs (1X,
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20 pL) prepared at pH 11.0 in the presence of 0.1% PDDA were added to aqueous

solutions containing Na;S (0-200 uM). The mixtures (final volume, 400 pL) were

equilibrated for 30 min at 25°C in the dark prior to fluorescence measurements.

5.2.7 Analysis of real sample

Two bottles (120 mL) of spring water were collected from a local hot spring hotel

in Beitou, Taipei, Taiwan. Zinc acetate (1 M, 50 pL) was added into one of the two

bottles. Both samples were adjusted to pH 10.0 immediately after collection, and then

stored at 4°C. The sample containing zinc acetate was used for the quantitation of

sulfide ions by applying a methylene blue method approved by the American Public

Health Association (APHA) [33]. For quantitation of sulfide ions using PDDA/GSH-

Au NCs, aliquots (40 pL) of the sample were spiked separately with various

concentrations of NaS (40 nL), with final concentrations of 0-10 uM. Phosphate buffer

(200 mM, pH 10.0, 20 uL), PDDA/GSH-Au NCs (1X, 20 pL), spiked water sample (40

uL), and ultrapure water (320 pL) were mixed together and reacted at 25°C for 30 min.

Then, each of the mixtures (final volume 400 pL) was centrifuged (9000 g, 5 min) and

the supernatant taken out for the fluorescence measurements.
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5.3 Results and discussion

5.3.1 Preparation of PDDA/GSH-Au NCs

In accordance with the literature [32], the reaction temperature in this study was
set at 70°C for a fast reaction. The concentration of Au** mainly affects the amount of
Au NCs produced but not their optical properties; its concentration was kept constant
(2 mM). However, the concentrations of PDDA as a template and GSH as a reducing
agent are prominent in determining the formation of PDDA/GSH-Au NCs. It is
important to note that a GSH/Au** molar ratio of 1.5 allows for the preparation of GSH-
Au NCs with high fluorescence [34]. At molar ratios higher than 1.5, precipitation and
formation of larger Au nanoparticles are problematic. We investigated the effects of
PDDA concentration, reaction time, and pH on the formation of PDDA/GSH-Au NCs
from Au** (2 mM) and GSH (3 mM). Figure 5-1 shows the fluorescence spectra
measured for PDDA/GSH-Au NCs prepared separately at pH values 0f 2.0, 5.0, 8.0 and
11.0. Figure 5-2 shows the TEM images of PDDA/GSH-Au NCs synthesized at
aforementioned pH values. At pH 5.0 and pH 8.0, the fluorescence intensities are weak
and the PDDA/GSH-Au NCs are unstable. At these two pH values, PDDA is positively
charged and GSH is negatively charged. The strong electrostatic interaction leads to the

precipitation of the PDDA/GSH Au NCs, as shown in Figure 5-2. Relatively, the
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fluorescence intensities for the PDDA/GSH Au NCs prepared at pH 2.0 and pH 11.0
are stronger. It is interesting to note that the fluorescence spectral profiles for these NCs
are quite different. The emission wavelengths for PDDA/GSH-Au NCs prepared at pH
2.0 and pH 11.0 are located at 620 nm and 690 nm, respectively, when excited at 365
nm. At pH 2.0, GSH and PDDA are both positive charges, and thus only GSH-Au NCs
are existent, revealing that the fluorescence peak at 620 nm is assigned for GSH-Au
NCs. On the other hand, at pH 11.0, GSH is negative, GSH-Au NCs are further
stabilized by the neutral and hydrophilic PDDA through hydrogen bonding. As a result,
PDDA/GSH-Au NCs are formed. Through hydrogen bonding of PDDA molecules, the
PDDA/GSH-Au NCs got closer, leading to the appearance of a new peak at 690 nm.
The emission wavelength of Au NCs usually undergoes a redshift with increasing size
[35]. The TEM images (Figure 5-2) of PDDA/GSH-Au NCs show that the particle size
of PDDA/GSH-Au NCs prepared at pH 11.0 are larger than that (GSH-Au NCs)
prepared at pH 2.0, supporting that the red-shifted emission is due to increasing size as
a result of aggregation. In addition, at pH 2.0, the fluorescence spectra measured for
PDDA/GSH-Au NCs and GSH-Au NCs are similar, supporting our reasoning. The FT-
IR spectra of PDDA, GSH-Au NCs, and PDDA/GSH-Au NCs are displayed in Figure
5-3. In the presence of PDDA, the peaks at 1225 cm™ and 1725 cm™!, which are assigned

to C—O bending and C=0 stretching from the carboxylic acid group of GSH, decreased,
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supporting strong electrostatic interactions between PDDA and GSH. In addition to the
size effect, the surface change due to PDDA capping is also responsible for the observed
difference in the fluorescence [36]. The reaction time to reach a maximum fluorescence
intensity is shorter (6 h) at pH 11.0 than that (24 h) at the other pH values, mainly
because of the stronger reducing strength of GSH (pI = 5.93) at pH 11.0 [37]. GSH
serves as a reducing agent and is oxidized to GSSG, as shown in equation (1). The
oxidation potential for the 2GSH/GSSG half-reaction increases upon increasing pH
value as shown in equation (2).
2GSH — GSSG +2¢ +2H" (1)
Epn=240+[(pH-7.0) X 59.1]mV (2)

Because HAuCly is dominant under acidic conditions (< pH 3.0), while Au(OH)4"
is formed under alkaline conditions (> pH 11.0), the reduction potential for Au**
decreases upon increasing pH value. Thus, Au’" is easier to be reduced under acidic
conditions than alkaline conditions [38]. The redox potentials for the formation of GSH-
Au NCs were calculated to be approximately 0.9 V and 1.1 V at pH 2.0 and pH 11.0,
respectively. Thus, a pH value of 11.0 is favorable for the preparation of GSH-Au NCs.

The fluorescence intensity for PDDA/GSH-Au NCs prepared at pH 11.0 increases
upon increasing PDDA concentration from 0% to 1.0%. For a PDDA concentration

lower than 0.01%, some aggregates were found, as verified by the observation of weak
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fluorescence at a wavelength of approximately 800 nm. Aggregates are mainly formed

because of increased attraction between/among PDDA/GSH-Au NCs, as verified by a

decreased zeta potential (Table 5-1). Upon further increasing the PDDA concentration,

the zeta potential increases, leading to stronger repulsion among the Au NCs, and, thus,

a higher stability for the PDDA/GSH-Au NCs. This result shows that PDDA stabilizes

the as-formed GSH-Au NCs. At pH 2.0, the effect of PDDA concentration on the

fluorescence from PDDA/GSH-Au NCs is negligible, mainly because of electrostatic

repulsion with GSH. PDDA and GSH both have positive charges at pH 2.0.

The fluorescence lifetimes determined for PDDA/GSH-Au NCs prepared at

various conditions are listed in Table 5-2. These fluorescence lifetimes were calculated

by using a two-exponential fitting [I(t) = A1 exp(-t/t1) + Az exp(-t/12)] [39]. The long

lifetime component (t2) originates from LMCT and the short lifetime component (1)

1s assigned to the singlet transition between the d band to sp band of the Au core [5, 40].

At pH 2.0, 11 is dominant for the PDDA/GSH-Au NCs and the PDDA concentration

plays an insignificant role in determining the fluorescence lifetime, supporting an

insignificant role for PDDA as a template. On the other hand, at pH 11.0, 12 values for

the PDDA/GSH-Au NCs prepared separately in the presence of a PDDA concentration

of 0.1% and 1% are much larger than the NCs prepared with a PDDA concentration of

over 0.01%, supporting the template role for PDDA. The contribution from 1> is larger
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than that from 1; at a PDDA concentration higher than 0.1%, which further supports the

notion that PDDA is involved in the preparation.

5.3.2 Preparation of PSS/GSH-Au NCs

The GSH-assisted approach was further applied to the preparation of PSS/GSH-

Au NCs under similar conditions to that used for the preparation of PDDA/GSH-Au

NCs. Like for the case with PDDA, PSS/GSH-Au NCs prepared at pH 2.0 and pH 11.0

have stronger fluorescence intensities compared to those prepared at pH 5.0 and pH 8.0,

respectively, as shown in Figure 5-4. The fluorescence observed at 400 nm is from PSS,

as verified by the observation of increased fluorescence intensity upon increasing PSS

concentration. The reaction was also found to be faster at pH 11.0 as a result of the

strong reducing strength of GSH. Unlike PDDA, PSS possesses negative charges at pH

> 2.0 [41]. Under acidic conditions (pH < 6.0), PSS over PDDA likely has greater

electrostatic interaction with GSH. When prepared in the presence of 0.1% and 1% PSS

at pH 2.0, PSS/GSH-Au NCs show two fluorescence emission peaks at 620 nm and 820

nm; meanwhile, PDDA/GSH- and GSH-Au NCs both show only one fluorescence

emission peak located at 620 nm [42]. The peaks at 620 and 820 nm are assigned to

GSH-Au NCs and PSS/GSH-Au NCs, respectively. Because of the capping of PSS,

GSH-Au NCs grow to bigger sizes, leading to a red-shift emission. The PSS/GSH-Au
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NCs prepared at pH 2.0 show similar PL emission peak profiles at various pH values

over the pH range of 2.0-12.0, mainly because the GSH-Au NCs were capped and

stabilized with PSS (pKa 1.5). Their sizes and zeta potentials remain almost constant at

various pH values in the studied range. The fluorescence lifetimes for the PSS/GSH-

Au NCs at 620 nm are also listed in Table 5-2, which shows independence of PSS

concentration. This result further supports our peak assignment. Because a system that

allows for lifetime measurements at 820 nm is unavailable in our lab, the lifetimes for

PSS/GSH-Au NCs at 820 nm were not obtained. The PSS/GSH-Au NCs prepared at

pH 11.0 emit at 820 nm only in the presence of 1.0% PSS. This result suggests that

some other forces such as hydrogen bonding and hydrophobic interaction between PSS

and GSH are existent. When prepared in the presence of low PSS concentrations at pH

11.0, formation of Au(OH)4™ is the main reason to hinder the formation of GSH-Au NCs,

and thus the fluorescence is quite weak.

5.3.3 Stability of PDDA/GSH-Au NCs and PSS/GSH-Au NCs

Since the PDDA/GSH-Au NCs prepared at pH 11.0 in the presence of 0.1% and

1.0% PDDA and PSS/GSH-Au NCs prepared at pH 2.0 show stronger fluorescence

intensities, their stabilities at various pH values and NaCl concentrations was

investigated. For comparison, GSH-Au NCs prepared at pH 2.0 were used. Figure 5-
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5A shows that their fluorescence intensities vary over the pH range of 2.0-12.0. In

addition to PSS/GSH-Au NCs (at pH 2.0), the other three Au NCs show maximum

fluorescence intensities at pH 10.0. At high pH values, PSS and GSH are both

negatively charged, and the GSH/Au NCs are not well protected by PSS. Figure 5-5B

shows that the four tested Au NCs are stable against NaCl up to a concentration of 500

mM.

534 Quantitation of sulfide ions

Since PDDA/GSH-Au NCs prepared at pH 11.0 in the presence of 0.1% and 1%

PDDA show stronger fluorescence intensities and are stable, they are potential for

analytical applications. To minimize the use of a large amount of PDDA and to reduce

interference from anions, PDDA/GSH-Au NCs prepared at pH 11.0 in the presence of

0.1% PDDA were selected for quantitation of sulfide ions at pH 10.0. H>S (pKai and

pKa2 of 7.1 and 12.0, respectively) is a highly flammable and toxic gas [43], which has

been recognized as a gaseous signal transmitter in many biological processes [44]. H2S

is also the subject of environmental concern as it is produced in many factories and can

potentially lead to biological dysfunction. For example, H>S may cause olfactory

fatigue at a concentration of 20 ppm, and may even lead to fatal consequences at

concentrations higher than 250 ppm [43]. At pH 10.0, HS™ is dominant, which can
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access the surface of PDDA/GSH-Au NCs and then react with surface Au ions and core
Au atoms to form AuS (Ksp = 1.58 x 107%) [45], leading to fluorescence quenching, as
shown in Figure 5-6A. Figure 5-6A displays a fluorescence photograph of the two
solutions; meanwhile, Figure 5-6B and its inset shows the TEM image and the size
distribution of the PDDA/GSH-Au NCs, respectively. The average NC size was
calculated to be 1.9 nm (100 counts). The TEM images displayed in Figure 5-6C verify
the formation of large Au»S particles in the presence of 10 uM NaxS. The XPS spectra
obtained for PDDA/GSH-Au NCs in the absence and presence of NaxS (10 uM) shown
in Figure 5-7 further support the formation of AuxS. The binding energy (BE) for the
Au 417/2 electrons in PDDA/GSH-Au NCs was determined to be 83.9 eV, which is
located between 83.7 eV (Au (0)) and 84.3 eV (Au(l)), revealing the existence of Au
(0) and Au(I) [34]. After reaction with NaS, the ratio of Au (0) to Au(I) changed from
1.43:1 to 0.47:1, supporting the formation of AuxS. The inset of Figure 5-6D shows that
the fluorescence ratio ((Iro — Iri)/Iro) at 690 nm increases linearly against the NaxS
concentration over the range of 1-10 uM (R? = 0.99), in which Ir, and I are the
fluorescence intensities before and after Na>S addition, respectively. The limit of
detection (LOD) provided by this approach at a signal-to-noise ratio of 3 is 0.32 uM,
which is much lower than the maximum level permitted in drinking water by the World

Health Organization (15 uM). When compared to reported sensing systems, this
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approach provides comparable sensitivity for quantitation of sulfide, as listed in Table

5-3[8, 46-51].

5.35 Selectivity and practicality

Before testing this approach for quantitation of sulfide ions in real samples, its
selectivity and tolerance was investigated. Figure 5-8 A shows that the selectivity of this
approach toward HxS (HS") over the test ions (SO4>, S203%, COs*", CH;COO", NOs", F,
CI, Br, I', and citrate) is at least 10-fold. Figure 5-8B shows that this approach allows
for the detection of 10 puM NaxS in the presence of tested inferring species at
concentrations of up to 100 uM. Figure 3-8C shows that the relative fluorescence
change for PDDA/GSH-Au in the spiked spring water sample is linear (y = 0.048 x +
0.048, R? = 0.99) against Na,S concentration over the range of 1-10 uM. As shown in
Table 5-4, the recoveries and relative standard deviation (RSD) for the three samples
were determined to be in the ranges from 83% to 90% and 3.8% to 7.8%, respectively.
The concentration of sulfide ions in the spring water sample was determined to be 10 +
1 uM (n = 3); meanwhile, this value was determined to be 9 = 1 uM (n = 3) using the
methylene blue method approved by APHA. According to the result of Student’s t test
(t value of 1.4 under a confidence level of 95%), there is no significant difference

between these two approaches, revealing that the PDDA/GSH-Au NCs have great
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potential for monitoring of sulfide level in environmental samples.

5.4 Conclusion

We demonstrated a GSH-assisted approach for the preparation of polymer-capped

Au NCs with emission in the NIR region. Our study shows that the concentration and

charge of the polymer and the pH value play important roles in determining the

formation of polymer-capped Au NCs. In the presence of GSH as a reducing agent and

PDDA as a template, stable PDDA/GSH-Au NCs were prepared at pH 11.0 within 6 h.

In the GSH-assisted preparation system, PDDA over PSS is more suitable for the

preparation of Au NCs with respect to fluorescence intensity and stability. More

importantly, low-cost PDDA/GSH-Au NCs were found to be as stable as our previously

prepared GSH/BSA-Au NCs. We also found that when excited at 365 nm, GSH-Au

NCs and PDDA/GSH-Au NCs separately emit at the wavelengths of 620 and 800 nm.

Due to their greater stability against salt, the PDDA/GSH-Au NCs are sensitive and

selective for the quantitation of sulfides ions in real samples, based on analyte-induced

fluorescence quenching. The practicality of this assay was validated by the detection of

sulfide ions in spring water samples, showing its potential for environmental analysis.
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Table 5-1. Zeta potential of polymer/GSH-Au NCs prepared under different conditions.

Polymer pH Conc. (%) {(mV)?
PDDA 2.0 0.01% -12.9
0.1% 18.2
1% 23.2
11.0 0.01% -35.2
0.1% 17.1
1% 32.6
PSS 2.0 0.01% -63.8
0.1% -70.2
1% -77.2

2 The zeta potentials were measured at the synthetic pH value.
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Table 5-2. Fluorescence lifetimes of polymer/GSH-Au NCs prepared under different

conditions.

Polymer pH Conc. (%)* I (Aem, nm)® 71 (nS) T2 (nS)

PDDA 2.0 0.01% 620 213 (71%) 1236 (29%)
0.1% 620 406 (78%) 3000 (22%)
1% 620 383 (68%) 2348 (32%)

11.0 0.01% 680 153 (66%) 793 (34%)

0.1% 690 752 (49%) 1695 (51%)
1% 700 570 (47%) 1540 (53%)

PSS 2.0 0.01% 620 294 (71%) 1720 (29%)
0.1% 620 241 (74%) 1720 (26%)
1% 620 211 (68%) 1912 (32%)

2 the concentration of polymer used in the preparation.

b Fluorescence intensity: I
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Table 5-3. Comparison of nanomaterials-based sulfide sensors.

Nanomaterial Linear range (uM) LOD (nM) Ref.
Au NDs 0.5—157 500 8
BSA-Au NCs 0.1—-30 29 46
Trypsin-Au NCs 0.05—8 55 47
POSS!-Ag NPs 0.7—10 200 48
DNA-Cu NPs 0.2—2
80 49

2—20
PSS-PA%-Cu NCs 1-20 650 50
Cysteine-Cu NCs 0.2—50 42 51
PDDA/GSH-AuNCs 1—10 320 This study

'POSS: Polyhedral oligomeric silsesquioxane

2PSS-PA: Poly(styrenesulfonate)-penicillamine
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Table 5-4. Recovery for sulfide detection in the real sample.

Sample Added (uM) Found (uM) Recovery (%) RSD (%)
Spring Water 0 1.14 - -
1 2.01 87% 7.8%
6 6.09 83% 7.7%
8 8.36 90% 3.8%
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Figure 5-1. Fluorescence spectra for PDDA/GSH-Au NCs (0.1X) prepared in the

presence of (a) 0.01%, (b) 0.1%, (c) 1% (d) 0% PDDA at pH values of (A) 2.0, (B) 5.0,

(C) 8.0, and (D) 11.0. Fluorescence intensity (I) is plotted in arbitrary units when

excited at a wavelength of 365 nm. The PDDA/GSH-Au NCs used for fluorescence

measurements were prepared in phosphate buffer (20 mM, pH 7.0).
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Figure 5-2. TEM images of PDDA/GSH-Au NCs synthesized at pH (A) 2, (B) 5, (C) 8,

and (D) 11.
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Figure 5-3. FTIR spectra of (A) PDDA, (B) GSH-Au NCs, and (C) PDDA/GSH-Au

NCs.
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Figure 5-4. Fluorescence spectra for PSS/GSH-Au NCs (0.1X) prepared in the presence

of (a) 0.01%, (b) 0.1%, (c) 1% (d) 0% PSS at pH values of (A) 2.0, (B) 5.0, (C) 8.0,

and (D) 11.0. Other conditions are the same as in Figure 5-1.
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Figure 5-5. Effects of (A) pH (B) NaCl concentration on the fluorescence intensity of

four types of Au NCs. PDDA/GSH-Au NCs prepared in the presence of (a) 0.1% and

(b) 1% PDDA at pH 11.0. (¢) PSS/GSH-Au NCs prepared in the presence of 1% PSS

at pH 2.0. (d) GSH-Au NCs prepared at pH 2.0. Emission wavelengths (nm) are (a) 700

nm, (b) 690 nm, (¢) 820 nm, and (d) 620 nm. (A) 10 mM PB solution, (B) pH 7.0. Other

conditions are the same as in Figure 5-1.
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Figure 5-6. Effects of sodium sulfide on PDDA/GSH-Au NCs. (A) Fluorescence
spectra for PDDA/GSH-Au NCs in the absence (a) and presence (b) of 10 uM NaxS
and (c, d) their corresponding fluorescence photographs. (B) and (C) show the
corresponding TEM images. Inset in (B) shows the size distribution for the
PDDA/GSH-Au NCs. (D) Detection of Na>S using PDDA/GSH-Au NCs (0.05X) in
phosphate buffer (10 mM, pH 10.0), in which Iro and Ir; are the fluorescence intensities
for PDDA/GSH Au NCs at 690 nm measured in the absence and presence of S,
respectively. Inset in (D): linear range of the fluorescence ratio against Na,S

concentration. Other conditions are the same as in Figure 5-1.
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Figure 5-7. XPS of PDDA/GSH-Au NCs in the (A) absence and (B) presence of 10 uM

of S* ions. Intensity (1) is plotted in an arbitrary unit.
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Figure 5-8. PDDA/GSH-Au NCs for the detection of S*. (A) Selectivity, (B)
interference test, and (C) linearity for S* in spring water. The concentration of S* in

(A) and (B) 1s 10 uM, and the tested anions in (B) have a concentration of 100 uM.

Other conditions are the same as in Figure 3-1.
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Conclusions and Prospect

In this work, we developed metal ion (Cu®"), anion (S*> and CIO"), hydrophobic
metal complex (SCC), and pH sensors using photoluminescent nanomaterials. In the
first part, histidine C dots were prepared using a simple electrochemical approach.
When compared to hydrothermal routes, the reaction rate can be boosted by increasing
the concentration of the electrolyte. In the second part, hydrophobic carbon dots (TO-
C dots) showed us that nanosensors can work in a hydrophobic matrix. In the third part,
a hypochlorite sensor, mPA CNPs with excellent selectivity and good sensitivity was
developed. In the final part, we successfully synthesized and stabilized GSH-Au NCs
by capping them with a polymer.

Although we have successfully expanded the potential for mass production and
application of fluorescent nanosensors, to this day, no such products have become
mainstream, indicating that the public and even regulators still have doubts about such
materials. One of the most common problems is the purity of nanomaterials, especially
the uniformity of C dots. Most nanomaterials can only be roughly identified and
separated by size or morphology in current research. To define the purity of
nanomaterials, we need better identification techniques that can quickly analyze the

functional groups on each nanoscale particle to establish purity standards. The current
227

doi:10.6342/NTU202300566



size-based purification methods are not sufficient to convince the public, and we must

achieve a certain level of uniformity in the functional groups on each C dot to explain

the purity in terms of chemical properties. We can achieve this goal by purifying and

developing more controllable synthesis methods, as well as developing new material

identification methods. In this study, the electrochemical and chemical oxidation

methods shows a greater ability to control the direction and rate of reactions compared

to the current mainstream hydrothermal method, which promotes all reactions at high

temperature and high pressure in a disordered manner.
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