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Dual Drug Delivery in Cancer Therapy Using Graphene

Oxide-Based Nanoplatforms

Ludmila Zdrskd, Eoin Moynihan, Arianna Rossi, Giada Bassi, Pavlina Balatkovd,
Elisabetta Campodoni, Maria Galiana Cameo, Monica Montesi, Diego Montagner,*

Vaclav Ranc,* and Silvia Panseri*

Many types of cancer are currently treated using a combination of chemother-
apeutics, but unfortunately, this strategy is considerably limited by severe side
effects. The current development of nanocarriers enables the use of multiple
drugs anchored on one unique platform thus enhancing the initiated therapeutic
effect and minimizing the possibility of drug resistance. In this context, a gra-
phene-oxide-based 2D nanoplatform is developed, which is functionalized using
highly branched polyethylene-glycol and a multimodal set of two drugs with
various mechanisms of action, namely Pt-based complex (a Pt(IV) prodrugs
based on cisplatin) and doxorubicin (DOX). We performed in vitro 2D screening
on two cancer cell lines, namely glioblastoma and osteosarcoma, that were
selected as models of two aggressive tumors that remain a massive challenge in
oncology. The therapeutic effect of the developed nano-platform is higher at
lower concentrations (15 pm of Pt-drug, 0.6 pm DOX) compared to the impact of
the free drugs. This indicates a possible positive effect of the accumulation and
transport of the drugs using this nanoplatform. Results obtained on 3D cell
models using MG63 osteosarcoma cells uncovered an understandable lowered
diffusion profile of the developed nanoplatforms, compared to the application of
free drugs.

1. Introduction

It has been more than 35 years since the
“war on cancer” was declared, and vyet,
the discovery of efficient and selective
anticancer drugs remains a significantly
challenging endeavor. Despite considerable
progress in genomics and proteomics,
the observed increase in approved drugs
in the past decade did not match the rising
costs associated with cancer research.
Nonetheless, cancer chemotherapy has
evolved from the use of cytotoxic drugs
with potentially life-threatening side effects
to less toxic approaches based on hormonal
therapy or gene therapy, among others.
Still, numerous cancer patients are, in gen-
eral, treated with platinum-based com-
plexes, often as a part of multi-drug
combinations that include, in most cases,
two other active ingredients. To enhance
effectiveness and mitigate the adverse
effects of current anticancer drugs, includ-
ing platinum-based complexes, researchers
in recent decades have conducted extensive
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investigations into nanoparticle drug delivery systems (DDSs)."!
Among many various materials, graphene has gained significant
attention in the field of DDSs, primarily due to its already proven
physical and chemical properties.* This nanomaterial com-
prises a single layer of sp“hybridized carbon atoms, forming
a 2D structure with a large specific surface area. This unique
characteristic of graphene allows a significant drug load
efficacy.>* Graphene oxide (GO), which is derived from gra-
phene, contains structural hydroxyl, carbonyl, carboxyl, and epox-
ide functional groups, which present interesting reactive nuclei
contributing to GO’s remarkable water solubility, biocompatibil-
ity, and multifunctionality. These parameters are crucial for
effectively delivering anticancer drugs.>>® To minimize possi-
ble cytotoxicity and enhance cellular uptake of GO, recent
research has investigated the utilization of biomimetic com-
pounds, including polyethylene glycol (PEG).”! These findings
indicate that the presence of PEG further enhances the stability
and solubility, reduces aggregation, and extends the enhanced
permeability and retention (EPR) effect of the GO.%?
Although many single-drug nanocarriers designed for con-
trolled release and targeted delivery in chemotherapy were
reported, their adoption in clinical phases still faces significant
bottlenecks. Challenges include poor water solubility and limited
drug bioavailability."” Low bioavailability requires the use of
higher doses of the drug, which may lead to dose-dependent
toxicity.!'™ Moreover, prolonged treatment with a single drug can
eventually lead to drug resistance, which further complicates the
therapy.['? Therefore, the development of multidrug nanocarrier-
based delivery systems is of high importance.**"]

NANOPLATFORM SYNTHESIS
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Combining different drugs offers the advantage of reducing
the individual drug doses required without compromising
the effectiveness of cancer treatment. Besides the benefits
mentioned previously, this approach helps reducing the risk of
multidrug resistance (MDR) and cancer recurrence.**

Here we focused on the synthesis of a potentially interesting
dual drug delivery nanoplatforms involving a Pt(IV) complex pro-
drug based on cisplatin scaffold (further labeled as Pt) and doxo-
rubicin (further labeled as DOX). The nanoplatforms consist of a
PEGylated graphene-oxide hierarchy, which previously demon-
strated the ability to improve the anticancer efficacy of Pt-based
anticancer complexes.'! The structures of the two drugs used in
this study and the experimental design are shown in Figure 1.
Here, the developed nanoplatforms utilize GO as a framework,
which was further decorated using a highly branched PEG struc-
ture (8-armed) functionalized with -NH, groups. The amine
groups are used to covalently bind the Pt drugs via an amide cou-
pling reaction, while DOX was bind electrostatically on the GO
framework. We performed physicochemical assessments to char-
acterize key physico-chemical parameters of the nanoplatforms,
including the topography, morphology, electronic properties, and
loading capacity to accommodate Pt and DOX drugs.
Furthermore, we conducted a standard 2D invitro screening
on two cancer cell lines, glioblastoma and osteosarcoma, which
were selected as models of two aggressive tumors that remain
challenging in oncology. Based on the most promising results
obtained on 2D models, we performed a more complex and pre-
dictive 3D in vitro model test by using a biomimetic scaffold that
better recapitulates the complexity of the tumor.
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Figure 1. Schematic representation of the synthesis of GO@PEG nanoplatforms and their functionalization using Pt and doxorubicin followed by their
study on 2D and 3D invitro models.
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2. Results and Discussion

2.1. Characterization of GO-Based Nanoplatforms

The combination of approaches previously described by Ma and
Chen!*®'”! (for details, see Materials and Methods, Section 3.2)
led to a targeted reduction in the average size of graphene oxide
(GO) that was originally present in the respective stock solution.
The initial lateral average size of GO flakes was 17 pm. Applying
the described procedure reduced an average lateral particle size
below 210 nm for 74% of the statistical population of GO flakes
(n = 2077, Figure 2C). Analogically, the average height decreased
from 130nm (stock dispersion) to 1.1nm. All values were
obtained from the measurements using atomic force microscopy
(AFM) as shown in Figure 2A and S1, Supporting Information,
respectively. More information can be found in the complete his-
togram illustrating the distribution of present flake sizes, which
is available in Figure S2, Supporting Information.

Next, pristine GO flakes were subjected to functionalization
using a highly branched 8-arm PEG-NH,. This modification
significantly changed the height profile from 1.1 nm (equivalent
to two carbon layers, as shown in Figure S1, Supporting
Information) to 45 nm (Figure 2B). This indicates a successful
immobilization of PEG structures on the surface GO. The prog-
ress of the functionalization using PEG was further studied
using electron microscopy (TEM and SEM), with results shown
in Figure 2D-F. Figure 2D shows an SEM micrograph of the
pristine GO, where the structure of thin flakes can be observed.
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TEM micrographs (Figure 2E,F) show morphological changes
induced by the functionalization using PEG, which are visible
as amorphous structures localized on the GO flake in Figure 2F.

Consecutive functionalization of the PEG@GO nanoplat-
forms using selected drugs, namely Pt and DOX (as described
in Section 2.4. of Materials and Methods), was evaluated by
Raman, fourier transform infrared spectroscopy (FTIR) spectros-
copy and parallel measurements of zeta potential. The zeta poten-
tial changes that occurred due to GO size modification, GO
PEGylation, and drug binding are shown in Figure 3A, where
the errors of the measurements are reflected by the size of
the respective data points. First, the initial zeta potential of the
stock dispersion was moderately negative (—34.4 mV). This value
is given by the high numbers of negatively charged functional
groups. The reduction in the flake sizes led to the increase of
the potential to a less negative value (—2.7 mV) due to the repo-
sitioning of the charge over the larger obtained surface.
Functionalization of GO using PEG led to a further increase
of the potential to 3.7 mV due to the presence of structural amino
groups. Loading of Pt-based drugs led to partial saturation of the
amino groups and decreased the zeta potential backward to neg-
ative values (—2.8 mV). Finally, loading the DOX (presence of the
free amino group) led to a slight increase of the zeta potential
back to 2.7mV. Figure 3A also shows the value for
GO@PEG-DOX platform to illustrate the sole effects of the
DOX on the resulting zeta potential. The loading of the Pt
and DOX was next evaluated using FIIR and Raman.
Figure 3B shows IR spectra for the starting material, namely
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Figure 2. A) PEGylated GO flakes were displayed by AFM, and B) for marked GO flakes, the height profile was specified. C) The GO flakes in the
supernatant determined the characteristic size distribution. D) Graphene oxide in stock solution was displayed by scanning electron microscopy
(SEM) in image. E) Transmission electron microscopy (TEM) was used to determine morphological changes in GO-based nanoplatform and

F) PEGylated GO.
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Figure 3. A) Changes in zeta potential were determined for GO in stock solution and GO in the supernatant, and subsequently for free PEG, PEGylated
GO, and the nanoplatform with drugs. B) The presence of Pt and DOX on GO@ PEG was demonstrated by characteristic IR spectra obtained at four steps
of the synthesis. C) The successful binding of Pt and DOX drugs to PEGylated GO was also demonstrated by Raman spectra.

GO@PEG, which contain spectral bands characteristic for PEG,
including vibrations of C—H (@1455cm™') and C—O
(1100 cm™) groups. Functionalizing the platform with Pt con-
siderably altered the Amide III spectral band present at
1100 cm™". The loading of DOX is accompanied by the forma-
tion of the spectral band at 1060 cm ™', which again partially
overlaps with the Amide III band. Raman spectra of the
functionalized platform GO@PEG-Pt-dox (Figure 3C) show a
considerable blue shift in the position of the G band from
1590 to 1620 cm™" and the formation of an additional spectral
band at 1400 cm™'. Moreover, to investigate the presence of
doxorubicin on the surface of the functionalized GO@Pt-dox
nanoplatform, we performed also experiments using UV/Vis
spectroscopy. Results are summarized in Figure S3,
Supporting Information, where it can be seen that binding of
the doxorubicin on the surface of the GO@PT platform leads
to the formation of characteristic spectral profile in the respective
data. The loading efficiency (LE) of the GO@PEG nanoplatform
was found to be 56% for Pt and 38% for DOX. The nature of the
anchoring of Pt and DOX suggests that doxorubicin will be
released in the first phase of the interaction of drug nanoplatform
with cellular environment due to the lower pH values in cancer-
ous cells. Platinum-based complex is covalently attached which
suggests an afterward release of this drug by intracellular reduc-
tion from Pt(IV) to Pt(II). The stability of the developed nanoplat-
forms were evaluated for a period of 30 days. Atomic absorption

Adv. NanoBiomed Res. 2024, 4, 2400026 2400026 (4 of 10)

spectroscopy was utilized to monitor the changes in the content
of Pt-based drugs. Based on the results, it can be stated that the
material is stable for at least 30 days without any significant loss
of bound drugs from the surface of the nanostructures. The sta-
bility of the developed nanoplatforms was evaluated for 30 days.
Atomic absorption spectroscopy was utilized to monitor the
changes in the content of Pt-based drugs. Based on the results,
it can be stated that the material is stable for at least 30 days with-
out any significant loss of bound drugs from the surface of the
nanostructures.

2.2. Biological Effect of the 2D Nanoplatform on 2D Cellular
Models

Osteosarcoma and glioblastoma are two of the most aggressive
tumors, which still represent a challenge in medicine and the
scientific community. Specifically, osteosarcoma is the most
common malignant bone tumor in children and young adults,®!
and the current treatments include chemotherapy with cisplatin
and doxorubicin, as well as surgical interventions.!'>*"
Glioblastoma is the most common high-grade primary malig-
nant brain tumor, characterized by an inferior prognosis.
The most common treatments currently used for glioblastoma
include surgery, radiotherapy, and chemotherapy.”) In both
cases, new medical advancements are needed to overcome the
current limitations and reduce the side effects of chemotherapy.

© 2024 The Authors. Advanced NanoBiomed Research published by Wiley-VCH GmbH
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MG63 (osteosarcoma cell line) and U-87 (glioblastoma cell line)
were selected to test the efficacy of the developed nanoplatforms.

A preliminary standard 2D in vitro screening was conducted
on both cell lines. Briefly, the cell viability was assessed by MTT
assay after 72h of incubation in the presence of the nanoplat-
forms and their respective controls based on three different Pt
concentrations (Table 1). The results showed that overall, all
the drug-loaded compounds and their relative drug-free

Table 1. Concentrations of each compound in the tested samples.

www.advnanobiomedres.com

controls induced a significant reduction of cell viability in both
cell lines at all concentrations tested, compared to cells only
(p-value < 0.0001) (Figure 4). Specifically, looking at the
graphs, the GO@PEG-Pt-DOX showed a different behavior in
the two cell lines, reporting a more cytotoxic activity on MG63
cells, compared to U-87 cell line. In detail, in the MG63
cells, a significant reduction of cell viability was reported
by GO@PEG-Pt-DOX compared to GO@PEG-DOX and

Sample/Concentration level A

B C

Pt [um] DOX [um] GO@PEG [mgmL™"] Pt [um]

DOX [uM] GO@PEG [mgmL™"] Pt [um] DOX [um] GO@PEG [mgmL]

GO@PEG-Pt-DOX 15 0.60 0.20 30
GO@PEG-Pt 15 - 0.20 30
GO@PEG-DOX - 0.60 0.20 -
GO@PEG - - 0.20 -
Pt-DOX 15 0.60 - 30
Pt 15 - - 30
DOX - 0.60 - -

1.25 0.40 60 2.50 0.80
- 0.40 60 - 0.80
1.25 0.40 - 2.50 0.80
- 0.40 - - 0.80
1.25 - 60 2.50 -
- - 60 - -
1.25 - - 2.50 -
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Figure 4. MTT assay. Cell viability of U87 A) and MG63 cells B) after 72 h of incubation with compounds under 2D cell culture conditions. Data are
reported as percentages (%) with respect to cells only mean & SD. Statistically significant differences with respect to GO@ PEG-Pt-DOX are graphically
reported: *p-value < 0.05, **p-value < 0.07, ***p-value < 0.001 and ****p-value < 0.0001. The black dot represents statistically significant differences of
all the compounds with respect to cells only, except for GO@ PEG, where no significance was observed, for both cell lines at all concentrations tested, and
it is equal to p-value <0.0001.
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GO@PEG-Pt (p-value < 0.0001), but most importantly compared
to Pt, DOX and a combination of Pt-based complexes and DOX at
both 15 and 30 uM (p-value < 0.0001 and <0.05), suggesting a
higher cytotoxic activity by double-loaded nanoplatform starting
from the lowest concentration tested compared to single-loaded
ones and also to free drugs, as sign of a higher cell internalization
of both drugs only loaded to GO@PEG. However, only a signifi-
cant cytotoxicity compared to GO@PEG-Pt was preserved
by GO@PEG-Pt-DOX at the highest concentration tested
(Figure 4A). In the MGG63 cells, the biological activity of
GO@PEG-Pt-DOX seemed to be more gradual and dose-
dependent, showing a significant reduction of cell viability only
concerning Go@PEG-Pt at 15 and 30 pm (p-value < 0.01 and
<0.0001). However, it is the GO@PEG-DOX showing the high-
est reduction in cell viability at 15pm, with a significant
difference compared to GO@PEG-Pt+-DOX (p-value < 0.0001).
Moreover, significant cytotoxicity was preserved by free drugs,

www.advnanobiomedres.com

especially DOX and Pt-DOX, at 15 and 30 pum, compared to
GO@PEG-Pt-DOX (p-value <0.0001 and <0.01), suggesting a
higher biological activity in the absence of the nanoplatforms.
Surprisingly, this trend was completely inverted at 60 pm, where
a significant reduction of cell viability was shown by GO@PEG-
Pt-DOX, not only concerning GO@PEG-Pt (p-value <0.0001)
and GO@PEG-DOX (p-value <0.01), but also concerning
DOX (p-value < 0.01) (Figure 4B). Finally, it is possible to assert
that the double-loaded nanoplatform showed a cell line-
dependent behavior, with higher cytotoxicity at the lowest con-
centration and dose-dependent cytotoxicity in MG63 and U87
cells, respectively. Most importantly, no signs of cytotoxicity were
reported by the GO@PEG alone in both cell lines and at all con-
centrations tested, suggesting that the potential cell mortality
could be solely attributable to the potential increase of the drug
delivery inside the tumor cells by the innovative nanoplatforms
(Figure 4).
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Figure 5. 3D OS models: MTT assay and cell morphology. GO@PEG-Pt-DOX and Pt-DOX were tested on 3D OS models at the 15, 30, and 60 pm
concentrations, using cells only as a negative control. After 72 h incubation, a cell viability assay A) and a cell morphology evaluation B) were performed.
Data from the MTT assay are shown in the graph as a percentage (%) mean compared to cells only +SD. Statistically significant differences are reported
in the graph: *p-value < 0.05, **p-value < 0.01, ***p-value < 0.001 and ****p-value < 0.0001. Fluorescence analyses stained cell nuclei in blue (DAPI)

and F-actin filaments in red. Scale bars: 200 pm.
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2.3. Biological Effect of the 2D Nanoplatforms on 3D Cellular
Models

Considering the promising results of low-dose cytotoxicity
on the MG63 cell line, we decided to further characterize the
GO@PEG-Pt-DOX using a 3D osteosarcoma (OS) model as a
more predictive invitro platform resembling the in vivo tumor
microenvironment (Figure 5). It is well-known that conventional
in vitro 2D cell cultures do not faithfully represent the complexity
of the tumor in vivo, providing unreliable results.”>**! To create
an advanced 3D invitro OS model, MG63 cells were seeded on
the bone-mimetic scaffold MgHA/Coll, a well-established mate-
rial for regenerative medicine purposes, which is obtained
through the reproduction in the lab of the biomineralization pro-
cess that typically occurs during bone formation and growth.*
Moreover, the 3D OS models were grown for three days before
the addition of the compounds, with the final aim of obtaining a
fully colonized tissue-like model. GO@PEG-Pt-DOX was added
to the 3D OS models at the same concentrations tested on the 2D
screening, and Pt-DOX was added as the control group. The cell
viability assay after 72h of incubation showed that both
GO@PEG-Pt-DOX and P+-DOX are less effective in the 3D
OS model compared to the results obtained on 2D cell culture,
confirming the importance of using relevant and more complex
cell culture systems to test innovative anti-cancer platforms
(Figure 5A). In general, less than 50% of cells died in the pres-
ence of both compounds, even at the highest concentration, with
a slight significant reduction of cell viability only at 30 pm, com-
pared to cells only (p-value < 0.05). The only exception is Pt-
DOX, where dose-dependent cytotoxicity is observed, albeit to
less extent compared to 2D cell cultures and with significant
differences only at the highest concentration tested compared
to both cells only and GO@PEG-Pt-DOX (p-value < 0.0001).
This reduced effectiveness of the nanoplatforms, compared to
the Pt-DOX, could be attributed to the challenges faced by the
drug-loaded systems in reaching the cells. Indeed, in this 3D cell
culture, a highly intricate network of cells is fused nearly, with
the collagen-based matrix of the scaffold. Likely, the cells that
penetrated deeper into the scaffold were not reached by an ade-
quate concentration of any of the two tested drugs (Figure 5A).
To confirm these data, an Actin/Dapi staining was performed to
assess the cytoskeleton and nuclei shape, and to evaluate the
cellular state. As shown in Figure 5B, the cells treated with
the lowest concentration exhibited a cell density and a morphol-
ogy comparable to the cells only, suggesting the absence of any
cytotoxic effect by compounds. However, at higher concentra-
tions, the cytoskeleton appeared slightly compromised, and
the cell number was drastically reduced only in Pt-DOX, confirm-
ing the overall results of the MTT assay.

Furthermore, to confirm the critical role of the 3D OS model,
we conducted a colonization-level evaluation to determine
whether the nanoplatforms efficiently affect the cell migration
inside the material. For this purpose, as shown in Figure 6,
the cell migration analysis was conducted and presented as nor-
malization concerning the 3D OS models at 0h (before com-
pound addition). Specifically, six random measurements of
the migration distance (pm) by the cells from the seeding surface
to the inner part of the 3D OS model were performed for both
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Figure 6. Cell migration in 3D OS model. The colonization level of the 3D
OS models treated with compounds and cells only normalized with
respect to colonization at Oh. Data are shown as normalization with
respect to the 3D OS model at 0 h + SEM. Statistically significant differ-
ences are reported in the graph: *p-value <0.05, **p-value <0.01, and
#iidp-value < 0.0001.

GO@PEG-Pt-DOX, Pt-DOX, and cells only. This was compared
to the 3D OS model at 0 h to assess the potential inhibitory effect
on cell migration ability caused by the compounds. The results
showed that the treated 3D OS models displayed a significant
reduction of cell migration (p-value < 0.0001 and p-value < 0.01)
compared to the cells-only group. In contrast to the MTT assay,
these findings may indicate that the nanoplatforms have the
potential to inhibit the invasiveness of cells in colonizing the
material, without causing cell death. This suggests the possibility
of using this nanoplatform to prevent further metastatic spread
of the disease. Metastasis occurs when cancer cells escape from
the primary tumor site and travel to invade new tissues or organs.
The invasion capability of cancer cells involves the production of
pseudopodia, the formation of new adhesions, the release of old
adhesions, tissue penetration, and migration to new sites.”*”!
However, no statistically significant differences were observed
among the compounds at any tested concentration, except for
Pt-DOX at 60pm (p-value <0.05). This confirms the dose-
dependent activity of these drugs on the 3D OS models,
consistent with the results obtained from the MTT assay.

In conclusion, these results emphasize the significance of
using more predictive 3D in vitro models for screening purposes.
While promising cytotoxicity results were observed with
GO@PEG-Pt-DOX, particularly on MG63 cells, in standard
2D cell cultures, the 3D OS model study revealed that the
double-loaded nanoplatforms did not significantly reduce cell via-
bility compared to the free drugs. However, the cell migration
analysis suggested that the activity of GO@PEG-Pt-DOX might
be associated with its ability to impede cell mobility during scaf-
fold colonization.

The inhibition of migration observed on a 3D model by drugs
underscores the importance of utilizing more advanced experi-
mental platforms for comprehensive assessment. This study
represents an initial exploration, and additional research is nec-
essary to optimize some parameters (e.g., timing; dose) due to
the considerable differences between 3D and 2D models,
together with specific biological analysis to better clarify the
molecular mechanisms.

© 2024 The Authors. Advanced NanoBiomed Research published by Wiley-VCH GmbH
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Overall, the role of the 3D OS model in drug/nanoplatform
uptake is confirmed, and this discovery holds promise for future
platform optimization, aiming to achieve a meaningful impact,
especially in a 3D setting. This, in turn, enhances the prospects of
invivo efficacy.

3. Conclusion

Dual drug delivery systems represent a groundbreaking
approach in cancer therapy by simultaneously or sequentially
delivering of two chemotherapeutics with different modes of
action. Their significance lies in the synergistic effect these drugs
create, targeting multiple aspects of cancer cells or their environ-
ment. This study demonstrated the versatility of GO-based nano-
platforms in the development of drug-delivery systems for a
controlled loading and transport of two anticancer drugs, such
as a cisplatin derivate and doxorubicin on a single platform con-
sisting of graphene oxide functionalized using eight-branch poly-
ethylene glycol. The achieved loading efficiency of the GO@PEG
nanoplatform is 56% for Pt and 38% for DOX, where samples
were normalized to a concentration of platinum and diluted at
15, 30, and 60 uM concentrations of Pt. These samples, together
with negative controls (GO, GO@PEG) and pure compounds
were studied from the point of their action on cancer cells.
Glioblastoma cell line U87 and osteosarcoma cell line MG63
were selected for the initial tests due to their considerably differ-
ent behavior and thus their various abilities to cope with drugs.
We showed that the developed platforms can transport both
loaded drugs and that the therapeutic effect is higher at lower
concentrations (15 uM Pt), compared to the effect of free drugs.
This result is comparable to the free drugs when concentrations
of drugs are increased, indicating a possible positive effect of the
transport of drugs using the nanoplatform. Next, we performed
studies using an advanced 3D scaffold-based model seeded with
MG63 osteosarcoma cells. The obtained results uncovered an
understandable lowered diffusion profile of the developed nano-
platforms, compared to the application of free drugs. The results
further obtained on cell migration showed that the treated 3D OS
models displayed a significant reduction of cell migration com-
pared to the cells-only group. In contrast to the MTT assay, these
findings indicate that the nanoplatforms have the potential to
inhibit the invasiveness of cancer cells in colonizing the material,
without further causing a cell death. By combining drugs with
different mechanisms of action, these systems could enhance
therapeutic efficacy while potentially overcoming drug resistance
and they offer a personalized treatment approach and aim to
minimize side effects by precisely targeting tumor sites.

4. Experimental Section

Pt-Based Drug: The cisplatin-based drug (Pt) is a Pt(IV) complex based
on cisplatin scaffold containing a carboxylic acid in axial position. The com-
pound has been prepared as previously reported." Briefly, cisplatin was
oxidized to oxoplatin (cis,cis,trans-[Pt(NH3),Cl,(OH),] with H,O, and
then reacted with succinic anhydride to produce the Pt(IV) prodrug
(Pt) tethering a carboxylic acid in axial position that is used to covalently
bind the compound to the GO nanoplatforms functionalized with 8-armed
PEG-NH,. Cisplatin will be then released in the active form by intracellular
reduction of the Pt(IV) (Pt) pro-drug.l*®!
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GO Flake Size Optimization: The initial material for the study was com-
mercially procured GO obtained from Sigma Aldrich, Saint Louis, MO,
USA. The flake sizes were adjusted and selected using a combined
approach based on two previously documented procedures."®'”) In sum-
mary, the GO stock solution at a concentration of 4 mg mL™" was diluted
to 400 pg mL™" in the PBS buffer. This diluted solution of GO underwent
ultrasonic sonication in a Sonorex Digitec DT 103 H ultrasonic bath
(Bandelin, Berlin, Germany) at 70 °C for 6 h. The sample was subsequently
subjected to agitation for 18 h using a Heidolph Unimax 1010 shaker
(500 RPM, 65 °C) from Heidolph, Schwabach, Germany, and was soni-
cated again for 6 h in the ultrasonic bath at 70 °C. Larger flakes were elimi-
nated through centrifugation (Benchtop 4-16 K, 21191 RCF, 5 min), and
the resultant GO dispersion-containing supernatant was utilized for all
successive experiments.

PEGylation of GO: A quantity of 25mg of 8-arm polyethylene
glycol-amine (labeled as PEG-NH,, 10kDa) obtained from Sigma-
Aldrich, St. Louis, MI, USA, was added into the 5mL of previously
prepared GO dispersion. The mixture underwent a 10-minute sonication
process. Following this, 40 puL of N-(3-Dimethylaminopropyl)-N’-ethylcar-
bodiimide hydrochloride (EDC, Sigma-Aldrich) at a concentration of
5mgmL~" was gradually added to the mixture. After 24 h of stirring
(500 RPM, 65°C), a second round of stirring and sonication followed
for 18 h (500 RPM, 65°C) and 6h (70°C) respectively. Infrared spectra
of PEGylated GO were acquired using a Nicolet iS5 FTIR spectrometer
(Fisher Scientific, Waltham, MA, USA) operating in ATR mode using a
ZnSe crystal.

Pt and DOX Loading on GO@ PEG Nanoplatforms: The loading process
of compound Pt and DOX onto GO@PEG occurred in two steps. Initially,
a solution was prepared by combining 25 uL (20 mg mL™" stock solution)
of Ptand 50 pL (2 mg mL™" stock solution) of DOX with 4 uL (50 mg mL™"
stock solution) of EDC. This mixture was sonicated for 10 min to achieve a
uniform, transparent solution, which was then stirred at room tempera-
ture for 1 h at a speed of 500 RPM. Subsequently, this Pt, DOX, and EDC
solution was introduced into the final 1 mL of GO@PEG, followed by agi-
tation for 24 h at 500 RPM and 23 °C. Any unbound compounds Pt and
DOX were eliminated through centrifugation at 21191 RCF for 10 min.
The quantity of anchored Pt was determined using atomic absorption
spectroscopy (AAS) and electrostatically attached DOX by UV-Vis, with
a triplicate measurement (N=3) for both components. The final
GO@PEG-Pt pellet obtained was gently resuspended in 1mL of PBS
and then stored at room temperature until use.

Characterization of GO-Based Nanoplatforms: Determination of GO
Amount and Size Distribution: The Raman spectra of the GO@PEG nano-
platforms were acquired employing a Witec Alpha 300 R + Raman spectro-
scopic system (Witec, Ulm, Germany) with an excitation wavelength of
532 nm. The laser’s power on the sample was maintained at 5 mW. To
generate each spectrum, 30 micro scans were averaged. For the data pre-
sented in Section 3, six spectra were obtained from six different random
positions on the flake and were subsequently averaged. The AFM tech-
nique was employed to determine the concentration and size distribution
of the prepared dispersion. The measured concentration was 1.5 x 10°
GO flakes/mL, with a median size of 266 nm. An atomic force microscope
(AFM, Ntegra spectra, NT-MDT, Moscow, Russia) was utilized for the
analysis of GO flake height and size in both the stock solution and the
supernatant solution, as well as GO@PEG (Figure S1, Supporting
Information). Notably, prior AFM investigations have empirically con-
firmed the thickness of single-layer graphene to be approximately
1.1nm, 27729 and this insight was applied here. The AFM technique
was also utilized to calculate the amount of GO flakes in 1 mL of the super-
natant solution and to analyze the distribution of GO sizes within the
supernatant solution.

For AFM imaging, a volume of 5 pL of the sample was deposited onto a
mica substrate measuring 0.5 cm in radius. AFM images covering an area
of 50 x 50 pm were captured in semi-contact mode using an ACTA-SS-10
tip and a scanning speed of 0.3 Hz. Subsequently, the collected images
were processed using the Gwydion software, and the number of GO flakes
within each image was analyzed using Image) software. This analysis
allowed for the determination of the total amount of GO in the
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supernatant solution and provided data for size distribution calculations
(N = 2077).

For scanning electron microscopy (SEM) imaging, a Hitachi SU6600
scanning electron microscope (Hitachi, Tokyo, Japan) was employed. A
small droplet of material dispersed in water was deposited onto a carbon
tape and air-dried at room temperature to analyze GO in the stock solu-
tion. An accelerating voltage of 7 kV was applied for imaging. Similarly, a
small droplet of GO@ PEG dispersion in water was placed on a copper grid
with a carbon film. After air-drying at room temperature, the sample was
imaged using an accelerating voltage of 5 kV.

Characterization of GO-Based Nanoplatforms: Pt and DOX Loading on
GO@PEG Nanoplatforms: The loading efficiency of Pt and DOX onto
GO®@PEG was assessed by analyzing the supernatant obtained through
centrifugation during the final step of GO@PEG-Pt-DOX preparation
(Section 2.4) using atomic absorption spectroscopy (AAS). The loading
ratio of Pt was determined using AAS and UV-Vis for DOX, respectively,
and calculated following a previously established definition of loading effi-
ciency.””! Loading efficiency percentage (LE%) is defined as (the concen-
tration of the drug loaded onto GO divided by the initial concentration of
the drug) multiplied by 100:

__ concentration of Pt v DOX loaded
" concentration of Pt v DOXinitially

% 100% )

In Vitro Biological Study: Cell Culture: U-87 (ATCC HTB-14) and MG63
(ATCC CRL1427), respectively glioblastoma and osteosarcoma tumour cell
lines were purchased from ATCC and used for the invitro biological
evaluation. U-87 cells were cultured in MEM Alpha (Gibco) with 10% fetal
bovine serum (FBS) (Gibco) and 1% penicillin/streptomycin mixture
(pen/strep) (100U mL™'-100 pg mL™") (Gibco). MG63 cells were cul-
tured in DMEM-F12/Glutamax (Gibco) with 10% FBS and 1% pen/strep.
All the cell handling procedures were performed in sterile conditions under
a laminar flow hood, and the cells were grown in a controlled atmosphere
at 37°C, 5% CO,, and humidity conditions. Cells were detached from cul-
ture flasks by trypsinization, centrifuged, and resuspended in an appropri-
ate volume of cell culture media to perform a Trypan Blue Dye Exclusion
test to assess cell viability and to count the cells.

In Vitro Biological Study: Scaffold Synthesis: To synthesize bone-mimetic
scaffolds, a biomineralization process was designed at ISSMC of CNR of
Italy.”! Briefly, an acid aqueous suspension was prepared by dispersing
150 g of type | collagen gel from equine tendon (acidic gel 10 mgmL™",
provided by Typeone Biomaterials S.r.l.)) was diluted into a phosphoric
acid solution (2.4 g in 500 mL; H3PO,, 85 wt%) (Sigma Aldrich) at room
temperature (RT) to obtain an acidic aqueous suspension. Separately, a
basic aqueous suspension was obtained by mixing 0.35 g of magnesium
chloride (MgCl,_6H,0, 99 wt%) (Sigma Aldrich) and 2.7 g of calcium
hydroxide (Ca(OH),, 95wt%) (Sigma Aldrich) and in 500 mL of milli-Q
H,O at RT to obtain a basic aqueous suspension. The acidic suspension
was poured into the basic one at 25 °C under continuous stirring and mat-
urated for two hours. This led to the nucleation and controlled growth of
MgHA nanocrystals onto the collagen fibers, forming the MgHA/Coll
hybrid hydrogel which was rinsed three times in milli-Q H,O. Finally,
to create a 3D porous architecture featured by interconnected porosity,
hybrid hydrogel was freeze-dried with specific temperature ramps
(—40 and +25°C) for 48 h under 0.086 mbar vacuum conditions (LIO
3000 PLT, 5PASCAL). The scaffolds were stabilized by dehydrothermal
treatment (DHT) crosslinking at 160 °C for 48 h under vacuum (0.01 mbar)
essential to preserve the biological cue of the collagen. The scaffolds
(2:6 mm; h:4 mm) named MgHA/Coll_DHT were sterilized by 25 kGy
y-ray irradiation and used to create the in vitro 3D Osteosarcoma models
(3D OS models).

In Vitro Screening of Compounds in 2D Cell Cultures: For the 2D screen-
ing, MG63 and U-87 cells were seeded at a density of 8.0 x 10 cells/well in
a 96 well-plate; the day after, the cell culture media was replaced with the
compound-conditioned media.

The compounds, here reported as GO@PEG-Pt-DOX and GO@PEGC-
Pt, were tested at three different concentrations of Pt (15, 30, and 60 pm)
as indicated in Table 1; the concentration of DOX and platform GO@PEG
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derived from testing the above-reported compounds is reported in the
same table for each Pt concentration, and it was used to test
GO@PEG-DOX and GO@PEG, respectively. Pt, DOX, and Pt-DOX were
used as control groups.

In Vitro Testing on 3D OS Models: For developing the in vitro 3D OS
models, the scaffolds MgHA/Coll were used as a bone-like matrix in com-
bination with MG63 cells. Before the cell seeding, the scaffolds were
soaked in cell culture media for 24 h. Then, each scaffold was seeded
by carefully dropping 10 pL of cell suspension (30.0 x 10* cells) onto their
upper surface, allowing cell attachment for 30 min at 37 °C before adding
complete cell culture media. The cells were grown for three days onto the
scaffold to obtain complete colonization of the material, namely the 3D OS
model (0 h); then, the medium was changed and substituted with the
GO@PEG-Pt-DOX — conditioned media. Pt-DOX was used as control,
and the no-seeded scaffold was used as blank. The in vitro 3D OS models
were cultured in the presence of the compounds for 72 h. The conditions
of the 3D OS model grown in standard cell media were used as negative
control (cells only). All cell handling procedures were performed under a
laminar flow hood in sterility conditions.

Cell Viability Assay: Cell viability was assessed after 72 h of culture with
the compounds in both the 2D cell cultures and the 3D OS models by
performing the MTT assay, following the manufacturer’s instructions.
Briefly, the 2,5-diphenyltetrazolium bromide (MTT) reagent (Sigma
Aldrich) was dissolved in Phosphate Saline Buffer 1X (PBS 1X, Gibco)
at the concentration of 5 mg mL~". Then, the MTT solution was added
to each well in a 1:10 volume ratio and incubated for two hours at
37 °C. The media was removed, and, for the 2D cell cultures, the formazan
crystals derived from MTT conversion by metabolically active cells were
dissolved in 200 pL of Dimethyl Sulfoxide (DMSO, Sigma Aldrich) for
15 min incubation at RT in stirring conditions. For the 3D OS models,
the scaffolds were transferred to a tube with 500 pL of DMSO and mechan-
ically broken using pestles to release the formazan crystals produced by
the cells. Then, the samples were centrifuged, and 200 pL of each super-
natant in duplicate was analyzed. In both studies, the absorbance was read
at Amax 570nm using the Multiskan FC Microplate Photometer
(ThermoFisher Scientific), and it is proportionally related to the number
of metabolically active cells (n=3).

Cell Morphology and Scaffold Colonization Evaluation: The 3D OS models
were deeply characterized in terms of the scaffold’s cell morphology and
colonization level. For both types of analysis, the 3D OS models were cul-
tured for 72 h in the presence of GO@PEG-Pt-DOX, using the models with
Pt-DOX and cells only as control groups. For the cell colonization analysis,
the 3D OS model at Oh, represented by the 3 days colonized scaffold
before the addition of compounds (see at the “3D cell culture model” par-
agraph for more details), was used as further control.

For both analyses, the 3D OS model at 0 h and 72 h was removed from
the cell media, washed with PBS 1X and fixed with 4% paraformaldehyde
(PFA) (Sigma Aldrich) for 15 min at RT. Then, the cells were washed with
PBS 1X twice and 0.1% v/v Triton X-100 (Sigma Aldrich) was added to
permeabilize the cells. To assess the cells’ well-being and cytoskeleton
integrity, the 3D OS models were incubated with ActinRed 555
ReadyProbes reagent (Invitrogen) for 30 min and the cell nuclei were coun-
terstained with 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI,
600 nm) (Invitrogen) reagent for 10 min. The 3D OS models were then
imaged by DAPI and TRITC filters using an Inverted Ti-E Fluorescent
Microscope (Nikon). For the cell migration analysis, the 3D OS models
were sectioned, and six random measurements were taken for each group
using NIS-Elements software (Nikon) to determine the distance (in pm)
migrated by the cells from the seeding surface to the inner region of the
scaffold (Figure S4, Supporting Information). The data were normalized
with respect to the 3D OS model at 0 h, to assess their potential inhibitory
activity on cell migration (i.e., scaffold colonization) at 72h (n=2).

Statistical Analysis: All the results are reported in graphs as the mean
+ standard deviation (SD). Cell viability results were analyzed by
GraphPad Prism Software (Version 8.0) by applying a two-way ANOVA
statistical test followed by Dunnett's and Tukey’s multiple comparisons
test. Cell colonization results were analyzed by using a one-way
ANOVA statistical test followed by Tukey's multiple comparisons
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test. The statistical significance obtained is represented in graphs as
follows: *p-value <0.05, *#*p-value <0.01, *¥**p-value <0.001, and
Fdidp-value < 0.0001.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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