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A fluorescent sensor based on nitrogen and sulfur co-doped graphene quantum dots (N,S-GQDs) has

been developed for the convenient, sensitive, and selective detection of cobalt(i) ions (Co®*). Co?* can
quench the fluorescence intensity of N,S-GQDs through metal-ligand interaction between the metal
ions and the surface functional groups of the fluorescent probe. Furthermore, the addition of Co?*

induces the aggregation of N,S-GQDs, resulting in an enhancement of UV-Visible absorption at 430 nm
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and color change from colorless to yellow-brown within 3 minutes. The fluorescence intensity of
N,S-GQDs can be used to sense Co?* under the optimal circumstances with a detection limit of 1.25 pM
and a working linear range of 0—-40 pM. In addition, the sensor probe was applied successfully to the

determination of Co?" in real water samples. Due to its low cytotoxicity, the proposed sensor may

rsc.li/frontiers-materials

1. Introduction

Graphene quantum dots (GQDs) are sp” hybridized carbon-
based fluorescent materials' with low dimensionality (0D), and
a size range between 1-10 nm.>"® GQDs were first synthesized
by Pan et al. in 2010 using a simple hydrothermal method to cut
down graphene sheets (GSs). As such GQDs have a similar
crystalline structure to single or few layer GSs but with an
average diameter of 9.6 nm.” GQDs exhibit many favourable
material properties, including excellent dispersivity in water
and high photostability, and are sources of cheap raw materials that
are easily scalable.>**™'° Moreover, GQDs also have the advantages
of high biocompatibility and nontoxicity.'™"* Thus, they can be
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potentially be applied in environmental and biological fields.

applied for various applications, for instance, (bio)chemical
sensing,'*"*™ catalysis,">"” drug delivery,"®"® and bioimaging.>*
Band-gap energy tuning by doping atomic impurities into GQDs,
such as boron, nitrogen, phosphorus, and sulfur including
co-doped atoms, is an effective method to control the optical
properties of GQDs. Most importantly for this work however,
quantum confinement effects in GQDs make their photo-
luminescence (PL) properties highly sensitive to size, layer, shape
and edge configuration, and thus potentially excellent environ-
mental sensors.>*' >

One pressing environmental sensing challenge is water, soil,
and food resource contamination by toxic heavy metals, which
causes critical problems for both eco-systems and human health.>*
Contamination of soil and water with heavy metals such as lead
(Pb), chromium (Cr), manganese (Mn), iron (Fe), cobalt (Co), nickel
(Ni), copper (Cu), zinc (Zn), and mercury (Hg) is an environment
issue on a global scale and becoming increasingly significant as a
result of the increase of heavy industries.>>?*

Cobalt ions (Co®>*) are a significant, water soluble heavy
metal contaminant. In trace amounts they are an essential
element in human biology with roles including as a component of
cyanocobalamin (vitamin B;,) and cobalt-containing co-enzymes.>”
They also catalyze some reactions such as methionine synthesis,
metabolism of purines and folates, treatment of high cholesterol,
and red blood cell production.””>" However, exposure to excessive
levels of cobalt ions and cobalt compounds in daily life through
breathing air, soil, water, and diet causes many deleterious side
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effects to human health including cardiotoxicity and low cardiac
output.>”*> Moreover, cobalt oxides may affect the heart and lungs
and are possibly carcinogenic, causing several diseases, for example,
asthma, thyroid damage, and memory impairment.>”**" There-
fore, the determination of cobalt ions in the environment,
especially in drinking water and natural waters at concentration
ranges hazardous to human health, is of crucial concern.

Up to the present time, many analysis methods have been
developed to detect cobalt ions, for example, electrochemical
methods,***” inductively coupled plasma optical emission spectro-
metry (ICP-OES),*® and colorimetric methods.**?*! Among these
techniques, fluorometry has attracted much interest for metal
sensing owing to its simplicity, high sensitivity, rapid response,
low-cost detection, and convenience. Over the last few years,
several kinds of fluorescent probes such as carbon dots,*?
nitrogen-doped carbon dots,”* phosphorus and nitrogen co-doped
carbon quantum dots,** nitrogen and sulfur co-doped carbon-based
dots,” and thioglycolic acid-capped CuInS,/ZnS quantum dots*®
have been reported for the efficient detection of Co*".

Herein, we develop a fluorescent sensor system for cobalt
ions in real water samples utilizing nitrogen and sulfur co-doped
graphene quantum dots (N,S-GQDs). The N,S-GQDs are prepared
from low-cost raw materials using a simple hydrothermal method.
We used citric acid as a carbon source, and cysteamine hydro-
chloride for the nitrogen and sulfur sources. We show that the
proposed sensor system can be applied to detect Co>* sensitively
and selectively in real samples. Furthermore, the sensor can be
fabricated on paper strips for visual screening with potential for
further development of simple analytical devices.

2. Experimental section
2.1 Materials

Citric acid (C¢HgO;, 99.5%), sodium hydroxide anhydrous
(NaOH, 99%), lead(u) nitrate (Pb(NOj3),, 99%), nickel(u) nitrate
hexahydrate (Ni(NO3),-6H,0, 99%), cadmium nitrate tetrahydrate
(Cd(NO3),-4H,0, 99%), and mercury(u) chloride (HgCl,, >99.5%)
were purchased from Carlo Erba. Cysteamine hydrochloride
(C,H,NS-HCI, >98%), manganese(u) nitrate tetrahydrate
(Mn(NO3),-4H,0, >97%), dimethyl sulfoxide (DMSO, >99.5%),
fetal bovine serum (FBS), and LUDOX™ AS-40 colloidal silica,
40 wt% suspension in water were purchased from Sigma Aldrich.
Tris(hydroxymethyl)methylamine (C,H;;NO;, 99.8%), sodium
nitrate (NaNO3, >99%), magnesium nitrate (Mg(NO3),, 99.4%),
barium nitrate (Ba(NOs),, >99%), aluminium nitrate (Al(NO;)s,
98%), and cobalt(n) nitrate hexahydrate (Co(NO3),-6H,0, >98%)
were purchased from Univar. Hydrochloric acid (37%) was
purchased from RCI Labscan. Potassium nitrate (KNO;, >99%)
was purchased from BDH. Calcium chloride (CaCl,, 95%) was
purchased from Scharlau. Iron(m) nitrate (Fe(NOs);, 98.5%) was
purchased from QRéEC. Copper(u) nitrate trihydrate (Cu(NO3),-3H,0,
>99%) and zinc nitrate hexahydrate (Zn(NOs),-6H,0, >99%) were
purchased from Fluka. Penicillin, streptomycin, and RPMI 1640
medium were obtained from Gibco™. 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT reagent) was obtained
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from Invitrogen™. Ultrapure water with specific resistivity of
18.2 MQ c¢m and conductivity of 0.055 pS cm ™" (Millipore water
purification system) from ELGA- Ultra GE MK2 was used to
prepare all aqueous solutions.

2.2 Synthesis of N,S-GQDs

Hydrothermal procedures were applied to synthesize N,S-GQDs
by modifying a previous report.’® Briefly, citric acid (0.21 g,
1 mmol) and cysteamine-HCI (0.2314 g, 3 mmol) were dissolved
in 5 mL of water, followed by stirring until a clear solution was
observed. After that, the clear solution was sealed in a 20 mL
Teflon-lined autoclave and heated hydrothermally at 160 °C for
4 hours. Then, the autoclave was taken out and cooled to RT.
The thus obtained yellow solution of N,S-GQDs was purified by
centrifugation at 6000 rpm for 20 min to remove unreacted
residues and impurities. The purified solution was kept at
—20 °C before freeze-drying in order to obtain solid GQDs.
Aqueous solutions of the GQDs for characterization were made
up to 0.2 M (as calculated by comparison with the original
carbon source (citric acid)).

2.3 Characterizations

Fluorescence and absorption spectra were monitored using a
RF-6000 spectrofluorometer (Shimadzu, Japan) with slit widths
at 5 nm/5 nm and a Cary60 Agilent Technologies spectro-
fluorometer, respectively, using 1.0 cm quartz cells. The pH
values of the solutions were indicated using a UB-10 Ultra Basic
pH meter (Denver Instrument). The micrographs of GQDs were
obtained by transmission electron microscope (TEM) using a
Tecnai G>-20 (FEI, Netherland) system at an acceleration volt-
age of 200 kv. Attenuated total reflection Fourier transform
infrared (ATR-FT-IR) spectra were studied to determine the
surface functional groups of the GQDs using a Bruker TENSOR
27 spectrometer by scanning from 4000 to 600 cm*. FT-Raman
spectra were measured using a PerkinElmer Spectrum GX FTIR/
FT-Raman spectrometer. The powder X-ray diffraction (XRD)
pattern was performed using a PANalytical EMPYREAN X-ray
diffractometer with Cu Ko radiation (1 = 1.5406 A) in the
20 range of 5-50°. The zeta potential of GQDs in aqueous
suspension was monitored using a Zetasizer Nano ZS (Malvern
Instrument, UK). Furthermore, X-ray photoelectron spectro-
scopy (XPS) was performed using a PHI5000 Versa Probe II
(ULVAC-PH]I, Japan) at the SUT-NANOTEC-SLRI joint research
facility, BL 5.3, Synchrotron Light Research Institute (SLRI),
Thailand. Monochromatic Al Ko X-rays (1486.6 eV) were used as
an excitation source. The fluorescence lifetimes were measured
using a FluoroMax-4 spectrofluorometer equipped with a time-
correlated single photon counting unit (TCSPC). Scattered
excitation light from 0.01% LUDOX AS-40 aqueous solution
was used for determining the instrument response function
(IRF). The NMR spectra were recorded using a Bruker Avance
400 MHz spectrometer (Bruker, Germany) using D,O as a
solvent. The high-resolution transmission electron microscopy
(HRTEM) was studied using a Thermo Scientific TALOS F200X
system.
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2.4 Fluorescent sensing of Co>" ions

Experiments for the determination of Co®" ions were under-
taken at RT. Firstly, Co(NO;),-6H,0 was dissolved in water for
preparing a stock solution of 10 mM Co>" ions. Stock solutions
of other metal ions were prepared by the same procedure using
their respective salts. For a typical process, to a 10 mL volu-
metric flask were added in order: 10 pL of 0.2 M of N,S-GQDs
solution, 500 pL of 1.0 M Tris-HCl buffer (pH 9.0), and a known
volume of a standard metal ion solution (depending on the
experiment). Next, the mixture was adjusted to 10.00 mL with
ultrapure water. Finally, the fluorescence intensity of the solution
was monitored at Jem/Aex = 425/345 nm. The selectivity for Co>*
was confirmed by comparison with other metal ions under the
same circumstances. All determinations were repeated at least
three times.

2.5 Determination of Co>" ions in real samples

Real water samples were obtained from the second floor of the
Department of Chemistry, Faculty of Science, Khon Kaen University.
Samples included commercial drinking water, drinking water from
a water dispenser and tap water (from an inorganic laboratory). The
spiked samples were made up by adding controlled concentrations
of Co®" into each real water sample.

2.6 Preparation of paper strips for Co** ion detection

First of all, the filter paper (Whatman™ No. 1, ¢ = 110 mm) was
cut to dimensions of 1.5 cm (W) x 1.5 cm (L). The N,S-GQD-
based paper strips were produced by immersion of the filter
paper into solutions of 20 mM N,S-GQDs in 0.5 M Tris-HCI
buffer pH 9.0 for 20 min under sonication. The paper strips
were then removed from the solution and dried for 30 min at
RT. Then Co®" solutions of different concentrations were
dropped on the paper strips. After that, the paper strips were
also dried at RT for about 30 min. Finally, the emission of the
paper strips was monitored under UV lamp irradiation with a
wavelength of 365 nm for Co>" detection.

2.7 MTT assays

The cytotoxicity of the N,S-GQDs was analyzed by MTT assay.
Typically, HeLa cells (8000 cells/100 pL) were first cultured in a
96-well plate containing RPMI-1640 medium supplemented
with streptomycin (10 000 pg mL™"), penicillin (10000 U mL™"),
and 10% fetal bovine serum (FBS). Every cell was collected under
a humidified atmosphere at 37 °C and 5% CO, to adhere cells
to the surface. Then, the medium was replaced with fresh RPMI-
1640 supplemented with various concentrations of N,S-GQDs
(0, 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 mM), and incubated at 37 °C
for 24, 48 and 72 hours. After incubation, the culture medium
was removed and 10 pL of 5.0 mg mL~" MTT reagent was added
into each well. Then, the cells were incubated with MTT at 37 °C
for 2.5 hours, at which time the solution was replaced by an MTT
solution with 100 pL of DMSO with shaking for 10 min at RT.
Finally, the absorbance at 550 nm and the reference wavelength
at 655 nm were analyzed using a microplate reader (EZ Red
2000 microplate reader). The percent cell viabilities of all the
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samples were calculated as shown in the equation below.
Percent of cell viability

Ab(550_655nm) Of solvent control — Ab(ssg_gs54m) Of sample 100
- X
AD(550-6551m) Of solventcontrol

3. Results and discussion
3.1 Characterization of N,S-GQDs

The optical properties of the as-prepared N,S-GQDs were first
characterized by absorption and fluorescence spectroscopy as
shown in Fig. 1(a and b). The absorption spectrum shows a
small absorption band at 240 nm corresponding to © — =¥
transitions of C=C bonds in aromatic sp* domains of N,S-
GQDs, and a clear absorption band at 349 nm consistent with
n — n* transitions of the C=0 bond."®*” The emission spectra
of N,S-GQDs exhibit slight excitation-dependent emission,
with the emission intensity maximum at 425 nm and when
excitation is at 345 nm (Fig. 1b). That the emission wavelength
and intensity depend on excitation wavelength is a common
phenomenon of carbon-based dots (CDs), typically reflecting
both the effect of GQD size distribution and a distribution of
emissive sites on each nanoparticle.'®*"

The morphology of N,S-GQDs was assessed by transmission
electron microscopy (TEM). The results show that the particles
are homogeneously spherical shape and well dispersed without
agglomeration (Fig. 1c). The average diameter of N,S-GQD
nanocrystals was calculated using the Image] program and
they have an average size of 3.0 = 1.0 nm (n = 79) with the size
distribution in the range of 1.1-5.4 nm (inset of Fig. 1c). The
HRTEM image of N,S-GQDs (Fig. 2d) reveals that most of the
N,S-GQDs have a high degree of crystallinity with the lattice
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Fig.1 (a) The absorption, fluorescence emission, and fluorescence
excitation spectra of N,S-GQDs (lem//ex = 425/345 nm). Insets are the
corresponding photographs of N,S-GQDs taken under daylight (left) and
UV-light irradiation of 365nm (right). (b) Emission spectra of N,S-GQDs
recorded for progressively longer excitation wavelengths in 5 nm increments
from 320 nmto 375 nm. (c) TEM image of N,S-GQDs (3.0 & 1.0; n = 79). Inset
is the size distribution of N,S-GQDs. (d) The HRTEM image with measured
lattice spacing of N,S-GQDs.
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Fig. 2

spacing of 0.24 nm, indicating the (1120) lattice fringes of
graphene.'® The excellent optical and morphological properties
of the synthesized N,S-GQDs suggest that they can be useful for
further fabrication of sensor probes to detect metal ions.

The XRD pattern of N,S-GQDs exhibits a broad diffraction
peak at 23.47° consistent with the (002) plane of graphite,
attributed to a highly disordered graphene-like structure for
the N,S-GQDs (Fig. S1A, ESI}).">*® In addition, Raman spectrum
confirm the successful synthesis of N,S-GQDs as described in
Fig. S1b (ESI). The disordered (D) band at 1385 cm™ ' and the
crystalline (G) band at 1535 cm™" indicate the existence of sp®
defect sites and in-plane vibrations of sp>hybridized graphitic
carbon atoms on the surface of the N,S-GQDs, respectively.*>>°

The chemical compositions and surface functional groups
of the N,S-GQDs were studied by X-ray photoelectron spectro-
scopy (XPS) and attenuated total reflection Fourier transform
infrared spectroscopy (ATR-FT-IR). The result as shown in
Fig. 2a indicates the full range XPS spectra of the as-prepared
material. It can be seen that there are four elements in the
spectrum as shown in the following details: C;5 (284.66 eV), O
(530.56 €V), Ny (398.83 eV), S,,, (162.32 €V), and S, (228.03 €V).
The high resolution spectrum of C;4 has also been deconvoluted
into three single peaks at 284.80 eV, 286.35 eV, and 288.94 eV
corresponding to C—C and C-C bonds in aromatic rings, C-OH/
C-0/C-N, and O-C—O0, respectively (Fig. 2b).>*>* The O
spectrum revealed the presence of C-O-C at 532.14 eV and C-O
at 533.45 eV as shown in Fig. 2¢.”* The Ny spectrum could be fitted
with two main peaks centered at 399.59 eV and 401.78 €V, attributed
to both O=C-N and C-N, and N-H, respectively (Fig. 2d).**>'

Moreover, the high resolution spectrum of S, contains two
spin-orbit doublet peaks of 2p;, and 2p,, at 163.64 eV and
164.82 eV, respectively (Fig. 2e), confirming the presence of
C-S—C units."**" The results discussed above confirm the dop-
ing of N and S heteroatoms into the graphene network via the
hydrothermal method.

Importantly, the surface of the GQDs may feature specific
functional groups which can influence water solubility and
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(@) XPS full scan spectra of N,S-GQDs and (b, ¢, d, and e) the XPS analysis of Cys, Oys, Ny, and Sy, of N,S-GQDs, respectively.

PL efficiency. The ATR-FT-IR results indicate the formation
of nitrogen, oxygen, and sulfur-rich groups on the N,S-GQD
surface (Fig. Sic, ESIE). The broad absorption bands at around
3000-3500 cm ™" correspond to O-H and N-H stretches. These
results suggest that there are plenty of amino, hydroxyl, and
carboxylic groups on the surface of N,S-GQDs, affording its
hydrophilicity. The weak broad band at 2565 cm™ " can be
assigned to S-H stretches. The two bands at 1707 cm™ ' and
1623 cm ™" are ascribed to the stretching vibrations of C=0 in
carboxylic groups, and N-H bending, respectively. The strong
band at 1500 cm ™" indicates the bending of C—=C,'® while the
bands at 1228 cm ' and 1143 cm ' are the stretching vibra-
tions of C-O-C and C-N, respectively. In addition, a weak C-S
stretching band was found at 645 cm™"."* The above results
verify the presence of nitrogen and sulfur, functionalized on the
surface and doped into the lattice of the graphitic carbon
skeleton of the N,S-GQDs.”! In addition, the structure of the
N,S-GQDs was characterized by the "H-NMR and “C-NMR
measurements in D,O solvent as shown in Fig. S2 and S3
(ESI%), respectively. In the 'H-NMR spectrum, the aromatic
protons are observed at 6.79-7.83 ppm indicating that an
aromatic rich carbon is formed in the N,S-GQDs. The peaks
from 2.81-4.51 ppm belong to sp® carbons. Moreover, the broad
peaks of NH, in the "H-NMR spectrum are also observed at
3.19 ppm and 3.38 ppm.

In the "*C-NMR spectrum, the peaks from 21.4-73.3 are the
indication of the aliphatic sp*-carbons, C-O, and C-N bonds,
while the characteristic peaks of aromatic sp®-carbons were
observed at around 101.9-179.9 ppm. In addition, the peaks
from 173.5-179.9 are ascribed to the peak of C=0O bonds of
carboxylic groups.”®*®

3.2 Fluorescence quenching of N,S-GQDs in the presence
of Co™

Fluorescence and UV-Visible spectroscopy were used to prove
the possible development of a Co®" sensor system using GQDs,
as described in Fig. 3(a and b). The results reveal that the

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Fig. 3 (a) The normalized fluorescence emission spectra of 0.4 mM
N,S-GQDs, 0.4 mM N,S-GQDs in the presence of 50 mM Tris—HCI buffer
pH 9.0, and 0.4 mM N,S-GQDs in the presence of 50 mM Tris—HCl buffer
pH 9.0 and 30 puM Co?* compared with those of 0.4 mM cysteamine,
0.4 mM citric acid, and 30 uM Co?* solutions under excitation wavelength
at 345 nm. (b) The corresponding UV-Vis absorption spectra of panel (a).

fluorescence intensity of N,S-GQDs increases under basic con-
ditions but it is quenched after the addition of Co*" (Fig. 3a).
The absorption peaks at 270, 375, and 430 nm (Fig. 3b) are
attributed to metal-ligand interactions, observed as the
GQD solution color changes from colorless to yellow-brown.*!
Consequently, both fluorescence and UV-Visible spectroscopy
might be applied for the Co®>" ion detection. Given its high
sensitivity, we focused on using the fluorescence to develop
the sensor, evaluating parameters such as the effect of pH,
N,S-GQD concentration, and reaction time, as outlined next.

3.3 Effect of pH value

The performance of the N,5-GQDs and Co®" systems was
investigated in acidic, neutral, and basic conditions using HOAc
buffers (pH 4.5, 5.0, and 6.0), phosphate buffer (pH 7.0), Tris—
HCI buffers (pH 8.0, 8.5, and 9.0), and Tris-NaOH buffers
(pH 10.0 and 11.0) as shown in Fig. 4(a and b). It was found
that pH values in the range of 8.0-9.0 resulted in high fluores-
cence quenching, while the pH value of 9.0 showed a maximum
quenching effect. Therefore a Tris-HCI buffer pH 9.0 was used
throughout further experiments.

3.4 Effect of N,S-GQD concentration

Next, the optimal concentration of N,S-GQDs for sensing experi-
ments was investigated. Solutions of various concentrations of
N,S-GQDs (0-0.6 mM) were treated with Co®" at 30 pM in Tris—
HCI buffer solution at pH 9.0. Fluorescence spectra of N,S-GQDs
at various concentrations in the absence and presence of 30 uM
Co®" are presented in Fig. 4(c and d). The N,S-GQD fluorescence
quenching was fairly constant (ca. 25%) over this concentration
range and a N,S-GQD concentration of 0.2 mM was selected for
further Co*" sensing experiments.

3.5 Effect of reaction time

The reaction time for interaction between GQDs and Co*" was
also optimized in the presence of 50 mM Tris-HCI buffer pH 9.0.
Various incubation times between 0 and 10 min were investigated
as shown in Fig. 4(e and f) to determine the optimal fluorescence
quenching efficiency. After mixing Co>* ions with the probe, the
color of the solution changed immediately and the fluorescence

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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intensity was stable after only 3 min. Thus, we chose a reaction
time of 3 min in all further experiments.

3.6 Selectivity studies

The selectivity of the proposed sensor for the detection of Co>*
was studied next using fluorescence spectroscopy as described
in Fig. 5(a—c). The results suggest that while the addition of
Co”" ions caused drastic fluorescence intensity change for the
N,S-GQDs, no significant change was observed upon addition
of different metal cations including Na*, K*, Ca**, Mg>*, Ba*",
AI*", Pb*", Mn*", Fe’*, Ni**, Cu®, Zn*", Cd**, and Hg>*. These
results comfirm that the fluorescent probe has a much higher
selectivity towards Co”* than other metal cations.

3.7 Analytical performance of the sensor

Quantitative analysis was undertaken next. The degree of
fluorescence quenching (F, — F/F,) of N,S-GQDs at different
concentrations of Co®>" was monitored under the optimized
conditions discussed above. The fluorescence intensity of the
probe was gradually quenched by increasing the concentration
of Co®" as shown in Fig. 6a. The fluorescence intensity decreased
linearly in the presence of Co®" in the range of 0-40 uM (Fig. 6b).
A linear best-fit equation function of (F, — F)/F, = 0.0097[C0>"] +
0.0017 was determined with a correlation coefficient square (R*)
of 0.9951 where F, and F are the fluorescence intensities of
N,S-GQDs in the absence and presence of Co”" under the optimal
conditions, respectively. From these results, the limit of detection
(LOD) and limit of quantitation (LOQ) were calculated to be
1.25 pM and 4.59 pM, respectively, according to the concentration
of Co** required to quench GQD fluorescence intensity (F, — F/F,)
equal to 3 standard deviations of F, for LOD, and 10 standard
deviations of F, for LOQ.

3.8 The sensing mechanism

It was reported that carboxyl, amino, and thiol groups can
interact with cobalt(u) ions via the metal-ligand inter-
action,’%36:39:40:42:45,46,57,58 11y this work, we observed that the
color of the solution changed from colorless to yellow-brown
(Fig. S4, ESI%), likely due to complexation of Co>" with the
N,S-GQDs via carboxyl, amino, and thiol groups as shown in
Fig. 7. The mechanism of the accompanying fluorescence
quenching of the N,S-GQDs was investigated next using a variety
of analytical techniques including TEM, and zeta potential
analysis.

The absorption peaks at 270 and 375 nm of the N,S-GQDs in
neat solution were incrementally increased without significant
shift in the presence of Co®*, however a broad new absorption
band around 430 nm was observed attributed to complex
formation (Fig. 8a). As already seen in Fig. 3a, the fluorescence
spectra of N,S-GQDs in the absence and presence of Tris-HCI
buffer at pH 9.0 feature emission peaks at 425 nm and 417 nm,
respectively. In addition, the intensity of the peak was
decreased in basic solution and shifted to shorter wavelength
(blue shift) by 8 nm. This may indicate that the size of the GQDs
decreased in basic solution at pH 9.0. Furthermore, the emission
peak of the GQDs at pH 9.0 and in the presence of Co** was
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Fig. 4 (a) The degree of fluorescence quenching (Fo — F/Fo) of 0.4 mM N,S-GQDs after treatment with 30 pM Co?* in 50 mM buffer solutions at different
pHs from 4.5 to 11.0. (b) The corresponding fluorescence emission spectra for the data in panel (a). (c) The degree of fluorescence quenching (Fo — F/Fo) of
different concentrations of N,S-GQDs from 0 to 0.6 mM after treatment with 30 uM Co®* in 50 mM Tris—HCl buffer solution at pH 9.0. (d) The corresponding
fluorescence emission spectra for the data in panel (c). (e) The degree of fluorescence quenching (Fo — F/Fo) of 0.2 mM N,S-GQDs after treatment with 30 uM
Co?* from 0 to 10 min in 50 mM Tris—HCl buffer at pH 9.0. (f) The corresponding fluorescence emission spectra for the data in panel (e).

quenched and shifted to a longer wavelength (red shift) by about
3 nm. This implies that Co®>* can interact with functional groups
on the surface of GQDs through metal-ligand interaction causing
an increasing particle size (aggregation) of N,S-GQDs.

To confirm this hypothesis, TEM was used to investigate
GQD particle size (Fig. S5a-c, ESI¥). It was clearly observed that
the size of the GQDs was smaller after adding Tris-HCI buffer
pH at 9.0 and the GQDs were well-dispersed with an average
diameter of 1.8 + 0.5 nm. However the particle size of the GQDs
was increased to 2.2 & 0.4 nm after the addition of Co®". This
indicates that the complexation of GQDs and metal ions indeed
leads to aggregation of GQDs, causing both a color change and
fluorescence quenching.

The zeta potential of the N,S-GQDs was reduced from
+50.24 to —31.28 mV after addition of buffer pH 9.0 as shown
in Fig. 8b. The significant reduction of zeta potential values

512 | Mater. Chem. Front, 2020, 4, 507-516

suggests the deprotonation of the functional groups on the
surface of the GQDs leaving an overall negative charge. This
change makes the GQDs effectively stronger Lewis bases which
can easily interact with Co®>" metal ions. When a solution of
30 puM of Co** ions was added to the GQDs in basic conditions
at buffered pH 9.0, the zeta potential increased to +23.22 mV,
indicating Co®" indeed interacts with the negatively charged
GQDs. The deprotonated functional groups on the surface of
N,S-GQDs, including carboxyl, amino, and thiol groups, can
bind with Co>" ions through metal-ligand interactions leading
to the reduction of the anionic character of the GQDs.
Furthermore, a Stern-Volmer plot was used to give insight
into the quenching mechanism, given as Fy/F = 1 + K,[Q], where
F, and F are the fluorescence intensities of N,S-GQDs in the
absence and presence of Co>", K, is the Stern-Volmer quenching
constant, and [Q] is the concentration of quencher (Co>*).

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Fig. 7 Schematic representation of the complexation of Co?* and N,5-GQDs
via metal-ligand interactions and accompanying fluorescence quenching.

From the Stern-Volmer plot as shown in Fig. 8c, the curve is
linear for Co** concentrations from 0 to 40 pM. A linear Stern-
Volmer plot can result from either a purely dynamic (diffusive)
queching mechanism, or a purely static (due to complexation)
quenching mechanism. The calculated K, after fitting a linear
curve to the Stern-Volmer plot was found to be 1.52 x 10* M~ *

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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(R> = 0.9925), and this constant relates to an equilibrium
constant for the binding of Co®" on the surface of N,S-GQDs,
assuming a static quenching mechanism.>® Confirmation of
the static quenching mechanism comes from time-resolved
fluorescence studies. The fluorescence decay of N,S-GQDs was
obtained in the absence and presence of Co>" as shown in
Fig. 8d. The lifetimes of the N,S-GQDs and N,S-GQDs/Co**
systems were 8.16 ns and 8.10 ns, respectively, almost the same
despite the evidence of significant fluorescence quenching
from steady state studies. Thus, complexation of N,S-GQDs by
Co>" leads to complete fluorescence quenching, and any fluores-
cence observed is due to uncomplexed N,S-GQDs.®°

3.9 Application of N,S-GQDs for the determination of Co>*
ions in water samples

Next, the performance of the proposed Co”* sensor was investigated
with real water samples from the Khon Kaen University, consisting
of commercial drinking water, dispenser drinking water (from the
second floor of the chemistry building), and tap water (from the
inorganic laboratory at the chemistry building). The concentration
of Co®" and recoveries were measured using the standard addition
method by spiking known concentrations of Co®" ions (5, 10 and
15 uM) into each sample, which were diluted to be within the
working linear range. As shown in Table 1, the results showed a
good agreement between the expected and found values with
91.2-108.2% of recovery and 0.1-7.3% of relative standard
deviation (RSD).

3.10 Comparison with other methods for cobalt determination

In recent years, many methods have been reported for the detection
of Co*" ions, and some examples are shown in Table 2.
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Table 1 Determination of Co?* concentration in real water samples

P h =
Amount of standard roposed method ( = 3)

Water sample studied Co®" ions added (uM) %Recovery + SD RSD (%)

Commercial drinking 5 105.41 £ 7.66  7.27
water 10 108.16 + 0.97 0.89
15 101.44 + 4.14 4.08

Drinking water (from 5 91.17 £ 0.09  0.10

water dispenser) 10 98.55 £2.49  2.53
15 99.25 + 2.82 2.85
Tap water (from 5 100.19 + 4.53 4.52

inorganic laboratory) 10 98.50 + 6.26  6.36
15 100.46 + 0.36 0.36

These techniques include electrochemistry, colorimetry, and
fluorescence spectroscopy. However, the majority of these
procedures exhibit some limitations, such as requiring extensive
pre-treatments before measurement, expensive instrumentation,
or lengthy analysis times. Although, some techniques show
detection limits far lower than that of this work, Co®>" sensors
do not always need to achieve ultra-low limits of detection to be
useful. The normal amounts of Co** in human blood and urine
are 0.18 g L™ (0.003 M) and 1.0 pg L™ (0.017 puM), respectively.
When the serum Co** concentration is greater than 1.0 pg L™, it
is considered as excessive cobalt exposure. A value greater than
5 pg L' (0.085 M) can be toxic.*® Thus, the procedures for the
determination of Co*>* which have a higher limit of detection
than the normal level of Co®" in the body are important as they
can indicate abnormal excess of Co*". For instance, if Co*" levels
in serum reach 7 ng mL™" (0.12 uM), peripheral neuropathy,
sensorineural hearing loss, visual loss due to retinal-optic nerve
damage, hypothyroidism, and cardiomyopathy are possible.’*
Importantly, our detection limit and working linear range envel-
ope the typical physiological levels of Co®", with the sensor also
exhibiting remarkable simplicity, selectivity, and low-cost.
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Fig. 9 (a) N,S-GQD-based paper strips for visual and rapid sensing and
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incubation with different concentrations of N,S-GQDs from 0.0 to 3.0 mM.

3.11 The screening of Co>* ions by the N,S-GQD-based paper
strips

N,S-GQD-based paper strips were developed next as an avenue
for the rapid, visual sensing of Co®* ion concentrations. Fig. 9a
shows the fluorescence from GQD paper strips made by immersing
the strips into N,S-GQDs in buffer solution pH 9.0. After dropping
Co*" solutions with concentrations of 200, 400, 600, 800, and
1000 uM onto the strips, they were rinsed and fluorescence
images and spectra were taken. The emission from the paper
strips darkened gradually with increasing Co** concentration in
the range of 0-1000 uM. The result confirms that the addition of
Co>" causes the fluorescence quenching of the sensor probe
which could be applied to screen Co®" with low-cost and simple
paper strip sensors with a rapid response.

3.12 Cell toxicity

The cellular toxicity of the N,S-GQDs was assessed by MTT assay
using HeLa cells. As shown in Fig. 9b, the N,S-GQDs have low
cytotoxicity with more than 80% of the cells remaining viable
upon addition of N,S-GQDs over a concentration range of
0.5-3.0 mM and after incubation for 24, 48, and 72 hours.

Table 2 Comparison of the performance of several Co?* ion sensing systems

Methods Materials Linear range (uM) Detection limit (WM) Ref.
Electrochemistry 1-Diazo-2-naphthol-4-sulfonic acid/MWCNT modified electrode 1.7-42.4 1.36 37
Zn/Al-2(3-chlorophenoxy)propionate modified carbon paste electrode 0.01-1000 0.01 62
Benzenesulfonohydrazide modified glassy carbon electrode 0.0001-100 000 0.00009 63
Colorimetry Coumarin skeleton 0-90 7.09 32
4-Aminothiophenol-functionalized AuNPs 1000-15 000 57.90 39
Cysteine-linked core-satellite AuNPs 0.1-10 0.01 40
Silver nanoparticles 5-100 7.00 57
Thiosulfate-stabilized AuNPs 0.1-0.7 0.04 58
Peptide-modified AuNPs 2-10 2.00 64
Fluorescence Phenol-ruthenium(u) tris(bipyridine) complex 0.1-50 0.05 65
CulnS,/ZnS/TGA QDs 0.3-90.4 0.16 66
1,2-Dihydroxyanthraquinone/f-cyclodextrin 1.2-3.6 0.02 67
Carbon dots (CDs) 0-40 0.45 42
P,N-Doped carbon quantum dots 0-60 0.053 44
N,S-Doped carbon dots 0.08-100 0.08 45
N-Doped carbon dots 1-100 0.68 68
N,S-Doped graphene quantum dots 0-40 1.25 This work

Abbreviations: MWCNTs, multiwalled carbon nanotubes; AuNPs, gold nanoparticles; CulnS,/ZnS/TGA QDs, thioglycolic acid-capped CulnS,/ZnS

quantum dots.
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These results demonstrate the biocompatibility of the N,S-GQDs,
which suggests that they may potentially be applied to biological
systems.

4. Conclusions

We have successfully synthesized N,S-GQDs through a hydro-
thermal synthesis method as a sensitive and selective fluores-
cent probe for the detection of Co>". The fluorescence intensity
of N,S-GQDs was quenched after the addition of Co*" due to
metal-ligand binding interactions (a change from colorless to
yellow-brown also occurs). Our proposed sensor provides a
feasible approach to quantitative detection of Co®>" with high
selectivity towards Co>" over other metal ions. This sensor has a
LOD and LOQ of 1.25 pM and 4.59 pM, respectively, and a good
linear response to Co®" in the range of 0-40 uM, ideal for
testing of abnormal excess of Co*>" diseases in humans. The
N,S-GQDs can be applied for the detection of Co®" in real water
using the standard addition method with satisfactory results. In
addition, N,S-GQD-based paper strips were successfully applied
for the rapid and visual screening of Co®". More importantly, the
N,S-GQDs have low cytotoxicity and so the proposed sensor
might be very useful to apply in environmental and biological
fields as described in recent reports.®®”"?
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