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Abstract

Large amounts of hazardous and toxic substances in the environment require non-toxic,
cheap, easy, rapid, and sensitive methods for their detection. Blue luminescent graphene
quantum dots (GQDs) were produced by electrochemical cleavage of graphite electrodes
followed by gamma irradiation in the presence of ethylenediamine (EDA). Modified dots
were able to detect metal ions (Co?*, Pd?*, Fe**) due to photoluminescence quenching. The
highest sensitivity was detected for the sample irradiated at a dose of 25 kGy. The limits of
detection (LODs) were 1.79, 2.55, and 0.66 pmol L for Co?*, Fe*', and Pd?*, respectively. It
was observed that GQDs irradiated at 200 kGy act as an ultra-sensitive turn-on probe for
Malathion detection with LOD of 94 nmol L. Atomic force microscopy images proved the
aggregation of GQDs in the presence of the investigated metal ions. Results obtained by 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and LIVE/DEAD
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cytotoxicity test indicated that GQDs irradiated with EDA are not toxic towards MRC-5 cells,
which makes them a promising, eco-friendly and safe material for sensing application.

Keywords: amino-functionalized graphene quantum dots; gamma irradiation;

photoluminescence; probe; metal ions; malathion.
1. Introduction

Human population growth and urbanization have led to the intensive development of
agriculture, mining, food, car, and pharmaceutical industry. Due to wrong handling or
improper disposal, many toxic and hazardous substances find their way to natural media,
finally compromising the biosphere equilibrium. The most common pollutants are metal ions
and pesticides [1, 2]. Although Fe®* and Co?" ions are involved in metabolic processes [3],
their high concentrations may lead to cell membrane damage, destabilization of proteins, and
cardiotoxicity [4, 5]. Noble metals such as palladium are widely used in organic chemistry,
the pharmaceutical industry, and medicine due to their outstanding catalytic and anti-cancer
activity. Nevertheless, long-term exposure leads to serious health issues [6]. Apart from metal
ions, pesticides are the most toxic agents in the environment. Some of them are blocking the
enzyme's activity, such as malathion inhibiting acetylcholinesterase [7]. It is a wide-spectrum
organophosphate insecticide with reported toxic effects on the liver, kidney, testis, ovaries,
lung, pancreas, and blood [8]. Because of this, monitoring the presence and the concentration
of both pesticides and metal ions in the water, air, soil, food, and biological samples is of

priority importance [9].

Since their discovery, graphene quantum dots (GQDs) have become a rising star in modern
material science [10]. GQDs are zero-dimensional carbon-based nanomaterials. Their
graphene-like core is composed of sp?-hybridized C atoms which are organized according to
a hexagonal honeycomb crystal lattice, with oxygen functional groups (epoxy, hydroxy,
carboxy, and carbonyl) attached to the surface and at the edges [11]. Thanks to their intense
photoluminescence (PL) in the visible part of the spectrum, high absorption of ultraviolet
light, impressing photostability, resistance to photobleaching, non-toxicity, and
biocompatibility, they are widely investigated for bioimaging and sensing applications [12].
The origin of PL GQDs has not been ascertained yet, but significant contributors are
quantum-confinement effect, edge effect (zig-zag or armchair edge), functional groups or
heteroatoms attached on the surface, radiative recombination of electron-hole pairs, and

vacancy defects [11, 13]. By setting synthetic conditions or by post-synthesis treatments and
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functionalization, morphological, structural, and optical properties of GQDs can be finely
tuned [11, 13-17]. Surface doping can increase the PL intensity, which is an important
parameter for optical detection but also generates additional sites for the binding of the
analytes. In presence of some ions and organic molecules like pesticides, the PL intensity of
GQDs may decrease or increase, leading to two detection mechanisms: turn-off and turn-on
pathways [9]. Changes in PL intensity are explained by different interactions between GQDs
and analytes such as metal-ligand interactions and electron transfer in case of a turn-off, and
the establishment of hydrogen bonds between GQDs functional groups and analytes in the
case of a turn-on mechanism [18-20]. It was confirmed that these interactions caused
aggregation of GQDs [18, 20].

GQDs were examined as PL probes for different pollutants. Ma et al. investigated amino
acid-functionalized GQDs as a PL probe for Fe3* detection in an aqueous medium [3]. It was
observed that with an increase in Fe3* concentration, the PL intensity of GQDs was
quenched. The limit of detection (LOD) was 50 nmol L. Co?" ions were detected by Boonta
et al. using N, S co-doped GQDs [5]. LOD was 1.25 umol L. A study pointing at the
detection of Pd?* ions using GQDs as a sensing platform wasn’t found in the literature, but
carbon nanoparticles (CNPs) were examined by Sharma et al. [21]. A linear response was
found in the range of 35-100 umol L™, with a LOD of 58 n mol L. Malathion was detected
by Roushani et al. using GQDs as a dual turn-off/turn-on probe for both Hg?* and malathion
[22]. Obtained LOD for malathion was 0.5 pmol L.

In previous research, we successfully introduced amino groups in the structure of GQDs,
using gamma irradiation at doses of 25, 50, and 200 kGy, respectively, with ethylenediamine
(EDA) as a nitrogen source [23], and achieved the increase of PL quantum yield from 2.07 to
18.40%. In this paper, we studied gamma-irradiated, amino-functionalized GQDs as an
optical platform for the detection of Co?*, Pd?*, and Fe3* ions, and the insecticide malathion.
A PL intensity of all GQDs in the presence of these analytes was measured using PL
spectroscopy. Linearity of PL change in dependence of analyte concentration was determined
using the Stern-Volmer equation and LODs were calculated. Morphological properties of
GQDs in presence of Co?*, Pd?" and Fe®" ions were studied using atomic force microscopy
(AFM) and the aggregation was described. Also, we tested the biological effects of gamma-
irradiated GQDs on MRC-5 cells using (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) (MTT) cytotoxicity assay and LIVE/DEAD test.



2. Experimental
2.1. Chemicals and materials

Graphite electrodes (99.999 % purity, g = 3.05 mm) were purchased from Ringsdorff-Werke
GmbH (Bonn, Germany). Ethanol (96 vol%), sodium hydroxide, isopropyl alcohol (IPA),
acetone, and hydrochloride acid (37 vol%) were purchased from Fisher Scientific
(Loughborough, Leicestershire, UK), dialysis bags (MCWO 3.5 kDa) from Spectrum
Laboratory Inc. (San Pedro St., Gardena, CA, USA), ethylenediamine (EDA) (> 99.5 %)
from Carl Roth GmbH (Schoemperlenstr, Karlsruhe, Germany). Cobalt (Il) chloride
hexahydrate (CoClz x 6 H20) and iron (l1l) nitrate-nonahydrate (Fe (NOs)s - 9 H20) were
purchased from VWR Chemicals (Geldenaaksebaan, Leuven, Belgium). Palladium (I1)
chloride (PdCl2) was purchased from Termofisher (Kandel) GmbH (Zeppelinstrasse,
Karlsruhe, Germany). Etiol® (malathion- (Diethyl (29)-2-
[(dimethoxyphosphorothioyl)sulfanyl]succinate), min. 95 %, Galenika a.d. Belgrade, Serbia
was bought in a local agricultural pharmacy. LIVE/DEAD™ Cell Imaging Kit was purchased
from Invitrogen (Paris, France). Penicillin and streptomycin were purchased from Sigma
Aldrich (Merck, KGaA, Darmstadt, Germany).

2.2. Synthesis of graphene quantum dots

GQDs were synthesized by the previously described electrochemical approach using graphite
electrodes as a starting material [23]. First, graphite electrodes were washed in ultrapure
water and ethanol. Then, 3g of NaOH were dispersed in 100 ml of 96 vol% ethanol. The
dispersion was sonicated for 6 h. Graphite electrodes were used as cathode and anode and
immersed in NaOH dispersion. The current was set at 20 mA and the potential was 20 mV.
After 24 h, dispersion changed color from orange to dark brown. To obtain pure GQDs,
ethanol was first evaporated to return dry powder. NaOH was removed using dialysis. The
pH value was monitored until it reached 7. This sample was labeled as p-GQDs. Amino-
functionalized GQDs were prepared by gamma irradiation of p-GQDs at three different doses
and in the presence of EDA. Water dispersion of p-GQDs in the concentration of 1 mg mL™*
was mixed with isopropyl alcohol (IPA) (3 vol% in total) and sonicated for 10 min. After,
EDA was added in 4 vol% in total. Samples were sonicated for 15 min and purged with Ar.
These mixtures were irradiated at doses of 25, 50, and 200 kGy. As a source of gamma
irradiation, a Co-60 was used. After irradiation, samples were dialyzed to remove the



irradiation medium. Samples of GQDs irradiated with 25, 50, and 200 kGy were labeled as
GQD-25-EDA, GQD-50-EDA, and GQD-200-EDA, respectively.

2.3. Characterization of graphene quantum dots
2.3.1. Atomic force microscopy (AFM)

Morphological properties of GQDs were analyzed using atomic force microscopy (AFM).
Prepared samples were spin-coated on mica (3500 rpm, 1min) and recorded using Quesant
(Agoura Hills, CA, USA) AFM which was operating in the tapping mode, in the air, at room
temperature. Standard silicon tip (NanoAndMore Gmbh, Wetzlar, Germany) was used with
the constant force of 40 N m*. Q-WM300 AFM probe rotated, monolithic silicone probe for
non-contact high-frequency application was used. To examine the morphological properties
of GQDs in the presence of metal ions, GQDs-50-EDA were mixed with Co?* and Pd?*,
separately and GQDs-25-EDA were mixed with Fe3* in ultrapure water. Concentrations of
GQDs and ions in all samples were 0.28 mg mL™ and 200 pmol L7, respectively. AFM
images were analyzed using Gwyddion 2.58 software [24].

2.3.2. Transmission electron microscope (TEM)

JEOL JEM-2100F transmission electron microscope (TEM) was employed to investigate the
morphology of GQDs. Water dispersions of dots were prepared in a concentration of 1 mg
mL™. As support, carbon laced copper grids were selected. To measure the diameter of

GQDs, ImageJ software was used.
2.3.3. X-ray photoelectron spectroscopy (XPS)

The XPS spectra of modified GQDs were obtained using ULVAC-PHI500 VersaProbe II
scanning microprobe (ULVAC-PHI, Inc., Chigasaki, Japan) with an Al Ko source (1486.6
eV), 100 um spot, 25W, 15 kV. The sample was deposed on a surface kept at 45° with
respect to the analyzer, working in FAT mode. All spectra were recorded using a dual
neutralization system (both ¢ and Ar*). All binding energy (BE) values are referenced to C
1s hydrocarbon peak at 284.8 eV.

2.34.EA



Samples of GQDs were dried under reduced pressure and powder samples were used for
measurement. Elemental analysis was performed on a Vario EL Il C,H,N,S/O Elemental
Analyzer (Elementar GmbH, Germany).

2.3.5. UV-Vis spectroscopy

Absorption spectra of GQDs-25-EDA in the presence of Co?*, Pd?*, and Fe*" were obtained
using LLG-uniSPEC 2 Spectrophotometer (Lab Logistic Group, Meckenheim, Germany) in
the wavelength range of 200-800 nm, at room temperature. The concentration of GQDs in all
samples was 0.03 mg mL™, while the concentrations of the metal ions were 0, 25, 50, 100,

and 200 pmol L1, All spectra were recorded in ultrapure water.
2.3.6. Photoluminescent (PL) spectroscopy

To examine photoluminescent properties, GQDs-25-EDA, GQDs-50- EDA, and GQDs-
200-EDA were dispersed in ultrapure water, at different concentrations (from 0.040 to 0.300
mg mL1) and concentration of 0.125 mg mL™ was selected as optimal and used in studies of
PL properties of GQDs. PL spectra were recorded on the Horiba Jobin Yvon Fluoromax-4
spectrometer (Horiba, Kyoto, Japan) under different excitation wavelengths (300, 320, 340,
360, 380, and 400 nm) in the wavelength range of 320-580 nm. Excitation and emission slits
were 8 and 2 nm, respectively. Integration time was 0.5 s. All spectra were recorded at room
temperature and atmospheric pressure. Photoluminescent quantum vyields (PL QY) were

calculated using the equation below [25]:
QY 6ops=QYRrer(Arer/Acqps) (Feops/Frer) (NGops/NREF)?

where QY is photoluminescent quantum yield of GQS samples, F is integrated intensity of
emission band, A is the value of the absorbance, n is the refractive index of the solvent, while
subscripts ‘REF’ refers to reference, Rhodamine B with known PL QY=31% [25, 26]. For
these measurements, diluted dispersion of GQDs were used, at a concentration of 0.04 mg

mL, in water.



The stability of PL intensity was examined under the different experimental conditions.
GQDs-25-EDA were exposed to UV lamp (300 nm) in different time intervals: 0, 15, 30, 60,
120, 180, and 480 min, and at different pH values: 1,3,5,7,8,10, and 12. pH values were set

using NaOH and HCI. All spectra were recorded at 360 nm excitation wavelength.

2.4. Detection of Co?*, Pd?*, Fe3*, and malathion
2.4.1. Sample preparation

For Co?* and Pd?* detection, a series of concentrations from 0 to 200 umol L™ were made.
Also, the detection of Pd?" ions was investigated in the concentration range 0-4 pumol L.
Fe3* was tested in the range of 0-100 pmol L1, The concentration of gamma-irradiated GQDs
in all samples was 0.03 mg mL™. Mixtures were incubated for 2 min at room temperature
before measurement. Malathion in concentrations from 0 to 400 ng mL™? was mixed with
gamma-irradiated GQDs dispersion in ethanol, in the concentration of 0.03 mg mL™.
Samples were incubated 24 h before measurement, to establish interaction between GQDs
and the insecticide molecule.

2.4.2. Photoluminescence measurement

PL spectra of GQDs-25-EDA, GQDs-50-EDA, and GQDs-200-EDA in the presence of Co?*,
Pd?*, Fe®*, and malathion were obtained using Horiba Jobin Yvon Fluoromax-4 spectrometer
at room temperature under 360 nm excitation wavelength. Integration time was 0.5 s.
Selectivity of GQDs-25-EDA toward Co?*, Pd®* and Fe®* ions. To evaluate a specifical
recognition ability of GQDs-25-EDA to Co?*, Pd?" and Fe®*" ions, the PL intensity in the
presence of these ions were compared with intensities in the presence of the Na*, K*, Ca?*,

Fe2*, Cu?*, Ni?*, Zn?*, and Ag* as well as in the mixture of these ions.
2.4.3. Detection of Co?*, Pd?* and Fe3* in the real samples: river and tap water

To evaluate the practical applicability of GQDs-25-EDA as a PL probe for Co?*, Pd?*, and
Fe3* in the real samples, tap and water from the river were chosen. Tap water was used
without any purification. The river water was centrifugated at 3500 rpm, for 1h, and filtrated
to eliminate solid impurities. Samples were prepared with different concentrations of ions
solutions (0, 25, 50, 75, and 100 pmol L?). All spectra were recorded at 360 nm excitation

wavelength. Recovery tests (R%) are performed by measuring the PL intensity of water



samples in which Co?*, Pd?*, and Fe** in the concentration of 75 umol L™ were spiked into

the samples. The concentrations of ions were calculated from calibration curves.
2.5. Cytotoxicity investigation

To examine cell viability in presence of investigated GQDs, an MTT cytotoxicity assay and
LIVE/DEAD cytotoxicity test were used. MRC-5 cells (fibroblasts derived from normal lung
tissue) were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10
% fetal bovine serum and penicillin/streptomycin (10.000 units penicillin and 10 mg

streptomycin mL™) at 37 °C in a humidified atmosphere with 5 % CO:x.
2.5.1. MTT cytotoxicity assay

For the MTT assay, MRC-5 cells were seeded in a 96-well plate (2x10* cell well) and
allowed to adhere to the plate overnight. After 24 h, cells were treated with increasing
concentrations (1, 10, 25, 50, and 100 pg mL™?) of p-GQD, GQD-25-EDA, GQD-50-EDA,
and GQD-200-EDA during 24, 48, and 72 h. Following treatments cell viability was
determined using an MTT assay (Merk KGaA, Darmstadt, Germany). Absorbance was
measured at 540 nm using Tecan Infinite 200 Pro multiplate reader (Tecan Group,
Mannedorf, Switzerland). All experiments were repeated at least three times. The relative
viability (%) of cells treated with methanol, as vehicle control, was set to 100 %.

2.5.2. LIVE/DEAD cytotoxicity test

For the LIVE/DEAD cytotoxicity test, water dispersions of p-GQDs, GQDs-25-EDA, GQDs-
50-EDA, and GQDs-200-EDA in the concentration of 3 mg mL™* were prepared. MRC-5
cells were seeded on coverslips in 12 well plates in concentration 5x10* cells/well. After 24
h, 100 pg mL? of p-GQDs, GQD-25-EDA, GQD-50-EDA, and GQD-200-EDA were added
to the cells and further incubated for 48h. Cytotoxicity was measured by a two-color
discrimination system of live (green fluorescence) and dead (red fluorescence) cells using the
LIVE/DEAD™ Cell Imaging Kit. Cells were visualized using Olympus BX51 fluorescence
microscope, FITC filter for green fluorescence, and Cy5 for red fluorescence, and analyzed
using Cytovision 3.1. software (Applied Imaging Corporation, USA). All images were
captured at 20x objective.

3. Results and discussion

3.1. Analysis of morphology, structure, and optical properties of GQDs



Morphological properties of GQDs were investigated by AFM and TEM. In Figure 1 AFM
images of GQDs-25-EDA (a), GQDs-50-EDA (b), and GQDs-200-EDA (c) with their height
profiles are presented. GQDs irradiated with 25 and 50 kGy are uniformly distributed
spherical nanoparticles with a height in the range of 0.5-2 nm, which corresponds to 1-4
graphene layers [23]. On the contrary, GQDs irradiated with the dose of 200 kGy exhibits a
height up to 20 nm and form agglomerates. TEM images of GQD-25-EDA and GQDs-50-
EDA showed that the lateral sizes of dots were below 20 nm, while in the case of GQD-200-

EDA the diameter was above 30 nm.
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Figure 1. AFM images with height profiles and TEM micrographs in the lower left corner of
GQDs-25-EDA (a), GQDs-50-EDA (b), and GQDs-200-EDA (c).

Structural analysis of gamma-irradiated GQDs was conducted by means of XPS. Surveys
scans of GQDs-25-EDA (a), GQDs-50-EDA (b), and GQDs-200-EDA (c), in the energy
range of 1100-0 eV, 1.0 eV resolution, are shown in Fig. 2. All samples show the expected
characteristic strong peaks of C 1s (= 285 eV) and O 1s (= 532 eV). All samples also show a
smaller peak, at 400 eV, in the range of N 1s, indicative of the incorporation of nitrogen

atoms in the GQD structure.
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Figure 2. XPS survey scan of GQDs-25-EDA (a), GQDs-50-EDA (b), and GQDs-200-EDA
(c). Resolution 1.0 eV.



Deconvoluted C 1s spectra of GQDs-25-EDA, GQDs-50-EDA, and GQDs-200-EDA are
presented in the previous study [18]. Analyzed spectra of the O 1s region are shown in Fig. 3.
GQDs-25-EDA (a), GQDs-50-EDA (b), and GQDs-200-EDA (c) all show the presence of a
single species, centered at 531.9 eV, 532.2 eV, and 532.0 eV respectively. All values are
compatible with the carbonyl functional group [27-30].
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Figure 3. Analysis of O 1s region for GQDs-25-EDA (a), GQDs-50-EDA (b), and GQDs-
200-EDA (c).

In the N 1s XPS spectra of y-irradiated GQDs, all samples show a single species, attributable
to amine nitrogen [31]. Found values are 399.4 eV, 399.8 eV, and 399.5 eV for GQDs-25-
EDA, GQDs-50-EDA, and GQDs-200-EDA, respectively — see Figure 4. In the N 1s XPS
spectra of gamma-irradiated GQDs, peaks at 399.4 (Figure 4a), 399.8 (Figure 4b), and 399.5
eV (Figure 4c) indicated a presence of N-H/N-C bonds in the amino group.
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Figure 4. Analysis of N 1s region spectra for GQDs-25-EDA (a), GQDs-50-EDA (b), and
GQDs-200-EDA (c).

Presented results indicated that after gamma irradiation, GQDs had C=0 and C-NH:
functional groups. It was observed that UV irradiation lead to free radical polymerization of
salicylic acid and 2,6-Pyridinedicarboxylic acid and highly luminescent N-doped GQDs were
produced [32]. On the opposite, gamma irradiation belongs to high-energy short wavelengths

of electromagnetic waves that are able to induce ionization. Gamma rays lead to radiolytic
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decomposition of all molecules in the system, as presented in reactions 1-4. When anhydrous
EDA was exposed to gamma rays, the production of gasses (hydrogen, methane, ethylene,
ammonia), volatile liquid, and polymerized products were observed [33]. With dose, the
content of the hydrogen and methane was increased. When oxygen is present in the dilute
aqueous EDA solution the main radiolytic product is ammonia due to OH radicals that were
primarily involved in decomposition [34]. It was reported that graphene oxide (GO) can be
reduced by gamma irradiation in a mixture of alcohol and water [35]. When oxygen was
removed from the system, and alcohol such as IPA was added, OH radicals formed in the
radiolytic decomposition of H2O were quenched with IPA [23, 36, 37]. Thus, the main
species are reductive once, such as hydrogen radicals and hydrated electrons, as well as those
solvated electrons produced from irradiated ethylenediamine [38]. A previous study
suggested that EDA molecules react with both oxidative ("OH) and reductive (‘"H) species

[39]. In the proposed system following reactions were occurred:
Reaction 1: H20 + gamma rays — "H + HO" + eaq + HOO" + HO™ + H30" + H2+H202 [40]
Reaction 2: H20 + IPA + gamma rays — "H + €ag + HO™ + H3O" + H2 + (CH3)2CHOH [41]

Reaction 3: NH2CH2CH2NH: + "OH/'H — NH2CHCH2NH: + H20/H2HNH: + H20/H2 [42,
43]

Reaction 4: NH2CH2CH2NH2 + *OH/'H — NH2CH2CH2NH + H20/H: [43]
Thus, in our experiment, the following radicals were produced

Reaction 5: H20 + IPA + NH2CH2CH2NH2 + gamma rays — "H, + eaq + H2HNH2 + H2 +
(CH3)2CHOH + NH2CHCH2NH2 + NH2CH2CH2NH

While reductive species (‘H, eaq) induce the reduction of oxygen-containing functional
groups on GQDs surface, such as carbonyl into OH, with epoxy into OH, with OH groups
into H20 and restored C=C bonds or EDA radical might react with carbonyl groups leading

to amide bond formation [43].

Apart from the indirect effects of gamma irradiation on GQDs that occur through
decomposition of the irradiation medium, there is also a direct effect of gamma rays on
carbon nanostructures [37]. High-energy gamma photons are able to knock out C atoms from

graphene sheets creating holes [44], cutting [45], or interlayer bonds [46].
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Furthermore, table 1 shows the elemental analysis results of p-GQDs, GQD-25-EDA, and
GQDs-50-EDA. For p-GQDs, N atoms were not detected, while after irradiation in the
presence of EDA, 7.42 and 6.81 wt.% of N was detected. The changes in C content were
observed as well. The wt.% of C was increased by 8.92 % at a dose of 25 kGy, while at 50
kGy C was increased by 10.15 %. Thus, gamma irradiation with EDA leads to incorporation
of N atoms in GQDs structure and to chemical reduction due to an increase in C content
which is in agreement suggested mechanism of reduction with "H and eaq as well as previous

measurements [23].

Table 1. Elementar analysis of p-GQDs, GQDs-25-EDA, and GQDs-50-EDA.

Sample N (Wt.%) C (Wt.%) H(Wt%) S (wWt.%)
p-GQDs / 44.32 5.27 /
GQDs-25-EDA 7.42 53.24 7.14 /
GQDs-50-EDA 6.81 54.47 7.21 /

In Figure 5 emission spectra of GQDs-25-EDA (a), GQDs-50-EDA (b), and GQDs-200-EDA
(c), respectively, are presented. A PL intensity was measured under different wavelengths of
excitation light in the range of 300-400 nm. With excitation wavelengths change, emission
peaks positions in all three samples were changed. Maximums of emission peaks were shifted
from 435, 451, and 435 nm (Aexe= 300 nm) to 465, 467, and 466 nm (Aexc= 400 nm), for
GQDs-25-EDA, GQDs-50-EDA, and GQDs-200-EDA, respectively. This behavior of GQDs
in literature was reported as excitation-depended photoluminescence [47]. It is assumed that
the position of emission band dependence of excitation light wavelengths originates from
edge state, emissive traps, electron-conjugated systems, heteroatoms, and functional groups
attached on GQDs surface, quantum size effect, etc. [48]. The shift in emission band was
observed when GQDs were doped with N atoms in different %, from 5.5 to 2.4, from blue to
orange [49]. Herein, N was incorporated in the form of graphitic N. Another study showed
that when the% of N dopant is increased, the emission band was shifted towards lower

wavelengths [32].
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Relative values of PL quantum yields (PL QY) are calculated for an excitation wavelength of
360 nm and obtained values were 5.82, 1.89, and 28.01 % for GQDs-25-EDA, GQDs-50-
EDA, and GQDs-200-EDA, respectively.

From the PL spectra can be observed that all three kinds of amino-doped GQDs possess
maximums of PL intensity in the blue region of the spectrum. For comparison, if we refer to
p-GQDs emission spectra presented in previous work [23], it can be seen that the excitation
dependence is more pronounced in pristine samples than in GQDs-EDA, under the same
excitation wavelengths. Shift of emission peak in p-GQDs was from 430 nm (Aexc= 300 nm)
to 495 (hexc= 400 nm) [23]. It can be explained by greater stability of surface state and
uniformity of size distribution in GQDs-EDA than in p-GQDs. Thus, the functionalization

with amino groups in gamma irradiation conditions affects GQD's optical properties.
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Figure 5. PL emission spectra of GQDs-25-EDA (a), GQDs-50-EDA (b), and GQDs-200-
EDA (c) under excitation wavelengths from 300 to 400 nm.

In Figure 6a, the relative PL intensities obtained after GQDs-25-EDA were exposition to
continuous UV irradiation (wavelength of 300 nm) in different time intervals of 0, 15, 30, 60,
120, 180, and 480 min are presented. The “I” is the PL intensity after irradiation, while the
“To” is the value of PL intensity measured before irradiation. The PL intensities showed no
significant changes after 480 min of UV irradiation. The effect of pH on the PL intensity of
GQDs-25-EDA in a range of 1-12 was studied (Figure 6b). PL intensity of GQDs was
relatively stable in the pH range of 2-8, reaching a maximum at pH 10, while when pH was 1
and 10 show a large change (Figure 6b.) Obtained results indicate that the PL intensity of the
GQDs-25-EDA exhibits good stability when they were exposed to UV irradiation and in the
pH range of 2-8.
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Figure 6. Values of relative PL intensities of GQDs-25-EDA after irradiation for 0 to 480 min

(a), the values of PL intensities at different pH values at the excitation wavelength of 360 nm

(b).
3.2. Detection of metal ions
3.2.1. Photoluminescence detection

PL spectra of GQDs-25-EDA (a), GQDs-50-EDA (b), and GQDs-200-EDA (c) under
excitation wavelength of 360 nm in the presence of Co?" ions at a concentration from 0 to 200
umol L* are reported in Figure 7. In PL spectra, a significant decrease in emission band
intensity was detected when the Co?* concentration was increased. The quenching efficiencies
of GQD probes were calculated according to the general Stern-Volmer equation: Ao/A= 1+
Ksv [Q] [50], where Ao and A correspond to integrated areas under the PL intensity curve in
the absence and the presence of quencher, respectively. Ksv is the quenching constant that
corresponds to the slope obtained from linear data fitting. Linear relationship is described as
Ao/A = 1.0125 + 0.0088 [Co%"], Ao/A = 0.99501 + 0.0060 [Co*"], Ao/A = 0.9819 + 0.0074
[Co?1], for GQDs-25-EDA, GQDs-50-EDA and GQDs-200-EDA, respectively. Figures 7d,
7e, and 7f show dependence Ao/A from Co?* concentration in GQDs-25-EDA, GQDs-50-
EDA, and GQDs-200-EDA, respectively, while in the lower right corners of €) and f) results
of linear fitting for GQDs-50-EDA, and GQDs-200-EDA are shown. In the case of GQDs-
25-EDA, a good linear response is observed in the concentration range 0-10 pmol L, while
for GQDs-50-EDA in the range 0-15 umol L and GQDs-200-EDA data showed a satisfying
linear fitting in the range 2.5-15 pmol L. Determination coefficient values were 0.91, 0.98
and 0.98 for GQDs-25-EDA, GQDs-50-EDA, and GQDs-200-EDA, respectively. LODs were
calculated using the equation: LOD= 3Sp/Ksv, Where Sp represents the standard deviation of
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intercept [27]. Obtained LODs were 3.73, 2.79,

GQDs-50-EDA, and GQDs-200-EDA, respectively.
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Figure 7. Emission spectra of the GQD-25-EDA (a), GQDs-50-EDA (b), and GQDs-200-

EDA (c), recorded under Aexc=360 nm in the presence of Co?" ions in the concentration range

0-200 pmol L. The Stern-Volmer plots (integrated area under emission peak versus
concentration of Co?*) for GQD-25-EDA (d), GQDs-50-EDA (e), GQDs-200-EDA (f), with a
linear fitting curve for GQDs-25-EDA, GQDs-50-EDA, and GQDs-200-EDA in the upper

right corner.

The samples of GQDs also were examined as a PL probe for Pd?* ions. PL spectra of

irradiated GQDs recorded in presence of Pd?* ions in the concentration range 0-200 pmol L

show the lowering in PL intensities for all examined samples (Figures 8a, b, and c). The

linear response was found in the range 0-5 umol L in the case of GQDs-25-EDA and
GQDs-50-EDA, while for GQDs-200-EDA the linearity was in the range 5-25 umol L1,
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Figure 8. Emission spectra of the GQD-25-EDA (a), GQDs-50-EDA (b), and GQDs-200-
EDA (c) were recorded under Aexc=360 nm, in the presence of Pd?* ions in the concentration
range 0-200 umol L™, and the Stern-Volmer plot (integrated area under emission peak versus
concentration of Pd?*) GQD-25-EDA (d), GQDs-50-EDA (e), and GQDs-200-EDA (f).

The effect of low Co?* concentrations on PL intensity of GQDs is presented in Figure 9a,
while the result of linear fitting in the concentration range 0-7.5 umol L is displayed in
figure 9b. Linear relationship is defined as Ao/A = 0.9113 + 0.0131 [C0%"] and LOD was 1.79
pumol L1 (R?=0.911). It is observed that PL intensities decreased sharply at the Pd?* lowest
tested concentration. A linear response was revealed in a narrow concentration range, up to 5
umol L. Herein, the saturation of GQDs with analytes was observed. Based on these results,
PL in presence of Pd?* in the concentration range of 0-4 umol L (Figure 9c) was examined.
Linear decrease of PL intensity was observed from 0.25 to 4 pmol L (Figure 8d) with R? =
0.950. Linear relationship is described as Ao/A = 1.1171 + 0.0093 [Pd**]. LOD was 0.66
pumol L which is lower than 5-10 ppm (28-56 umol L), a concentration range of Pd?* in
pharmaceutical products accepted by the World Health Organization (WHO). This value
indicates the high sensitivity of investigated material [51]. According to obtained results, it
can be concluded that gamma-irradiated GQDs can be used for Pd?* detection in the

concentration range 0-4 umol L1,
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Figure 9. Emission spectra of the GQD-25-EDA (Aexc=360 nm) with Pd?* in the concentration

range 0 — 4 pmol L (c), and the Stern-Volmer plot (integrated

versus concentration of Pd?*) with the linear fitting curve (d).

area under emission peak

Table 1. Results obtained using gamma-irradiated amino-functionalized GQDs compared to

other optical probes for Pd?* detection.

Types of probe Limit of detection Linear range Mechanism
(nmol L) (umol L?)
Conjugated polymer- 1000 / turn-off probe for
based probe [52] Pd?" and Pt*
Metal-organic 248 0-50 turn-off
framework chemosensor
(KFUPM-3) [51]
Carbon nanoparticles 58 35-100 turn-off dual probe

(CNPs) [21]

for Pd?* and Hg?*
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Red carbon dots (CDs) 3290 20-160 turn-off probe for
[53] Pt?*, Au?* and Pd?*

GQDs-25-EDA 657 0.25-4 turn-off

(presented work)

Emission spectra of GQDs-25-EDA in the presence of Fe** ions at the concentration from 0
to 100 umol L* showed a decrease in PL intensity with an increase in ion concentration
(Figure 10a). Linear fitting of the Stern-Volmer plot (Figure 10b) it was found a linear
response in the range 0-45 pmol L (Figure 10c) and 0-100 umol L (Figure 10d). Linear
relationship for both concentration ranges are described as Ao/A = 0.97863 + 0.01129 [Fe3*]
and Ao/A = 0.9825 + 0.0106 [Fe®'], respectively. Values of R? were 0.991 and 0.987 for
concentration ranges 0-45 umol L and 0-100 umol L, respectively. LODs were 2.55 umol
Lt in the range of 0-45 pmol L™ which is lower than the maximum level in drinking water
(0.3 ppm or 5.37 pumol L) permitted by the U.S. Environmental Protection Agency (EPA)
[54] and 4.42 pmol L for the range of 0-100 pmol L. It can be observed that GQDs-25-
EDA are more sensitive to the lower concentrations of Fe3*. Table 2 summarizes the results

obtained in this work compared with other recently published ones.
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Figure 10. Emission spectra of the GQD-25-EDA recorded at Aexc=360 nm in presence of

Fe3*ions in the concentration range 0-100 umol L™ (a), and the Stern-Volmer plot (integrated

area under emission peak versus concentration of Fe*) (b) with the linear fitting curve for

concentration ranges 0-50 pmol L* (c), and 0-100 umol L™ (d).

Table 2. Results obtained using different types of optical probes for Fe®" based on

fluorescence quenching.

Type of fluorescent  Limit of detection Linear range Mechanism
Probe (umolL?) (umol L1)
CQDs [55] 3.70 0-20 turn-off
GQDs [56] 2.50 0-50 turn-off
N-GQDs [57] 2.37 1600-10000  turn-off
N-GQDs [54] 1.49 0-300 turn-off/turn-on probe
for Fe** and ascorbic
acid
GQDs-25-EDA 2.55 0-45 turn-off

(presented work)
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To observe the PL response of GQDs toward the presence of metal ions, we compared the
relative fluorescent intensity (A/Ao) of GQDs-25-EDA without and in the presence of ions in
concentrations of 5 umol L (Figure 11a), and 100 pmol L* (Figure 11b). At low ions
concentration PL significantly decrease in the presence of Pd?* while the other two ions did
not lead to a considerable response. At the concentrations of 100 umol L, all three ions
significantly quenched the PL of GQDs. These results are in the line with those previously
presented and confirmed the highest sensitivity of GQDs-25-EDA toward Pd?* at low

concentrations.

1.24
a) 10db) —
104 — ) 1
- 0.8
0.8- I
0.6 :
=< 0.6 [ = |
: =
0.4- 0.4+ J
0.2- 0.2+
0.0 0.0 :
Blank Co*" Pd** Fet Blank  Co*" pa* Fe't

Figure 11. Relative fluorescence intensity of GQDs-25-EDA in the absence and the presence
of Co?*, Pd?*, and Fe**, in the concentration of 5 umol L* (a), and 100 pmol L (b).

3.2.2. Investigation of morphological properties of irradiated GQDs in the presence of metal

ions

To investigate changes in GQDs morphology in the presence of metal ions, AFM was used.
In Figure 12, AFM images with height profiles of GQDs-50-EDA in the presence of Pd?* (a)
and Co?" (b), and GQDs-25-EDA in presence of Fe3* (c) were presented. According to
several studies, metal ions induced the organization of GQDs into aggregates [58, 59]. Both
Co?" and Fe*" led to the formation of uniformly dispersed GQD aggregates 50 or 30 nm high,
respectively, while the Pd?* caused the organization of GQDs in large aggregates higher than
100 nm. GQDs aggregate differently in the presence of metal ions with various molecular
weights. Chen et al. investigated the hydrodynamic radius and aggregation rate of GQDs in

presence of different cations (Na*, K*, Mg?*, and Ca?") [59]. They found that heavier cations
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lead to the faster formation of larger GQD aggregates compared to lighter-weight ions. Co?*
and Fe®" (weights are 58.93 and 55.84 g mol?, respectively) are lighter than Pd?* with a
weight of 106.43 g mol. Thus, this agrees with the previously reported trend. These results
indicate a strong correlation between cation weight and the size of GQDs aggregates. A
saturation of GQDs with Pd?* at a concentration higher than 5 umol L also can be explained.

This concentration of Pd?* is efficient in inducing the organization of GQDs in large

aggregates and consequently decreases the PL intensity.

Figure 12. AFM images of GQDs-50-EDA in the presence of the Pd?* and Co?*, respectively
(a, b) and GQDs-25-EDA in the presence of Fe** (c) with height profiles. The insets in the
upper right corner of the images show aggregates of GQDs formed in the presence of metal

ions.
3.2.3. Mechanism behind PL quenching GQDs with metal ions

Few studies proposed a mechanism of interaction between amino-functionalized GQDs and
metal ions where metal ions show a tendency to form coordinative bonds with GQDs
functional groups [5, 18, 60, 61]. Unfilled orbitals of metal ions were occupied by ligand
electrons. Due to their surface functional groups, GQDs can create such bonds by donating
electron pairs from functional groups or they are formed between metal ions and n-electrons.
Another possibility is establishing the electrostatic interactions between metal ions and

negatively charged functional groups, such as deprotonated carboxyl groups.

In the case of GQDs irradiated with EDA, zeta potentials at pH 7 for GQDs-25-EDA and
GQDs-50-EDA were -18.8 and -15.1 mV, respectively, which indicated that dots are

negatively charged due to the presence of deprotonated carboxylic groups at their surfaces. In
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GQDs-200-EDA, protonated amino groups lead to the value of zeta potential +9.1 mV, but
FTIR analysis was shown the presence of carboxyl groups in this sample [23]. PL
measurements showed that the mixture of GQDs with metal ions reduced the PL intensity. To
examine interactions between GQDs and ions in more detail, UV-Vis absorption spectra of
GQDs-25-EDA in presence of Co?*, Pd?** and Fe®* were recorded (Figures 13 a, b, and, c,
respectively). In the case of the GQDs-25-EDA (Figure 13a), a band centered at 202 nm
stems from the w-n* transition of aromatic C-C bonds. A shoulder band around 251 nm is
attributed to the n-n* transition of C=0 bonds in carbonyl functional groups. In the presence
of the different concentrations of Co?* ions, there is no obvious change in the spectra of
GQDs-25-EDA (Figure 13a), although the AFM image (Figure 11b) confirmed GQDs
aggregation. On the contrary, absorption spectra of GQDs-25-EDA recorded in the presence
of Pd?* and Fe®" show significant changes. First, the intensity of absorbance increased in all
cases. Enhance absorbance may be correlated with aggregation degree [62]. In the presence
of Pd?*, a band at 202 nm was shifted at 207, 213, 232, and 239 nm, at the 25, 50, 100, and
200 pmol L of Pd?*. Some researchers have reported the formation of n-complexes between
Pd?* and C=C sites of graphitized carbon materials [63], graphene [64], and activated carbon
[65]. Therefore, these shifts can indicate complexation between m-sites on GQDs and Pd?*.
Also, the shoulder band around 251 nm has become more pronounced and also shifted at 235,
233, 275, and 278 nm, at the same concentrations of Pd?*, due to changes in the chemical
environment around C=0 by complexation. A new broad absorption band located around 430
nm was also attributed to Pd (I1) complex formation [66]. Similar spectra of the GQDs-25-
EDA were obtained in the presence of Fe*" ions. The broad absorption band around 251 nm
was increased without significant shifting, but intensity enhancement may indicate the metal-
ligand complex between Fe3* and functional groups on the GQDs-25-EDA surface [67].
Additionally, the absorption band at 202 nm was increased and shifted at 207, 210, 214, and
219 nm in the presence of Fe*' ions in concentrations of 25, 50, 100, and 200 umol L,
respectively. Changes in this region may be attributed to cation-rn interactions, due to the
strong ability of metals to interact with the = electron cloud of graphene-based materials [68,
69]. According to these results and other reported studies, it can be assumed that GQDs
aggregation in the presence of investigated ions occurs as a result of complexation with
GQDs functional groups and cation-n interactions. Also, a linear increase of absorbance can
be used for the colorimetric detection of cations [67]. PL of GQDs can be recovered by

adding chelating agents such as ethylenediaminetetraacetate acid [70] or 3-amino-1,2,4-
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triazole [71], which showed a higher affinity toward ions comper to GQD itself. This leads to

the restoring of GQDs structure as well as their optical properties such as PL.
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Figure 13. UV-Vis absorption spectra of GQDs-25-EDA in the presence of Co?* (a), Pd?* (b)

and Fe3* (c), in the concentration range 0-200 umol L.,

3.2.4. Detection of Co?*, Pd?* and Fe®* ions in real samples

To examine the applicability of GQDs-25-EDA as a PL probe for selected ions in real
conditions, both tap and river water were used as real samples. Figure 14 shows the maximums

of GQDs PL intensities measured in the tap water that contained Co?* (a), Pd?* (b), and Fe®*

ions (c) in the concentration range of 0-100 pmol L1, It can be seen that PL intensity decreased

in the presence of these ions. Dependence curves of Ao/A from the concentration of Co?*, Pd?*,

and Fe®* ions were presented in Figures 14d, e, and f, respectively. A good linear correlation

between Ao/A and ions concentrations was observed in the ranges of 25-100, and 10-100 pwmol
Lt for Co?, Pd?*, and Fe3*, respectively. R? values were 0.96, 0.97, and 0.93 for Co?*, Pd?*,

and Fe3* ions, respectively.
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Figure 14. Maximums of GQDs PL intensities in tap water which contained different
concentrations of Co?* (a), Pd** (b), and Fe*" ions (c). The Ao/A dependence of the
concentration of Co?* (d), Pd?*(e), and Fe®* (f).

Results obtained by recording a PL intensity of GQDs-25-EDA in the presence of the Co?*,
Pd?*, and Fe®*" ions in river water are presented in Figures 15 a, b, and c, respectively. A
decrease in PL intensities in the concentration range of 0-100 is observed in all spectra.
Linearity between Ao/A and Co?', Pd?*, and Fe®* ions concentrations were detected in the
ranges 10-100, 10-75, and 25-100 pmol L (Figures 15d, e, and f), while R? values were 0.99,
0.92 and 0.97, respectively. Deviation from linearity of concentration 10 umol L can be
attributed to experimental error.
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Figure 15. Maximums of GQDs PL intensities in river water which contained various
concentrations of Co?" (a), Pd** (b), and Fe*" ions (c). The

concentration of Co?* (d), Pd?*(e), and Fe3* (f).

Ao/A dependence of the

Results of the recovery test were presented in Table 3. Values obtained for R% determined by

adding each ion in a concentration of 75 pmol L in GQDs-25-EDA dispersion demonstrated

the practical application of the tested PL probe.

Table 3. Results of recovery test obtained by determination of Co?*, Pd?*, and Fe®" using

GQDs-25-EDA as PL probe in real water samples.

Samples Co?* (umol L) Pd?* (umol L) Fe3* (umol L)
Tap water Added 75 Added 75 Added 75
Found 79.2 / Found 73.1
R (%) 105.6 R (%) 97.5
River water Added 75 Added 75 Added 75
Found 74.3 Found 68.9 Found 78.6
R (%) 99.1 R (%) 91.3 R (%) 104.8

The ability of GQDs-25-EDA to specifical interact with Co?*, Pd?* and Fe' ions was
examined by measuring the emission peak intensity in the presence of these ions and
compared with intensities in the presence of the Na*, K*, Ca?*, Fe?*, Cu?*, Ni?*, Zn?*, and
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Ag*. Also, the mixture of all ions was studied. Results are presented in Figure 16 (a-c). These
measurements indicate that there are no significant changes in GQDs PL intensity in the
presence of the Na*, K*, Ca®", Fe?*, Ni?*, Zn?*, and Ag*. Only Cu?* can affect Co®" detection.
PL intensities suggested that GQDs-25-EDA showed the highest selectivity toward Fe** ions.
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Figure 16. Selectivity of GQDs-25-EDA for detection of Co?* (a), Pd?* (b), and Fe®* ions (c), in
the presence of the Na*, K*, Ca?*, Fe?*, Cu?*, Ni?*, Zn?*, and Ag".

In table 4, we listed results obtained for the detection of Co(ll) ions using the same approach

and we can see that our data are correlated with other studies.

Table 4. Comparison of results obtained using different types of PL probes for Co?*.

Type of fluorescent  Limit of detection Linear range Mechanism
(umolL?) (umol L1)

Probe

CDs [72] 0.39 1-200 turn-off

Au nanoclusters 0.124 2-50 turn-off

[73]

N, S-GQDs [5] 1.25 0-40 turn-off

GQDs-25-EDA 1.79 0-7.5 turn-off

(presented work)

3.3. Detection of malathion

In Figure 17a, PL spectra of GQDs-200-EDA in presence of the malathion in the
concentration range of 0-140 ng mL™! (0-0.4 pmol L) are presented. Enhance of PL intensity

is obvious, but in this range, linearity wasn't found.
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Figure 17. Emission spectra of the GQD-200-EDA in presence of malathion in the
concentration range 0-140 ng mL* (a), and in the concentration range of 0-400 ng mL* (b),
and Stern-Volmer plot (integrated area under emission peak versus concentration of

malathion) with a linear fitting curve for concentration range 160-360 ng mL™ (c).

Then, detection in the range of malathion concentration from 140 to 400 ng mL™* (0.4-1.2
pumol L) (Figure 17b) was tested. It can be seen that the PL intensity of GQDs-200-EDA
increases linearly from 160-360 ng mL™? (0.48 umol L*-1 pmol L) (Figure 17c) with R% =
0.986. The efficiency was calculated according to the Stern-Volmer equation. The calculated
value for LOD was 31.41 ng mL* which corresponds to 0.094 umol L. LOD is much lower
than the maximum acceptable concentration (MAC) for malathion in drinking water (100 pg
Lt (302.5 nmol L) for children and 200 ug L (605 nmol L) for adults) according to EPA
guidelines [74]. Thus, a highly sensitive platform for the detection of commercially available
pesticides which shows poor solubility in water can be developed. In Table 5, this result with

other results reported in the literature is compared.

Table 5. Comparison of results obtained using different types of PL probes for malathion.

Type of fluorescent probe Limit of detection Linear range Mechanism
(nmol LY) (umol L)
B-cyclodextrin@AgNPs + 30 0.3-2.2 off-on

2,3-Dihydro-5-0x0-5H-
thiazolo[3,2-a]pyridine-7-
carboxylic acid (D-TPCA)
[75]

Upconversion fluorescent 1.42 0.01-0.1 turn-off

nanoparticles (UCNPs), gold
nanoparticles (GNPs) and
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aptamer [76]

GQDs [22] 500 80-120 turn-off/turn-on
probe for Hg?
and malathion

GQDs-200-EDA (presented work) 94 0.48-1 turn-on

In Table 6, the results collected by analyzing the PL intensity of GQDs in the presence of
selected metal ions and malathion, the ranges of linear responses, coefficient of determination
(R?), and calculated values of LOD are listed.

Table 6. Parameters of linear fitting for GQDs PL probes.

Probe Analyte Linear range (umol L) R? LOD ( pmol LY)
GQDs-25-EDA Co** 0-7.5 0.91 1.79
Pd2* 0-4 0.95 0.66
Fe3* 0-45 0.99 2.55
GQDs-50-EDA Co?* 0-15 0.98 2.79
GQDs-200-EDA  Co?* 2.5-15 0.98 371
malathion 0.48-1 0.98 0.094

3.4. Cytotoxicity investigation

Based on results obtained from the MTT assay and LIVE/DEAD cytotoxicity test, the effects
of investigated GQDs on the viability of MRC-cells were evaluated. As shown in Figure 18
which are presents results from the MTT assay, all tested samples present similar effects on
the MRC-5 cells with viability higher than 71 %. Treatments with all analyzed concentrations
of p-GQDs (a), GQD-25-EDA (b), GQD-50-EDA (c), and GQD-200-EDA (d) at all three
timepoints showed MRC-5 cell viability above 80 % which is considered as non-cytotoxicity
[49]. In the treatments with GQD-25-EDA only a sample of 25 pg mL™ presented weak
cytotoxicity (71 %) after 24h of treatment. Every other concentration of GQD-25-EDA in all

analyzed time points showed non-cytotoxicity against MRC-5 cells.
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Figure 18. Effects of p-GQD, GQD-25-EDA, GQD-50-EDA, and GQD-200-EDA on the
viability of MRC-5 cells assessed by MTT test. MRC-5 cells were treated with increasing
concentrations (1, 10, 25, 50, and 100 ug mL™?) of p-GQDs (a), GQD-25-EDA (b), GQD-50-
EDA (c), and GQD-200-EDA (d) for the indicated periods of time (24, 48, and 72h).
Obtained results were presented as percent relative to the value obtained for MRC-5 cells
treated with vehicle control (methanol) and set at 100 %. Mean values of relative viability
rates were compared using Student’s test. Values are shown as means + SD from three

independent experiments (n = 3); p < 0.05 versus respective control.

In the line with the results obtained in the MTT assay, the LIVE/DEAD cell test showed that
none of the tested samples of GQDs at concentrations of 100 pg mL™ have a cytotoxic effect
on MRC-5 cells (Figure 19, panels a, b, c, d, and e).
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Figure 19. Fluorescence microscopy of control MRC-5 cells a) and cells incubated 48h with
100 pg mL? of b) p-GQD, c¢) GQD-25-EDA, d) GQD-50-EDA and e) GQD-200-EDA.
Simultaneous staining with green-fluorescent and red-fluorescent dye discriminates live
(green) from dead (red) cells. All panels share the scale bar reported in panel a), which stands

for 100 um.
4. Conclusion

In this work, GQDs modified by gamma irradiation are studied as potential probes for Co?*,
Pd?*, Fe*, and malathion detection. LODs values were evaluated as 1.79, 2.79, and 3.71
umol L7 in the case of Co?" for GQDs-25-EDA, GQDs-50-EDA, and GQDs-200-EDA,
respectively. For the first time, GQDs were successfully employed in Pd?* detection in water
with very low LOD (0.657 umol L). Furthermore, GQDs-25-EDA expressed a great
potential as a turn-off probe for Fe** in water with LODs of 2.55 umol L. Excellent results
were observed when dots were mixed with malathion in ethanol: for the first time, the linear
relation between insecticide concentration and PL intensity of solely GQDs was established.
GQDs-200-EDA turned out to be an outstanding PL turn-on probe for malathion with a LOD
value of 94 nmol L. Currently, this is the most simple and the only direct probe for PL
detection of malathion with GQDs. Cytotoxicity assays showed that GQDs-EDA are non-
toxic and safe materials. Thus, gamma-irradiated amino-functionalized GQDs are sensitive,
non-toxic, eco-friendly, and low-cost material for rapid PL sensing of selected metal ions in

water and insecticide malathion in ethanol.
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Table 1. Elementar analysis of p-GQDs, GQDs-25-EDA, and GQDs-50-EDA.

Sample N (Wt.%) C (Wt.%) H(Wt%) S (wt.%)
p-GQDs / 44.32 5.27 /
GQDs-25-EDA 7.42 53.24 7.14 /

GQDs-50-EDA 6.81 54.47 7.21 /




Table 2. Results obtained using different types of optical probes for Fe3* based on fluorescence

quenching.
Type of fluorescent  Limit of detection Linear range Mechanism
Probe (umolL?) (umol L)
CQDs [55] 3.70 0-20 turn-off
GQDs [56] 2.50 0-50 turn-off
N-GQDs [57] 2.37 1600-10000  turn-off
N-GQDs [54] 1.49 0-300 turn-off/turn-on probe
for Fe** and ascorbic
acid
GQDs-25-EDA 2.55 0-45 turn-off

(presented work)
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Amino GQDs were tested as PL sensors for Co?*, Pd?*, Fe3* and Malathion
PL intensity of GQDs was quenched with Co?*, Pd?* and Fe®" ions

For the first time, Pd?* were detected by GQDs with LOD 657 nmol L™
Malathion enhance PL intensity and LOD was 94 nmol L*

GQDs are characterized as non-cytotoxic material
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