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In carbon nanomaterial design, the fine-tuning of their functionalities and physico-
chemical properties has increased their potential for therapeutic, diagnostic and biosens-
ing applications [1-3]. In this Special Issue, articles or mini reviews on nanoplatforms
originating from the synergistic combination of carbon-based nanomaterials (i.e., nan-
otubes, graphene, graphene oxide, carbon quantum dots, nanodiamond, etc.) and various
functional molecules such as drugs, natural compounds, biomolecules, polymers, metal
nanoparticles and macrocycles relevant in drug delivery, in multi-targeted therapy, in ther-
agnostics, as scaffolds in tissue engineering and as a sensing material, have been selected
for publication.

Trapani et al. investigated the ability of multiwalled carbon nanotubes (MWC-
NTs) covalently modified with polyamine chains of various length (ethylenediamine
(EDA) and tetraethylenepentamine (EPA)) to induce the J-aggregation of meso-tetrakis
(4-sulfonatophenyl)porphyrin (TPPS) in different experimental conditions. The authors
reported that, in mild acidic conditions, TPPS porphyrin easily self-assembles into J-
aggregates, showing peculiar extinction bands in the visible region (A = 493 nm) and
in the therapeutic window (A =2 710 nm), together with an emission band in the red spectral
region. The results of this study describe the experimental conditions in which to obtain
stable TPPS J-aggregates in medium mimicking physiological conditions for a stimuli-
responsive therapeutic action upon irradiation on their extinction bands and fluorescence
probes in cellular environments [4].

In the design of diagnostic nanoplatforms, aiming to improve the surface-enhanced
Raman spectroscopy (SERS) effect, Neri et al. proposed a new graphene/gold nanocompos-
ite composed of gold nanoparticles (AuNPs), produced by pulsed laser ablation in liquids
(PLAL), and a nitrogen-doped graphene platform (G-NH2) obtained by direct delamination
and chemical functionalization of graphite flakes with 4-methyl-2-p-nitrophenyl oxazolone,
followed by the reduction of p-nitrophenyl groups. This approach allowed the authors
to study SERS properties of graphene loaded with pure AuNPs without the influence
of capping agents, surfactants, or salt produced in the chemical reduction of gold ions.
The SERS platform was tested for its ability to detect Rhodamine 6G and Dopamine as
molecular probes at a concentration around 1 uM. The platform showed good stability and
the ability to reproduce Raman signals without degradation although its sensitivity was
low. Overall, the feasibility of the proposed method opens up the field to further research
on improving the detection limits of molecular probes interacting with loaded AuNPs [5].

Nowadays, new therapeutic approaches using carbon nanomaterials have become very
attractive. In this scenario, Pennetta et al. investigated the formation of Doxorubicin (DOX)
nano-conveyors as a stacked drug-delivery system for application in cancer treatment.
The innovative nanoplatform was obtained by functionalizing single- and multi-walled
carbon nanotubes (CNT and MWCNT, respectively) by cycloaddition reaction between
carbon nanotubes and a pyrrole-derived compound. Two different adducts between CNT
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and pyrrole polypropylene glycol (PPGP) were prepared: the supramolecular adduct
(CNT/PPGPs) and the covalent one (CNT/PPGP.). The supramolecular interactions
were studied on the basis of molecular dynamics simulations, and by monitoring the
emission and the absorption spectra of DOX. The biological studies revealed that two of
the synthesized nanoplatforms are effectively able to obtain DOX within A549 and M14 cell
lines and to enhance the cell mortality at a much lower effective dose of DOX. This work
paves the way for the facile functionalization of carbon nanotubes by exploiting the “pyrrole
methodology” for the development of novel technological carbon-based drug-delivery
systems [6].

One of the main widespread concerns regarding using carbon-based materials as alter-
native nanobiomaterials for cancer therapy is their inherent cytotoxicity, which remains
debated, with studies demonstrating contradictory results. Garriga et al. investigated the
in vitro toxicity of various carbon nanomaterials in human epithelial colorectal adenocarci-
noma (Caco-2) cells and human breast adenocarcinoma (MCE-7) cells. Carbon nanohorns
(CNH), carbon nanotubes (CNT), carbon nanoplatelets (CNP), graphene oxide (GO), re-
duced graphene oxide (GO) and nanodiamonds (ND) were systematically evaluated and
compared using Pluronic F-127 as a dispersant agent. Carbon nanomaterial exposure
affected the cell viability in the following order: CNP < CNH < RGO < CNT < GO < ND,
with a pronounced effect on the more rapidly dividing Caco-2 cells. Hydrophobicity and
morphological features are the main causes of decreases in cell viability, enhanced levels
of ROS (radical oxygen species) and apoptosis/necrosis. In this study, ND showed low
toxicity thanks to a lack of ROS levels and was efficient in the loading of hydrophilic
drugs, such as DOX, by assembling in the ND surface or within the pores. On the other
hand, this study evidenced the low toxicity of CNT and RGO, and the high camptothecin
(CPT) loading because of the strong m—7t stacking interactions. Altogether, despite the
various obstacles that still have to be overcome before considering carbon nanomaterials
suitable as drug carriers (i.e., the potential long-term toxicity), this study highlighted a
screening and risk-to-benefit assessment and, together with drug-loading efficiency studies,
is fundamental to the development of advanced multi-functional carbon nanomaterials for
cancer theragnostic applications [7].

Nanodiamonds with detonation origins were investigated by Claveau et al. as delivery
systems for anti-cancer therapy in vivo models. The authors studied the ability of cationic
hydrogenated detonation nanodiamonds to carry active small interfering RNA (siRNA) in
a mice model of Ewing sarcoma, which is bone cancer of young adults due to the EWS-FLI1
junction oncogene in the majority of patients. Labeled nanodiamonds obtained using
radioactive tritium gas instead of hydrogen gas allowed the authors to investigate the
trafficking of nanodiamonds throughout mouse organs and their excretion as urine and
feces. Moreover, the ability of siRNA to inhibit the expression of the oncogene EWS-FLII in
tumor-xenografted mice was demonstrated. Overall, this study represents a substantial
step towards the use of ultra-small solid nanoparticles for the delivery of nucleic acid
in vivo [8].

In the framework of carbon nanomaterial development for therapeutic purposes, Lee
et al. reported a new type of carbon dot (CDOT) nanoparticle as a new antiplatelet agent.
The inhibition of platelet activation is considered a potential therapeutic approach for the
treatment of arterial thrombotic diseases; therefore, maintaining platelets in their inactive
state has gained much attention. CDOT could actively inhibit human platelet activation
by suppressing some crucial mechanisms (e.g., PKC activation, and Akt, JNK1/2 and p38
MAPK phosphorylation) with no in vitro cytotoxicity. This in vivo study revealed that
the CDOTs had an antithrombotic effect on the ADP-induced pulmonary thromboembolic
mice model by reducing mortality and by preserving the normal bleeding tendency in
mice. Altogether, these results suggest that a direct application of CDOTs may contribute
to the development of new antiplatelet drugs for the treatment of arterial thromboembolic
diseases [9].
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In the application of graphene nanomaterials for dental regenerative engineering,
Di Carlo et al. proposed the covalent functionalization of a graphene oxide (GO)-decorated
cortical membrane (Lamina®) in the promotion of the adhesion, growth and osteogenic
differentiation of DPSCs (Dental Pulp Stem Cells). The GO-decorated Laminas demon-
strated an increase in the roughness of Laminas and a reduction in toxicity and did not
affect the membrane integrity of DPSCs. In conclusion, this study showed that the GO
covalent functionalization of Laminas was effective; was relatively easy to obtain; and
favored both the proliferation rate of DPSCs, probably due to the capacity of GO to adsorb
proteins present in the medium, and the deposition of calcium phosphate. Overall, this
study is promising because the proposed material holds potential as a useful substrate in
facilitating in vivo bone regeneration [10].

In antibacterial applications, Nicosia et al. synthesized novel NanoHybrid Systems
based on graphene, polymers and AgNPs (namely, NanoHy-GPS) using an easy microwave
irradiation approach free of reductants and surfactants. The fine-tuned hybrid system
combines the properties of polymers, graphene and AgNPs as a potential on-demand
antimicrobial coating system. Polymers play key roles in ensuring the coating compatibility
of the graphene platform, making it adaptable for a specific substrate. The driving force of
this strategy is the tuning of the interfacial interactions towards targeted substrates, thus
optimizing the homogeneity of the dispersion of the GO derivatives within specific polymer
matrices. The formulation of functionalized graphene with AgNPs entrapped in suitable
polymers resulted in a doubly beneficial effect: an increase in graphene processability and
achievement of graphene-enriched antimicrobial nanobiomaterials. NanoHy-GPS was
proposed as a potential alternative to common antibacterial agents, which leak into the
environment and/or within organisms’ tissues [11].

Finally, Cordaro et al. proposed a review aimed at providing a comprehensive and
exhaustive summary of the contributions of graphene-based nanomaterials to liquid biopsy.
Liquid biopsy is considered an innovative method that has provided surprising perspec-
tives in the early diagnosis of severe diseases such as cancer, metabolic syndrome, and
autoimmune and neurodegenerative disorders and in monitoring their treatment. Al-
though nanotechnology based on graphene has been poorly applied for the rapid diagnosis
of viral diseases, the extraordinary features of graphene (i.e., high electronic conductivity,
large specific area and surface functionalization) can also be exploited for the diagnosis of
emerging viral diseases, such as coronavirus disease 2019 (COVID-19) [12].

The variety of applications covered by the nine articles published in this Special Issue
of Nanomaterials “Carbon Nanomaterials for Therapy, Diagnosis and Biosensing” is proof of
the growing attention on the use of carbon nanomaterials in the biomedical/ pharmaceutical
field in recent years. We hope that the readers enjoy reading these articles and find them
useful for their research and for advancing carbon nanomaterials from the laboratory
to clinical nanomedicine. Finally, we acknowledge all of the authors who contributed
their work to this Special Issue as well as the editorial board of Nanomaterials for all of
their support.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The ability of multiwalled carbon nanotubes (MWCNTs) covalently functionalized with
polyamine chains of different length (ethylenediamine, EDA and tetraethylenepentamine, EPA) to
induce the J-aggregation of meso-tetrakis(4-sulfonatophenyl)porphyrin (TPPS) was investigated in
different experimental conditions. Under mild acidic conditions, protonated amino groups allow for
the assembly by electrostatic interaction with the diacid form of TPPS, leading to hybrid nanomaterials.
The presence of only one pendant amino group for a chain in EDA does not lead to any aggregation,
whereas EPA (with four amine groups for chain) is effective in inducing J-aggregation using different
mixing protocols. These nanohybrids have been characterized through UV/Vis extinction, fluorescence
emission, resonance light scattering and circular dichroism spectroscopy. Their morphology and
chemical composition have been elucidated through transmission electron microscopy (TEM) and
scanning transmission electron microscopy (STEM). TEM and STEM analysis evidence single or
bundles of MWCNTs in contact with TPPS J-aggregates nanotubes. The nanohybrids are quite stable
for days, even in aqueous solutions mimicking physiological medium (NaCl 0.15 M). This property,
together with their peculiar optical features in the therapeutic window of visible spectrum, make
them potentially useful for biomedical applications.

Keywords: porphyrin; J-aggregates; carbon nanotubes; nanohybrids

1. Introduction

Carbon nanotubes (CNTs) are intriguing materials with applications ranging from
nanotechnology-related devices (i.e., in electronics, energy storage, water treatment, as
sensor/biosensor) [1] to drug/probes delivery systems for therapy and diagnosis [2,3].

Functionalized CNTs are widely used to reduce the intrinsic toxicity of “as produced” (pristine)
CNTs by increasing the tolerability and the biodegradability in vivo [4,5]. Furthermore, opportunely
modified and sized multiwalled CNTs (MWCNTSs) are not retained in the organs and can be easily
cleared by body excretion [6].

Nanomaterials 2020, 10, 669; doi:10.3390/nano10040669 www.mdpi.com/journal/nanomaterials
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Functional nanomaterials based on CNTs were designed as therapeutic enhancers by combining
CNTs with different systems, such as cyclodextrins, biomolecules or porphyrinoids [3]. Recently,
some of us reported antiviral- and plasmid/delivery systems [7,8] based on properly functionalized
MWCNTs, investigating also their intracellular fate. Similarly to other nanomaterials based on carbon
for multi-targeted therapies and imaging [9,10], CNTs functional nanomaterials were endowed with
unique properties generated by the synergic actions of components [3].

Non-covalent modification of CNTs with porphyrinoids is a well-investigated strategy to modulate
the environment of chromophores, thus improving the light absorption and emission features [11],
charge-transport [12] or energy transfer properties [13] in view of bio-labeling and light harvesting
applications. In particular, it is well-known as 7-stacking of CNTs with hydrosoluble porphyrins
provides donor-acceptor complexes with efficient energy transfer [14]. Porphyrin free bases or metallo
porphyrins/DNA supramolecular systems undergo strong charge transfer with semiconducting
CNTs [15]. Enhanced photoconductivity has been reported for J- and H- porphyrin aggregates
(head-to-tail or head-to-head molecules stacking, respectively) obtained in solution by interaction
with single-walled CNTs (SWCNTs) [16] or at solid state with double-walled CNTs (DWCNTs) [17] or
by decorating MWCNTs film [18]. Moreover, recently it was demonstrated that photoluminescence
properties of a hybrid material assembled by formation of J-aggregates of benzo[e]indocarbocyanine
(BIC) on SWCNTSs can be modulated by selecting cis- or trans- isomer of the dye: the first one quenches
the photoluminescence by strong interaction with CNTs, whereas the second one forms free J-aggregates
characterized by photoluminescence bands of practical use in biomedical imaging [19]. Indeed, it is
well known that J-aggregates feature very narrow red-shifted absorption bands, showing renewed
optical, photophysical, and structural properties vs. monomer [20]. In this framework, multifunctional
nanotheranostic based on J-type aggregates of cyanine [21,22], bacterio-pheophorbide [23], chlorine [24],
and Bodipy [25] were proposed due to their excellent photothermal and/or NIR absorbing features for
applications in imaging guided therapy (i.e., photoacustic imaging). However, these J-type aggregates
generally need to be entrapped in liposomes or dispersed in surfactants to increase their solubility
and bio-availability.

Within the incoming research of composite nanomaterials, our interest has been addressed
to J-aggregates of meso-tetrakis-(4-sulfonatophenyl)porphyrin (TPPS) exhibiting peculiar optical
features [26-29]. Such features can be fine-tuned depending on the strategy adopted to obtain the
structure, i.e., by selecting appropriate polyamines as scaffolds [30-35] or by tailoring nanomaterials
(i.e., metal nanoparticles) [36—40] or triggering porphyrin J-aggregation by modulating pH and/or
ionic strength [41-44]. TPPS J-aggregates, in line of principle, would not necessitate further
manipulation/encapsulation to explicate their properties within cells or tissues. These aggregated
species could lead to stimuli-responsive therapeutic action upon irradiation on their extinction bands,
fluorescence probing in cellular environments, or refilling of the dye upon eventual J-aggregates
disassembly [45,46] in biological sites [47].

Regarding the design of SWCNTs/TPPS nanohybrids, assembly between TPPS with
amine-conjugated SWCNTs has been obtained in water, pointing out that the photophysical properties
of porphyrin are largely influenced by length of CNTs amine chain [48] whereas TPPS J-aggregates on
SWCNTs have been prepared in organic solvents [49].

Herein, we report on the formation of relatively stable TPPS J-aggregates wrapped to
covalently amine-modified MWCNTs in aqueous solution. We anticipate that, in the presence
of tetraethylenepentamine-functionalized MWCNTs (MWCNT-EPA) in mild acidic conditions, TPPS
porphyrin easily self-assembles into J-aggregates exhibiting peculiar extinction bands in the visible
region (i.e., =493 nm) and in the therapeutic window (i.e., 2710 nm), together with an emission band in
the red spectral region for potential phototherapeutic and/or photodiagnostic applications. Conversely,
ethylenediamine-modified MWCNTs (MWCNT-EDA) do not induce J-aggregate formation due to
EDA structural features vs. EPA ones. The MWCNT-EPA/TPPS J-aggregates are stable in mimicking
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physiological medium (NaCl = 0.15 M), thus opening the route for their potential application in dual
therapeutic/diagnostic assessment.

2. Materials and Methods

The 5,10,15,20-tetrakis(4 sulfonatophenyl)porphyrin (TPPS), MWCNTs,
tert-butyl 2-aminoethylcarbamate (EDABoc), tetraethylenepentamine (EPA),
N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC), 1-Hydroxybenzotriazole
(HOBt), Ninhydrin test kit, other solvents and reagents were purchased from Sigma-Aldrich Chemicals
(Milan, Italy). The stock porphyrin aqueous solutions were freshly prepared and their concentrations
were determined using the extinction coefficient at the Soret maximum (e = 5.33 x 10° M~'cm™!
at A =414 nm). All the reagents were used without further purification and all the solutions were
prepared in dust free Milli-Q water (Merck, Darmstadt, Germany).

Carboxylated multiwalled carbon nanotubes (MWCNT-Ox) were prepared by the oxidation of
MWCNTs (mean diameter 5-10 nm; average length 10-20 um) with sulfuric acid/nitric acid (3:1 v/v,
98% and 69%) according to the protocol previously reported [50]. MWCNT-Ox (100 mg) in 25 mL of
dry DMF were sonicated for 30 min, then EDC (112 mg, 0.58 mmol) and HOBt (40 mg, 0.30 mmol),
were added and the black suspension was stirred at room temperature for one hour. EDABoc (55 mg,
0.24 mmol) was added and the reaction was stirred for 72 hours. Water/ethanol (1:1 mixture) was added
and the crude reaction mixture was filtered under vacuum (Millipore, 0.1 um), washed with an excess
of water/ethanol and finally diethyl ether. The resulting MWCNT-EDABoc were dispersed in dioxane
(10 mL) and treated with 5 mL of HCl 4 M at room temperature for 4 h. The mixture was filtered
under vacuum (Millipore, 0.1 um) and the precipitate was treated with 5 mL of triethylamine/water
(1:4), thus obtaining MWCNT-EDA. This was washed several times with water/ethanol by successive
bath sonication and centrifugation (8000 rpm 10 min) procedures and finally dried at 60 °C to give
60 mg of material. The amount of free amine groups on MWCNT-EDA was estimated by Kaiser test
(0.22 mmol/g).

MWCNT-EPA were prepared by the coupling of MWCNT-Ox and EPA, in presence of EDC/HOB,
according to the amidation reaction procedure above described. The resulting MWCNT-EPA were
washed several times with water/ethanol by successive bath sonication and centrifugation (8000 rpm
10 min) procedures and finally dried at 60 °C. Termogravimetric analysis (TGA) data indicated a
weight loss of about 4.3% at 500 °C, which roughly corresponds to 0.22 mmol/g of EPA. The ninhydrin
assay indicated an amount of free amino groups of 0.44 mmol/g.

Primary amine loadings were measured spectroscopically using the colorimetric Kaiser
conditions [51,52]. Commercial Kaiser test kit is composed of three solutions as it follows: (a) 0.5 g/mL
of phenol in absolute EtOH; (b) 2 mL of potassium cyanide 1 mM (aqueous solution) dissolved in
98 mL of pyridine; (c) 0.05 g/mL of ninhydrin in absolute EtOH. Briefly, 0.5 mg of MWCNT-EDA or
MWCNT-EPA were treated in sequence with 75 puL of solution (a), 100 uL of solution (b) and 75 uL of
solution (c). The dispersion was sonicated in a water bath and then was heated at 120 °C for 5 min,
diluted with 4750 uL of absolute EtOH and centrifugated at 14,000 rpm. The absorbance at 570 nm of
supernatant was correlated to the amount of free amine groups on MWCNTs surface (NH; loading
(mmol/g)); using the following equation:

[free amines] = ([Abs] x dilution x 1000)/ (e X sample weight X optical path) 1)

where dilution was fixed to 5 mL, optical path was 1 cm; sample weight was 0.5 mg; extinction
coefficient (¢) was 15,000 M~! em™1.

Dispersions of MWCNT-EDA and MWCNT-EPA (0.43 mg/mL) were prepared in 10 mM citrate
buffer by bath sonication for 20 min. For the experiments, a volume of 100 pL has been used and diluted
to a final concentration of 0.02 mg/mL. The interaction of TPPS with the two batches of MWCNTs
has been investigated in citrate buffer solution (10 mM, pH 2.4) following two different mixing order
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procedures: (i) porphyrin-first protocol (PF) and (ii) porphyrin- last protocol (PL), consisting of the
addition of a proper volume of MWCNTs dispersion to a diluted TPPS solution in citrate buffer and
of the addition of TPPS from a stock solution to a diluted MWCNTs dispersion, respectively [43,53].
In some experiments MWCNT- EPA in citrate buffer has been previously mixed with NaCl (0.15 M),
followed by the addition of TPPS. In all the experiments, the final concentration of TPPS was 5 uM.

UV-Vis spectra have been collected on a diode-array spectrophotometer Agilent model 8452.
The circular dichroism (CD) spectra were recorded on a JASCO ]-720 spectropolarimeter, equipped
with a 450 W xenon lamp. CD spectra were corrected both for the cell and buffer contributions. A Jasco
mod. FP-750 spectrofluorometer has been used to record fluorescence emission and Resonance Light
Scattering (RLS) spectra. Emission spectra were not corrected for the absorption of the samples and a
synchronous scan protocol with a right angle geometry was adopted for collecting RLS spectra [54].
All the aqueous dispersions were analysed by using a 1 cm optical path cuvette.

TGA was performed by using PerkinElmer Instruments Pyris1 TGA at a heating rate of 10 °C/min
over the range from room temperature (r.t) to 1000 °C under N, atmosphere.

A TEM, JEM2100 LaB, working at 100 kV, and a digital Scanning transmission electron microscopy
(STEM) set with BF & DF STEM Detectors plus SE/BSE detector (University of Exeter, UK) were used
to investigate morphology of MWCNTs and MWCNTs/TPPS J-aggregates. Samples were prepared by
evaporating ten drops of the aqueous dispersions of the investigated system more days after mixing
(1-3 days) on 300 mesh holey-carbon coated copper grids.

3. Results and Discussion

Synthesis and Characterization of Amine Multiwalled Carbon Nanotubes

Amine multiwalled carbon nanotubes, MWCNT-EDA and MWCNT-EPA, were prepared by
coupling of carboxylated MWCNTs (MWCNT-Ox) with tert-butyl 2-aminoethylcarbamate (EDABoc) or
tetraethylenepentamine using EDC/HOBt in DMF according to Figure 1A,B, respectively. MWCNT-Ox
were prepared by the oxidation (HNO3/HSO4 1:3, 6 h, 60 °C) of commercially available multiwalled
carbon nanotubes according to a previously reported procedure [8,50].

o] o]
a) HCI, dioxane

b) N(Et
) N(Et)s HaN
NHBoc

H
EDABoc, DMF
—

EDC, HOBt
BocHN

(o]
COOH
MWCNT-Ox MWCNT-EDABoc MWCNT-EDA

NHBoc
EDABoc = [
NH,

COCH

MWCNT-EPA

Figure 1. Schematic representations of MWCNT-EDA (A) and MWCNT-EPA (B) synthetic procedures.
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The degree of functionalization of MWCNTs was investigated by TGA analysis (Figure 2) and the
primary amines loadings was determined using the colorimetric Kaiser test [51,52].
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Figure 2. TGA profiles of MWCNT-Ox (dark line) and MWCNT-EPA (red line) (A). TGA profiles of
MWCNT-EDABoc (dark line) and MWCNT-EDA (red line) (B). In the insets DTG curve of MWCNT-EPA
(A) and MWCNT-EDABoc (B). TGA analyses were carried out under N, atmosphere.

The TGA curve of MWCNT-Ox shows a gradual weight loss of about 15.5% at 500 °C (Figure 2A).
MWCNT-EPA TGA profile displays two weight loss steps in the range 100-400 °C, likely due to
decomposition of polyamine alkyl chain (inset of Figure 2A). From TGA data, a weight loss of about
4.3% at 500 °C which roughly corresponds to 0.22 mmol/g of EPA (Figure 2A) has been estimated.
By the correlation with the absorbance at 570 nm using the ninhydrin assay, an amount of free amino
groups of 0.44 mmol/g has been determinated, probably suggesting a role of secondary amine groups
in the amidation reactions (Figure 1B).

According to literature data, a higher thermal stability of MWCNTs containing free amine groups
has been detected with respect to the MWCNTs sample containing Boc-amine groups (MWCNT-EDA
vs. MWCNT-EDABoc, Figure 2B) [55,56]. The significant weight loss of MWCNT-EDABoc in the
range 100-300 °C (see DTG, inset Figure 2B) can be attributed to the thermal decomposition and
rearrangement of the tert-butoxyl groups. On the basis of TGA data, it was not realistic to determine
the degree of functionalization in terms of weight loss (Am =~ 0.9-1%) [57]. Thus, we have estimated
the amount of free amine functional groups by the Kaiser test (0.22 mmol/g).

TEM analyses of functionalized MWCNTs indicated that the chemical functionalization with
amine groups preserved the characteristic morphology of multiwalled tubes scaffold. An average
external diameter of ~10 nm, corresponding to an average number of 8-10 layers were found.
MWCNT-ox appeared strongly aggregates in bundles (Figure 3A), whereas well distinct isolated
MWCNTs are observed in TEM image of amine functionalized MWCNTs (MWCNT-EDA, Figure 3B
and MWCNT-EPA, Figure 3C). Moreover, all the functionalized MWCNTs (MWCNT-Ox, MWCNT-EPA
and MWCNT-EDA) were shortened by oxidation: the length was reduced from the micrometre (pristine
MWCNTs, see Supplementary Figure S1) to nanometre scale [8,50].

Figure 3. TEM images of MWCNT-Ox (A), MWCNT- EDA (B) and MWCNT-EPA (C).
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In order to obtain MWCNT-EDA/TPPS J-aggregates hybrids, the two aforementioned mixing order
protocols (both PF and PL) have been used under mild acidic condition. Whatever of the procedure
employed, we found that the extinction features of free diacid porphyrin (B band centered at 434 nm and
Q bands at 592 and 645 nm) remained unchanged even after 1 day (Figure 4A). No TPPS J aggregates
were formed and no interaction between TPPS and MWCNT-EDA was revealed. This behavior could
be ascribable to the presence of only one pendant amino group for chain in EDA, and this observation
agrees with previous results on the role of the amine chain length in inducing the aggregation of
TPPS [53].
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Figure 4. UV-Vis spectra of MWCNT-EDA (black line) and upon TPPS addition (red line), and 1 day
after mixing (blue line) (A), and of MWCNT-EPA (black line), upon TPPS addition (red line), and 1 day
after mixing (blue line) (B). Experimental conditions: [TPPS] = 5 uM; MWCNT-EDA or MWCNT-EPA
= 0.02 mg/mL; 10 mM citrate buffer at pH 2.4; PL protocol; T = 298 K.

On the other hand, upon the addition of the porphyrin to the MWCNT-EPA dispersion, the UV-Vis
profile shows the spectral signatures both of the diacid form of TPPS (B-band at 434 nm) and of
J-aggregates evidenced by their typical extinction band arising at 489 nm. During the time, we observed
the decrease of the intensity of the diacid band accompanied by the increase of the intensity of J-band,
which furthermore undergoes a bathochromic shift from 489 to 493 nm. After one day, at the end of the
aggregation process, UV-Vis spectrum of MWCNT-EPA/TPPS exhibits the B and Q bands ascribable
to the residual monomeric diacid form of TPPS and J-aggregates (Figure 4B). It is noteworthy that
the formation of J-aggregates does not occur under the same experimental conditions in absence of
MWCNT-EPA, but it can be forced by decreasing the pH of the medium [42]. On the bases of the
experimental evidences, we suggest that only EPA functionalized MWCNTs are able to trigger the TPPS
aggregation process. This could be ascribable to the occurrence of an initial electrostatic interaction
among a sufficient number of positively charged protonated amino groups on the CNTs surface
and negatively charged sulfonated groups present in the periphery of the dyes [31,58]. Moreover,

10
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the observed red-shift of the extinction B-band of J-aggregates in the time could suggest a rearrangement
of the aggregates due to an interaction with different amine-modified carbon nanotubes or their location
in a different microenvironment with respect to the aqueous solution.

The emission spectrum (Aexc 455 nm), at the end of the aggregation process, shows the typical
fluorescence emission of the diacid form of TPPS centered at 669 nm. Further, upon excitation on
the J-aggregates band (Aexc 493 nm), an emission band at 717 nm can be also detectable (Figure 5).
The different ratio of the bands intensity at 669 and 717 nm at the two distinctive excitation wavelengths
is due to the fluorescence emission generated from the aggregated species. This evidence is confirmed
by the related excitation spectra (Figure 5 inset) showing spectral features for both the diacidic TPPS
and J-aggregates. However, the monomeric porphyrin is the predominant species in the excitation
profile at both emission wavelengths, due to its longer lifetime value with respect to the J-aggregate
one [59,60].
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Figure 5. Fluorescence emission spectra of MWCNT-EPA/TPPS J-aggregates system 1 day after
mixing (dashed and solid lines recorded at Aexc = 455 and 493 nm, respectively) and, in the inset, the
corresponding excitation spectra (dashed and solid lines recorded at Aey, = 669 and 717 nm, respectively).
Experimental conditions: [TPPS] = 5 uM; MWCNT-EPA = 0.02 mg/mL; 10 mM citrate buffer at pH 2.4;
PL protocol; T = 298 K.

The RLS spectra recorded soon after mixing shows a very sharp peak in the red region of the
extinction band which increases in intensity at the end of the aggregation process. These findings agree
with our previous results [42], pointing to the formation of self-assemblies of electronically coupled
porphyrins, which cause a large enhancement of the resonant light scattering [54] at the red-edge of
the extinction peak (Figure 6).

J-aggregates of TPPS induced by MWCNT-EPA were stable in acidic aqueous dispersion for
a day or more after preparation. In difference with our previous findings on polyamine-mediated
J-aggregates [30,31,61], the optical profiles are in line with the usual Frenkel exciton theory, rather than
in terms of an extended network formed by the J-aggregates and amine modified MWCNTs in which
dipole—dipole coupling among single porphyrins takes place.

11
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Figure 6. RLS spectra of MWCNT-EPA (black line), after TPPS addition (red line), and 1 day after
mixing (blue line). Experimental conditions: [TPPS] = 5 uM; MWCNT-EPA = 0.02 mg/mL; 10 mM
citrate buffer at pH 2.4; PL protocol; T = 298 K.

CD spectra were recorded after freshly mixing of the components and at the end of the aggregation
process (Figure 7). As expected for achiral MWCNT-EPA, CD spectrum is silent before the addition
of the chromophoric species, so confirming the absence of optical activity for amine modified CNTs.
On the other hand, when TPPS was added a slight bisegnate positive Cotton effect in the aggregates
absorption region has been observed. At the end of the aggregation process, an increase in intensity
and a red shift of the CD profile were observed. This behavior, observed by means of spectroscopic
and light scattering techniques, is due to the formation of large and rearranged structures as the result
of the interactions among porphyrin aggregates and functionalized MWCNTs.
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Figure 7. CD spectra of MWCNT-EPA (black line), soon after TPPS addition (red line), and 1 day after
mixing (blue line). Experimental conditions: [TPPS] = 5 uM; MWCNT-EPA = 0.02 mg/mL; 10 mM
citrate buffer at pH 2.4; PL protocol; T = 298 K.

In agreement with the spectroscopic characterization, representative TEM images of
MWCNT-EPA/TPPS J-aggregates pointed to the coexistence of both MWCNT-EPA and TPPS
J-aggregates in the same area (Figure 8 and Supplementary Figure S2). In particular, TPPS J-aggregates
with an average diameter of 45 nm and length of 250-500 nm seem to be wrapped by separate nanotubes
or bundles of MWCNT-EPA having an average external diameter of about 15 nm.
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Figure 8. TEM images of MWCNT-EPA/TPPS J-aggregates at low (A) and high resolution (C): (B,D)
corresponds to STEM analysis of total (C/N/O/S) and C/S merging of elements distribution respectively
taken within the dashed region of the assemblies in (C) (for individuals colours of elements refers to (B)
in Figure S3; see Materials and Methods for preparation conditions).

STEM analysis of MWCNT-EPA/TPPS J-aggregates shows the total elemental distribution pointing
out the presence of carbon and oxygen for MWCNT-EPA, and carbon, oxygen, sulfur and nitrogen for
TPPS J-aggregates (Supplementary Figure S3). Interestingly, in the marked area (Figure 8C), the total
elements merging (Figure 8B) appears to be similar to the carbon/sulfur merging (Figure 8D). These
results evidence the co-localization of TPPS J-aggregates and carbon nanotubes in the investigated
samples. Since self-organization phenomenon is a hierarchical process, it is well known as the
morphology of final aggregates can be controlled by the mixing order protocol [43]. In this
framework, we performed experiments by adding amine carbon nanotubes to diacid TPPS (PF
protocol). Surprisingly, at the end of the aggregation process, all the spectroscopic (Supplementary
Figures S4 and S5) and morphological features (Supplementary Figure S6) show no change with
respect to that observed by previous reagent mixing order protocol (PL). Because, in the case of the
self-aggregation of neat TPPS in acidic conditions [43], the mixing order protocol is strictly related to
the occurrence of porphyrin nucleation phenomena, here, we are prone to think that MWCNT-EPA
could act as nucleation centers, inducing dye aggregation independently by the mixing order protocol.

In order to verify the stability of MWCNT-EPA/TPPS J-aggregates in mimicking physiological
medium (NaCl 0.9% w/w = 0.15 M), the system has been prepared by firstly dispersing MWCNT-EPA
in NaCl 0.15 M aqueous solution and then adding TPPS. Under these conditions, the spectroscopic
evidences of the final system remain almost unchanged (Figure 9) with respect to the unsalted solutions
thus confirming the formation of chromophoric assemblies. The premixing of MWCNTs and NaCl,
followed by the addition of porphyrin, seems to lead to a larger amount of J-aggregates due to the
ionic strength effect [62]. Generally, optical stability for J-aggregates is difficult to achieve. Therefore,
the use of surfactans or the entrapment in liposomes of the dye forming J-aggregates were experienced
in literature [21]. In our case, MWCNTs induce, whatever the preparation procedure, the formation of
stable J-aggregates able to retain their optical properties even after more days (1-3 days). Therefore, no
further manipulation to preserve their pristine optical properties was necessary.

13
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Figure 9. UV- Vis spectra (A) and RLS ( B) of MWCNT-EPA (black line), upon TPPS addition (red line)
and 4 h after mixing (blue line); (C) Fluorescence emission spectra of MWCNT-EPA/TPPS J-aggregates
(dashed and solid lines at Aexc = 455 and 492 nm, respectively) and (D) the corresponding excitation
spectrum ( dashed and solid lines at Aem = 669 and and 717 nm, respectively). Experimental conditions:
[TPPS] =5 uM; MWCNT-EPA = 0.02 mg/mL; 10 mM citrate buffer at pH 2.4; [NaCl] = 0.15 M, PL protocol;
T =298 K.

Altogether, the combination of drug carrier ability of MWCNTs with the theranostic properties of
porphyrins could allow the development of MWCNTs/TPPS J-aggregates nanohybrids for applications
in biomedical field. Unlike from the others families of hybrid carbon nanomaterials [9], the potential
applications in biological/pharmaceutical field of carbon based nanomaterials- porphyrins appear
still scarcely investigated, especially for J-aggregates self-assemblies as well as their intracellular
trafficking, therapeutic and imaging properties. In the literature, it was observed that hybrids
nanomaterials based on porphyrinoids [24,63] were prepared at pH different from physiological
conditions, and then treated with cells. In this context, future work will be devoted to studying the
biocompatibility and cellular uptake of our hybrid MWCNTs/J-aggregates supramolecular systems.
With these perspectives in mind, this research could lay the groundwork for the incoming biological
assessment of MWCNT-EPA/TPPS J-aggregates.

4. Conclusions

MWCNTs can be easily functionalized by covalently introducing pendant amino-groups on their
surface. In this paper we used ethylenediamine (EDA) and tetraethylenepentamine (EPA), which
after coupling with carboxylic groups on the exterior walls, led to one and four protonable amino
groups for chain, respectively. Under mild acidic conditions, the diacid form of TPPS is able to
electrostatically bind to the surface and eventually aggregate. In line with our previous investigations
on the ability of polyamines to trigger the aggregation of TPPS, the presence of only one pendant
amino group (EDA) is not enough to induce the formation of TPPS J-aggregates, whatever the mixing
protocol. On the other hand, when EPA functionality is present, these species are effective to generate
stable MWCNT-EPA/TPPS J-aggregates nanohybrids and their general spectroscopic features are
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rather independent on the mixing protocol. A similar behavior was observed in solutions mimicking
physiological medium (NaCl = 0.15 M), whereby stable nanohybrids were also obtained. These
systems exhibit remarkable optical features, and in this perspective could be considered for potential
applications in phototherapy (by irradiating on extinction bands at 491 nm and/or at 709 nm) and/or
bio-imaging (by exploiting the fluorescent emission band at 716 nm). In this respect, this class of
amine-modified MWCNTs could be investigated as carriers of J-aggregates in biological environment.
All these optical and structural properties make MWCNT-EPA/TPPS J-aggregates appealing for further
considerations in theranostic.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/4/669/s1,
Figure S1: TEM image of pristine MWCNTs; Figure S2: TEM images of MWCNT-EPA/TPPS J-aggregates;
Figure S3: STEM of MWCNT-EPA/TPPS J-aggregates; Figure S4: UV-Vis spectra of an aqueous solution of TPPS
J-aggregatessMWCNT-EPA (PF protocol) and MWCNT-EPA TPPS J-aggregates (PL protocol); Figure S5: CD spectra
of an aqueous solution of TPPS J-aggregates/MWCNT-EPA (PF protocol) and MWCNT-EPA/TPPS J-aggregates
(PL protocol); Figure S6: TEM images of TPPS J-aggregates/MWCNT-EPA (PF protocol).
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Abstract: The development of graphene (G) substrates without damage on the sp? network allows
to tune the interactions with plasmonic noble metal surfaces to finally enhance surface enhanced
Raman spectroscopy (SERS) effect. Here, we describe a new graphene/gold nanocomposite obtained
by loading gold nanoparticles (Au NPs), produced by pulsed laser ablation in liquids (PLAL),
on a new nitrogen-doped graphene platform (G-NH;). The graphene platform was synthesized by
direct delamination and chemical functionalization of graphite flakes with 4-methyl-2-p-nitrophenyl
oxazolone, followed by reduction of p-nitrophenyl groups. Finally, the G-NH,/Au SERS platform
was prepared by using the conventional aerography spraying technique. SERS properties of
G-NH;/Au were tested using Rhodamine 6G (Rh6G) and Dopamine (DA) as molecular probes.
Raman features of Rh6G and DA are still detectable for concentration values down to 1 x 107> M and
1% 107° M respectively.

Keywords: graphene/gold nanocomposite; SERS; Dopamine; Rhodamine 6G

1. Introduction

Since their discovery, graphene materials (G), due to their outstanding physicochemical
properties [1], have generated huge interest in numerous fields including biomedicine, electronics,
sensing, energy, etc. [2-8]. They have been proposed as drug delivery systems for photothermal [9] and
photodynamic therapy [10], as scaffold in tissue engineering [11], and as materials for biosensing [12,13].
Recently, G and its functionalized derivatives have been investigated as substrates for SERS (surface
enhanced Raman spectroscopy) applications [14,15], a versatile technique that enables the rapid
detection of various types of molecules [16,17].

Metal nanoparticles (i.e., Cu, Ag, gold nanoparticles (Au NPs)) are the most extensively studied
SERS-active substrates since their collective electronic excitations, namely surface plasmons, are very
interesting for a large variety of applications. Localized surface plasmon resonance excitation in Ag
and Au NPs produces strong extinction and scattering spectra, resulting in amplification of the electric
field (E) near the particle surfaces such that [E? can be 100~10,000 times greater in intensity than the
incident field, which acts on a spatial range of 10-50 nm. These effects are mainly influenced by two
factors: (i) NPs morphology (in terms of size and shape) and (ii) local dielectric environment [18-20].
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Two main mechanisms are involved in Raman signal enhancement: The electromagnetic
mechanism (EM), due to the strong amplification of the local EM field [21], and the chemical effect
(CM) that involves the creation of new electronic states generated by the interaction between the metal
and the molecules adsorbed on it [22]. Such new electronic states allow for resonant Raman scattering
processes; the control of the distances among the localized surface plasmons, on a sub-nanometer scale,
is a critical parameter to control the inter-particle optical coupling and therefore, the efficiency of SERS
response [23].

Recently, engineered G have attracted a huge amount of attention as platforms for biological SERS
sensing [24]. G offer a large flat surface to adsorb molecules through 7—m interactions determining
the manner in which molecules bind with the surface which, in turn, determines the symmetry of the
molecules and the effective charge transfer [25]. However, G alone provides a limited enhancement
factor [26] while the combination of specifically designed G with metallic NPs is an interesting strategy
to obtain new materials with synergistic effect and improved SERS sensing performance. The high
compatibility of G with metal noble NPs is mainly due to: (i) Transparency to laser light and localized
plasmonic fields; (ii) high thermal conductivity; and (iii) appropriate dielectric strength that confines
the plasmonic field [27,28].

Despite the potentiality of these hybrid systems, the critical point of G-based SERS substrates
regards the development of chemical strategies avoiding the damage of the G sp? network, keeping an
electron high mobility and, at the same time, enabling the tuning of the interactions with plasmonic
surface to finally enhance SERS effects. Generally, 2D materials were obtained by liquid chemical
exfoliation of related 3D stratified bulk materials, processes that required the presence of intercalation
agents and ultrasonication treatment. To overcome the long processing times and to guarantee
the quality of 2D substrates, the exfoliation methods have been continuously implemented [29,30].
Recently, we have developed a straightforward method for the direct delamination of graphite flakes
into functionalized G with preserved sp2 network [31]. G-MNPO platform (Figure 1) [31], obtained by
solvent-free 1,3-dipolar cycloaddition reaction of 4-methyl-2-p-nitrophenyl oxazolone with graphite,
was selected for the development of a new nitrogen-doped graphene network (G-NH;). The amine
groups, obtained by reduction of p-nitrophenyl group on the A-1-pyrrolidine rings, were envisaged
as anchoring sites for Au NPs. Here, we report the synthesis and characterization of graphene/gold
nanocomposite (G-NH;/Au) obtained by mixing G-NH; and Au NPs. Au NPs were produced by
pulsed laser ablation in liquids (PLAL) technique that allowed the production of metal NPs in a variety
of solvents with tuned size and optical properties [32,33]. No surfactant is needed to stabilize the
colloids obtained by PLAL, and the NPs are extremely pure without any post-synthesis treatment [31].
To the best of our knowledge, no data have been reported in the literature about the SERS properties of
G/Au platforms, where Au NPs were produced by PLAL technique.

The chemical composition and the morphology of G-NH, and G-NH,/Au platforms were
investigated by micro-Raman and X-ray photoelectron (XPS) spectroscopies, scanning transmission
electron microscopy (STEM), and thermogravimetric analysis (TGA).

G-MNPO R =NO, R Rhodamine 6G (Rh6G) Dopamine (DA)
G-NH; R =NH;"CI

Figure 1. Schematic representation of G-MNPO and G-NH,. Chemical structure of Rhodamine 6G
(Rh6G) and Dopamine (DA).
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The G-NH,/Au dispersion was transferred onto a glass slide to obtain a uniform nanostructure
thick film and its SERS properties were tested using Rhodamine 6G (Rh6G) and Dopamine (DA) as
molecular probes (Figure 1).

2. Materials and Methods

2.1. Materials

Graphite flakes, Dopamine, Rhodamine 6G, solvents, and other reagents were purchased from
Sigma Aldrich, (Milan, Italy); gold target (high purity, 99.99%) was purchased from Mateck srl (Jiilich,
Germany).

2.2. Synthesis of G-NH;

G-MNPO was prepared according to the synthetic method already reported [31]. Further, 240 mg
of G-MNPO, (0.09 mmol of NO;) were homogenously dispersed in 30 mL H,O by sonication (30 min).
NaBHy (100 mg, 2.63 mmol) was added and the reaction mixture was stirred at 80 °C for 12 h.
Afterwards, the reaction mixture was cooled to room temperature (r.t.), acidified to pH 3 by addition
of a HCI 1M solution, and stirred for 1 h at r.t. G-NH; was recovered by filtration under vacuum
(Millipore 0.1 um) and it was purified by washing with 1:1 water/ethanol mixture. Finally, the residue
was dried at ~60 °C to recover 185 mg of G-NH,.

2.3. Synthesis of Au NPs by PLAL

Au water colloids were prepared according to previously reported procedure [34] using the
532 nm second harmonic emission wavelength of a Nd:YAG laser (Tempest- Laser Point srl, Milan
Italy) operating at a repetition rate of 10 Hz (pulse length: 5 ns).

2.4. Synthesis of G-NH,/Au

First, 20 mL of Au NPs were added to a dispersion of G-NHj (52 mg) in water (2 mL), obtained by
sonication for 10 min, and the mixture was ultrasonicated (65% W) for 30 min. The reaction mixture
was filtered at reduced pressure (Millipore 0.1 um), the solid was repeatedly washed with water, and
after drying at ~60 °C, 44 mg of G-NHjy/Au were recovered.

2.5. Preparation of G-NHy/Au SERS Platform

The aqueous dispersion of G-NH,/Au (5 mg/mL) was deposited onto a glass slide using the
conventional aerography spraying technique. The aerography spraying system is made up by a
high-pressure air brush with interchangeable nozzles of different sizes. During the deposition,
the nozzle is continuously moved to ensure a uniform distribution on the substrate. The spraying is
carried out in a deposition chamber equipped with a heated substrate holder and an excess vapors
removal system to guarantee standard and reproducible conditions. The GNH,/Au SERS platform was
tested for Rhodamine 6G (Rh6G) at concentrations of 1 x 1073,2 x 107, 5 x 107> M and for Dopamine
(DA) at concentrations of 1 x 1073, 2 x 107, 5 x 1075, and 5 x 10~® M. Rh6G and DA solutions were
prepared using deionized water. The excitation sources were the 532 nm and 638 nm diode laser lines.
The substrates were dipped in these solutions for 30 min and then taken out for free drying, after which
the surface enhanced Raman (SERS) spectra were collected.

2.6. Samples Characterization

Thermal gravimetric analysis (TGA) profiles were acquired Perkin-Elmer Pyris TGA7 in the
temperature range of 50-1000 °C. G-NH; or G-NHj,/Au (about 5 mg) were placed in a platinum pan and
kept at 25 °C under a 60 mL min ™! air flow until balance stabilization (balance sensitivity was 0.01 mg),
and subsequently heated with a scan rate of 10 °C min~! under the same air flux. The calibration of
instrument was settled according to previously reported procedure [31].
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X-ray photoelectron spectroscopy was used to determine the surface elemental composition
of the material and their bonding configurations. The spectra were acquired using a K-Alpha
system (Thermo-Scientific, Germany) equipped with a monochromatic Al-Ke source (1486.6 eV),
and operating in constant analyzer energy mode (pass energy: 200 eV), according to previously
reported protocol [35]. Samples (G-NH;, G-NH;/Au, AuNPs) were deposited on a nickel grid to carry
out scanning transmission electron microscopy (STEM) using a ZEISS instrument Merlin-Gemini 2
column (Merlin-Gemini, Germany), operating at primary voltage of 30 kV and at the working distance
of 4 mm.

Raman spectra were acquired using the Horiba XploRA spectrometer (HORIBA Instruments, Milan,
Italy) coupled with an optical microscope equipped with the 50X and 100X objectives. The excitation
wavelengths used were 532 nm and 638 nm coming from solid diode lasers. The integration time was
varied from 5 to 120 s, with an accumulation time of 2s, in order to optimize the signal to noise.

UV-vis optical absorption spectra of the Au and G-NH;/Au samples were recorded using quartz
cells and a Perkin Elmer (Lambda 750 model) spectrometer (Perkin Elmer, Milan, Italy) working in the
300-900 nm range.

3. Results

3.1. G-NH;/Au SERS Platform

SERS platform based on graphene/gold nanocomposite (G-NH,/Au) was obtained through a
procedure involving: (i) Synthesis of G-NH, by reduction of G-MNPO; (ii) Preparation of G-NH,/Au
and (iii) Deposition of G-NHy/Au onto a glass slide by an aerography spraying probe (Figure 2).

ynthesis of Graphene/Gold Nanocomposit H { Preparation of G-NH,/Au SERS Platform
Au water colloid NH; Cl
Laser
ablation S
o %.Eﬂ:
G-MNPO 2)NaBH, - .
b) HCI G-NH, ultrasonication N? aerography
M Me SPraying
Ci AN
G-NH,/Au SERS Platform

Figure 2. Preparation of G-NH,/Au surface enhanced Raman spectroscopy (SERS) platform.

G-MNPO was prepared according to the synthetic method previously reported [31], carrying
out the cycloaddition reaction at the molar ratio of 1:7 flake graphite/oxazolone. The experimental
conditions for G-MNPO synthesis were optimized to obtain a substrate with a large surface area and a
high degree of functionalization (0.037 mmol of NO,/100 mg). G-MNPO was reduced with NaBH, and
converted in the protonated salt by treatment with hydrochloric acid. The cationic centers on G-NH,
surfaces increased the G dispersibility in water and guaranteed a better interaction with Au NPs.
G-NH;/Au nanocomposite was obtained by mixing, under ultrasonication treatment, the aqueous
dispersion of G-NH, with the freshly prepared colloidal dispersion of Au NPs [34]. Finally, the aqueous
dispersion of G-NHy/Au was deposited onto the glass slide.

3.2. Characterization of Graphene/Gold Nanocomposite (G-NH/Au)

The content of Au NPs on G was estimated by TGA under air atmosphere (Figure 3). TGA
profiles of G-NH; and G-NHjy/Au showed a high thermal stability without significant weight loss
under 600 °C, indicating the absence of labile oxygen-containing functional groups. TGA profile of
G-NH; showed a decomposition between 750 °C and 900 °C, with a complete decomposition of carbon
at temperatures higher than 900 °C; whereas the G-NH,/Au profile showed a lower decomposition
temperature between 600 °C and 800 °C and the decomposition of carbon content became remarkable
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at 800 °C. The lower thermal decomposition of G-NH;/Au compared to G-NH; could be attributed to
the presence of Au NPs that increased the interlayer spacing and porosity of G-NHj/Au. The residual
mass of 7.29% indicated the loading of Au NPs on G-NHj/Au nanocomposite.

100

— G-NH,/Au
75 ——G-NH,

Loading@1000°C = 7.29%
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200 400 600 800 1000
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Figure 3. TGA profiles of G-NH; and G-NH,/Au under air atmosphere.

Detailed information about the functionalities on G surfaces were obtained by XPS analysis.
The wide scan spectra of G-NH, and G-NH,/Au were reported in Figure 4a, with the Au 4f profile
in the inset. This profile was characterized by well-separated spin-orbit components (A = 3.7 eV)
where the Au 4f peak was centered at the binding energy of 84.0 eV, which is characteristic of the
metal Au species. The Au, C, O, and N relative atomic percentages are reported in Table 1. The Au
weight content percentage calculated by XPS was in good agreement with TGA data (Table 1). The N
1s high-resolution profile of G-NH, (Figure 4b) showed the presence of two peaks centered at about
400 eV, attributed to N=C and -NH3" species, and at 407 eV due to NO,. The lower contribution of
the peak at 407 eV in G-NH,; sample, compared with G-MNPO (20.05% vs. 41.18%, see Figure 4b
and Table 1), indicated a good reduction of nitro groups into amino groups. The decrease of the
oxygen content after the reduction reaction (19% vs. 7.4%, see Table 1) was connected with the changes
observed by N 1s profile.
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Figure 4. (a): XPS wide scan of G-NH; and G-NHj/Au samples and line shapes of Au 4f (inset). (b): N
1s photoelectron deconvoluted line shapes of G-MNPO, G-NH;, and G-NH,/Au.
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Table 1. Atomic content percentage for G-MNPO, G-NH,, and G-NH,/Au samples as determined by

XPS analysis and N 1s percentage determined by deconvolution of XPS N 1s band. Weight content
percentage of G-NH,/Au calculated by XPS values (at the bottom).

Atomic Content Percentage Determined by XPS Analysis

N 1s Content Percentage Determined

by Deconvolution of XPS N 1s Band
Sample Au C o N N 1s (N=C, NH3*) N 1s (NO,)
G-MNPO - 74.8 19.0 6.2 58.82 41.18
G-NH, - 89.3 74 33 79.95 20.05
G-NH/Au 0.5 89.0 94 1.1 83.66 16.34
Weight content percentage calculated by XPS values
G-NHy/Au 7.5 80.2 11.3 1.2

C 1s profiles of G-MNPO, G-NH;, and G-NH;/Au were deconvolved considering six spectral
components: A main contribution at 284.5 eV attributed to C=C/C—C in the aromatic ring, and four
other contributions, at higher binding energies, corresponding to carbon atoms bonded to nitrogen

(C-N) and oxygen (C-OH, C-O, C=0) centered at 285.2, 286.3, 288.7, and 288.9 eV, respectively.
The contribution at about 291.0 eV referred to m—m* bonds (Figure 5).
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Figure 5. C 1s photoelectron deconvoluted line shapes: (a) G-MNPO, (b) G-NH, (c) G-NHy/Au. (d) O
1s photoelectron deconvoluted line shapes of G-MNPO (blue), G-NH; (violet), G-NH;/Au (brown).

Morphological information about the size and distribution of Au NPs within the G layers was
obtained by electron microscopy analyses. STEM images (Figure 6) showed homogeneously distributed
exfoliated G layers and various dimensional transparent sheets, in several portions of the sample,

stacked onto each other, with a thickness of about 2-3 nm. Moreover, Au NPs characterized by an
average size of 15 nm were mainly distributed at the edges of the G layers.
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Figure 6. STEM images. (A) Au NPs produced by the green pulsed laser ablation technique in water at
the laser fluence F of 1.5 J/cm? and the irradiation time t of 20 min. The NPs are nearly spherical in
shape with a mean diameter of 15 nm; (B) G-NH, network with exfoliated G layers and transparent
sheets, stacked onto each other, with a thickness of about 2-3 nm; (C,D) G-NH,/Au platform, with Au
NPs embedded within the overlapped thin layers of graphene.

In order to investigate the SERS enhancement of G-NH,/Au, Raman spectroscopy analysis was
performed (Figure 7). The Raman spectrum of G-NH; showed the G and 2D feature bands at 1580
and 2720 cm™!, respectively (Figure 7). The very weak D-peak was indicative of the high quality
of G and the 2D band splitting indicated the presence of a multilayers system. All these Raman
contributions were also evident in the G-NH;/Au nanocomposite, however some relevant differences
were detected (Figure 7). Firstly, the increase of the intensity of all the peaks was observed, including a
D band centered at about 1350 cm™, as a result of a certain degree of disorder induced by Au NPs
insertion within G layers. The strong electric field gradient induced by the metallic NPs determined
an overall change of the dipole moment during the vibration, even in the absence of a polarizability
change. On the other hand, when G and Au NPs were in close proximity, some Raman forbidden peak
appeared, namely the D’ and the D+G contributions at about 1616 cm™! and 2925 cm™!, respectively.
These evidences can be determined by: (i) The insertion of Au NPs on G-NH, platform, mainly at the
edges of G layers (functionalized area of G layers) as suggested by computational studies [31] and
(ii) reduced size of layers due to the mechanical effect of ultrasonication treatment adopted for the
preparation of the nanocomposite. Moreover, the decrease of I/Iyp ratio, from 1.58 to 0.98, pointed
out a better exfoliation of G-NHy/Au with respect to G-NHp; the insertion of Au NPs between G-NH,
layers probably promoted their separation. Finally, the shifting of G and 2D bands suggested the
anchorage of Au NPs on G surface. Raman signal was collected at several different sample locations to
take into account the Au spatial homogeneity distribution within the nanoplatform. No significant
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changes were observed from one point to another one, which indicated that Au NPs were almost
uniformly distributed within and/or on G layers.

Intensity

1300 1350 1400 1450 1500 1550 1600 1650
Raman shift m ')

1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000
Raman shift (cm™)

Figure 7. Raman spectra of G-MNPO, G-NH,, G-NH;/Au; the deconvolution of the D and G bands of
the G-NHy/Au is reported in the inset.

3.3. SERS Properties of G-NHy/Au Platform

In order to test the SERS properties, the platforms (G-NH; and G-NH,/Au) were immersed for
30 min in Rh6G aqueous solutions at different concentrations (1 X 1073,2x1074,5x 107> M) and then
air dried. Raman spectra were acquired using two different excitation diode laser lines (532 nm and
638 nm). UV-vis spectroscopy was exploited to determine the appropriate laser wavelength for resonant
excitation of the localized surface plasmon. In fact, SERS is more effective when incident radiation
falling on the nanostructured substrate is completely absorbed by metal NPs, so that excitation of
the localized surface plasmon can take place. The field enhancement is greatest when the plasmon
frequency is in resonance with the incident radiation. In Figure 8b, the optical absorption spectra
of the freshly prepared Au NPs and of G-NH,/Au were reported. Au NPs in water showed the
characteristic Au surface plasmon resonance (SPR) band at 522 nm, due to the coherent oscillations of
surface electrons interacting with an external electromagnetic field; whereas a red-shift (from 522 to
548 nm) and a decrease of the SPR intensity was observed in the G-NHj/Au sample, suggesting an
increase of the spatial distance between each Au NPs and the others, due to their dispersion into each
G foil and/or within the G layers. Moreover, a charge transfer from Au NPs to G occurred, resulting in
a decrease in electron density, which, in turn, contributed to the red-shift and the intensity decrease of
the SPR band. Moreover, it is well known that the coating of gold surface with graphene modifies the
propagation constant of surface plasmon polariton (SPP), thereby changing the sensitivity to refractive
index change and, in turn, the optical response of the entire system [36].

SERS spectra, acquired using the 638 nm laser excitation, showed the well-defined Raman Rh6G
peaks at about 615, 777, 1189, 1314, 1366, 1513, and 1651 cm™! (Figure 8a). The feature at 615 cm™!
was assigned to the C-C~C in-plane bending mode, the peak at 777 cm™! to the C-H out-of-plane
bending mode and the residual peaks to the aromatic stretching vibrations of C atoms. Raman features
were clearly observable at 10~3 M concentration and less evident, but still visible, for lower Rh6G
concentration values (down to 1 X 1075 M). On the other hand, if the Rh6G aqueous solution was
deposited onto a G-NH, bare platform (i.e., without Au NPs), no Raman activity was detected even at
a 1073 M concentration. The Raman spectrum of G-NH, was characterized only by broad asymmetric
and low-intensity bands, at around 1580 cm™! (referred as G band) and near 1330 cm™! (referred as D
band), typical of carbon-based materials. The Rh6G SERS spectra obtained on the G-NHj,/Au platform
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were very similar to that obtained by using a substrate made from Au nanostructured film (Figure 8b).
As a final remark, we observed that, by using a 532 nm laser excitation, no Raman signals could be
collected in all the tested conditions. This unusual behavior can be explained taking into account the
red-shifted observed SPR optical absorption, which certainly reduced the SERS effect. Summarizing,
G layers positively influenced both the EM and the CM coupling, enhancing the SERS process due
to the interesting optical properties, nanostructures high surface/volume ratio, and a great affinity
between G and Au NPs.

The ability of the G-NH,/Au nanocomposite to detect the biomolecules was tested using DA in a
label-free configuration (Figure 9). DA is adsorbed on G surface through 7— stacking interactions [37].
The high surface area of G supporting the DA adsorption and diffusion processes was the primary
condition for the efficient sensing of DA by SERS.
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Figure 8. (a) SERS spectra of Rh6G (1075, 1074 and 1073 M) onto G-NH,/Au platform; G-NH, platform

(10~* M, black line) and AuNPs film (10~* M Rh6G reported in the inset), by using the 638 nm laser
excitation. (b) Optical absorption spectra of freshly prepared Au NPs (red line) and G-NH,/Au

(blue line, 0.4 mg/mL).
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Figure 9. SERS spectra of DA tested at different concentrations (10‘6, 1075,107%, and 1073 M) onto the
G-NHj/Au platform along with the control test onto the G-NH; platform (103 M, black line), on the
left. The Raman intensity signal trend onto DA concentration is reported on the right. The excitation is
the 638 nm laser line.

SERS spectra of DA showed several characteristic peaks centered at about 608, 767, 1349 cm™
It is worth noting that other weak Raman features in the 1050~1300 cm™! and 1500-1800 cm~! regions
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can be detected despite the remarkable Raman background. The observed peaks were ascribed to
the outside surface deformation of breathing, bending, and stretching vibrations of CH ring, bending
vibration of NH, and aromatic C=C, respectively [38]. It is plausible that both EM and CM were
involved in SERS signals, as already observed in reduced graphene oxide/silver nano-triangle sol
substrate [39,40].

Au NPs between G layers behaved as “hot spots”, which allowed the detection of DA Raman
signals, not observed in the G-NH, bare platform. Since the distribution of Au NPs within G sheets
played a fundamental role in determining SERS response and that it is known from the literature that
one of the problems that still remain in question is the reproducibility and the repeatability of the
spectra at low concentrations, we acquired SERS spectra in different points of the SERS substrate and
at different times. We observed, point to point, very minimal variations in the intensity of some DA
characteristic peaks without the degradation of nanocomposites.

4. Discussion

The results of this work has demonstrated the great potentiality for SERS applications of
functionalized G obtained by covalent modification [41]. The cycloaddition protocol (i.e., 1,3-dipolar
cycloaddition between mesoionic compounds and graphite) [31] furnished a G network decorated with
A-1-pyrrolidine rings, mainly in the edge defected sites. This approach incorporated several interesting
advantages: (i) Avoided the damage of sp2 G network; (ii) provided functionalized G with high degree
of functionalization (i.e., 4.6%) and the NO, group on pyrrolidine rings was reduced in good yield (XPS
data indicated the reduction of almost half of the nitro groups in NH, groups); (iii) the amine groups
assisted the anchorage of Au NPs produced by PLAL on G surface; (iv) the dispersibility in water of
the G-NH; nanocomposite was enough for its deposition onto glass slide by aerography spraying
technique. Au NPs included on G resulted in a hybrid nanocomposite (G-NH/Au) that combined
the stronger plasmonic-based EM of Au with the superior stability, adsorption, and quenching of G.
This nanocomposite revealed strong interactions between the two entities. From its spectral features,
the origin of these interactions could be attributed primarily to the strong electric field gradient induced
by Au NPs that determined an overall change of the dipole moment during the vibration, even in the
absence of a polarizability change. The SERS activity of the assembled Au NPs with the graphene
platform is justified in terms of “hot spots”. Au NPs within the G-NH, structure are “confined” to
a certain region sensitive to the Raman scattering [42,43]; localization of light as surface plasmons
in noble metal nanostructures enables their potential role in antennas, single molecule detection,
and surface-enhanced Raman. Light localization by graphene structure induces the change of the
electron structure of molecules due to their direct interaction with the surface in the first adsorbed
layers. However, there is no “chemical enhancement” and the one in SERS is associated with very
strong change of the electric field, when one moves away from the surface [44]. In this work, G-NH/Au
nanocomposite was used to identify the dye Rh6G and the neurotransmitter DA. DA is a catecholamine
that plays a significant role in the functioning of central nervous, vascular, hormonal systems and its
abnormal variation concentration in vivo has been linked to serious neurological diseases. The direct
SERS quantification of DA in biological fluids remains a great challenge due to the low concentration
(<1079 M) and the high complexity of biological matrix. Raman features of Rh6G and DA were still
detectable for concentration values down to 1 x 107° M and 1 x 107 M, respectively, although the
sensibility of our system was found lower than the graphene-based SERS substrates reported in the
literature for both analytes [24,45]. From our studies, it emerged that an improvement of G-NH,/Au
sensibility is imperative before proposing it as substrate for the detection of DA in biological matrix.
We hypothesized that the detection limit of G-NH,/Au nanocomposite could be improved by tuning
the DA absorption properties on G and by setting the features, size, and shape of plasmonic noble
metal NPs.
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5. Conclusions

In summary, we investigated the SERS properties of a new graphene/gold nanocomposite
(G-NHy/Au) obtained by combining Au NPs produced by PLAL technique with G covalently
functionalized (G-NH;). After the chemical modification of G, the SERS platform was obtained
by loading Au NPs on the G-NH, surface and deposition of G-NHj/Au nanocomposite onto the
glass slide by an aerography spraying technique. The chemical composition and the morphology of
nanocomposites were investigated by micro-Raman XPS, STEM, and TGA analyses. STEM analyses
showed transparent graphene sheets, with various dimensions, stacked onto each other, with a
thickness of about 2-3 nm. Au NPs were detected as uniform spherical structures, with an average
size of 15 nm, mainly distributed at the edges of the G layers. A good Au NPs loading was estimated
by TGA and XPS analysis (i.e., 7.29% and 7.5%, respectively). This strategy allowed us to study SERS
properties of G loaded with pure Au NPs without the influence of capping agents, surfactants, or salt
produced in the chemical reduction of gold ions. SERS platform was tested to identify the dye Rh6G
and the neurotransmitter DA; Raman features of Rh6G and DA are still detectable for concentration
values down to 1 X 107° M and 1 x 107° M, respectively.

In conclusion, our platform possessed good stability and capability to reproduce the Raman
signals without degradation although with low sensibility. Considering the feasibility of our method,
further study will be devoted to improving the DA detection limits to refine the absorption properties
of G-NH,; and the plasmonic effect of loaded noble metal NPs.
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Abstract: A recently reported functionalization of single and multi-walled carbon nanotubes, based on
a cycloaddition reaction between carbon nanotubes and a pyrrole derived compound, was exploited
for the formation of a doxorubicin (DOX) stacked drug delivery system. The obtained supramolecular
nano-conveyors were characterized by wide-angle X-ray diffraction (WAXD), thermogravimetric
analysis (TGA), high-resolution transmission electron microscopy (HR-TEM), and Fourier transform
infrared (FT-IR) spectroscopy. The supramolecular interactions were studied by molecular dynamics
simulations and by monitoring the emission and the absorption spectra of DOX. Biological studies
revealed that two of the synthesized nano-vectors are effectively able to get the drug into the studied
cell lines and also to enhance the cell mortality of DOX at a much lower effective dose. This work
reports the facile functionalization of carbon nanotubes exploiting the “pyrrole methodology” for the
development of novel technological carbon-based drug delivery systems.

Keywords: carbon nanotubes; pyrrole; cancer; doxorubicin; drug delivery systems

1. Introduction

sp? carbon allotropes are fascinating materials. The discovery of fullerenes [1] “stimulated the
creativity and imagination of scientists and paved the way to whole new chemistry and physics of
nanocarbons” [2]. Within these materials, carbon black [3] is one of the ten most important chemical
products, and recently novel families of sp? carbon allotropes have become of great interest: carbon
nanotubes), both single (SWCNT) [3,4] and multi-walled (MWCNT) [5,6], graphene [7-10] or graphitic
nanofillers made by few layers of graphene [11-14].

CNT have a peculiar combination of electrical, thermal, and mechanical properties [15-18].
CNT find applications as superconductors [19], electrochemical capacitors [20], electromechanical
actuators [21], photovoltaic devices [22,23], nanowires [24], in nanocomposite materials [25-27] and in
medicinal chemistry [28]. CNT are emerging nanomaterials with great potential for diagnostic and
therapeutic applications in medicine [28-30]. In this field, the biocompatibility of CNT is a hugely
important aspect that has to be considered. In this direction, Prato and colleagues have reported
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some basic rules in the design of functionalized CNT to avoid deposition in specific tissues [28].
In particular, it was revealed that functionalized SWCNT are degraded inside cells such as neutrophils
and macrophages in relation to the type of functional groups chemically introduced on the surface of
CNT [31].

In the design of a potential CNT-based carrier, it is important to consider that: (i) they are usually
available as highly entangled bundles; (ii) their dispersion in a matrix or a solvent is indeed very
difficult. Moreover, the compatibility of CNT with the matrix depends on the solubility parameters
of tubes and matrix. An effective way to overcome these problems is the functionalization of CNT,
and several ways of achieving this have thus been developed. Functionalization of sp? carbon allotropes
can be classified as covalent [32,33] and non-covalent [34,35]. Some authors reported a sustainable
functionalization method that is based on the principles of green chemistry [36], based on easily
available chemicals, ideally biosourced [36,37] and economically feasible.

Moreover, the main goal was to identify a method able to promote the functionalization of
most, if not all, the families of sp? carbon allotropes. Graphene layers have been functionalized
with pyrrole compounds obtained from the Paal Knorr reaction of a primary amine with a diketone,
2,5-hexanedione (HD). The selected sp? carbon allotrope was functionalized by simply mixing it with
the pyrrole compound (PyC) and giving either mechanical or thermal energy [37]. In the latter case,
it was shown [37] that the graphene layers constituting the bulk structure of the carbon substrate
remained substantially unaltered. Very high functionalization yields were reported [37]; in some
cases, the functionalization achieved was from 80% to 95%. Studies on the reaction mechanism led
to the hypothesis [38] that covalent bonds are formed between the carbon substrate and the pyrrole
compound, with the occurring of a domino reaction: carbocatalyzed oxidation of the pyrrole compound
and subsequent Diels-Alder cycloaddition. Preliminary indications have been reported [39] that the
functionalization with different pyrrole compounds leads to the modification of the solubility parameter
of graphene layers in a broad range of values.

This manuscript reports on the functionalization of single and multiwalled carbon nanotubes
from now on indicated as CNT with a pyrrole compound obtained from HD and an
amine-terminated poly(propylene glycol). Synthesis of the O-(2-(2,5-dimethyl-1H-pyrrol-1-yl)
propyl)-O’-(2-methoxyethyl)polypropylene glycol (pyrrole polypropylene glycol, PPGP) is presented,
the functionalization of CNT is described, and the main characteristics of the CNT/PPGP adducts
are discussed. Two different adducts were prepared: the supramolecular adduct (CNT/PPGPs) and
the covalent adduct (CNT/PPGP,). Characterization of the adducts was carried out employing
thermogravimetric analysis (TGA), wide-angle X-ray diffraction (WAXD), high-resolution transmission
electron microscopy (HR-TEM), and Fourier transform infrared spectroscopy (FI-IR). The ability of
PyC to modify the solubility parameter of CNT was investigated. Based on the solubility parameter
study and the easy functionalization procedure, the pyrrole ring was selected as the reactive moiety.
The presence of the pyrrole at the end of the polymer chain allows obtaining a better conjugation with
CNT respect to the polyether chain without a functionalizing molecule at the end.

The formation of the ternary nano complexes carbon nanotubes/polypropylenglycolpyrrole/
doxorubicin (CNT/PPGP/DOX) is also reported. The supramolecular interactions between CNT/PPGP
and DOX were studied by monitoring the emission and the absorption spectra of the drug employing
fluorescence and Ultraviolet-visible (UV-Vis) spectrophotometries, respectively, and by molecular
dynamics simulations. The ability of DOX to interact non-covalently with pristine and functionalized
CNT and the evaluation of their capability to kill human melanoma and lung cancer cells is also
reported. The release of DOX at slightly acidic pH was observed to be fast for MWCNT/PPGPc
and slow for MWCNT/PPGPs and MWCNT. Preliminary biological studies revealed that two of the
synthesized nano-vectors are effectively able to release the drug in situ.
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2. Experimental Part

2.1. Materials

Reagents and solvents are commercially available and were used without any further purification:
Methanol, 2-propanol, ethyl acetate, propylene glycol, dichloromethane, xylene, toluene, n-hexane,
DOX hydrochloride, O-(2-aminopropyl)-O’-(2-methoxyethyl)polypropylene glycol (PPGA) (average
M, ~ 600) and deuterated chloroform (CDCl3) were purchased from Sigma-Aldrich Merck KGaA
group, (Darmstadt, Germany). Carbon nanotubes (CNT) were the sp? carbon allotropes used in this
work: multi-wall carbon nanotubes (MWCNT) were NANOCYL® NC7000™ series from Nanocyl SA
(Sambreville, Belgium), with a carbon purity of 90%, average length of about 1.5 um and BET surface
area (Brunauer Emmett Teller surface area) of 275 mz/g,' single-wall carbon nanotubes (SWCNT) were
TUBALL™ from OCSiAl (Leudelange, Grand-Duché de Luxembourg) with a carbon purity > 85%,
average length of about 5 um and BET surface area of 332 mz/g‘

2.2. Synthesis of O-(2-(2,5-Dimethyl-1H-Pyrrol-1-Y1) Propyl)-O’-(2-Methoxyethyl)Polypropylene Glycol
(Pyrrole Polypropylene Glycol, PPGP)

A quantits of 13.27 g of O-(2-Aminopropyl)-O’-(2-methoxyethyl)polypropylene glycol (PPGA,
0.02212 mol) and 2 g of 2,5-hexanedione (HD, 0.02212 mol) were poured in a 100 mL round-bottomed
flask equipped with a magnetic stirrer. The mixture was then stirred (300 rpm) at 100 °C for 4 h. At the
end of the reaction, the mixture still contained 2,5-hexanedione. The reagent was removed at reduced
pressure (2 mbar, 25 °C) by using a Claisen apparatus (Colaver s.rl, Vimodrone, Italy). The pure
product was obtained with a yield of 64%. "H NMR (CDCl3, 400 MHz); 6 (ppm) = 1.13-1.15 (m, 74H);
1.47 (d, 3H); 2.25 (s, 6H); 3.32 (m, 4H); 3.32 (m, 4H); 3.42-3.78 (m, 34H); 3.66-3.5 (m, 55H); 3.74 (m, 3H);
4.35 (quintet, 1H); 5.68 (s, 2H); 13C NMR (CDCls, 100 MHz); 6 (ppm) = 127.0, 105.0, 80, 71.2, 70.0, 68.3,
62.0,59.3,31.0,20.0, 13.2.

2.3. Preparation of CNT/PPGP Adducts

2.3.1. Preparation of CNT/PPGP Supramolecular Adduct (CNT/PPGPs)

In a 250 mL round-bottomed flask CNT (500 mg) and acetone (20 mL) were put in sequence.
The system was sonicated for 30 min, and then the pyrrole derivative (150 mg) was added into the
flask. The suspension was sonicated again for 30 min. After solvent removal under reduced pressure,
the mixture was quantitatively transferred in a funnel with a sintered glass disc, washed with acetone
(100 mL), and then recovered and weighed.

The degree of functionalization was estimated employing TGA, determining the amount of
pyrrole compound in the adduct after washing (mass losses for CNT and CNT/PPGP adducts are in
Table 1), see Table 2: SWCNT/PPGPs 5.48 w%; MWCNT/PPGPg 3.00 w%.

Table 1. Mass losses for CNT and CNT/PPGP adducts from TGA analysis.

Mass Loss (%)

Samples
0<T<150°C 150 < T < 700 °C 700 < T <900 °C
SWCNT 2 1.6 1.0 97.4
SWCNT/PPGP; 2P 22 5.4 92.4
SWCNT/PPGP, ¢ 0.1 5.0 94.9
MWCNT ¢ 2.0 0.2 97.8
MWCNT/PPGP; b4 0.2 35 9.3
MWCNT/PPGP, ¢4 0.1 8.0 91.9

2 Single-wall carbon nanotube; b supramolecular adduct; ¢ covalent adduct; d multiwall carbon nanotubes.
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Table 2. Degree ? and yield P of functionalization of CNT functionalized with PPGP.

Degree of Functionalization

Adduct (%) Functionalization Yield (%)
SWCNT/PPGPg 5.5 75
SWCNT/PPGP. 5.0 70
MWCNT/PPGPs 3.0 56
MWCNT/PPGP. 7.0 84

2 Calculated through Equation (1); ® calculated through Equation (2).

2.3.2. Preparation of CNT/PPGP Covalent Adduct (CNT/PPGP,)

In a 250 mL round-bottomed flask equipped with magnetic stirrer, we added CNT (500 mg) and
20 mL of acetone in sequence. The system was sonicated for 30 min, and then the pyrrole derivative
(150 mg) was added into the flask. The suspension was sonicated again for 30 min. After solvent
removal under reduced pressure, the CNT/PPGP mixture was poured in a round bottom flask and
heated at 150 °C for 2 h. After this time, the mixture was quantitatively transferred in a funnel with a
sintered glass disc, washed with acetone (100 mL), and then recovered and weighed.

The degree of functionalization was estimated employing TGA, determining the amount of
pyrrole compound in the adduct after washing (mass losses for CNT and CNT/PPGP adducts are in
Table 1), see Table 2: SWCNT/PPGP. 5 w%; MWCNT/PPGP. 7.00 w%.

2.4. Preparation of Carbon Nanotube/Pyrrole Polypropylene Glycol/Doxorubicin CNT/PPGP/DOX Ternary
Nano Complexes

2.4.1. General Procedure

DOX hydrochloride (9 mg) was stirred with the selected CNT/PPGP adduct (3 mg) dispersed in
a pH 7.4 Phosphate Buffered Saline solution (PBS) (6 mL) and stirred for 16 h at room temperature.
The product was collected by ultracentrifugation with PBS until the supernatant became colorless.
The amount of unbound DOX was determined by measuring the absorbance at 490 nm of the supernatant
after centrifugation see Table S1. The CNT/PPGP/DOX nano complex dispersions in PBS were also
analyzed by fluorescence spectrophotometry: dispersions were placed using a Pasteur pipette (Colaver
s.r.l, Vimodrone, Italy) in a triangular quartz cuvette. A Jasco FP-6600 Spectrofluorometer (JASCO
corporation, Tokyo, Japan) was used to perform the fluorescence measurements. The fluorescence
detector was set at an excitation wavelength of 480 nm, and fluorescence spectra in the range of
500-700 nm were collected.

2.4.2. DOX Calibration Curve by UV-Vis Spectroscopy

A stock PBS solution of DOX hydrochloride (1 mg/mL) at pH 7.4 was prepared. The obtained
solution was then diluted, and UV-Vis measurements were performed. The absorbance of these
solutions was measured at 490 nm of maximum absorbance, using a 1 cm quartz cuvette.

2.4.3. DOX Release From CNT Nano Complexes

CNT/DOX and CNT/PPGP/DOX in acetate buffer (pH 5.5) were loaded in Spectra/Por® Dialysis
Membrane (10K MWCO, nominal flat width 24 mm, diameter 15 mm wet in 0.1% sodium azide)
(Thermo Fisher Scientific Inc., Waltham, MA, USA). Each dialysis bag was then allowed to stand for
72 h in acetate buffer solution. The release of DOX was checked after 24, 48, and 72 h through UV-Vis
spectroscopy. The same experiment conducted in PBS showed that DOX remained bound to CNT due
to the stability of the drug at pH 7.4.
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2.5. Characterization of Pristine CNT, CNT/PPGP Adducts and CNT/PPGP/DOX Ternary Nano Complexes

2.5.1. Fourier Transform Infrared Spectroscopy (FT-IR)

The IR spectra were recorded in transmission mode (128 scans and 4 cm™! resolution) using

a Thermo Electron Continuum IR microscope coupled with an FTIR Nicolet Nexus spectrometer.
A small portion of the dry solid material was placed in a diamond anvil cell (DAC) and analyzed in
transmission mode.

2.5.2. Thermogravimetric Analysis (TGA)

TGA test under N, flowing (60 mL/min) was performed with a Mettler TGA SDTA/851 instrument
according to the 1SO9924-1 standard method. Samples (10 mg) were heated from 30 to 300 °C at
10 °C/min, kept at 300 °C for 10 min, and then heated up to 550 °C at 20 °C/min. After being maintained
at 550 °C for 15 min, they were further heated up to 700 °C and kept at 700 °C for 30 min under air
flowing (60 mL/min).

2.5.3. High-Resolution Transmission Electron Microscopy (HR-TEM)

HR-TEM investigations on CNT and CNT/PPGP adducts were carried out with a Philips CM 200
field emission gun microscope operating at 200 kV. Few drops of the water suspensions were deposited
on 200 mesh lacey carbon-coated copper grid and air-dried for several hours before analysis. During
the acquisition of HR-TEM images, performed with low beam current densities and short acquisition
times, the samples did not undergo structural transformation. The Gatan Digital Micrograph software
(GMS 3, Gatan, Inc., Pleasanton, CA, USA) was used to estimate in HRTEM micrographs the number
of stacked graphene layers and the dimensions of the stacks.

2.5.4. Wide-Angle X-Ray Diffraction

Wide-angle X-ray diffraction patterns were obtained in reflection, with an automatic Bruker D8
Advance diffractometer (Bruker Corporation, Billerica, MA, USA), with nickel filtered Cu-K, radiation.
Patterns were recorded in 10-80° as the 20 range, being 20 the peak diffraction angle. Details can be
found in Section S1.

2.6. Preparation and Characterization of Dispersions of CNT/PPGP Adducts in Different Solvents-Evaluation of
Solubility Parameters

2.6.1. Preparation of Water Dispersions of CNT/PPGP Adducts

General procedure: water dispersions of CNT/PPGP adducts were prepared at different
concentrations: 1 mg/mL; 0.5 mg/mL; 0.1 mg/mL; 0.05 mg/mL; 0.01 mg/mL; 0.005 mg/mL; 0.001 mg/mL.
Each dispersion was sonicated for 1 min using an ultrasonic bath (260 W). The dispersion (10 mL) of each
sample was put in a Falcon™ 15 mL Conical Centrifuge Tubes and centrifuged at 6000 rpm for 30 min.
UV-Vis measurement was performed immediately after sonication or centrifugation, and also after
3 days. A Hewlett Packard 8452A Diode Array Spectrophotometer (Hewlett-Packard, Palo Alto, CA,
USA) was used to perform the absorption measurements. The dispersions were placed using a Pasteur
pipette in cuvettes with an optical path of 1 cm (about 3 mL per cuvette). The obtained UV-visible
spectrum reports absorption as a function of radiation wavelength in the range of 200-750 nm.

2.6.2. Calculation of the Hansen Solubility Sphere and Hansen Solubility Parameters

The calculation of the Hansen solubility parameters (HSP) for CNT was performed by applying
the Hansen Solubility Sphere representation of miscibility. The idea at the basis of this geometrical
approach is the calculation of the cohesive energy density (Ur/V) of a compound as the sum of three
interaction contributions: non-polar Van der Waals forces (6p), polar (6p) and hydrogen bonding (65).
Details can be found in Section S2.
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2.7. Biological Studies

2.7.1. Cell Cultures

The M14 human melanoma and the A549 human lung adenocarcinoma cell lines have been used
in the present investigation. Both cell lines were routinely maintained as previously described [40,41]
in a humidified atmosphere of 5% CO; in a water-jacketed incubator at 37 °C. The base media were
Roswell Park Memorial Institute (RPMI) 1640 for M14 cells, and Dulbecco’s modified Eagle’s medium
(DMEM) for A549 cells. The complete growth media were obtained by supplementation with 10%
(by volume) heat-inactivated fetal bovine serum, 2 mM glutamine, 100 units/mL penicillin, and
100 pg/mL streptomycin (Thermo Fisher Scientific, Milan, Italy). The cells were subcultured before
reaching confluence, using a 0.25% trypsin-EDTA solution (Carlo Erba, Milan, Italy).

2.7.2. Cell Viability Assay

Cells were seeded in 96-well cell culture plates at a density of 2 X 10* cells/well (200 uL/well) for
in vitro cell viability assay. After overnight incubation to allow the attachment of cells, the resulting
monolayers were incubated with free DOX hydrochloride or into both unloaded and loaded CNT for
48 h.

In these experiments, all CNT samples were bath sonicated for 5 min in culture medium
in order to obtain a homogeneous dispersion at 1 mg/mL. The stock dispersions were diluted
in culture medium to get the desired concentrations referred and normalized to the amount
of loaded DOX hydrochloride into each sample. After the time of incubation, the cells were
carefully washed to remove the non-internalized nanotubes, and cytotoxicity was determined
by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay according to a
previously published protocol [42]. The formazan was solubilized in DMSO (Sigma-Aldrich, Italy)
and spectrophotometrically quantified at A = 550 nm by a microplate reader (Titertek Multiscan, DAS,
Milan, Italy).

2.7.3. Statistical Analysis

The results were expressed as mean + s.e.m. based on data derived from three independent
experiments run in triplicate. Statistical analysis of results was performed using Student’s t-test and
one-way ANOVA test plus Dunnett’s test by the statistical software package SYSTAT, version 11 (Systat
Inc., Evanston, IL, USA).

2.8. Computational Details

2.8.1. Models Preparation

SWCNT and MWCNT were generated from the Nanotube Modeler package [43] (v. 1.8,
JCrystalSoft) with the armchair arrangement, all open and hydrogen-terminated, trying to be faithful,
as diameter and number of walls, to the values reported in the literature [34]. The SWCNT structure
with a length of 50 A and the chiral vectors m = 13, and n = 13 (13,13) with a diameter of 17.640 A,
and the MWCNT structure with a length of 10 A and the chiral vectors (25,25) for an inner diameter of
33.924 A and (70,70) for an outer diameter of 94.987 A were used as the model for the CNT/PPGP/DOX
drug carrier systems. The initial structure of DOX was obtained from the DRUGBANK server [44],
whereas that of PPGP was manually built.

2.8.2. Molecular Dynamics Simulations

The molecular dynamics simulations of the CNT/PPGP/DOX supramolecular systems (SSy)
were performed with the YASARA Structure package (v. 19.10.23). A periodic simulation cell with
boundaries extending 10 A [45] from the surface of the CNT or CNT/PPGP. was employed. For
the two SWCNT systems (1066 carbon atoms), we used 1 PPGP and 45 DOX molecules (SSy1,2, see
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paragraph 3.4), whereas for the two MWCNT systems (8550 carbon atoms), we used 12 PPGP and
369 DOX molecules for PPGP; arrangement, and 5 PPGP and 354 DOX molecules for the PPGP. one
(SSy3,4, see paragraph 3.4). For the SWCNT/PPGP,. system, the one PPGA molecule was covalently
linked about at the center of the CNT structure, whereas for the MWCNT/PPGP, system, the five PPGA
molecules were covalently linked, approximately regularly spaced, around the outer circumference of
the CNT structure. Details can be found in Section S3.

3. Results and Discussion

3.1. Modification of the CNT with a Pyrrole Decorated Polypropylene Glycol

Functionalization of carbon nanotubes, either single (SWCNT) and multi-walled (MWCNT),
was realized by using a pyrrole terminated polymer (Pyrrole polypropylene glycol, PPGP) as a
modifying agent. PPGP was synthesized through the Paal-Knorr reaction [34,39], by reacting the amino
terminated polymer O-(2-Aminopropyl)-O’-(2-methoxyethyl)polypropylene glycol (PPGA) with HD
as reported in the experimental part and summarized in Figure 1.

N

NH, N
100 °C
CH,(OC3Hg),OCH,CH,OCH;  + —ohon MC CH2(003H5)HOCHZCH20CH3

PPGA PPGP

Figure 1. Synthesis of O-(2-(2,5-dimethyl-1H-pyrrol-1-yl) propyl)-O’-(2-methoxyethyl)polypropylene
glycol (Pyrrole polypropylene glycol, PPGP).

The reaction was performed in the absence of catalysts by adopting experimental conditions
inspired by the basic principles of green chemistry [36]. In particular, acidic catalysts and toxic
solvents traditionally used for the reactions of primary amines with carbonyl compounds were avoided.
In previous works [34,37], it was shown that the reaction of 2-amino-1,3-propanediol (serinol) with
2,5-hexanedione led to a 1,3-bis-oxazolidine compound, which was then converted into a pyrrole
compound only by heating. The reaction of PPGA with HD was performed by heating at 100 °C. Water
was the only co-product of the reaction, which was characterized by a high atom economy of 88.2%
and by a yield of 64%. The chemical structure of PPGP was confirmed through 'H NMR spectroscopy
Figure S1. PPGP appears as a light-yellow liquid with slightly higher viscosity at room temperature
and normal pressure. PPGP contains a long polyether chain that could favor the compatibility with
polar surroundings such as water, alcohols, and polar polymer matrices. PPGP also contains the
pytrole ring, which could favor - interaction with the aromatic rings of the sp? carbon allotropes.

As stressed in the introduction, pyrrole compounds (PyC) were shown to be able to form stable
adducts with graphitic substrates [37,38]. In this work, reactions between CNT and PPGP were
performed by adopting the experimental frame summarized in Figure 2.

CNT/PPGPs | Supramolecular

___________ 1 oS adduct adduct
CNT Sonication solvent ‘(\\V”@
30 minutes CNT/PPGP removal CNT/PPGP
_—

in acetone Physical mixture
PPGP RO
[ —— Cgé CNT/PPGPc Covalent

adduct adduct

Figure 2. Block diagram summarizing the preparation of CNT/PPGP adducts.

In the experimental part, the functionalization of CNT by using PPGP as the modifying agent is
described extensively. In brief, CNT were initially sonicated in the presence of the pyrrole terminated
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polymer (PPGP) in acetone, leading to the formation of the CNT/PPGP; adducts (supramolecular
adduct) after removal of the solvent and washing with acetone. However, in a one-pot process
involving the direct thermal treatment of the physical mixture (150 °C, 2 h), the covalent adduct
CNT/PPGP. was easily obtained. No further optimization of the reaction conditions was performed.

In order to establish the efficiency of the functionalization, the CNT/PPGP powder taken from
the flask was extracted in Soxhlet with acetone until PPGP was undetectable in the washing solvent.
TGA was performed on CNT and the CNT/PPGP adducts before and after washing with acetone.
As described in detail in the experimental part, the TGA was carried out under nitrogen up to 700 °C
and under oxygen up to 800 °C. Thermographs of both single and multiwall CNT and CNT/PPGP
adducts are shown in Figure 3. The values of mass losses are reported in Table 1.
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Figure 3. Thermogravimetric analysis (TGA) curves of: (A) single-wall carbon nanotubes
(SWCNT) (black line), SWCNT/PPGPs (green line), and SWCNT, (red line); (B) multi-walled carbon
nanotubes(MWCNT) (black line), MWCNT/PPGPs (green line), and MWCNT. (red line).

The mass loss at T < 150 °C was attributed to absorbed low molar mass molecules, mainly water.
The decomposition profile for all the samples, pristine CNT and CNT/PPGP adducts, reveals two main
steps in the temperature range from 150 °C to 700 °C, which can be attributed to the decomposition
of alkenyl-, oxygen- and nitrogen-containing functional groups. New final decomposition occurs at
T > 700 °C, due to reaction with the oxygen of the graphitic structure. The amount of PPGP in the
adduct was estimated by evaluating the mass loss in the temperature range from 150 °C to 700 °C.

By comparing data referring to CNT and CNT/PPGP adducts, it appears that the mass loss is
more significant for the latter ones. It can also be observed that CNT/PPGP adducts containing the
polymeric chain give rise to a more substantial mass loss below 150 °C, and this could be due to a more
considerable amount of absorbed water.

The degree of functionalization and the functionalization yield were calculated through
Equations (1) and (2), and their values are reported in Table 2.

Degree of functionalization (%) = 100-[(wt.% loss CNT /PPGP) — (wt.% loss CNT)] (1)

PPGP mass % in (CNT/PPGP adduct) after acetone washing
PPGP mass % in (CNT /PPGP adduct) before acetone washing

Functionalization yield (%) = 100- )

Although optimization of the reaction conditions was not performed, functionalization yield was
high for all the CNT adducts except for the MWCNT/PPGPs adduct, which was 56%. This significant
difference in the functionalization efficiency between the covalent and the supramolecular
MWCNT adducts occurs since the commercial MWCNT are usually much entangled. The covalent
functionalization helps the disentanglement of MWCNT increasing the available surface, which
allows a better interaction between the functionalizing molecule and the MWCNT. In the MWCNT
supramolecular adducts, there is no such effect, and the carbon nanotubes remain much entangled.

Mass loss values in the range 150-900 °C were exploited to determine the degree of functionalization
of each adduct, defined as the percent value of the difference between the mass loss of the CNT/PPGP
and that of the pristine CNT in the studied temperature range.
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Thermogravimetric experiments showed that the functionalization of the considered adduct with
PPGP was successful and that the introduction of an appropriate amount of modifier was achieved.
The characterization of the CNT/PPGP adducts was performed employing IR and WAXD spectroscopies.

Infrared spectroscopy allowed a qualitative check of the chemical nature of the attached molecule
and was performed on pristine CNT and CNT/PPGP adducts after acetone extraction. In Figure 4A,B
the IR spectra of CNT and CNT/PPGP adducts are reported. As explained in detail in the experimental
part, IR spectra have been recorded in transmission mode using a diamond anvil cell (DAC) in order
to avoid the absorption peaks of water molecules. The spectra were obtained from the absorption of
very thin films of CNT powder, which are not transparent to the IR beam. Indeed, the G absorption
observed in the spectra at 1590 cm™! is mostly due to the reflection from the graphitic planes. The intense
light diffusion from the high surface area graphite (HSAG) particles is responsible for the increase of
the absorbance in the spectra toward higher wavenumbers. Absorption spectra recorded on DAC are
presented in the region 700-3900 cm™! Figure 4A and in the fingerprint region 700~1800 cm~! Figure 4B
after baseline correction to make easier the comparison of the weak spectroscopic features. The low
and broad vibrational signals floating on a rather steep background absorption and the chemical
complexity of the samples severely limits a structural diagnosis through a detailed assignment of
the spectral features. Thus, the vibrational analysis was based on the recognition of the functional
groups based on correlative spectroscopic criteria [38]. The FI-IR spectra of MWCNT, MWCNT/PPGPs,
and MWCNT/PPGP, are reported in Figure 4. In particular, Figure 4A shows the spectra recorded
in the region 700~3900 cm™!, while in Figure 4B the spectra are displayed in the fingerprint region,
after baseline correction, to allow easier comparison. In Figure 4, the IR spectra of MWCNT (a)
MWCNT/PPGPs (b) and MWCNT/PPGP. (c) are characterized by the presence of the typical strong
feature at 1590 cm™!. The spectra of MWCNT/PPGPs and MWCNT/PPGP,. are both dominated by
the very strong absorptions characteristic of their functional groups. Both spectra are dominated by
(i) the absorption near 1100 cm™! assigned to the stretching of C-O-C groups and by (ii) the broad
bands at 1650 cm™! and 1400 cm™! assigned to the C=C stretching of the pyrrole ring. All these
vibrations are compatible with the presence of PPGP functionalities. In the spectrum of MWCNT/PPGPs,
bands related to unreacted pyrrole compounds are present: C-N stretching (aromatic amines) from
1335-1250 cm ™.
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Figure 4. FT-IR spectra of MWCNT (a), MWCNT/PPGP;s (b), and MWCNT/PPGP. (c). (A):
700-3900 cm™! region; (B) fingerprint region 700-1800 cm™! after baseline correction. Spectra are
displayed with normalized intensity. Peaks discussed in the text are labeled.

As reported in the introduction, another aim of this study was to investigate the ability of PPGP
to modify the solubility parameter of carbon nanotubes in order to preliminarily understand if the
projected carrier could be able to interact with different surrounding. Dispersions of CNT/PPGP
adducts cited in Table 1 were prepared in solvents having different solubility parameters: water,
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methanol, 2-propanol, acetone, ethyl acetate, propylene glycol, dichloromethane, xylene, toluene, and
hexane. The stability of such dispersions was studied, as described in the experimental part. Visual
inspection of the dispersions was carried out immediately after sonication. In Table S2, the result of
these observations is qualitatively summarized with ‘good’ (meaning that a homogenous dispersion
was observed) or ‘bad’ (the adduct either settled down or floated on the solvent) as indicators.

The introduction of PPGP on the surface of the carbon allotropes allows the dispersion in polar
environments thanks to the long polyether chain. The solubility sphere shown in Figure 5 was
generated, as explained in the experimental part, to encompass the suitable solvents points and
to exclude the wrong solvents, being centered on the solubility parameters of the MWCNT/PPGP,
adduct. Solubility parameters, 6p, 6p, and 0y values, of MWCNT/PPGP,. adduct, were estimated to be
11.48 MPa®3, 15.40 MPa’?, and 18 MPa’?, respectively.

‘: Solubility sphere

[ ] Good solvents
A Bad solvents

35 -

30

25

20

p
w5 15 e
i
=
Ac
10 R —
5 k5
JHe
N I
gy 10
B =" 10
e s 0 D
0 5 10 15 20 25 4 35 40 D
Sp

Figure 5. Hansen solubility sphere calculated for MWCNT/PPGP, adduct. The green circles correspond
to the suitable solvents (within the radius of interaction), the red triangles to the wrong solvents (outside
the sphere).

As it should be expected, considering the presence of such functional groups and a polyether
long chain, water dispersions of CNT/PPGP adducts were easily prepared. Preparation and UV-Vis
absorption data of water dispersions of CNT/PPGP adducts were reported and discussed in the
following part.

CNT/PPGP water dispersions with the following concentrations were prepared: 1, 0.5, 0.1, 0.05,
0.01, 0.005 and 0.001 mg/mL. The dispersions were then analyzed by observing their absorptions in
the UV-Vis range. Details are reported in the experimental section for each CNT/PPGP adduct. The
adopted procedure is summarized in the block diagram of Figure 6.

CNT/PPGP H,0 CNT/PPGP Sonicat.ion C_NT/PP.GP Dilution CNT/PEGP
in H,0 30 min dispersion dispersion

‘ [ [exomorrrn ]
1mg/mL 1mg/mL 0.1-0.001 mg/mL

| |

UV-Vis UV-Vis

Figure 6. Block diagram summarizing the preparation procedure and characterization protocol adopted
for UV-Vis analysis on CNT/PPGP adducts dispersions at several concentrations.
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Adduct dispersions at different concentrations were prepared to investigate if the Lambert-Beer
law is respected. If so, the CNT/PPGP adduct can be assumed to form a “solution-like” substance with
water, thanks to the added polyether chain on its surface. Figure 7 shows the dependence of UV-Vis
absorbance on the concentration of MWCNT/PPGP. adduct in water after sonication (A) and the linear
relationship between absorbance at 260 nm and concentration for MWCNT/PPGP,. (B).
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Figure 7. (A) Dependence of UV-Vis absorbance on the concentration of MWCNT/PPGP. adduct in
water after sonication; (B) Linear relationship between absorbance at 260 nm and concentration for
MWCNT/PPGP. adduct.

Furthermore, curves related to the 0.005 and 0.001 mg/mL dispersions reveal the presence of a
non-negligible absorbance; this suggests high stability of the functionalized fractionated adduct still in
suspension, not observed in the case of non-functionalized CNT.

Absorption values corresponding to a wavelength of 260 nm for MWCNT-PPGP. adduct curves
were plotted as a function of concentration values. In Figure 7B, a linear correlation is reported.

Structure and morphology of the CNT and the ensuing CNT/PPGP adducts were investigated
through WAXD and HR-TEM analysis. Figure S4 shows WAXD patterns for powders of MWCNT,
MWCNT/PPGPs, and MWCNT/PPGP,. In pristine MWCNT Figure S4a, crystalline order in the
direction orthogonal to structural layers is revealed by 002 reflection at 26.6°, which corresponds to an
interlayer distance of 0.35 nm. By applying the Scherrer equation (Equation (52)) to (002) reflection, the
out of the plane (D) correlation length was calculated. From the values of D, and of the interlayer
distance, the number of stacked layers was estimated to be about 12 for CNT. Reflections in the patterns
of the sp? adducts samples Figure S4b,c remains at the same 26 value. MWCNT and MWCNT/PPGP
adducts present distances between the structural layers slightly more significant than those of ordered
graphite samples (dgp, = 0.335 nm). In all samples, (112) reflection is negligible.

High-resolution transmission electron microscopy (HR-TEM) was exploited to study the
morphology of CNT/PPGP adducts. Various magnifications were adopted. Figure 8 shows HR-TEM
micrographs of MWCNT/PPGPs (A,a), MWCNT/PPGP, (B,b), SWCNT/PPGPs (C,c) and SWCNT/PPGPc
(D,d) adducts, at lower (A,B,C,D) and at higher magnifications (a,b,c,d).
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Figure 8. Micrographs of MWCNT/PPGPs (A,a), MWCNT/PPGP, (B,b), SWCNT/PPGPs (C,c) and
SWCNT/PPGP. (D,d) adducts isolated from 1 mg/mL water dispersions. Micrographs are: low
magnification bright-field TEM (A-D), HR-TEM images (a-d); (the light blue arrows indicate layers of
organic substances; the red arrows indicate spherical organic aggregates).

Micrographs at a lower magnification of each CNT/PPGP adduct in Figure 8 reveal that the
length of CNT/PPGP adducts is of the same order of magnitude in samples isolated before and after
PPGP treatments. This indicates that the chemical interaction with PPGP and the heating step for the
preparation of the covalent adducts do not cause appreciable breaking of the nanotubes.

In the case of MWCNT/PPGPs and SWCNT/PPGPs adducts in water dispersions, micrographs at
lower magnification in Figure 8A,C reveal carbon aggregates made by pseudo-spherical particles with
an average size of about 5-10 nm. Figure 8B,b shows the MWCNT/PPGP, covalent adduct. It seems
that a layer of organic substance (indicated by the light blue arrow) adheres to the carbon allotrope.
It appears that the organic substance is probably made by unreacted PPGP, which covers the surface.
Also, in the case of MWCNT/PPGP,, a low quantity of spherical organic aggregates (indicated by the
red arrow) were detected (average dimension~5-20 nm). It appears that spherical agglomerates are
probably made by unreacted PPGP also in this case. It is known from the literature that macromolecules
like polyether terminated with cationic or anionic functional groups can generate micelle or more in
general supramolecular assembly structures [46].

Micrographs at higher magnification Figure 8a—d allow visualizing walls of nanotubes. In the
case of SWCNT, the covalent treatment with PPGP led to a large CNT disentanglement, as shown by
the lower number of CNT micrometric bundles and by the presence of individual tubes in a defined
space, as observed in many HR-TEM images and represented in Figure 8. The micrograph in Figure 8d
shows that the SWCNT skeleton remained intact after the treatment with PPGP oligomer. The CNT
surface was thus decorated with PPGP chains, which form condensed polymer layers adhered to the
CNT external surface, with a thickness from about 3 to about 10 nm.

Furthermore, a comparison between TEM micrographs at low magnifications of pristine CNT and
PPGP adducts are reported in Figure S5. Figure S5a,b show that a high entanglement of nanotubes
characterizes pristine MWCNT (a) and SWCNT (b). The functionalization with PPGP improves
the disentanglement of CNT, allowing better processability of the carbon allotropes dispersions
Figure S5¢c—f.

3.2. Preparation and Characterization of the Ternary Nano Complex CNT/PPGP/DOX

HR-TEM microscopy Figure 8 allows checking that both supramolecular adducts show on their
surface micelle-like structures and adhered polymer chains, and to the contrary, that the covalent
adducts show only a regular adherent polymeric layer. In both cases, the possibility of a drug loading
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seems possible via adsorption on the CNT surface. Previously, it has been shown that the mixing
of the SWCNT with DOX leads to the absorption of DOX onto the outer sides of SWCNTs via —7
stacking interactions. It was reported that suitably functionalized SWNT and MWCNT have been
found to be non-toxic in mice and can be gradually excreted by the biliary pathway [28]. We explored
the possibility of using supramolecular n—m stacking to load a cancer chemotherapy agent DOX on
CNT/PPGP adducts for drug delivery applications.

In this work, we describe a previously unreported non-covalent CNT/PPGP/DOX supramolecular
nano complex that can be developed for cancer therapy. We have investigated the ability of DOX to
interact non-covalently and covalently with CNT functionalized with PPGP.

Figure 9 shows schemes suggesting the structures of both covalent and supramolecular CNT/PPG
adducts (Panel A) and the hypothesized ternary nano complex CNT/PPGP/DOX (Panel B).

A)
= CNT/PPGPs (supramolecular adduct)

CNT/PPGPc (covalent adduct)

. = Doxorubicin (DOX)

/ - PPGP
B)
77 » 4,
W Uy Wiy
My Yy,
CNT/PPGP adduct CNT/PPGP/DOX

ternary complex

Figure 9. Representation of (A) the CNT/PPGP adducts, and (B) the hypothesized ternary complex
CNT/PPGP/DOX.

The ternary nano complex was prepared, as described in Figure 9B. In brief, DOX hydrochloride
was stirred for 16 h at room temperature with the modified nanotubes dispersed in a pH 7.4 PBS
buffered solution. The CNT/PPGP/DOX nano complexes were isolated by repeated ultracentrifugation
with PBS until the supernatant became colorless. Free, unbound DOX in the CNT supernatant was
analyzed by UV-Vis spectroscopy. DOX characteristic absorbance peak at 490 nm was detected Figure
52. The amount of unbound DOX onto the CNT was estimated by measuring the absorbance at 490 nm
relative to a calibration curve recorded under the same conditions Figure S2. In Table S1, the amount of
loaded DOX is reported for pristine and functionalized CNT. After DOX loading on the PPGP modified
carbon nanotubes, two different scenarios were observed for MWCNT and SWCNT respectively: (i)
in MWCNT/PPGP/DOX UV-Vis spectrum the absorption band at 490 nm was not detected; (ii) in
SWCNT/PPGP/DOX the absorption band at 490 nm is slightly redshifted (Figure S3).

The interaction between DOX and CNT/PPGP adducts was studied by monitoring the emission
spectrum of DOX by fluorescence spectrophotometry (Figure 10).
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Figure 10. Normalized fluorescence intensities spectra of: (Panel A) DOX and CNT/PPGP/DOX nano
complexes; (Panel B) CNT/PPGP/DOX nano complexes, zoom in the region between 560 to 640 nm.
Irradiation at 480 nm.

As can be seen from Figure 10, the fluorescence quenching of DOX was evident for all the
nano complexes.

Release profiles of DOX (Figure 11) from all the modified and unmodified CNT at 37 °C were
evaluated for up to 72 h at pH 7.4 in PBS (Figure 11A,C), which mimics the acidity of cytoplasm, and
at pH 5.5 acetate buffer (Figure 11B,D), which mimics the acid condition of lysosomes, endosomes
and cancerous tissues [47]. A slow-release with a pH-sensitive profile for all the investigated samples
was observed. Our results were found to be in line with previous studies [48]. At physiological pH,
DOX tended to remain bound to the CNT or CNT/PPGP adducts, whereas at acidic pH, the increased
protonation of DOX changes both its solubility and hydrophilicity, hence leading to a higher release of
the drug from the complexes [49].
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Figure 11. Drug release of the unmodified CNT/DOX and modified CNT/PPGP/DOX nano complexes
in PBS buffer at 37 °C at pH 7.4 (A,C), MWCNT; and SWCNT; respectively) and in acetate buffer at
pH 5.5 (B,D), MWCNTs and SWCNTS respectively); magnification in the range from 85% to 100% of
retained DOX on MWCNT is also reported in the y-axis (A).
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No initial burst effect was observed in either of the conditions adopted. After 72 h, at pH 7.4 the
amount of released DOX was in the range of 10-11% for MWCNT/DOX and MWCNT/PPGP/DOX
complexes Figure 11A and of 10-20% for SWCNT/DOX and SWCNT/PPGP/DOX (Figure 11C).
At pH 5.5, a different behavior was observed for CNT/DOX and CNT/PPPG/DOX complexes. Regarding
MWCNT/DOX and MWCNT/PPGP/DOX complexes (Figure 11B), the amount of DOX released over
a 72-h period was observed to be faster for MWCNT/DOX and MWCNT/PPGP./DOX, while for
MWCNT/PPGPs/DOX a controlled and a linear release was observed. In contrast, for SWCNT/DOX
and SWCNT/PPGP/DOX complexes, the release of DOX at pH 5.5 Figure 11D was found to be faster
for MWCNT/PPGPs/DOX and lower for MWCNT/DOX and MWCNT/PPGP./DOX. The different
complexes CNT/PPGP/DOX could satisfy different release rates, depending on the type of CNT and
the nature of the interaction with PPGP and DOX.

3.3. Cell Viability Assay

In order to estimate the likelihood of our CNT drug delivery systems, the cytotoxicity of MWCNT,
MWCNT/PPGPs, MWCNT/PPGP., MWCNT/DOX, MWCNT/PPGPs/DOX, and MWCNT/PPGP.,/DOX
on A549 and M14 cell lines was evaluated. A stock dispersion of each CNT was prepared in culture
medium at 1 mg/mL and sonicated. This procedure was ineffective for SWCNT, SWCNT/PPGPs,
SWCNT/PPGP., SWCNT/DOX, SWCNT/PPGPs/DOX, and SWCNT/PPGP./DOX samples because of
the persistence of carbon aggregates and agglomerates turned into the absence of a homogenous
dispersion suitable for evaluation in cell culture assay. Indeed, the stock dispersion of MWCNT,
MWCNT/PPGPs, MWCNT/PPGP., MWCNT/DOX, MWCNT/PPGPs/DOX, and MWCNT/PPGP,/DOX
was further diluted considering the amount of loaded DOX into each sample, as reported in Table S1.
Thus, the concentrations were normalized and reported as the DOX amount.

The cytotoxic properties of loaded DOX were compared with that of the free DOX
(Figures 12 and 13) at four different concentrations (8.25 ug/mL, 16.5 ug/mL, 33 ug/mL, 66 pg/mL) after
48 h of treatment. Our preliminary results indicated that DOX maintains its inhibitory effect for all the
investigated cases (free DOX, covalently loaded DOX, or complexed DOX) on both A549 and M14
cellular lines. Moreover, from our data, it emerges that there is a different behavior for the CNT drug
delivery systems with a cell variance. MWCNT/DOX showed lower activity compared to the free
DOX on M14 cellular lines; MWCNT/PPGP./DOX and the free DOX displayed a similar effect on both
cellular lines at all the investigated concentration, MWCNT/PPGP./DOX appeared more efficient than
free DOX in A549 cell lines and less efficient than the free DOX in MT14 ones.
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Figure 12. Cell viability (MTT assay) of A549 human melanoma cells untreated and treated for 48 h
with different concentrations of free DOX hydrochloride or into both unloaded and loaded CNT. Each
point represents mean + s.e.m. of three separate experiments performed in triplicate.
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Figure 13. Cell viability (MTT assay) of M14 human lung adenocarcinoma cells untreated and treated
for 48 h with different concentrations of free DOX hydrochloride or into both unloaded and loaded
CNT. Each point represents mean + s.e.m. of three separate experiments performed in triplicate.

Notably, the comparable cytotoxicity effects between free DOX and loaded DOX were discussed
without considering the delayed release of DOX from the carrier. Considering the amount of DOX
released at 48 h (about 35-43% at pH 5.5, Figure 11B, and 8-9% at pH 7.4, Figure 11A), a major cytotoxic
effect can be ascribed to the DOX loaded on CNT respected to the free DOX, presumably due to a more
efficient internalization route. Further investigation will be devoted to the studies of cellular uptake
and intracellular trafficking of our nanocarrier to verify the chance to extend the use of this DDS.

3.4. Computational Studies

Although some molecular dynamics (MD) studies upon DOX/SWCNT systems were already
performed [50-55], to the best of our knowledge, this is the first one that takes in consideration even a
DOX/MWCNT system and, in particular, the use of opportunely reduced systems which reflects the
actual diameter of the CNTs employed for the reported experiments and the CNT/PPGP/DOX ratios
obtained from the experimentally observed weight percentages. So, we built four supramolecular
systems named SSy1—4 corresponding to the complexes SWCNT/PPGPs/DOX, SWCNT/PPGP./DOX,
and MWCNT/PPGPs/DOX, MWCNT/PPGP./DOX, respectively, and submitted each of them to 100 ns
MD simulations. For each experiment, we used three different systems in which the starting positions
of the PPGP and/or DOX molecules were randomly varied.

The studied systems have reached their equilibrium states after about 10 and 15 ns of simulation
time for the SSy1,2 and SSy3,4, respectively, as revealed by the root-mean-square displacements (RMSD)
of DOX molecules reported, only for SSy2,4, in Figures 14 and 15; it is evident that the fluctuations in
RMSDs have reduced significantly after these periods.

In particular, Figure 14 shows the run of SSy2 in which there are two DOX molecules within the
CNT at the starting time (0 ns) and 6 DOX molecules at the end time (100 ns). The entrance of the other
four molecules, in pairs, takes place at 41.9 and 78.5 ns, respectively, as evidenced by the fluctuations
registered in the RMSD graph for the DOX molecules. Interestingly, the six molecules within the CNT
cavity were paired to four chloride ions, which coordinates some ammonium groups, some of which
were facing each other (Figure 16), left; no sodium ion is present. The remaining DOX molecules are
strongly anchored to the external wall of the SWCNT employing n—m interactions and, in some cases,
two and even three of them are stacked together; the PPG pendant remains, most of the time, close to
the external wall of the CNT (Figure 16, right).
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Figure 14. Upper: SSy2 at the start (left) and the end (right) of the MD simulation; bottom: plot of the
RMSD of the DOX molecules during the 100 ns of the MD simulation.
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Figure 15. Upper: SSy4 at the start (left) and the end (right) of the MD simulation; bottom: plot of the
RMSD of the DOX molecules during the 100 ns of the MD simulation.
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Figure 16. Left: view of the DOX molecules and the chloride ions contained inside the SWCNT cavity
of the SSy2 at the end of the 100 ns of the MD simulation; right: view of the DOX molecules and the
PPG pendant anchored to the external wall of the SWCNT of the SSy2 at the end of the 100 ns of the
MD simulation.

As regards the SSy4 system, at the end of the 100 ns of the MD simulations, there are 8 DOX
molecules within the inner CNT cavity, whereas almost all others are mainly adsorbed upon the
external CNT surface of the far wall, stacked up to 5 units. Due to the short length of the tube (10 A),
the same DOX molecules are scattered along the two ends, usually with the most extended axis parallel
to that of the CNT and stacked on each other.

The two different accommodation of DOX molecules between the two SSy2 and SSy4 systems are
in accord to their respective side surface extensions, 1385 A2 and 1492 A?, except for that occupied
by the covalently bound PPGP molecules. Considering that the semi-surface of a DOX molecule
corresponds about to 75 A2, about 18 upon 45, and 20 upon 354 DOX molecules for the SSy2 and the
SSy4 system, respectively, should be able to cover the entire surface of each CNT. This also means that,
on the equal surface, the efficiency of the MWCNT is approximately 7.8 times higher than that of the
SWCNT. Finally, the ratio of about 1:5 of the PPGP molecules on the equal surface makes the MWCNT
much more soluble than the SWCNT.

For the other two systems, SSy1,3, the trend is almost superimposable upon that of the
corresponding systems with the covalently linked PPGP moieties. In both cases, the PPGP molecules
are found to be sufficiently adherent to the surface of the CNT, mostly thanks to the portion of the PPG
moiety; this is in accord with the TEM micrographs C,c and A,a of Figure 8 that highlight the presence
of a polymeric layer adhered to the CNT surface. Moreover, for the SSy3 complex, the presence of
12 PPGP molecules strongly adsorbed on its surface make it even more soluble as the SSy4 parent.

4. Conclusions

Nanomedicine and technological nano delivery systems are a rather new but rapidly developing
field where molecules in the nanoscale range are employed as diagnostic tools or to deliver therapeutics
to specifically targeted sites and with a huge controlled fashion [56-59]. CNT are emerging
nanomaterials with massive potential in the diagnostic and therapeutic fields. An effective way
to make CNT more biocompatible and to increase their application in medicine is to functionalize
the nanotubes. In this paper, we reported the functionalization of single and multi-walled carbon
nanotubes with a pyrrole polypropylene glycol derived compound exploiting a Diels-Alder reaction.
Thermogravimetric analysis and FT-IR spectroscopy showed that the functionalization of the considered
adduct with PPGP was successful and that the introduction of a proper amount of modifier was
achieved. WAXD shows that the functionalization procedures do not substantially alter per se the
bulk structure of carbon nanotubes. The obtained functionalized CNT were then exploited to make
a non-covalent CNT/PPGP/DOX supramolecular nano complex. The ability of DOX to interact
with the non-covalent and the covalent PPGP modified CNT was investigated by experimental and

50



Nanomaterials 2020, 10, 1073

computational techniques. HR-TEM microscopy confirmed that the covalent adducts show a regular
adherent polymeric layer, and the supramolecular adducts contain on their surface both micelle-like
structures and adherent polymer chains. MD simulations showed that DOX molecules can be adsorbed
to the external wall of the nanotubes or included in their cavity.

Biological studies revealed that the invitro activity of MWCNT/PPGPs/DOX and
MWCNT/PPGP./DOX are similar to that of the free DOX in A549 and M14 cell lines, although
the former activities are actually attributable to a release, at 48 h, of approximately 8% (at pH 7.4) or
40% (at pH 5.5) of DOX.

Moreover, our studies show a different biological behavior between pyrrole functionalized-SWCNT
and pyrrole functionalized-MWCNT, although a similar degree of chemical was detected for both
materials. The formation of carbon aggregates and agglomerates in biological media for pyrrole
functionalized-SWCNT prevented their evaluation, whereas the better dispersibility of pyrrole
functionalized-MWCNT allowed the evaluation of their cytotoxicity in cell culture assay.

The use of carbon nanotubes in the drug delivery field seems promising due to the ability of CNT
to cross biological barriers. This work paves the way for the facile functionalization of carbon nanotubes
exploiting the “pyrrole methodology” for the development of novel technological carbon-based drug
delivery systems.

Even if the preliminary biological studies were satisfactory, more mechanistic work is needed to
investigate the capabilities of the novel “pyrrole functionalized” CNT to translocate into cells.

Moreover, the intracellular trafficking of MWCNT/PPGPs/DOX, MWCNT/PPGP./DOX, and
released DOX that determines the drug efficacy and the related side effects also need be studied.
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WAXD, HSP, and MD simulations details, Figure S1: TH NMR spectrum (400 MHz, CDCl3) of the
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of: (A) MWCNT/DOX, MWCNT/PPGPc¢/DOX and MWCNT/PPGPs/DOX nano complexes; (B) SWCNT/DOX,
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Abstract: Carbon nanomaterials have attracted increasing attention in biomedicine recently to
be used as drug nanocarriers suitable for medical treatments, due to their large surface area,
high cellular internalization and preferential tumor accumulation, that enable these nanomaterials
to transport chemotherapeutic agents preferentially to tumor sites, thereby reducing drug toxic
side effects. However, there are widespread concerns on the inherent cytotoxicity of carbon
nanomaterials, which remains controversial to this day, with studies demonstrating conflicting results.
We investigated here in vitro toxicity of various carbon nanomaterials in human epithelial colorectal
adenocarcinoma (Caco-2) cells and human breast adenocarcinoma (MCEF-7) cells. Carbon nanohorns
(CNH), carbon nanotubes (CNT), carbon nanoplatelets (CNP), graphene oxide (GO), reduced graphene
oxide (GO) and nanodiamonds (ND) were systematically compared, using Pluronic F-127 dispersant.
Cell viability after carbon nanomaterial treatment followed the order CNP < CNH < RGO < CNT < GO
< ND, being the effect more pronounced on the more rapidly dividing Caco-2 cells. CNP produced
remarkably high reactive oxygen species (ROS) levels. Furthermore, the potential of these materials
as nanocarriers in the field of drug delivery of doxorubicin and camptothecin anticancer drugs was
also compared. In all cases the carbon nanomaterial/drug complexes resulted in improved anticancer
activity compared to that of the free drug, being the efficiency largely dependent of the carbon
nanomaterial hydrophobicity and surface chemistry. These fundamental studies are of paramount
importance as screening and risk-to-benefit assessment towards the development of smart carbon
nanomaterial-based nanocarriers.

Keywords: cytotoxicity; carbon nanomaterials; drug delivery; doxorubicin; camptothecin; Caco-2;
MCE-7

1. Introduction

Carbon nanomaterials are promising new materials to be used as drug nanocarriers suitable
for medical treatments in biomedicine, due to their large surface area and chemical stability that
allows efficient loading of drugs via both covalent and non-covalent interactions [1-3]. Although their
interaction with lipid membranes and their subsequent intracellular transport is poorly understood,
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it hasbeen demonstrated that they can enter cells using various endocytic processes [4,5]. A combination
of increased tumor vascular permeability and insufficient lymphatic drainage, resulting in what is
termed as enhanced permeability and retention (EPR) effect, enables these nanoparticles to transport
chemotherapeutic agents preferentially to tumor sites as compared to healthy tissues, thereby reducing
toxic side effects [6]. Furthermore, these systems could be used for formulation of hydrophobic
molecules which lack of suitable physicochemical characteristics required for development of stable
pharmaceutical dosage form. Transition metal contamination from synthesis procedures can be avoided
by purification [7,8]. Poor aqueous dispersibility and high aggregation tendency of pristine carbon
nanomaterials can be sorted out by appropriate surface functionalization towards their applications as
nanocarriers [9]. Functionalization of carbon nanomaterials can be achieved by either non-covalently
coatings with amphiphilic macromolecules like lipid, polymers and surfactants, or covalently with
hydrophilic functional groups. Specifically, in vivo studies have shown that functionalization with
polyethylene glycol (PEG) allows to achieve prolonged circulation half-life, resulting in so-called
‘stealth” behavior, and therefore improved accumulation in tumor by escaping opsonization-induced
reticuloendothelial system (RES) clearance [10-13], making these nanocarriers good candidates for
cancer diagnostics and treatment. Also PEGylated nanomaterials exhibited remarkably reduced in vivo
toxicity, avoiding accumulation in liver or spleen.

To further enhance the therapeutic efficacy of drugs and simultaneously diminish their
undesirable systemic side effects, different small targeting molecules such as folic acid (FA) [14,15],
ligands with strong affinity against a given receptor overexpressed in a tumor [16], antibodies that
recognize tumor-associated antigens [17-20] and also magnetic nanoparticles [3,15] can be further
incorporated onto the drug-loaded carbon nanomaterials to confer either active targeting capabilities
via receptor-mediated endocytosis or local nanocarrier accumulation induced by external magnetic
field. However, addition of excess targeting ligands also increases clearance by the RES because
more proteins are now ‘visible” on the surface than with PEG. Also, adsorption of proteins and other
biomolecules could shield the targeting ligands that have been grafted onto the surface of nanocarriers
from binding to their receptors on tumors. ‘Stimuli-responsive’” drug delivery, that is, strategies to
release drug cargo upon experiencing certain tumor-specific triggers (i.e., higher temperature and
lower pH) can be extremely useful for selective and controllable drug release [15,21].

There is a trend to combine the therapeutics and early diagnostics (namely theranostics)
together [3,18,22-26]. By combining imaging labels with therapeutics in the same platform, the location
of the tumor can be precisely delineated, and the optimal drug doses as well as therapeutic time frame
could be determined by acquiring the real-time drug distribution information in vivo. Imaging tags like
radioactive nuclides [27-30] and fluorescence probes [30,31] can be conjugated in carbon multifunctional
nanoplatforms to observe their intracellular trafficking and biodistribution in vitro and in vivo.
Raman signals from nanocarbon materials can also provide a reliable method to monitor their
distribution and metabolism in vivo [32,33].

In addition, carbon nanotubes, carbon nanohorns and reduced graphene demonstrate strong
optical absorption in the near-infrared (NIR) region, making them promising materials for use in the
photothermal ablation of tumors [25,34-36]. Carbon nanomaterials also offer promise in combination
therapy, that generally refers to two or more therapeutic agents co-delivered simultaneously, and is
becoming more popular because it generates synergistic anticancer effects, enabling a low dosage
of each compound and overcoming multi-drug resistance (MDR) cancer [37,38]. While the delivery
of cancer chemotherapeutic agents with carbon nanomaterials has been more widely attempted,
carbon nanomaterials have also demonstrated promising potentials to be used to deliver many
non-anticancer drugs, such as antimicrobial, anti-inflammatory, antihypertensive and anti-oxidant
agents [1,26].

However, the biomedical applications of carbon nanomaterials arouse serious concerns,
as more information on the pharmacokinetics, metabolism, long-term fate and toxicity is
essential [27,29,31,39-41]. The issues of toxicity surrounding the biomedical applications of
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carbon nanomaterials still remain controversial to this date, with studies demonstrating conflicting
results [42—-45]. Carbon nanomaterial-based drug delivery systems are still considered far from being
accepted for use in actual clinical settings. Progress towards clinical trials will depend on the outcomes
of efficacy and toxicology studies, which will provide the necessary risk-to-benefit assessments for
carbon-based materials. Fundamental studies regarding the impact of size, shape, aggregation degree
and functional groups of carbon nanomaterials are needed to provide the design criteria for successful
nanomaterial-based strategies. In carbon nanomaterial safety assessment, in vitro cytotoxicity tests are
an important research subject because they are fast, reproducible and easy to control the consistency
of experimental conditions and should complement and/or supplement in vivo-animal tests. In vitro
studies are able to provide information on the biological fate of nanomaterials at the cellular or
multicellular levels. In the literature, there is a lack of comparative studies, as extensive variations in
the nanomaterial source, functionalization, and experimental conditions do not allow direct comparison
of the different results.

We here investigated in vitro toxicity of various Pluronic (F-127)-dispersed carbon nanomaterials in
human epithelial colorectal adenocarcinoma (Caco-2) and human breast adenocarcinoma (MCF-7) cell
lines. Representative examples, with different size, shape and functional groups on the surface, such as
carbon nanohorns (CNH), carbon nanotubes (CNT), graphene nanoplatelets (CNP), graphene oxide
(GO), reduced graphene oxide (RGO) and carbon nanodiamonds (ND) were systematically compared
under the same experimental conditions.

Furthermore, their potential in the field of drug delivery of anticancer drugs, such as doxorubicin
(DOX) and camptothecin (CPT), was also compared in this work. DOX and CPT have been chosen
here as examples of hydrophilic and hydrophobic drugs, respectively. DOX belongs to anthracyclines,
topoisomerase II inhibitors exhibiting multiple mechanisms of action and high clinical effectiveness
against many types of cancer. Notably, cardiotoxicity is a major concern during therapy as it may be
dose-limiting [46]. More effective and safer ways of delivering anthracyclines are hence of significant
research interest. Also, resistance to anthracyclines and other chemotherapeutics due to P-glycoprotein
(P-gp), a membrane transporter that actively pumps doxorubicin out of the cell, is a frequent problem
in cancer treatment [47]. It has been reported that nanocarriers enhance doxorubicin uptake in
drug-resistant cancer cells [48-50]. Thus, DOX enters the cells attached to nanocomposites bypassing
the P-gp transporter, detaches from the nanocomposite surface following natural acidification of
endosomes, and migrates reaching the cell nucleus. On the other hand, CPT is a potent anticancer
agent with topoisomerase I-inhibiting activity. However, its practical use in viable cancer therapeutic
systems is greatly hampered due to its low solubility in aqueous media [51]. The need to formulate
water-soluble salts of CPT (that is, alkaline solutions for intravenous injections) led to chemical
modifications of the molecule with loss of anti-tumor activity [52,53]. Thus, developing new drug
delivery nanocarriers for CPT able to transport and deliver the drug inside the cancer cells has recently
received considerable attention [54].

Finally, it has to be noted that the cancer cell lines targeted here, Caco-2 and MCF-7, correspond to
cancers among those having the highest incidence in Western countries, hence the interest of anticancer
therapeutic studies performed on them.

2. Materials and Methods

2.1. Carbon Nanomaterials

CNT used here are short (average length < 1 um) and purified (95% wt. %) multi-walled carbon
nanotubes from Nanocyl S.A. (Sambreville, Belgium), NANOCYL® NC3150™, produced via catalytic
chemical vapor deposition (CCVD) process. CNH were single wall carbon nanohorns provided
by Carbonium Srl (Padua, Italy), produced without any catalyst, by rapid condensation of small
carbon clusters (C; and C3) resulting from direct vaporization of graphite [55]). Single layer graphene
oxide (GO, purity 99 wt. %) was supplied by Cheap Tubes Inc. (Grafton, VT, USA). RGO was from
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Sigma-Aldrich (777684, Darmstadt, Germany). CNP (purity 91 at.%.) and detonation nanodiamonds
(ND, purified/grade G01) were purchased from PlasmaChem GmbH (Berlin, Germany).

2.2. Characterization of Carbon Nanomaterials

Transmission electron microscopes (TEM, Tecnai T20 and Tecnai F30, FEI, Hillsboro, OR, USA,
operating at 200 and 300 KV, respectively) were used to characterize the structural features of carbon
nanomaterials. During sample preparation, nanomaterials were dispersed in ethanol, and a drop was
placed onto carbon coated copper grids, the sample excess was wicked away by means of a Kimwipe
and allowed to dry under ambient conditions. Prior to TEM imaging, the samples on the grids were
placed in a O,-Ar (20% O,) plasma cleaner (Model 1020 Fischione, Hanau, Germany) for 5-10 s to
remove organic (hydrocarbon) contamination.

X-ray photoelectron spectroscopy (XPS) was performed on powder samples deposited onto
double-sided carbon tape using an ESCA Plus spectrometer (Omicron, Taunusstein, Germany)
provided with a Mg anode (1253.6 eV) working at 225 W (15 mA, 15 kV). CasaXPS software (version
2.3.15, accessed on 1 June 2020) was used for the peak deconvolution and Shirley type baseline
correction was applied.

Nitrogen adsorption-desorption isotherms were measured at 77 K (Micromeritics ASAP 2020,
Micromeritics Instrument Corp., Norcross, GA, USA) and surface area measurements of the powder
samples were obtained using the Brunauer-Emmett-Teller (BET) method at values of relative pressure
(p/po) between 0.05 and 0.3.

2.3. Dispersion of Carbon Nanomaterials

Pluronic® F-127 (F-127), suitable for cell culture, average molecular weight 12.6 uDa,
was purchased from Sigma.Aldrich (Darmstadt, Germany). F-127 solutions at 15 pg-mL~! and
10 min bath sonication (100 W Branson 2510 bath sonicator, Branson Ultrasonics, Danbury, CT, USA)
were used here to assist in carbon nanomaterials dispersion at 3.0 and 0.6 pg-mL~! concentration in
cell culture medium.

Dispersions of carbon nanomaterials were prepared in cell culture medium without fetal bovine
serum (FBS), as it is known that bovine serum albumin (BSA) has different affinity towards carbon
nanomaterials. Thus, it has been reported that BSA readily adsorbed on GO, resulting in a decrease in
GO toxicity. In contrast, BSA loading capacity was ~9-fold lower for MWCNT [56].

DOX and CPT loading on carbon nanomaterials was performed by simply mixing of solutions in
cell culture media, agitated by using a vortex mixer and kept overnight in dark at room temperature.
Due to its poor solubility in aqueous media, CPT was initially dissolved in dimethyl sulfoxide (DMSO,
>99.9%, from Sigma-Aldrich, Darmstadt, Germany) to a concentration of 1.6 mg‘mL_l, and then
diluted on cell culture medium to the required working concentrations.

2.4. Cell Lines and Cell Culture

Human Caco-2 cell line (TC7 clone) was kindly provided by Edith Brot-Laroche (Université Pierre et
Marie Curie-Paris 6, UMR S 872, Les Cordeliers, France). Caco-2 cells (passages 40-60) were cultured in
Dulbecco’s Modified Eagles medium (DMEM) (Gibco Invitrogen, Paisley, UK) supplemented with 20%
fetal bovine serum (FBS), 1% non-essential amino acids, 1% penicillin (1000 U/mL), 1% streptomycin
(1000 ug/mL) and 1% amphotericin (250 U/mL), at 37 °C under a humidified atmosphere with 5%
CO;. The cells were passaged enzymatically with 0.25% trypsin-1 mM EDTA and sub-cultured on
25 cm? plastic flasks at a density of 5 x 10° cells/cm?. Culture medium was replaced every 3 days.
Experiments were performed in undifferentiated cells (24 h post-seeding to prevent cell differentiation).

Human breast adenocarcinoma MCEF-7 cells were kindly provided by Carlos J. Ciudad and
Dr. Verénica Noé (Departamento de Bioquimica y Fisiologia, Facultad de Farmacia, Universidad de
Barcelona, Spain). MCF-7 cells were maintained in the same conditions as described for Caco-2 cell line.
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For comparison purposes, some experiments were performed with human dermal fibroblasts
that were kindly provided by Dr. Julio Montoya (Departamento de Bioquimica y Biologia Molecular,
Facultad de Veterinaria, Universidad de Zaragoza, 50013 Zaragoza, Spain).

2.5. Cell Viability Assay

24 h after seeding in 96-well plates at a density of 4 x 10° cells/well, cells were treated for
24 and 72 h with carbon nanomaterial dispersions (including DOX and CPT anticancer drugs in some
studies), and then 3-[4,5-dimethylthiazol-2-yl1]-2,5-diphenyltetrazolium bromide (MTT) assay was
performed for assessing cell metabolic activity. In short, 10 uL of MTT (5 mg~mL‘1) were added to
each 100 uL sample well and incubated for 2 h. Mitochondrial dehydrogenases of viable cells reduce
the yellowish water-soluble MTT to water-insoluble formazan crystals, which are later resolubilized
by replacement of the medium with DMSO, obtaining a purple colored solution. Absorbance at
540/620 nm was measured using a SPECTROstar Nano microplate reader (BMG Labtech, Ortenberg,
Germany). Control values (sample wells without treatment) were set at 100% viable and all values
were expressed as a percentage of the control. All experiments were performed in triplicate. In each
of the three independent experiments, each sample result corresponds to 16 wells, which sums up
48 wells per sample.

2.6. Reactive Oxygen Species (ROS) Assay

The reactive oxygen species (ROS) production was assayed by the 2’,7’-dichlorofluorescein
diacetate (HyDCFDA) molecular probe [57,58]. The cell-permeable H,DCFDA diffuses into cells and is
deacetylated by cellular esterases to form 2’,7’-dichlorodihydrofluorescein (H,DCEF). In the presence
of ROS, H,DCEF is rapidly oxidized to 2’,7’-dichlorofluorescein (DCF), which is highly fluorescent.
Caco-2 and MCE-7 cells were seeded in 96-well plates at a density of 4 x 103 cells/well, incubated 24 h
under standard cell culture conditions and then treated with nanomaterial dispersions (3 pg-mL‘l) for
24 h. Subsequently, cells were washed twice with PBS and incubated for 20 min with 100 uL of 20 uM
H,DCFDA at 37 °C for in the dark. Fluorescence intensity (ex = 485/em = 535 nm) was measured with
FLUOstar Omega microplate reader (BMG Labtech). % ROS production was compared to a negative
control (untreated cells) and was normalized with MTT assays at 24 h incubation. All experiments were
performed in triplicate. In each of the three independent experiments, each sample result corresponds
to 16 wells, which sums up 48 wells per sample.

2.7. Cell Death Study

Caco-2 and MCF-7 cells were plated in 75 cm? flasks at a density of 5 x 10° cells per flask and
incubated 24 h under standard cell culture conditions. They were then exposed to dispersions of the
tested carbon nanomaterials (3 ug-mL™!) for 72 h. Each sample result corresponds to a pool of two
75 cm? flasks. Quantitative flow cytometry (FCT) analysis was performed using propidium iodide
(PI) intake and FITC annexin V staining according to manufacturer’s instruction. Briefly, cells were
washed twice with phosphate saline buffer (PBS) and 100 uL of annexing V-binding buffer (10 mM
HEPES/NaOH pH 7.4, 140 mM NaCl, 2.5 mM CaCl,) were transferred to a 5 mL culture tube. Additions
of 5 uL FITC annexin and 5 pL PI were made to each tube and then incubated for 15 min in the absence
of light at room temperature. Cells were then resuspended in 400 pL of annexin V-binding buffer
and analyzed with BD FACSAria flow cytometer (BD FACSDIVA version 7.0 software, accessed on
1 June 2020). Untreated cells were used as negative control and the positive control corresponds to cells
treated with CPT (0.8 pg'mL™!). Preliminary gating was used in flow cytometry analysis to identify
the cells of interest based on the relative size and complexity of the cells, while removing debris and
other events that are not of interest.
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2.8. Cell Cycle Assay

Caco-2 and MCF-7 cells were plated in 75 cm? flasks at a density of 5 x 10° cells per flask and
incubated 24 h under standard cell culture conditions. Each sample result corresponds to a pool of
two 75 cm? flasks. They were exposed to carbon nanomaterial dispersions (3 ug~mL‘1) for 72 h and
then washed with PBS, collected and fixed for 30 min at 4 °C and incubated with 70-80% ice-cold
ethanol at —20 °C for 24 h. After washing with PBS and 5 min centrifugation at 2500x g rpm, cells were
resuspended in PI/RNase staining buffer. PI-stained cells were analyzed for DNA content with a BD
FACSArray bioanalyzer. PI fluorescence was measured in the orange range of the spectrum using
a 562-588 nm band pass filter, and cell distribution was displayed on a linear scale. The percentage
of cells on each cell cycle phase was determined by means of BD ModFit LT version 3.3 software
(accessed on 1 June 2020).

2.9. Statistical Analysis

The experimental data were analyzed by one-way analysis of variance (ANOVA) followed by
Bonferroni post-test using GraphPad Prism software (version 5.02, GraphPad Software, Inc., San Diego,
CA, USA, accessed on 1 June 2020). Interval plots display 95% confidence intervals for the mean.
Data were presented as means + S.D. and differences were considered significant at p < 0.05.

3. Results

3.1. Characterization of Carbon Nanomaterials

Frequently, the most likely source of the apparent lack of uniformity in the results reported in the
literature for in vitro and in vivo studies is the different structural and physicochemical properties of
the diverse nanomaterials used. Thus, there are huge dissimilarities (i.e., length, diameter, surface
defects, oxygen content, presence of impurities, etc.) among the batches employed by researchers.
Therefore, thorough characterization studies of the carbon nanomaterials are required and must be
taken into consideration to obtain meaningful results.

3.1.1. Transmission Electron Microscopy (TEM)

The characterization of the structural features and textural properties of the carbon nanomaterials
tested here provides useful information on their interaction with drugs and cells. CNH are
conical-shaped single-walled tubules that arrange into 100 nm dahlia-like assemblies (Figure 1a).
The CNT used here are relatively short MWCNT (up to 1 micron in length) and ~10 nm in diameter,
comprising around six concentric nanotubes (Figure 1b). TEM micrographs of two-dimensional,
graphene derivatives GO and RGO (Figure 1d e, respectively) reveal that most flakes are up to 1 micron
in length as well as their high exfoliation degree. On the contrary, CNP consist of aggregates of smaller,
less exfoliated graphene sheets (Figure 1c). Finally, Figure 1f shows aggregates comprising ND of
about 5 nm in diameter.
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(d) (e) ()

Figure 1. TEM micrographs of the tested carbon nanomaterials: (a) CNH, (b) CNT, (c) CNP, (d) RGO,
(e) GO and (f) ND. Inset in (b) shows image analysis of a MWCNT with six concentric nanotubes.

3.1.2. Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) provides important hints of the surface chemistry of
the tested carbon nanomaterials (Figure S1). The ratio of oxygen and carbon atoms was calculated
from the Ols and C1s peaks, and the results of the quantitative surface analysis are summarized in
Table 1. XPS spectra of CNH, CNT, CNP and RGO are quite similar and correspond to C sp?-based
nanomaterials materials, with a low O:C ratio and, therefore, are highly hydrophobic. In contrast,
GO has a significant high oxygen content (49.2 at.%), as it contains abundant oxygen-containing
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functional groups, which provide enhanced hydrophilicity. Although O content in ND is not as high
as in GO, ND are known to disperse easily in polar solvents, as it will be commented later in the
Discussion section. No significant transition metal contamination was observed in XPS spectra.

Table 1. Surface chemical analysis (at.%) of the carbon nanomaterials, obtained from XPS spectra.

At % CNH CNT CNP RGO GO ND!
C 9.5 94.7 89.7 82.0 50.8 80.5
o 7.5 53 10.3 18.0 492 16.5

1 For ND, at.% N is 3.0, calculated from the N1s peak in XPS spectra.

3.1.3. Specific Surface Area

Specific surface area for carbon nanomaterials in powder, determined using N, adsorption and
BET method, are shown in Table 2.

Table 2. Specific surface area of carbon nanomaterials determined by BET method.

CNH CNT CNP RGO GO ND

Specific surface

area (mz‘g‘]) 438.6 305.5 701.8 344.6 103.3 331.4

The largest specific surface area value corresponds to CNP. While these values correspond to
powder samples, sonication-assisted dispersion in solution significantly increases surface area, which is
particularly relevant when it comes to GO exfoliation.

3.2. Dispersion of Carbon Nanomaterials

For efficient cellular uptake of carbon nanomaterials, it is necessary that that they remain dispersed
and not aggregate in culture medium. Non-ionic polyether surfactants, such as poloxamer triblock
copolymers (known also by the trade name Pluronic®), are frequently used as dispersants to prepare
various nanoparticle suspensions, especially with hydrophobic nanoparticles, such as CNT and related
materials. Pluronics are amphiphilic molecules that comprise two polyethylene glycol (PEG) blocks
and one polypropylene glycol (PPG) block of various sizes and are frequently used for in vitro and
in vivo nanotoxicity studies because they are considered non-toxic dispersants. Thus, the US Food
and Drug Administration (FDA) has approved various Pluronic polymers for pharmaceutical usage
and even intravenous administration [59,60]. However, it is known that Pluronics can be degraded
during sonication, depending on sonication time, power, and frequency conditions, as the collapse of
cavitation bubbles generated during sonication can create sufficient heat, pressures, and shear forces to
degrade polymers containing PEG, PPG or both. It is therefore important to assess whether sonication
of dispersants themselves contribute to the toxicity of sonicated nanomaterial suspensions so as not
to misinterpret toxicity results [61]. Figure S2 shows that F-127 decreased MCF-7 and Caco-2 cell
viability at high concentration. Thus, F-127 at low concentration (15 ug~mL_1) and short bath sonication
time (<10 min) was used here to assist in carbon nanomaterials dispersion in cell culture medium,
while avoiding the generation of toxic degradation products. Moreover, it is well documented in
the literature that above critical micelle concentration (CMC), Pluronics form nano-sized micellar
structures which can act as drug nanocarriers, showing higher anticancer activity as compared to free
drug [59,62]. It was also checked here that neither DOX nor CPT anticancer activity was enhanced due
to drug encapsulation in F-127 micellar structures at the low F-127 concentration used here (Figure S3).
Therefore, any improvement achieved in this study in cell killing ability over free drug against cancer
cells can be attributed to the drug-nanocarrier complex.
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3.3. Carbon Nanomaterials Toxicity Assessment

Cell viability assay, apoptosis detection, cell cycle analysis and ROS production assay are useful
in vitro methods for the assessment of toxicity of nanomaterials.

3.3.1. Cell Viability Assay

Figure 2 shows cell viability assays on carbon nanomaterial treatment at 3 pg-mL~! after 24 and
72 h for Caco-2 and MCF-7 cell lines. Also results at 0.6 pig-mL ™! can be found in Figure S4. The MTT
assays showed dose-dependence on both Caco-2 and MCF-7 cell lines. Cell viability followed the order
of CNP < CNH < RGO < CNT < GO < ND. The decrease in cell viability was more pronounced for
the Caco-2 cell line. No significant cell viability decrease was observed in Figure 2 for GO and ND at
3 ng'mL~! (and also for CNT, at 0.6 pg'mL"!, as shown in Figure S4).
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Figure 2. Cell viability assays after 24 h (white) and 72 h (striped) of incubation with various carbon
nanomaterials at 3 ug-mL‘l showing differential effects on (a) Caco-2 and (b) MCF-7 cells. Values that
are significantly different from the control (p < 0.05) are denoted with asterisk (*). Untreated cells were

used as control.

Interestingly, MTT studies on human dermal fibroblast cells (Figure S5), as example of healthy
cells, provided the same viability sequence after carbon nanomaterial treatment, showing less effects
than on Caco-2 cells and very similar to those on MCF-7 cells.

3.3.2. Reactive Oxygen Species (ROS) Assays
According to Figure 3, CNP produced the highest levels of ROS, more noticeably for Caco-2 cells.
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Figure 3. ROS generation on (a) Caco-2 and (b) MCF-7 cells upon incubation with nanomaterial
dispersions (3 pg-mL™") for 24 h. Significant results as compared to untreated control cells are marked
by asterisk * for p-value < 0.05.
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3.3.3. Cell Death Study

Figure 4 shows quantitative flow cytometry analyses for the Caco-2 and MCF-7 cell lines,
treated 72 h with CNH at 3 pg-mL~!, which showed the highest values of late apoptosis/necrosis
among the carbon nanomaterials tested here. Experiments were performed as described in Section 2.7,
and interpreted as follows: the percentage of viable cells is shown in the lower left quadrant
(annexin V=/PI7), of early apoptotic cells in the lower right quadrant (annexin V*/PI7), and of
late apoptotic and necrotic cells in the upper right quadrant (annexin V*/PI*). Additional results for
CNT, CNP and RGO are compared in Figure S6.
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Figure 4. Annexin V/Propidium iodide assay, providing quantitative information about living (lower left
quadrant), early apoptotic (lower right quadrant) and late apoptotic and necrotic (upper right quadrant)
cells for (a) Caco-2 and (b) MCF-7 cell lines, treated with CNH at 3 g-mL " for 72 h. Data are presented
as percentage of the cell population. Untreated cells, denoted as C, were used as negative control,
and CPT (0.8 pg-mL‘l) treated cells were used as positive control.
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3.3.4. Cell Cycle Analysis

Figure 5 shows flow cytometric analysis of Caco-2 and MCEF-7 cell cycle after treatment with CNH
at 3 ug'mL~! for 72 h. Additional results for CN'T, CNP and RGO are compared in Figure S7.
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Figure 5. Flow cytometric analysis of (a) Caco-2 and (b) MCE-7 cell cycle after treatment with CNH at
3 pug-mL~! for 72 h. C denotes untreated control cells.

3.4. Carbon Nanomaterials as Anticancer Drug Nanocarriers

The potential in the field of drug delivery as nanocarriers of anticancer drugs of the four carbon
nanomaterials studied here that showed the lowest effect on the cells (ND, GO, CNT and RGO) was
compared in Figure 6. MTT assays were performed on Caco-2 cells at two drug concentrations,
0.2 and 0.8 pg'-mL~!. Carbon nanomaterial concentration was chosen as low as 0.6 pg-mL~!, so that
the observed decrease in cell viability could be attributable to the improved DOX or CPT efficacy
when loaded on carbon nanomaterial nanocarriers rather than to any inherent toxicity of carbon
nanomaterials. CPT showed more potent cytotoxic activity than DOX against both cancer cells
(Figure 6). Carbon nanomaterial/drug complexes resulted in improved anticancer activity compared
to that of the free drug. For CPT, the improvement follows the sequence ND < GO < CNT < RGO.
For DOX, the sequence is the opposite (Figure 6). Thus, CNT and RGO showed significant enhanced
anticancer activity compared to the free drug, but ND showed a significant improvement when it
comes to DOX.
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Figure 6. Cell viability assays after 24 h (white) and 72 h (striped) of incubation of Caco-2 cells with
ND, GO, CNT and RGO at 0.6 ug-mL~! concentration, free drug CPT (a) and DOX (b) at both 0.2
and 0.8 ug-mL‘l concentrations, and CPT- (a) and DOX- (b) loaded carbon nanomaterials. (* and #
represent significance at p < 0.05 when compared to untreated control cells and free drug-treated cells,
respectively).

4. Discussion

CNT are a type of hollow one-dimensional (1D) carbon-based nanomaterial consisting of
a graphene sheet rolled up to form a cylindrical structure with sp? hybridized carbon atoms. CNT are
classified into single-walled carbon nanotubes (SWCNT) and multi-walled carbon nanotubes (MWCNT),
have high aspect ratios and needle-like shapes [63]. Comparing the two types, there has been a major
debate over whether SWCNTs or MWCNTs generate more toxicity. Some research groups have
reported that SWCNT cause more apoptosis than MWCNT, as they are more agglomerated [64—66].
Moreover, short CNT were found to be less toxic than longer CNT, which is comparable with the
observed toxicity of asbestos [44,65,67,68]. CNT used here are MWCNT, with relatively short length
(mean length 1 um, Figure 1b), so that low toxicity is expected. The purity of this CNT material is high
(>95.0%) so no significant toxicity should result from any traces of the transition metal nanoparticles
used during CNT production.

Single-walled carbon nanohorns (SWCNH) are horn-shaped single-walled tubules with cone
angles of approximately 20° that usually form aggregates with diameters of 80-100 nm [69,70] with
a “dahlia-like” shape, as shown in Figure 1a. They are produced essentially metal-free and with high
purity [71]. Their use in biomedical applications is still at a preliminary stage. SWCNH used here were
produced without any catalyst by direct vaporization of graphite, as described in Section 2.1.
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Another category of carbon nanomaterial is graphene, a two-dimensional (2D) sp2-bonded carbon
sheet in a honeycomb structure and therefore, pristine graphene is hydrophobic in nature. On the
contrary, GO contains abundant epoxy and hydroxyl functional groups attached to the basal plane
and carboxylic groups attached to the edges, that disrupt the 7 conjugation, providing enhanced
hydrophilicity which even enables the efficient dispersion in aqueous media. 7 conjugation and
therefore hydrophobicity are partially restored upon reduction in RGO [72,73]. Size and morphological
characteristics of graphene derivatives studied here, CNP, RGO and GO, are shown in Figure 1c—e.

As another important member of carbon nanomaterial family, ND consist of a highly ordered
diamond core covered by a layer of functional groups on the surface, such as carboxyl, lactone, hydroxy
and ketone, which stabilizes the particle by terminating the dangling bonds [74,75]. ND produced by
detonation method are extremely tiny particles with average diameter between 4—-6 nm (Figure 1f).
ND are becoming increasingly useful in therapeutic and diagnostic applications due to their
biocompatibility, scalability, and easy surface modification [76,77].

According to the XPS results summarized in Table 1, CNH, CNT, CNP and RGO nanomaterials
have a low O:C ratio and can be considered as hydrophobic and difficult to disperse in polar solvents.
On the contrary, GO has a remarkable high oxygen content and can be considered hydrophilic.
Although oxygen content in ND is lower than in GO (Table 1), ND are known to disperse easily in polar
solvents, which is due to the hydrophilic functional groups on the outer shell. No significant transition
metal contamination for the tested nanomaterials was observed by TEM and XPS. Thus, we can claim
that the toxicological effects of metal impurities in these nanomaterials are negligible.

Amphiphilic F-127 was used here to assist the dispersion of carbon nanomaterials in cell culture
media through noncovalent functionalization, which involves the coating of the carbon nanomaterials
with hydrophobic PPG motifs anchored onto the material surface, with the hydrophilic PEG ends
extending to the aqueous solution and enabling the stability of the material in aqueous media.

Results of MTT assays upon treatment with carbon nanomaterials at 3 ug-mL~! (Figure 2) and
0.6 ug-mL~! (Figure S4) show that the cell viability was cellular type, time and dose-dependent. Viability
decrease was more pronounced on the highly active metabolically Caco-2 cells. Cell viability follows
the order CNP < CNH < RGO < CNT < GO < ND for both Caco-2 and MCE-7 line cells. The sequence in
cell viability that resulted from the MTT assays for the different carbon nanomaterials tested here can be
explained taking into account the surface chemistry of carbon nanomaterials. Thus, oxygen functional
groups on the surface of carbon nanomaterials shield the hydrophobic domains. Two groups of carbon
nanomaterials can be distinguished here, the hydrophilic ones, ND and GO, which present low effect
on cells, and the hydrophobic ones, CNT, RGO, CNH and CNP, which inhibited cell viability in more
extent. The highest viability values correspond to ND, whose surface is rich in functional groups,
which make them ideal nanocarriers for building drug delivery systems. However, as it will later be
discussed, ND efficiently load hydrophilic drugs, such as DOX, which readily attach to their functional
groups on their surface, rather than hydrophobic drugs, such as CPT.

Figure 3 shows that, compared to the other carbon nanomaterials, CNP produced the highest
ROS levels, more pronounced for Caco-2 cells. We also found enhancement of ROS levels for cells
treated with CNH respect to those treated with CNT and RGO. No significant ROS level alterations
were however observed for ND and GO.

As for the apoptosis study, the combination of annexin V and PI has been used to discriminate
early apoptotic cells from late apoptotic and necrotic ones. Results collected in Figure 4 and Figure S6
show that the hydrophobic carbon nanomaterials induced late apoptosis/necrosis for both Caco-2 and
MCE-7 cells, being more pronounced for CNH. Anticancer drug CPT at 0.8 ug-mL~!, whose toxicity
was much larger than that of all carbon nanomaterials studied here, was used as positive control.

The effect of carbon nanomaterials on cell cycle progression in Caco-2 and MCF-7 cells is shown
in Figure 5 and Figure S7. Cytometric analysis showed no significant differences in the percentage of
cells in the individual phases of the cell cycle for all the tested carbon nanomaterials and untreated
cells, particularly for MCF-7 cells

67



Nanomaterials 2020, 10, 1617

Taking these results all together, we conclude that ND and GO show low toxicity, which is due to
the oxygenated functional groups on their surface that shield the hydrophobic domains. On the other
hand, CNH and CNP induce Caco-2 and MCF-7 late apoptosis/necrosis and enhanced ROS levels,
which could be associated with the higher decrease in cell viability, compared to other hydrophobic
carbon nanomaterials such as CNT and RGO. This could probably be due to the “dahlia-like” CNH
morphology, consisting of small structures containing sharp conical ends, that may produce damage to
cells, as well as the sharp edges of the highly fragmented CNP platelets [78,79]. Finally, CNP were
found to induce the most elevated levels of ROS, which would contribute to the highest observed
decrease in cell viability. The effect is noticeably more pronounced on the more rapidly dividing
Caco-2 cells.

It is worth noting that CNH was reported to inhibit proliferation of human liver cell lines and
promoted apoptosis [80]. In contrast, other authors reported low toxicity for CNH [69,81,82]. It has to
be noted that low toxicity reports correspond to CNH synthesis methods leading to oxidized CNH,
such as CO; laser ablation or arc discharge. Thus, oxygen functional groups on the surface would
shield hydrophobic carbon domains from interactions with cellular membranes. CNH studied here
were produced by direct vaporization of graphite, with very low O content, which was confirmed by
XPS (Table 1). This highlights the importance of carbon nanomaterial source when drawing meaningful
conclusions from toxicity studies.

Finally, the potential of carbon nanomaterials materials in the field of drug delivery of anticancer
drug was compared here. Drug delivery systems based on noncovalent interactions have several
advantages compared with covalent conjugation. Thus, extra steps required in chemical conjugations
are not necessary. Also, because the drug structure is not chemically altered, drug molecules released
from such delivery systems are expected to exert their predicted pharmacological effects. Many clinically
used chemical drugs possess aromatic rings, such as DOX, playing the r— stacking interactions the
major role in drug delivery systems [83]. It is known that the loading efficiency for DOX decreases
when using CNTs with higher levels of PEGylation, due to the increased hydrophilicity of the surface.
Furthermore, faster release rates of DOX were observed for these higher PEGylated CNTs owing to the
lower affinity of DOX to the PEGylated CNT [84].

Due to their sp? carbon structure and inherent hydrophobic nature of carbon nanomaterials,
all of them (except ND) are capable of establishing noncovalent —m stacking interactions for the
formation of anticancer DOX and CPT complexes. As for the hydrophobic drug CPT (Figure 7a),
the more hydrophobic the carbon nanomaterial is, the more C sp2 domains has and the more efficient
is the loading of CPT, through strong 7—m interactions, which explains the results shown in Figure 6.
Thus, the highest improvement in CPT anticancer activity compared to the free drug was observed for
RGO and CNT nanocarriers.

On the other hand, because of its high surface free energy, ND rarely exist as a single particle,
and usually form clusters of tens to hundreds of nanometers, even when they are dispersed in
a solution by strong ultrasonication. Drug molecules can be assembled on the surface of ND clusters
or in the nanoscale pores inside the ND clusters (Figure 7b) by noncovalent interactions [77,85].
The highest improvement in DOX activity compared to that of the free drug was observed for ND.
However, ND were not efficient in loading the more hydrophobic drug, CPT. Results for higher ND
concentration up to 20 pg-mL~! shown in Figure S8 show that the efficiency was worse than those at
0.6 ug~mL‘1, probably due to ND aggregation forming higher size clusters, which offer less surface
area for drug loading and more difficulty to enter the cells.
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(b)

Figure 7. Schema of mechanism of interaction between drugs (in red) and carbon nanomaterials
(in black): (a) CPT/CNT and (b) DOX/ND. (F-127 is depicted in blue).

Carbon nanomaterials display unique physicochemical properties making them potentially
useful for bioapplications and competitive when compared to micelles, polymeric nanoparticles,
dendrimers, and liposomes, to name a few. Thus, they offer high surface area for multiple drug
adsorption through m—m stacking interactions and, as for ND, drugs bound to the abundant functional
groups on their surface show enhanced chemotherapeutic efficacy. Much research activity has
been devoted to perform in vivo experiments, either by systemic administration and localized drug
delivery strategies [86]. Remarkably, carbon nanomaterials have also received much attention in
imaging and diagnostics. Thus, due to their strong absorption in the IR or NIR regions, they can
be used in cancer photothermal therapy (PTT). Also, they are useful in fluorescence [87,88] and
photoacoustic imaging (PAI) [89-91]. Intrinsic carbon nanomaterial Raman vibrations allow monitoring
their in vivo distribution and metabolism [32,33]. ND presenting nitrogen-vacancy centers have
intrinsic fluorescence properties, and therefore are interesting tools for imaging and diagnostics [75].
Finally, carbon-based nanomaterials are emerging as potential candidates for the development of
synthetic scaffolds in tissue engineering [92-95].

Long-term fate of carbon nanomaterials has been the subject of much concern and the origin
of much skepticism surrounding their in vivo applications, as are presumed to be biopersistent.
Despite discrepancies in findings on the clearance mechanism, majority of the studies have suggested
that increasing the degree of functionalization enhanced renal clearance, while lower functionalization
promoted RES accumulation (i.e., liver and spleen) [96]. Several groups have reported that carbon-based
nanomaterials are susceptible to biodegradation as a result of the key role played by the immune
system [97].

5. Conclusions

Cytotoxicity evaluation after 24 h and 72 h of incubation with various carbon nanomaterials
shows differential effects on Caco-2 and MCF-7 cells. Cell viability followed the order CNP < CNH
< RGO < CNT < GO < ND, being more pronounced in the more rapidly dividing Caco-2 cells.
ND and GO showed the lowest toxicity, due to the presence of oxygen functional groups on carbon
nanomaterial surface, that shield the hydrophobic carbon domains. High hydrophobicity, together with
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the morphology containing sharp conical ends in CNH and sharp edges in CNP would account for the
high cell viability decrease, enhanced ROS level and apoptosis/necrosis. Remarkable high ROS levels
were obtained for CNP, more pronounced on Caco-2 cells.

There is a lack of ROS generation from both cell lines after incubation with ND, as well as the
lowest apoptosis values, which further supports that ND provide the lowest toxicity among the carbon
nanomaterials tested here, which make them an ideal carrier for designing drug delivery systems.
ND form clusters of tens to hundreds of nanometers, wherein drugs can be loaded by interaction with
their surface functional groups, and therefore ND will be much more efficient in loading hydrophilic
drugs, such as DOX, which readily attach to their functional groups on their surface, rather than
hydrophobic drugs. In contrast, CNT and RGO, which also have low toxicity among the hydrophobic
carbon nanomaterials tested here, offer available surface area for 77 interactions with aromatic rings,
leading to high CPT loading efficiency, due to the strong -7 stacking interactions formed with CPT.
Remarkably, CPT is a more potent anticancer agent than DOX, so developing new drug delivery
systems for CPT is of high interest.

Several obstacles must be overcome before carbon nanomaterials can be suitable for clinical use.
The major challenge and current limitation in this area is still the potential long-term toxicity concerns of
carbon nanomaterials. Comparative in vitro studies of cytotoxicity of carbon nanomaterial synthesized
from different sources are needed as screening and risk-to-benefit assessment, together with drug
loading efficiency studies, to further develop advanced multi-functional carbon nanomaterials for
cancer theranostic applications.
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Abstract: Nanodiamonds of detonation origin are promising delivery agents of anti-cancer therapeutic
compounds in a whole organism like mouse, owing to their versatile surface chemistry and ultra-small
5 nm average primary size compatible with natural elimination routes. However, to date, little is
known about tissue distribution, elimination pathways and efficacy of nanodiamonds-based therapy
in mice. In this report, we studied the capacity of cationic hydrogenated detonation nanodiamonds
to carry active small interfering RNA (siRNA) in a mice model of Ewing sarcoma, a bone cancer of
young adults due in the vast majority to the EWS-FLI1 junction oncogene. Replacing hydrogen gas
by its radioactive analog tritium gas led to the formation of labeled nanodiamonds and allowed us to
investigate their distribution throughout mouse organs and their excretion in urine and feces. We also
demonstrated that siRNA directed against EWS-FLI1 inhibited this oncogene expression in tumor
xenografted on mice. This work is a significant step to establish cationic hydrogenated detonation
nanodiamond as an effective agent for in vivo delivery of active siRNA.

Keywords: nanodiamond; tritium; biodistribution; Ewing sarcoma; drug delivery; siRNA;
nanomedicine

1. Introduction

The use of nanoparticles as vectors for drug delivery has been largely described by the scientific
community during these past decades, with numerous applications [1,2]. Nanoparticles facilitate
intracellular delivery and protection of the cargo against degradation, therefore they present many
advantages for the vectorization of small nucleic acids such as small interfering RNA (siRNA). The
latter are used to control gene expression by silencing targeted genes. Considering their intrinsic
poor cellular penetration and low stability in biologicals medium [3,4], siRNA must be associated to
an effective carrier. Different types of siRNA transporting agents have been reported either organic
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(e.g., liposomes, cationic polymers or dendrimers [5]), inorganic (e.g., metallic nanoparticles such
as gold, iron, titanium [4]) or mineral like clay [6], silica nanoparticles [7] and nanodiamonds [8,9].
Most inorganic nanocarriers present a good-to-high chemical stability; they have a low toxicity at
therapeutic dose of the drug:carrier conjugate and are able to deliver their cargo compounds into
cells. Nevertheless, the high stability of inorganic nanoparticles goes with the fact that they are not
biodegradable, and for pharmacological applications, this can be a limiting factor. Therefore, for the
safe development of these particles, it is crucial to determine their possible elimination pathways after
administration and study how they are distributed in the body.

Here, we report on the use of cationic detonation nanodiamonds (DND) for the delivery of siRNA
directed against Ewing sarcoma (ES) junction oncogene EWS-FLI1 to ES tumor xenografted on mice.
Ewing sarcoma is a rare bone and soft tissue cancer [10] which is caused in the vast majority of cases
by the formation of EWS-FLI1 oncogene. To carry siRNA, DND surface needs to be modified to be able
to bind negatively charged nucleic acids by electrostatic interactions. One strategy relies on cationic
polymer coating of diamond surface, which is either done by electrostatic interaction [9,11] or by
covalent grafting [12,13]. However, polymer coating may lead to the formation of large aggregates
by crosslinking DND to other DND via polymer chains bridging. Another strategy, the one selected
for this study, is based on the direct surface modification of DND using hydrogen gas combined
with microwave plasma or with annealing method. Both hydrogenation methods were recently
compared [14]. It was shown that after such reductive treatment, the hydrogenated DND (H-DND)
can be dispersed in water, and acquire a positive surface charge characterized by a zeta potential
of ~+50 mV [15]. In a previous work, we described that H-DND can carry efficiently siRNA to ES
cultured cells and promote specific targeted EWS-FLI1 oncogene inhibition [16]. We want to extend
this strategy to preclinical study now. Considering the very high chemical stability of diamond,
these further investigations have to consider the risk of accumulation in the body after inoculation,
as already described for larger nanodiamonds (around 50 nm diameter), produced by a different
process than detonation [17]. However, owing to their small unitary size (3-8 nm) DND are good
candidates for in vivo applications. Indeed, particles smaller than the filtration cutoff of kidney can be
eliminated through urines, after glomerular passage, and since this limit for kidney is around 7-10
nm (depending of the molecule shape) [18,19], H-DND could be eliminated through this pathway.
Indeed, Riojas et al. [20] showed that hydroxylated 7-nm sized DND further functionalized with
radiolabeled amino groups are efficiently eliminated in urines if the solution is filtered before being
intravenous injected.

In this work, we describe an original method that we developed to treat ES in vivo by injecting
DND:siRNA complexes, and to determine the organ distribution of these DND. To this aim, we used
DND labeled with tritium by annealing method [21]. We show that siRNA (i) can be loaded onto
hydrogenated or tritiated DND (H-DND and T-DND, respectively), (ii) can efficiently inhibit EWS-FLI1
in ES tumor model xenografted on mice and (iii) that the organ distribution and elimination of T-DND
can be measured thanks to its radioactivity.

2. Materials and Methods

2.1. Preparation of Hydrogenated and Tritiated DND and Associated Suspensions

The procedures are detailed in reference [21]. DND (Reference: G02 grade, primary size 3-8 nm,
from PlasmaChem GmbH, Berlin, Germany) were first manually milled in a mortar and then annealed
using appropriate gas.

2.1.1. H-DND Aqueous Suspension

A mass of 30 mg of as-received and manually milled DND were placed in a quartz tube (3.5 mL)
with an isolation valve, an in/out gas connection and connected to a cold trap. Vacuum was created
and H; gas was loaded at 250 mbar pressure. The tube was placed in an oven, and connection was
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made with a trapping set-up. The oven was turned on during 1 h at 550 °C. The powder was then
pumped for 30 min before disconnection and air exposure. Particles were dispersed in ultrapure water
(resistivity: 18.2 M().cm) and sonicated (Model UP400S, 300 W and 24 kHz, from Hielscher GmbH,
Teltow, Germany) for 1 h under a cooling system. Aggregates of particles were then removed by
centrifuging the suspension for 40 min (acceleration: 2400x g, speed: 4754 rpm) and the supernatant
was collected, forming the stock H-DND aqueous suspension. The final concentration was calculated
by measuring the mass of particles after drying a calibrated volume of the supernatant.

2.1.2. Mixture of T-DND and H-DND (Later Denoted T-DND to Simplify) Aqueous Suspension

As-received manually milled DND were first pre-oxidized to remove native C-H groups to achieve
a more quantitative control of tritium added to the surface [21]. To this aim, 100 mg was placed in
an alumina crucible under air for 1 h 30 min at 550 °C. Then, 30 mg of these pre-oxidized DND were
annealed for 4 h at 550 °C, using the same process that for H-DND with 10% T, and 90% H; gas
mixture (in order to obtain the desired activity). To remove all the labile tritium atoms, the treated
powder was poured into methanol (4 mL) and the solvent was evaporated. The operation was repeated
twice and the powder was then stored dried under a nitrogen atmosphere. Quantification of the
tritium incorporation was assessed by measuring the activity (using liquid scintillation counting) in
the combustion gas after the total combustion of T-DND in air (3 h at 600 °C). We measured a total
specific activity of 13 mCi.mg™!.

The synthesized T-DND (4 mg) were dispersed in ultrapure water (3 mL) and sonicated (3 mm
conical microprobe Vibracell 75043, 750 W, 28% amplitude, Sonics & Materials, Inc., Newton, CT,
USA) for 1 h under a cooling system. To remove highly aggregated particles, the suspensions were
centrifuged for 40 min (2400x g, 4754 rpm) followed by supernatant separation. A liquid scintillation
counting was performed on the supernatant, yielding a specific activity of 18 mCi/mL.

To reduce the high specific activity of the suspension, T-DND from the supernatant (10 uL) were
mixed with a solution of H-DND (2 mg/mL, 2.1 mL). The later was prepared following Section 2.1.1
method with a small adjustment: in order to be consistent with the tritium treatment, this H-DND
suspension was also prepared from pre-oxidized DND treated for 4 h under H, at 550 °C. The final
DND solution was split in 3 sealed vials (0.7 mL each). The total activity measured by liquid scintillation
counting of this final solution was 97 uCi/mL.

2.1.3. Additional Pre-Injection Washing of T-DND Solution.

Before injection to mice, the T-DND solution was centrifugated (acceleration 10,600x g for 3 h at
10 °C) in order to eliminate residual labile tritium atoms by exchange with water. Washed T-DND
could then be stably suspended in water, and only 2% of the total initial tritium radioactivity was lost
in the supernatant (see Supplementary Table S1).

2.2. Hydrodynamic Size and Electrophoretic Mobility Characterizations DND Solution

Hydrodynamic size and zeta potential of H-DND and DND:siRNA complexes in solution were
measured by dynamic light scattering (DLS) using a NanoBrook 90Plus PALS (Brookhaven Instruments,
Holtsville, NY, USA) in 1 cm thick cuvette in deionized water. Hydrodynamic sizes are inferred from
the scattered intensity autocorrelation function. The latter was then analyzed with the non-negative
constrained least squared method [22], which is one of the methods of reference to infer the size from
polydisperse suspensions. The size values reported correspond to the dominant population. For
radioactive nanodiamonds, measurements were performed in a sealed cuvette.
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2.3. siRNA Sequences and Binding siRNA to Hydrogenated or Tritiated DND and siRNA Binding Capacity
Assay

2.3.1. siRNA Sequences

siRNA was purchased from Kaneka Eurogentec S.A. (Seraing, Belgium). The sequence
complementary to the EWS/FLIT fusion oncogene (siAS) is: sense strands 5'-GCAGCAGAACCCUUC
UUAUd(GA)-3’ and antisense strand 5-AUAAGAAGGGUUCUGCUGCA(CC)-3’. The control
irrelevant sequence (siCt) is: sense strand 5'-CGUUACCAUCGAGGAUCCAJ(AA)-3’ and the antisense
strand 5'-UGGAUCCUCGAUGGUAACGA(CT)-3'.

2.3.2. Binding siRNA to Hydrogenated or Tritiated DND and siRNA Binding Capacity Assay

siRNA complexation to cationic DND was performed by slowly dropping a siRNA solution to
cationic DND solutions placed in a sonication bath (Ultrasonic cleaner, VWR International S.A.S.,
Fontenay-sous-Bois, France) at its maximum power during 10 min, maintaining room temperature
in the bath. The measurement of hydrodynamic size and zeta potential were performed afterwards.
The determination of the binding capacity of siRNA to nanodiamonds was performed by mixing to a
fixed concentration of siRNA (0.3 ug/mL) an increasing concentration of H-DND from 0 to 600 pg/mL
in 100 mM NaCl, 10 mM HEPES pH 7.2 buffer, in a fixed 60 pL final volume. After centrifugation
(16,000x g at 10 °C for 15 min), non-complexed free siRNA concentrations were measured on 30 uL
of the supernatants to which an equal volume of 1 pug/mL ethidium bromide (EtBr, Sigma-Aldrich
S.a.rl, Saint-Quentin Fallavier, France) was added. The mixtures were placed into a 96-wells plate,
then analyzed with a fluorescence plate reader (Glomax Multi+, Promega, Charbonnieres-les-Bains,
France) set at 525 nm excitation and 580-640 nm bandpass detection wavelengths, to infer the free
siRNA amount. The results are presented as the fraction of the fluorescence intensity relative to the
one of the total amounts of siRNA before adding DND. Experiments were realized in triplicate.

2.4. Measurement of EWS-FLI1 Inhibition in Cultured Cells by RT-gPCR

One day before treatment, 3 x 10° human Ewing sarcoma cells A673 were seeded in 12 wells-plate
in DMEM medium (Gibco, Life Technologies S.A.S., Courtaboeuf, France) containing 10% fetal calf
serum (Gibco, Life Technologies S.A.S., Courtaboeuf, France) and 1% Penicillin, streptomycin solution
(Gibco, Life Technologies S.A.S., Courtaboeuf, France) and then incubated at 37 °C, with 5% CO, and
95% hygrometry. Then the medium was discarded and replaced by 500 puL of 75 nM siRNA bound to
H-DND at a mass ratio of 5:1, 25:1 or 50:1 (H-DND:siRNA) in DMEM medium containing 10% fetal calf
serum and 1% penicillin and streptomycin solution, for 24 h at 37 °C, 5% CO, and 95% hygrometry.
Comparatively, same conditions are used with 75 nM of siAS bounded to Lipofectamine 2000 (Life
Technologies S.A.S., Courtaboeuf, France) added to cells in serum containing medium. Then, the
medium was discarded, and the cells were lysed by 400 uL of Trizol solution (Invitrogen) and collected
in Eppendorf tubes. Total RNA were extracted by adding 60 pL of chloroform:isoamyl alcohol (49:1).
After centrifugation at 13,000 rpm for 15 min at 10 °C, 150 uL of the aqueous phase was precipitated
by adding 150 pL isopropanol for 15 min at room temperature followed by centrifugation for 15 min
at 13,000 rpm. Pellets were washed twice with 70% ethanol solution and dried. Plellets were then
solubilized with water (10 uL) containing 0.5 U/uL of RNasin (Promega, Charbonniéres-les-Bains,
France) and RNA was quantified with a spectrophotometer (NanoDrop™, Life Technologies S.A.S.,
Courtaboeuf, France). The cDNA was prepared by heating 1.5 ug of RNA in 12.5 uL of water at
75 °C for 5 min and with 2 uL of 50 pg/mL random primer (Promega). Then, 4 uL of 5X M-MLV
buffer (Promega), 0.5 uL. ANTP 20 mM (Promega), 0.5 uL RNasin 40 U/uL (Promega) and 0.5 pL
M-MLV Reverse Transcriptase 200 U/uL (Promega) were added and incubation was performed for
15 min at 25 °C followed by 1 h at 42 °C. EWS-FLI1 mRNA expression is performed by gPCR on 5 puL
of 1/20 diluted cDNA, 0.4 uL of each primer at 10 mM concentration, 4.2 puL deionized water and
10 uL of 2X KAPA SYBR® FAST Master Mix (Sigma-Aldrich S.a.rl, Saint-Quentin Fallavier, France).
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PCR was performed for 40 cycles in fast mode on a StepOnePlus™ system (Applied Biosystems, Life
Technologies S.A.S., Courtaboeuf, France). EWS-FLI1 gene was amplified with EWS-forward primer:
5-AGC AGT TAC TCT CAG CAG AAC ACC-3’ and FLII-reverse: 5'-CCA GGA TCT GAT ACG
GAT CTG GCC-3’. As a control, we used GAPDH gene with forward primer: 5-CAA GGT CAT
CCATGA CAA CTT TG-3, and reverse primer: 5-GTC CAC CAC CCT GTT GCT GTA G-3'. We
normalized the number PCR cycle threshold C; for the target sequence to the one for GAPDH control
gene. Experiments are performed in triplicate.

2.5. In vivo Experiments

2.5.1. Animal Experimentation

Animal experiments were performed in accordance with the ethical project submitted and
approved by the ethical committee N°26 regulating the animal facility at Gustave Roussy Institute
(Villejuif, France) and under national agreement N°2013-062-01223.

2.5.2. Biodistribution of Nanodiamonds in Mice

We injected 100 uL of PBS buffer containing 3 x 10® A673 cells in the right flank of male nude
mice. When the tumors appeared, we injected in the tail veins of the mice 100 uL of water for injectable
preparation containing either siRNA (5 mg/kg) alone, T-DND (25 mg/kg) alone or siRNA complexed to
T-DND (5 mg/kg siRNA mixed to 25 mg/kg T-DND, i.e., mass ratio: 5:1). We then placed the mice in
metabolic cages for 4 h or 24 h. At these times, 3 mice of each condition were humanely sacrificed, the
tissues were withdrawn and their weights are determined. About 0.1 g of each tissue is sampled and
solubilized with 1 mL of Solvable™ (PerkinElmer, Courtaboeuf, France) heated during 3 h at 55 °C.
After the transfer of the solubilized tissues in scintillation tube, solutions were clarified by adding
100 uL of 30% hydrogen peroxide (Sigma-Aldrich S.a.r], Saint-Quentin Fallavier, France). Then 10 mL
of Ultima Gold (PerkinElmer, Courtaboeuf, France) were added before the radioactivity measurements
were performed during 1 min with 1409 DSA scintillation counter (Wallac/PerkinElmer, Courtaboeuf,
France). The results are expressed as deionized counts per minutes per unit mass of tissue (cpm/g) or
as the percentage of the injected dose to the whole organs. All urines from cabinet containing animal
group receiving a same treatment (in these conditions, measurement is a global statistical value) were
collected. Experiments were carried out in triplicates for each condition. For a healthy mouse, the
glomerular filtration rate of a compound intravenously injected is about 7 puL/min per g, leading to an
almost full elimination after 3 h [23]. Therefore, at our observation times of 4 h and 24 h, we should be
able to detect T-DND in urines, if they could be eliminated through this pathway.

2.5.3. Measurement of EWS-FLI1 Inhibition in Nude Mice

EWS-FLI1 expression in tumor was measured after intravenous injection in the tail vein of
nude mice of 100 pL of antisense or control siRNA 5 mg/kg bound to H-DND at mass ratio of 5:1
(H-DND:siRNA) or free H-DND for 24 h. Then a fragment of the tumor was sampled and placed
in a tube containing 400 uL of Trizol solution (Invitrogen, Life Technologies S.A.S., Courtaboeuf,
France). A ceramic ball was added and tissue homogenization was performed for 30 s in TissuLyser II
(Quiagen Paris, Courtaboeuf, France). Finally, EWS-FLI1 expression was quantified by RT-qPCR as
previously described.

2.6. Statistical Analysis

Data are presented as means and either standard deviation or standard error on the mean.
Statistical significance was evaluated using GraphPad Instat 3.10 software (GraphPad Sofware, San
Diego, CA, USA). For all the comparisons between two conditions, we used the non-parametric
Wilcoxon-Mann-Whitney two sample rank test (two-tailed p value provided), while for the comparison

81



Nanomaterials 2020, 10, 553

between more than three conditions we applied a Kruskal-Wallis test, followed by Dunn’s Multiple
Comparisons Test. One star (*) corresponds to p < 0.05, ** to p < 0.01 and *** to p < 1073.

3. Results

3.1. Characterization of the Hydrogenated and Tritiated Nanodiamond Suspensions

After hydrogenation or tritiation by annealing using molecular gases (see methods and [21]), we
suspended the treated DND powder in distilled water by sonication. We measured hydrodynamical
diameters of DND clusters ranging from about 60 nm to about 90 nm for H-DND and T-DND colloidal
suspensions, respectively (Supplementary Table S2). These results are in agreement with previous
colloidal studies on hydrogenated DND [21,24] and also with the transmission electron microscopy
observations we reported in Ref. [16] (see Figure 4a in this reference), showing H-DND aggregates of
~50 nm in size at the cell membrane.

3.2. Loading Capacity of Nanodiamonds for siRNA Binding

We quantified the loading capacity of H-DND for siRNA binding. To this aim, we measured by
fluorescence (see Materials and Methods), for a fixed amount of siRNA, the remaining free unbound
siRNA for increasing amounts of hydrogenated nanodiamonds. The results are presented in Figure 1
for two conditions: one in which H-DND and siRNA were simply mixed, the other in which the
mixing was done under sonication, both for the same duration. For these two conditions, the complete
fixation of siRNA occurred at the same mass ratio m.pNp/Msirna Of 10:1. These data suggest the
sonication assistance leads to a faster adsorption of siRNA onto H-DND, resulting from the larger
thermal agitation brought by ultrasound waves.
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Figure 1. Binding of siRNA to hydrogenated detonation nanodiamonds (H-DND). Free siRNA as
function of increasing quantity of H-DND (H-DND-22 samples) added to a fixed initial quantity of
siRNA. The results are presented as the percentage of initial siRNA. Orange/blue with or without
(respectively) sonication during the siRNA to H-DND complexation. Experiments were performed in
triplicates. Number over each point represent the mass ratio mgy.pnp/msirna - The statistical comparison
tests between sonicated and non-sonicated conditions yield p = 0.021 (*) for mass ratio 1:1 to 5:1 and
non-significant differences starting from mass ratio 10:1 to higher ones.

3.3. Effect of siRNA Binding to Nanodiamonds on the Hydrodynamic Size and Zeta Potential of Complexes

Figure 2 displays the variation of the hydrodynamic size and zeta potential of H-DND:siRNA
complexes upon increase of the DND:siRNA mass ratio. The experiment was carried out under two
conditions: with or without sonication during complexation. We observed that for mass ratios lower
than 10 the particles hydrodynamic size is around 80 nm (Figure 2a). Then, the size increased strongly
for mass ratio between 10 and 40 to return to the initial size for mass ratio higher than 40. We conclude
that strong aggregation occurred only for mass ratios between 10 and 40.
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Figure 2. Variation in hydrodynamic size (in intensity) and zeta potential of siRNA bound to increasing
mass ratio of H-DND (H-DND-22 sample). Complexes were prepared with or without sonication. (a)
Size measurement by dynamic light scattering (DLS). (b) Zeta potential determination.

Looking at the zeta potentials of each solution (Figure 2b), we observed that for mass ratios lower
than 10, the surface charge is negative (around —30 mV) corresponding to an excess of siRNA covering
nanodiamonds. For mass ratios between 10 and 40, a surface charge inversion occurs with a zeta
potential close to +40 mV for a mass ratio of 40. In between, the low zeta potential of the complexes
promotes their aggregation, as observed on Figure 2a. For mass ratios higher than 40, the positive
zeta potential reflects an excess of hydrogenated nanodiamonds. Sonication have no effect on surface
charge but promote smaller aggregates, as observed on the DLS profiles (Figure 2a).

Moreover, considering that we inject the H-DND:siRNA conjugate in the blood, we could have
some concern regarding its aggregation in such a complex environment. However, it is well established
(see for example S. Hamelaar et al. [25]) that the serum favors the dispersion of electrostatically-charged
nanoparticles when they are dispersed in a culture medium. In order to confirm these data with
our specific conjugate, we formed a solution of H-DND:siRNA at the same mass ratio of 5:1 used
in the in vivo experiment, and measured its hydrodynamic diameter in DMEM culture medium
supplemented with 10% Fetal Bovine Serum. We found a diameter of 35 nm, a value even smaller than
the diameter of 90 nm of the same conjugate in pure water (see Table S2), which is a strong indication
that injecting intravenously an aqueous suspension of H-DND:siRNA (mass ratio 5:1), will rather
induce a small deagglomeration than an aggregation in the blood circulation.

3.4. Inhibition of EWS-FLI1 on Ewing Sarcoma Cultured Cells

We first studied the efficacy of H-DND prepared by annealing under hydrogen gas, as vector for
siRNA delivery to human Ewing sarcoma A673 cells. We used different mass ratios between H-DND
and siRNA, from 5:1 to 50:1. We observed on Figure 3 that 35% inhibition is obtained with these cationic
H-DND for mass ratios higher than 25. In comparison, commercially available cationic liposomes
Lipofectamine 2000 used in similar conditions in the presence of serum during transfection show a
lower efficacy with only 18% inhibition. It is to note that in recommended conditions (transfection
in serum free medium) Lipofectamine 2000 yields 70% inhibition on this cell model [9]. The efficacy
of siRNA transfection by H-DND in serum containing medium is crucial for further applications
in animals.
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Figure 3. Inhibition of EWS-FLIT expression in A673 Ewing sarcoma cultured cells by siRNA vectorized
by H-DND (sample H-DND-24) or Lipofactamine 2000. Cells are treated during 24 h in DMEM medium
containing 10% of fetal calf serum by 75 nM siRNA. The H-DND:siRNA mass ratio was 5:1, 25:1 or 50:1.
siAS: antisense siRNA directed against EWS-FLI1 oncogene; siCt: control irrelevant siRNA sequence
(see methods). Experiments were performed in triplicate. Comparisons were all done relative to the
“Ct” condition using the Wilcoxon-Mann-Whitney two sample rank test, that yielded ps,; = 0.018,
pas:1 = 0.009; psp:1 = 0.036, piipo = 0.019; ns: non-significant.

3.5. Inhibition of EWS-FLI1 Expression in Mice

We then evaluated the efficacy of siRNA vectorized by T-DND to inhibit EWS-FLII in tumor
xenografted on mice. We produced EWS-FLI1 tumor model by grafting A673 cells in the flank of nude
mice. We used tritiated DND to conduct both the inhibition and biodistribution studies using the same
mice. We selected the mass ratio of 5:1, first of all to ensure that all T-DND are covered by siRNA. Our
hypothesis was that such a configuration would favor the detachment of siRNA molecules which
interact only by a portion of their total length with the T-DND surface. Moreover, the mass ratio of 5:1
also ensures that the injected suspension is not too viscous, since at the given necessary dose of siRNA
and volume of solution to be injected, the concentration of T-DND remains low enough to have a small
impact on the viscosity of the aqueous suspension. Finally, high dose of cationic vector may be toxic
as observed in cultured cells. For all these reasons, we favored the smallest H-DND concentration,
corresponding to the 5:1 mass ratio.

We injected the T-DND radiolabels in the tail vein of mice, using either uncomplexed T-DND or
with siRNA complexed to them. We did not include a free siRNA group because we already established
that free siRNA is not able to inhibit EWS-FLII oncogene [26]. We considered 6 to 8 nude mice per
condition, which were placed in metabolic cage. After 4 h or 24 h, mice were humanly sacrificed. For
the efficacy study, we only considered the 24 h group. Using RNA extracted from tumors, we then
quantified EWS-FLI1 expression by RT-qPCR. The normal level of EWS-FLI1 expression is provided by
mice treated by non-complexed T-DND. We also used an irrelevant siRNA complexed with T-DND as
a specificity control. We observed on Figure 4 that the irrelevant T-DND:siRNA treatment has no effect.
The EWS-FLIT antisense siRNA complexed to T-DND inhibits the EWS-FLI1 expression by about 50%.
These results confirm that H/T-DND:siRNA is able to inhibit EWS-FLII in this Ewing sarcoma tumor
model grafted on nude mice.
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Figure 4. Inhibition of EWS-FLI1 expression in tumor xenografted on mice treated for 24 h by siRNA
vectorized by tritiated DND (T-DND) at a mass ratio of 5:1 (T-DND:siRNA). The tumor was formed
from A673 Ewing sarcoma cells grafted in the right flank of the mice (1 = 6 to 8 animals per condition).
T-DND:siRNA was intravenously injected in the mouse tail vein. RNA was extracted from the tumor
of mice sacrificed 24 h after treatment, and RT-qPCR was performed using GAPDH as housekeeping
gene. Standard error on the mean are indicated. siAS:siRNA against EWS-FLI1 oncogene; siCt:
irrelevant. A significant difference between T-DND:siAS and T-DND-siCt is observed (*) according to
the ppynn value <0.05, inferred from a Kruskal-Wallis test (p = 0.0094) followed by a Dunn multiple

comparisons test.
3.6. Biodistribution of Nanodiamonds in Nude Mice

For an efficient use of H-DND produced by annealing for siRNA delivery to Ewing sarcoma
tumor xenografted on mice, it is important to determine their tissue distribution and elimination,
which is made possible by radioactivity measurement using their radioactive analogs T-DND. The
different tissues of the mice of the efficacy study (Section 3.5) were collected, homogenized and then
the radioactivity was determined as presented in Figure 5. We also collected urines and feces at the
same time points. We observed that T-DND accumulated mainly in the liver, lung, spleen, kidney and
also the heart for T-DND:siRNA. There are no significant changes between 4 h and 24 h in the quantity
of T-DND found in the different tissues. For kidney, spleen, lung and heart, T-DND complexed with
siRNA accumulated more than uncomplexed T-DND. The radioactivity is recovered in all tested tissues
at a lower level. We did not observe high accumulation in the tumor. Nevertheless, the dose measured
in the tumor is four time larger than the one in the blood.

One of the major questions for the use of mineral origin nanoparticles for biomedical applications
is how they may be eliminated after injection in animals. The radioactive fraction recovered in urines
was 0.15% of the injected dose per mouse. Unfortunately, after centrifugation of urines, we found
that all radioactivity was recovered in the supernatant. This indicates that no T-DND was eliminated
through the kidney pathway. The very small detected radioactivity is probably the one of water
consecutive to exchange of H with labile T. Note that 4 h after injection in the kidney we detected about
0.25% of the radioactive T-DND:siRNA injected dose. This can be due either to the smallest T-DND
being filtrated by the glomeruli but then reabsorbed by the tubules and/or to T-DND aggregates not
being able to cross the glomeruli. This last hypothesis is in agreement with the fact that uncomplexed
T-DND accumulated about twice less in kidney than the one associated to siRNA, which present
a higher aggregation state. Another possible elimination pathway is by the feces. Thanks to the
metabolism cage, we estimated that the total collected amount of feces after 24 h had a radioactivity
representing about 0.19% for H-DND:siRNA and 0.13% for H-DND of the injected doses per mouse
(Figure 5b), which is about 6 times larger than the one after 4 h (0.03% and 0.02% for H-DND:siRNA
and H-DND, respectively), indicating a linear elimination with time, in perfect agreement with the
constant value of radioactivity in feces sampled in the rectum at 4 h and 24 h (Figure 5a). Indeed, since
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the majority of DND are captured by liver cells, their transfer to the intestine lumen by the bile may be
the main way for T-DND elimination.
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Figure 5. Mouse organ distribution of uncomplexed T-DND or complexed with siRNA at mass ratio
5:1 of T-DND:siRNA. The total radioactivity of each tissue is measured after 4 h and 24 h for 3 animals
per series. Error bars: standard deviations. (a) Radioactivity presented as count per minutes (cpm)
per gram of tissue or feces. The latter corresponds only to the fraction collected in the rectum of each
animal. (b) Radioactivity from each full organ, presented as the percentage of the total injected dose.
Feces were collected for all the animals simultaneously in the same metabolism cage, but the total
amount, including non-expelled feces is not known which is why we could not include feces data in B.
ND + siAS: DND complexed with siRNA sequence antisense for EWS-FLIT oncogene. The differences
between error bars for the different conditions are due to (i) the variability between animal groups, and
(ii) to the fact that the T-DND quantifications were done only on portions of ~100 mg of each organ,
and that we cannot exclude an inhomogeneous distribution of T-DND within the organs.

4. Discussion

In a previous work, we had demonstrated that cationic hydrogenated detonation nanodiamonds
can deliver active siRNA to Ewing Sarcoma cell in culture [16]. Here, we wanted to establish if small
hydrogenated DND are able to deliver active siRNA in vivo to mice model of Ewing sarcoma. In order
to investigate simultaneously their biodistribution, we produced hydrogenated and tritiated detonation
nanodiamonds via their exposure to a mixture of H, and T, molecular gases at 550 °C under controlled
pressure. The characterization in size and surface charge was performed by DLS measurement and
zeta potential determination (Table S2). We observed that H-DND are cationic with a zeta potential
of ~+45 mV and have a hydrodynamic size of ~60 nm. H-DND positive charge favored electrostatic
attachment of siRNA onto the nanoparticles and the measured DLS size larger than the 7-nm primary
size indicated some aggregation. This size difference is partly due to the measurement methods, as
unitary diamond size is the one of its hard core as observed by high-resolution transmission electron
microscopy, whereas DLS yields the hydrodynamic size, that is larger because it takes into account
the water dipole molecule attached to the core and moving with it under Brownian motion. Our data
indicate that H-DND are present in the aqueous suspension in the form of aggregates of an average
number of eight primary 7 nm sized particles.

The binding capacity of H-DND was studied by mixing to a constant quantity of siRNA an
increasing quantity of H-DND and the full binding of siRNA was obtained for 10 times excess of DND
(Figure 1). Hydrodynamic size and zeta potential variations during the titration process of siRNA
with H-DND (Figure 2a) indicated that for mass ratio around this point of saturation (in the 10 to
~40 mass ratio range) the size of H-DND:siRNA complexes increased to form large aggregates. The
sonication during siRNA and H-DND association process decreased the size of the aggregates but did
not prevent it. For mass ratio smaller than 10 or larger than ~40 the nanoparticle hydrodynamic sizes
were close to the ones of uncomplexed H-DND (<100 nm, Table S2). Furthermore, the slightly smaller
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size of the H-DND:siRNA complex under sonication indicates its high colloidal stability. This strong
binding capacity of H-DND presents advantages for animal applications to prevent desorption of the
cargo before complexes reach their target cells. Finally, during the titration process, the zeta potential
decreased from +50 mV for an excess of H-DND (mass ratios larger than 20) to a negatively charged
complexes (zeta potential ~-30 mV) for mass ratios smaller than 10 (Figure 2b). The sonication did
not change the mass ratio transition threshold. This observation is consistent with the aggregation
happening once all nanodiamonds have lost their charges due to the complexation with siRNA. It is
worth to note that the global charge of the complexes could be tuned to negative (mass ratios smaller
than 10) or to positive (mass ratios larger than 20), resulting in the formation of complexes that may
interact differently with cell membrane and lead to different siRNA delivery efficacy [27].

In the prospect of using H-DND for anticancer gene delivery in mice, we first validated the
delivery of these cationic DND by their capacity to transport a siRNA cargo directed against EWS-FLI1
oncogene in cultured A673 human Ewing sarcoma cells and by detecting a gene inhibition efficacy.
We observed that H-DND vectorized siRNA inhibited EWS-FLI1 expression by 30-40% (Figure 3). In
comparison with previous results [16], the inhibition of EWS-FLII expression by siRNA transported by
DND hydrogenated via annealing is lower than the one obtained with plasma hydrogenated DND
vectors. This may be due to the slightly larger aggregation of DND hydrogenated via annealing,
leading to a lower internalization efficiency [28].

One key question regarding the use of non-biodegradable nanoparticles for drug delivery in
animal is to determine whether they are eliminated, through which pathways, and where in the body
the non-eliminated fraction accumulates. It was shown that “large” ND of 50 nm primary size reside
in animal tissues a few weeks after injection [17]. However, “small” ND of size compatible with
kidney elimination may overcome this limitation. Indeed, nanoparticles smaller than 6-8 nm have
been already reported to be filtered at the glomeruli level [18,19]. In this respect, detonation ND
with primary size included between 3 and 8 nm and even smaller [29] are good candidates for such
elimination. For this study, we prepared radioactive tritiated DND to be able to trace these ultra-small
particles after injection to mice. We observed that the liver, spleen and lung contained much more
radioactive amount than the other tissues (Figure 5). Moreover, T-DND carrying siRNA accumulated
more in kidney, spleen, heart and lung, with a slow increase from 4 to 24 h. Unfortunately, we observed
a limited accumulation of T-DND in the tumor compared to other tissues such as muscles, heart or
kidney. This indicated that Enhanced Permeability and Retention (EPR) [30] effect did not occur for
these complexes or/and that the tumor had no aberrant vascularization responsible for EPR effect.
Nevertheless, T-DND:siRNA quantity was stable in the tumor between 4 h to 24 h which is the time
range needed to induce the silencing effect. During the first 24 h, the blood radioactivity did almost
not decrease, which indicated that DND were only very slowly eliminated from the circulation.

The main possible elimination pathways are urines and feces. Radioactivity from urines could
come from both T-DND or tritiated water. The later could originate from a fraction of tritium desorbing
from T-DND and exchanging with hydrogen in water. Using ultracentrifugation, we measured
this labile tritium fraction to be 5% (see Table S1). In order to reduce the amount of free tritium
in the injected solution, all T-DND:siRNA complexes were prepared from T-DND purified by this
ultracentrifugation process. However, even after such purification, there is a remaining fraction of 2%
free tritium. This value provides a lower bound of T-DND detection sensitivity in urines. Urines were
collected globally for each group of mice and their radioactivity was measured in 1 mL of solution
and in 1 mL of ultra-centrifugated supernatant. We observed the same values of radioactivity before
and after centrifugation (Table S1) within a margin of error larger than the detection sensitivity lower
bound. Hence, the radioactivity found in urines most likely comes from the residual free tritium
present in the injected solution and not from T-DND. We therefore consider that T-DND were not
eliminated in urines, or only very slowly. The possible reasons for the absence of T-DND in urine are (i)
the formation of aggregates too large to be filtrated or/and (ii) ultrasmall DND reabsorbed by kidney
tubules, the first one (i) being the most likely, considering previous observations of Rojas et al. [20]
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who showed that membrane-filtrated DND are eliminated in urines, much more efficiently than the
aggregates dominant in the original suspension.

We then explored the other possible elimination pathway, by collecting the feces from the rectum
and we measured their radioactivity. We observed a high radioactive signal in the feces. The amount of
radioactivity in the feces fraction is larger than the one of free tritium in the injected volume, according
to the labile tritium release measurements (Table S1), therefore we shall conclude that DND are present
in the feces which therefore constitute one of the elimination pathways. It is likely that DND are
eliminated though the bile by liver filtration. Since the bile goes into the intestinal lumens, DND are
then incorporated to the feces. This result is of high importance because it states that ultrasmall DND
can be partly eliminated from mouse body after intravenous administration.

Furthermore, if we consider the radioactivity balance between injected doses per mouse and the
total amount collected, only about 25% of the dose is recovered in the sampled fractions. The 75% of
not-measured radioactive T-DND are localized in the carcass containing skin, not removed muscles,
bones and so on, and probably a part has also been eliminated through other routes. Indeed, the
elimination pathways are multiple in animals. Some authors propose expectoration as an alternative
way of elimination. Considering that DND also accumulated into the lung (Figure 5), they may be
engulfed by macrophages which further direct them into the alveoli where they may be finally expulsed
through the pharynx by the mucociliary system [31]. Further investigations would be necessary to
evaluate the expectorated fraction.

Finally, regarding the silencing efficacy of EWS-FLII in Ewing sarcoma cells xenografted tumor
by siRNA delivered by T-DND, we observed a 50% inhibition by the antisense siRNA compared to
irrelevant siRNA. The latter yielded a similar effect than the T-DND alone, i.e., no inhibition. This
result indicates that despite a low accumulation of T-DND in the tumor, the siRNA is delivered to
the cancer cells where they silence the targeted oncogene. Note that although the in vitro inhibition
efficacy is similar to the in vivo one, one cannot generally extrapolate in vitro results to in vivo ones
which justifies our study. Finally, in order to treat the mouse and reduce the tumor size, we could
combine a conventional anticancer treatment like vincristine to the H-DND-siRNA one, as we showed
in our previous in vitro study [16].

Overall, our study represents a significant step towards the use of ultra-small solid nanoparticles
which are able to deliver efficiently active siRNA to tumor cell in animals and are also eliminated from
their body subsequently.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/3/553/s1,
Table S1: Determination of free tritium in nanodiamond suspension and in mice urine after injection; Table S2:
Size measurement of hydrogenated and tritiated DND conjugated or not to siRNA, in water and culture medium
supplemented with serum.
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Abstract: The inhibition of platelet activation is considered a potential therapeutic strategy for the
treatment of arterial thrombotic diseases; therefore, maintaining platelets in their inactive state has
garnered much attention. In recent years, nanoparticles have emerged as important players in modern
medicine, but potential interactions between them and platelets remain to be extensively investigated.
Herein, we synthesized a new type of carbon dot (CDOT) nanoparticle and investigated its potential
as a new antiplatelet agent. This nanoparticle exerted a potent inhibitory effect in collagen-stimulated
human platelet aggregation. Further, it did not induce cytotoxic effects, as evidenced in a lactate
dehydrogenase assay, and inhibited collagen-activated protein kinase C (PKC) activation and Akt
(protein kinase B), c-Jun N-terminal kinase (JNK), and p38 mitogen-activated protein kinase (MAPK)
phosphorylation. The bleeding time, a major side-effect of using antiplatelet agents, was unaffected
in CDOT-treated mice. Moreover, our CDOT could reduce mortality in mice with ADP-induced
acute pulmonary thromboembolism. Overall, CDOT is effective against platelet activation in vitro via
reduction of the phospholipase C/PKC cascade, consequently suppressing the activation of MAPK.
Accordingly, this study affords the validation that CDOT has the potential to serve as a therapeutic
agent for the treatment of arterial thromboembolic disorders

Keywords: nanoparticles; carbon dots; platelet aggregation; arterial thrombosis; signaling molecules;
bleeding disorder

1. Introduction

Platelet activation has been associated with several thrombotic diseases. While it plays a vital role
inregulating hemorrhagic events, hyperactivity can lead to a range of complications. In general, patients
with cardio- and cerebrovascular ailments are found to have more reactive platelets than normal,
healthy individuals. Thrombotic diseases pose a severe threat to humans as they may elicit significant
injury and even lead to death. Several studies have recommended that intravenous heparin and tissue
plasminogen activators are effective for treatment [1,2]; nevertheless, these are unsafe and may lead
to severe bleeding and problems associated with reocclusion and reinfarction [3]. The inhibitors of
antiplatelet drugs, such as the P, Y1, receptor, integrin oy, 33, cyclooxygenase, and phosphodiesterase,
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are also widely used; however, they have serious limitations. Further, phosphatidylinositol 3-kinase
inhibitors have been proposed as potential antithrombotic agents [4], but they also are associated with
some major restrictions for use as drugs.

Nanoparticles can be defined as any particulate materials that range from 1 to 100 nm in size in at
least one dimension [5], and they are ubiquitously distributed in the environment. In fact, humans are
often exposed to airborne nanoparticles [6]. Their size can be manipulated to facilitate their passage
across biological membranes and affect cell physiology [7]. Berry et al. [8] reported the substantial
accumulation of nanoparticles in platelets in pulmonary capillaries and anticipated that there might
be a predisposing factor for platelet aggregation and microthrombi formation. Nanoparticles are
not proposed for systemic use as they can interfere with platelet function and increase the risk
of cardiovascular diseases and vascular thrombosis [9]. However, some types of nanoparticles
have been developed for therapeutic purposes that can target the injured vascular site to mimic
platelet function [10] or enhance blood clotting [11]. Nevertheless, their undesirable, antiaggregating
properties are of a significant concern in nanomedicine, impeding their widespread application in the
clinical setting.

Carbon dots (CDOTs) have become the most important type of nanoparticles, considering their
favorable biological properties. They are obtained from natural carbon sources and their average
diameter is < 10 nm [12]. These nanoparticles have even been acquired from organic substances
and are constant in water media, which is tremendously noteworthy from a biological point of
view [13], especially in drug delivery, bioimaging, optical imaging, and biosensing due to their high
biocompatibility [14]. A study reported that, in comparison to CDOTs, the application of noncarbon
quantum dots has not received adequate attention, as they are associated with severe health and
environmental concerns [15]. Yan et al. [16] reported the antihemorrhagic effects of novel water-soluble
carbon quantum dots, and their results indicated the explicit hemostatic effect of these nanoparticles.
CDOTs, isolated from egg yolk oil, demonstrated a hemostatic effect in mice via the stimulating intrinsic
blood coagulation and fibrinogen systems [17]. Another relevant study showed that CDOTs from the
Phellodendri Cortex carbonisatus considerably reduced bleeding time and coagulation parameters and
significantly increased platelets without inducing toxicity when administered in mice [18]. Mariangela
Fedel has recently reviewed the hemocompatibility of carbon nanostructures [19]. However, in general,
the antiplatelet aggregating effects of CDOTs have not been extensively explored. Therefore, in this
study, we investigated the antiplatelet and antithrombotic effects of a new type of CDOT in human
platelets and mice, respectively.

2. Materials and Methods

2.1. Reagents

Collagen (typel), 9, 11-dideoxy-11«, 9x-epoxymethanoprostaglandin (U46619), and thrombin were
purchased from Chrono-Log Corporation (Havertown, PA, USA). Anti-phospho-p38 mitogen-activated
protein kinase (MAPK) (Thr180/Tyr182), anti-phospho-c-Jun N-terminal kinase (JNK) (Thr183/Tyr185),
anti-phospho-(Ser) protein kinase C (PKC) substrate, anti-JNK polyclonal antibodies (pAb),
and anti-p38 MAPK and anti-Akt monoclonal antibodies (mAb) were purchased from Cell Signaling
Technology (Beverly, MA, USA). Anti-phospho-Akt (Ser473) pAb was purchased from Biorbyt
(Cambridge, UK), and anti-pleckstrin (p47) pAb was purchased from Gene Tex (Irvine, CA, USA).
Hybond-P polyvinylidene difluoride (PVDF) membranes, enhanced chemiluminescence (ECL) Western
blotting detection reagent, and the analysis system were purchased from GE Healthcare Life
Sciences (Buckinghamshire, UK). Horseradish peroxidase-conjugated goat anti-rabbit and anti-mouse
immunoglobulin G antibodies were obtained from Jackson ImmunoResearch Laboratories (West Grove,
PA, USA).
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2.2. Preparation of CDOTs

Fresh garlic (Allium sativum) cloves were purchased from a local market in Taiwan, which were
then peeled, crushed, and suspended in ultrapure water. This suspension was vigorously stirred
for 1 h at 40 °C. The extract was filtered twice to remove insoluble materials and then freeze-dried.
The obtained powder was stored at —20 °C until required. For CDOT synthesis, 100 mg of the garlic
extract powder was dissolved in 3 mL water and poly (diallyldimethylammonium chloride) mixture
(1/0.5, v/v). The clear transparent solution obtained was heated in a domestic microwave oven for
5 min at 600 W and then cooled to ambient temperature (25 °C). The obtained yellow-brown solution
was diluted with ultrapure water and dialyzed against water for 2-3 h through a dialysis membrane.

2.3. Characterization of the Synthesized CDOTs

Crystallographic information pertaining to the CDOTs was collected using an analytical X-ray
diffractometer (X'Pert PRO, Malvern, Worcestershire, UK) using Cu Ka radiation (A = 0.1541 nm).
A Fourier transform infrared (FT-IR) spectrometer (Bruker IFS28, Billerica, MA, USA) in the range of
4000-400 cm™~! was used for the characterization of functional groups on the surface of the CDOTs, with
an average of 21 scans. The sample was prepared as pellets using KBr (IR grade). Ultraviolet-visible
(UV-vis) spectra were documented using a Thermo Scientific Evolution 220 spectrophotometer
(Waltham, MA, USA), whereas fluorescence spectral measurements were taken using a PerkinElmer
LS-45 spectrometer (Waltham, MA, USA). The morphological information on the prepared CDOTs
was obtained through field-emission transmission electron microscopy (FE-TEM, JEOL JEM-2100F,
Akishima, Tokyo, Japan).

2.4. Preparation of Washed Human Platelets and Lactate Dehydrogenase (LDH) Release Assay

This study was performed in accordance with the Declaration of Helsinki, and the Institutional
Review Board of Taipei Medical University approved all protocols (IRB: N201612050). All volunteers
provided informed consent before they participated in this study. Anticoagulated human blood with
acid—citrate-dextrose (1:9) was collected from healthy human volunteers who had not eaten any drugs
within a time of two weeks prior to the analysis. The method described by Sheu et al. [20] was used for
preparing human platelet suspensions. The platelets were suspended in Tyrode’s solution, and calcium
chloride was then added, with the final concentration of Ca’* being 1 mM.

The cytotoxicity of the CDOTs was evaluated using an LDH release assay. Washed
platelets (3.6 x 108 cells/mL) were pretreated with 50-500 pM CDOTs or a solvent control
(PBS; phosphate-buffered saline) for 20 min at 37 °C and then centrifuged at 5000 g for 5 min.
The supernatant obtained was used for the assay. Briefly, 10 pL of the supernatant was placed on a
Fuji Dri-Chem slide (LDH-PIII) (Tokyo, Japan), and the absorbance was measured at 540 nm using a
UV-vis spectrophotometer (UV-160; Shimadzu, Japan). The LDH activity of 1% Triton X-100-treated
washed platelets indicated 100% LDH release.

2.5. Platelet Aggregation

Platelet aggregation was monitored using a lumi-aggregometer (Helena Laboratories, Beaumont,
TX, USA), as previously described [20]. The platelet suspension (3.6 X 108 cells/mL) was preincubated
with various CDOT concentrations (25-120 uM) or an isovolumetric solvent control (PBS) for 3 min
before the agonists were added. The reaction was permitted to continue for at least 10 min and the
level of aggregation was calculated in light transmission units. The amplitude and slope of platelet
aggregation were automatically calculated using the aggregometer.

2.6. Western Blotting

Washed platelets (1.2 x 10° cells/mL) were preincubated with the CDOTs (65 uM and 90 uM) for
3 min before treating them with collagen to induce platelet activation. A lysis buffer (200 pL) was used
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for platelet resuspension after the reaction was complete. Proteins (80 pug) from the supernatants were
separated using 12% SDS-PAGE and electrophoretically transferred to PVDF membranes (Bio-Rad,
Hercules, CA, USA). The membranes were blocked with 5% BSA in Tris-buffered saline (10 mM
Tris-base, 100 mM NaCl, and 0.01% Tween 20) for 1 h and probed with various primary antibodies,
followed by incubation with horseradish peroxidase-labeled anti-rabbit or anti-mouse immunoglobulin
G antibodies for 1 h. Antibody-bound proteins on the membranes were detected using an ECL system
and quantified using Bio-profil Biolight (version V2000.01; Vilber Lourmat, Marne-la-Vallée, France).

2.7. Tail Bleeding Time in Mice

ICR mice (20-25 g, 5-6 weeks old, male) were obtained from BioLasco (Taipei, Taiwan).
All procedures and protocols were approved by the Affidavit of Approval of Animal Use Protocol, Taipei
Medical University (LAC-2018-0360). The bleeding time was measured after 10 min of intravenous
administration of 1 mg/kg CDOTs or PBS (control). The tail of anesthetized mice was cut 3 mm from
the end and then directly immersed in normal saline at 37 °C. The bleeding time was recorded until no
sign of bleeding was observed for at least 10 s.

2.8. ADP-Induced Acute Pulmonary Thromboembolism in Mice

According to our previous method, we used ADP to induce acute pulmonary thromboembolism
in mice [21]. A fixed dose of the CDOTs (1 mg/kg) or PBS was intravenously injected, and after 10 min,
ADP (0.7 mg/g) was injected into the tail vein. The lungs were then removed and placed in 4% formalin,
and paraffin-embedded sections were stained with hematoxylin—-eosin and then photographed using
ScanScope CS (Leica Biosystems, Wetzlar, Germany). The mortality rate was recorded in all animal
groups within 1 h of the injection.

2.9. Statistical Analysis

Data are expressed as mean + standard error of the mean (SEM), and convoyed by the number
of observations (1). n represents the number of experiments, and each experiment was performed
using different blood donors. Statistical significances were analyzed for the in vivo experiments using
unpaired Student’s t test. One-way analysis of variance (ANOVA) was implemented to determine
variations between the experimental groups and, if the analysis exhibited a significant difference, they
were compared using the Student-Newman-Keuls test. p < 0.05 indicated statistical significance.

3. Results
3.1. Characterization of the CDOTs

3.1.1. X-ray Diffraction Analysis

The X-ray diffraction (XRD) pattern revealed that one diffraction peak at 26 of 23.6° corresponded
to disordered carbon atoms and the (002) graphite lattice, as shown in Figure 1A, and this finding was
consistent with that previously reported for CDOTs [22].

3.1.2. FT-IR

The FT-IR spectrum observed for the garlic clove is rather similar to that of the CDOTs, indicating
that the functional groups were, indeed, successfully provided the garlic clove, as illustrated in
Figure 1B. The broad absorption band centering at 3427 cm~! should be associated with the O-H
stretching vibration mode of the hydroxyl functional groups in the garlic clove. The weak bands at 2940
and 1413 cm™! confirm the presence of CH; groups, whereas the bands at 921 and 1568 cm™! revealed
the presence of oxygen-containing functional groups. The peaks at approximately 2944 and 1405 cm™
were assigned to the C-H and C-N stretching vibration modes, and the absorption at 680 cm™! could
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be ascribed to the C-S group [23]. Consequently, the as-prepared CDOTs were mainly composed of
different functional groups on their surface, which is favorable for sustainable applications in biology.

3.1.3. UV-vis Spectroscopy

The UV-vis absorption spectra of the CDOTs, as shown by the blue line in Figure 1C, showed a
comparable absorption band ranging from 200 to 600 nm, concordant with an earlier study on N-doped
CDOTs produced by Wu et al. [24]. The CDOTs water solution produced solid blue light under UV
irradiation of 365 nm, as shown by the right inset in Figure 1C. The CDOTs exhibited very strong FL
in the range of 380-600 nm, with the maximum peak at around 446 nm, as shown by the red line in
Figure 1C.
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Figure 1. Characterization of the synthesized CDOTs. (A) X-ray diffraction (XRD), (B) Fourier
transform infrared (FT-IR) spectra, and (C) UV-vis absorption spectra, as described in the Materials
and Methods section.
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3.2. LDH Assay and FE-TEM

Herein, we explored the probable toxic effects of the synthesized CDOTs on platelets by observing
the release of cytosolic LDH. The CDOTs (50 uM and 100 uM) did not provoke any substantial discharge
of LDH from platelet cytosol, even at concentrations of up to 200 uM, as shown in Figure 2A. Thus,
they evidently did not disturb platelet membrane integrity or induce cytotoxicity at concentrations as
high as 200 uM. A slight increase was observed at a higher concentration of 500 uM. LDH activities
measured from the 1% Triton X-100-treated platelets were regarded as 100% release.

The morphological features and average particle sizes of the CDOTs are shown in Figure 2B.
The synthesized CDOTs had a crystalline structure and were well distributed in water without
aggregation. Furthermore, they were round in shape with a normal diameter of 3 nm [25].
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Figure 2. Cytotoxicity and morphology of the CDOTs. (A) Washed platelets (3.6 x 108 cells/mL) were
preincubated with PBS (control) or the synthesized CDOTs (50, 100, 200 and 500 uM) for 20 min,
and a 10 pL suspension of the supernatant was deposited on a Fuji Dri-Chem slide (LDH-PIII). (Ba—f)
Field-emission transmission electron microscopic images. The arrows indicate sizes and morphologies
of CDOTs. Values represent mean + SEM (11 = 6).
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3.3. Inhibition of Platelet Aggregation Stimulated by Collagen

The CDOTs led to concentration-dependent (25-120 uM) inhibition of platelet aggregation induced
by collagen (1 ug/mL), as shown in Figure 3A,B, but not by U46619 (1 uM), a prostaglandin endoperoxide
(thromboxane A receptor agonist), or thrombin (0.01 U/mL), even at higher concentrations of 120 uM,
as shown in Figure 3C,D. Almost full inhibition was observed at 90 uM in collagen stimulated
aggregation, as shown in Figure 3B. As a result, the IC5( (65 uM) and maximal concentration (90 uM) of
the CDOTs were chosen to observe the potential inhibitory mechanisms in collagen-activated platelets.
The CDOTs suppressed maximal platelet aggregation, stimulated by collagen, but not by U46619 and
thrombin, as shown in Figure 4A, whereas the slopes of platelet aggregation revealed that the CDOTs
also significantly reduced the lag time induced by these agonists, respectively, as shown in Figure 4B.
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Figure 3. Inhibitory effects of the CDOTs on human platelet aggregation. Washed platelets
(3.6 x 108 cells/mL) were preincubated with PBS (control) or the synthesized CDOTs (25-120 uM)
and subsequently treated with (A,B) 1 pug/mL collagen, (C) 1 uM U46619, and (D) 0.01 U/mL thrombin
to induce platelet aggregation. The IC50 and maximal inhibitory concentrations are shown in B.
The inhibitory profiles (A-D) are representative examples of four similar experiments. The delayed lag
phase of platelet aggregation noticed in CDOT-pretreated platelets stimulated by either U46619 (C) or
thrombin (D).
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Figure 4. Maximal aggregation and slope of aggregation curves. (A) Concentration-response bar
diagrams of the synthesized CDOTs, demonstrating their inhibitory activity for maximal aggregation
(%). (B) Slope of platelet aggregation, as calculated from the linear part of the aggregation trace.
Values represent mean + SEM (n = 4). ** p < 0.01 and *** p < 0.001, compared with the control
(ctl; PBS-treated) group.

3.4. Inhibition of PKC Activation (p47; Pleckstrin) and Akt, JNK1/2, and p38 MAPK Phosphorylation

We additionally investigated the mechanisms by which the CDOTs inhibited platelet aggregation.
Their effects on PKC activation (p-p47) and Akt (protein kinase B), JNK1/2, and p38 MAPK
phosphorylation are shown in Figure 5. The CDOTs (65 and 90 uM) significantly and, in a
concentration-dependent manner, suppressed PKC activation in collagen-activated platelets, as shown
in Figure 5A. Akt is a serine/threonine-specific protein kinase, which acts a major element in numerous
cellular events, such as platelet activation, cell proliferation, apoptosis, and cell migration [26].
The CDOTs markedly inhibited collagen-induced Akt phosphorylation, as shown in Figure 5B.
Furthermore, the CDOTs inhibited JNK1/2 and p38 MAPK [27] phosphorylation, which were elevated
in collagen-stimulated platelets, as shown in Figure 5C,D, respectively.
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Figure 5. Effects of the CDOTs on PKC activation, and Akt, JNK1/2, and p38 MAPK phosphorylation in
collagen-activated platelets. Washed platelets (1.2 x 10 cells/mL) were preincubated with PBS (control)
or the synthesized CDOTs (65 and 90 M), and subsequently, collagen (1 pg/mL) was added to trigger
(A) PKC activation (p-p47) and (B) Akt, (C) J]NK1/2, and (D) p38 MAPK phosphorylation. Values
represent mean + SEM (n = 4). * p < 0.05 and *** p < 0.001, compared with the control (PBS-treated)
group. #p < 0.05, ## p < 0.01, and ### p < 0.001, compared with the collagen-treated group.

3.5. Effects of the CDOT5 on Tail Bleeding and Mortality in Mice with ADP-Induced Pulmonary Thromboembolism

Bleeding is a common side-effect of the antiplatelet drugs used in this study. We evaluated the
effects of the CDOTs on bleeding time via a tail transection model. The bleeding time was 65.3 +4.2's
(n = 8) in the control group, as shown in Figure 6A. After 10 min of intravenous administration of the
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CDOTs (1 mg/kg), the bleeding time was 69.4 + 5.7 s (n = 8). As is evident, the bleeding time was not
significantly affected.

Further, we investigated mortality in mice with ADP-induced acute pulmonary thromboembolism
treated with the CDOTs. The mortality rate of the animals with ADP-induced acute pulmonary
thromboembolism (0.7 mg/g ADP) was 75% (i.e., deaths of 6 mice, n = 8); however, pretreatment
with the CDOTs (1 mg/kg) considerably reduced the mortality rate to only around 25% (i.e., deaths of
2 mice, n = 8), as shown in Figure 6B. Hematoxylin—eosin was used to stain the lung tissues of the mice.
As shown in Figure 6C, the control group exhibited severe pulmonary thrombosis (arrows), whereas
the CDOTs (1 mg/kg) exerted substantial protective effects. Overall, these results showed that the
synthesized CDOTs had an eminent antiplatelet effect in vivo without the side-effect of bleeding.
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Figure 6. Effects of CDOTs on tail bleeding time and pulmonary thrombosis in experimental mice.
(A) Bleeding time was measured through tail transection after 10 min of intravenous administration of
PBS (control) or 1 mg/kg CDOTs. The bleeding time was continuously recorded until no sign of bleeding
was observed for at least 10 s. (B) For the study of acute pulmonary thrombosis, PBS (control) or
1 mg/kg CDOTs was intravenously administered to mice, and ADP (0.7 mg/g) was then injected through
the tail veins. (C) Pulmonary thrombosis (arrows) was observed by staining lung tissue sections with
hematoxylin—eosin. Scale bar: 100 um. Values represent mean + SEM (1 = 8). (D) Schematic illustration
showing the inhibitory effect of CDOTs in human platelets. CDOTs potently inhibit human platelet
activation by suppressing PKC activation and Akt, JNK1/2, and p38 MAPK phosphorylation without
inducing cytotoxicity. CDOTs reduced the mortality in ADP-induced thromboembolic mice and did
not affect bleeding tendency.
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4. Discussion

CDOTs have extensively been applied in different fields for drug delivery. They have also been
used in bioimaging and as effective biosensors for protein detection [14], considering their excellent
biocompatibility, good water solubility, low toxicity, high photoluminescence, and high photostability.
In this study, we synthesized a new type of CDOT from garlic. These nanoparticles were potent
at hindering collagen-induced platelet aggregation and only reduced the slope of the aggregation
curve (lag time) by U46619 and thrombin. Different physiological agonists (e.g., collagen, thrombin,
and ADP) activated platelets. The primary activation of agonists may be enriched by the secondary
activation induced by thromboxane A, from arachidonic acid or by ADP from the granules in platelets.
In the case of blood vessel injury, platelets adhere to the subendothelial matrix (collagen), causing
granule secretion and platelet activation. Collagen, a matrix protein which exists in the vascular
subendothelium and vessel wall, acts as substrate for platelet adhesion and potent platelet stimulator.
In this manner, collagen exerts as a key player in platelet activation.

To exclude the possible cytotoxic effects of the synthesized CDOTs on human platelets, we estimated
the leakage of cytosolic LDH. LDH, a soluble cytoplasmic enzyme which occurs in nearly all cells is
released into the extracellular space when the plasma membrane is injured. We found that the alteration
between the control and platelets subjected with 200 uM CDOTs was not substantial, suggesting
potential hemocompatibility. This result is concordant with that reported by Shrivastava et al. [28],
who established that silver nanoparticles did not disturb platelet membrane integrity, even at
concentrations as high as 500 uM. In addition, LDH release was not noticed from platelets after
exposure to 0.9-3.5 nM silver nanoparticles [29]. Moreover, in a recent study, Hajtuch et al. [30] reported
that functionalized silver nanoparticles, such as AgNPs-GSH, AgNPs-PEG, and AgNPs-LA, ranging in
size from 2 to 3.7 nm, inhibited platelet aggregation without releasing LDH. The results pertaining to
the effects of nanoparticles on platelets are inconsistent. Studies have found that gold nanoparticles
are inert [31] or activate [32] platelets. Silver nanoparticles have been reported to induce platelet
aggregation both in human platelets and in an animal models [33]. Huang et al. [34] demonstrated
that silver nanoparticles coated with polyvinyl pyrrolidone and citrate had no significant effects on
human platelet aggregation. In this study, we found that the synthesized CDOTs effectively inhibited
collagen-triggered platelet aggregation. Consistent with our findings, Ragaseema et al. [35] reported
the inhibitory effects of silver nanoparticles on platelet aggregation. In addition, Shrivastava et al. [28]
found that silver nanoparticles condensed ADP- and collagen-induced platelet activation with a
reduction in the slope of aggregation. These inconsistencies could be attributed to differences in size,
stabilization, and functionalization, as well as the method of nanoparticle synthesis.

In the present study, the CDOTs evidently inhibited collagen-stimulated platelet activation,
implying that they were effective in inhibiting platelet activation via a prominent phospholipase C
(PLC)-dependent mechanism. PLC, belonging to a family of kinases, hydrolyzes phosphatidylinositol
4,5-bisphosphate to yield two chief secondary messengers: diacylglycerol and inositol trisphosphate.
Diacylglycerol activates PKC-inducing pleckstrin (p47) phosphorylation and ATP release in activated
platelets, whereas inositol trisphosphate elevates calcium influx [36]. The observed antiplatelet effects
of the CDOTSs could be a result of the inhibition of the PLC-PKC cascade, leading to the suppression of
Akt and MAPK activation. Akt (a downstream regulator of PI3K)-knockout mice have been found to
demonstrate impaired platelet activation [22]. Hence, Akt inhibition may be considered as striking
antithrombotic targets. Conservative MAPKs are classified into ERK1/2, p38 MAPK, JNK1/2, and big
MAPK (ERKS5) [37]. ERK1/2, JNK1/2, and p38 MAPK participate in platelet activation [37]. MAPK
presents in platelets linked to the mechanistic role of several antiplatelet agents [38]. Adam et al. [39]
reported that JNK1 knockdown reduced platelet aggregation, with JNK17/~ platelets displaying
abnormal platelet granule secretion, and led to defective thrombus formation in mice. p38 MAPK
is associated with thrombus formation, as evidenced in p38 MAPK ™~ mice [39,40]. Therefore,
PKC, Akt, JNK1/2, and p38 MAPK are regarded as major targets of antiplatelet agents. A study
demonstrated that silica nanoparticles induced expressions of the phosphorylated JNK and p38 MAPK,
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and suppressed ERK phosphorylation in human umbilical vein endothelial cells [41]. In the current
study, the synthesized CDOTs markedly inhibited collagen-induced PKC, Akt, JNK1/2, and p38 MAPK
phosphorylation in a concentration-dependent manner.

The GPVI receptor induces strong signaling through the protein tyrosine kinase pathways that
results in the activation of PI3 and PLCy and Ca2* release. Since, in this study, CDOT effectively
inhibited collagen-induced platelet aggregation, GPVIreceptor-mediated inhibitory signaling pathways
maybe involved in this anti-aggregatory effect. Thus, we believe that the inhibition of these signaling
molecules by the CDOTs may lead to inhibitory effects on platelet activation. Miller et al. proved
the hypothesis that the biological activity of nanoparticles may be dictated by their composition,
size, and charge [42]. They found that human- or bovine-derived nanoparticles inhibited platelet
aggregation induced by two different agonists—one that activates the thrombin receptor and the other
that activates the collagen receptor—and they suggested that the inhibitory effects may be nonspecific,
possibly by reducing platelet-platelet interactions or by binding to these or other surface receptors.
Consistent with these discoveries, the current in vitro observation of the potent inhibitory effect of
CDOTs in collagen-induced human platelet aggregation may be due to its inhibition of platelet-platelet
interactions or by preventing binding with the collagen receptor. However, the detailed mechanisms
of these hypotheses remain to be explored.

The intravenous administration of nanoparticles has been previously reported to substantially
inhibit platelet aggregation in mice, indicative of their in vivo antiplatelet effects [28]. Furthermore,
Shrivastava et al. [28] conducted tail-bleeding assays to determine the presence of any opposing effect
on bleeding time and found that mice continued to live normally after nanoparticle administration.
Similarly, Kim et al. [43] found that silver nanoparticles were nontoxic to rodents, and in another more
relevant study, gold nanoparticles were observed to inhibit both thrombosis and considerably improve
the survival rates of mice, without increasing the bleeding risk [44]. These results are consistent
with those of this study, where even we found that CDOT administration reduced mortality in
thromboembolic mice without prolonging the bleeding tendency.

5. Conclusions

CDOTs have recently gained much attention worldwide. Herein we found that the synthesized
CDOTs could actively inhibit human platelet activation by suppressing PKC activation and Akt, JNK1/2,
and p38 MAPK phosphorylation. Furthermore, there was no cytotoxicity in vitro. The in vivo study
revealed that the CDOTs had an antithrombotic effect on the ADP-induced pulmonary thromboembolic
mice model. CDOTs attenuate ADP-induced severe pulmonary thrombosis via the potential recovering
of lung histopathology, reducing mortality and maintaining the normal bleeding tendency in mice.
Altogether, our results suggest that a direct application of CDOTs may contribute to the development
of new antiplatelet drugs for the treatment of arterial thromboembolic diseases.
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Abstract: (1) Background: The aim of this study was to optimize, through a cheap and facile protocol,
the covalent functionalization of graphene oxide (GO)-decorated cortical membrane (Lamina®) in
order to promote the adhesion, the growth and the osteogenic differentiation of DPSCs (Dental
Pulp Stem Cells); (2) Methods: GO-coated Laminas were fully characterized by Scannsion Electron
Microscopy (SEM) and Atomic Force Microscopy (AFM) analyses. In vitro analyses of viability,
membrane integrity and calcium phosphate deposition were performed; (3) Results: The GO-decorated
Laminas demonstrated an increase in the roughness of Laminas, a reduction in toxicity and did not
affect membrane integrity of DPSCs; and (4) Conclusions: The GO covalent functionalization of
Laminas was effective and relatively easy to obtain. The homogeneous GO coating obtained favored
the proliferation rate of DPSCs and the deposition of calcium phosphate.

Keywords: graphene oxide; covalent functionalization; cortical membranes; calcium phosphate
deposition

1. Introduction

In this study, we focused our interest on cortical membranes, commonly used in oral surgical
procedures, in order to improve their features thanks to a covalent enrichment with graphene oxide
(GO). In particular, we used a type of cortical membrane, namely Osteobiol® Lamina provided by
Tecnoss. Laminas, created by a registered trademark of Tecnoss, are made up of cortical bone of
heterologous origin and are demonstrated to increase the rate of physiological resorption of the
material [1]. Laminas have the compactness of bone tissue as well as a flexibility and adaptability that
derives from the superficial decalcification process tuned for their preparation [1]. These materials are
therefore used to improve bone tissue regeneration in cases in which it is important to reserve a space [2].
It is important to note that these tissue-derived materials are generally brittle and characterized by a
low resistance to fracture. These drawbacks were overcome by enriching the original material, i.e.,
hydroxyapatite, with different additives such as alginate/chitosan [3], titania [4] or carbon nanotubes
(CNT) [5].

Nowadays, graphene has emerged as a great alternative material for applications in biomedical
and regenerative engineering. Graphene is a two-dimensional (2D) carbon-based material which has
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sp? bonded carbon atoms arranged in a honeycomb lattice structure, with extraordinary electrical,
physical, and optical properties [6]. Since its discovery, graphene and its derivatives have been
widely investigated for the development of electrical devices and for biomedical applications such as
drug delivery systems, biosensors, and regenerative therapies [7]. Mechanically, graphene, despite
its flexibility, appears to be one of the strongest materials ever tested. [6] It is transparent, able to
conduct electricity and heat better than metals [8], chemically inert, and stable [9]. An increasing
number of studies have recently focused on the expansion of new potential applications of graphene
nanomaterials, with the aim to highlight the benefits of their use and to improve the application of
these nanomaterials [10].

Despite these properties, graphene has a very low solubility in both organic and aqueous solvents.
For this reason, hydrophilic graphene derivatives, namely Graphene Oxide (GO), have been widely
used and tested for pharmaceutical and biomedical applications. GO is hydrophilic, does not tend to
form aggregates, and is highly and homogeneously dispersible in water. GO has been demonstrated
to be a biocompatible material whose limited cytotoxicity depends on final concentration, shape,
sheet size, dispersibility, and degree of surface functionalization [10]. GO has been investigated for its
ability to enhance the proliferation and differentiation of several types of stem cells [11].

The aim of this study was to achieve the covalent functionalization of Laminas, by exploiting,
via a simple, cheap, and effective protocol, the capacity of oxygenated groups of GO to interact with
cortical membrane surfaces. Indeed, previously investigated GO-coatings [12-14] were obtained by
simply depositing GO on the elected substrates and therefore exploiting weak London, Van der Waals,
or hydrogen-bonding interactions. The concentrations of GO chosen are those that, in preliminary
biological assays and in previous studies [13,14], demonstrated not to be toxic for fibroblast cells and
favor osteogenic differentiation in dental pulp stem cells (DPSCs) on collagen membranes. The idea
is to demonstrate the ability of graphene oxide to improve Laminas biological properties as well as
promote the adhesion, the growth and the osteogenic differentiation of DPSCs (Dental Pulp Stem
Cells). DPSCs were chosen because of the easy access to the site collection. Besides, DPSCs have an
extensive differentiation ability and their capacity to interact with biomaterials makes them ideal for
tissue reconstruction [11].

2. Materials and Methods

2.1. Materials

Cortical membranes (0.5 X 0.5 X 0.2 cm) (Ostebiol® Lamina, Tecnoss) were a gift of Tecnoss dental
s.r.l. Pianezza (TO), Italy. GO was purchased from Graphenea, San Sebastian, Spain as an aqueous
solution of 4 mg/mL GO. This solution was diluted at the elected concentration and bath ultrasonicated
for 10 min (Elmasonic P60H, 37 kHz, 180 W) before use.

All other reagents were product of analytical grade from Merck KGaA, Darmstadt, Germany and
they were used as received.

2.2. Enrichment with Graphene Oxide

In order to prepare GO-coated Laminas, a protocol of covalent functionalization was optimized.
Firstly, the cortical membranes was activated by using a UV/ozone lamp (PSD-UV4 Novascan UV Ozone
System Base model, Novascan Technologies, Boone, NC, USA) for 15 min on each side. This permits
the subsequent coating with the functional groups. Secondly, the Laminas were dipped in 1 M
ethanolic solution of 3-aminopropyl triethoxysilane (APTES, commercial sample from Merck KGaA,
Darmstadt, Germany) for 3 h to obtain a thin, stable aminosilane layer on the activated membranes.
The so obtained aminosilane-functionalized membranes were rinsed with ethanol and deionized water.
Thirdly, these aminosilane-functionalized cortical membranes were dipped in graphene oxide aqueous
solution of two different concentrations, 5 or 10 pug/mL. In particular, 4 mL of homogenous dispersion
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of GO in water were added to 10 cortical membranes (ca. 21 mg) in a baker. The GO solution was left
into contact with samples overnight. Finally, membranes were left to dry at room temperature.
Samples were transferred in a 48 multi-well plate for the in vitro tests.

2.3. Sterilization of Cortical Membranes

Both pure and GO-coated Laminas were irradiated by using UV irradiation in the Herasafe KS 15,
class II, type A2 biological safe cabinet (Thermo Fisher Scientific, North Logan, UT, USA) for 1 h on
each side in order to sterilize the specimens.

2.4. Apparatus for Chemico-Physical Characterization of Laminas

Thermo-gravimetric analyses (TGA) were recorded on a TGA Q500 (TA Instruments, New Castle,
DE, USA) on ca. 12 mg sample. The runs were performed under nitrogen atmosphere by equilibrating
the samples at 100 °C for 20 min, following a ramp at 10 °C/min up to 800 °C.

The morphology of Lamina and GO-coated Laminas was evaluated by Atomic Force Microscopy
(AFM), using a Multimode 8 Bruker AFM microscope (Bruker, Milan, Italy) coupled with a Nanoscope
V controller and commercial silicon tips (RTESPA 300, resonance frequency of 300 kHz and nominal
elastic constant of 40 N-m~!) with a typical apex radius of 8 nm in Peak Force and ScanAsyst™ in
air mode.

By using this mode, it was possible, from the height panel, to calculate roughness and, from the
force curves recorded at various points, to calculate the Young’s modulus. In particular, NanoScope
Analysis software 1.8 enables to select the force curves registered at each point of the scanned surface
and, from each force curve, to calculate the Young’s modulus by fitting the linear part of the retracting
curve via a hertzian model. The deflection sensitivity and tip radius were calibrated, prior to use,
against standard sapphire.

2.5. Isolation and Culture of DPSCs

The Local Ethical Committee of the University “G. d’Annunzio” Chieti-Pescara approved the
project (approval number 1173, date of approval 31/03/2016), in agreement with the Declaration
of Helsinki. Dental pulps were extracted from third molars derived from young male and female
people (age range 18-28 years) which underwent surgical procedures. All patients signed informed
consent. The study involved only impacted teeth without dental pathologies. After the extraction,
the surrounding tissues were mechanically eliminated and processed as reported in our previous
work [15].

Samples were rinsed with phosphate-buffered saline (PBS), maintained in Minimum Essential
Medium («-MEM) (Merck KGaA, Darmstadt, Germany) supplemented with 10% of Foetal Bovine
Serum (FBS) and 1% antibiotics (penicillin/streptavidin mixture, EuroClone S.p.A, Milan, Italy) and
sent to the laboratory for stem cells extraction [15]. When cells covered 80-90% of the flask area
(subconfluence condition) they were subcultured. Antigen expression of CD29, CD45, CD105, CD73
CD90 and SSEA-4 was checked by flow cytometry [15].

2.6. DPSCs Culture on Laminas

Cells from the fourth passage (Figure S1 of the Supporting Information) were seeded on Laminas,
10,000 cells/cm? were used and cultured up to 28 days. Two hundred twenty Laminas for each
experiment were used, fifty-five Laminas were used for each experimental point. Experiments were
repeated for three times. At the established times cells were harvested and processed for the required
analyses. The cells were cultured in «-MEM medium supplemented with differentiation factors
such as 10 nM dexamethasone, 0.2 mM ascorbic acid and 10 mM [-glycerophosphate, as reported
elsewhere [16,17].
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2.7. Scannsion Electron Microscopy (SEM) Analysis

Samples were fixed with 1.25% glutaraldehyde in 0.1 M cacodylate buffer for 30 min, dehydrated
through alcohol ascending series and then dried with hexamethyldisilazane followed by gold-coating.
All micrographs were obtained at 15 kV on compact desktop Phenom XL SEM microscope.

2.8. Alamar Blue Cell Viability Assay

The Alamar blue test was performed in triplicate for each experimental sample at each experimental
time. Cells viability was measured after 3, 7, 14 and 28 days of culture. The test is based on the
reduction of Alamar blue reagent (Thermo Scientific, Rockford, IL, USA), performed only by viable
cells, into a red product. At established experimental times the medium was replaced by a new one
added with 10% of Alamar blue reagent, incubated for 4 h at 37 °C. A spectrophotometric reading
at 570 and 600 nm wavelength was performed. The negative control was established as the value
obtained without cells. The percentage reduction of Alamar blue reagent was calculated following the
manufacturer instructions.

2.9. Lactate Dehydrogenase (LDH) Cytotoxicity Assay

To evaluate biomaterial cytotoxicity, LDH release into the medium was measured by means of
CytoTox 96 non-radioactive cytotoxicity assay (Promega, Madison, WI, USA) at each time point (3, 7,
14 and 28 days). The LDH leakage in each well was normalized to the lysis value obtained in a lysis
well of the same experimental point in which a lysis solution was added to the medium

2.10. Alizarin Red S (ARS) Staining

Alizarin red S is a calcium-sensing dye. DPSCs, differentiated towards the osteogenic phenotype,
are able to deposit and to induce the mineralization of extracellular matrix rich in calcium
phosphate, which can be identified by Alizarin red S. Calcium deposits are detectable for their
bright orange-red color.

The DPSCs in each well were rinsed twice with PBS, PBS was discarded and DPSCs were fixed
in paraformaldehyde 4% for 15 min at room temperature and then washed with deionized water.
Alizarin red S staining solution 40 mM (Merck KGaA, Darmstadt, Germany) was added to each well
and probed for 20 min at room temperature (RT) on a shaker. The wells were washed for five times
in deionized water. Calcium deposits, stained in orange-red, were dissolved as follows: 10% acetic
acid was added under shaking for 30 min. Laminas were scraped, the liquid containing deposits
was collected and vortexed in a tube. Previously heated warm mineral oil (Merck KGaA, Darmstadt,
Germany) was added, the tube maintained on ice for 5 min and eventually centrifuged at 20,000 g for
15 min. The supernatant was discarded and 10% ammonium hydroxide (Merck KGaA, Darmstadt,
Germany) was added. The final solution was analyzed by a spectrophotometric reading performed at
405 nm wavelength.

2.11. Statistical Analysis

SPSS software version 16.0 (SPSS, Inc., Chicago, IL, USA) (Statistical Package for Social Science)
and GraphPad Prism 5 were used to perform statistical analysis. Data were evaluated using one-way
analysis of variance followed by the Tukey-Kramer post-hoc test. The results were expressed as the
mean + standard deviation (SD). P < 0.05 was considered to indicate a statistically significant difference.

3. Results

Laminas were enriched with GO at two different concentrations, 5 and 10 pug/mL. Photos of the
obtained enriched cortical membranes are reported in Figure 1.
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Figure 1. Photographs of (A) pure Lamina, (B) Lamina functionalized with 3-aminopropyl
triethoxysilane (APTES) (see Experimental Section 2.2), (C) Lamina enriched with 5 pg/mL graphene
oxide (GO) and (D) Lamina enriched with 10 ug/mL GO.

We tried to evaluate the amount of GO covalently attached to the functionalized Lamina by using
TGA (Figure 2). While the GO sample presents the common behavior with an important weight loss
at 200 °C, the Laminas profiles show a consistent weight loss at around 325 °C as for 5 ug/mL GO
and 10 ug/mL GO (330 °C), even though for the last preparation a small implement of stability can be
appreciated up to 270 °C with a difference in weight loss of 1.3% (9.1% vs. 10.4% in the case of control

and 5 ug/mL GO).
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Figure 2. Thermo-gravimetric analyses (TGA) of graphene oxide (black curve), bare Lamina (red curve),
5 ug/mL GO enriched Lamina (blue curve) and Lamina enriched with 10 ug/mL GO (green curve).

Bare and GO-enriched cortical membranes were analyzed by using AFM. In Figure 3, topographical
and tridimensional micrographs as well as peak force error images of bare and GO-enriched (5 pg/mL
and 10 pg/mL) cortical membranes are reported. From the images reported the changes of the
topography of the surface on enrichment with GO are evident.
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Figure 3. (A,D,G) Topographical, (B,E,H) Peak force error and (CF,I) Three-dimensional Atomic Force
Miscroscopy (AFM) images of bare Lamina (upper line), Lamina enriched with 5 pg/mL of GO (central
line) and Lamina enriched with 10 pg/mL GO (bottom line).

From the height panel the Nanoscope analysis 1.8 software (Bruker, Milan, Itay) is able to recover
the roughness indexes (i.e., the root-mean square roughness, Rq; the mean absolute value of the surface
high deviations, Ra; i.e., the distance between the highest and lowest data points in the image, Rmax;
the root-mean square of the surface slope, Sdq, and the ratio between the developed and the planar area,
Sdr). We calculated these indexes for the bare membrane as the mean values of roughness recovered
from two panels with a total surface area of 18 umz, were Rq =53.0 + 10.2 nm, Ra = 43.3 + 9.3 nm, Rmax
255.5 + 20.5 nm, Sdq 12.7 + 1.6°, and Sdr 2.5 + 0.5%. The roughness indexes, calculated as the mean
values recovered from three panels with a total surface area of 300 um?, were Rq=216.0 +£21.2 nm,
Ra =175.0 + 21.9 nm, Rmax 1303.3 + 96.3 nm, Sdq 21.4 + 1.8°, and Sdr 7.16 + 1.0% for the GO-coated
sample with 5 pg/mL and Rq = 254.7 + 56.12 nm, Ra = 205.7 + 46.5 nm, Rmax 1311.0 + 282.0 nm, Sdq
25.9 +10.9°, and Sdr 11.5 + 7.6% for the GO-coated sample with 10 ug/mL (See Supporting Information,
Figures 58-510).

Scansion electron microscopy (SEM) experiments (Figure 4) allowed to observe morphology
differences in the investigated Laminas. As seen from SEM images (compare Figures 4B and 4A)
the covalent functionalization with amino silane brought about a significant deformation of Lamina
Surface. The subsequent coating with GO restored the typical layered structure of GO [13], with layered
regions increasing on increasing GO concentration (compare Figures 4C and 4D).
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Figure 4. Scansion electron microscopy (SEM) images of (A) bare Lamina, (B) APTES-treated Lamina,
(C) 5 pg/mL GO-coated Lamina and (D) 10 ug/mL GO-coated Lamina. Magnification 3000%. Scale bar:
200 pm.

DPSCs were cultured on Laminas with medium containing differentiation factors up to 28 days;
3,7,14, and 21 days were chosen as experimental times.

Before starting the evaluation of the biological parameters, an SEM analysis, after 7 and 14 days of
culture, was performed in order to evaluate DPSCs morphology, spread and adhesion on Laminas.
After 7 days of culture, cells are detectable on all the observed experimental points: DPSCs cultured
on control Laminas are flat and spread throughout the surface, some granules of inorganic matrix
are starting to be deposited. DPSCs cultured on APTES-treated Laminas appear isolated, with short
cytoplasmic extensions, probably suffering and they do not cover all the surface of the Lamina.
DPSCs grown on both 5 pg/mL GO- and 10 pg/mL GO-coated Laminas form a uniform cell layer on
the biomaterial, they appear completely flat and in close contact with each other; an isolated cell is not
recognizable. White granules of inorganic matrix can be identified especially on 5 pg/mL GO-coated
Lamina. The same trend is revealed after 14 days of culture (Figure 5).

CTRL1 CTRL2 GO5 GO10

Day 7

Day 14 |

Figure 5. SEM images of Dental Pulp Stem Cells (DPSC)) cultured on bare Laminas (CTRL1),
APTES-treated (CTRL2), 5 ug/mL GO-coated (GO5) and 10 pg/mL GO-coated (GO10) Laminas for 7
and 14 days. Magnification 3000x.

Cell viability was measured by means of Alamar Blue Assay after 3,7, 14, and 28 days. After 3 days
of culture the viability level does not show any significant difference among the tested experimental
points, whereas after 7 days of culture an appreciable increase in viability level is recordable when
DPSCs are cultured on GO-enriched Laminas. In particular, the cell viability is almost doubled for
DPSCs cultured on 5 ug/mL GO-coated Laminas with respect to the control and it is comparably high
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for DPSCs cultured on 10 pg/mL GO-coated Laminas. Both the percentage of Alamar Blue reduction
recorded on 5 ug/mL GO- and 10 pg/mL GO-coated membranes are statistically significant with respect
to the control (p < 0.001). The metabolic activity of cell cultured on control and on GO-coated Laminas
further augments (Figure 6) until 14 days of culture. By day 14, the number of viable cells reach a
plateau, suggesting that those surfaces are advancing into confluence. On the other hand, it is worth
noting that the proliferation rate of DPSCs cultured on APTES-treated Laminas is much lower, reaching
the maximum percentage of Alamar Blue reduction at 28 days, when the difference with the other
samples cancels out.
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Figure 6. Alamar blue assay in DPSC cultured on bare Laminas (CTRL1), APTES-treated (CTRL2),
5 ug/mL GO-coated (GO5) and 10 pug/mL GO-coated (GO10) Laminas for 3, 7, 14, and 28 days. Forty
Laminas were used for each experimental point, ten Laminas per experimental time. The histogram
represents Alamar blue reduction percentage, data shown are the mean (+SD) of three separate
experiments. Zero time % reduction Alamar Blue: 15.72%; * Day 7: GO5 and GO10 Laminas vs.
control (CTRL1) Laminas p < 0.001; Day 14 control Laminas, GO5-coated and GO-10 coated Laminas
vs. APTES-treated Laminas (CTRL2) p < 0.001.

The cytotoxicity of the biomaterial was evaluated through LDH assay by measuring the percentage
of released LDH within the culture medium after 3, 7, 14, and 28 days of culture. After 3 days of
culture the cytotoxicity level is higher than 70% for all tested samples except for DPSCs cultured on
10 pg/mL GO-coated Laminas. In fact, this sample shows a released LDH percentage significantly
lower than that measured for the three others samples. After 7 days of culture the cytotoxicity level
starts to decrease with respect to that measured after 3 days of culture in all the investigated samples
except for DPSCs cultured on APTES-treated Laminas. In fact, the released LDH percentage for this
sample appears still higher than 70%, whereas the percentage decreases under 60% for cells grown on
control Laminas and under 40% for DPSCs cultured on GO-coated Laminas. The cytotoxicity level
does not change thereafter for GO-coated samples and a statistically significant reduction of released
LDH percentage is detected for DPSCs grown on 10 pg/mL GO-coated Laminas with respect to the
control (Figure 7). Again DPSCs cultured on APTES-treated Laminas show the highest released LDH
percentage (>50%) among the four Laminas investigated.

Bone matrix deposition was measured through Alizarin Red staining, a calcium-sensing dye able
to identify extracellular quantities of calcium phosphate. Alizarin Red staining was performed after 21
and 28 days of culture. After 21 days of culture, a marked decrease of synthetized calcium phosphate
could be detected in DPSCs cultured on APTES-treated Laminas compared with the control and with
GO-coated Laminas. Conversely, after 28 days of culture, a statistically significant increase in calcium
phosphate deposition is detected in DPSCs cultured on 5 pg/mL GO-enriched Laminas with respect to
all other tested samples (Figure 8).
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Figure 7. Lactate Dehydrogenase (LDH) assay of DPSC cultured on bare Laminas (CTRL1),
APTES-treated (CTRL2), 5 pug/mL GO-coated (GO5) and 10 pg/mL GO-coated (GO10) Laminas
for 3, 7, 14, and 28 days. Forty Laminas were used for each experimental point, ten Laminas per
experimental time. Released LDH is reported as percentage. Data shown are the mean (+SD) of
three separate experiments. Zero time LDH release (%): 73.06 * Day 3: 10 ug/mL GO-coated Laminas
(GO10) vs. control (CTRL1) p < 0.05; * Day 7: APTES-treated, 5 pg/mL GO-coated (GO5) and 10 ug/mL
GO-coated Laminas (GO10) vs. control (CTRL1) p < 0.001; control Laminas, APTES-treated Laminas vs.
5 ug/mL GO-coated Laminas (GO5) p < 0.001; control Laminas, APTES-treated Laminas vs. 10 pg/mL
GO-coated Laminas (GO10) p < 0.001; * Day 14, day 28: APTES-treated, GO10 Laminas vs. control
(CTRL1) Laminas p < 0.005.
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Figure 8. The histogram represents optical density (OD) values of solubilized calcium deposits
(orange-red stained) obtained after Alizarin Red staining on bare Laminas (CTRL1), APTES-treated
(CTRL2), 5 pg/mL GO-coated (GO5) and 10 pug/mL GO-coated (GO10) Laminas. Twenty Laminas
were used for each experimental point, ten Laminas per experimental time. Data shown are the mean
(£SD) of three separate experiments. * Day 21: APTES-treated Laminas vs. control (CTRL1) Laminas
p <0.005; * Day 28: control Laminas, APTES-treated, 10 pg/mL GO-coated Laminas (GO10) vs. 5 pg/mL
GO Laminas (GO5) p < 0.005.
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4. Discussion

Laminas were covalently enriched with GO, by using APTES as the linker between the Lamina
and the GO sheets. This type of functionalization was chosen in order to create on the biomaterial a
layer of graphene oxide covalently bound to the scaffold. As a matter of fact, in a previous study [12],
porcine bone granules, enriched with GO by exploiting simple physical deposition, were implanted in
animals for three months and excess GO was detected in the form of GO aggregates in both hard and
soft tissues.

TGA did not allow us to properly quantify the amount of GO functionalized onto Laminas,
because the amount of GO was very low and the two materials, cortical membrane and GO, evidenced
a weight loss at similar temperatures. An approximately 1.3% GO could be calculated at least for the
more concentrated 10 pg/mL sample.

Nevertheless, the GO demonstrated good distribution, through AFM and SEM analyses, on the
Lamina and changed completely the appearance of the surface of the cortical membrane. Despite SEM
appearance, the enrichment with GO rendered the surface more rough, as already recently evidenced in
the case of GO-enrichment of porcine bone granules and collagen membranes [12,13]. Indeed, SEM is
not the best technique in order to discriminate GO coverage percentage, but SEM images highlight the
formation of layered GO over the Lamina surface (Figure 4). AFM measurements instead evidenced
that GO-enriched Laminas are rougher than bare membranes and present a much wrinkled structure
(compare panels B, E, and H and C, F, and I in Figure 3).

In particular, the calculated roughness indexes, Rq and Ra, indicate that the non-coated membrane
is characterized by lower peaks and therefore a lower roughness as compared to the GO-coated samples,
as confirmed by Rmax values. The surface indexes, Sdr and Sdq, confirmed Ra, Rq, and Rmax data
because they evidenced a surface enlargement induced by the presence of GO with more and steep
peaks, respectively. Nevertheless no significant differences were highlighted between the samples
enriched with 5 or 10 ug/mL GO, likely due to a saturation-like effect of the surface with the lowest
concentration of GO investigated.

The measured Young's elastic modulus, obtained as an average value calculated from 20-25 force
curves in samples of 10 um X 10 pm dimensions, is 0.77 + 0.46, 0.83 + 0.62, and 1.00 + 0.27 GPa in
bare cortical membrane, 5 ug/mL and 10 pug/mL GO-coated membranes, respectively (See Supporting
Information, Figures S2-57). Therefore it does not change very much on GO enrichment, although a
small increase could be monitored on increasing the concentration of GO, indicating that GO contributes
to matrix stiffening. It is interesting to note that the SD is very high (60%) in the commercial cortical
membrane due to the presence of pores and defects, keeps a high value for 5 pug/mL coated Laminas but
reduces in Laminas enriched with 10 pg/mL GO, thus highlighting the presence of a homogeneous GO
layer in the latter sample. These values are of the same order of those of polyethylene (1.5-2 GPa) and
polystyrene (3-3.5 GPa), substrates which have been previously demonstrated to be ideal substrates
for the growth of stem cells.

By considering that mesenchymal stem cells demonstrated [18] to sense matrix elasticity and
preferentially differentiate depending of the stiffness of the substrate, such values, indicative of stiff
matrices, appear proper to favor expression of an osteogenic lineage.

Laminas coated with 5 pg/mL and 10 ug/mL GO were then tested in an in vitro model, by seeding
and culturing DPSCs on Laminas surface, in order to evaluate the biocompatibility of GO-enriched
Laminas, in terms of cell viability, cytotoxicity, and mineralized matrix deposition.

During the DSPCs differentiation, GO enrichment positively modifies the biological parameters
evaluated, thus indicating a good tolerability and an improved biocompatibility. Indeed, GO enrichment,
both at 5 and 10 pug/mL concentration, improves the cell spread throughout the surface of the biomaterial
thus allowing to hypothesize that GO enrichment is able to promote the adhesion process and favor
the formation of a uniform cell layer (See Figure 5). Moreover, GO coating enhanced the growth rate of
DPSCs. In fact, cells seeded on GO-coated Laminas after 7 days of culture show cell viability values
two-fold that of bare Laminas evidencing confluence after 14 days of culture (see Figure 6). It is worth
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noting that the above mentioned GO-induced cell viability value is not related to GO concentration as
both samples evidence the same effect. Nevertheless it is important to stress that these similarities can
be explained by the above mentioned saturation-like effect, with GO covering almost completely the
Lamina surface already at the lowest investigated concentration. These results may be associated to the
capacity of GO to favor protein adsorption [19]. Indeed, it has been demonstrated that serum proteins
absorb quickly and spontaneously to graphene oxide surface to form a corona complex [20] and this
adsorption, that demonstrate to be selective for different proteins, may affect adhesion, proliferation,
and/or osteogenic differentiation of stem cells [19]. It was also demonstrated that induction of human
mesenchymal stem cells (hMSC) differentiation towards different tissue lineages depended on the
degree of -t stacking with graphene and hydrogen bonding as well as electrostatic interactions with
GO [19]. In the present case, a positive effect towards adhesion and viability of DPSCs may be induced
also by the highly wrinkled surface associated to a small increase in stiffness obtained on GO enrichment.
A similar evidence has been already demonstrated for highly convoluted methacrylate-functionalized
GO membrane [21] that favored spontaneous stem cell differentiation towards bone lineage even in
the absence of osteogenic growth factors.

The cytotoxicity level also appeared significantly reduced for GO-enriched Laminas during
28 days of culture and actually a statistical significant increase of membrane integrity was detected
for Laminas enriched with 10 pg/mL GO at all the investigated times. It is worth noting that a
slightly different behavior characterizes 5 pg/mL GO-coated Laminas, with cytotoxicity slightly
increasing and reaching that of the bare Laminas at 14 and 28 days of culture. These results show
that, although GO functionalization demonstrated to promote favorable biological effects on DSPCs,
it is necessary to carefully tune the concentration of GO bound to Laminas in order to reach the best
compromise of effectiveness and biocompatibility. Indeed, different studies evidenced that doses,
as well as size, is a fundamental parameter to consider in order to fully characterize GO toxicity [22].
On the other hand, a relatively high toxicity was detected for APTES-treated Laminas. Despite
an APTES-treated different material, such as nanoparticles, did not show any toxic effect on cell
membrane integrity [23], polyamines demonstrated [24] to promote leakage of liposomal content from
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) liposomes due to interactions of primary
ammonium groups with phospholipidic head groups. Similarly APTES-treated Laminas could promote
analogous ammonium-phospholipidic headgroups interactions, thus explaining the sustained LDH
leakage from cell membrane and the chronic cytotoxicity responsible for the lower proliferation rate as
compared to cells seeded on the other investigated samples. These data are very interesting because
they highlight that, after aminosilane-functionalization, the subsequent treatment with GO allows to
override the negative effect evidenced in the presence of APTES-treated Laminas on cell cytotoxicity.

These results are further supported by mineralized bone matrix deposition which appears
increased after 28 days of culture and therefore at the end of the osteogenic differentiation [25] but
only for DPSCs cultured on 5 pg/mL GO-coated Laminas. They highlight the important role of GO
as responsible for a faster and more intense promotion of bone matrix deposition. To conclude,
this is a preliminary study on biocompatibility and lack of cytotoxicity of the GO-functionalized
Laminas and further investigations are needed in order to fully characterize their biological properties.
First of all a detailed investigation focused on the tuning of GO concentration needed for the covalent
functionalization of Laminas will allow to optimize the risk-to-benefit balance and clarify all the factors
affected by GO enrichment.

5. Conclusions

This study demonstrated that the relatively homogeneous coating of investigated commercial
cortical membranes with GO was relatively easy to obtain. It favored the proliferation rate of DPSCs
probably due to the capacity of GO to adsorb proteins present in the medium. Clear evidences of
reduced toxicity were evidenced and Laminas enriched with GO 5 ug/mL demonstrated a statistical
significant increase of calcium phosphate deposition. The present study is particularly promising and
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we believe that this material holds potential as useful substrate to facilitate in vivo bone regeneration.
Nevertheless it highlights the need to further investigate GO-coated samples in order to tune the
concentration of GO that demonstrates the best osteogenic activity and biocompatibility.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/4/604/s1,
Figure S1: DPSCs observed with a light microscope before detachment and seeding for osteoblastic differentiation,
Figures S2-57: Original AFM micrographs and representative force curves of pure Lamina, Lamina enriched with
5 ug/mL GO and 10 pg/mL GO used for the mechanical studies, Figures S8-510: Original AFM micrographs
used for the roughness index calculation of pure Lamina, Lamina enriched with 5 ug/mL GO and 10 ug/mL GO,
Tables S1-S3: Roughness indexes for pure Lamina, Lamina enriched with 5 pg/mL GO and 10 pg/mL GO.
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Abstract: Nanocomposites obtained by the decoration of graphene-based materials with silver
nanoparticles (AgNPs) have received increasing attention owing to their antimicrobial activity.
However, the complex synthetic methods for their preparation have limited practical applications.
This study aims to synthesize novel NanoHybrid Systems based on graphene, polymer, and AgNPs
(namely, NanoHy-GPS) through an easy microwave irradiation approach free of reductants and
surfactants. The polymer plays a crucial role, as it assures the coating layer/substrate compatibility
making the platform easily adaptable for a specific substrate. AgNPs’ loading (from 5% to 87%) can be
tuned by the amount of Silver salt used during the microwave-assisted reaction, obtaining spherical
AgNPs with average sizes of 5-12 nm homogeneously distributed on a polymer-graphene nanosystem.
Interestingly, microwave irradiation partially restored the graphene sp? network without damage of
ester bonds. The structure, morphology, and chemical composition of NanoHy-GPS and its subunits
were characterized by means of UV-vis spectroscopy, thermal analysis, differential light scattering
(DLS), Field Emission Scanning Electron Microscopy (FE-SEM), Energy Dispersive X-ray analysis
(EDX), Atomic Force Microscopy (AFM), and High-Resolution Transmission Electron Microscopy
(HRTEM) techniques. A preliminary qualitative empirical assay against the typical bacterial load
on common hand-contacted surfaces has been performed to assess the antibacterial properties of
NanoHy-GPS, evidencing a significative reduction of bacterial colonies spreading.

Keywords: NanoHy-GPS; antibacterial nanosystems; one-pot microwave-assisted reaction; graphene
oxide; silver nanoparticles; polyvinyl alcohol

1. Introduction

The properties of the polymer-based materials have led to their ubiquitous application as structural
material not only for common-use objects but also for value-added devices. Asexamples, these materials
are employed in manufacturing of kids’ toys, but also to produce biomedical devices such as catheters,
ureteral stents, and prosthesis. Especially in the biomedical field, severe infections could occur using
invasive devices, due to bacterial contaminations. Besides the necessity to sterilize the materials before

Nanomaterials 2020, 10, 2269; d0i:10.3390/nano10112269 www.mdpi.com/journal/nanomaterials

121



Nanomaterials 2020, 10, 2269

their use [1], antimicrobial agents are needed to provide long-term antibacterial efficacy [2]. With this
aim, low-weight organic molecules are usually applied as antimicrobial agents and used through spray
coating techniques or blended into the polymer matrix during its processing [3,4].

If any bactericidal agent is applied onto the surface of a material, the bacterial adhesion [5]
comes in succession due to the reproduction and the formation of colonies, which develop in biofilms
(a secretion of exopolysaccharides) [6,7], a protective agent against bactericidal and bacteriostatic
substances [8-12].

Viruses also could take advantages from the biofilm, exploiting it as a shield from the environmental
stresses, allowing the contamination through biofilm spreading [13]. Such an occurrence represents a
huge issue, especially in the latest Severe Acute Respiratory Syndrome CoronaVirus-2 (SARS-CoV-2)
pandemic context. To limit the contagion possibilities, the demand of redox-based disinfectant agents
to sanitize surfaces has seen an exponential rise, resulting in toxic side-effects towards the environment
and wildlife [14].

Moreover, the low adhesiveness, the ubiquitous use of organic-based antibacterial agents, and the
subsequential release into the environment has caused direct exposure to life forms, resulting in
bioaccumulation for several species worldwide, including humans [15,16], and acting as endocrine
disruptors [17]. For these reasons, some of these molecules have also been banned from both European
and American health institutions [18]. Nevertheless, the ban concerned only some application
fields—these additives are still used, especially as biomedical devices coatings (i.e., surgical suture
wires), because of their efficiency towards multiple bacterial targets [18].

An alternative approach to overtaking such a huge issue is represented by surfaces and/or
materials having intrinsic long-term antibacterial properties.

In this landscape, a potential solution could be antibacterial polymer-based coatings [19].
Polymers can assure all the required features such as easiness of synthesis and application, long-term
stability in environmental conditions, and absence of any degradation product or toxic product leaking.
Moreover, antimicrobial agents [19,20] could be loaded in the polymer matrix, performing their
long-term activity towards pathogens.

In the field of nanotechnology, Silver NanoParticles (AgNPs) exhibit a broad-spectrum
antibacterial activity, against Gram-positive and Gram-negative micro-organisms [21-24], and also
multidrug-resistant bacteria [25]. The antibacterial efficiency is attributed to a multifaceted mechanism
lying on the release of silver ions [26-29]. The continuous increase of market products containing silver
nanoparticles raises the issue of the risks associated with their release in the environment and on the
consequent negative effects on human health [30-32].

Graphene Oxide (GO) is a versatile material made up of mono- or few-layers carbon honeycomb
structure functionalized with oxidized species (alcohols, epoxides, carboxylic acids), proposed in many
application fields. Engineered GO-based materials, due to their biocompatibility, were also proposed
as drug delivery systems and for nanomedicine applications [33-36].

Controversial literature data have been reported about the antimicrobial properties of GO; however,
its dual oxidative and membrane stress effect has been proven [37-40]. It was verified that polymer
coatings containing a suitable amount of GO could prevent the metal substrate from oxidation and
bacterial adhesion, while maintaining a positive cell adhesion and response exploitable for surgery
implants [41].

The unique features of graphene [37,39] and the antimicrobial properties of the AgNPs could be
merged into a complex hybrid system, showing enhanced synergistic antimicrobial effect than the
single moiety or their blend [40,42,43]. Moreover, the anchoring of AgNPs onto the graphene platform
reduces the risk of aggregation [44—46].

In this framework, our interest has been addressed on the development of a fine-tuned hybrid
system combining the properties of polymer, graphene, and AgNPs as a potential on-demand
antimicrobial multisurface coating system.
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In this system, polymer plays a crucial role since it assures the coating layer/substrate compatibility,
making the platform easily adaptable for a specific substrate by changing the polymer of the
hybrid system.

In order to ensure the interchangeability of the polymer moiety, the GO functionalization was
performed by a synthetic strategy suitable for several polymers. Here, PolyVinyl Alcohol (PVA) was
selected as a model moiety and used to produce a PVA@GO covalent system.

Finally, employing a microwave-assisted method to perform a one-pot reaction concerning
the simultaneous reduction of AgNPs and GO, nanohybrid systems were obtained (here called
PVA@rGO-AgX). The structure, morphology, and chemical composition of PVA@rGO-AgX and
its subunits were characterized by means of UV-vis spectroscopy, thermal analysis, differential
light scattering (DLS), Field Emission Scanning Electron Microscopy (FE-SEM), Energy Dispersive
X-ray analysis (EDX), Atomic Force Microscopy (AFM), and High-Resolution Transmission Electron
Microscopy (HRTEM) techniques. Finally, preliminary biological tests have been performed as a proof
of concept for its antibacterial activity.

The synthetic pathway exposed here allows fine-tuning of the nanosystem features, thus representing
the first approach towards the synthesis of a novel class of NanoHybrid Systems based on Graphene,
Polymer, and Silver, namely, NanoHy-GPS.

To our knowledge, an on-demand polymer antibacterial coating nanosystem has not been
found yet.

2. Materials and Methods

2.1. Synthesis

Natural graphite powder (diameter 5-10 um, thickness 4-20 nm, layers < 30, purity > 99.5 wt.%),
polyvinyl alcohol, silver nitrate, and all the other reagents and solvents used in this work were
purchased by Sigma-Aldrich (Merck Group, Milan, Italy).

2.1.1. GO Synthesis

Graphene oxide (GO) was prepared by oxidizing graphite powders (diameter 5-10 pm, thickness
4-20 nm, layers < 30) according to our previously reported procedure [34] using the Hummers
method [47]. Briefly, graphite (2 g) and concentrated sulfuric acid (350 mL) mixture was cooled at
0 °C under stirring. Then, sodium nitrate (1 g) and potassium permanganate (8 g) were slowly added,
the temperature was raised up to 40 °C, and the mixture stirred for 1 h. Deionized water (250 mL) was
slowly added into the solution (determining an increase of temperature up to 70 °C), the temperature
was raised up to 98 °C, and the mixture was stirred for 30 min. Finally, 52 mL of H,O, (30%) was added
and the bright yellow suspension was filtered by using a Millipore Membrane (0.1 um) under vacuum
and washed with HCl (4%) and water to reach a neutral pH. The solid was dried to obtain the graphite
oxide as a brown powder (1.8 g). Aqueous suspension of graphite oxide (500 mg in 35 mL of water)
was exfoliated by ultrasonication (40% W, 8 h) using a UW 2070 SONOPLUS, Bandelin Electronic
(Berlin, Germany). The dispersion was diluted with deionized water and centrifugated (10,000 rpm for
12 min). The GO supernatant was dried to recovery GO powder.

2.1.2. Polymer-GO Covalent Adduct Synthesis

The Graphene-Oxide-Polyvinyl-alcohol esterification (PVA@GO) was conducted through a
slightly modified method developed by Salavagione et al. [48]. Briefly, 20 mg of GO and 200 mg
of PolyVinyl Alcohol (PVA) were dissolved in dimethyl sulfoxide (DMSO, 10 mL) at 70 °C under
stirring in nitrogen atmosphere. After 24 h, the mixture was cooled at room temperature. Then,
N,N’-Dicyclohexylcarbodiimide (DCC, 926 mg, 4.5 mmol) and N,N-Dimethylpyridin-4-amine (DMAP,
69 mg, 0.56 mmol), previously solubilized in DMSO (10 mL) in nitrogen atmosphere, were added
to the PVA solution. The reaction was kept under stirring in nitrogen atmosphere for 3 days;
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after that, the mixture was precipitated in methanol (50 mL) and centrifuged (9000 rpm, 20 min).
The precipitate was dispersed in 70 mL hot water (70 °C). So, the water solution, containing PVA@GO,
was concentrated by means of a rotavapor, and then coagulated in methanol and centrifugated
(9000 rpm, 20 min). The procedure was repeated three times. The precipitate was dried for 24 h in
oven (50 °C) under vacuum.

2.1.3. Microwave-Assisted Silver Nanoparticles Synthesis

In order to reduce the silver nanoparticles on the GO platform, a microwave-assisted reaction
was conducted on PVA@GO aqueous solution (0.5 mg/mL). The solution was put in a 10 mL vessel
and proper amounts of Silver Nitrate (AgNO3) were added. Once the solution was stirred, a suitable
amount (5 mL) of Dimethylformamide (DMF) was added and the mixture was sonicated for 2 min.
The vessel was capped and inserted into the microwave holder. The reaction was conducted at a fixed
power of 300 W for two minutes, cooling the system by means of air flux.

The total reaction mixture was mixed with methanol (20 mL) and concentrated using a rotary
evaporator (60 °C and vacuum). Then, the mixture was precipitated in ethyl ether (25 mL), the solid was
separated through centrifugation (9000 rpm, 20 min), then dried in a vacuum oven at 50 °C overnight.

By increasing the AgNO3; amount (35.7 pg (0.21 umol), 0.33 mg (1.96 umol), and 3 mg (18.7 umol))
added during the synthetic procedure, three products were obtained, namely, PVA@rGO-Agl,
PVA@rGO-Ag2, and PVA@rGO-Ag3, respectively.

For sake of comparison, by means of the same microwave-assisted procedure, without using the
AgNO3, samples of reduced PVA@GO (called PVA@rGO) and a sample of reduced GO (called rGO)
were produced as well.

2.1.4. Sodium-Borohydride-Mediated Silver Nanoparticles Synthesis

Besides, Silver Nanoparticles (AgNPs) have been also synthetized through the typical chemical
reduction of silver nitrate in aqueous solution [49]. Briefly, 750 mL of sodium borohydride water
solution (2 mM) were prepared and left under high-speed stirring. Then, 250 mL of silver nitrate water
solution (1 mM) was added through a dropping funnel. The reaction was left under high stirring until
the end of the silver nitrate solution. In order to stabilize the suspension and have certainty about the
reduction of the whole silver salt added, the mixture was stirred for an additional 30 min. The obtained
AgNPs suspension, stored at 5 °C, is stable for months. The Localized Surface Plasmon Resonance
(LSPR) signal at 394 nm of such AgNPs has been checked by UV-vis measurements.

2.1.5. Preliminary Antibacterial Tests

Bacterial population from common hand-contacted surfaces have been recovered and streaked [50]
over the Plate Count Agar (PCA). In detail, sterile swabs, premoistened in Maximum Recovery Diluent
(MRD), were streaked over common hand-contacted surfaces (i.e., door handles and handrails) with
size 100 cm?. In order to ensure a good capture of bacteria, the swab constantly rotated and uniformly
swiped in all directions of the tested surface. Then, the microorganisms transferred to the swab were
released into 10 mL of MRD, transported in the microbiology laboratory (about 5 min), and used to
test the several compounds, namely, AgNPs, PVA@rGO-Ag2, PVA@rGO-Agl, AgNOj3, and PVA@GO.
Each compound (100 puL, 27 pg/mL in Ag content and/or 142 pug/mL in PVA@GO content) was previously
deposited onto the PCA. Then, bacteria in MRD (100 pL) were spread on treated PCA and incubated
for 24 h at 37 °C. Each biological experiment was performed in triplicate. As control, bacteria in MRD
without any compound was used. Microbial growth was evaluated according to the Colony-Forming
Unit (CFU) assay, assuming that each colony has originated from a single bacterium [51]. The CFU for
cm? of sampling surface (CFU/cm?) value were calculated from Equation (1):

CFU/cm? = (Number of Colonies x Volume of MRD (10 mL))/(Volume spread on

PCA (0.1 mL) x Sampled surface (100 cm?)). @
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2.2. Methods

UV-vis spectra were recorded at 25 °C by a Cary 60 UV-vis spectrophotometer (Agilent Technologies,
Santa Clara, CA, USA) in quartz cells (1 cm optical path), using water as a solvent. The concentration
of the analyzed systems were 0.3 mg/mL for GO, rGO, PVA, PVA@GO, and PVA@rGO; 3.5 mg/L for
AgNPs; instead, the PVA@rGO-Ag sample concentration was 30 pg/mL due to the high intensity of the
LSPR signal.

"H NMR and COSY spectra (acquired at 27 °C with a spin lock time of 0.5 s) were obtained on a
UNITYINOVA instrument (Varian, Agilent Technologies, Santa Clara, CA, USA) operating at 500 MHz
and using VNMR for acquisition and spectra processing. Samples were dissolved in water-d6 and the
chemical shifts expressed in ppm by comparison with the water residue signal.

High-pressure microwave-assisted reactions were performed in a single-mode microwave reactor
CEM Discover S-Class (CEM Corporation, Matthews, NC, USA) equipped with a calibrated infrared
temperature sensor, employing capped sealed pressure-rated vessels (10 mL).

The Dynamic Light Scattering (DLS) measurements were performed by a miniDAWN Treos
(Wyatt Technology, Santa Barbara, CA, USA) multiangle light scattering detector, equipped with a
Wyatt QELS DLS Module. The measurements were performed at 25 °C using water (LC-MS grade) as
a solvent, previously filtered with 0.2 um filter. Size distributions were obtained using the ASTRA
6.0.1.10 software (Wyatt Technology, Santa Barbara, CA, USA).

Thermogravimetric analyses were performed by means of Pyris TGA7 (Perkin Elmer, Waltham,
MA, USA) in the temperature range between 50 and 800 °C, under an air flow of 60 mL min~! and
heating rate of 10 °C min~'.

The combined system NTEGRA Spectra (NT-MDT Co., Zelenograd, 124482, Moscow, Russia)
was utilized to acquire sample topography and Nova Px ver 3.4.0 rev. 19040 software (NT-MDT Co.,
Zelenograd, 124482, Moscow, Russia) was used for the data analysis. The surface morphology was
obtained by the means of semicontact mode (height and phase) with the NSG30 (High Resolution
NONCONTACT “GOLDEN”, NT-MDT, Moscow, Russia) cantilever having a force constant of
22-100 N/m and resonant frequency 240-440 kHz, and the ACTA-SS (AppNano, Mountain View,
CA, USA) cantilever having a force constant of 13-77 N/m and resonant frequency of 200-400 kHz.
The scanning rate was 0.3 Hz. During the measurement, the humidity was in range of 45-55% and the
temperature was RT. The height profile was calculated using Gwyddion 2.51 software [52]. The sample
was dissolved in water and sonicated for at least 60 min. Total volume of 3 uL of the as-prepared
sample was deposited at freshly cleaved MICA substrate via drag and drop method and left to dry.

The morphology was investigated using the field emission scanning electron microscope ZEISS
Supra 55 VP (Zeiss, Oberkochen, Germany). The atomic composition of the samples was analyzed
through energy dispersive X-ray analysis, using an INCA-Oxford windowless detector, having a
resolution of 127 eV at the full-width half-maximum (FWHM) of the Mn Ka.

HRTEM images were obtained using a high-resolution transmission electron microscope HR-TEM
FEI Titan G2 60-300 (Thermo Fisher Scientific, Waltham, MA, USA) with an X-FEG type emission
gun, operating at 80 kV. This microscope was also supplied with a Cs image corrector and a STEM
High-Angle Annular Dark-Field detector (HAADF). For these analyses, a droplet of the material
ultrapure H,O dispersion (0.1 mg mL™!) was deposited onto a carbon-coated copper grid and dried.

3. Results

3.1. Preparation of PVA@rGO-Ag Hybrid Systems

The esterification of the GO was performed exploiting the PVA chains hydroxyl side-groups, as
described in Scheme 1 (Step 1), using DCC and DMAP as coupling reagents. In order to promote the
anchoring of AgNPs on GO platform, the direct reduction microwave-assisted reaction of silver ions
was performed (Scheme 1, Step 2). PVA@GO and AgNO; were well dispersed in water/DMF and
subjected to microwave irradiation for 2 min (300 W, temperature below 180 °C under pressurized air
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cooling). PVA@rGO-Agl, PVA@rGO-Ag2, and PVA@rGO-Ag3 samples were obtained increasing the
AgNO3 amount (see experimental procedure). Samples called PVA@rGO (reduced PVA@GO) and rGO
(reduced GO) were obtained by microwave irradiation of GO and PVA@GO and used to investigate
the restoring of graphene sp? network.
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Scheme 1. Schematic representation of PolyVinyl Alcohol-Graphene Oxide-silver hybrid systems
(PVA@rGO-AgX) preparation.

3.2. Characterization

The molecular structure of the GO polymer derivative (PVA@GO) was confirmed by 'H-NMR and
COSY spectroscopies. The 'H NMR spectrum of the PVA@GO (Figure S1) shows the typical signals of
PVA protons at 1.15-1.97 ppm (CH3), and at 3.57-4.17 ppm (CH). Noteworthily, the appearance of
the novel signal at 5.05 ppm, attributed to the ester CH protons, proved the successful esterification
reaction. The correlations between methylene protons (1.15-1.95 ppm) and CH protons at 5.05 ppm in
the COSY-NMR spectrum (Figure S2) further confirms the occurrence of the esterification reaction with
a degree of functionalization comparable with literature data (about 2.5%) [48].

A microwave-assisted reaction was set up to decorate the PVA@GO nanosystem with different
amounts of AgNPs. The same procedure was applied to GO and PVA@GO in the absence of silver salt
(see Experimental Section).

The spectroscopic properties of the nanohybrid systems were investigated in water dispersion
through UV-vis spectroscopy (Figure 1). The PVA spectrum (grey dashed line, 0.3 mg/mL) indicates a
negligible absorption signal. On the other hand, PVA@GO (red dashed line, 0.3 mg/mL) exhibits a
wide scattered signal from 200 nm to 800 nm.

126



Nanomaterials 2020, 10, 2269

0.6

A
Normalized Intensity by 3>
Ag concentration

Extinction
o
=

0.2

0.0

3(‘)0 4(‘)0 5(‘)0 6(‘)0 7(‘)0 8(‘)0
Wavelength (nm)
Figure 1. UV-vis spectra of water dispersions/solutions of PolyVinyl Alcohol (PVA) (grey dashed
line, 0.3 mg/mL), PVA@GO (red dashed line, 0.3 mg/mL), PVA@rGO (black dashed line, 0.3 mg/mL),
PVA@rGO-Agl (magenta line, 30 ug/mL), PVA@rGO-Ag2 (blue line, 30 pg/mL), PVA@rGO-Ag3 (cyan
line, 30 ug/mL). Inset (A): UV-vis spectra normalized by Ag weight content of AgNPs (green line),
PVA@rGO-Agl (magenta line), PVA@rGO-Ag2 (blue line). Inset (B): Digital image of water dispersions
(0.3 mg/mL) of PVA@rGO-Ag]l (vial 1), PVA@rGO-Ag2 (vial 2), and PVA@rGO-Ag3 (vial 3).

It is noticeable that the microwave-assisted reaction determines the GO platform reduction of the
PVA@GO, obtaining a new system named PVA@rGO (black dashed line, 0.3 mg/mL), as suggested by
changes in the absorption curve slope.

To confirm this hypothesis, a sample of GO was treated in microwave-assisted reaction conditions.
The red-shift of the 7-7* transition peak from 237 nm (attributed to GO, Figure S3) to 266 nm (attributed
to rGO, Figure S3), together with a different slope, confirmed that the reduction of GO occurred.
The rGO shows also an absorption signal at 205 nm, according to the increase of 7-7r attraction between
rGO platforms [53].

The Localized Surface Plasmon Resonance (LSPR) provides qualitative considerations about the
AgNPs deposited onto the hybrid nanosystem.

As expected, UV-vis spectra of the three PVA@rGO-AgX water dispersion (30 pug/mL) show
spectroscopic differences due to the different Ag content and to the interactions with the polymer-based
substrate. In particular, the PVA@rGO-Ag1 (Figure 1, magenta line) shows the LSPR extinction signal
at 420 nm (FWHM about 100 nm), while PVA@rGO-Ag?2 (Figure 1, blue line) shows a band centered at
403 nm (FWHM about 100 nm), generally corresponding to AgNPs size of about 50 nm and 15 nm,
respectively [54].

To shed light on the substrate influence towards the AgNPs formation, in Figure 1A, we report the
UV-vis profile as normalized intensity by Ag concentration of free AgNPs (green line), PVA@rGO-Agl
and -2 (magenta and blue line, respectively) vs. wavelength. In contrast with UV-vis of the free AgNPs
spectrum (showing LSPR at 394 nm, FWHM about 60 nm), broadened and weaker LSPR bands are
exhibited by both the PVA@rGO-AgX systems. This variation could be due to the interaction with the
polymer-based substrate [55,56], as confirmed by the increase of LSPR red-shift by decreasing the Ag
content into the nanohybrid systems.

The different color of the PVA@rGO-Ag1 and -2 water dispersions (respectively, brownish and
yellowish; see Figure 1B) is a naked-eye evidence of their quali- quantitative differences.
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In the case of PVA@rGO-Ag3, the higher amount of Ag salt in the synthesis procedure determines
the formation of agglomerated broad-sized Ag particles, resulting in unstable microscopic suspension
(Figure 1, cyan line, and Figure 1B).

The quantitative determination of the Ag on the nanosystems was performed through
thermogravimetric analysis (Figure 2) [46,57,58]. The Ag weight (%) content in the different samples
has been estimated, obtaining 5%, 16%, and 87% (w/w) of Ag for PVA@rGO-Ag]1, -2, and -3, respectively.
For the sake of clarity, TGA traces of GO (dotted line) and PVA@GO (black line) are also reported.

100

80+

204

200 400 600 800
Temperature (°C)
Figure 2. Thermogravimetric analysis (TGA) thermograms of Graphene Oxide (GO) (dotted line),

PVA@GO (black line), PVA@rGO-Ag] (blue line), PVA@rGO-Ag?2 (cyan line), and PVA@rGO-Ag3 (red
line), air atmosphere.

A morphological and qualitative characterization of the hybrid nanosystems has been conducted
employing FE-SEM and EDX investigations (Figure 3). All the PVA@rGO-Ag nanohybrid systems
present similar smooth surfaces attributed to PVA@rGO backbone. The AgNPs displayed spherical
and quite regular morphology in all three analyzed samples, with a distribution of agglomerates in
samples PVA@rGO-Ag?2 (Figure 3B) and, in particular, a very large distribution in PVA@rGO-Ag3
(Figure 3A). The EDX analysis confirms the nature of the nanoparticles, as evidenced by a peak at 2.98
keV attributed to Ag L« line, and shows a strong decrease of Ag atomic percentage from PVA@rGO-Ag3
to PVA@rGO-Ag1 of 83%, 22%, and 0.5% (Figure 3A—-C), respectively. In addition, only the signal at
0.28 keV related to the C K« peak arising from PVA@rGO backbone is present.

The PVA@rGO-Ag1 represents the most reliable sample to investigate the nanohybrid system
morphology, because of the lack of AgNPs agglomerates. In fact, despite the absence of AgNPs
evidence in the FE-SEM image, the related EDX spectra (Figure 3C) confirms the AgNPs presence,
which are well-dispersed and embedded within the PVA@rGO backbone.

PVA@rGO-Agl sample was characterized by means of HRTEM and AFM analyses. AFM was
used to investigate the localization of Ag nanoparticles on the surface of rGO and to evaluate the
topography of synthesized hybrid nanostructures. It is hypothesized that a considerably higher value
of Ag concentration would indeed cover the rGO moiety (as evidenced by SEM analysis in Figure 3A).
The phase images (Figure 4A,C and related 3D rendering in Figure 4B,D) confirm this and show that
the sample is in the form of a PVA homogeneous film containing both AgNPs and rGO platform.
The height profile calculations (shown in Figure S5) revealed that the rGO moiety is basically a few
layers of aggregates with a height of around 50 nm. Its surface is functionalized by PVA and covered
by AgNPs. According to the UV-vis results, the AgNPs size distribution ranged from few to dozens
of nanometers.
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Figure 3. (A) Field Emission Scanning Electron Microscopy (FE-SEM) images and the related Energy
Dispersive X-ray analysis (EDX) spectra of PVA@rGO-Ag3; (B) PVA@rGO-Ag2; (C) PVA@rGO-Agl.
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Figure 4. Atomic Force Microscopy (AFM) phase images of PVA@rGO-Ag1 (A) 50 X 50 um and (C)
8 X 8 um and (B,D) the related 3D Height.

HRTEM images of PVA@rGO-Agl (Figure 5A) show the typical morphology of hybrid
nanocomposite materials. Taking into account that the starting GO is produced as folded and large
sheets, the effects of the concurrent microwave irradiation and deposition of AgNPs have promoted the
unfolding and formation of well-exfoliated graphene sheets having different levels of transparency. As a
result, PVA@rGO-Ag1 shows the typical morphology of functionalized reduced graphene (Figure 5B),
as observed in our previous papers [34,35], evidencing planar backbone conformation and transparency.
The AgNPs were detected as dark spots homogeneously dispersed over the PVA@rGO background
material (Figure 5C,D), confirming a random formation of nucleation site within the polymer-based
nanosystem. The AgNPs localization, also within the PVA matrix, is in accordance with literature data,
since the PVA acts as a capping agent for AgNPs [59-62]. Thus, GO-oxygenated functional groups
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and PVA -OH groups act as homogeneous NPs stabilizers. Considering the AgNPs’ size obtained by
HRTEM and UV-vis analyses, the data apparently do not match each other: this ostensible contradiction
could be explained by considering the observable properties of the system. Indeed, while HRTEM
technique reports the morphology of the system in dry state, the LSPR signal is influenced by the
chemical environment of the AgNPs (solvent, PVA -OH groups, graphene, etc.).

Figure 5. Representative high-resolution transmission electron microscopy (HRTEM) images of
PVA@rGO-Agl (A-D). Area visualized in (D) is highlighted in (C) by the blue rectangle.

The size of nanosystems in water dispersion were investigated by Dynamic Light Scattering
(DLS) analyses. Generally, DLS values are not indicative of the morphology and size of the graphene
nanosystems, but provide information about their hydrodynamic size [63,64]. The functionalization
of GO with PVA resulted in two hydrodynamic radius distributions (Figure 6, black line) centered
at 5 nm and 70 nm: those are similar to that of the pure PVA (grey line), even while having different
relative intensities.
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Figure 6. Dynamic Light Scattering (DLS) measurements of GO (black dashed line), PVA (grey line),
PVA@GO (black line), and PVA@rGO-Ag] (red line) in water (samples concentration 12.5 pg/mL).
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The microwave-assisted procedure for PVA@rGO-AgX synthesis slightly affects the hydrodynamic
radius of the nanohybrid system (about 35 nm) as evidenced by PVA@rGO-Ag1 (Figure 6, red line),
suggesting an increase of hydrophilicity due to the silver loading.

3.3. Preliminary Antibacterial Activity Assay of the PVA@rGO-Ag

In order to investigate the antibacterial performances of the PVA@rGO-Ag nanosystem,
a qualitatively empirical test has been performed considering the typical bacterial population of
common hand-contacted surfaces.

PVA@rGO-Ag?2 nanosystem was selected due to the highest AgNPs content because the
PVA@rGO-Ag3 does not show clear physicochemical properties of AgNPs (i.e.,, LSPR signal).
The PVA@rGO-Ag2 antibacterial efficacy has been qualitatively compared with the bare AgNPs
(the synthetic procedure is described in Materials and Methods), silver nitrate, and PVA@GO (Figure 7).
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Figure 7. Antibacterial assay in plate count agar after 24 h of incubation: (A) Control experiment (CTRL);
(B) PVA@rGO-Ag2; (C) AgNPs; (D) PVA@GO; (E) AgNOs3; (F) viability percentage. The deviation
standard in CFU/cm? has been derived from triplicate test. The CFU for cm? of sampling surface
(CFU/cm?) values were calculated from Equation (1).

Control experiment (Figure 7A) and PVA@GO (Figure 7D) Petri dish show a higher bacterial
load, in terms of CFU/cmZ, than all other conditions. As expected, several colony morphologies,
such as golden-yellow colonies, large, and white-raised colonies were detectable from cultures in PCA,
suggesting the presence of multiple bacterial species in the sampling. Moreover, bacterial viability
suggests that the effects of bare PVA@GO towards bacterial proliferation resulted to be negligible
(Figure 7F). The condition with AgNO; (Figure 7E) shows a significant reduction of the bacterial load
(estimated around 70%, Figure 7F), even if the presence of multiple bacterial species is still maintained.
Finally, the conditions with PVA@rGO-Ag?2 (Figure 7B) and AgNPs (Figure 7C) show a reduction of
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88% and 94% (Figure 7F), with total killing of some bacterial species. The same experiment involving
PVA@rGO-Agl was performed, but the bacterial viability was not significantly reduced (Figure S6).

4. Discussion

Nanotechnologies could fulfil the need to find an alternative to the common organic molecular
systems used to make antimicrobial surfaces. The use of AgNPs embedded within a carbon-based
nanosystem could provide a combined effect towards bacterial colonization [40]. Indeed, graphene
toxicity provides mechanical and oxidative stresses, while the AgNPs are a well-known broad-spectrum
antibacterial agent. Moreover, the polymer functionalization is fundamental to ensure a strong sticking
towards a substrate and/or a homogeneous mix within a polymer matrix, thanks to the similar
chemical-physical features with target substrates.

On this basis, the new NanoHybrid system composed of Polymer, Graphene, and AgNPs—namely,
NanoHy-GPS—was designed and has here been systematically described, employing PVA moiety as a
polymer model.

Aiming to develop an interchangeable GO-based system, the GO grafting-to procedure has been
chosen to allow the use of any polymer having functionalities (as end- and/or side- groups) suitable
for esterification reactions. Thanks to the interchangeability of the polymer moiety, the NanoHy-GPS
system represents a new concept of on-demand potentially tunable antimicrobial nanosystem.

The synthesis of PVA@GO was performed through a slightly modified procedure (Scheme 1) than
that proposed by Salavagione et al. [48], and the successful of the reaction was confirmed through
NMR analyses ("H-NMR and 'H-'H COSY, Figures S1 and S2).

Then, the PVA@GO was used as a platform to be decorated with silver nanoparticles (Scheme 1).
With this aim, a one-pot microwave-assisted reduction procedure (simultaneously reducing the GO and
the silver ions) has been performed. Three so-called PVA@rGO-AgX nanosystems were produced with
increasing Ag contents (PVA@rGO-Ag], -2, and -3) to investigate the microwave-assisted synthesis
efficiency and the antibacterial activity.

The presence of the PVA@GO platform influences the AgNPs formation—probably, the different
chemica—physical nature of the nucleation sites ensured by the polymer-functionalized carbon platform,
coupled with the role of PVA moiety to act as NPs stabilizer, allowed the growth of AgNPs, as revealed
by UV-vis measurements (see Figure 1). As a confirmation, in absence of PVA@GO during the
microwave-assisted procedure, the AgNPs formation is hindered (as revealed by the absence of LSPR
signal, see Figure 54). The quantitative determinations of the silver content have been performed by
TGA technique (see Figure 2), which is a reliable approach to determine the metal content within hybrid
systems [57,65]. The Ag weight (%) content in the different samples was calculated, obtaining 5%, 16%,
and 87% (w/w) of Ag for PVA@rGO-Agl, -2, and -3, respectively.

SEM characterization showed the general morphology of the hybrid systems and the AgNPs
distribution (see Figure 3), with the smooth and laminar surface of PVA@GO platform and regular and
spherical AgNPs. The SEM images displayed that the increase of AgNPs induces an almost complete
covering of the PVA@GO substrate and a formation of nanoparticles agglomerates. Conversely,
in sample PVA@rGO-Agl, with lower amount of AgNPs, the nanoparticles are barely visible and may
be embedded in the composite (Figure 3C).

EDX analysis showed the decreasing trend of the amount of AgNPs from PVA@rGO-Ag3
to PVA@rGO-Agl samples, confirming the trend of the data obtained through TGA. In addition,
the presence of any contaminants is excluded.

To better describe the nanohybrid system morphology, the PVA@rGO-Ag1 sample was selected
as a model system, because a higher Ag amount (as PVA@rGO-Ag2) would hide the PVA@rGO
substrate. The AFM (Figure 4) and HRTEM micrographs (Figure 5) of PVA@rGO-Ag]1 evidenced that
the nucleation of the AgNPs occurs onto the GO platform and within PVA matrix as well. This data
confirmed the exploitation of both the microchemical environment of GO oxygenated groups and the
PVA hydroxyl groups interactions with the external surface of silver nanoparticles [66].
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Thanks to the polymer-functionalization, the NanoHy-GPS might ensure a long-lasting coating,
paving the way to its antibacterial activity expression over time. The NanoHy-GPS is conceptually
suitable to be blended within the polymer used in the production of invasive biomedical devices.
Moreover, aiming to replace the commonly used antibacterial agents, it could be also sprayed or
applied by dipping on any polymer-based surfaces already produced.

With the aim to potentially use the NanoHy-GPS as an antibacterial agent for surfaces of
common-use objects, experimental proof of concept was carried out, taking into account the bacterial
population of common hand-contacted surfaces. The results revealed that PVA@rGO-Ag2 exhibited
improved antibacterial properties than that of bare AgNPs (Figure 7).

Especially in the context of a worldwide spreading pandemic, the features exposed here could
also candidate NanoHy-GPS as an antibacterial agent for common-use objects, helping to reduce the
spreading and related toxic effects due to the common disinfectants agents [14,67].

Nevertheless, further investigation on antibacterial activity against pathogens involved in various
common infections (i.e., Gram (+) and Gram (-) bacterial cells) are in due course, with the aim of
optimizing antimicrobial efficacy by tuning the physical-chemical properties of NanoHy-GPS.

5. Conclusions

Here, we reported a flexible synthetic strategy for the fabrication of new NanoHybrid systems
(NanoHy-GPS) composed of Polymer, Graphene, and AgNPs. It was shown that the synthetic pathway
exploits the microwave irradiation for the simultaneous reduction of silver nanoparticles and GO
without the use of reductants and surfactants. AgNPs content in NanoHy-GPS (from 5% to 87%) is
quali- quantitatively influenced by the amount of Ag salt used during the microwave-assisted reaction,
determining variations in both NPs distribution and size of their agglomerates. The method allows
binding of different polymers having suitable active groups (alcohol or amine) and control of the
AgNPs content in the nanosystem, giving the capability to tune the interfacial interactions towards
targeted substrates (matching their relative chemical nature) and optimizing the homogeneity of the
dispersion of the GO-derivatives within specific polymer matrices. The NanoHy-GPS is projected
to be a valid alternative towards the common antibacterial agents, which incurs to leaks within the
environment and/or within organisms’ tissue.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/11/2269/s1,
Figure S1: 'H-NMR spectrum of PVA@GO, Figure S2: COSY 'H-NMR spectrum of PVA@GO, Figure S3:
Normalized UV-vis spectra of GO and rGO, Figure S4: UV-vis spectra of the AgNOj3 solutions before and after the
microwave-assisted procedure, Figure S5: AFM profiles and height calculations of PVA@rGO-Ag]1, Figure Sé:
Antibacterial assay of PVA@rGO-Ag].
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Abstract: Graphene-based materials are intriguing nanomaterials with applications ranging from
nanotechnology-related devices to drug delivery systems and biosensing. Multifunctional graphene
platforms were proposed for the detection of several typical biomarkers (i.e., circulating tumor cells,
exosomes, circulating nucleic acids, etc.) in liquid biopsy, and numerous methods, including optical,
electrochemical, surface-enhanced Raman scattering (SERS), etc., have been developed for their
detection. Due to the massive advancements in biology, material chemistry, and analytical technology,
it is necessary to review the progress in this field from both medical and chemical sides. Liquid biopsy
is considered a revolutionary technique that is opening unexpected perspectives in the early diagnosis
and, in therapy monitoring, severe diseases, including cancer, metabolic syndrome, autoimmune, and
neurodegenerative disorders. Although nanotechnology based on graphene has been poorly applied
for the rapid diagnosis of viral diseases, the extraordinary properties of graphene (i.e., high electronic
conductivity, large specific area, and surface functionalization) can be also exploited for the diagnosis
of emerging viral diseases, such as the coronavirus disease 2019 (COVID-19). This review aimed
to provide a comprehensive and in-depth summarization of the contribution of graphene-based
nanomaterials in liquid biopsy, discussing the remaining challenges and the future trend; moreover,
the paper gave the first look at the potentiality of graphene in COVID-19 diagnosis.

Keywords: graphene; SERS; liquid biopsy; circulating tumor cells; exosomes; circulating nucleic
acids; COVID-19

1. Introduction

Liquid biopsy is a minimally invasive technology for the detection of molecular biomarkers in
blood and other body fluids (urine, saliva, ascites fluids, pleural effusions, etc.). The term was coined
several decades ago, when was discovered, for the first time, the presence of extracellular nucleic acids
in humans [1]; currently, it comprises not only the detection of extracellular/cell-free nucleic acids
(NAs) with diagnostic significance but also of circulating tumor cells (CTCs) and extracellular vesicles
(EVs), mainly exosomes (EXs). Although liquid biopsy cannot provide information related to tissue
architecture and pathological microenvironment, it is considered a revolutionary technique that is
opening unexpected perspectives in the early diagnosis and, in the therapy monitoring, severe diseases,
ranging from cancer [2], metabolic syndrome [3], autoimmune disease [4], neurodegenerative disorders,
and atherothrombosis [5] to prenatal screening [6].

Despite the high potential of liquid biopsy, the isolation, characterization, and quantification
of NA, CTC, and EX biomarkers, due to their specific intrinsic features and low concentrations in
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the complex biological matrix, require complex procedures, and the systematic application in real
practice is still hindered by many hurdles, such as unsatisfactory specificity and sensitivity, lack of
standardization methods, and cost-effectiveness. Recently, a series of technological advancements
in liquid biopsy has been obtained from the rapid development of nanotechnology-based strategies
that provide a remarkable control over nanoparticle design, allowing to tailor their properties toward
specific applications [7]. A plethora of nanomaterials, nanostructures, and molecular probes have been
proposed for the fabrication of devices able to provide readable signals for early diagnosis and dynamic
monitoring of diseases, taking advantage of their outstanding electrical, magnetic, optical, mechanical,
or thermal characteristics at nanoscale dimensions [8]. Due to their unique physicochemical properties,
arising from their high surface area, size, shape, unique optical properties, and surface chemistry,
graphene-based materials (G) can realistically devise more advanced applications for liquid biopsy
scope. The current review dealt with the recent advancements of G platforms for effectively capturing,
identification, and quantification of NA, CT, and EX biomarkers. We discussed the main design
criteria that have been used to develop multifunctional G platforms, bringing out the specific role
of G in the selective capture and identification of heterogeneous biomarkers from the body fluids.
Particular attention was reserved for the advances of liquid biopsy in cancer diagnosis and monitoring.
Final remarks were devoted to challenges and the opportunity to adapt G technology for the diagnosis
of emerging viral diseases, such as coronavirus disease 2019 (COVID-19).

2. Graphene Nanomaterials

The outcomes of graphene-based platforms in sensing applications are strictly correlated to the
physicochemical properties of the starting material used for their fabrication [9]. However, a univocal
classification of G broad family and their correlation with biosensing properties are challenging. Thus,
the different synthetic approaches have been adopted for G preparation; the not homogeneous G nature
(complexes structures with several oxidation states, varied lateral sizes, different number of layers,
and different colloidal stability); the presence of impurities (often metal impurities); the formation
of nanocomposites by a combination of G with organic or inorganic compounds have been taken in
consideration for graphene-based biosensing applications [10].

G has been obtained by bottom-up or top-down approaches, differing for (i) the number and
dimension of layers; (ii) the amount of oxygen functional groups scattered over the carbon surfaces;
(iii) chemical features of compounds introduced during the post-synthetic decoration process, etc. [11-14].

Commonly, high-quality mono or multilayer G systems have been obtained by bottom-up
approaches, such as epitaxial growth (EG) or chemical vapor deposition (CVD) on metallic substrates.
These materials are endowed with ideal features (i.e., large surface area and high homogeneity) to
be used as components of electronic devices. However, the high cost of these strategies, together
with the requirement to transfer G on more suitable substrates, has limited the graphene’s scale-up
production [15].

Top-down strategies, such as chemical or physical exfoliation of graphite bulk, are regarded
as valuable synthetic options to develop G for diagnostic devices [16,17]. G commonly used in the
biosensing field includes graphene oxide (GO), reduced graphene (G-red), functionalized graphene
(f-G), together with emerging derivatives, such as graphene quantum dot (GQD), N-doped multiple
graphene aerogel, graphene field-effect transistor (GFET) etc. The plethora of G is continuously supplied
by new derivatives with unique properties, which potentially enable an entirely new generation of
technologies beyond the limits of conventional materials [18-20].

GO is obtained by chemical oxidation of graphite and successive exfoliation of graphite oxide via
ultrasonication. Oxygen functionality groups on GO surfaces are widely exploited in the chemical
functionalization of GO, especially by esterification/amidation reactions at the carboxylic groups [21-23].
Processability and water stability due to ionizable groups on GO surfaces are the main advantages in
the use of GO; whereas the structural defects on the sp? network and the lacking electrical conductivity
are the main limits for GO applications as an electronic device [24].
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G-red is obtained from GO nanosheets by different techniques, including the solvothermal process
or chemical reduction with hydrazine [25,26]. A partial restoring of the sp? network, which results
in an improved electrical conductivity and mechanical strength of G-red, compared to GO, has been
obtained by the reduction process. Nowadays, G-red stable colloidal systems are obtained by using
biocompatible reducing agents, such as gallic acid, starch, vitamin C, etc., allowing to reduce the cost
and the environmental impact [27].

GQDs are fluorescent carbon nanosystems, generally arising from G or GO, composed of less
than ten graphene layers with a later dimension less than 10 nm. GQDs do not possess only the
intrinsic properties of graphene but also new properties due to edge effects and significant quantum
confinement [28]. A wide variety of GQDs is obtained by bottom-up or top-down approaches. In the
first case, the adopted strategies are characterized by a good size control and by the possibility to tune
the GQDs properties on the basis of substrate nature. However, they suffer from some drawbacks,
i.e., the employment of toxic solvent, high temperature, and substrate concentrations. Top-down
approaches give a large scale production of GQDs due to the early synthetic steps and the use of cheap
carbon starting materials [29].

GQDs have shown lower toxicity and higher photostability compared to other semiconducting
quantum dots, and several applications, ranging from catalyst to nanomedicine, have been
proposed. In particular, electrochemical, optical, and photoelectrochemical biosensors based on
GQDs, characterized by a high sensing selectivity, have been developed [30].

An emerging class of 3D carbon materials (aerogel, foam, hydrogel, etc.) have been recently
proposed for water decontamination and as conversion/storage energy devices [31]. Template-assisted
methods, based on CVD strategy or graphene/GO layers assembling processes, such as self-assembly of
G-red sheets reduced via the solvothermal or hydrothermal method, have provided 3D graphene-based
materials, characterized by the intrinsic properties of G together with new interesting physicochemical
properties, such as high porosity, low density, unique electrochemical performance [32]. N-doping
strategies have been widely adopted to tune the electrochemical properties of G derivatives. N-doped G
has shown high performance like photocatalytic systems for the reduction of CO, and the degradation
of organic contaminants under visible light [33].

The replacement of the traditional semiconductors-based electronic devices with a single layer
graphene-based material has been proposed and used for the fabrication of GFET, proposed as sensors
in physical, chemical, and biological application fields [34].

3. Tumor Biomarkers in Liquid Biopsy

Considering the temporal and spatial heterogeneity and its evolution, the tumor needs to be
monitored at distinct times of the disease for an efficient treatment. Therefore, there is an urgent need
to search for minimally invasive approaches in order to detect and monitor the disease progression
throughout the treatment. Indeed, surgical tissue biopsies are invasive procedures, often difficult to
perform on organs that lie deep within the body, and their use is limited as they can give false-negative
results due to sampling. Therefore, it is necessary to identify ideal biomarkers that can be used for
the early diagnosis, detection of recurrence, and monitoring of metastasis for cancer. A liquid biopsy
might be a promising approach because it deals with the communication in tumor microenvironment.
According to several research studies, the liquid biopsy is defined as the capture and the analysis
of tumor-related biomarkers in a fluid sample. The biomarkers are represented by circulant tumor
cells (CTCs), circulant tumor nucleic acids (ctNAs), proteins, and/or tumor-derived extracellular
vesicles (EVs), which have been shed from tumor masses (Figure 1) into the bloodstream, saliva, urine,
cerebrospinal fluid (CSF), among other peripheral fluids of patients. The liquid biopsy provides a more
comprehensive snapshot of intra-tumor clonal heterogeneity compared to single-site tissue biopsies
and, in addition, can allow repeated blood sampling, thereby providing an insight into the evolutionary
dynamics of cancer. For these reasons, liquid biopsy should be extensively studied due to its minimal
invasiveness and can be used for the early diagnosis and monitoring of metastasis in cancer patients [35].
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The main approaches to liquid biopsies have embraced the detection of CTCs [36,37], the capture
of exosomes (EXs) that are secreted by tumor mass [38], and the analysis of ctDNA or miRNA in
body fluid samples [39] since the first studies. Indeed, due to the rapid turnover of cancer cells and
the constant release of tumor-derived nucleic acids, vesicles, and viable CTCs into the circulation,
the ability to detect and characterize has enabled surgeons to analyze the evolution of the tumor at
distinct times and, most importantly, in a non-invasive manner. Literature data have demonstrated
that levels of these biomarkers increase in patients with several malignant types of tumors, such as
breast, ovarian cancer, stomach, colorectal, prostate, lung, and others. However, most studies have
been done in patients with late-stage cancer, mainly due to the considerably higher concentrations
of the above-mentioned biomarkers in their blood. Based on these promising findings, data from
Wroclawski and collaborators demonstrated that serum DNA levels were significantly increased in
patients with colorectal cancer of stage IV and fluctuated during chemotherapy [40]. Lung cancer
patients, if compared to the control patients, have demonstrated significant differences in ctDNA levels
since stage I [41]. The fluctuations of ctDNA were proposed by Diehl et al. as a biomarker to monitor
the course of therapy in patients with metastatic colorectal cancer (mCRC) undergoing surgery or
chemotherapy treatments [42]. The level of ctDNA has been quantified by BEAMing (beads, emulsions,
amplification, and magnetics) and compared to carcinoembryonic antigen marker (CEA), routinely
used in the management of the disease in subjects with CRC [42]. Numerous gastrointestinal diseases
can also lead to an increase in ctDNA, even if considered malignant or benign.

Tumor cell
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less than 10/ mL of blood; average size > 20 um.
Blood lymphocytes and neutrophils: around 8-10 pum.

C /W N> /\/'\/ Exosomes:
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median concentration: < 20 ng /mL.

Figure 1. Schematic representation of typical cancer biomarkers of liquid biopsy: (A) Circulating tumor
cells (CTCs); (B) Exosomes (EXs); (C) Circulant nucleic acids (ctNAs).

The diagnosis of ovarian cancer (OC) is mainly based on levels of biomarker CA-125 in blood
and imaging. Recent data have shown that EVs possess advantages in terms of abundance, stability,
and accessibility, compared with CTCs and ctDNA. Furthermore, the contents of EVs are tumor-specific
and reveal a high correlation with tumor staging and prognosis [43]. Additionally, due to tumor
heterogeneity, a panel of biomarkers will be more useful and reliable, instead of a single marker, for OC
early diagnosis and screening high-risk individuals [44,45].

4. Circulant Tumor Cells (CTCs)

CTCs are a population of rare cancer cells detached from the primary tumor and shed into the
bloodstream, becoming the main responsible for metastases in different organs. They are emerging as
potential biomarkers and non-invasive alternative to tissue biopsy for the early detection, diagnosis,
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and prognosis of cancer, to improve the clinical settings of patients [46]. Since CTCs are extremely
rare cells in the blood vessels (usually less than 10/mL of blood), their isolation from billions of red
blood cells and millions of white blood cells and their accurate identification remain a challenge.
Their heterogeneity (variety of surface protein expressions, sizes, and physical features), depending on
the type and stage of cancer, makes laborious their isolation, requiring extremely sensitive and specific
recognition methods [47]. In general, CTC detection includes four steps, such as capture, enrichment,
detection, and the final release. The capture step is based on specific interactions between CTCs and
materials (physical or antibody/antigen interaction). The enrichment step refers to CTCs isolation
from the blood. The CTCs detection is generally carried out by fluorescence, surface-enhanced Raman
scattering (SERS), or electrical impedance measurements. Finally, the enriched CTCs are released
for further phenotype identification and molecular analyses [48]. To date, several technologies have
been refined for CTCs detection, enrichment, and isolation, based on chemical or physical methods,
such as capture by magnetic nanoparticles (NPs) [49], mechanical separation by size difference [50],
microfluidic approaches [51,52], and immune-recognition methods [47].

Among the antibody-dependent isolation procedure based on specific biomarkers recognition,
immunomagnetic technologies are often performed using anti-EpCAM antibody-functionalized
magnetic NPs to specifically target EpPCAM (Epithelial cell adhesion molecule) expressing cells.
The epithelial cell adhesion molecule (EpCAM) is a transmembrane glycoprotein that mediates cell—cell
adhesion in epithelial tissues. Since it has oncogenic potential, it has been extensively used for CTC
capturing. To date, the only FDA approved CTC detection system is the CellSearch® assay, although
the high-cost fabrication limits its use. The kit is based on immunomagnetic separation, to target
a specific antigen by using anti-EpCAM antibodies coupled to magnetic beads. The subsequent
separation of the antigen-antibody complex can be achieved via exposure to a magnetic field [53].

The development of reliable, cost-effective, and sensitive CTC detection and isolation technologies
plays a pivotal role in the early diagnosis and treatment of cancer. Nanomaterials offer excellent
advantages to improve the sensitivity in biomolecule detection due to their high surface area to volume
ratio and similar size with respect to biomolecules [54]. Many classes of nanomaterials have been
incorporated into CTC research for highly sensitive and selective cell capture, i.e., magnetic and
gold nanoparticles, carbon nanotubes, dendrimers, quantum dots, and graphene oxide (GO) [55].
Specifically, recent progresses in nanoscience have allowed designing nanoarchitectures based on
multifunctional G platforms for the isolation and identification of CTCs, representing technological
advancements in liquid biopsy [56]. In fact, the ease surface chemical modifications, together with
its unique optical properties, make GO an attractive material for biomolecule detection [56], and the
most commonly used strategies to isolate CTCs are based on traditional immunomagnetic separation,
electrochemical technology, and microfluidic tools [47]. Because of the diamagnetic feature of all
untreated biological materials, magnetic cell separation using bio-conjugated magnetic materials can be
fruitfully applied to separate CTCs from whole blood, in a highly specific way, via targeted binding and
subsequent separation using a bar magnet, avoiding light scattering and autofluorescence background
from blood cells.

The combination of graphene oxide quantum dots (GOQDs) and magnetic nanoplatforms into a
single nanoarchitecture functionalized with anti-GPC3 (Glypican 3) antibody has been proposed for
the accurate identification and selective capture of liver cancer tumor CTCs [57]. An electrochemical
sensing strategy based on aptamer-functionalized and gold nanoparticles array-decorated magnetic
graphene nanosheet (AuNPs-Fe30,4-GS) has been reported for monitoring and capturing CTCs in
human whole blood. The sensor takes advantage of the combination of two effects: the efficient
recognition and capture of the target CTCs assured by selected aptamers and the signal amplification
guaranteed by the functionalization of the gold nanoparticles (AuNPs) with electroactive species
(6-ferrocenyl-1-hexanethiol or thionine) [58].

Several GO-based microfluidic devices have been proposed to enrich CTCs, based on their distinct
biochemical properties toward other human blood components. Most of these devices focus on
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immunoaffinity-based technologies, which exploit specific antibodies widely expressed in cancer cells
to isolate CTCs with high purity and sensitivity.

A microfluidic GO-based chip with accurate surface capture design has been reported for isolating
CTCs from metastatic breast cancer patients, with high sensitivity and reproducibility. The use of GO
as the base material for antibody conjugation enables the chip to detect CTCs from only 1 mL of blood,
with high yield and reproducibility due to the high-density antibody presentation [59].

A microfluidic device exploiting immunocapture based on a tunable thermal-sensitive polymer-GO
chip has been proposed for highly efficient capture and subsequent release of CTCs from breast and
pancreatic cancer patients. The microfluidic device is coated with a composite film of functionalized GO
dispersed in a thermoresponsive polymer matrix. The combination of a biocompatible GO, properly
functionalized for immunocapture, with a thermosensitive polymer, has provided temperature-dependent
modulation of capture/release, allowing the effective cell release for post-capture analysis. This device
has overcome the common drawback of most immunoaffinity-based technologies reliant on antibodies
attached to the capture surface, hindering the release of viable cells [60]. Electrochemical technology is also
applicable to CTC recovery. A graphene-based electrochemical sensing platform, based on functionalized
graphene-modified glassy carbon electrodes (GCEs), has been designed to be incubated with mammalian
cells (i.e., different cancerous, multidrug-resistant cancerous, and metastatic human breast cells, as well
as artificial CTC samples). The interactions with cell surface components, responsible for conjugating the
target cells on the electrode surface, have been transduced to an ultrasensitive electrochemical response.
The chemical diversity offered by the graphene probes has allowed discerning different cell surface/cell
type, serving as a sensor array featuring selective receptors. The advantage of such an array-based
sensing approach relies on the possibility to make an overall signature of CTCs, providing a fingerprint
that allows for the classification and identification of cells [61]. A porous graphene-oxide (PGO) has
been used to decorate light addressable-potentiometric-sensor (LAPS) surface, followed by the aptamer
AS1411 anchoring (apta-PGO-LAPS), and is investigated as a light addressable potentiometric sensor.
The CTC sensing interface has exploited the integration of electronic sensors with the robust and specific
CTC’s bioprobe (aptamer). Specifically, the aptamer probe AS1411 has owned high binding affinity and
specificity to the overexpressed nucleolin on the CTCs’ membrane [62].

A sensor, for clinical sample’s CTC detection, based on aptamer AS1411 functionalized graphene
field-effect transistor (GFET) by using tetra (4-aminophenyl) porphyrin-mediated reduced GO as the
channel material, has been recently proposed. The aptamer sensing strategy has been applied to isolate
CTCs of human lung cancer cell line A549, breast cancer MDAMB-231, and cervical cancer HeLa,
with good sensitivity [63].

A versatile super-sandwich cytosensor, based on GO-modified 3D microchip and Au-enwrapped
silica nanocomposites (Si/AuNPs), fabricated by photolithography, has been developed as CTC-sensitive
quantitative detection system. The sensor integrates two functional components: (1) an anti-EpCAM
coating on GO for recognizing/capturing EpCAM-expressing cells, and (2) horseradish peroxidase
(HPR) and anti-CA15-3 (Ab2) loaded in Si/AuNPs to improve the selectivity of target cells and amplify
the electrochemical detection signal. The performance was assessed on MCF7 breast cancer cells,
showing high sensitivity with a wide range of 10! to 10 cells mL~! and a detection limit of 10 cells
mL~! [64]. A CTC isolation platform based on GO functionalized polyester fabric sheets bearing
anti-EpCAM antibodies has been proposed as a low-cost, easy-to-fit, and disposable platform, assuring
high sensitivity. Capture efficiency of 75-80% was obtained for cells with high EpCAM expressions [65].

A 3D hierarchical nanostructured graphene cell-captured foam with an anti-EpCAM coating
(rGO/ZnO/anti-EpCAM foam) has been proposed for recognizing/capturing EpCAM-expressing cancer
cells, showing some advantages compared to microfluidic-based devices, such as easy fabrication,
increased cell-substrate contact frequency in all directions, microporosity, which allows normal red blood
cells to travel through, but selectively captures CTCs, due to the anti-EpCAM coating. The performance
of this 3D foam was investigated using EpCAM-positive cancer cell lines (MCF?7, breast cancer cells),
resulting in a cell-capture yield reaching up to 58% after an incubation time of 30 min [66].
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For more comprehensive CTC enrichment, special attention must be focused on the choice of
antibodies. By combining different antibodies in a single nanodevice, higher capture efficiency can
be achieved than that obtained by single biomarker recognition. Reduced graphene oxide (rGO)
films functionalized with anti-EpCAM and anti-prostate specific membrane antigen (anti-PSMA)
antibodies have been recently fabricated by spray coating rGO solution onto a smooth glass slide.
The antibody-modified rGO films exhibited a high efficiency (60%) of CTC capture from the blood of
prostate cancer patients with prostate-specific antigen (PSA) levels of 4-10 ng mL ™! [67].

5. Exosomes (EXs)

EXs are a subgroup of cell-derived nano-sized (30-100 nm) extracellular vesicles (EVs) that have
been recently recognized as new mediators for many cellular processes and potential biomarkers
for non-invasive disease diagnosis and for monitoring treatment response, especially in cancer
therapy. Mounting evidences have demonstrated the EX implication in several diseases, including
viral pathogenesis [68], neurodegenerative diseases [69], and cancer growth and progression [70].
In particular, the release of EXs has been found to increase significantly in most neoplastic cells
and occurs continuously at all stages of tumor development. Growing evidence has shown that the
tumor-derived EXs carry characteristic proteins and RNAs in various cancer types, and the expression
levels of these molecules are closely correlated with tumor progression [71]. Besides, the surface
protein expression can provide invaluable information associated with the physiological states of the
parental cells, that is why EXs are emerging as a novel disease diagnosis tool. Although EXs share
several protein markers on their membrane, some of them are cell-specific and reflect the conditions
of the secreting cell, meaning that there is a large heterogeneity among these biological markers in a
single sample of withdrawn blood; this makes their isolation rather difficult. Up to date, most of the
microfluidic devices are still not compatible with clinical analysis due to scalability, standardization,
and validation. Further, several approaches are time-consuming, require extensive pre-treatment steps,
and do not recover enough samples for genomic or proteomic analysis. Thus, there is a need for
isolation techniques that selectively isolate EXs in a cost-effective and rapid manner [2]. Nevertheless,
the performance of common isolation methods is significantly affected by contamination from other
membrane-derived subcellular structures with high similarity in physical properties, resulting in
very poor recovery yields. Numerous EX isolation techniques have been established so far, including
ultracentrifugation, polymer-based precipitation, filtration, and affinity pull-down. Currently, the most
common method for EX purification is the ultracentrifugation, which includes several centrifugation
steps. Polymer-based precipitation relies on the formation of a polymer network to entangle all lipid
components in the sample and to reduce their solubility for rapid removal under a low centrifugal
force [72-74]. Membrane filtration has also been applied for size-based isolation of EXs, but EXs are
prone to adhere to the filtration membranes, causing sample loss. Moreover, the additional force
applied to pass the analyzed liquid through the membranes could potentially deform or damage the
EXs [74]. Affinity pull-down is superior in selective separation of EXs using specific antibodies, but it
requires large amounts of sample volumes.

The development of “bio-sensors” able to recognize EXs, without purification steps, from biological
samples with very high accuracy and sensitivity, has recently spread among the scientific community.
Generally, they combine the specificity of immunoaffinity-based systems with functionalized
nanomaterials. Fang et al. [71] designed a hybrid platform that integrated two nanomaterials with
different surface properties: the hydrophilic macroporous graphene foam (GF) and the amphiphilic
periodic mesoporous organosilica (PMO). The high specific surface area of GF, after modification
with the antibody against the EX protein marker, CD63 (specific exosome marker), allowed highly
specific isolation of EXs from complex biological samples with high recovery. After lysis with methanol,
the amphiphilic PMO was employed to rapidly recover the EX proteins, including the highly hydrophobic
membrane proteins. Peptides obtained by protein digestion were analyzed by LC-MS/MS analysis (liquid
chromatography-tandem mass spectrometry). Zhang et al. reported a microfluidic platform based on
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the graphene oxide/polydopamine (GO/PDA) system [75]. GO induced spontaneous polymerization of
a 3D PDA surface coating, which was demonstrated to improve the efficiency of EX immuno-capture,
suppressing the effects of non-specific adsorption. The platform was prepared by a layer-by-layer
coating method (Figure 2), and the on-chip-captured EXs were detected by fluorescence analyses after the
treatment with a mixture of biotinylated antibodies (CD63, CD81, and EpCAM). Streptavidin-conjugated
(3-galactosidase (SBG) was used as a reporter enzyme. The platform performance was proved in both
molecular profiling and the quantitative EXs detection of purified samples from a colon cancer cell
line or directly in plasma samples from ovarian cancer patients. Surface-enhanced Raman scattering
(SERS) spectroscopy is a promising analytic tool for EXs” ultra-detection. SERS” biomedical applications
include two general methodologies, called label-free detection and indirect approaches based on the
use of a Raman reporter (RaR) linked to nobel NPs, commonly known as SERS tags or SERS-labeled
NPs [76]. A SERS tag consists of four main components: (1) silver or gold NPs, which act as plasmonic
enhancer; (2) Raman reporter (RaR) acting as fingerprint label; (3) a protective layer or coating shell
that stabilizes the NPs, allowing the biomolecules grafting; (4) recognition moieties. Noble metal NPs
inducing an enhanced electric field when LSPR (localized surface plasmon resonance) is excited by
selected laser light sources [16] might be considered the SERS tag core. The RaR, an organic compound
with a typical spectral fingerprint (i.e., benzenthiol, 4-mercaptobenzoic acid, etc.), ideally should cover
the NPs to provide a stable, intense, and reliable Raman signal. The coating component of SERS-tag,
although not essential, can improve the colloid stability and provide several advantages: (a) prevent the
RaR leaching; (b) avoid contaminations; (c) reduce the intensity variations due to NP-NP interactions.
Several protective coatings have been proposed, including biomolecules (i.e., bovine serum albumin),
polymers (i.e., PEG), inorganic shell (i.e., SiO;), liposomes [76], and graphene [77]. In the last case,
G acts as both a protective shell and RaR. Specific peptides, antibodies, or proteins are grafted in the
external layer of the SERS-tag as recognition ligands of biomarkers [76].
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by ELISA colorimetric test using horseradish peroxidase (HRP) as a reporter enzyme in the secondary
antibody. (C) Surface-enhanced Raman scattering (SERS) tag with related SERS tag toolbox.

6. Circulant Tumor Nucleic Acids (ctNAs)

Circulating tumor nucleic acids (ctNAs), such as circulating cell-free DNA, RNA, microRNA
(Figure 1), represent an innovative tool for liquid biopsy applications [2,78,79]. The ctNA levels,
compared to other circulating free biomarkers (such as CTCs), are detectable early in the bloodstream;
therefore, they can be used for the initial tumor detection and the disease monitoring [80]. To date,
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several ctNA detection approaches based on fluorescence, SERS spectroscopy, radiochemical, enzymatic
approach, chemiluminescence have been investigated [46,81,82]. Unfortunately, the detection of
these biomarkers is challenging due to their small size and low concentrations in body fluids [80].
Different ultra-sensitive detection methods, including nucleic-acid sequence-based amplification [83],
rolling circle amplification (RCA) [84], and polymerase chain reaction (PCR) [85], have been proposed.
However, the complexity, the high cost of reagents and equipment, and the time-consuming protocols
prevent the translation of these strategies in the market. To overcome some of these disadvantages,
also the electrochemical approaches, characterized by a lower cost and a high detection sensitivity via
signal amplification, have been proposed in the last years [86].

GO and rGO have been chosen as sensing platforms to detect circulating oligonucleotides and
cells by fluorescent spectroscopy due to their ability to adsorb single-stranded (ss) oligonucleotides by
noncovalent approaches (-7 interactions and/or hydrogen bonds) [87]. At the same time, GO and rGO
have shown a lower affinity towards the double-stranded (ds) oligonucleotides due to poor accessibility
of nucleobases inside the double helix and a lower ability to adsorb longer oligonucleotides due to lower
diffusivity processes [88]. Moreover, G materials are able to almost completely quench the fluorescence
emission of the fluorescent dye linked to ss oligonucleotide. In the presence of complementary target
oligonucleotides (circulating oligonucleotides), the ss oligonucleotides marked with fluorescent dye
can be released by G surface and complexed with the complementary target oligonucleotide, restoring
the fluorescent emission, allowing the identification of the circulating oligonucleotide fragments.

A biosensing platform able to simultaneously detect and evaluate the amounts of miR-141 and
miR-21 (two miRNAs overexpressed in the early and in the advanced stage of prostate cancer) from
several body fluids (blood, urine, saliva) was investigated by Salih Hizir et al. [89]. The ability of GO
to adsorb ss DNA on its surface and to quench fluorescence emission was exploited for the design of
GO platform engineered with two fluorophore-labeled antisense DNA strands: fluorescein amidites
(FAM)-labeled anti-miR-21 and Cyb5-labeled anti-miR-141. The platform resulted in a fluorescent
quenching at 520 nm (FAM channel) and 670 nm (Cy5 channel). In the presence of overexpressed miR-21,
a fluorescent signal enhancement at 520 nm was observed, whereas overexpressed miR-141 induced a
fluorescent signal increase at 670 nm. Non-target miRNAs induced only a lower fluorescent increase at
these channels; therefore, the increase of fluorescent signal at 520 or 670 nm indicated the presence of
miR-21 or miR-141, and the increase of intensity fluorescence signal level was used to determinate the
concentration of miR-21 and miR-141 fragments. The system was proposed not only to detect prostate
cancer disease but also to evaluate its advancement stage. Unfortunately, the low sensitivity and low
specificity are typical problems of these nanodevices, hindering their clinical application [89].

A new GO-polymer-oligonucleotide (nGO-PEGMA/M2) and enzyme (DNase I) system able
to detect miR-10b in an RNA pool taken from metastatic breast cancer cells were reported by
Robertson et al. [90]. The insertion of a specific mismatch fragment into the probe sequence induced
an increase of specificity towards miR-10b, an oligonucleotide overexpressed in breast cancer.
The nGO-PEGMA/M2 DNase I system was able to distinguish miR-10b from miR-10a, which differed
only for a single nucleotide. The presence of the endonuclease DNase I improved the fluorescent
sensitivity of the probe but also the background fluorescent signal. To overcome this drawback, the
edge of GO was functionalized with PEGMA, which hindered the access of DNase I on the GO surface
to avoid the increase of fluorescence background signal due to undesired enzymatic activity [90].

The combination of the quenching properties of GO and cyclic enzymatic amplification method
(CEAM) has allowed developing GO/ssDNA probes able to detect and discriminate among several
mir-21 miRNAs in cell lysate media. The up-regulation expression of mir-21 miRNAs is involved in
solid tumor growth. The biological media have been obtained from lung carcinoma cell line A-549
and mammary epithelial cells MCF-10A. The presence of complementary miRNA has induced the
restoration of fluorescence due to miRNA/DNA complex formation, previously quenched by GO.
Subsequently, miRNA released from the DNase I digestion can complex with another ssDNA probe on
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the GO surface to start another cycle, enhancing the fluorescent signal until all released ssDNA probes
are completely consumed [91].

In the presence of divalent salt, GO is not able to discriminate between ssNAs and dsNAs [92].
On the contrary, rGO has shown a higher selectivity towards miRNA compared to GO in the same
adsorption conditions [93]. Taking into account these findings, Yan et al. developed a magnetic
system based on rGO (magnetic beads@APTES@rGO) able to selectively adsorb miRNA from the
RNA pool isolated from healthy human plasma [88]. Magnetic beads were employed to obtain a faster
extraction process by centrifugation. Moreover, in situ reverse transcriptions (RT), such as rolling circle
amplification (RCA) strategy, were applied to desorb and detect miRNA by rGO surface [88].

Several challenges have been also focused on the detection of both circulating ss/ds DNA.
Ruiyi et al. developed a nitrogen-doped multiple graphene aerogel/gold nanostar biosensor (N-doped
MGA/GNS) able to detect dsSDNA by human serum via electrochemical approach [94]. The hybrid
N-doped MGA/GNS system showed an electrocatalytic activity towards Fe (CN)¢>7/4~ improved in the
presence of dsDNA, which was demonstrated by amperometric detection. The authors ascribed this
behavior to the interaction between DNA and under-coordinated Au(I) sites bonded on the N-doped
MGA-5 surface [94]. Another electrochemical biosensor composed of G decorated with Au nanorods
and polythionine film (G/Au NR/PT) deposited onto glassy carbon electrode (GCE) was developed by
Huang et al. for the detection of human papillomavirus (HPV) DNA in human serum [95]. G was used
to enhance the surface area and the electric conductivity of the system; Au NRs (Au nanorods) were
employed to increase the immobilization of DNA probe; polythionines were selected due to their good
electron transfer ability and due to their ability to bond the Au NR surfaces by their amine groups.
The thiolated capture probes (CP) were immobilized on the biosensor via electrostatic interactions
and Au-S covalent bonds. CP was hybridized with one terminal of DNA target (TD), which arose
from HPV-16 long terminal repeat sequences. Moreover, two auxiliary probes (AP) were developed to
complex TD (fragment to be detected in human serum) by a long-range self-assembly process. Finally,
the 1,10-phenanthrolineruthenium dichloride ([Ru(phen);]**) was used as an electrochemical indicator
due to its ability to bond the DNA by electrostatic interactions. The increase of electrochemical response
signal depended on the amount of ([Ru(phen)3]2+) bonded to DNA nanostructure. Worth noticing,
the two AP sequences could bond with each other on the biosensor surface, giving rise to considerable
lengthy self-assembled DNA nanostructure, only in the presence of TD [95].

7. Graphene-Based Strategies in the Diagnosis of Viral Diseases

Direct methods, exploiting graphene nanotechnology, for the rapid virus detection, have been
only marginally investigated in the past, and no critical discussion has been reported in successive
literature reviews [96,97].

This attitude was unchanging even during SARS-CoV-1 emergency that was responsible for
the 2003 severe acute respiratory syndrome (SARS) infection in Asia, causing about 8000 cases and
774 deaths, also during the Middle East respiratory distress syndrome (MERS) of 2013, which affected
Saudi Arabia causing close to 858 deaths [12,98-100]. Advances in nanotechnology have begun to
play an important role in viral detection, to improve the detection limit, operational simplicity of viral
diagnostics [78].

A coplanar-gate graphene field-effect transistors (GFETs) [71] have been proposed for the detection
of HIV-1 (human immunodeficiency virus 1) and MLV (murine leukemia virus) viruses using antibodies
of vesicular stomatitis Indiana virus (VSV) as biorecognition element. VSV antibodies are immobilized
on the G layer using 1-pyrenebutanoic acid succinimidyl ester (PASE). PASE binds G by 7t-7 interactions,
anchoring the antibody’s primary amine groups by the opposite succinimidyl group. The formation of
the virus-antibody complex leads to a downward shift of the Dirac point voltage, regardless of the
types of detected viruses. The proposed platform has worked in a wide range of concentrations (from
47.8 aM to 10.55 nM), but the lack of virus specificity appears the main limitation of this strategy.
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An surface plasmon resonance (SPR) sensor based on an polyamidoamine-functionalized
rGO(composite, with monoclonal antibodies immobilized on self-assembled dithiobis (succinimidyl
undecanoate, DSU) for the detection/quantification of Dengue virus (DENV), has been recently
described [97].

The specificity and the sensibility of the sensor have been achieved by anchoring a stable
biorecognition element (antibodies (IgM) against Dengue type 2 envelope proteins) on the gold surface
of the sensor. The specific binding of antibody-DENV 2 E-protein allows a significant change in
the angle of the reflectivity minimum that is correlated to Dengue virus detection. The proposed
sensor has shown a sensitive and selective response towards DENV 2 E-proteins compared to DENV
1 E-proteins and ZIKV (Zika virus) E-proteins. Although no G materials have been integrated into
the above-described sensor [97], the criteria used for its fabrication were included in this review since
the strategy could be extended to other viruses, and the performance of SPR noble metal could be
improved in the presence of G [76].

Differently from the past, the current sanitary pandemic emergency caused by the new type of
coronavirus (SARS-CoV-2) is characterized by global effort to identify biomarkers that predict the
severity of COVID-19 patients and to develop diagnostic tools for the rapid detection of SARS-CoV-2
infection [101].

Currently, nucleic acid testing on respiratory specimens is the reference gold standard method
for the diagnosis of COVID-19 infected patients [102]. The test requires a series of laboratory
procedures: (a) viral RNA extraction; (b) addition to a master mix containing nuclease-free water, reverse
primers, a fluorophore-quencher probe, and a reaction mix (i.e., polymerase, reverse transcriptase,
magnesium, nucleotides, and additives); (c) loading of extracted RNA/master mix into a PCR
thermocycler; (d) several cycles at settled temperature. During the RT-PCR cycles, the cleavage of the
fluorophore-quencher probe generates a fluorescent signal detected and recorded in real-time [101].

RT-PCR uses respiratory samples to genetically detect SARS-CoV-2; some data have suggested
that 20-34% of COVID-19 patients resulted negative in the test despite being infected. This variance in
the sensitivity could be mainly attributed to low viral load (i.e., patients tested in the early stage of the
viral disease) [102]. Other RT-PCR issues include the time consuming and expensive analysis and the
technical expertise in carrying out the text.

Other technologies, such as point-of-care technologies and serologic immunoassays, are rapidly
emerging to address these deficiencies [78].

Analytic methods to assess prior infection and immunity to SARS-CoV-2 by antibody identification
are essential for epidemiologic studies, although sensibility and specificity of the tests currently available
in the market remain undefined. Cross-reactivity of antibody to non-SARS-CoV-2 coronavirus proteins
is the main issue of these serologic tests [101,102]. The development of an antigen detection test [102]
could take advantage of progress in the production of monoclonal antibodies against the nucleocapsid
protein of SARS-CoV-2. The global effort to increase SARS-CoV-2 testing capacity takes advantage of the
most recent advances in chemistry, molecular biology, genome technology, and nanotechnology. Several
projects are ongoing in this direction, and some results are already reported in the literature [95,103].

The detection of SARS-CoV-2 in respiratory samples has been achieved by LSPR biosensor, combining
the photothermal effect and plasmonic sensing transduction for SARS-CoV-2 viral nucleic acid [103].

A field-effect transistor (FET)-based biosensing device for detecting SARS-CoV-2 spike protein
(S) in clinical samples was reported by Seo et al. [104]. Antibodies against S protein were anchored
to the graphene sheet (external coating of FET) by 1-pyrenebutanoic acid succinimidyl ester (PBASE,
Figure 3).
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Figure 3. Coronavirus disease 2019 (COVID-19) field-effect transistor (FET)-sensor. Graphene is selected
as sensing material and is decorated with the SARS-CoV-2 spike antibody using 1-pyrenebutanoic acid
succinimidyl ester (PBASE) as interfacing molecule and probe linker. Reprinted with permission from
reference [104], Copyright © 2020, American Chemical Society.

The performance of the sensor is determined using antigen protein, cultured virus,
and nasopharyngeal swab specimens from COVID-19 patients. The device could detect S protein
at concentrations of 1 fg/mL in PBS and 100 fg/mL in the clinical transport medium, and it could
distinguish the SARS-CoV-2 antigen protein from those of MERS-CoV. The successful fabrication of
a COVID-19 FET sensor based on the integration of the SARS-CoV-2 spike antibody with graphene
suggests the key role of G for diagnostic scope [80]. Specifically, the functionalization of G with
diverse functional molecules [14,17,105,106] could be the key element to tailor its properties and to
obtain advanced diagnostic tools for the SARS-CoV-2 diagnosis. Meanwhile, for the revision of this
manuscript, some works dealing with sensors for COVID-19 diagnosis based on graphene are reported
in the literature [107], and, although further researches are undoubtedly necessary, the leading role of
G in the world’s fight against COVID-19 is clearly coming out [108].

In summary, the biomolecules till now used to target SARS-CoV-2 includes the viral RNA, the viral
spike proteins, and the specific immunoglobulins produced by the hostimmune system. The biosensing
community is actively working to improve portability, time, and cost of PCR-based SARS-CoV-2
detection, as well as to create manufacturable PCR-based microfluidic devices. Recently, also the
gene-editing technology (CRISPR/Cas) has been developed to overcome the issues of PCR-based
systems. Two different detection modes have been proposed in CRISPR technology, i.e., binding- or
cleavage-based [109]. The sensor is developed by immobilization on a graphene-based field-effect
transistor (GFET) of Cas9 with a sgRNA, specific to the target sequence of SARS COV-2; the electrical
signal originated by the binding of the target nucleic acid by the Cas9-sgRNA complex is recorded via
a simple handheld device without amplification.

8. Conclusions

The extraordinary properties of G make it a potential candidate to be routinely implemented in the
design of biosensing platforms for liquid biopsy. Certainly, the innovation in diagnosis and monitoring
of severe diseases could take advantage of the most recent progress in chemistry, molecular biology,
genome technology, and nanotechnology. However, to give a significant contribution to the topics of
great relevance for public health, such as cancer-fighting, neurodegenerative pathologies, emerging
viral diseases, etc., the priority of collaborative research should be mainly focused on the opportunity
to clinically translate the newly identified biomarkers using nanotechnology. Significant advancement
has been achieved in the last years; however, data reproducibility remains the main drawback, and the
selection of suitable nanomaterials for the development of devices is one of the key elements to obtain
diagnostic tools that guarantee reproducible and reliable quantitative measurements.
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Finally, the COVID-19 lesson indicates that the development of diagnostics is crucial to managing
the pandemic outbreak, and certainly, G technology will assume a prominent role in the fabrication
of innovative devices for the detection/quantification of viral nucleic acids/proteins actionable for
detection at the point-of-care.
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