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Harnessing graphene oxide nanocarriers for siRNA
delivery in a 3D spheroid model of lung cancer

b and Shan Zou () 3¢
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Gene therapy has been recently proposed as an effective strategy for cancer treatment. A significant body
of literature proved the effectiveness of nanocarriers to deliver therapeutic agents to 2D tumour models,
which are simple but not always representative of the in vivo reality. In this study, we analyze the
efficiency of 3D spheroids combined with a minimally modified graphene oxide (GO)-based nanocarrier
for siRNA delivery as a new system for cell transfection. Small interfering RNA (siRNA) targeting cluster of
differentiation 47 (CD47; CD47_siRNA) was used as an anti-tumour therapeutic agent to silence the
genes expressing CD47. This is a surface marker able to send a “don't eat me” signal to macrophages to
prevent their phagocytosis. Also, we report the analysis of different GO formulations, in terms of size
(small: about 100 nm; large: >650 nm) and functionalization (unmodified or modified with polyethylene
glycol (PEG) and the dendrimer PAMAM), aiming to establish the efficiency of unmodified GO as a nano-
carrier for the transfection of A549 lung cancer spheroids. Small modified GO (smGO) showed the
highest transfection efficiency values (>90%) in 3D models. Interestingly, small unmodified GO (sGO) was
found to be promising for transfection, with efficiency values >80% using a higher siRNA ratio (i.e., 3:1).
These results demonstrated the higher efficiency of spheroids compared to 2D models for transfection,
and the high potential of unmodified GO to carry siRNA, providing a promising new in vitro model system

rsc.li/biomaterials-science

Introduction

Cancer is one of the primary causes of mortality worldwide,"
and the study of its biology and possible treatment is one of
the main goals of biomedical research. To improve our under-
standing of its mechanisms towards more effective therapeutic
solutions, significant efforts have been applied to the develop-
ment of physiologically accurate in vitro models in order to
find a connection between two-dimensional (2D) cell cultures
and animal models. Results from this work have yielded three-
dimensional (3D) models such as in vitro tumour spheroids.>
Several studies have been carried out to compare the cyto-
toxicity, internalization, and cellular sensitivity to chemothera-
peutic drugs or other anticancer therapies, such as radiother-
apy or gene therapy, using both 2D and 3D models.>™ It was
found that cell behavior is highly dependent on the model
used, showing higher sensitivity for the therapeutic agent in
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for the analysis of anticancer gene therapies.

2D and 3D as a function of the cell line. However, the size of
spheroids and cell packing density could play an important
role in uptake tests using nanoparticles, introducing new para-
meters, such as the limitation of nutrient transport and the
complexity of cell-cell interactions in vitro.® Therefore, cellular
spheroids have become a complex heterogeneous model with
cell-cell interactions and a gradient of oxygen, pH, and nano-
particle concentration between the outermost layers and the
centre of mass, which is more representative of reality.>®’
Moreover, cells arranged in spheroidal structures (spheroids)
within 3D culture systems have been observed to exhibit a
more realistic phenotype compared to cells grown in conven-
tional 2D monolayer cultures.®

In the last decade, gene therapy has gained increasing
interest due to its high potential for the effective treatment of
cancer, cardiovascular diseases, rare infections and genetic
diseases.”'° In the case of cancer, transfection can be used to
change the protein expression of the cells to make them less
aggressive or more sensitive to therapeutic agents or even just
to the patient’s immune system. In this context, cluster of
differentiation 47 (CD47) is a surface protein that is expressed
by many normal cell lines, but overexpressed on almost all
tumours and acts by regulating several signaling systems
associated with tumour growth and invasion."’™* One of the
main pathways of CD47 inhibits the action of the immune
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system. Upon binding of this protein to the inhibitory receptor
(i.e., signal regulatory protein, SIRPa), present on the surface
of macrophages, the CD47-receptor complex sends an antipha-
gocytic “don’t eat me” signal to prevent phagocytosis.>**
Suppression of CD47 overexpression on cancer cells can lead
to inhibition of the resistance of the tumour itself by making
it “visible” to immune surveillance and thus being eliminated
through phagocytosis."* In the field of gene therapy, RNA is a
powerful therapeutic tool currently established for manipulat-
ing gene expression."™'® In particular, small interfering RNA
(siRNA) can be employed as a promising anti-cancer technique
to specifically and selectively down-regulate protein expression
by targeting and binding the specific mRNA present in the
cytosol of cells, thanks to the complementary base pairing."”
We and others have tested the siRNA targeting CD47
(CD47_siRNA) to effectively knock down CD47 protein
expression in several cancer cell lines (Scheme 1), inhibiting
the anti-phagocytosis signal of such cancer cells and demon-
strating their susceptibility to macrophages following
treatment.’>'”"*° In order to achieve transfection, the siRNA
must enter the body, pass through the circulation and reach
the tumour site and penetrate the cell membrane to bind the
mRNA inside the cancerous cells. During this journey, several
difficulties and barriers can arise which limit the efficacy and
use of siRNA. Within the blood, unprotected nucleic acid must
avoid renal filtration, internalization by phagocytes, aggrega-
tion with serum proteins, and enzymatic degradation by
endogenous nucleases.”® The half-life of unmodified siRNA
within blood has been estimated to range from several
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minutes to 1 hour.?! Furthermore, the absence of tumour reco-
gnition factors makes targeting non-specific within the body.
Therefore, a gene that shares a similarity with the target gene
can be inadvertently silenced, with possible unwanted side
effects. Finally, penetration through the cell membrane can be
difficult as nucleic acids and the plasma membrane both have
strong hydrophilicity and net negative charge.”?"** These
effects result in a limited therapeutic efficiency of siRNA with a
small percentage arriving to the target tumour cells, even after
injecting large quantities of siRNA."” These considerations
suggest that siRNA delivery needs an effective carrier in order
to achieve successful and efficient tumour transfection.
Among the large arrays of available nanocarriers, graphene
oxide (GO) has gained a lot of interest during the past two
decades due to its unique characteristics, such as a two-dimen-
sional single-layer structure, which provides it a high surface-
to-volume ratio that is very important in interacting with
cells.”” In fact, a large surface area allows more interactions
with cellular structures and likely achieves greater internaliz-
ation, while a small volume limits its toxicity as less material
will have to be removed from the body.>*** The most com-
monly observed uptake mechanism for the internalization of
graphene oxide is through endocytic pathways, with caveolin-
dependent endocytosis being the prevailing mechanism.?®
This particular mechanism involves the nanoparticles being
exposed to a neutral pH environment within a structure called
a caveosome.?® Notably, the process of GO internalization is
influenced by various factors, including the cell line employed
and the size of GO flakes.?””*® Additionally, other parameters
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Scheme 1 Schematic representation of CD47_siRNA binding on GO nanosheets and their delivery inside cancer cells and the cell transfection

mechanism.
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such as shape and surface charge can impact this
mechanism.>**® Smaller GO sizes (50-200 nm) have generally
demonstrated heightened internalization efficiency. However,
it is noteworthy that larger particles (500 nm-10 pm) are also
effectively internalized, predominantly through phagocytosis
pathways, in diverse cell lines.>®*° In the process of internaliz-
ation through endocytosis, in the absence of suitable surface
modifications on the nanoparticles to enhance their surface
charge or facilitate the proton sponge effect for escape, there is
a possibility that they will persist within the late endosome
until it merges with the lysosomal compartment, where they
can undergo digestion.*® In relation to this, it is noteworthy
that the surface of GO flakes contains abundant functional
groups capable of binding to various molecules, including
payload in large quantities. GO is also able to respond to
different stimuli, such as pH or near infrared radiation (NIR),
which could enable the design of a multifunctional substrate
for tumour treatment.*®*' Stimuli-responsive materials
present significant advantages in drug delivery compared to
conventional carriers. These advantages, for example, encom-
pass minimized premature release of therapeutic agents in
physiological fluids, enhanced encapsulation efficiency, and
decreased undesirable adverse effects.?® Finally, it is biocom-
patible and its toxicity is reduced due in part to the presence
of negative charges on its surface, which limits its harmful
interactions with cell membranes.?* Nevertheless, GO is gener-
ally used after undergoing functionalization by the addition of
polymer or dendrimer molecules that can increase its stability
in the body fluids and make its surface more compatible for
nucleic acid loading and cell internalization.*** The GO
surface has been modified with functional groups such as
polyethyleneimine (PEI), polyethylene glycol (PEG), chitosan,
and dendrimers to deliver anticancer drugs and genes in vitro
and in vivo.">** However, the addition of polymers implies
further processing of the material, and it can also increase the
GO toxicity as a result of the positive charges from the addition
of cationic polymers, inducing cytotoxicity for cells due to the
strong physical interactions with the cell membrane, which
can cause its damage and breakage.’>** On the other hand,
GO has a hydrophilic nature, suggesting that it possesses great
potential to generate a uniform dispersion in aqueous solu-
tions and to effectively penetrate cell membranes without the
addition of other molecules.?

In this study, we realized spheroids using a diverse range of
cell lines, encompassing both normal and cancerous cells. To
represent solid tumors, adherent cell lines like A549 and
HepG2 were utilized, while suspension cell lines such as
THP-1 and NB4 were chosen to explore the feasibility of gener-
ating 3D models for blood cancers. For each of these cell lines,
a consistent methodology was employed to construct and
collect spheroids that mirrored distinct pathologies. This
enabled us to compare and contrast 3D models of various
tumors obtained through a standardized approach. By doing
so, we underscored the unique prerequisites concerning the
number of cells to be seeded and the duration of growth for
each specific cell line. Specifically, spheroids of A549 cells
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were used as a 3D model of lung cancer. CD47_siRNA was
used to knock down the overexpressed CD47 protein in A549
cells. GO nanocarriers with two different size ranges (small:
around 100 nm and big: >650 nm), either unmodified or modi-
fied with PEG and PAMAM, were used to deliver CD47_siRNA
in A549 spheroids. Silencing CD47 in cells grown in spheroids
could be of great benefit in the understanding of in vivo
tumour response to gene therapies. Moreover, the use of
different GO formulations can clarify the impact of modifi-
cation and dimension on cell internalization and transfection.
In particular, the possibility of combining 3D models with
unmodified GO nanocarriers, simpler to prepare since no
chemical functionalizations are involved, for the transfection
of CD47_siRNAs could offer an excellent model system solu-
tion for the study of anti-cancer treatments.

Materials and methods

Materials and reagents

Dulbecco’s modified Eagle’s medium (DMEM), Phosphate
Buffered Saline (PBS) 1x solution (pH 7.4), Fetal Bovine Serum
(FBS), 0.5% trypsin EDTA (10x trypsin), Opti-MEM transfection
media, Nunclon™ Sphera™ 96-well U-bottom plates and
12-well flat bottom super low attachment plates used to
prepare single and multi-spheroids, respectively, and 96-well
flat bottom plates used for toxicity measurements were pur-
chased from Thermo Fisher Scientific (Canada). Cell Counting
Kit 8 (WST-8) was purchased from Cedarlane (Canada). PE
anti-human CD47 antibody was purchased from BioLegend
(USA). The PE-Annexin V Apoptosis Detection Kit was pur-
chased from BD Biosciences (Canada). DsiRNA CD47
(CD47_siRNA), negative control DsiRNA (ctrl N) and nuclease
free duplex buffer used for transfection were purchased from
Integrated DNA Technologies (IDT, USA). The CD47_siRNA
duplex sequences used for transfection are:
5"-rGrCrArArCrArArCrCrUrUrUrCrCrArGrCrUrArCrUrUrUTG-3'
5'-rCrArArArArGrUrArGrCrUrGrGrArArArGrGrUrUrGrUrUrG
rCrArG-3'. The negative control was provided as a “universal
negative control”, not a scrambled sequence of the above.

In house GO (hGO) was synthesized through the modified
Hummers’ method and filtered to produce big GO (bGO,
>650 nm). hGO that underwent a sonication process (probe
sonicator, Cole Parmer, Canada) at 10 W for 9 intervals of
10 minutes on/off in a 0 °C water bath was used to create
small GO (sGO, around 100 nm). Parts of such bGO and sGO
were subsequently chemically modified by the addition of
6-arm amine-terminated polyethylene glycol (PEG, 25 mg,
Jenkem Technology, 15 kDa) and PAMAM dendrimers (10 pL,
4.0 generation, primary amine surface area, 10.1 w/w% in
water, 10 kDa, Dendritech Inc.) as previously reported.”
Modified GO flake dispersions of large size (bmGO > 650 nm;
0.7 mg mL™") and small size (SmGO ~ 100 nm; 1 mg mL™")
were obtained. In our previous study, we conducted FTIR ana-
lyses to validate the effectiveness of surface functionalization
of graphene oxide (GO) using PEG and PAMAM. DLS measure-
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ments were also conducted to determine the size distribution
of smGO, sGO, bmGO and bGO. Detailed results and figures
can be found in our previous publication (Colloids and
Surfaces B: Biointerfaces 217 (2022) 112609; Fig. S1, S2 and
S$5)."> Commercial GO water dispersions (250 mlL; concen-
tration: 0.5 mg mL™") were purchased from Grephenea,
Cambridge, USA.

Cell culturing of normal and cancerous cell lines

NIH 3T3 (mouse embryonic fibroblasts, normal cells), A549
(human lung cancer cells), HepG2 (human liver cancer cells)
and NB4 and THP-1 (acute myelocytic leukaemia cancer cells)
were purchased from American Type Culture Collection (ATCC,
USA) and were cultured in DMEM, supplemented with 10%
FBS, at 37 °C under a humidified atmosphere containing 5%
CO,.

3D spheroid realization with NIH 3T3, A549, HepG2, NB4 and
THP-1 cells

All cultured cells were trypsinized and centrifuged at 1500 rpm
for 5 min. The resulting pellet was resuspended and the cell
viability was assessed using trypan blue before plating.
Successively, cells were suspended in fresh media and seeded
at 5 x 10> cells per well in a non-adherent 96-well plate to grow
spheroids. Every 3 days, 100 puL of media was changed in each
well with a fresh one, paying attention to not disturb the cells
at the bottom. Spheroid formation and growth were evaluated
at 24, 48, 72, 96 h, 7 and 10 d after seeding. A549 and HepG2
cells were also seeded at 2.5 x 10° cells per well in a non-adher-
ent 12-well plate for the formation of multi-spheroids for apop-
tosis and transfection experiments.

GO cytotoxicity and induced cell apoptosis in 2D cell models

The WST-8 assay was used to assess the viability of cells in 2D
culture after exposure to hGO and a commercial GO (¢GO) (n =
6). NIH 3T3 and A549 cells were seeded on 96-well flat-bottom
plates at a density of 2.5-3.5 x 10° cells per well and incubated
in 100 pL of media for 24 h at 37 °C under 5% CO, to allow
them to adhere. The following day, these two cell lines, plus
NB4 (seeding density of 7 x 10%), were treated with different
concentrations of hGO and cGO (1, 4, 16 and 64 pg mL™") for a
predetermined exposure period of either 24, 48 or 72 h. Cells
without treatments were used as controls. At each time point,
10 pL of WST-8 was added to each well and the plates were
incubated at 37 °C for 2 h. The absorbance was measured at
450 nm using a microplate reader (FLUOstar Omega micro-
plate reader, Mandel Scientific, Canada). To determine the via-
bility percentage of the cells after GO treatments, the following
equation was used:

Ab, — Ab
sample GO % 100% (1)

Y%viability = ——————
ty Abcells - Abblank

where Abgampie is the absorbance of the cell containing the

sample treated with n pg mL™" GO, Abgo is the absorbance of
the same 7 pg mL™" GO without cells, Ab., is the absorbance
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of the untreated cells and Aby.n is the absorbance of the
media alone.

Apoptosis and transfection efficiency evaluation by flow
cytometric measurements

NIH 3T3, A549, and NB4 cells cultured in 2D were also ana-
lysed to determine cell apoptosis after GO exposure using the
PE-Annexin V apoptosis detection kit by flow cytometry ana-
lysis (BD-FACS Canto model 640166, SN: V0099, USA). hGO
and cGO concentrations and the analysed time points were
kept the same as in the WST-8 test. NIH 3T3 and A549 cells
were seeded on 6-well plates at a density of 1 x 10° cells per
well and incubated in 2 mL of media for 24 h at 37 °C under
5% CO, to allow them to adhere. The following day, NIH 3T3,
A549, and NB4 cells were treated with hGO and ¢GO. At each
time point, cells were harvested and treated with trypsin for
5-10 minutes to obtain individual cell suspensions, followed
by centrifugation at 1500 rpm for 5 min. The cell pellets were
suspended in 100 pL of binding buffer and then 5 pL of
PE-Annexin V was added to the cell suspension and incubated
for 15 min. Finally, 400 pL of binding buffer was added and
cell apoptosis was evaluated.

For the transfection analysis, A549 cells were seeded at 2.5 X
10° cells per well in non-adherent 12-well tissue culture plates
and at 1 x 10° cells per well in 6-well adherent plates to form 3D
spheroids and a 2D monolayer, respectively. Cells were allowed to
grow and reach 75% confluence in 2D culture or form spheroids
in 5 d in DMEM supplemented with 10% FBS. Then, the media
were changed with Opti-MEM media for transfection. For the
preparation of the CD47_siRNA and GO complexes
(CD47_siRNA-GOs) with the different formulations of GO, trans-
fection-mixes (transfection media-CD47_siRNA-GO) were pre-
pared by mixing CD47_siRNA (in 1:1 or 3:1 CD47_siRNA: GO
wt:wt) in 200 pL of Opti-MEM transfection media with each of
the GO formulations (i.e., smGO, bmGO, sGO, and bGO) and
incubated for 1 h at room temperature (21 + 2 °C). To evaluate
the loading efficiency of GO_siRNA formulations, we previously
conducted a study where we monitored the increased absorbance
signals with increased binding ratios of CD47_siRNA to smGO
carriers. In this experiment, we mixed smGO (1 pg) with
CD47_siRNA at different ratios (w/w: 1-10) and the resulting
complexes were added to a flat bottom 96-well plate, and their
absorbance at 260 nm was measured."

The different transfection mixes were added to the A549
cells at a concentration of 0.25 pg mL™" and incubated at 37 °C
under 5% CO, for 48 h. To ensure that CD47_siRNA was deli-
vered specifically to the target cells, a universal negative
control (ctrl N) was used. CD47_siRNA alone (ctrl CD47) was
also used to evaluate the uptake of the target siRNA by the
cells without any delivery system. Finally, untreated cells were
used as transfection controls (ctrl untr).

The transfection of CD47_siRNA was evaluated using stan-
dard antibody staining with PE anti-human CD47 antibodies
to measure levels of CD47 marker expression. The efficiency of
transfection was assessed by measuring the expression levels
of the CD47 marker in the treated cells and ctrl untr. After cen-

This journal is © The Royal Society of Chemistry 2023
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trifugation, the pellet was washed twice, and suspended in
cold PBS (4 °C) and then 5 pL of PE anti-human CD47 was
added and incubated at room temperature for 30 min. The
siRNA knockdown efficiency of CD47 markers was calculated
according to the following formula:

MFletriuntr — MFIganse sample

x 100%
MFIcti untr

(2)

where MFIL.q une iS the mean fluorescence intensity (MFI) of
untransfected cells and MFIganst sample iS the mean fluo-
rescence intensity of cells treated with CD47_siRNA-GOs.

Since three-dimensional conformations of spheroids can
prevent adequate diffusion of media to the center of the cell
mass, the percentage of cells undergoing apoptosis was also
evaluated using the PE Annexin V apoptosis detection Kkit, fol-
lowed by flow cytometry analysis at 24, 48, 72, 96 h, 7 and 10 d
after seeding. From the apoptosis percentages obtained
through flow cytometry, cell viability was also calculated using
the following formula:

%knockdown efficiency =

%cell viability = 100% — %apoptosis (3)

Statistical analysis

All flow cytometry and cytotoxicity results are presented as
mean =+ standard deviation (SD). Experiments were repeated 3
times in duplicate (n = 3). All flow cytometric data were then
analysed using FlowJo software (10.6 version, 2019). All statisti-
cal analyses were performed and bar/dot graphs were gener-
ated using GraphPad Prism 8.02. Differences between more
than three conditions were analysed using a one-way ANOVA
test, while differences among two independent variables on a
dependent variable were evaluated by two-way ANOVA. A value
of P < 0.05 was considered statistically significant.

Results and discussion

3D spheroid formation with normal and cancer cell lines

NIH 3T3, A549, HepG2, THP-1, and NB4 cells were grown into
spheroids. Optical microscopy images show the formation of
single spheroids (Fig. 1A) and multi-spheroids (Fig. 1B). The
morphology of the spheroids changes in shape, density and
size, depending on the cell lines, despite keeping the seeding
density consistent (5 x 10* cells per well), highlighting the
differences among cell lines in terms of size and packing
capacity.® A good spheroid is defined as a cell mass that grows
in a spherical shape, has well-defined boundaries, and is
characterized by a clear colour.*® NIH 3T3 cells demonstrated
a marked ability to rapidly form spheroids, satisfying the afore-
mentioned criteria already at 24 h. Similarly, A549 cells proved
to be capable of forming such 3D structures after 5-7 days of
incubation. HepG2 cells showed rapid aggregation ability but
less uniformity in size and shape. This is particularly evident
from the images of the multi-spheroids in Fig. 1B. Finally,
both leukemia cell lines were found to be unable to form

This journal is © The Royal Society of Chemistry 2023
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spheroids independently, highlighting a difference between
adherent and suspension cell lines. After 48 h (Fig. 1A), THP-1
cells began to aggregate to some extent but lost this feature in
the following days, resulting only in a mass of accumulated
cells at the bottom of the well. In contrast, NB4 cells never
showed any tendency to aggregate and remained completely
disaggregated even after 7 days of culture (Fig. 1A). To the best
of our knowledge, no studies have reported the formation of
spheroids using NB4 cells, while THP-1 cells were observed to
undergo disaggregation in a previous work, similar to our find-
ings.*” In this study, THP-1 cells differentiated into macro-
phages and formed compact spheroids, while the non-differen-
tiated THP-1 cells were in a loose aggregate configuration after
3 d of incubation. Similar results were published with adherent
cells, where NIH 3T3 formed a compact spheroid structure start-
ing just 6 h after seeding, while A549 cells resulted in a loose
aggregate during the first days of incubation.® Accordingly, liver
spheroids required to 3 weeks to reach a functionally mature con-
formation, starting with the same seeding density.*® In addition,
authors reported that the morphology of HepG2 spheroids was
more compact and regular, most likely due to the different spher-
oid formation procedure, in which cells were seeded in micro-
wells and subjected to centrifugation to ensure their accumu-
lation in the centre of the well. In another study, an irregular
lung cancer spheroid shape was observed using the hanging-
drop method for their formation.® Longer spheroid formation
time limited the initial seeding density that can be used, as a low
cell number should be seeded to avoid cell death in the centre of
the 3D cell culture due to a lack of nutrients that struggle to
penetrate within a large cell mass.? For these reasons, A549 lung
cancer cells were chosen for our subsequent experiments
reported below.

Lung cancer 2D cultures and spheroid realization and viability
test

A549 lung cancer cells were thus selected and used for growing
spheroids and comparing them to the respective 2D cultures
in terms of viability and CD47 protein expression. The two cell
models (Fig. 2A) were created by seeding A549 cells in two
different multi-wells, namely standard 6-well plates for 2D
culture and 12-well super low cell attachment plates for the
growth of multi-spheroids. A549 cells began to aggregate
approximately 96 h after seeding and form spheroids within 7
d (Fig. 2B). Apoptosis was monitored for up to 3 d starting
with the same seeding concentration (2.5 x 10> cell per well),
since by that time, 2D culture cells reached 70-80% conflu-
ence. Results of cell viability (Fig. 2D) derived from apoptosis
measurements indicated that both 2D and 3D cultures are
viable (cell viability >90%) at each time point, with no signifi-
cant differences observed between the two cultures. Notably,
cell viability in 2D culture increased over time (P < 0.05),
whereas in spheroids, it remained almost constant. This can
be explained by the fact that A549 cells in 2D have a high divi-
sion rate (about 28 h) *°, while cells in a spheroidal configur-
ation present lower proliferation, maybe due to the cell contact
inhibition.** However, the time required for the spheroid for-
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Fig. 1 Spheroids of different cell lines formed at different time points after seeding of 5000 cells per well in 96-well U-bottom plates for the for-
mation of single spheroids (A) and 12-well flat bottom plates for the formation of multi-spheroids after 5 days for A549 and 48 h for HepG2 (B). The

spheroids were realized using ultra low cell attachment plates.

mation before performing other tests could influence cell via-
bility and thus cell response to different analyses.® The spher-
oids were maintained in culture for up to 10 d to check their
behaviour and viability for longer culture periods to assess the
maximum incubation time with high cell viability, before per-
forming further experiments. Apoptosis tests were completed
by flow cytometry (Fig. 2C) and the cell viability was derived
(Fig. 2E) considering the percentage of cells negative to the
stain. From the results obtained at each time point (i.e., 24,
48, 72 and 96 h and 7 and 10 d), the cells within the spheroids
are viable throughout all the culture periods (cell viability
>80%). However, although there was no significant reduction
in viability until day 7, by day 10 the viability was significantly
lower (80%) compared to every other time point (>90%), poss-
ibly suggesting the cell stress due to a lack of nutrients which
struggle to penetrate from the surrounding to the centre of the
spheroid. These results suggest that cells can survive much
longer as 3D spheroids than in 2D cultures, and the number of
cells that can be seeded and supported in 3D is much greater
than in 2D. Same observations can be found in a previous
study.”” In another study A549 cells were cultured in spher-
oids, and the viability at days 3 and 7 reached values of 86%
and 65%, respectively.>® However, the lower viability percen-
tages obtained can be attributed to the higher cell seeding
density used in that study. Specifically, A549 cells were seeded
in a concentration of about 8 x 10* cells per cm” in 200 pL of
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media, while in our experiments the same cells were seeded at
about 6.5 x 10* cells per cm® in 2 mL of media. It has been
demonstrated, using different cell lines and dead cell staining
(e.g., propidium iodide and caspase 3/7), that limiting the
initial seeding cell number can prevent cell suffering and
death in the core of the spheroid during its formation, result-
ing in spheroids composed mostly of viable cells.’****

We also evaluated the CD47 surface marker expression in
A549 cultured in both 2D and 3D configurations using flow cyto-
metry and PE anti-human CD47 antibodies. The results showed a
significant reduction (P < 0.05) in CD47 expression in the spher-
oids (8741 + 712) compared to the 2D culture (10270 + 1162).
This finding is consistent with previous studies that showed a
decreased protein expression intensity in many cell lines, includ-
ing A549, when cultured in 3D with respect to 2D.****> The
reduced expression in 3D cultures might be closer to the in vivo
situations, since 2D conditions generally promote abnormal cel-
lular proliferation, metabolism and cell interactions, which are
not similar to the in vivo cancer tissue behaviour.*” In con-
clusion, spheroids demonstrated to be a potential powerful cell
culture tool for further experiments.

Cytotoxicity and cell apoptosis of GO in 2D cultures of normal
and cancer cell lines

To assess the cytotoxicity of hGO, its interactions with cells
were studied and compared with cGO. Four different concen-

This journal is © The Royal Society of Chemistry 2023
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Annexin V apoptosis detection kit. (D) Viability percentages of 2D and 3D cell cultures were obtained from apoptosis measurements at 24, 48, and
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mean + SD of the three trials of duplicate samples (n = 3). The statistical significance between the two cell models in (C) was determined by two-
way ANOVA, where P < 0.05 was considered significant and P > 0.05 was not significant (ns). One-way ANOVA was used for statistical analysis in (E):
P < 0.05 was considered significant (*P < 0.05; **P < 0.01; ***P < 0.001; results with p > 0.05 are not shown).

trations (i.e., 1, 4, 16, and 64 ug mL™") were selected. The
higher concentrations are generally not used for transfection,
but were chosen to have an indication of the maximum usable
noncytotoxic limit (cell viability >80%). As for cells, three lines
were considered, namely one normal line (i.e., NIH 3T3), and
two tumour lines, of which one adherent (i.e., A549) and one
in suspension (i.e., NB4).

Results of these toxicity tests (Fig. 3A-C) demonstrate the
presence of dependence with respect to concentration and cell
line. Notably, as the dose of GO used increases, the cell viabi-
lity of all three cell lines evaluateddecreases. A549 showed
high viability values, showing the lowest results of about 40%
after 24 h of incubation with hGO and 21% after 48 h with

This journal is © The Royal Society of Chemistry 2023

cGO at a concentration of 64 ug mL™". Also, for 1 and 4 ug
mL™' of both hGO and cGO, A549 cells remained viable
throughout all the culture periods. Similarly, NB4 showed the
same trend for the two lower concentrations (4 and 16 pg
mL™") of GOs, while demonstrating a higher sensitivity to the
material in terms of toxicity when used at concentrations
>16 pg mL™". Already at 24 h, NB4 viability was 38% and 17%
for hGO and cGO, respectively, at a concentration equal to
16 ug mL™', and 6% and 12% at 64 pg mL™". Similarly, NIH
3T3 did not show toxicity for both the GO formulations at a
concentration of 1 pg mL™" for all 3 d. However, different
results were obtained for 4 pg mL™" with a cell viability <80%
in the first two days and then increased to about 80% after
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and P > 0.05 was not significant (ns).

72 h, with a higher cell viability for the cells treated with hGO
compared to ¢cGO at each time point. For concentrations
>16 pg mL™', NIH 3T3 showed cell viability values <50%
already at 24 h and <10% at 48 h for both the GOs.

6642 | Biomater. Sci, 2023, 11, 6635-6649

Interestingly, all three cell lines do not show a time depen-
dency. Specifically for NB4, the cell viability increases during
the time when incubated with both the GO formulations at
each concentration. NIH 3T3 and A549, instead, show a
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different behaviour. NIH 3T3 viability increased in time when
incubated with the two lower concentrations of GOs (<4 pg
mL™") and decrease with the two higher concentrations
(216 pg mL™"), while A549 cell viability showed the opposite
trend. For all the cell lines, concentrations and time points,
hGO generally showed less toxicity than ¢GO. In agreement
with our results, the concentration dependency has previously
been reported for NIH 3T3 and A549, with much greater tox-
icity of GO for the normal cells, while discrepancies about
time dependency are reported in the literature.*®*” Another
parameter that might affect the results is the test used. MTT
and WST-8 assays were used in previous work to study the cyto-
toxicity of GO flakes and it was observed that GO interfered
with the reagents, giving inaccurate results.*®

To better study the toxicity of GO on the three cell lines,
apoptosis tests were also completed using flow cytometry
(Fig. 3D-F). Similar to WST-8 tests, apoptosis evaluation pre-
sented a concentration and cell line dependency with respect
to both hGO and c¢GO. A549 cells showed apoptosis values of
<20% for concentrations up to 4 pg mL™" of both GO formu-
lations during the entire culture period, and up to 48 h for
16 pg mL~". The highest concentration (64 pg mL™") of hGO
resulted in higher apoptosis, with 36% of cells in an apoptotic
state after 24 h, and this increased over time, reaching 83% at
72 h. At this concentration, cGO showed reduced apoptosis
compared to hGO during the incubation period, with a peak of
45% after 3 d. NB4 cells showed almost no apoptosis for all
concentrations of both in house and commercial GOs up to
4 pg mL™" during the 3 d of incubation. The highest apoptosis
registered was 37% for cGO at a concentration of 64 pg mL ™",
These results for suspension cells are in agreement with the
findings of a previous study.*® Similarly, NIH 3T3 cells pre-
sented very low apoptosis percentages (<6%) for both hGO and
cGO at concentrations <4 pg mL~" during the whole culture
period, while for concentrations >16 pg mL™, apoptosis
increased significantly over time, reaching values >90% for
hGO and cGO at 64 pg mL™" after 48 h.

The cell viability results obtained through the WST-8 assay
and apoptosis measurements are depicted in the heat map in
Fig. 3G and compared with each other. NIH 3T3 cells began to
show very low viability values (<30%) as early as 24 h for the
highest concentration of hGO, with viability <10% for GO con-
centrations >16 pg mL ™" at day 3. These results were different
from what were observed with WST-8, in which viability values
<50% were recorded for concentrations >16 pg mL ™" already at
24 h for both hGO and ¢GO. In contrast, the NB4 cells remained
in the green spectrum of the heat map for all concentrations at
both 24 and 48 h, showing viability values between 60 and 80%
only at 72 h and for the higher concentrations (>16 pug mL ™).
These results are consistent with the WST-8 results, even though
the cell viability derived from the apoptosis test was higher. For
example, the cell viability from the WST-8 test was >40% at 24 h
with 64 pg mL ™" of both hGO and cGO, while the one derived
from the apoptosis measurement was >80%.

A549 cells show intermediate sensitivity to the material in
comparison with the other cell lines. With 64 pg mL™" hGO at

This journal is © The Royal Society of Chemistry 2023
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24 h, viability <40% was determined, which decreases to a
minimum of 10-19% at 72 h. For such cells, cGO showed cyto-
toxicity only at 72 h for 16 and 64 pg mL™", with a minimum
viability value of about 40-49%, demonstrating less toxicity
than hGO on A549 cells. The viability values with WST-8 and
apoptosis-derived calculations presented similar results, with
some differences observed for the highest concentration of
¢GO. For instance, at 24 h and 16 pg mL™" hGO and cGO,
WST-8 assay showed cell viabilities of around 80%, while the
apoptosis analysis revealed viabilities of 80% and 70%,
respectively. However, significant differences were observed for
the highest concentration of cGO. Specifically, the WST-8 assay
showed that cell viability was <40% already after 24 h, whereas
with the apoptosis test, viability remained >80% until 48 h.
Furthermore, observing all three cell lines and the viability
results derived from the apoptosis test, we found time-depen-
dent toxicity of GOs that was not evident with the WST-8 assay.
The lower toxicity of GO on NB4 cells compared to A549 ones,
could be explained by the lower probability of suspension cells
interacting with GO flakes. When cells adhere to a substrate
and cannot move to interact with nanocarriers, their internal-
ization become easier. Another factor could be that adherent
cells have the extra cellular matrix receptors on their surface,
which are crucial for increasing the interaction efficiency with
GO flakes with respect to suspension cells, which lack these
receptors.’® However, for all three cell lines, the cell viability of
samples treated with hGO was consistently higher than that of
the samples treated with ¢GO at all concentrations and time
points, in agreement with both the WST-8 and apoptosis ana-
lyses. In addition, hGO was not toxic at concentrations up to
4 pg mL™" for all cell lines, as cell viability remained above
90% and 80% for the apoptosis and WST-8 assays, respectively,
for up to 3 d of incubation, as previously reported.> These
results confirm the possibility of using hGO safely at low con-
centrations (<4 pg mL™") for transfection.

Transfection efficiency in 3D vs. 2D lung cancer cell models

After validating the biocompatibility of GO, even when used at
concentrations of 4 pg mL ™", and optimizing spheroid growth,
the following step was used to assess whether 3D models were
different than 2D models for transfection. To this end, trans-
fection experiments using CD47_siRNA with smGO, bmGO,
sGO and bGO as delivery systems were conducted and the
transfection efficiency was then evaluated in A549 2D cultures
and 3D spheroids. A decrease in CD47 expression levels was
represented by the shift of the peaks towards lower PE-CD47
intensities of the treated samples with respect to the controls
(Fig. 4A-H), which demonstrated the successful siRNA trans-
fection through GO nanocarriers.>" In our previous study, we
provided evidence of smGO cellular uptake and internalization
through the utilization of AlexaFluor568 labeled smGO and
nuclei staining.” The carrier formulation of smGO demon-
strated the highest knockdown of CD47 marker expression in
both cell cultures over all other model systems, with an
efficiency of 40% in 2D and 90% in 3D culture, respectively.
The efficiency decreased when using sGO, resulting in approxi-
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Fig. 4 Flow cytometry histograms showing the MFI of PE-CD47 in A549 2D cell culture (A-D) and 3D spheroids (E—H) after transfection of
CD47_siRNA with smGO (A and E), sGO (B and F), bmGO (C and G) and bGO (D and H). (I) Representative bar graph of the knockdown efficiency and
dot plots of cell viability, both measured with respect to ctrl untr and highlighting the difference between 3D and 2D models. Values in the graphs
are shown as mean + SD of the three trials of duplicate samples (n = 3). The statistical significance was determined by two-way ANOVA, where P <
0.05 was considered significant (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001) and P > 0.05 was not significant (ns).

mately 7% and 61% knockdown in 2D and 3D -cultures,
respectively. Results using bmGO displayed values of 22% and
68% for 2D and 3D cultures, respectively, indicating a slightly
higher knockdown efficiency compared to sGO. Interestingly,
model systems using bGO evidenced a knockdown efficiency
of only 2% and 7% in 2D and 3D cultures, respectively, which
was similar to the control groups (6% and 13% for ctrl CD47
and 16% and 7% for ctrl N, in 2D and 3D cultures, respect-
ively). Apoptosis tests were also performed on all samples after
transfection (Fig. 41), which demonstrated the safety of all the
complexes used for transfection, with cell viabilities of >90%.
These results thus revealed not only a strong dependence of
CD47 knockdown efficiency on GO size and functionalization,
but also a remarkable higher efficacy of such nanocarriers
when used in combination with 3D over 2D cell cultures.
Fig. 41 displays the difference in transfection efficiency
between the two cell cultures for each delivery system used.
The existing literature on 2D models provides analogous find-
ings to those obtained with smGO in our study.>>>* Significant
higher knockdown percentage results were obtained for
smGO, bmGO and sGO after the delivery of CD47_siRNA in
spheroids with respect to 2D cell cultures, while comparable
results were obtained for ctrl N, ctrl CD47 and bGO-CD47. This
result is surprising since cells in a 3D configuration are closely
packed to each other, and this aspect might limit the diffusion
and penetration of nanocarriers in the centre of the spheroid,
restricting the transfection only in the outer layer.* However, it
has been demonstrated that the transfection efficiency in
spheroids is highly dependent on the cell line. When cells
form a less dense spheroid, the transfection efficiency can be
high since the cell packing does not limit the penetration of
nanocarriers to the centre of the spheroid.’> In fact, as pre-

6644 | Biomater. Sci., 2023, 11, 6635-6649

viously assessed, different cell lines show different abilities in
packing in 3D configurations. Another factor that can affect
transfection efficiency in the two different cell cultures is the
ability of the cells to divide. When cultured in 3D spheroids, cells
have a limited proliferation capacity, which can reduce the trans-
fectability of nucleic acid. As a result, RNAs have shown higher
transfectability in non-dividing cells compared to DNA, making it
more suitable for transfection in 3D cultures.*' Another study
has shown that the difference in transfection efficiency between
2D and 3D cultures can also be influenced by the delivery system
used.® They observed that when using calcium phosphate-based
nanocarriers, it led to higher transfection efficiency in spheroids
(3D) in contrast to 2D cultures. However, when using
Lipofectamine (a different type of nanocarrier), the opposite
result was observed (i.e., higher transfection efficiency in 2D cul-
tures compared to spheroids). This observation is supported by
studies demonstrating a higher internalization of nanocarriers in
HeLa (human cervical cancer cell line), MCF-7, and MDA-MB-231
(human breast cancer cell lines) cells grown as spheroids com-
pared to 2D cultures.”

Influence of GO flake size and functionalization on
transfection efficiency in 3D spheroids

The size and chemical modification of GO flakes have been
reported to affect the CD47_siRNA transfection in A549 and
other cell lines.”® Adjusting the size of nanocarriers is an
important parameter that can be altered to improve their
ability to penetrate the plasma membrane.*” In addition,
chemical modification of the GO surface is another option
that is often used to increase the cellular internalization of
GO-based carriers.”® Here, to assess the knockdown efficiency,
we conducted an analysis comparing different GO-based nano-

This journal is © The Royal Society of Chemistry 2023
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carrier formulations. Specifically, we compared the effective-
ness of smGO, sGO, bmGO and bGO as delivery systems for
CD47_siRNA in A549 spheroids. In Fig. 5A-D, the flow cytome-
try measurements are shown as histograms, where the shift in
the curves for the cells transfected through the different GO
formulations can be compared with the three controls (ctrl
untr, ctrl CD47 and ctrl N). smGO showed a narrow peak con-
centrated around a low mean fluorescence intensity (MFI)
values of PE-CD47, and showed an internalization of nano-
carriers inside the cells and a uniform CD47 knockdown.
Similarly, sGO showed a peak that was distributed at low PE
fluorescent intensities, even though there were higher values
as well. In contrast, bmGO exhibited a wide peak, indicating
that CD47 expression was not uniform among cells after trans-
fection. A narrow peak was displayed for the case of bGO, but
no shift was observed with respect to the controls, suggesting
that no transfection occurred. These results suggest the presence
of a difference in the internalization and transfection processes
related to the GO flake dimension. For a clear illustration, MFI
values were also plotted in the dot plot in Fig. 5E. The results
showed that smGO, sGO and bmGO can be used efficiently to
achieve CD47_siRNA transfection in spheroids, as the MFI of
cells is significantly reduced (<3900) after treatment compared to
all three controls (>7800; Fig. 5E). As expected, the MFI of bGO-
treated cells was not significantly lower (8620) than that of all the
controls (7821-8729, demonstrating the inefficiency of such GO
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formulation to deliver CD47_siRNA into A549 spheroids). These
results indicate a size-dependent transfection efficiency that can
be attributed to the internalization of GO-based nanocarriers by
the cells, with a lower cellular uptake for the big sizes for both
the modified and unmodified GO formulations. This result is
also supported by other,”* whereas unmodified GO flakes with a
lateral size of about 10-40 pm were observed to not be able to
enter the plasma membrane. However, even if it was reported
that the cell internalization of GO is size-dependent in different
cell lines;®® interestingly, the literature is not in total
consensus.>>***7

Our results also show that smGO is the most efficient nano-
carrier formulation, followed immediately by bmGO, with
knockdown efficiencies of 90% and 69%, respectively (Fig. 5F).
The modification of GO flakes with PEG and PAMAM resulted
in a higher transfection efficiency, demonstrating a high influ-
ence of the modification on the cellular internalization.

This result is in good agreement with the literature, since
the addition of polymers (such as PEG, PEI, polyvinyl alcohol
(PVA), and chitosan) on the GO flakes enhanced their stability
in the body fluids, and thus increased the binding sites for the
nucleic acid loading and the interactions with the plasma
membranes, due to the positive charges of the polymer
chains.?*®° Moreover, our previous study'®> has demon-
strated that modifying graphene oxide (GO) with amine-func-
tionalized PEG and PAMAM enhances both the stability and
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Fig. 5 Flow cytometry measurements of PE-CD47 MFI in spheroids after transfection of the CD47_siRNA complex with smGO (A), sGO (B), bmGO
(C) and bGO (D). (E) Representative dot graph of MFI measured in (A)—(D). (F) CD47 knockdown efficiency with respect to ctrl untr of spheroids
treated with the four GO formulations (smGO, sGO, bmGO and bGO). Values in the graphs are shown as mean + SD of the three trials of duplicate
samples (n = 3). The statistical significance was determined by one-way ANOVA, where P < 0.05 was considered significant (**P < 0.01; ****P <

0.0001). Not significant results (P > 0.05) are not shown.
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dispersibility of GO. In line with our current research, this
modification also leads to a higher knockdown efficiency com-
pared to unmodified GO. The inclusion of PAMAM further
enhances the electrostatic interactions between PAMAM and
siRNA, thereby improving the effectiveness of siRNA-mediated
CD47 knockdown.®® The incorporation of PEG and PAMAM
into our GO formulations facilitates the efficient delivery of
CD47_siRNA by promoting the release of siRNA from the endo-
some, exploiting the “proton sponge” effect.®"*> Through their
pronounced positive charge, the GO-PEG-PAMAM formu-
lations attract and sustain a substantial influx of protons,
causing endosomes to undergo osmotic swelling and rupture,
thereby releasing siRNA into the cytosol.’> On the other hand,
unmodified GO may have limited ability to escape from endo-
somes on its own. However, GO nanocarriers can disrupt the
endosomal membrane, causing its rupture and release of the
cargo into the cytosol, due to unique physicochemical pro-
perties of GO, such as its sharp edges and ability to interact
with lipid bilayers.®® In the present work, the use of sGO for
the transfection yields an efficiency of about 60%, significantly
lower than that obtained with smGO, but comparable to the
efficiency of bmGO. In contrast, bGO, as anticipated from the
MFI values, exhibits a significantly lower knockdown efficiency
than all other GO formulations, demonstrating no transfection
results. The reason why sGO showed an interestingly high
transfection efficiency still needs to be better studied.
Nonetheless, a possible explanation may be attributed to the
different interactions of the siRNA with the GO functional
groups such as -COOH, -OH and epoxy. When the GO is modi-
fied with the addition of polymers, a higher number of
binding sites are available for the nucleic acids. In addition,
the positive charges of the polymers and the negative charges
of the siRNA can lead to a stronger interaction.®*™®® These
factors can be advantageous during the formation of siRNA-
GO complexes, but detrimental for the release of the nucleic
acid once the nanocarrier enter inside the cell. In contrast,
unmodified GO may exhibit reduced efficacy in terms of the
number of nucleic acids bound to each flake and escaping the
endosome due to a lack of positive charges; however, nano-
carriers that successfully reach the cytosol have a higher pro-
pensity for efficient cargo release. Modification of GO was also
often used because it could avoid the clearance of the nano-
carriers from the bloodstream when injected in vivo. However,
carriers at the nanoscale can circulate in the body for longer
time without being recognized by macrophages and can easily
penetrate the tissues when <200 nm.**®” From these results,
we observed that the modification of GO flakes might be the
first parameter influencing the nanocarrier internalization by
the cells, followed by their size. Nevertheless, sGO demon-
strated a great potential in being used for further experiments.

Transfection with different ratios of anti-CD47 siRNA and GO
flakes in 3D spheroids

To determine whether it was possible to increase the transfec-
tion efficiency using sGO as a delivery system, we decided to
determine if increasing the ratio of CD47_siRNA:GO to 3:1
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would make a difference. The GO formulations used here were
1:1 and 3:1 sGO-to-bGO ratios. The selection of the
CD47_siRNA:GO 3:1 ratio was based on a comprehensive
analysis conducted in a previous study to evaluate the binding
efficiency between CD47_siRNA and GO at different ratios.'®
This analysis encompassed a wide range of ratios, spanning
from 1:0 to 10:1 (Fig. S9B in ref. 15). The purpose of this
investigation was to determine the optimal ratio for efficient
loading of siRNA onto GO nanocarriers.

This analysis revealed that up to a ratio of 3: 1, there was a
significant increase in the amount of siRNA binding to GO,
indicating efficient loading. However, beyond this ratio, the
loading efficiency curve tended to plateau. Based on these
findings, we selected the ratio of 3:1 to perform transfection
experiments aiming to achieve optimal knockdown efficiency.
In Fig. 6A and B, the flow cytometry measurements of the
treated samples were reported as peaks of PE-CD47 fluo-
rescence intensities and were compared with ctrl untr and ctrl
CD47. bGO-CD47_siRNA (1:1) showed a peak very similar in
shape to the controls, with high intensity values, showing no
transfection, as previously observed. Increasing the ratio to 3:1,
bGO presented a little shift to the left and a wider peak,
suggesting that with a higher number of siRNA bound to the GO
flakes, even if a very low percentage of them are internalized by
the cells, and some transfection could be observed. Differently,
SGO-CD47_siRNA (1:1) presented a wide peak slightly shifted
with respect to the controls and spread in a range between 0 and
10* log fluorescence intensity. This indicated a behaviour similar
to bGO-CD47_siRNA (3:1), but with a higher probability for the
nanocarriers to be internalized since the peak is taller for lower
intensity values. Interestingly, increasing the siRNA to delivery
system ratio to 3:1, the peak distribution of fluorescence inten-
sity remained spread over the same range, but the mean shifted
to a lower fluorescence intensity. This indicates a higher average
level of transfection. These observations were confirmed by the
MEFI values reported in Fig. 6C.

No significant difference in MFI was found between
CD47_siRNA: bGO (1:1) and the controls (8552 and 7289 for
ctrl untr and ctrl CD47, respectively), which indicated that no
transfection occurred. However, a significant decrease in MFI
was reported for every other delivery system and ratio with
respect to the controls. This shows that these delivery systems
were able to transfect CD47 in A549 spheroids, although with
varying efficiency. A higher knockdown efficiency for both GO
formulations when used at a 3: 1 ratio was observed (Fig. 6D).
However, by employing bGO, the efficiency increased from
about 6% to 32%, with 1:1 and 3:1 ratios, respectively, but it
never exceeded 35-40% and was not significant. Therefore, the
bGO formulation remained the least efficient GO formulation
for the experimental conditions used in this study. On the
other hand, when using sGO, the knockdown efficiency was
shown to reach and exceed 80% when used at a 3:1 ratio.
These results are significantly higher than those obtained with
the 1: 1 ratio. This analysis demonstrated that upon increasing
the CD47_siRNA: GO ratio, it is possible to obtain a higher
transfection efficiency, as observed in other studies.'>*®% GO

This journal is © The Royal Society of Chemistry 2023
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was determined by one-way ANOVA, where P < 0.05 was considered significant (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001), and P > 0.05

was not significant (ns).

thus proves to be a potentially viable alternative to chemically
modified GO. This alternative might be preferable in some
cases because unmodified GO, such as sGO, is less processed
and therefore less expensive and complex. Moreover, unmodi-
fied GO can be less toxic because it does not contain the den-
drimer, which has many positive charges that are useful for
binding nucleic acids but may be harmful to cells.**

Conclusions

Tumour spheroids were successfully grown as in vitro cell
models for CD47_siRNA transfection using GO-based vectors.
Lung cancer spheroids were found to form and remain viable
for up to 10 days of culture, demonstrating prolonged viability
over traditional 2D cultures. Moreover, spheroids also exhibit
metabolic and proliferative gradients more similar to those of
in vivo tumours. Remarkably, our results indicate that A549
spheroids showed a higher ability to be transfected than 2D
cultures, achieving silencing values of the gene responsible for
CD47 marker expression around 90%. The results were very
promising compared to other studies reported in the literature
using different vectors and cell lines.

In addition, different hGO formulations were used and
compared as vectors to deliver CD47_siRNA into A549 spher-
oids. First, it was shown that all four GO-based formulations
did not exhibit cytotoxicity or apoptotic effects in tumour and
normal cells even for concentrations much higher than that
used for transfection, indicating their safety to be adminis-
tered. Subsequently, it was observed that chemical modifi-
cation and GO flake size are two parameters highly influencing
the ability of nanocarriers to be internalized in both 2D and
3D cell cultures of A549, with modification having a greater
influence than size. Interestingly, sGO was able to achieve very
similar transfection values to smGO simply by increasing the

This journal is © The Royal Society of Chemistry 2023

CD47_siRNA: GO ratio to 3:1, proving to be a promising
alternative as a nucleic acid delivery system in cancer cells.

These results demonstrate the advantages of employing
spheroid models in terms of similarity to the in vivo environ-
ment, ease of maintenance, and genetic manipulation using
small GO-based vectors. These promising results pave the way
for the use of this model system for further studies on
different cell lines, vectors and therapeutic agents for the
study of in vitro tumour gene therapies.
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