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Herein, the ability of gamma irradiation to enhance the photoluminescence properties of
graphene quantum dots (GQDs) was investigated. Different doses of y-irradiation were used on
GQDs to examine the way in which their structure and optical properties can be affected. The
photoluminescence quantum yield was increased 6 times for the GQDs irradiated with high
doses compared to the non-irradiated material. Both photoluminescence lifetime and values of

optical band gap were increased with the dose of applied gamma irradiation.

In addition, the exploitation of the gamma irradiated GQDs as photosensitizers was examined by
monitoring the production of singlet oxygen under UV illumination. The main outcome was that
the GQDs irradiated at lower doses act as better photoproducers than the ones irradiated at higher
doses. These results corroborate that the structural changes caused by gamma irradiation have a
direct impact on GQD ability to produce singlet oxygen and their photostability under prolonged
UV illumination. This makes low dose irradiated GQDs promising candidates for photodynamic

therapy.

1. Introduction

Graphene quantum dots (GQDs) are the newest 0D carbon-based fluorescent nanomaterials
with diameter less than 100 nm.'” In these nanomaterials, the contained carbon atoms are sz_
hybridized indicating that their inner core is characterized by m-conjugated systems. Their most
important characteristic is their semiconducting character, represented by a tunable energy band
gap, usually less than 1.5 eV.*® Because of this, they possess extraordinary optical and electric
properties which distinguish them from other semiconducting quantum dots. Additionally, they

have very strong photoluminescence in the visible part of the spectrum and a high resistance to

ACS Paragon Plus Environment

Page 2 of 52



Page 3 of 52

©CoO~NOUTA,WNPE

ACS Applied Materials & Interfaces

photobleaching.> ™ Also, the high charge mobility and tunable conductance make them an ideal

material for electronic biosensors.®

The synthesis of GQDs can be achieved in two radically different approaches: bottom-up
oxidative condensation reactions and top-down cutting of graphene-based materials. Regarding
the bottom-up approach, GQDs are being synthesized from small carbon precursors such as citric
acid,> ' L-glutamic acid,'? adenosine ‘[riphosphate13 or polycyclic aromatic hydrocarbons.14
On the contrary, top-down synthesis is based on oxidative cutting of graphene materials:
hydrothermal cutting of graphene,” * carbon nanotubes,'®"” fullerenes'® as well as
electrochemical methods "', A convenient and low cost top-down method is the
electrochemical one, where a graphite electrode is used as a starting material. In this study, we
used the electrochemical method to obtain GQDs for possible application in photodynamic

therapy.

One of GQDs’ main characteristics is high solubility in water,”* which together with low

toxicity and biocompatibility” presents them as an attractive material for biological applications:

12,24 26-28

in vitro and in vivo cell imaging, targeted drug delivery”” and photodynamic therapy

Photodynamic therapy (PDT) is a non-invasive treatment for selective cancer cell destruction

and in antimicrobial therapy.zg'30

This approach demands the co-localization of oxygen
molecules, light and photosensitizers (PS) which will convert oxygen into reactive singlet
oxygen ('0,) and cause photocytotoxicity. Our recent study showed that GQDs upon blue light
illumination generate reactive 'O, and kill human glioma cells.”® Ge et al. demonstrated high

capability of GQDs to generate 'O, (with quantum yield ~1.3) and their high efficiency as

photosensitizers simultaneously allowing the irnaging.28
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According to our previous results, gamma irradiation showed a great potential for modification
of carbon based nanomaterials, such as carbon nanotubes and graphene. The changes that

31-34
Based on these

occurred after the irradiation are mainly affecting the functional groups.
results, our investigation was extended on GQDs. More specifically, we explored if their
photoluminescence properties can be improved by gamma irradiation and their consequent
potential for use in PDT. In this work, pristine GQDs were synthesized from graphite rods
through the electrochemical procedure. These GQDs were irradiated with different doses of
gamma irradiation. The irradiation is performed on GQDs dispersed in a mixture of water and
isopropyl alcohol, in order to create a reductive environment. It has already been reported, that
the use of classical chemical reduction with hydrazine, can lead to enhancement of the
photoluminescence of GQDs.* Hence, we chose a medium in which reducing agents are
dominantly formed (hydrogen, electrons and isopropyl radicals) upon gamma irradiation.*®
Different characterization techniques were used for the study of structural, optical and
particularly photoluminescence properties. The gamma irradiated GQDs reached
photoluminescence quantum yield six times higher than the pristine ones. The final objective of
this work was to examine the ability of pristine and irradiated GQDs to act as photosensitizers.

Their efficiency as an agent for PDT was investigated by following the real time singlet oxygen

production.
2. Experimental
2.1. Synthesis of GQDs

GQDs were synthesized by following the previously reported electrochemical procedure.’’

Spectroscopic graphite rods were used both as anode and cathode. A dispersion of NaOH in
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ethanol (EtOH) was used (in a concentration of 3%) as an electrolyte, and the current intensity
was set to 20 mA. Afterwards, the EtOH solution of GQDs was neutralized with HCI, and then
NaCl was flocculated and separated from the solution by filtration. Ethanol was evaporated and
finally the solid was collected. GQDs were further purified by dialysis (molecular weight cut-off

3500 Da) for 1 day.

The pristine GQDs were then exposed to different doses of gamma irradiation. Dispersions for
irradiation were prepared by sonication of GQDs in water, in a concentration of 1 mg/ml.
Isopropyl alcohol was gradually added to the dispersion, until the final concentration was
reached (4%). Prepared samples were irradiated by gamma ray flux from “’Co nuclide with the
photon energy of 1.3 MeV (Centre of Irradiation, Vinca Institute of Nuclear Sciences) at a dose
rate of 18.6 kGyh™'. Samples were exposed to the source of gamma irradiation absorbing the
doses of 20, 50, 100 and 200 kGy (in the further text, samples are labeled as ,¢y-GQDs, s¢y-
GQDs, 100y-GQDs and ,00y-GQDs, respectively). Irradiation treatment was followed by
evaporation to dryness. Then, MiliQ water was added and again evaporated. Non-irradiated
GQDs are named as pristine GQDs (p-GQDs). Details of methods used for GQDs

characterization are described in the “Equipment” section (Supporting Information).
3. Results and discussion
3.1. Surface morphology and structural characterization of GQDs

AFM was used to investigate the morphology of GQDs as well as their height and diameter
distribution. Figure 1 shows representative large-scale AFM images and histograms of both
diameter and height distribution for all GQDs samples. The results of AFM image analysis are

presented in Table 1.
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Table 1.The values of average real diameter and average height of GQDs, in nm.

Sample Diameter Height

p-GQDs 24.0 1.1
20Y-GQDs 273 33
s0y-GQDs  18.2 3.0
100y-GQDs  20.7 2.6
200Y-GQDs  23.2 2.9

Considering that single layer graphene quantum dots have thicknesses between 0.7 and 1 nm

measured by AFM,"*® we concluded that p-GQD are single layer GQDs. According to AFM

measurements, the first change noticed in the GQDs after gamma irradiation is in the number of

layers: two or three graphene layers instead of the monolayer noticed for pristine GQDs.
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Figure 1.AFM images and histograms of diameter and height distribution for p-GQDs (a, b, ¢),

20Y-GQDs (d, e, 1), s0y-GQDs (g, h, 1), 100y-GQDs (j, k, 1) and 29¢y-GQDs (m, n, 0).

The lateral size of GQDs is additionally investigated with transmission electron microscopy
(TEM). These micrographs are shown in figure S1 (Supporting Information). The
representative TEM micrograph of p-GQDs (figure S1, a) shows two GQDs with the lateral size
of 32.0 and 20.4 nm. For »,y-GQDs, an average TEM micrograph shows that the dots size is 25.6
nm, while the size of 50y-GQDs varies from 17.8 to 9.8 nm. As for 199y-GQDs, the TEM
micrograph shows the dot size of 20.1 nm. The TEM micrograph of ,99y-GQDs sample indicates
that the average size of GQDs is 22.4 nm. These results are in good agreement with the results

obtained from AFM analysis.

Overall AFM and TEM analyses show that, by varying the dose of irradiation, both the
diameter and the number of graphene layers in GQDs could be affected. The highest decrease in
GQDs diameter was noticed for gamma irradiation at 50 kGy (average of 18 nm). Also there is a
significant narrowing of the diameter distribution. Further increase in irradiation dose (100 and
200 kGy) has a smaller effect on the diameter of GQDs, but again causes the narrowing of the
diameter distribution in both samples. Moreover, all doses caused the increase in the number of
graphene layers in GQD. This phenomenon could be explained by a lower content of carboxyl
groups and at the same time an increase in the sp” character of GQDs>® which can yield to the

merging of “graphene” sheets upon irradiation.”

The next step was to examine the changes in the chemical composition of the GQDs. For this
reason FT-IR was used to identify the functional groups of pristine and gamma irradiated GQDs

(figure 2). FT-IR spectrum of pristine GQDs (figure 2, a) shows peaks near 3000 and 1572 cm’™
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associated to the C=C stretching of graphite, which indicates the presence of sp>-hybridized
graphitic cores.* Peaks at 1045 and 2974 cm™ stem from C—O vibrations of alkoxy groups. The
emerging peaks at 1011 cm™ and 1365 cm™ are related to the vibration of C—O bonds and
symmetric stretching of carboxyl groups, respectively. The band at 1700 cm’ stems from
vibration of carbonyl functional group in COOH. Peak at 2697 cm™ stems from C=0 vibration
of aromatic aldehyde. Two peaks at 2781 and 2933 cm’ are associated to stretching vibrations of

—CH and —CHj, groups. A broad band at 3400 cm™ is related to the vibrations of O—H bonds.

As for gamma irradiated GQDs, same bands are identified in FT-IR spectra as in the spectrum

of p-GQDs.
1045 v(C-OH) 2697 v(C-O)
1574 v(C=C) 3000 v(C=C) c)
2
8 )T ———— b)
E r\f\,\[\_‘ P
IS
2
= m "\/\,\,\\/«m-b)
= 2781 2933
1011 1385 || 1700 M(C=0) TS
v(COOJH) v(C-H) 3434 v(OH)

T T T T T T T T T T T T
1000 1500 2000 2500 3000 3500
Wavenumber [cm'1]

Figure 2.FT-IR spectra of p-GQDs (a), 20y-GQDs (b) and »00y-GQDs (c).

FT-IR spectra analysis was used for identification of polar functional groups: carbonyl,
carboxylic and hydroxyl. Such functional moieties are responsible for their high solubility in

water and polar organic solvents. On the other hand, n-conjugated core is preserved after gamma
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irradiation. At this point, we could not conclude if gamma irradiation has any effect on the type

of the functional groups in the structure of GQDs.

Consequently, elemental analysis (EA) was used for further exploring the effect of the gamma
irradiation on the changes that took place on the atomic scale. These results are shown in Table
2, in mass percentage of each element. The EA of GQDs shows the increase in oxygen content
for all gamma irradiated samples. The highest increase is noticed for GQDs irradiated at doses of

20 and 50 kGy, where oxygen content increased for 9.2 % compared to p-GQDs.

Table 2.The elemental analysis of graphene quantum dots.

Sample N% C% H% 0%

p-GQDs 0.0 560 81 359

20y-GQDs 0.0 43.8 11.1 45.1

s0y-GQDs 0.0 450 9.9 451

100y-GQDs 0.0  46.8 93 439

200y-GQDs 0.0 47.0 10.5 425

From the FT-IR and the EA analyses we can conclude that there were quantitative changes in

the amount of each atom, but no qualitative changes in the functional groups of GQDs.

UV-Vis spectra of pristine and gamma irradiated GQDs are presented in figure 3. All the
spectra show the highest absorbance in the UV region. Absorbance values exponentially

decrease versus the higher wavelengths, which is in agreement with previous reports.'

10

ACS Paragon Plus Environment



Page 11 of 52

©CoO~NOUTA,WNPE

ACS Applied Materials & Interfaces

1ooY'GQD
1.4 0.6
10 E 300 nm, p-GQD
1 8 0.4

— 1.0 c
=] g no hand, 50y-GQD
m 1 [
— 0.8 2
@Q 2 0.2
g <
& 0.6
£ ]

9 i 0.0 . ‘ ,
§ 04 300 400 500
0.2 ,cap Wavelength [nm]

0.0

1240 270 300 330 360 390 420 450 480
Wavelength [nm]
Figure 3.UV-Vis spectra of pristine and irradiated GQDs. In the upper right corner, an

enlargement of UV-Vis spectra of pristine and 5¢y-GQDs is shown.

A shoulder absorption peak at 267 nm was noticed for GQDs and this peak was assigned to m-
7* transition of sp” domains.” In figure 3 (the insert in the upper right corner), additional
shoulder at 300 nm is observed and it is assigned to n-n* transition of C=0 bonds. After gamma
irradiation at lower doses (20 and 50 kGy), absorption peaks become broader and blue-shifted to
250 nm, while at higher doses peaks are closer to the position detected for pristine GQDs (at

around 270 nm).

Even though the positions of absorption peaks are shifted for ,0y-GQDs and 5oy-GQDs
samples, this band is still in the characteristic range for n-n* transition. The position of the
absorption band is strongly correlated to the preparation method and oxygen content. It has been
already reported that absorbance peaks could be shifted as a result of the variation in carboxyl
group content.*’ For gamma irradiated GQDs, bands at around 300 nm were not found.
Considering that this band is related to the carbonyl functional group, results suggest that gamma

irradiated GQDs have a lower content of these groups.

11
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The structure of GQDs before and after gamma irradiation was additionally investigated by
acid-base titrations. The number of carboxyl functional groups was determined by using
previously described procedure.*? For gamma irradiated GQDs, a decrease in the number of acid
sites was observed. The amount of acid sites is similar for all irradiated GQDs (figure S2,
Supporting Information) and it is around 0.14 mmol/g while in the p-GQDs this number is
almost double (0.25 mmol/g). Consequently, we proved an increase in other type of oxygen

containing groups after irradiation, such as carbonyl, ethoxy and hydroxyl.

Considering the results of FT-IR, EA, UV-Vis and acid-base titrations we can conclude that
gamma irradiation caused the partial reduction of carboxyl and carbonyl functional groups. But
also, this treatment caused a large increase in oxygen and hydrogen content probably by forming

new OH groups in the structure of gamma irradiated GQDs.
3.2. Photoluminescence of GQDs

Photoluminescence of p-GQDs was investigated at different laser excitation wavelengths: from
328 to 469 nm (figure 4a). GQDs emission spectra are dependent on the laser excitation
wavelength; when the excitation wavelength changed from 328 nm to 469 nm, emission
wavelength shifted from 425 to 520 nm, respectively. The excitation-dependent PL behavior of
GQDs was related to differences in lateral sizes of GQDs in the sample and/or different emissive
sites on GQDs.'” * Similar behavior was detected for gamma irradiated GQDs (figures S3-S6,
Supporting Information). The wide diameter distribution in samples of GQDs, which was

confirmed from the AFM analysis, is responsible for their excitation-dependent behavior.

The highest intensities of emission bands were detected for excitation wavelength of 341 nm,

thus this laser wavelength was chosen for further examination of GDQs.

12
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1

2

2 Irradiation at a dose of 20 kGy did not cause large changes in the PL intensity of GQDs. The
5

6 s50Y-GQDs dispersion emits a strong photoluminescence light which is almost 5 times more

7

8 intense compared to the emission of pristine GQDs (figure 4b). However, further increase of
9

12 irradiation dose did not cause an increase of PL intensity. The values of PL intensity are around 3
12

13 times higher for ;9oy-GQDs and ,0y-GQDs compared to p-GQDs. Considering the highest

14

ig recorded photoluminescence and the aforementioned results from FTIR, EA and AFM analyses,
17 . .
18 we concluded that both high content of —OH groups and quantum confinement effect are of high
19

20 importance in the mechanism of soy-GQD photoluminescence.
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55 Figure 4.Photoluminescence spectra of p-GQDs at different laser excitation wavelengths (a);
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measured at the pulsed laser excitation at 341 nm (b); PL decay curves for pristine and gamma

irradiated GQDs (Aexc = 341 nm) (c).

The emission bands are blue-shifted, from 460 to around 430 nm, for all gamma irradiated
GQDs (Table 3). The shifts in emission spectra of different GQDs are the result of changes in the
defect structure, edge configuration, size or shape.***® Zhu et al. showed that green PL of GQDs
can be changed into blue by changing carbonyl and epoxy groups into —OH, thus non-radiative
process were blocked and the integrity of n-conjugated system is enhanced.*” Furthermore, Xu et
al. suggested that blue PL results from the localization of discrete energy levels inside the sp”
carbon domains due to quantum confinement.*® With particular regard for gamma irradiated
GQDs, the blue shift of the PL band is probably related to the increase in OH functional groups
content, located at their edges, and partial restoring of sp> carbon domains in all gamma

irradiated GQDs.

Table 3.PL band positions and intensities for pristine and gamma irradiated GQDs, and the

values of lifetime components.

Sample Emission band (nm) Intensity (a.u.) Lifetime components (ns)

1) (faster) 1, (slower) Taver (average)
p-GQDs 460 40552 0.49 / 0.49
20y-GQDs | 430 45515 0.59 2.96 0.59
s0y-GQDs | 432 188590 0.90 232 0.94
100y-GQDs | 429 134886 0.95 2.99 0.98
200Y-GQDs | 431 143463 0.99 3.27 1.04

14
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The photoluminescence decay profiles were measured at 341 nm excitation wavelength, and
showed in figure 4c. For p-GQDs, a single exponential lifetime decay was noticed, which

suggests that the origin of photoluminescence is one single species.® All curves of gamma

©CoO~NOUTA,WNPE

irradiated GQDs are fitted using bi-exponential function to calculate the lifetimes, which

13 suggests that two relaxation pathways are responsible for the PL exciton decay. For fitting, the
15 function: I(t) = Alet/ﬂ+ Aget/I2 was used, where A and A; are the percentage of contribution

18 while 1) and 1, are faster and slower life-time components, respectively. An average life-time is
20 defined by these parameters and can be calculated with the function: Tayerage= A 171+

22 AsTo/(A1+AL). B

26 Table 3 summarizes the results of life-time component analysis. As we can see, gamma

28 irradiated GQDs show the two life-time components of long and short-lived excited species; both
components and average life-time depend on gamma irradiation dose. Previous reports showed
33 that for single-layer GQDs, their PL decay process consists of both radiative electron-hole

35 recombination and non-radiative carrier relaxation into other emissive or non-emissive states.*®
38 When multiple layers of sp> domains are stacked together, in a case of multi-layer GQDs, one

40 additional channel for the non-radiative decay of carriers would be opened due to possible
interactions between neighboring layers. In our case, life-time increases with irradiation dose due

45 to the increase in the number of graphene layers, as AFM imaging showed.

48 The relative photoluminescence quantum yields (¢) of p- and gamma irradiated GQDs were
measured using quinine sulfate as a reference. These results are shown in Table S1 (Supporting
53 Information). With the increase of irradiation dose, ¢ also increases. For 209y-GQDs, o is six

55 times higher than for p-GQDs (4.3% and 0.7%, respectively).

15
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The electronic properties of materials were studied by measuring their band gap energy (E,)

through obtaining diffuse reflectance spectra (DRS).”*"

In figure S7 (Supporting
Information), DRS for GQDs before and after gamma irradiation are shown. Significant
difference can be seen in the spectrum of p-GQDs compared to spectra of GQDs irradiated at
lower doses (20 and 50 kGy) and GQDs irradiated at high doses (100 and 200 kGy). These
differences are attributed to the structural changes caused by irradiation treatment, as we

previously discussed. Spectra displayed in figure S7 are used to calculate band gap energy for

each GQD sample.

To analyze the band gap, the Kubelka-Munk remission function was used (F(R)=(1-R)2/ 2R).52
Figures S8 (a-e) (Supporting Information) show the determination of E, values for pristine and
gamma irradiated GQDs. For pristine GQDs, band gap is 1.99 eV, while for GQDs irradiated
with lower dose, values of optical band gaps are higher than for pristine: for ,oy-GQDs samples it
is 2.12 and for 50y-GQDs ones is 2.16 eV. Further increase of this parameter is noticed for GQDs

irradiated with higher dose (for 100y-GQDs sample it is 2.27, and for 09y-GQDs it is 2.29 eV).

Figure S8 (f) shows the dependence between E, values and the applied gamma irradiation
dose. These results suggest that with the irradiation dose, E, values also increased. At higher
doses (100 and 200 kGy) the value of E, reaches maximum values. Two factors can affect E,, the
lowering of C-sp or the increase of O-containing groups.’® Based on EA, at the doses of 20 and
50 kGy the increase in oxygen groups is dominant. However, at higher doses, further changes in
GQDs structure caused additional increase in Eg value. The formation of interlayer covalent
bonding between C-sp” cores of GQDs takes place at these doses ** and is responsible for further

increase of E, value.

16
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3.2. EPR of GODs

In order to understand the role of gamma irradiation in the modulation of GQD n-electron

©CoO~NOUTA,WNPE

structure, EPR analysis was carried out. The spectra are shown in figure 5 and the parameters
obtained from EPR spectra: g factor, A/B ratio, AHpp and T, are presented in Table 4. All EPR
14 spectra show a single narrow and symmetric EPR signal of Lorentzian shape. These sorts of

16 signals are evidence of the existence of free electrons in all GQDs samples.

20 16800 - — (a) p-GQD
21 — (b),;-GQD
22 (€)yg-GQD
23 > 16600 |

]

16400

EPR signal [a.u

28 16200

31 16000 |

32 330 332 334 336 338
33 Magnetic field [mT]

36 Figure 5.EPR spectra of p-GQDs (a), 20y-GQDs (b), s0y-GQDs (c), 100y-GQDs (d) and »0¢Y-

39 GQDs (e).

42 The g factor value is related to the molecular motion, symmetry of ions and paramagnetic
properties of material.’* For p-GQDs, g factor is = 2.0029. The values of g factor are nearly

47 constant for all gamma irradiated GQDs (g = 2.0031). For electron pair near a carbon-hydrogen
49 bond, the value of g factor is 2.0031 and it suggests that in our samples spins are delocalized

over a few carbon atoms in an aromatic ring.

55 The parameter A/B ratio is related to the asymmetric nature of EPR signals. We observed

57 significant changes in A/B ratio upon gamma irradiation: the values of this parameter vary from
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1.309 for p-GQDs to 0.467 for ,0y-GQDs. The A/B ratio depends on the concentration of
electrons localized in the conduction band. If the value of A/B ratio is around or below 1 it
indicates an insulator, while higher values (up to 9) were observed in metallic samples.’® The
lower ratio measured in gamma irradiated samples could suggest a larger population of localized

paramagnetic electrons at zigzag edges than in the sample of p-GQDs.

The interaction of spins with their environment and their motion are associated with the EPR
signal width. The parameter AH,, is called peak-to-peak linewidth and its value has decreased
after gamma irradiation at all doses.>® On the contrary, T, parameter describes spin-spin
relaxation time and its values have increased for all gamma irradiated GQDs. The width of an
EPR signal depends on the extent of delocalization of unpaired electrons. The results presented
in Table 4 suggest that gamma irradiation caused the enhancement of electron mobility in GQDs.
Increased spin mobility found in gamma irradiated GQDs could be explained by a greater
delocalized n-cloud. Namely, the n-cloud in the core of p-GQDs is disrupted by hydroxyl and
epoxy functional groups. After gamma irradiation in mixture of water and IPA, these functional
groups have been partially reduced and thus the delocalization of &t electrons along GQDs core is

extended.

The most significant changes in values of parameters A/B, AHp, and T, are measured for »y-
GQDs. Considering the highest percentage of oxygen in this sample, it is possible that groups
such as - OH, -0, -CO, -C=0 bonded to graphene core edges, can be responsible for reduced
peak-to-peak linewidth and the formation of EPR radicals.’” The additional factor is a possibility
that gamma irradiation, at the lowest dose, caused a small increase in the content of the zigzag
edge carbon atoms.’® The contribution of both factors results in a large change in all three above

mentioned parameters.

18
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Table 4.EPR parameters for p-GQDs and gamma irradiated GQDs: g factor, parameter of peak-

peak asymmetric nature (A/B), peak-to-peak linewidth (AH,,) and spin-spin relaxation time (T>).

©CoO~NOUTA,WNPE

Sample gfactor A/B  AHp, (G) T, (x 107 s)

11 p-GQDs 2.0029 1.309 5.14 6.29

13 20y-GQDs  2.0031  0.467 1.64 19.72

15 s0y-GQDs  2.0031 0.880 2.79 11.59

1 1007-GQDs  2.0031  0.836 3.29 9.83

i 200y-GQDs  2.0031  1.107 3.73 8.67

The intensity, obtained as a double integral of the EPR spectrum, is proportional to the number
26 of EPR scattering centers - number of localized spins at zigzag edges of graphene in this case.
28 Thus, figure 5 shows that the number of defect edge states increases with irradiation dose and

31 reaches the maximum at 100 kGy.
34 3.3. GQDs as a photosensitizer

The ability of GQD solutions to produce singlet oxygen with and without photo-excitation was
40 examined. The samples of pristine and gamma irradiated GQDs were also recorded with EPR in
42 presence of 2,2,6,6-tetramethylpiperidine (TEMP) which was used as a spin trap agent. The
molecules of TEMP selectively react with singlet oxygen ('0,) and form the stable product,

47 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO), which shows a characteristic EPR signal.”*%

50 In figure 6, EPR spectra of TEMP ethanol solution in dark (indicated “TEMP dark”) and light
53 (indicated “TEMP light”) conditions do not show any signal. By addition of p-GQDs in TEMP
55 solution, in dark conditions, three very weak lines are noticed, indicating the TEMPO product

formation in low concentration (figure 6, spectrum “TEMP with p-GQDs in dark”). But the

19
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illumination for 10 minutes with UV-light (A > 300 nm), caused considerable changes in EPR
signal (figure 6, TEMP + p-GQDs in light) consisting of three equally intense lines. This
spectrum proves the formation of TEMPO in p-GQDs upon illumination and thus their capability
to be photosensitizers. EPR spectra of p-GQDs and gamma irradiated GQDs in TEMP solution
are recorded after 1, 10 and 20 minutes of UV-light illumination (figure S9, Supporting
Information). These spectra show that intensities of EPR signal increase with time of
illumination, for all GQDs. The highest intensities of EPR signals are observed in ,5y-GQDs and

s0Y-GQDs samples after 20 minutes (figure S9 f, Supporting Information).

TEMP+p-GQDs light

TEMP+p-GQDs dark

TEMP light
- o TEMP dark

331 332 333 334 335 336 337 338 339
Magnetic field [mT]
Figure 6.EPR spectra of several experimental conditions: TEMP solution in dark conditions,

TEMP solution under UV-light, TEMP with p-GQDs in dark conditions and TEMP solution with

p-GQDs under UV-light.

A time-accumulating EPR spectra of pristine and gamma irradiated GQDs solutions containing
TEMP were recorded upon UV illumination for 20 minutes. The concentration of generated 'O,
is calculated by using 2,2-Diphenyl-1-picrylhydrazyl (DPPH) solution as standard. Time
dependent 'O, generation in solutions of GQDs samples upon UV illumination is showed in

figure 7a. For p-GQDs, the production of 'O, increases linearly in the first 12 minutes of

20
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illumination, after which it starts to stagnate and fall down. All gamma irradiated samples show
linear and continual increase in 'O, generation with time. The highest concentrations of 'O, were

detected for GQDs irradiated at doses of 20 and 50 kGy after 20 minutes. Under these

©CoO~NOUTA,WNPE

conditions, pristine and gamma irradiated GQDs showed very different behavior: '0, generation
13 for pristine GQDs increases up to 12 minutes after which it falls, while for all gamma irradiated

15 GQDs 102 generation increases linearly with time.

19 The long-term generation of 'O, upon UV illumination is investigated for pristine and GQDs
21 irradiated at doses of 50 and 100 kGy, figure 7b. For gamma irradiated GQDs, these
measurements showed that the concentration of 'O, was increasing up to the 30" minute and

26 stagnated up to the 45™  after which it was falling down. This trend was continued for 15 minutes
28 (until the 60™ minute), after which the concentration of '0, again increases for one hour. This
behavior is noticed for both 50y-GQDs and ;¢oy-GQDs, while for the whole measurement time the
33 concentration of produced '0, was higher in the 50y-GQDs sample. As for p-GQDs, it was

35 observed that the concentration of 'O, reached the saturation, after around 13 minutes of UV

38 illumination and then it was falling.

41 The oscillations in 'O, production indicate the dual mechanism of singlet oxygen production
by gamma irradiated GQDs under UV illumination. Ge et al. showed that GQDs generate singlet
46 oxygen through a new mechanism named multistate sensitization (MSS). 2 They established that
48 singlet oxygen can be produced in two ways: energy transfer from the excited triplet state (T1)
GQDs to O; and energy transfer from the excited singlet state (S1) of GQDs to triplet oxygen

53 (0,) that leads to 'O, generation during the S1-T1 intersystem crossing transition.

21
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This two-stage mechanism explains the presence of feedback and the oscillations in singlet
oxygen generation in samples of gamma irradiated GQDs (figure 7b). In the stage of increased
'0, production, both S1 and T1 lead to 'O, formation, while in the stagnating stage 'O, is
probably produced by S1-T1 intersystem crossing transition, when >0, may also lead to '0,.%*
The lowering in 'O, production is probably a result of the consumption of dissolved oxygen in
the system. The following new increase in '0, production started when enough oxygen is

diffused in the system. The p-GQDs probably underwent photolysis after 13 minutes of UV

illumination, which caused stagnation and later decrease in singlet oxygen production.
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Figure 7.(a) Singlet oxygen formation (measured with TEMPO) as a function of UV
illumination time for 20 minutes, in ethanol solution containing p-GQDs (-m-), 20y-GQDs (-e-),
50y-GQDs (-A-), 100y-GQDs (-¥-) and ,00y-GQDs (-<€-), (b) production of singlet oxygen

during two hours of UV illumination for p-GQDs (-m-), 50y-GQDs (- A -), 100y-GQDs (- ¥ -).

Singlet oxygen production of GQDs was additionally investigated through an established
photochemical procedure, based on the use of 1,3-diphenylisobenzofurane (DPBF) as an
efficient quencher of '0,.°""** The results of these measurements are shown in figure S10

(Supporting Information). In the figure S10 a), the absorption spectra of DPBF and the GQD
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solutions mixed with DPBF are presented. These spectra are recorded immediately after mixing
DPBF with GQDs and showed similar intensity for all samples. After eight minutes of UV
illumination (figure S10 b, Supporting Information), the intensity of the absorption peak
located at 415 nm, reduces for the irradiated samples, and is the lowest in the spectrum of s¢y-
GQDs. These results confirm the higher production of '0, in gamma irradiated GQDs compared

to p-GQDs.

Considering the capability to generate 'O, solely upon UV illumination, their high water
solubility and low toxicity, GQDs seem to be promising candidates for photosensitizers in PDT.
These results show that gamma irradiated GQDs have better stability to photolysis, higher

phototoxicity and more stable singlet oxygen generation over time compared to pristine GQDs.
4. Conclusion

In this work, a novel approach to increase the photoluminescence of GQDs is presented.
Gamma irradiation is suggested to be a valuable method for the modification of optical
properties of GQDs considering low chemical consumption and room temperature conditions. By
changing the dose of gamma irradiation, different GQD properties can be modulated: the
diameter, structure (specifically oxygen content), photoluminescence intensity, position and

lifetime, optical band gap energy as well as singlet oxygen production.

The enhancement of GQDs photoluminescence is the most important result, since it discloses
the possibility of real application for graphene quantum dots in bioimaging and photodynamic
therapy. By applying gamma irradiation at a dose of 50 kGy, significant improvement of PL
properties was observed (PL intensity 4.5 times higher, excited state lifetime two times longer).

At this dose, the highest amount of oxygen was detected in the structure of GQDs. The high
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capacity of 59y-GQDs to generate single oxygen upon UV illumination together with high
photoluminescence make this sample a promising candidate for in vitro and in vivo studies as an

agent with a dual role as a photosensitizer in PDT and a contrast for imaging.
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