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Abstract

Graphene quantum dots (GQDs) are biocompatible nanoparticles employed in bio-
medical field, thanks to their size and photophysical properties. GQDs have shown the
capability to cross biological barriers, including the blood—brain barrier, which makes
them promising agents for brain diseases therapy. It has been shown that surface-
functionalized GQDs enhance membrane fluidity and intracellular uptake, exerting a
synergistic effect with antitumor drugs at subtherapeutic doses. Here, we tested GODs
effects in combination with chemotherapeutic agents doxorubicin and temozolomide,
on a complex 3D spheroid model of glioblastoma. We observed that the capability of
GQDs to absorb and convert near-infrared light into heat is a key factor in membrane
permeability enhancement on 3D model. This non-invasive therapeutic strategy
named photothermal therapy (PTT), combined to chemotherapy at subtherapeutic
doses, significantly increased the effect of antitumor drugs by reducing tumor growth
and viability. Furthermore, the increase in membrane permeability due to GQDs-
mediated PTT enhanced the release of reactive oxygen species with strong migration
of the immune system towards irradiated cancer spheroids. Our data indicate that

the increase in membrane permeability can enhance the efficacy of antitumor drugs
at subtherapeutic doses against glioblastoma, reducing side effects, and directing
immune response, ultimately improving quality of life for patients.
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Background

Graphene quantum dots (GQDs) are small semiconducting nanoparticles with a
size around 10 nm (Perini et al. 2020b). Thanks to their great photophysical proper-
ties, GQDs have widely been exploited in several fields (Perini et al. 2020b; Huang
et al. 2014). GQDs have been employed as bioimaging molecules, carriers for drug
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delivery, and as theranostic nanomolecules (Bacon et al. 2014; Mansur 2010).
Thanks to their capability of easily crossing biological barriers, particularly the
blood-brain barrier, GQDs are also being used in the field of neuroscience (Hanada
et al. 2014; Utkin 2018). In our previous works, we have tested the effect of surface-
chemically functionalized biocompatible GQDs in combination with chemotherapy
on a traditional 2D model of glioblastoma, the most lethal and aggressive brain can-
cer (Perini et al. 2020a, c). We demonstrated that GQDs functionalized with carbox-
ylic acid could synergistically enhance chemotherapy against glioblastoma (Perini
et al. 2020c). However, an issue that still must be overcome is the lack of reliable
experimental models, different from standard 2D cultures, to provide representa-
tion of tumor’ behavior (Perini 2021a). We observed that this synergistic tumor kill-
ing efficacy of GQDs and chemotherapy was reduced on 3D glioblastoma spheroids
indeed (Perini et al. 2022a). We therefore exploited another photophysical property
of GQDs: the capability of absorbing near-infrared light and convert it into heat,
namely phototherapy. Phototherapy, which comprises photothermal therapy (PTT)
and photodynamic therapy (PDT), is a non-invasive treatment that can either sen-
sitize cells to chemotherapy by inducing a local increase of temperature mediated
by light and that can induce a local increase in the production of reactive oxygen
species, respectively (Perini et al. 2022b; Liu et al. 2020a; Zhi et al. 2020). Here, we
tested GQDs-mediated combined chemotherapy and phototherapy on a reliable
3D tumor spheroid model of glioblastoma. For this purpose, we focused on GQDs
functionalized with carboxylic acid groups (Perini 2021b). We demonstrated that
GQDs exert a strong killing effect as a chemo-photosensitizer agent on tumor sphe-
roids when combining chemotherapy with an approach based on hyperthermia.
We observed that the increase in efficacy of tumor killing was related to a strong
increase in membrane permeability induced by GQDs and, in particular, by irradi-
ated GQDs. We therefore proposed a mechanism of action in which the increase in
membrane permeability induced by GQDs improves intracellular uptake of antitu-
mor drugs inside glioblastoma cells (Perini et al. 2020a, c; Sui, et al. 2016). Another
relevant approach for the treatment of glioblastoma is immunotherapy (Ampie et al.
2015; Lim et al. 2018; Qian and Shao 2022) due to the paucity of infiltrated leuko-
cytes and downregulation of immunological response, facilitated by intratumoral
heterogeneity (Ampie et al. 2015). The purpose of immunotherapy is to reactivate
the immune system, stimulating it to recognize tumor-associated antigens, in order
to directly target tumor region, minimizing the non-specific inflammatory response.
For this purpose, PTT and PDT can be auxiliary approaches for immunotherapy, due
to the high release of tumor-associated antigens and the production of reactive oxy-
gen species, which induce a strong activation of the immune system (Kim and Lee
2018; Rubenstein et al. 2000). Here, we observed a strong migration of immune cells
towards cancer region after irradiation with a near-infrared laser in the presence of
GQDs. Taken together, our findings on a reliable 3D tumor model demonstrate the
crucial clinical relevance of GQDs, which could take part in the fight against brain
diseases thanks to their multifunctional chemo-photosensitizing effect, and to their
ability of stimulating the migration of immune cells towards cancer region, exerting

immunotherapy enhancement.



Perini et al. Cancer Nanotechnology (2023) 14:13 Page 3 of 19

Results

Characterization of GQDs

GQDs were characterized by DLS, TEM, AFM, absorbance, fluorescence intensity, and
ATR-FTIR. Results of spectroscopic and microscopic characterization are reported in
Fig. 1. TEM images depicted an average diameter of GQDs around 10 nm (Fig. 1A),
which is in accordance with DLS analysis that showed a broad size distribution having
a hydrodynamic radius peaked at 6 nm (Fig. 1B). Absorbance measurements were per-
formed by recording optical density (OD) from 230 to 800 nm (Fig. 1C). We observed
a peak at 350 nm, which is typically due to m—m* transitions, and it is associated with
the presence of lone pairs within oxygens. Fluorescence intensity was recorded by excit-
ing from 260 to 480 nm with a step size of 20 nm and reading emission from 300 to
700 nm with a step size of 5 nm (Fig. 1D). AFM imaging along with analysis of line pro-
file was performed on samples. Results are reported in Fig. 1E, F, furtherly confirm-
ing TEM results. GQDs showed an emission peak at 450 nm when excited at 320 nm.
Surface chemical characterization was performed by ATR-FTIR (Fig. 1G). The infra-
red spectra of GQDs showed characteristic frequencies of the carboxylic acid group,
such as a broad band around 3000 cm™! for the O—H stretch and a very strong band
at 1705 cm™! for the C=0 stretch. Furthermore, we observed a peak at 1200 cm ™! due
to epoxide C-O stretching vibrations. We then evaluated the biocompatibility of GQDs
on the U87 human glioblastoma cell line and on human fibroblasts to confirm the high
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Fig. 1 Characterization of GQDs. A TEM imaging of GQDs, showing a diameter around 10 nm. Scalebar

50 nm. B Light scattering measurements of GQDs, depicting a hydrodynamic radius around 6 nm. C
Absorbance of GQDs in the range between 230 and 800 nm. D Fluorescence intensity of GQDs by

exciting from 260 to 480 nm and recording emission from 300 to 700 nm. E AFM images of GQDs and F
representative line profile of the image. G FTIR spectroscopy showing typical peaks of GQDs functionalized
with carboxyl groups. H, I Biocompatibility of GQDs on glioblastoma cells and human fibroblasts, respectively,
at concentrations ranging from 50 to 250 pg/mL. Results are reported as % of control (untreated) cells
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biocompatibility of these nanomaterials. We administered GQDs at different concen-
trations, ranging from 50 to 250 pg/mL. Results are reported in Fig. 1H, I. No evident
cytotoxicity was depicted even at the highest tested concentration, highlighting the bio-
compatibility of bare GQDs.

Effect of changes in membrane permeability mediated by GQDs on 2D model

of glioblastoma

We then moved to evaluate the effect of GQDs on changes in the permeability of cell
membrane, to test whether these changes could improve the effect of two chemother-
apeutic agents: temozolomide (TMZ) and doxorubicin (DOX). For this purpose, we
administered GQDs to cells and, after incubation, we labeled cells with Laurdan (Par-
asassi et al. 1990, 1998). This molecule is a fluorescent probe with a hydrophilic head
and a hydrophobic tail that can be used to describe the lipid-phase state in mem-
branes with high sensitivity. Membrane fluidity quantified by Laurdan is given by
calculation of the generalized polarization (GP) index, which goes from —1 (highest
membrane fluidity) to + 1 (lowest membrane fluidity) (Bianchetti et al. 2019). Repre-
sentative Laurdan confocal microscopy images are reported in Fig. 2A, while quantifi-
cation of the GP is shown in Fig. 2B. Data are reported as mean =+ standard deviation.
We observed a GP value of 0.48 £ 0.05 for control (untreated) U87 cells. Cells treated
with GQDs had a GP value of 0.21 & 0.02. Cells treated with GQDs showed a GP value
significantly lower than control cells, highlighting a strong increase in membrane
fluidity (p<0.01, one-way ANOVA and Tukey post-hoc test). We then moved to test
the combined effect of GQDs and the two chemotherapeutics, to test whether the
increase in membrane permeability could augment the effectiveness of the antitumor
drugs due to a higher intracellular uptake. First, we evaluated the concentration of
chemotherapeutic agent capable of inhibiting 50% of cell growth (namely IC50). Data
for DOX are reported in Fig. 2C. We observed a reduction in cell viability correspond-
ing to the IC50 at 2 uM. We then set the concentration of DOX in combination with
GQDs at a subtherapeutic dose, which was half of the IC50 (1 pM). We incubated
cells with GQDs at concentration ranging from 50 up to 250 pg/mL for 24 h. After
incubation, we removed GQDs from the supernatant to avoid possible extracellular
interactions between GQDs and antitumor drugs that could affect the effectiveness of
the latter. We then added DOX at half of its IC50. After further incubation, we meas-
ured cell viability. Results of the combined effect of GQDs and DOX are reported in
Fig. 2D as % of death (1-viability). DOX and GQDs at 50 pg/mL depicted a cell mor-
tality of 37 +7.1%. This reduction was similar to that of DOX alone. We observed a
strong reduction in viability with the combined treatment of GQDs at concentrations
higher than 50 pg/mL and DOX compared to the anticancer drug alone. Mortality
resulted significantly higher for cells treated with DOX and GQDs at the two high-
est tested concentrations (200 and 250 pg/mL, with a p <0.01, one-way ANOVA and
Tukey post-hoc test). To verify the hypothesis of a higher intracellular uptake of the
antitumor drug, we evaluated the fluorescence intensity of DOX inside cells through
confocal microscopy. Results of the fluorescence intensity are reported in Fig. 2E. We
observed a significant increase in the fluorescence intensity of DOX inside cells at the
two highest tested concentrations, in accordance with cell viability. Our data show a
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Fig. 2 Mechanism of GQDs-mediated chemotherapy enhancement. A Laurdan confocal microscopy

images of cells treated with GQDs. Scale bar 20 um. B Quantification of the generalized polarization (GP) of
glioblastoma cells after the treatment with GQDs. C Dose-response curve of doxorubicin (DOX), highlighting
a concentration inhibiting 50% of cell growth (IC50) at 1 uM. D Mortality of glioblastoma cells after the
combined treatment with GQDs and DOX at half of its IC50. E Quantification of the uptake of DOX inside
glioblastoma cells. F Dose-response curve of doxorubicin (DOX), highlighting a concentration inhibiting 50%
of cell growth (IC50) at 200 ug/mL. G Mortality of glioblastoma cells after the combined treatment with GQODs
and TMZ at half of its IC50. H Proposed mechanism of action on the combined treatment between GQDs and
anticancer drugs. GQDs tend to destabilize cell membrane, increasing membrane permeability. This allows

a higher uptake of antitumor molecules, improving their efficacy. ***p <0.01 one-way ANOVA and Tukey
post-hoc test

clear correlation between intracellular uptake of the anticancer drug and changes in
membrane permeability due to the treatment of GQDs. Therefore, we moved to test
the effectiveness of TMZ, since it is known to be the most widely used chemotherapy
for patients with glioblastoma (Stupp et al. 2005; Jiapaer et al. 2018; Lee 2016). As
for DOX, we first evaluated the IC50 of TMZ, which resulted to be 200 uM (Fig. 2F).
We then proceeded with the same experimental protocol of DOX. We administered
GQDs at the same previous concentrations, then after incubation we removed GQDs
from supernatant and we dispensed TMZ at half of its IC50. Results are reported
in Fig. 2G. As for DOX, no significant changes in mortality were pointed out after
administration of GQDs at the lowest concentration of pg/mL when compared to
TMZ alone. As expected, the combined treatment of GQDs and TMZ resulted in a
significant effect at the two highest tested concentrations of GQDs (p <0.01, one-way
ANOVA and Tukey post-hoc test). Our data strongly indicate that biocompatible
GQDs can interact with cell membrane in a concentration-dependent manner. This

interaction leads to an increase in membrane permeability, due to a higher membrane

Page 5 of 19



Perini et al. Cancer Nanotechnology (2023) 14:13 Page 6 of 19

fluidity that we measured through GP. The changes in membrane permeability allow
the entrance of the chemotherapeutic agent, significantly enhancing its efficacy
(Fig. 2H).

Effect of the combined treatment of GQDs and chemotherapy on a 3D model

of glioblastoma

We have tested the effect of GQDs in combination with chemotherapy on a 2D model of
glioblastoma. We demonstrated that GQDs could synergistically enhance chemotherapy
against cancer. We explained the mechanism underlying the synergy between GQDs and
antitumor drugs by measuring an increased membrane permeability of U87 cells. How-
ever, an issue that still must be overcome is the lack of reliable experimental models,
different from standard two-dimensional cultures, to provide a faithful representation
of tumor behavior (Pierangeli et al. 2020; Longati et al. 2013; Costa et al. 2016). For this
purpose, we moved to test the enhancement of chemotherapy mediated by changes in
membrane permeability induced by GQDs on a reliable 3D tumor spheroid model of
glioblastoma. We monitored spheroid growth in terms of size and viability for a times-
pan of two weeks. Results are reported in Fig. 3. Spheroid growth was monitored in
the timespan of two weeks for all treatments by acquiring bright field images over time
(Fig. 3A). After the formation of spheroids, we administered GQDs at 200 pg/mL. After
incubation, we administered antitumor drugs. Results of the combined treatment of
GQDs and DOX in terms of spheroid growth are reported in Fig. 3B. Data are normal-
ized by the area at day O for each treatment. Control (untreated) spheroids increased
their size up to 173 4+10.4%. Spheroids treated with GQDs showed a similar increase
in their size, reaching 1524+11.1%. The chemotherapeutic drug alone exerted a reduc-
tion in spheroid growth over time, decreasing to 78 +7.6% with respect to the initial
size. Importantly, the most evident effect was exerted by the coadministration of GQDs
and DOX. Spheroids treated with the combination of DOX and GQDs had a reduction
in their growth to 73+2.8% indeed. Both treatments with DOX and GQDs combined
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with DOX resulted in a significant loss of tumor mass when compared to untreated
spheroids (p<0.01, one-way ANOVA and Tukey post-hoc test). However, despite exper-
imental evidence on 2D model, no significant difference between the two groups was
observed on spheroids. Results of cell viability at 7 and 14 days from administration of
GQDs are reported in Fig. 3C as % of control spheroids. Spheroids treated with GQDs at
7 and 14 days did not show relevant loss in viability. Spheroids treated with DOX alone
at half of its IC50 had a reduction in cell viability up to 63+£10.3% and 43+2.1% at 7
and 14 days, respectively. Spheroids treated with the combination of GQDs and DOX
depicted a loss of viability at 7 and 14 days up to 45+7.6% and 28+ 3.1%, respectively.
Both treatments with DOX alone or in combination with GQDs resulted in a signifi-
cant loss in cell viability with respect to control (untreated) spheroids (p<0.01, one-
way ANOVA and Tukey post-hoc test). Although there was a clear decreasing trend, in
accordance with the data of tumor growth, indicating an enhanced efficacy of the anti-
tumor drug in the presence of GQDs, we did not observe significant differences between
the two treatment groups. As for the 2D model, we then moved to test the combined
effect of GQDs and TMZ. Results of spheroid growth are reported in Fig. 3D. After two
weeks, glioblastoma spheroids treated with TMZ had a reduction in their growth up to
87+8.3%. When TMZ was combined with GQDs, spheroids reduced their growth to
83£2.8%. Both treatments resulted to be significantly different with respect to control
spheroids (p <0.01, one-way ANOVA and Tukey post-hoc test). Even in this case, we did
not observe significant differences between the two treatment groups. Results of cell via-
bility after the treatment with TMZ and GQDs at 7 and 14 days are reported in Fig. 3E.
Spheroids treated with the antitumor drug alone had a loss in viability to 75+ 3.3% and
25+1.2% at 7 and 14 days, respectively. Spheroids treated with TMZ and GQDs showed
a reduction in viability to 63+6.1% and 17 £0.4% at 7 and 14 days, respectively. Both
treatments significantly reduced cell viability of spheroids (p<0.01, one-way ANOVA
and Tukey post-hoc test). As for DOX, despite the decreasing trend indicating an
enhanced efficacy of TMZ in combination with GQDs, we did not observe significant
differences between the two treatment groups.

Increase in membrane permeability of glioblastoma spheroids through photothermal
conversion mediated by GQDs

We have tested coadministration of GQDs and antitumor drugs on a tumor spheroid,
which allows reproducing a more reliable model of glioblastoma with respect to stand-
ard cultures. As a fact, several studies reported that most of the tests carried out on
2D models show a significant change in their outcomes when compared to 3D cultures
(Perini et al. 2022a; Longati et al. 2013; Costa et al. 2016; Moriconi 2017; Pickl and Ries
2009; Jaukovi¢ et al. 2020; Sdnchez-Romero et al. 2016). Therefore, a multidisciplinary
approach for the treatment of glioblastoma, which guarantees effective tumor cell tar-
geting and killing and is coupled with an efficient experimental model is mandatory.
For this purpose, we exploited another feature of GQDs, which is their ability to absorb
near-infrared (NIR) light and convert it into heat, exerting a photothermal effect (Perini
et al. 2022a; Wang et al. 2019; Sung et al. 2017; Liu et al. 2020b). This effect can be used
in a therapeutic approach, namely PTT. PTT is a non-invasive technique that can be
an intriguing auxiliary approach for chemotherapy. PTT is based on a local increase in
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temperature mediated by light-responsive molecules, which in turn exerts a cytotoxic
effect on cancer cells. GQDs have widely demonstrated their high photothermal conver-
sion (Wang et al. 2019; Nurunnabi et al. 2014). Therefore, in this work, we used GQDs
as chemotherapy enhancers and photothermal converting molecules (Fig. 4A). For this
purpose, we used a near-infrared laser, with an emission wavelength of 808 nm. Char-
acterization of the laser power is reported in Fig. 4B. Once characterized, we irradiated
GQDs at all tested concentrations for 5 min at a power density of 6 W/cm?, in accord-
ance with previous data (Perini et al. 2022a; Rosenkranz et al. 2021). We found a concen-
tration-dependent increase in temperature over time. GQDs at 50 pg/mL increased local
temperature from RT (25 °C) up to 28 °C after 5 min of irradiation, similar to the culture
medium alone. GQDs at 100 pug/mL depicted a higher temperature raise up to 38 °C.
GQDs at the two highest tested concentrations (200 and 250 ug/mL) showed a simi-
lar increase in temperature up to 46 and 49 °C, respectively. Therefore, we performed
further experiments by setting our working concentration of GQDs at 200 pg/mL. It
has already been hypothesized that a mild near-infrared irradiation can induce an aug-
mented membrane permeability. Therefore, we tested the capability of GQDs to increase
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Fig. 4 Photothermal enhancement of membrane permeability on glioblastoma spheroids through GQDs.

A Schematic representation of photothermal therapy (PTT) exploiting GQD as photosensitizing agents. B
Characterization of the 808 nm laser used for PTT. C Thermal conversion of GQDs at different concentrations.
D Fluorescence imaging of calcein entering through glioblastoma spheroids. Scale bar 200 um. E
Fluorescence intensity of calcein inside glioblastoma spheroids after photothermal treatment through GQDs,
measured in a time span of 30 min, indicating a significant increase in membrane permeability. ***p <0.01
one-way ANOVA and Tukey post-hoc test



Perini et al. Cancer Nanotechnology (2023) 14:13 Page 9 of 19

the membrane permeability after photothermal conversion. For this purpose, we admin-
istered GQDs to glioblastoma spheroids and, after incubation, we irradiated them with
the 808 nm laser. We then administered calcein to spheroids in order to monitor its
uptake (Fig. 4D). Results of calcein uptake are reported in Fig. 4E. Results are reported
as fluorescence intensity of each group normalized by its intensity at the beginning of
the experiment. After 30 min, fluorescence intensity of calcein in spheroids treated with
GQDs and irradiated with near-infrared laser was 32+ 1.6 times higher compared to t0.
Fluorescence intensity of spheroids treated with only GQDs had an increase of 27 4+1.3
with respect to t0. We observed a significant increase in fluorescence intensity of calcein
in spheroids treated with GQDs and irradiated (p <0.01, one-way ANOVA and Tukey
post-hoc test). Taken together, our data suggest that GQDs can increase membrane per-
meability even in a reliable 3D tumor spheroid model through photothermal conversion.

Photothermal-enhanced chemotherapy through GQDs on glioblastoma spheroids

We therefore repeated our experiment of chemotherapy enhancement on glioblas-
toma spheroids by implementing PTT. We administered GQDs and, after incubation,
we added the antitumor drugs. We then irradiated spheroids with near-infrared light,
and we evaluated the combined effect of PTT and chemotherapy in terms of spheroid
growth and reduction of cell viability. Data are reported in Fig. 5 for both DOX and
TMZ. We acquired bright field images of spheroids over time for all treatments (Fig. 5A),
from which we evaluated spheroid growth in the same time span of 2 weeks. Results of
spheroid growth after the treatment with GQDs-mediated PTT and DOX are reported
in Fig. 5B. Administration of GQDs and consequent PTT slackened spheroid growth to
1154 11.1% with respect to their initial size. Spheroids treated with photothermal-medi-
ated enhancement of chemotherapy through GQDs had a critical reduction in spheroid
growth to 40+5.7%. Both GQDs-mediated PTT and photothermal-mediated enhance-
ment of chemotherapy were significantly different from control untreated spheroids
(p<0.01, one-way ANOVA and Tukey post-hoc test). Importantly, the combination of
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Fig. 5 Combined effect of GQDs-mediated PTT and chemotherapy on spheroid models of glioblastoma.

A Bright field images of spheroids at 0, 7, and 14 days from administration of GQDs. B Growth of spheroids
treated with GQDs-mediated PTT and DOX. C Cell viability of spheroids treated with GQDs-mediated PTT
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PTT and TMZ. E Cell viability of spheroids treated with GQDs-mediated PTT and TMZ at 7 and 14 days from
administration of GQDs. **p < 0.05 and ***p <0.01 one-way ANOVA and Tukey post-hoc test
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PTT and chemotherapy was significantly more effective than the antitumor drug alone
or coadministrated with GQDs. Viability measurements furtherly confirmed the effec-
tiveness of PTT and chemotherapy (Fig. 5C). We observed a reduction in viability of
cells treated with GQDs and irradiated. This was particularly evident at 14 days from
administration, which resulted in a loss of viability to 65+7.1% with respect to control
spheroids (p<0.01, one-way ANOVA and Tukey post-hoc test). PTT through GQDs
combined with DOX exerted a strong reduction at both 7 and 14 days from administra-
tion of GQDs, resulting in 33 +3.1% and 13+ 3.2%, respectively. Importantly, this com-
bined treatment was significantly more effective than the chemotherapeutic drug alone
(»<0.01, one-way ANOVA and Tukey post-hoc test). We then moved to test TMZ com-
bined with GQDs-mediated PTT. Results of spheroid growth are reported in Fig. 5D.
Spheroids treated with the combination of TMZ and PTT had a significant reduction
in spheroid growth to 69+1.1% compared to the initial size and to the antitumor drug
alone. Cell viability furtherly confirmed the data of TMZ and PTT (Fig. 5E), highlight-
ing a reduction of up to 55+4.6% and 7+0.4% at 7 and 14 days, respectively. As for
DOX, this loss in viability was significant at both 7 and 14 days with respect not only to
control spheroids, but also to TMZ alone (p<0.05 and p<0.01, one-way ANOVA and
Tukey post-hoc test). Taken together, our data indicate that GQDs alone are not capa-
ble of significantly changing membrane permeability on a reliable model. However, by
exploiting the photothermal conversion ability of these nanoparticles, it is possible to
alter the membrane permeability on a reliable spheroid model by increasing the efficacy
of antitumor drugs.

Increase in spheroid membrane permeability through GQDs-mediated PTT induce

an improved uptake of chemotherapy

We hypothesized that the lack of effectiveness in absence of PTT could be due to a poor
penetration capability of chemotherapeutic agents through the core of spheroids (Perini
2021a; Priwitaningrum et al. 2016; Bugno et al. 2016; Lazzari et al. 2019; Ma et al. 2012).
Therefore, we measured the penetration depth of DOX along with its uptake inside
spheroids after PTT. For this purpose, we administered GQDs and, after incubation, we
added DOX. We then irradiated spheroids, and we measured the penetration of DOX
and its fluorescence intensity. Results are reported in Fig. 6. Figure 6A depicts repre-
sentative confocal microscopy images of spheroids incubated with DOX. When treated
with PTT-enhanced chemotherapy, spheroids displayed a significantly higher penetra-
tion depth of the antitumor drug with respect to DOX alone or without PTT (Fig. 6B,
p<0.01, one-way ANOVA and Tukey post-hoc test). In accordance with penetration
depth, fluorescence intensity of DOX was significantly higher in spheroids treated
with PTT and DOX (Fig. 6C). These data strongly confirm our proposed mechanism
of action of irradiated GQDs, which can induce an increase in membrane permeability
of spheroids, improving penetration depth of the antitumor drug, along with its uptake.
Taken together, our findings suggest that biocompatible GQDs can increase membrane
permeability through photothermal conversion in a reliable tumor model. The change
in membrane permeability allows the use of subtherapeutic doses of antitumor drugs,
enhancing its efficacy specifically in cancer region and, at the same time, strongly reduc-
ing side effects, potentially improving quality of life for patients.
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Fig. 6 Penetration of DOX after GQDs-mediated PTT. A Representative confocal microscopy images showing
spheroid cells labeled with calcein (left) and treated with DOX (red). Scale bar 200 um. d= penetration
depth. B Penetration depth of DOX within spheroids. Data are normalized by penetration depth of DOX. C
Fluorescence intensity of DOX inside spheroids. Data are normalized fluorescence intensity of DOX alone.
***p<0.01 one-way ANOVA and Tukey post-hoc test

PTT-mediated induction of migration of immune cells towards cancer region

Another relevant feature of glioblastoma multiforme is the downregulation of immune
response (Rubenstein et al. 2000; Forlani et al. 2021; Chongsathidkiet et al. 2018). Glio-
blastoma-mediated immune suppression is hypothesized to be related to a combination
of multiple factors, such as the presence of suppressive CD163+ tumor-associated mac-
rophages or direct induction of apoptosis of leukocytes (Urbanska et al. 2014). Moreo-
ver, the high intratumoral heterogeneity of glioblastoma, along with its low number of
somatic mutations, furtherly facilitates immune evasion. Immunotherapy aims at reac-
tivating the immune system, stimulating it to recognize tumor-associated antigens, in
order to directly target glioblastoma region, minimizing the non-specific inflammatory
response that could seriously affect brain architecture and physiology. Recent immune-
based therapies have been validated by FDA (Abadi et al. 2021; Heimberger and Samp-
son 2010; Fecci and Sampson 2019; Woroniecka and Fecci 2018; Anthony et al. 2019;
Bausart et al. 2022). Nevertheless, the first clinical trials of immunotherapeutic drugs
displayed negative results, mainly due to defects in antigen presentation of tumor asso-
ciated lymphocytes (Lim et al. 2018). Therefore, auxiliary approaches play a key role to
produce specific and long-lasting antitumor immune response against glioblastoma-
immune evasion (Bausart et al. 2022). For this purpose, PTT can be an intriguing aux-
iliary cytotoxic approach for immunotherapy for two main reasons. First, it is known
to cause a release of tumor-associated antigens by directly targeting cancer cells (Rong
et al. 2019; Chang et al. 2021). Second, depending on the presence of oxygen groups on
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the photosensitizing agent, it can induce the production of ROS (Ding et al. 2021; Yang
et al. 2019; Sang et al. 2020; Wang et al. 2022; Markovic et al. 2012; Palmieri et al. 2021).
Furthermore, increase in membrane permeability due to GQDs-mediated PTT can
augment the release of both tumor-associated antigens and ROS produced within cells
(Huai et al. 2013; Lemasters 2007; Kowaltowski et al. 2001). For these reasons, we tested
the capability of GQDs-mediated PTT to induce migration of immune cells towards
cancer region. We performed PTT on glioblastoma spheroids incubated with GQDs
and, after the treatment, we co-cultured spheroids with THP-1 human monocytic cells
stained in red. We then evaluated migration of immune cells by monitoring red fluores-
cence intensity in cancer region (Fig. 7A). Results are reported in Fig. 7B, in which the
fluorescence intensity is normalized by tO for each treatment. Importantly, we observed
that spheroid’s exposure to combination of GQDs-mediated PTT allowed a clearly faster
recruitment of immune cells than untreated ones. As described above, the release of
tumor-associated antigens and enhanced ROS production are the two main explored
mechanisms underlying reactivation of the immune system. Here, we employed GQDs-
bearing carboxyl surface functional groups, which are responsible for the production of
oxygen species after photothermal treatment (Yao et al. 2020; Palmieri et al. 2019). We
evaluated the production of ROS after exposure of spheroids to GQDs-mediated PTT.
Results are displayed in Fig. 7C as % of control spheroids. Cells treated with PTT had
a clear increase in the production of ROS (151 & 14.7%), which was significantly higher
than control (untreated) spheroids and than spheroids exposed only to GQDs (p<0.01,
one-way ANOVA and Tukey post-hoc test). From this evidence, we can assume that the

effect of rapid migration of immune cells is due to a greater production of ROS species.
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Fig. 7 Migration of immune system towards cancer region mediated by PTT. A Representative images
of immune cells migrating towards glioblastoma spheroids. Scale bar 200 um. B Fluorescence intensity
over time of immune cells in the spheroid area. C Production of ROS on glioblastoma spheroids after PTT.
**¥p <0.01 one-way ANOVA and Tukey post-hoc test
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Conclusions

In this work, we tested the effect of GQDs with surface carboxyl groups on glioblastoma
multiforme. We demonstrated that GQDs can induce an increase in membrane perme-
ability on a 2D model of brain cancer. We observed that the alteration of membrane per-
meability enhances the effect of two chemotherapeutic drugs, despite administered at
subtherapeutic doses: doxorubicin and temozolomide. We therefore proposed a mecha-
nism of action in which the increase in membrane permeability induced by GQDs improves
intracellular uptake of antitumor drugs inside glioblastoma cells. We observed an increased
uptake of doxorubicin after exposure of tumor cells to GQDs indeed. We then moved to
test the efficacy of GQDs on a more complex and reliable glioblastoma model: 3D cancer
spheroids. We monitored the evolution of spheroids exposed to GQDs and the antitumor
drugs for two weeks. We observed a strong reduction both in growth and viability. How-
ever, this reduction resulted similarly to that of chemotherapeutic drug alone. We hypothe-
sized that GQDs are not capable of inducing a significant change in membrane permeability
on a more complex spheroid model. We therefore exploited another feature of GQDs: their
capability of absorbing near-infrared light and converting it into heat. This therapeutic
approach is called photothermal therapy. We observed that spheroids exposed to GQDs
and irradiated with a 6 W/cm? near-infrared laser display a significantly higher membrane
permeability compared to the treatment with GQDs alone. We then combined GQDs-
mediated PTT and chemotherapy at subtherapeutic doses on glioblastoma spheroids. We
observed a significant reduction both in spheroid growth and viability in the timespan of
two weeks, along with a considerably higher penetration depth and uptake of antitumor
drug inside the more reliable glioblastoma model. Taken together, our findings suggest that
biocompatible GQDs can increase membrane permeability through photothermal conver-
sion in a reliable tumor model. The change in membrane permeability allows the use of
subtherapeutic doses of antitumor drugs, enhancing its efficacy specifically in cancer region
and, at the same time, strongly reducing side effects, potentially improving quality of life for
patients.

Another crucial issue of glioblastoma is the downregulation of immune response. For
this reason, reactivation of the immune response through immunotherapy represents an
intriguing approach. However, until now, immunotherapy displayed negative results on
glioblastoma. Therefore, the use of auxiliary therapies plays a key role to produce specific
and long-lasting antitumor immune response against glioblastoma-immune evasion. PTT
can be an intriguing auxiliary cytotoxic approach due to the release of tumor-associated
antigens and production of reactive oxygen species, which can strongly stimulate immune
cells specifically against glioblastoma. We investigated the migration of human immune
cells towards glioblastoma spheroids exposed to GQDs-mediated PTT. We found a rapid
migration, which was associated with an increased production of reactive oxygen species
from spheroids. Our evidence indicates that PTT can induce a strong and durable immune
response specifically against glioblastoma, enhancing the efficacy of immunotherapy.

Methods

Characterization of GQDs

Graphene quantum dots in powder were purchased from ACS Material. GQDs were
dissolved in double-distilled water (MilliQ) at a final concentration of 1 mg/mL. After
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dissolution, GQDs were microscopically and spectroscopically characterized. Transmis-
sion electron microscopy (TEM) was performed with a Zeiss Libra 120 electron micro-
scope. For TEM, 50 pg/mL of GQDs was spotted on a TEM tab and let dry at room
temperature. Dynamic light scattering measurements were performed with Zetasizer
Nano ZS (Malvern), equipped with a 633 nm He—Ne laser and operating at an angle of
173°. UV-transparent cuvettes (Malvern) have been used for experiments with a sam-
ple volume of 500 pL and a concentration of 100 pg/mL. The measurements were per-
formed at a fixed position (4.65 mm) with an automatic attenuator. For each sample,
three measurements were averaged, and the diffusion coefficient D has been retrieved
through cumulants analysis from autocorrelation functions. The equivalent hydro-
dynamic radius (Z-Average size) was obtained by the Stokes—Einstein equation. Data
analysis was performed by Malvern Zetasizer software. Optical density (OD) and fluo-
rescence intensity were obtained using a Cytation 3 Cell Imaging Multi-Mode Reader
(Biotek). OD was recorded from 230 to 800 nm. Fluorescence intensity spectra were
obtained by using excitation wavelengths from 260 to 480 nm with a step of 20 nm and
reading the emission from 300 to 700 nm with a step of 5 nm. Fluorescence intensity
spectra were normalized to their corresponding maximum emission. To perform atomic
force microscopy (AFM) imaging, GQDs were diluted at a final concentration of 10 pg/
mL. They were then deposited on mica slides and dried for AFM with a NanoWizard II
(JPK Instruments). The images were acquired using silicon cantilevers with high aspect-
ratio conical silicon tips (CSC36 Mikro-Masch) having an end radius of about 10 nm, a
half conical angle of 20°, and a spring constant of 0.6 N/m. Scan areas of 3 x 3 pm were
imaged. The chemical analysis of the GQDs was carried out using Attenuated Total
Reflectance-Fourier Transform Infrared spectroscopy (ATR-FTIR) by Spectrum One
spectrometer (Perkin Elmer). The material under investigation was directly laid upon the

ATR crystal and the spectra were recorded in the wave number range of 4000—-550 cm ™.

Near-infrared laser characterization

A near-infrared laser (LaserEver) focused at 808 nm was used to perform photothermal
treatments on cells. First, the laser was characterized by evaluating the laser power at
every current intensity by using a power meter. The spot of the laser had a diameter of
0.8 cm. The power density was evaluated by normalizing the laser power to the area of
the spot. To test the photothermal effect of GQDs, different concentrations of the nano-
materials were used ranging from 50 to 250 pg/mL. GQDs were irradiated at a power
density of 6 W/cm? for 5 min. Thermal increase was monitored using a thermal camera
(Optris) focused on the well containing irradiated nanoparticles.

Cell culture

U87 human glioblastoma cells and human fibroblasts were purchased from the American
Type Culture Collection (ATCC). Cells were maintained in Dulbecco’s modified Eagle’s
medium (Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS, EuroClone),
2% penicillin—streptomycin (Sigma-Aldrich), and 2% L-glutamine (Sigma-Aldrich). Cells
were kept in T75 flasks (Corning) at at 37 °C, 5% CO, for further treatments.
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Cell viability measurements on 2D model

To measure cell viability on 2D cultures, cells were seeded on 96-well plates (Corning) at
a seeding density of 1 x 10° cells/well. Plates were then incubated at 37 °C, 5% CO,. To
test the biocompatibility of GQDs, nanoparticles were administered at concentrations
ranging from 50 to 250 pg/mL. After 24 h of incubation, viability was measured using
CellTiter-Glo® (Promega). Briefly, an amount of CellTiter-Glo® reagent equal to the vol-
ume of culture medium was added to each well. Then, the plate was orbitally shaken
for 2 min to ensure complete cell lysis and incubated in the dark at room temperature
for 10 min. After incubation, luminescence was recorded using Cytation 3. Results were
reported as % of control (untreated) cells. To evaluate the concentration inhibiting 50%
of cell growth (IC50), doxorubicin (DOX) or temozolomide (TMZ) was administered to
glioblastoma cells at different concentrations. For DOX, concentration ranged from 0.5
to 10 uM. For TMZ, concentration ranged from 62.5 to 1000 pg/mL. Untreated cells were
used as a control group. Cells were then incubated at 37 °C—5% CO, for 48 h, then the
viability was measured using CellTiter-Glo® as described above. Results were reported
as % of control (untreated) cells. The IC50 was determined by fitting with Logger Pro
software the experimental results. To evaluate the combined effect of chemotherapeutic
drugs and graphene quantum dots (GQDs), cells were incubated with GQDs at differ-
ent concentrations ranging from 50 to 250 pg/mL. After 24 h of incubation, GQDs were
removed, and chemotherapeutic agents were added at half of their IC50. After further
incubation, viability was measured using CellTiter-Glo® as described above.

Confocal microscopy on 2D model

Confocal microscopy images of 2D cell cultures were acquired with an inverted micro-
scope (Nikon A1 MP+, Nikon). Cells were seeded on sterile chamber slides (Ibidi) at
a concentration of 1 x 10° cell/mL and then incubated at 37 °C, 5% CO,. After 24 h of
incubation, GQDs were administered to cells at the highest tested concentration. For
both 6-dodecanoyl-2-dimethylamino-naphthalene (Laurdan) measurements and DOX
uptake, GQDs were removed, and the cells were resuspended in a fresh medium contain-
ing Laurdan or DOX at a final concentration of 1 uM. Confocal images were acquired at
37 °C for all measurements. For Laurdan excitation, cells were imaged with a wavelength
of 400 nm. Laurdan is a fluorescent probe capable of detecting and distinguishing gel
phase and liquid phase of the cell membrane. Laurdan intensity images were recorded
simultaneously with emissions in the ranges of 425-475 nm (gel phase) and 500-550 nm
(liquid phase). To quantify the images collected in this way, Fiji (Image]) software was
used. The intensities of the two different channels were calculated, and the generalized
polarization (GP) index was calculated as previously reported. For DOX uptake meas-
urements, images were acquired after 1 h of incubation with DOX. The excitation and
emission wavelengths were, respectively, 488 nm and 590 nm. To quantify the uptake,
Fiji (Image]) software was used by measuring the fluorescence intensity of DOX. Data
were normalized by cells treated with chemotherapeutic agent alone.

Spheroid preparation, growth and viability
For spheroid preparation, cells were seeded on 96-well, round bottom, ultra-low attach-
ment plates (Corning) at a density of 0.25 x 10° cells/mL. The plate was centrifuged
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at 300xg for 3 min to ensure the confluence of cells to the center of the wells. The so-
formed single spheroids were incubated for three days at 37 °C with 5% CO,. Sphe-
roids were treated for 2 weeks with GQDs at 200 pg/mL with or without chemotherapy
administration. Culture medium was changed with fresh medium containing the same
concentration of nanoparticles and chemotherapeuticals every 3 days. For photothermal
treatments, spheroids were irradiated with an 808 nm laser for 5 min at 6 W/ cm?. Trans-
mittance images of spheroids were collected using Cytation 3, and spheroid growth in
terms of area was analyzed with INSIDIA 2.0 as described elsewhere. Spheroid viability
was evaluated at 7 and 14 days from the beginning of the experiments using CellTiter-
Glo® luminescent assay as described above. For spheroid growth, data were normalized
by the area at day O for each treatment. For viability, results were reported as % of con-
trol (untreated) spheroids.

Changes in membrane permeability on spheroids

To test changes in membrane permeability on the 3D model, the uptake of calcein-
AM (ThermoFisher) was measured. Briefly, spheroids were incubated with GQDs at a
concentration of 200 pg/mL. After 24 h of incubation, spheroids were irradiated with
an 808 nm laser at 6 W/cm? for 5 min. Then, calcein was added at a final concentra-
tion of 10 puM and incubated in a Cytation 3 for 30 min at 37 °C. Fluorescence inten-
sity was recorded by exciting at 488 nm and recording emission at 525 nm. Data were
then normalized by the fluorescence intensity at the beginning. To evaluate fluorescence
intensity of calcein, spheroids at different timepoints were collected for each condition
(untreated, incubated with GQDs and incubated with GQDs and irradiated) and imaged
with confocal microscopy using Nikon A1 MP+.

Production of reactive oxygen species on glioblastoma spheroids

For the detection of reactive oxygen species (ROS), the fluorinated derivative of 2/,7'-di-
chlorofluorescein (H,DCFDA, Sigma-Aldrich) was employed. This probe is non-fluores-
cent until the acetate groups are removed by intracellular esterases and oxidation occurs
within cells. Thus, oxidation can be detected by monitoring the increase in fluorescence
intensity. Spheroids were treated with GQDs at 200 ug/mL for 24 h. After the treatment,
cells were irradiated with an 808 nm laser with a power density of 6 W/cm? for 5 min.
After a recovery time of 30 min, the medium containing GQDs was carefully washed
and replaced with PBS containing 10 pM H,DCFDA. Cells were incubated for an addi-
tional hour at 37 °C, 5% CO,. PBS containing H,DCFDA was then removed, and sphe-
roids were resuspended in complete medium. Fluorescence intensity of H,DCFDA was
recorded by using a Cytation 3 by exciting at 495 nm and recording emission at 528 nm.
Results were expressed as % of control (untreated) spheroids.

Uptake of chemotherapeutic drug on spheroids

The uptake of DOX through tumor spheroids was evaluated via quantification of fluo-
rescence intensity in confocal microscopy images of spheroids. Briefly, 3D models were
incubated with GQDs for 24 h. After incubation, DOX was added and photothermal
irradiation was performed with an 808 nm laser. Spheroids were then incubated with
calcein for 20 min, and then images were acquired with Nikon A1 MP+ by exciting at
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488 nm and reading at 525 nm (calcein) and by reading emission at 590 nm (DOX).
Uptake of DOX was evaluated in terms of fluorescence intensity and penetration depth.
Uptake was compared to cells incubated with only DOX or with DOX and GQDs.

Migration of THP-1 towards glioblastoma spheroids

To evaluate migration of THP-1 human monocytic cell line towards cancer region, U87
spheroids were treated with GQDs at 200 pg/mL. After 24 h of incubation, spheroids
were irradiated with an 808 nm laser for 5 min at 6 W/cm? After a recovery time of
30 min, spheroids were co-cultured with THP-1 cells stained with Red Long-Term Cell
Tracer Kit (Enzo), by following manufacturer’s instructions. Briefly, cells were centri-
fuged for 5 min at 400xg, and then supernatant was discarded. Cells were then resus-
pended in 1 mL of Labeling Buffer. An equal volume of 2XCyto-ID"" RED Tracer Dye
was added to the cell suspension. The suspension was incubated for 5 min. Then, Stop
Buffer was added to block the reaction. Finally, cells were centrifuged and resuspended
in a culture medium. Images were acquired in bright field (spheroids) and Texas red
channel with a Cytation 3 for 48 h at 37 °C, 5% CO,.

Statistical analysis
Statistical analysis was performed using one-way ANOVA, followed by Tukey’s post-hoc
test. Differences were considered significant when p <0.01.
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2D Two dimensional
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