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Abstract

Due to the low consumption of chemicals, the abserficoxic residual side products, the procedure
simplicity and time-saving aspects, gamma irradiatffers advantages over the classical chemical
protocols. We successfully employed gamma irraatiaith order to introduce N-atoms in Graphene
Quantum Dots (GQDs). By irradiating GQDs water disons in the presence of isopropyl alcohol
and ethylenediamine, at doses of 25, 50 and 200 w&wttached amino groups onto GQDs in a
single synthetic step. At the same time, a cheméxzhiction is achieved, too. Selected conditions
induced incorporation of N-atoms within GDQs atomaitice (around 3 at%), at all applied doses.

Additionally, the C-atoms percentage was highlya@ased, from 63 to 79 at% or higher. The zeta
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potential of dots changed from -34.6 to +9.1 m\k tluthe modification of functionalizing groups
localized at the surface. Produced chemical chalegeisto the desired alteration of the GQDs
optical properties, such as an increased photoksnamnce intensity, a higher photoluminescence
quantum vyields (from 2.07 to 18.40%) and a narrgvahthe spectral features in the emission
spectra. The ability of gamma-irradiated GQDs tergun free radical species was investigated and
positively assessed; additionally, non-enzymatticapdetection of Cu(ll) ions using GQDs as a
sensor was studied and the detection limits areimegported. These results suggest that GQDs can

be potentially applied as smart photoluminescems@es for metal cations.
Keywords: Carbon; Chemical properties; Optical propert&snsor.
1. Introduction

Graphene Quantum Dots (GQDs) are zero-dimensi@mbabo-based nanomaterial. They were
discovered in 2008. by Ponomarenko et al. [1] BpHphene sheets and oxygen-containing
functional groups are typically present in the G@Bacture [1, 2]. Graphene constitutes the core
component of the dots, while oxygen-containing fiomal groups are located on the basal plane
(epoxy or hydroxyl groups) or at the edges (carbokygarbonyl groups) [3-5]. Depending on the
number of graphene layers, dots can be definethgke $SQDs-with one graphene layer, double- or
few-GDQs with more graphene layers [6]. The latsizé of GQDs is usually lower than 100 nm

and the height is in the range 0.4-3 nm, depenaiinthe graphene layers number [7].

Oxygen-containing functional groups are respondinigyood solubility in polar solvents such
as water or ethanol [7, 8] in the concentratiod afg mL* [9] or even higher, > 15 mg rifi[10].
Properties that distinguish GQDs from other canbanomaterials such as carbon nanotubes and
graphene, are high dispersibility in water and pofganic solvents, photoluminescence [11], good

biocompatibility [12]. In comparison with convential inorganic quantum dots, GQDs are less



toxic and more resistive to photobleaching undefgmged light irradiation with respect to
luminescent organic dyes [13]. Moreover, GQDs shtense optical absorption in the UV region,

with Photoluminescence (PL) usually emitted invtsble part of the spectrum [14].

Due to these properties, GQDs have been investijatgossible applications in sensing [14-
17]. As fluorescent probes, GQDs were investigatethe detection of metal ions, pesticides or
other organic species [14]. Scientific researdismeling huge resource to optimize and improve
sensing methodologies. Environmental chemistrysurgesv sensitive and low-cost approaches for
the determination of toxic species or dangerou$/tesin different matrices, ranging from soil
samples, liquid aqueous waste and air samplesctedlén urban areas [18-20]. Food analysis is
another field where it is extremely valuable thegibility to assess the presence of toxic molecules
or species intimately related to the undergoinglage processes [21, 22]. Amines are one of the
most well-known examples of biomolecules whoseqmes and concentration is related to the
quality of food matrices [23]; several colorimetsitategies have been reported and reviewed in the
literature, based on the evolution of either lighsorption [24-26] or emission features [27, 28]. |
the case of optical sensing, information can beeretd focusing on GQDs absorbance and
fluorescent emissions; thus, modification of abaad® intensity, or fluorescence quenching
efficiency is a well-assessed tool for revealingaaalyte, as a result of interaction between GQDs
probe and investigated species [16]. In contradifferent methods for the detection of metal ions,
such as atomic absorption, plasma-mass and plasmmaesemission spectroscopies, the fluorescent
probes with GQDs have higher sensitivity and selitgf29]. Other advantages of this approach

are dispersibility in aqueous solution, low-costod reproducibility and biocompatibility [16].

The ability of GQDs to detect Fe(lll) ions by quaimg of photoluminescence has been
reported by Zhou et al. [30] A polycyclic aromatigdrocarbon (PAH), such as pyrene,

benzo[a]pyrene, or naphtho[2,3-1]pyrene) underi@ciohditions and hydrothermal reduction with
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hydrazine hydrate was used for GQD production.Igegns show selective affinity to quenching
GQDs photoluminescence, with a detection limitoas &s 5 - 18 M. Also, the redox couple
Fe(Il)/Fe(lll) may be used for the detection ofdadiit species such as hydrogen peroxide [30].
Pesticides are another example of the environmgmedévant analyte to be assessed, which can
also be detected by GQDs [31]. Roushani et al. daveloped a dual photoluminescent sensor for
the detection of both Hg(ll) ions and Malathion(@nethoxyphosphinothioylthio) butanedioic

acid diethyl ester), which is widely applied in #hgriculture as an insecticide [31]. GQDs were
synthesized using a bottom-up method, pyrolyzitgecacid at 190 °C under atmospheric pressure.
It was observed that the PL of GQDs was quencheaddrgury ions and restored by the addition of
Malathion. These PL intensity variations showedeatable linearity for both analytes in the
concentration ranges 1-10 pM and the limit of déneqLOD) for Malathion was 0.5 pM @

0.99) [31].

To explore the potential use of GQDs as sensdpé thased detection methodologies, it is
desirable to improve their optical properties sastPL intensity and quantum yield. Among
different strategies to achieve improved PL featutiee heteroatoms incorporation within the GQD
structure is broadly investigated [32-35]. There @ready several reports in the literature where S
N, B, P, Se, and other atoms were incorporatedmithrbon-based quantum dots during GQDs

synthesis [36-40].

Among graphene-based nanomaterials used as aprsiaffold for the synthesis of GDQs,
graphene oxide (GO) is one of the most reported.rigcent report, it was irradiated in the presence
of ethylenediamine (EDA) and the incorporation ciféms was observed [41]. By irradiating a
GO water dispersion, in the presence of 3 vol%ARvith doses of 5.3, 15, 20 and 35.3 kGy, Li
et al. observed the elimination of the hydroxylpxde and carboxyl groups as well as

incorporation N-atoms in the GO structure. The bgjtpercentage of N-atoms incorporation was
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achieved under samples irradiation at a dose &f35 and it was 10.44 at% [41]. Another study
showed that GO irradiated at a dose of 25 kGy,dtewethanol mixture with alkylamine of various
lengths such as octadecylamine, or dodecylangt@decylamine and hexadecylamine, leads to

chemical reduction as well as attaching of N-fumwdil groups in the GO structure [42].

In this paper, we document the PL intensity inceeafsSGQDs by introducing N-atoms in their
structure by using a specifically designed protdasled on the gamma irradiation of pristine GDQs
in the presence of EDA. We applied doses of 28200 kGy on the base of our previously
reported approach, which proved significant improgat of PL intensity and chemical reduction at
these doses [11, 13, 43]. To explore the possjipécations of new GQDs, we analyzed
antioxidative properties and variations in emitRtdspectra in the presence of Cu(ll) ions. The
ability of gamma-irradiated GQDs to quench fredaald was investigated using the DPPH assay,
Experimental section [44]. Additionally, modifiedd®s were investigated as a fluorescent probe

for the detection of Cu(ll) ions.

2. Experimental
2.1. Synthesis of pristine and modified GQDs

For the synthesis of pristine GQDs, we used preshodescribed, electrochemical top-down
procedure [45]. The starting material consistedhef spectroscopic graphite electrode purchased
from Ringsdorff Werke GmbH (Bonn, Germany), 99.999% purity and g = 3.05 minstFelectrodes
were thoroughly washed with MiliQ water and ethai®oy of NaOH was dispersed in ethanol (96
vol%) and was used as the electrolyte. Then, teet@des were immersed in the dispersion.
Graphite electrodes were used both as cathodermuktaThe current was set at 20 mA, while the
applied potential was 20 V. After 24 h, the elelgtio changed color from pale yellow to dark

brown. In order to isolate GQDs, we first evapadatéhanol under reduced pressure, then the crude



material was redispersed in water. We used MWCOKkB& dialysis bags in order to remove the
residual NaOH from GQDs. The pH value of the solutivas constantly monitored and, when pH
reached a value of 7, water was changed one mogeand the dispersion was collected the next
day. After dialysis, water was evaporated from GQidspersion and the powder was collected.

These dots are labeled in the paper as pristinpi@ree Quantum Dots (p-GQDs).

Gamma irradiation was used to modify the GQDscttine. The reaction medium consisted of a
mixture of 4 vol% EDA, 3 vol% isopropyl alcohol @ and GQDs in ultrapure water in the final
concentration of 1 mg mb Before irradiation, samples were sonicated whilbbling with Ar in
order to remove molecular oxygen from the dispersithen, these mixtures were irradiated using
irradiation units with Co-60 as an irradiation surApplied doses were 25, 50 and 200 kGy. After
irradiation, GQDs were isolated from the irradiatimedium by dialysis and the resulting water-
dispersions of gamma-irradiated GQDs were driedlleCted powders were used for further
analysis. Obtained samples irradiated with dose25¢0f50 and 200 kGy were named GQDs-25-

EDA, GQD-50-EDA and GQDs-200-EDA, respectively.
2.2. Methods

Absorption _measurements were performed at aShimadzu UV-2600 UV-Visible

spectrophotometeSimadzu Corporation, Tokyo, Japan) in the 200-800 nm range with 1 tep.s
The GQD powders were dispersed in ultrapure watea iconcentration of 0.25 mg mland

recorded at 20 °C under a normal atmosphere.

The PL _measurements of the samples were conducted doriba Jobin Yvon Fluoromax-4

spectrometer Horiba, Kyoto, Japan), equipped witReltier element and magnetic stirrer for
cuvette, using quartz cell with 1 cm path lengtld 4nmL volume. Excitation wavelengths were in
the 300-400 nm range. The GQD samples were digpénsmethanol, in a concentration of 0.25

mg mL*. The spectra were collected in the air environnagret temperature of 25 °C in the quartz
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cuvette. Fluorescence quantum vields (QY) were estimated by integrating the area under the

fluorescence curves using the equation below [46]:

QY cops=QYredAred Acaops) (Feopd Frer) (Noond nREF)2

whereQY is fluorescence quantum yield,is integrated fluorescence intensifyis the absorbance
values,n is the refractive index of the solvent, while strijgs ‘REF’ and ‘GQDs’ refer to the used

reference (Rhodamine B, QY=31%) and GQDs samp&[4].

Atomic Force Microscopy (AFM) measurements were performed usihgsant (Agoura Hills,

CA, Unites States) microscope operating in tappiugle in the air, at room temperature. We used
the Q-WM300 AFM probe, rotated, monolithic silicgrobe for non-contact high-frequency
applications. Standard silicon tipslghoAndMore Gmbh, Wetzlar, Germany) were used, with a
force constant of 40 N/m. For the preparation ohda surfaces, GQDs were dispersed in MiliQ
water in a concentration of 0.25 mg MiDispersions were spin-coated on mica which wasl as

the substrate. For AFM images analy8syddion 2.53 software was used [48].

Transmission Electron Microscope (TEM) JEOL JEM-2100F (JEOL, Ltd., Tokyo, Japan) was

used to analyze GQDs structure and morphology. Bogaimples of GQDs were dispersed in water
in a concentration of 1 mg rifLand deposited on carbon laced copper grids. Tieealasize of

GQDs and interlayer distance was measured from rgégies using ImageJ software.

Dynamic Light Scattering (DLS) and (-Potential measurements were performed with a

Zetasizer Nano ZS instrument (Malvern, Herrenberg, Germany) equipped with a 633-nm He—Ne
laser and operating at an angle of 173°. Measuresmeere performed at a fixed position (4.65
mm) with an automatic attenuator and at a contlolEamperature (20 °C). For each sample, ten
measurements were averaged and the number weigiteddistribution of the particles was

retrieved. Solvent-resistant micro cuvettgEN0040, Malvern, Herrenberg, Germany) have been



used for experiments with a sample volume of 40 PLS measures the intensity based on the

autocorrelation function:

Go()=(I(t+T)I())(1)?

wherert is the lag time and the brackets represent thenalole average. The,@&) can be related
to the field autocorrelation function(§) through the Siegert relation,@)=1+3|a(t)>, wherep is
an instrumental constant equal to 1 in our seftgotential of p- and gamma-irradiated GDQs was
calculated from the electrophoretic mobility by mgaf the Henry correction to Smoluchowski’s
equation, implemented in the Z-sizer data-analysfavare. To this purpose 5 measurements were

averaged.

Fourier Transform-InfraRed (FTIR) spectra were obtained in attenuated total refladdd’ R)

mode on th&hermo Scientific Nicolet 6700 FTIR instrument Thermo Fischer Scientific, Waltham,
MA, United States). The spectral resolution wasr?.0GQD in the form of powders were used for

FTIR measurements.

X-ray Photoelectron Spectroscopy (XPS) was acquired by using a ULVAC-PHI PHI500

VersaProbe Il scanning microprobgL{/AC-PHI, Inc., Chigasaki, Japan), with an AloKsource
(1486.6 eV), 100 um spot, 25 W power, 15 kV acegien and 45° take-off angle. All spectra were

collected using a dual neutralization system (l@dtind Ar).

Radical scavenging activity (RSA) was also investigated. The molecule of 2,2-diphény

picrylhydrazyl (DPPH) was used to investigate thécxidative activity of pristine and gamma-

irradiated GQDs. First, DPPH, in a concentrationla0 puM in methanol, was added to GQDs
dispersions. GQDs were also dispersed in meth@hel.concentrations of GQD dispersions ranged
2.5-200 pg/ml while the amount of DPPH was kepghatsame level in each mixture. Both DPPH

and GQDs samples were mixed and then absorptioh fiour. After incubation, UV-Vis spectra of



each mixture were measured by recording the inten$iabsorbance in the range of 350-800 nm.
The molecule of DPPH is a stable radical with a imax of absorption at 515 nm [49]. When
DPPH radicals react with antioxidants, these rdsliegere quenched which can be observed by
color changing from violet to yellow as well as theensity lowering of the absorption band at 515
nm in UV-Vis spectra. The absorbance was measuted &himadzu UV-2600 UV-Visible
spectrophotometeiSimadzu Corporation, Tokyo, Japan). For comparison, we used ascodit a

methanol solutions, at 10-200 uM concentration eafidper adical scavenging activity (RSA) was

calculated according to the formula:
RSA(%)= (AC_AGQDS) /Ac -100

where A is the intensity of absorption of control (DPPHmethanol) and Aqp is the intensity of
the absorption band of a mixture of GQDs with DP&lsb in methanol. All measurements were

repeated three times.

Fluorescence guenching with different concentrations of Cu(llpns was studied. The total

concentration of GQDs dispersed in ultrapure watas 0.03 mg miL. Different volumes of the
Cu(ll) solution were added to the prepared dispersion rideroto adjust the final measured
concentrations (0-80.5 umol™). Before every measurement, the mixture of sohstiavas
incubated for 5 minutes at room temperature. Foh @ancentration of Cu(ll) ions, measurements
were repeated three times. The fluorescence emisgiectra were recorded usinddariba Jobin

Yvon Fluoromax-4 spectrometeander 360 nm excitation wavelength.
3. Results and discussion
3.1. UV-Vis spectroscopy

To investigate the optical properties of GQDs, wediUV-Vis spectroscopy and the obtained

absorption spectra are presented in figure 1. Hosamnples, the high-intensity absorption is



observed at lower wavelengths, and decreases exiimhewith the increase of wavelength. The
main absorption band in the spectrum of p-GQD®igered at around 220 nm and it stems fiem

7* transitions of aromatic C-C bonds. This band Isabserved in samples of GQDs-25-EDA,
GQDs-50-EDA, and GQDs-200-EDA and it is shiftedtihe lower wavelength for all the three
samples (around 200 nm). This shift could be aitéd to the changes in the prevalence of aromatic
bonds. The band at 365 nm which stems fromt transitions in C=0 bonds is observed in the
spectrum of p-GQDs. Additionally, similar shouldends are observed more clearly in gamma-
irradiated samples, located at 248 nm for GQD-2%EPX9 nm for GQDs-50-EDA and 270 nm in
the spectrum of GQDs-200-EDA. These bands origimftcarbonyl functional groups and shifts in
their positions can also be an indication of charigghe chemical environment of these functional

groups. Thus, the chemical composition of each G®Mple has to be investigated.
[Figure 1. here]
3.2 Photoluminescence spectroscopy

The fluorescence emission spectra of modified GQter different excitation wavelengths in
the range of 300 - 400 nm are presented in figuieZlosely investigate PL properties of GQDs,

the position, FWHM and the intensities of each baredlisted in table 1.

As it can be observed in all the spectra, at diffieexcitation wavelengths, the maximum of the
emission band is shifted. This kind of behaviara#ied excitation-dependent PL and it is often
observed in samples of GQDs [50-52]. Although agseientific effort was invested in finding a
reason for this GQDs property, there is still agbtliscussion in order to better elucidate the
mechanism behind this phenomenon [50]. Differenti@el®explaining the PL behavior of GQDs
coexist in the literature: size-dependent quantanficement effects [53], surface trap states

determined by functional groups [54], armchairaigzag configuration of edges [55], the
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electronegativity of heteroatoms [56, 57]. Each el@Xplains multicolor, excitation-depended PL

emission at some level.

Herein, it can be observed that GQDs irradiatetiénpresence of EDA showed a less
pronounced excitation-dependent behavior: in tlse of p-GQDs, the emission bands shifted from
430 to 490 nm, while in the case of all gamma-iated samples, these shifts are about 25 nm in
magnitude, for example, 445 to 468 nm (GQD-25-ED¥)0 to 473 nm for GQDs-50-EDA and
431 to 461 nm for a dose of 200 kGy. These restltsv that synthesized GQDs emit violet to blue
and even green light, while after gamma irradigtaots emit mostly blue light. Several research
reports indicated that blue photoluminescence ob&&tems from Sqrore, while green originates
from functional groups [58, 59]. Other studies mdvhat carboxyl and amide edge groups are
responsible for the efficient green emission ard the blue emission results from the presence of
hydroxyl groups [60, 61]. Thus, before discussihgoHgin and excitation-dependent PL emission,
both the size and chemical composition, includhmglevel of heteroatoms in GQDs must be

assessed in detail.

The intensity of PL is varying with excitation wédsegths, as well. In the case of p-GQDs, the
highest intensity is observed when GQDs were exaitigh light at 360 nm, which is the same as in
the case of GQDs-200-EDA (figure 2, d). In the aafs@QDs irradiated at 25 and 50 kGy, the
highest intensities in emission spectra were olesbander 380 and 400 nm excitation wavelengths

(Table 1).

Table 1. Data retrieved by recording wavelengthedelent light emission spectra for p-GDQs and
the gamma-irradiated samples. The position of earismaximum at excitation wavelengths

indicated as a subscript, FWHM, and the intenditybserved bands.

Sample Emission position/nm FWHM/nm Intensity/cps
p-GQDs 4303 127 90374¢
4430 116 1847283
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45EE 3% 11E 250127:

466360 114 2807654
47?332 131 2488539
495" 120 1976938
GQD-25-EDA 44EF T 15C 99541!
4405320 120 2000990
4425% 340 110 3283672
448F% 360 121 4466185
460?332 121 5063667
4685 131 5019524
GQD-5C-EDA 4505 3% 16( 93395!
4455320 129 1681550
4465340 116 2613572
4515% 360 109 3552914
462E)‘j§2 121 4027447
473 130 3990662
GQD-20C-EDA 43153 127 1221731
4305320 116 1859705
433Fx340 111 2470557
4425% 30 109 2839841
455F% 380 120 2700198
46340 130 2436757

The changes can also be noticed in the valuedlafifith at half-maximum (FWHM) of emission
bands (Table 1). Upon excitation, at 340 and 36Qheremission bands are the narrowest for p-
GQDs. In the case of gamma-irradiated samplesg tedsies are a bit lower (109 csp compared to

115 for p-GQDs).
[Figure 2. here]

Relative Quantum Yield (QY) of photoluminescenceswalculated using Rhodamine B as a
reference. In table 2, the values of QY obtainasvatdifferent excitation wavelengths are
presented. The largest increase in PL QY is nofice@QDs-200-EDA, 18.40 at the excitation

wavelength of 320 nm.

Table 2. The values of intensities of emission atgbrption bands and relative QY obtained at two

excitation wavelengths.
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Sampli lexazo lexza0 Az Aazso QY 320(%) QY340 (%)

p-GQDs 2487422 2345079 0.177  0.14¢ 2.07 1.45
GQDs25-EDA 6523086 8325343 0.19¢ 0.16¢ 511 4.69
GQDs5C-EDA 2303708 2764975 0.19C 0.16:2 1.87 1.59
GQDs20C-EDA 4802877 5968011 0.19¢  0.16¢ 18.40 16.61
Rhodamin t 29852349 42723518¢ 0.14¢ 0.12: 31 31

Analysis of PL properties showed that gamma irtimtiain selected condition induced significant

changes in optical properties:

« aless pronounced excitation-depended behaviosséwni peak shifts of about 30 nm under

the excitation from 300 to 400 nm;

e asmall reduction in the bandwidth (FWHM);

higher intensity of emission bands;

« significantly higher PL QYs.

3.3 AFM analysis

AFM images (figure 3) reveal that p-GQDs, GQDs-2Z3Aand GQDs-50-EDA are highly
dispersed in water with a typical topographic helggtween 0.5 andrm. The height histograms
presented in each AFM image indicates that most &Qibsist of ca. 1-4 graphene layers [62].
Compared to p-GQDs, both GQDs-25-EDA and GQDs-5&EBmples have larger percentages of
single-layer GQDs. In the case of GQDs-25-EDA Itlve-height fraction of GQDs is the most
abundant fraction. These results suggest that gamadhiation in this specific experimental setup

increases the level of layer separation and timgseases the dispersibility of GQDs in water.

On the contrary, irradiation at 200 kGy inducesftirenation of large agglomerates with a height
of around 10 to 20 nm (figure 3d). As can be obsgrthe lateral size of particles is much larger
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compared to other samples (up to 200 nm), whitgthier AFM images lateral size is below 50 nm.

Additionally, the particles in agglomerates carobserved and their size is in the range of 30 nm.
[Figure 3. here]

Presented results indicate that in the selectedumediamma irradiation at low doses induces the
lowering in the GQDs height due to the lower nuntifegraphene layers in their structure.
Unexpectedly, irradiation in the same medium at B§ induce a significant increase in GQDs

height and caused observable agglomeration.
3.4 DLS and Zeta Potential measurement

The size distribution of GQDs was further investighusing DLS, while the stability of colloidal

particles as well as the surface charge on thé&cfgtwas measured by determining zeta-potential

©.

The results of DLS analysis are presented in figunghile measurements dfare displayed in
figure 5. The obtained average hydrodynamic dianwdtparticles was the lowest for p-GQDs
(13.85 nm), while for all gamma-irradiated GQDs lthgher values are observed: 45.64 nm, 44.21

and 71.65 nm, for GQDs-25-EDA, GQDs-50-EDA and GED8-EDA, respectively.
[Figure 4. here]

To estimate the surface charge dengityas measured, at pH 7. Due to the presence of
deprotonated oxygen functional groups such as ggtb@QDs are usually negatively charged [63,
64]. The measurefifor p-GQDs is -34.6 mV. Gamma irradiation in tedested medium induced
significant changes ifx -18.8, -15.1 and +9.1 mV at the doses of 25,r80200 kGy, respectively.
While p-GQDs, GQDs-25-EDA and GQDs-50-EDA are negét charged, the dominant
functional groups at the surface of GQD-200-EDA@usitively charged moieties. Thus, it is

plausible to say that gamma-irradiated GQDs possésser number of oxygen-containing

14



functional groups than p-GQDs. Additionally, GQDBBZEDA are positively charged probably due

to these events:
1. the lowering of negatively charged carboxyl grsiu
2. the increasing of positively charged N-functiog@ups in GQDs structure.
These changes will be investigated by FTIR and KR8e following part of the manuscript.
[Figure 5. here]
3.5 TEM measurement

The morphology of gamma-irradiated GQDs is furiheestigated using TEM (figure 6). In the
case of GQDs-25-EDA, particles with the lateraédiztween 23 and 44 nm are observed, while for
GQDs-50-EDA few layers dots with diameter from 880 nm are indicated in figure 6, b. As for

GQDs-200-EDA, large disc-like structures are obsérv
[Figure 6. here]

Based on AFM, DLS and TEM analyses, we concludatigamma irradiation in all selected
conditions leads to the increase in particle $&e lower dose, such as 25 kGy a decrease in the
heigh of particles was observed, while the latsizé was increased compared to p-GQDs (13.85
nm to 45.64 nm, based on DLS). The highest apjiiadiation dose (200 kGy) induced a large
increase in the height of GQDs (from 1.14 nm aenkesl for p-GQDs to 24 nm, as observed for
GQD-200-EDA), as well as in the diameter. Consitethe changes in surface charge of particles,

the particles probably lost the electrostatic ditzdtion due to large changes in chemical structure
3.6 FTIR analysis

The structure of GQDs was analyzed using FTIR spscopy (figure 7.). The bands at 3155,

3283 and 3414 cindetected in the spectrum of the p-GQDs stem flwervibrations of O-H bonds
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in hydroxyl groups attached to carbon atoms of G{i3$ Next, we observed low-intensity bands
located at 2970, 2931 and 2860 ¢nThese bands are the result of vibrations in Cehtds in —CH
and —CH groups [13, 65]. Two bands, at 2697 and 278T'amere also observed and assigned to
bonds in the aromatic aldehyde [13]. The band 80X stems from the vibration of C=0O bonds
in carboxyl functional groups [66]. At around 15@@* strong band is noticed and it stems from
stretching vibration of the C=C bonds in aromatiendins [66]. Finally, a band centered at 1010
cm* which associated with the vibration of C-O bonaisg a second band located at 1365'cm

which is due to symmetric stretching of O—C=0 gugre found [65].

In the FTIR spectra of GQDs gamma-irradiated withAE significant changes have been
observed compared to the pristine material. Firsfye bands at 3155, 3283 and 3414*cm
completely vanished from all irradiated GQDs. Tidydow-intensity band, at around 3360 ¢ia
observed. This change can be interpreted as regn@ih functional groups. A new band at 3360
cm* arisesfrom N-H bonds [67]. All three low-intensity bands 2970, 2931 and 2860 chare
observed in the FTIR spectra of gamma-irradiated&@hich is an indication that CH- bonds in
GQDs are preserved after irradiation in the preskbabndition. The next difference is noticed for
bands located at 2697 and 2781 tin the spectrum of p-GQDs. These bands have disapg
upon gamma irradiation of GQDs with EDA. Considgrihat those bands are assigned to aromatic
aldehyde, we suggest that in the presented condi@eO bonds are removed due to reductive
conditions. Next, at 1700 chthe band is found only in the spectrum of GQDs-BEQM, for
GQDs-25-EDA the band at 1630 ¢ris noticed while in the spectrum of GQDs-50-EDA deenot
observe any feature in this region. All three sasmhow the band at 1570 Envhich proves that
n-conjugated domains are preserved after gammaidtian. The band at 1365 is shifted at 1375
cm* and it has a lower intensity, suggesting a rednatif O-C=0 groupsThe high-intensity band

at 1066 crit is present in all three spectra of gamma-irradigDs. This band stems from the
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C-N vibration of amine functional groups [42, 68These results proved the successful
incorporation of nitrogen atoms into the GQD stuuetby the presented irradiation process. Also,

these spectra prove a significant lowering in Otaiming functional groups.
[Figure 7. here]
3.7 XPS analysis

In figure 8 (a-c), the high-resolution XPS spedra shown. The analysis of the Cls band of
GQDs-25-EDA showed the following composition: C=C88.42%; C-O/C-N = 6.50%; C=0 =
4.45%. In the sample of GQDs-50-EDA: C=C = 78.9%40/C-N = 16.26%; C=0 = 4.75%. In

the case of GQDs-200-EDA: C=C = 96.91%; C=0 = 3.09%

Table 3. The chemical composition of GQD samplefénatomic percentage.

Sample %C %0 %N
p-GQD:s [69] 63.0( 37.0( 0.0C
GQDs-25-EDA 84.4: 12.57 3.01
GQDs5C-EDA 81.9( 15.0¢ 3.0z
GQDs-20C-EDA 85.21 11.6: 3.1¢

These results show that gamma irradiation in tlesgmce of EDA and IPA induces the binding
of amino groups in GQD structure while other oxadizN-functional groups are not detected.
Presented XPS data are in agreement with FTIR sisakyhich also proves the presence of amino
groups in gamma-irradiated samples. Also, in FTjRecsra, band at 1700 ¢nis observed in p-
GQDs and assigned to carbonyl groups of COOH fanatigroups. In the case of GQDs-50-EDA
the band in this area did not observe, but in tR&Xpectrum C=0 groups are detected. Also, zeta
potential is higher than in the case of GQDs-25-EB¥5.1 mV. Due to the negative value of
particles charge, it is obvious that GQDs-50-EDA atill posses negatively charged carboxyl
functional groups. Thus, the band assigned to Cibh@tions in COOH groups is probably covered

with band higher intensity, such as strong baritb&6 cnf.
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At 200 kGy, the GQDs structure is highly reduced,domains are restored and the band at 1700
cm* stems from the vibrations of the carbonyl, C=Odswhich are in conjugation with aromatic

graphene domains.

Additionally, a significant lowering in O contertX.63%) is observed, as well as, an increase in
% of C=C bonds for GQDs irradiated at a dose of RG§. This result suggests that the highest

chemical reduction has occurred under these ifiadiaonditions.
[Figure 8. here]

Based on the presented results, we conclude thdtigihhest amount of O functional groups such
as COOH is in the sample of p-GQDs. At pH 7, caybgxoups are deprotonated and negatively
charged, thug is very low (-34.6 mV). After the irradiation atdose of 25 kGy, a significant
lowering in O content is observed leading to GQDth & lower number of COOH groups as well
as a higher amount of positively charged amino gsoBoth structural changes resulted in a higher
value of(. The treatment of GQDs with the dose of 50 kGg #&mount of COOH is further
lowered and the number of amino groups is increatkd largest is measured for GQDs-200-
EDA (+9.1 mV) and it is assigned to the largestdang in negatively charged carboxyl groups and

increased in positive ammonium groups.
3.8 Antioxidative activity of GQDs modified by ED&nd gamma irradiation

The ability of modified GQDs to scavenge radicals@aducted DPPH assay and the results of
these measurements are presented in figure 9eXperiment is based on the measurement of the
absorption spectra of DPPH radicals. A stabile Dip&tical shows a strong absorption band
centered at 515 nm. If the compound or materiable to quench free radicals, the intensity of

absorption at 515 nm decreases. Herein, we miXézteit amounts of GQDs with DPPH
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methanol solution and kept in dark for 1h. Afterdigthe absorption spectra are recorded. A well-

known antioxidant I-ascorbic acid is used as aregfee.

The intensity of the main DPPH band decreasestivittoncentration of gamma-irradiated
GQPDs, for all GQDs samples. This trend proves tnadified GQDs possess antioxidative activity,
similar to p-GQDs [12]. By calculating RSA activifgeeMethods section), as shown in figure 9d,
we observed that all samples of GQDs have similioddative activity. The increased
antioxidative activity is observed when GQDs areraltally reduced and primary amino groups
are attached [49]. This behavior is assigned toomg hydrogen donation ability. Herein, proton
donating ability of GQDs is not changed signifidgrompared to p-GQDs, but all dots are able to

induce free radicals quenching.
[Figure 9. here]
3.9. Detection of Cu(ll) ions

Figures 10a and 10b show fluorescence emissiortrapet mixture p-GQDs and GQDs-200-
EDA with different concentrations (0-80u&nol L™) of Cu(ll) ions under excitation wavelength at
360 nm. The results show that the fluorescenceditteof emission decreases with the increase in
Cu(ll) ions concentration in both measured solgjop-GQDs and GQDs-200-EDA. The
relationship of integrated fluorescence intensityd-GQDs and GQDs-200-EDA in the presence of
Cu(ll) ions is presented in the figures 10c and, 1ile the insets show linear plots of the Cu(ll)-
induced fluorescence emission quenching obtaineadrding to the Stern-Volmer equation [70]:

AlAo =1+ Ky [Cu(ll)] 2)
where A and A correspond to the integrated fluorescentmnsities in the absencedifand in the
presence of the Cu(ll) ions (A) with a differengi@n of concentrations [Cu(ll)], while is the

Stern-Volmer quenching constant, correspondindnéostope (S) from linear data fitting using Eq.

).
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The collected data follow the linear model of St¥simer equation in the 0.3-6mol L™ and
0.3-16.1umol L™ ranges for p-GQDs and GQDs-200-EDA, respectively.

The limit of detection (LOD) was calculated usihg following equation:

LOD = 3S/Ks, 3
where $ represents the standard deviatibhe obtained LOD is evaluated to be 0.187 nmodl L
(R? = 0.974) and 153 nmol L (R? = 0.984) for p-GQDs and GQDs-200-EDA, respectiv@lge
LOD values are in a similar range with recently Imhed results [71, 72]. A near 1 determination
coefficient (R) qualifies p-GQDs and GQDs-200-EDA nanoparticleefficient quenchers.

[Figure 10. here]
4. Discussion and conclusions

By gamma irradiation of GQDs in the presence of EIPA, and Ar atmosphere, the chemical
modification of dots structure is achieved; primamines are attached to the GDQs scaffold.
Although different doses of irradiation were apglisimilar amounts of N-atoms are detected in all
samples (3.01-3.16 at%). Thus, gamma irradiaticabkes the GQD functionalization with amino
groups in the presence of EDA, while the appliededdoes not affect the number of incorporated
amino groups. This result is different from theutes obtained by gamma irradiation of GO with
EDA, where the number of N-groups depended on pipéiead dose$41]. Thus, we assume that the
amount of EDA added before irradiation may havempact on the number of incorporated N-
atoms. Also, the structure of GQDs is additionatigdulated due to reduction irradiation condition
and relative abundance of’sp-atoms is significantly increased compared to@B8, from 63%
(obtained for p-GQDs) to 79% or higher. These tespiove that significant restoring ofsp-
atoms is achieved in selected conditions. Alsa, @bse of 200 kGy, the percentage GfGmtoms
is the highest (96%) while C-O bonds are not detkcin this case, a dose of gamma irradiation

significantly affected the amount of bottf € and C in O-functional groups.
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Due to lowering in the abundance of O- functionedups, gamma-irradiated GQDs are less
dispersible in water, where AFM analysis reveatspghesence of agglomerated nanopatrticles, while
DLS shows a large increase in hydrodynamic volufmam( 13.85 nm measured for p-GQDs to
71.65 nm, for GQDs-200-EDA). This may affect théigbof GQDs to penetrate the cells as well
as reduced the quality of the thin films when thdspersions are used for deposition. The large
changes in surface charge are also noticed bytigatien of(, which shows that charge changed
from -34.6 mV for p-GQDs to -18.8, -15.1 and +9.V fior GQDs-25-EDA, GQDs-50-EDA and
GQDs-200-EDA, respectively. In the case of p-GQfbg, negative charge of particles is due to
deprotonated carboxyl groups, while in the casganfima-irradiated GQDs, the higher values are a
consequence of lowering in the number of carboxgtfional groups, as well as the increase in the
number of positively charged primary amine grodgee highest value of surface charge for GQDs-
200-EDA nanoparticles is related to the largesteldmg in carboxyl group content, and the

attachment of amine groups.

One of the most significant changes is noticedhen@Y of PL. We observed the increase in both
intensity and QY of PL. The highest QY was measui@md GQDs-200-EDA, 18.4% at the
excitation wavelength of 320 nm. Our previous stallgwed that gamma irradiation with IPA also
increased QY of PL, from 1.0 to 6.1%, after irrdidia at a dose of 200 kGy [13]. The changes in
PL can be explained by increased €patoms and the lowering of oxygen-containing fiomal
groups [13, 59]. Unexpectedly, the relative QY wlaes lowest for GQDs-50-EDA possible due to
defect formation in graphene lattice and consedyéhe lowering in sp hybridized C atoms. It
was observed that gamma-irradiated GQDs possesbility to quench radical species as well as

to detect Cu(ll) ions.

In conclusion, for the first time gamma irradiatimas successfully used in order to introduce N-

functional groups in GQDs structure. Apart from aenigroups, irradiation caused a significant
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chemical reduction of dots. These chemical changege vyield to 9-fold increased
photoluminescence QY and the formation of posifivetharged nanoparticles with the ability to
quench free radicals and detect Cu(ll) ioBsving to the highest increase in the PL intensitg a
the ability to quench PL in the presence of metalsj GQDs-200-EDA is the most effective
material among our library of modified GDQs to lgpled for the detection of environmentally

relevant pollutants.
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Figure Cations

Figure 1. UV-Vis spectra of p-GQDBbléck curve), GQDs-25-EDA Ked curve), GQDs-50-EDA
(green curve) and GQDs-200-EDAKJue curve).

Figure 2. Emission spectra of p-GQDs (a), GQDs-P#:kb), GQDs-50-EDA (c) and GQDs-200-
EDA (d) under excitation wavelengths of 300, 3240,3360, 380 and 400 nm.

Figure 3. AFM images and histograms of the heiggttidutions of p-GQDs (a), GQDs-25-EDA
(b), GQDs-50-EDA (c) and GQDs-200-EDA (d).

Figure 4. DLS diameter distribution for p-GQDs @RDs-25-EDA (b), GQDs-50-EDA (c) and
GQDs-200-EDA (d).

Figure 5. Zeta potential values measured for p-G@RIDs-25-EDA, GQDs-50-EDA and GQDs-
200-EDA.

Figure 6. TEM images of GQDs-25-EDA (a), GQDs-50A(b) and GQDs-200-EDA (c).

Figure 7. FTIR spectra of p-GQDisléck curve), GQDs-25-EDA (ed), GQDs-50-EDA @reen)

and GQDs-200-EDAMlue).

Figure 8. High-resolution XPS spectra of GQDs-258HR), GQDs-50-EDA (b), and GQDs-200-
EDA (c).

Figure 9. DPPH test for GQD-25-EDA (a), GQD-50-E[) and GQD-200-EDA (c). RSA values

calculated at concentrations from 0 to 200 uM anjig for ascorbic acid and GQD samples (d).

Figure 10. The fluorescence emission spectra ofahp-GQDs and b) GQDs-200-EDA in the
presence of various Cu(lns concentrations (0 - 80uBnolL™). The dependence of integrated
fluorescence intensity for ¢) p-GQDs and d) GQDB-EDA in the presence of various

concentrations of Cu(ll) ions (0 - 8QuBnolL™) and corresponding insets show Stern-Volmer plots
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of the Cu(ll)-induced fluorescence emission quemgHtrror bars are too small to be shown on

plots.
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Table 1. Dataretrieved by recording wavel ength-dependent light emission spectrafor p-GDQs and the
gammairradiated samples. The position of emission maximum at excitation wavel engths indicated as a

subscript, FWHM, and the intensity of observed bands.

Sample Emission position/nm FWHM/cps I ntensity/cps
p-GQDs 430730 127 903749
442530 116 1847283
4555340 115 2501273
466530 114 2807654
478530 131 2488539
4Q5F* 40 120 1976938
GQD-25-EDA 445530 150 995415
440530 120 2000990
4425340 110 3283672
448 53%0 121 4466185
460 380 121 5063667
468 4% 131 5019524
GQD-50-EDA 45030 160 933955
445530 129 1681550
446530 116 2613572
451 3% 109 3552914
462 5380 121 4027447
473540 130 3990662
GQD-200-EDA 431530 127 1221731
430530 116 1859705
4335340 111 2470557
442530 109 2839841
4555380 120 2700198

46340 130 2436757




Table 2. The values of intensities of emission and adsorption bands and relative QY obtained at two

excitation wavelengths.

Sample lexazo lexa0 Aszo Az QYa0(%)  QYan (%)
p-GQD< 24874229 23450791 0.177 0.144 2.07 145
GQDs-25-EDA 65230867 83253437 0.198 0.165 511 4.69
GQDs-50-EDA 23037085 27649752 0.190 0.162 1.87 1.59
GQDs-200-EDA 48028778 59680118 0.198 0.166 18.40 16.61
Rhodamin B 298523499 423235189 0.148 0.122 31 31




Table 3. The chemical composition of GQD samplesin atomic %.

Sample %C %0 %N
p-GQDs[57] 63.00 37.00 0.00
GQDs-25-EDA 84.42 1257 3.01
GQDs-50-EDA 81.90 15.08 3.02
GQDs-200-EDA  85.21 11.63 3.16
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