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1. Introduction

Carbon-based nanomaterials exist in dif-
ferent forms, and the key which links 
all these nanomaterials lies in the high 
percentage of carbon atoms connected 
through sp2 or sp3 bonds. The small size 
and the different properties of these mate-
rials stir a strong interest in different 
application fields from electronics to bio-
medicine. Especially, carbon-based nano-
materials have received a growing interest 
due to their interaction with light.[1] This 
property can be exploited in a wide variety 
of applications, including phototherapy. 
The therapeutic benefit of phototherapy 
lies on an easy and flexible control of the 
light irradiation, the possibility to treat 
specific localized areas, as well as control 
time and dose of the therapeutic action.[2] 
Depending on their interaction with light, 
two classes of phototherapies can operate. 
The first is the photothermal therapy 

(PTT), which consists of the conversion of the adsorbed light 
by a material into surface vibrations producing heat. The local 
increase of the temperature can induce photoablation of tumor 
cells.[3] The second is the photodynamic therapy (PDT), where 
the interaction with light produces free radicals and, most 
importantly, reactive oxygen species (ROS). This leads to high 
oxidative stress that destabilizes cell machinery and induces 
apoptosis.[4] PDT is currently the most explored type of photo
therapy for cancer treatment. Compared to PTT, PDT was 
already approved by FDA.[5]

Within the different classes of carbon materials, graphene 
family nanomaterials have gained a lot of consensuses as tools 
in cancer therapy. They are composed of hexagonal rings of 
carbon with electron delocalization depending on the type 
of graphene material.[6] These 2D materials are good photo-
thermal agents due to their ability to absorb at near-infrared 
(NIR) wavelengths.[7]

Graphene generally shows poor colloidal stability, and this 
limits its use in drug delivery.[8] Graphene oxide (GO) is the 
oxidized form of graphene. The oxidative synthesis process 
enriches GO surface with a wide variety of organic groups 
such as epoxides, hydroxyl and carboxyl groups.[8] Because of 
its biocompatibility, hydrophilicity, high colloidal stability, and 
versatile surface chemistry, the biomedical applications of 
GO have been widely explored. In addition, GO can be easily 

In this work, the mechanisms of radical generation on different functional-
ized graphene oxide (GO) conjugates under near-infrared (NIR) light irradia-
tion are investigated. The GO conjugates are designed to understand how 
chemical functionalization can influence the generation of radicals. Both 
pristine and functionalized GO are irradiated by a NIR laser, and the produc-
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generation are then evaluated using breast cancer cells, evidencing a con-
centration dependent cell death associated to the heat and ROS. The study 
provides new hints to understand the photogeneration of radicals on the sur-
face of GO upon near infrared irradiation, as well as, to assess the impact on 
these radicals in the context of a combined drug delivery system and photo
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phototherapy-based treatments employing graphene-based materials.
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functionalized via covalent approaches with the help of oxygen 
functions present on its surface and through different non-
covalent approaches (π–π stacking, H-bonding, etc.).[8–10] These 
types of surface modifications allow to tune the nanomaterial 
properties and to unlock GO applications especially into the 
drug delivery field. Additionally, GO has been extensively used 
for PTT and or in a combined chemo/PTT treatment.[11]

One of the main drawbacks on the use of GO in the bio-
medical field is its potential toxicity. GO toxicity depends on 
lateral size and surface chemistry.[12] GO toxicity can be associ-
ated to the generation of ROS into the cell culture conditions.[13] 
These free radicals are particularly toxic to cell membranes. 
The nature of the radicals presents onto the surface and at the 
edges of GO is complex and still under study.[14–16] This source 
of reactivity relies on the defect contained onto GO surface that 
leads to the formation of localized unpaired electrons.[17] The 
presence of these radicals allows GO to possess a high cata-
lytic activity.[18] For instance, GO can easily oxidize luminol in 
solution via radical reaction.[14] In addition, recent studies dem-
onstrated that graphene materials could catalyze benzylamine 
oxidation through oxygen activation (e.g., superoxide forma-
tion), and the yield of this reaction is temperature dependent.[15] 
Besides, the “on demand” production of radical is highly desir-
able for PDT. For example, a study has shown that GO radical 
formation can be induced by heat and could be activated by 
NIR irradiation.[15] Photogeneration of ROS under visible light 
was also studied to establish the potential hazards of GO to 
ecological systems.[19] In contrast to NIR irradiation, the mecha-
nism describing the reactivity of GO under UV irradiation is 
well described.[20] Indeed, the combination of ultrafast time-
resolved electron diffraction and time-resolved infrared vibra-
tional spectroscopy allowed to identify how the energy applied 
via UV light can trigger a cascade of electron delocalization in 
the different energy bands of GO, leading to an energetic delo-
calization resulting in a charged or excited state induced oxygen 
loss. This mechanism can explain the generation of ROS.

Herein, the aim was to investigate whether the presence of 
the radicals on the surface of GO was affected by NIR irradia-
tion, elucidate the mechanism and the type of radicals gener-
ated, and play with surface chemistry to enhance the ROS for-
mation under NIR irradiation. For this purpose, we prepared 
different materials based on the covalent grafting of Diels–Alder 
product, obtained by the combination of furan and maleimide 
derivatives, onto small GO sheets. As a control, furfurylamine 
was employed as this molecule can be directly linked covalently 
with GO.[21] The different derivatives were evaluated for their 
capacity to generate ROS under NIR irradiation, including 
superoxide (O2

•−), hydroxyl radicals (HO•), and singlet oxygen 
(1O2). All these ROS display a high reactivity and can increase 
the therapeutic efficiency of the phototherapy. Then, the cyto-
toxicity of our materials, the photothermal and photodynamic 
effect induced against MCF-7 breast cancer cell line were evalu-
ated. By combining the results of this study, we found that func-
tionalization can modulate the ROS generation without a con-
sistent change in the generation mechanism. Finally, we proved 
that functionalization improved the safety of the material, while 
maintaining its ability to kill the MCF-7 under NIR irradiation. 
These results are the first example of combined GO-based PDT 
and PTT for cancer therapy using NIR irradiation. We believe 

that the knowledge on the NIR photogeneration of radicals onto 
the surface of GO is a crucial step to improve the efficiency of 
this type of materials in cancer therapy.

2. Results and Discussion

2.1. Design and Synthesis of Graphene Oxide Conjugates

In this work, we have synthesized different GO materials to 
obtain a multifunctional platform active for phototherapy 
under NIR irradiation and behaving as a drug delivery system. 
The key point of this work was to find appropriate functional 
groups able to induce a difference in radical generation upon 
covalent modification of GO surface. For this purpose, GO 
was functionalized with Diels–Alder (DA) derivatives as it has 
been already used in the construction of other drug delivery 
system.[22] In the case of GO conjugates developed in this work, 
the DA reaction was performed between a furan ring (diene) 
and different maleimides (dienophiles). The choice of this type 
of DA was based on several points that we wanted to explore. 
First, we wanted to create a stable covalent bond between the 
DA molecule and the surface of GO to avoid undesired release, 
likely occurring when molecules are physisorbed on the sheets, 
whereas maintaining the opportunity to further functionalize 
the surface of GO covalently or non-covalently with other mole-
cules. An efficient strategy, compatible with mild conditions, is 
to open the epoxide rings present onto the surface of GO by 
primary amine. Thereby, we performed the early preparation of 
DA molecules based on furfurylamine since the in situ prepa-
ration of the Diels–Alder process involves an increase of tem-
perature while mild conditions are mandatory to maintain the 
hydration and the oxidation state of GO.[10] Second, we wanted 
to use a functionalization able to stabilize and modulate the 
radical reactivity onto GO surface. Therefore, furfurylamine 
was chosen because it possesses a primary amine, and it is a 
good reductant,[21] eventually able to tune radical formation. The 
introduction of a maleimide function then allowed us to modu-
late the reductive effect of our functionalization strategy. This 
modulation comes from the loss of electron delocalization on 
the furan ring via the switch from sp2 to sp3 hybridization. This 
allows to check if the reductive effect of the functionalization 
has an impact on ROS generation. In addition, the use of N-sub-
stituted maleimides allows to introduce groups with different 
electronegativity and hybridization. Therefore, we decided to 
use methyl and phenyl as substitutes for nitrogen. Indeed, 
the use of phenyl brings two different characteristics: a higher 
electronegativity compared to the methyl group and a pos-
sible stabilization of the free radicals through its π-conjugated 
system. The different Diels–Alder derivatives were synthesized 
following literature protocols (Figure S1, Supporting Informa-
tion).[23] N-substituted maleimides and furfurylamine were put 
at 90 °C overnight in toluene. At this temperature, only the exo 
isomers are formed. Indeed, we wanted to obtain the exo form 
to avoid the retro Diels–Alder reaction, occurring at a higher 
temperature than in the case of endo isomer, making the com-
pound more thermally resistant for a PTT use.[24] The products 
derived from this cycloaddition were isolated by column chro-
matography with a yield of ≈60%. The synthesized products 
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were characterized by mass spectrometry, HPLC, 1H and 13C 
NMR, and FT-IR (Figures S1–S6, Supporting Information). The 
resonances at 2–3 ppm in the 1H NMR spectra corresponding 
to the protons linked to the diastereomeric carbons confirmed 
the presence of the exo isomers.[24]

The starting GO was obtained by Hummers oxidation of 
graphite,[25] leading to an aqueous dispersion at the concentra-
tion of 3  mg mL−1. From SEM and TEM images, single layer 
GO sheets were observed, with an average size of 600 ± 300 nm 
(Figure S9, Supporting Information). This size was selected 
because this GO can be easily taken up by cells,[26] and have a 
longer time blood circulation.[27]

Functionalized GO Diels–Alder conjugates were prepared 
following a method previously reported by our team based on 
“ultramixing” (Figure 1).[28] This protocol can disperse the mate-
rial via a high circumferential speed, avoiding the aggregation 
of the reagents, induced by charge destabilization. Indeed, the 
negative charge present onto GO surface can interact with the 
positive charges of the amino groups inducing GO aggrega-
tion.[29] This phenomenon results in a decrease of the colloidal 
stability of GO in water and in cell culture media. The ultra-
mixed solutions between synthesized DA derivatives, commer-
cial furfurylamine, and GO were further stirred for 12 h and the 
resulting dispersions were purified by dialysis.

To establish the loading of the functions and to check the 
surface chemistry of GO, XPS analysis was performed on each 
conjugate (Figure 2). As expected, the introduction of the dif-
ferent functional groups caused a clear change in the XPS 
spectra. Compared to starting GO mainly composed by C and 
O atoms, the introduction of furfurylamine and DA derivatives 
increased the quantity of N atoms. Notably, from C/O ratio of 
the functionalized materials no reduction of GO was observed 
during the functionalization step. High resolution spectra of 
N1s were recorded for all materials and functionalization clearly 
induced the formation of two peaks at 399.6 and 401.6 eV cor-
responding to amines and positively charged amines, respec-
tively. In addition, functionalization raised a new contribution 
in the deconvolution peak of C1s at 286.0 eV. Even if this con-
tribution overlaps with COH bonds, the little increase can be 
attributed to the formation of CN bonds onto the surface of 
GO.[30] The amount of functional groups was estimated looking 
to the survey spectra, which give a quantification of N atoms. 
Starting GO exhibited a negligible content of N (<0.4%) and 

the introduction of the different organic functions significantly 
increased this number (see table at the bottom of Figure  2). 
For the calculation, the molecular weight of each function, 
the number of N atoms in the molecule as well as the value 
obtained with the starting GO were considered. The loading 
of furfurylamine and DA products was estimated as follows: 
1.5 wt% of functionalization for GOFurf, 0.6 wt% for GOMe, 
and 1.3 wt% for GOPhe.

2.2. Photothermal Activity

GO is one of the most efficient photothermal agents in the 
NIR region.[31] The photothermal activity was estimated irradi-
ating at 808  nm GO dispersions and measuring the tempera-
ture increase. GO at this wavelength can convert laser energy 
into thermal energy.[32] NIR irradiation is also convenient for 
biomedical applications as organs and tissues are transparent 
at this wavelength.[33] Different concentrations of GO disper-
sions were irradiated for 15 min at 3.5 W cm−2 (Figure 3A) or 
10  min at 2 W cm−2 (Figure  3B). GO photothermal response 
is associated to its carbon sp2 framework, which was negli-
gibly altered by our covalent functionalization (Figure 2). How-
ever, we decided to investigate the photothermal efficiency of 
GOFurf. Using a concentration of 100 µg mL−1, GOFurf under-
went a photoactivation similar to GO (Figure S10, Supporting 
Information). Both set of data were compared to water control. 
The heating performance was evaluated by subtracting the tem-
perature at time 0. As shown in Figure 3A,B, we could observe 
a concentration-dependent and irradiation-dependent trend of 
the PTT activity. The temperature is mainly increasing between 
0 and 5  min of irradiation, subsequently reaching a plateau. 
Concerning the difference induced by the two power densities, 
the increase of temperature is almost proportionally doubled. 
The data obtained by the irradiation with 3.5 W cm−2 helped us 
to choose the right concentration, limiting PTT possible side 
effects. Indeed, at 10 µg mL−1 (not shown), the increase is too 
low if we want to lower the power density to be closer to in vivo 
conditions using GO.[34]

On the basis of these data, we decided to use GO at 
25  µg mL−1 at 2 W cm−2 for the continuation of the study. 
At this concentration, the recorded temperature increased 
up to 7  °C. However, the measure corresponds to the bulk 
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Figure 1.  Functionalization of GO through epoxide ring opening with the different organic moieties. A) corresponds to furfurylamine, B) DANMe, and 
C) to DANPhe. For the sake of clarity, only one epoxide is derivatized.
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Figure 2.  XPS characterization. XPS survey spectra with high resolution N1s (left inset) and C1s (right inset) of GO (top left), GOFurf (top right), 
GOMe (middle left), and GOPhe (middle right). Bottom: Table reporting the relative XPS atomic percentage of C, O, and N. +decomposition of the 
DA products.
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temperature from the dispersion of the material. The accumu-
lation of nanomaterials inside the cells can increase more the 
local temperature, leading to higher damages to the cells.[35] 
During PTT, the stability of a molecule is essential. Under an 
increase of temperature, a possible retro Diels–Alder reaction 
can occur, leading to the decomposition of the DA products. 
Therefore, a control experiment was performed with the help 
of a fluorescent maleimide kit assay to quantify the retro Diels–
Alder, which can occur for all functionalized materials during 
the irradiation time of 10 min using 2 W cm−2. No maleimide 
formation was observed indicating that the synthesized ligands 
are stable during the irradiation conditions.

Therefore, a control experiment was performed with 
the help of a fluorescent maleimide kit assay to quantify 
the retro Diels–Alder, which can occur for all functional-
ized materials during the irradiation time of 10  min using  
2 W cm−2. No maleimide formation was observed indicating 
that the synthesized ligands are stable during the irradiation 
conditions.

2.3. Detection of Reactive Oxygen Species

GO is known to possess carbon radicals able to oxidize proteins, 
lipids, and other biological molecules.[16,31] These radicals could 
be modulated by surface coating (e.g., protein coronation).[16] 
As free radicals are known to generate ROS in the presence of 
oxygen or water molecules.[37] In a previous work using HeLa 
cells, we found that GO displayed very low cytotoxic effects at 
this concentration.[33] Moreover, other studies have shown that 
GO did not affect cell viability at 25  µg mL−1 in other types 
of cell lines. The methodology used to determine the ROS 
in aqueous solution and under NIR irradiation was based on 
the combination of fluorescent probes and EPR spin traps,[34] 
allowing to understand the mechanism of formation and the 
type of radicals produced (Figure S2, Supporting Information). 
Each probe is sensitive to different types of ROS. Direct visuali-
zation of the radicals has been already shown by Vranick et al. 
measuring the EPR signals on freeze-dried GO.[16] However, in 
our case direct radical measurement onto GO surface was not 
possible, most probably because of the low concentration of GO 
in solution.

Initially, we tested non-florescent probe dihydrorhoda-
mine 123 (DHR123) as it is sensitive to a wide variety of ROS 
(e.g., HO•, 1O2, and O2

•−) and to direct oxidation.[35] The probe 
response is based on the conversion of DHR123 into fluores-
cent rhodamine 123 (Figure S2A, Supporting Information) with 
a maximum emission intensity at 526 nm following an excita-
tion at 490 nm.

In particular, we reported the fluorescence normalized to 
DHR123. The control experiment of irradiated DHR123 did 
not show any increase of fluorescent signal. This is associated 
to the mild irradiation condition used and to the low ionizing 
capacity of NIR light. Immediately after incubating DHR123 
with GO at 25 µg mL−1 in the dark, an increase of fluorescence 
was recorded (4-folds) (Figure 4a). The radical oxidation of 
the probe can be ascribed to the direct interaction of DHR123 
with the unpaired spin present onto the GO surface or to the 
formation of an intermediate oxygenated species.[14–16] Con-
tinuous incubation for 10 min in the same conditions did not 
show significant enhancement of the probe photoluminescence 
(6.5-folds). The latter is in accordance with the fast kinetic of 
radical reactions. When GO was instead irradiated at 808  nm 
for 10 min, an increase of 25 times was observed, associated to 
the production of photogenerated ROS. From this first set of 
experiment, we confirmed that GO was able to generate ROS in 
solution. This finding opens up the possibility to exploit such 
radicals generated by NIR irradiation for PDT. Similar to pris-
tine GO, functionalized nanomaterials showed the same trend 
in the photooxidation capacity of DHR123. This behavior sug-
gests that the functionalization with DA adducts of GO did not 
modify the radical reactivity of the conjugates toward DHR123. 
Unfortunately, DHR123 is not a NIR selective probe as it can 
be oxidized by different types of ROS.[36] Following the proof 
that irradiation of functionalized or non-functionalized GO 
generate ROS, we decided to shed light on the photogenerated 
radical mechanism. For this reason, we used additional experi-
ments that allowed the distinction of the type of the produced 
radical species. We combined the use of fluorescent probes 
and EPR spin trapping strategy. The latter method is based 
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Figure 3.  Photothermal response at 808 nm of GO at different concentra-
tions. The temperature was recorded every 30 s. Data represent the mean 
value of 3 distinct experiments. Irradiation was performed with a power 
density of A) 3.5 W cm−2, B) 2 W cm−2.
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on the reaction between a radical, whose lifetime is too short 
to be detected under experimental conditions, and a diamag-
netic reagent (spin trap) to form a stable spin adduct. The EPR 
spectra of the spin adducts are characteristic of the radical 
trapped[34] (i.e., carbon species, oxygen species, etc.). It is thus 
easy to determine if the source of these radicals comes from the 
carbon radicals present on the surface of the GO or from an 
oxygen mediated mechanism.

First, we decided to use 5,5-dimethyl-1-pyrroline N-oxide 
(DMPO) as EPR probe. In Figure 4B, a signal of 4 lines with an 
intensity ratio of 1:2:2:1 corresponding to DMPO-OH was reg-
istered after 20 min in solution in the presence of GO.[34] This 
time takes into account the initial 10 min in solution, similar to 
the condition with DHR123 probe, and 10 additional min neces-
sary for spectrum accumulation in the EPR spectrometer. Text 
books state that stable radical species identified appear after 
reaction of molecules with hydroxyl radicals or superoxide or 
by their direct oxidation and leading to products containing 
an unpaired electron observable by EPR.[34] Unfortunately, 
the intermediate forms (Figure S2, Supporting Information) 
after interaction between superoxide and DMPO or by direct 
oxidation, possesses an halftime too short (60 s at pH 7)[37] to 
be observed under our conditions (10 min irradiation coupled 
with almost 10  min of spectral accumulation). Thus, only the 
final DMPOH-OH was observable (Figure S2B, Supporting 
Information). As previously observed with DHR123, irradiation 

for 10 min in similar conditions increased the signal intensity 
with a similar factor (around 5–6-folds between non irradiated 
and irradiated samples). This result confirms by two different 
techniques the ability of GO to act as a photosensitizer when 
irradiated in the NIR region. However, comparing the oxidation 
of DMPO to DHR123, we can see a significant impact due to 
the functionalization either under irradiation or without irra-
diation. In the not irradiated experimental setting, it is clearly 
observable that GOMe produced an amount of radicals about 
60% lower than pristine GO. Instead after irradiation, GOFurf 
conjugate showed a greater capacity of radical generation com-
pared to GO (>30%). As we could still not identify the mecha-
nism under the formation of DMPO-OH radical, we wanted 
to push this analysis further. In order to explain if DMPO-OH 
species were obtained by a direct oxidation or due to oxygen 
radicals, the experiments with DMPO were performed under 
deoxygenated atmosphere (Figure 5).

In this condition, no signals were observed even under NIR 
irradiation, meaning that molecular oxygen is involved in the 
radical photogeneration. Moreover, this can exclude a direct 
oxidation of DMPO. Following these results, a specific trap for 
hydroxyl radicals was selected, corresponding to α-(4-pyridyl 
N-oxide)-N-tert-butylnitrone (POBN) in ethanol (Figure S2C, 
Supporting Information). In this assay, ethanol was used as a 
trap for hydroxyl radicals, leading to generation of alkyl radi-
cals reacting with POBN, with a characteristic profile in EPR 
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Figure 4.  ROS detection. A) ROS levels (λex = 490 nm, λem = 526 nm) after mixing DHR123 with GO materials for 0 or 10 min in the dark or under 
NIR for 10 min at 808 nm (2 W cm−2). Data are normalized to the values obtained with DHR123 irradiated alone for 10 min under NIR at 808 nm. 
B) ROS levels from EPR spectra recorded by mixing GO materials with DMPO for 10 min in the dark or under NIR for 10 min at 808 nm. Signals are 
an average of 9 scans. C) Spectra ROS levels obtained integrating the area under the peak from right spectra in panel B. D) ROS levels (λex = 404 nm, 
λem = 490 nm) after mixing ABDA with GO materials for 0 or 10 min in the dark or under NIR for 10 min at 808 nm (2 W cm−2). Values were calculated 
from the data obtained with a calibration curve of ABDA concentration.
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spectra.[34] The four different conjugates gave no signals, 
even under NIR irradiation (Figure S11, Supporting Informa-
tion). Therefore, we demonstrated that GO and functionalized 
GO did not generate hydroxyl radicals under photoirradia-
tion. These results confirm the previous results obtained with 
DMPO which showed that oxygen was mandatory, supporting 
mainly the formation of superoxide and singlet oxygen.

9,10-Anthracenediyl-bis(methylene)dimalonic acid (ABDA) 
was used as a specific fluorescent probe to quantify singlet 
oxygen production. The reaction is specific for the detection of 
1O2 that reacts with the probe through a Diels–Alder addition of 
the singlet oxygen onto the anthracene ring (Figure S2D, Sup-
porting Information), while other ROS species are not able to 
react with this probe. As the endoperoxide species (ABDA-O2) is 
not fluorescent, 1O2 production was monitored by following the 
loss of fluorescence emission intensity at 404 nm.[35] As stated 
before, ABDA oxidation is selective to singlet oxygen, allowing 
the quantification of 1O2 during the irradiation. For sake of com-
parison, we have expressed the concentration of 1O2 per gram 
of GO during the irradiation process (Figure 4C). As observed 
with DHR123, a significant quantity of radicals was found 
when the probe was mixed with GO materials, whereas a slight 
decrease of fluorescence was observed after 10  min. In both 
cases, GOFurf seemed to generate more radicals, while for the 
other functions the difference is lower in comparison to GO. It 
is however already possible to establish a classification between 
the functions. Without irradiation the classification of ROS pro-
duction is as follows: GOFurf (+45%) > GOMe (+15%) > GOPhe 
(−10%) compared to GO after 10  min. Under NIR irradiation 
for 10 min, the trend remains similar to that observed with the 
other probes; all materials exhibit more or less the double of 
radical production compared to the controls. Classification is 
again possible after NIR treatment, following: GOFurf (≈60%) 
> GOMe (≈30%) = GOPhe (≈30%) compared to GO. In order 
to demonstrate that the oxidation was not due to a different 
mechanism than the singlet oxygen production evidenced in 
the experiment using ABDA, a final control was performed 
by EPR. For this purpose, 2,2,6,6-tetramethyl-4-piperidinol 
(TMP-OH), a specific spin trap for 1O2, was used (Figure S12,  
Supporting Information). TMP-OH in contact with 1O2 reacts 
to form TEMPOL, a paramagnetic molecule observable by EPR. 
As in the case of ABDA, a small but still significant amount of 

radicals was observed without stimuli. Following the NIR irra-
diation, an increase in intensity of the signals of about 7 times 
was observed.

By combining the data obtained from the different probes, 
we found that the functionalization and the irradiation do not 
modify the nature of the photoproduced radicals, but rather their 
quantity. DMPO and DHR123 are not specific enough to evi-
dence the exact type of radicals in our experimental conditions. 
However, spin trapping experiments using DMPO showed the 
formation of an oxygen based radical whose formation mecha-
nism cannot support a direct oxidation. Additionally, all the 
materials are not able to oxidize POBN in ethanol excluding  
the production of hydroxyl radicals, hydrogen peroxide (detectable 
by POBN) and H2O•+ (precursor of HO• radicals). Furthermore, 
as ABDA is specific to singlet oxygen,[38] and DHR123 and 
DMPO are sensitive to superoxide,[39] we can assume the pro-
duction of 1O2 and O2

•− during the irradiation process.
To establish a plausible mechanism for the generation of 

the radicals, it is necessary to look at both the data we have 
obtained and the literature. For molecular photosensitizers, the 
oxidation ratio between ABDA and DHR123 has been associ-
ated to the conversion ratio between triplet and single state 
generation (1O2) and charge transfer (O2

•−) during the photo
generation process.[40] We found that superoxide and singlet 
oxygen are generated without stimuli and that their formation 
can be sensibly enhanced during NIR irradiation. Superoxide 
can be formed by radical oxidation of GO by O2. Subsequently, 
O2

•− can remain adsorbed onto GO•+ due to ionic interactions 
(Figure 6).[15] GO was already shown to produce superoxide 
through NIR irradiation.[41] It was also proved that the genera-
tion of superoxide occurs upon an increase of temperature.[15] 
GO was able to oxidize luminol and be reactivated through a 
treatment with H2O2, while a thermal treatment reduces the 
amount of carbon radicals.[14]

These observations are in accordance with our experiments 
where we evidenced the oxidation of DHR123 and DMPO via 
O2

•− formation. The most interesting finding of this study is 
the observation of singlet oxygen production. Indeed, singlet 
oxygen formation is usually mediated by an energy transfer 
from the excited triplet state of a photosensitizer to singlet 
oxygen.[42] But, GO materials are able to produce this type 
of radicals even without stimuli (Figure  4 and Figure S10, 

Small 2023, 2207229

Figure 5.  EPR spectra of GO conjugates mixed with DMPO under argon atmosphere for 10 min and for 10 min under NIR at 808 nm. Signals are 
average of 9 scans.
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Supporting Information). Besides, another mechanism has 
been proposed to produce singlet oxygen for non-triplet gen-
erating PDT sensitizer such as TiO2.[42] In this case, singlet 
oxidation could be produced by oxidation of superoxide. This 
electron removal in the oxidation process can occur in three 
different ways due to three equivalents π-antibonding orbitals 
on superoxide. These three ways generate three energy excited 
states of O2: 3Σg−, 1Δg, and 1Σg

+. 1Σg
+ is energetically too high 

and converts into 1Δg. Thus, the oxidation of superoxide gen-
erates with a probability of 2/5 singlet oxygen and 3/5 triplet 
oxygen.[42] For the oxidative mechanism, two different ways 
to generate singlet were already described by the following  
equations:

+ → +−O HO O OH2
. . 1

2 � (1)

+ →− +O h O2
. 1

2 � (2)

In Equation  (1), the reaction occurs due to a favorable 
energy involving the presence of HO•. The Equation  (2) fore-
sees the oxidation of superoxide due to a hole (carbocation 
radical) produced after the oxidation. In our experiments with 
POBN, the hydroxyl radical concentration was below the detec-
tion limits, making mechanism (1) unfavorable. On the other 
hand, reaction (2) involves oxidation performed by a cationic 
state of the material GO•+ (h). (Figure 6). When GO•+ is irra-
diated there is a high local temperature enhancement that 
induces an increase of reactivity. The oxidation/reduction of O2 
can be mediated by the different groups grafted onto GO sur-
face. In particular, functionalized materials are able to reduce 
the O2

•- (from DMPO oxidation), while similar amounts  
of 1O2 were recorded (from ABDA oxidation) in non-irradiated 
condition. Viewing the potential toxicity of GO associated to 
the ROS formation, we have found that choosing the appro-
priate functionalization it is possible to alleviate ROS forma-
tion. Additionally, from our study we showed that during NIR 
irradiation GO works as a powerful photosensitizer, where the 
generation of 1O2 can be maximized by surface functionaliza-
tion of the material.

2.4. In Vitro Cell Viability Study

Because of their great tunability and versatility, phototherapies 
have emerged as new modalities for combined cancer therapy. 
They can overcome a lot of side effects on healthy tissues 
increasing the efficacy in killing primarily cancer cells.[43] In 
this therapeutic context, it is imperative to evaluate the safety 
of our compounds without stimulus to ensure control over 

cytotoxicity, in particular, because we detected radicals in our 
study without irradiation or stimulus in non-physiological envi-
ronment. Therefore, GO materials were investigated against 
human breast cancer cell line MCF-7 by Live/Dead assay. For 
this purpose, the MCF-7 cells were incubated with the GO, 
GOFurf, GOMe and GOPhe at different concentrations (10, 25, 
50, 75, 100 µg mL−1) for 24 h (Figure S13, Supporting Informa-
tion). GO shows a time and a concentration dependent internal-
ization, and 24 h of incubation is a sufficient incubation time 
for the material uptake.[16,28,44] Then, the cells were washed, 
and the live/dead staining solution was added to test cell via-
bility (Figure 7A). The functionalized GO materials (GOFurf, 
GOMe, and GOPhe) altered very little, although statistically 
significantly, cell viability up to a concentration of 50 µg mL−1 
being cell survival being more than 90%. Pristine GO showed 
more toxicity than functionalized materials. At 100  µg mL−1, 
the viability of cells treated with GO significantly decreased 
to 66%, while in the case of GOFurf, GOMe, and GOPhe, the 
percentage of live cells was 80%, 75%, and 84%, respectively. 
We could observe that the GOMe has a better dispersibility in 
the cell culture media than GO, that may be one of the reasons 
of its higher cytocompatibility compared to GO and the other 
functionalized GO.[45,46] The functionalized GO displayed lower 
impact on cell viability, and this can be associated also to their 
lower ROS generation in solution.

2.5. In Vitro Combined Photothermal Therapy/Photodynamic 
Therapy

For evaluation of the combined PTT/PDT effect of GO and 
GO conjugates, the cell viability on MCF-7 was compared with 
and without irradiation using again live/dead assay. The aim 
of this experiment is to demonstrate the increase in toxicity of 
our compounds when irradiated at 808  nm (2 W cm−2) asso-
ciated to thermal increase (Figure  3) and ROS photogenera-
tion (Figure  4). Since the two types of activation occur at the 
same wavelength, it was not possible to dissociate the contri-
bution of PDT from that of PTT. As the three GO conjugates 
(GOFurf, GOMe, and GOPhe) displayed similar cell viability 
effects (Figure  7A), GOMe was chosen as the representative 
to test the phototherapy efficiency. The cells were treated with 
GO and GOMe at 25  µg mL−1, the same concentration used 
to assess the radical formation, for 24  h and then irradiated 
with NIR laser (2 W·cm−2) at 808 nm for 10 min, followed by 
viability measurements after 24 h. As shown in Figure 4B, the 
cell viability was significantly decreased in response to NIR 
irradiation. Dead cells were 54% and 47% for GO and GOMe, 
respectively, after the 10 min irradiation, in comparison to 16% 

Small 2023, 2207229

Figure 6.  Radical oxidation of GO to form O2
•−.
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and 6% for non-irradiated groups, respectively. These results 
highlight again the positive effect of functionalization of GO in 
its use in PDT and PTT. Indeed, compared to GO, the simple 
surface modification with DA adducts sensibly reduces the 
basal ROS generated from the material, so alleviating its cyto-
toxicity while the functionalization does not hamper the high 
GO photocytotoxicity.

To further assess the combined photothermal and PDT effects 
of GO and GOMe, the live/dead images were recorded using 
calcein-AM and ethidium homodimer-1 fluorescence dyes to 
identify living (green) and dead (red) cells (Figure 7C). In addi-
tion, more cells were stained in red after irradiation. The cell 
morphology was also observed after laser irradiation, and their 
shape clearly changed, with many cells dead (Figure S14, Sup-
porting Information). Overall, the irradiation effect not only 
inhibited the cell proliferation, but also induced cell death, 
revealing the key role of photothermal and PDT effects.[47]

2.6. Intracellular Detection of Reactive Oxygen Species

We showed the good efficacy of the PDT/PTT of our materials. 
However, since a single NIR wavelength is used during irradia-
tion, it is hard to study if this therapeutic outcome is mainly 
due to the ROS formation or to the local hyperthermia. While 
the photothermal effect depends mainly on the GO sp2 struc-
ture, and is expected to not be changed by the functionaliza-
tion, we have demonstrated that the ROS generation can be 
modulated by the surface modification of the material. All our 

previous studies have been conducted in water, while the bio-
logical environment is much more complex where proteins or 
glutathione may prevent the ROS photogeneration of the mate-
rial, comprising its PDT activity. For these reasons, we decided 
to assess the generation of ROS of GO and GOMe in MCF-7 
cells. To capture the ROS in these cells, 2′,7′-dichlorodihydro-
fluorescein diacetate (CM-H2DCFDA) reagent was chosen as a 
probe. This dye is initially non-fluorescent in a reduced state 
and becomes fluorescent (green emission) upon oxidation by 
ROS.[48] The MCF-7 cells were incubated with GO or GOMe 
(at 25 µg mL−1) for 24 h. After washing to remove the materials 
outside the cells, CM-H2DCFDA reagent was added to monitor 
the intracellular ROS.

We observed that the ROS level of the MCF-7 cells was 
almost the same when exposed to GO or GOMe without 
irradiation. This is consistent with the cell viability where GO 
and GOMe show similar cytotoxicity at 25 µg mL−1 (Figure 8). 
On the other hand, we detected a significant CM-H2DCFDA 
oxidation in both GO and GOMe after 10  min irradiation 
at 808  nm (2 W cm−2) (Figure  8). Compared with GO under 
irradiation, GOMe is able to induce a higher radical stress in 
MCF-7 cells, although, this is not correlated to an obvious trend 
with the phototherapeutic efficacy (Figure 4). This may be due 
to different reasons, including different cell uptake and traf-
ficking into cell. On the other hand, we have decided to use a 
low concentration of material to investigate on the possibility of 
using GO and functionalized GO for combined PDT and PTT. 
These results provide evidence that GOMe is able to produce 
an increase of oxidative stress, and consequently a higher level 

Figure 7.  A) Cell viability of GO, GOFurf, GOMe, GOPhe at different concentrations on MCF-7 cells after exposed 24 h. B) Cell viability of MCF-7 cells 
after the treatment of 25 µg mL−1 GO or GOMe with or without laser irradiation (2 W cm−2) at 808 nm for 10 min. C) Live/Dead images after laser 
irradiation (2 W cm−2) at 808 nm for 10 min. Calcein-AM (Green, live cells), ethidium homodimer-1 (Red, dead cells). Magnification 5×. The results are 
expressed as the means ± SD (n ≥ 3). The statistical analyses were performed by the one-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 
compared to the untreated control.
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of ROS, under NIR irradiation, resulting in potentially promi
sing tools for a combined photodynamic and photothermal 
effect.[49,50]

3. Conclusion

In summary, we have investigated the radical formation for 
the development of NIR phototherapy based on GO platform 
against breast cancer. We demonstrate that GO is a powerful 
PTT and PDT agent when excited in NIR region. Using a com-
bination of fluorescent probes and spin traps, we shed the light 
on the radical photogeneration mechanism. When the sample 
is not irradiated, oxygenated radicals are generated, and this 
is associated with the electron transfer from GO to O2. While 
during irradiation, there is a marked enhancement of ROS 
produced where 1O2 and O2

•− are the radical species detected. 
Then, our study demonstrated how functionalization of GO 
through epoxide ring opening can tune the radical generation 

affecting the ratio between superoxide and singlet oxygen pro-
duced. In particular, the introduction of reducing functions 
seems to reduce the ROS formation without irradiation and 
to favor the generation of O2

•− during NIR irradiation. Then 
looking at the cellular effect of our previous observations, we 
pointed out the role of ROS-based PTT with GO conjugates 
in vitro and confirmed the trend observed in the mechanistic 
study. Based on the results we can conceive a new way to tune 
the properties of GO for a therapeutic use of PDT and PTT 
with only a single wavelength laser irradiation. Moreover, in the 
NIR range the tissues and the organs are transparent, limiting 
possible damages. All these results open the door to a better 
understanding of the interactions of the GO with light and 
within the cellular environment. With this work, we hope to 
inspire new studies unlocking the PDT potentials of GO and 
conceiving next generation “safe by design” materials and so 
linking drug delivery with heat and ROS generation. On the 
other hand, future studies using GO will need to focus on a sys-
tematic investigation of the presence of radicals before drawing 
any conclusions about the potential effects of GO. There are 
still many properties of GO to be explored, it is possible to 
imagine that the methods used to produce GO as well as the 
functionalization strategies can be designed to strengthen its 
phototherapeutic activity.
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Figure 8.  A) Relative ROS content after GO or GOMe treatment with 
or without irradiation. B) Fluorescence images of intracellular ROS with 
or without irradiation. MCF-7 cells were incubated with CM-H2DCFDA 
reagent (excitation: 495 nm, emission: 527 nm) for 30 min before irradia-
tion. The scale bar is 100 µm. The results are expressed as the means 
± SD (n  = 3). The statistical analyses were performed by the one-way 
ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 compared to 
the untreated control.
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