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Abstract: Gene therapy has been considered a promising strategy for treating several inherited
diseases and acquired complex disorders. One crucial challenge yet to be solved to ensure the
nanomaterials’ success in delivering gene therapies is their ability to escape from endosomes. To
address this issue, we previously developed magnetite nanoparticles conjugated with the
antimicrobial peptide Buforin II, which showed potent translocating and endosomal escape abilities
in several cell lines. In this work, we propose developing new cell-penetrating nanoplatforms by
interfacing graphene oxide (GO) with potent translocating peptides to take advantage of already
tested and unique peptides as well as the distinctive interactions of GO with the phospholipids of
membranes and endosomes. GO was prepared by the modified Hummers” method through the
oxidation of graphite sheets. Next, the functionalization of GO was carried out by rendering
pendant amine groups to the GO surface. Thermogravimetric analysis (TGA) and Fourier-
Transform Infrared spectroscopy were used to corroborate successful functionalization of the
nanoplatform. FTIR analysis exhibited the peaks related to the distinct carboxyl groups of GO and
the Si-O bonds after silanization. TGA allowed us to estimate a silanization efficiency of 38%. Future
work will be focused on conjugating Buforin II and assessing translocation efficiency by conducting
uptake assays in liposomes and various cell lines. Additionally, endosomal escape will be
determined via confocal microscopy by labeling the peptide with fluorescent molecules and
examining colocalization with the fluorescent marker of endosomes, LysoTracker. By taking
advantage of the exceptional qualities in terms of physicochemical, electrical, and optical properties
of GO, this study might provide novel strategies to overcome limitations commonly faced, such as
low stability of the translocating biomolecules and endosomal entrapment.
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1. Introduction

Gene therapy has been projected as a promising strategy to treat several genetic disorders and
acquired diseases such as autosomal or X-linked recessive single-gene disorders, including Cystic
Fibrosis (C.F.), Adenosine Deaminase deficiency (ADA), emphysema, retinitis pigmentosa, sickle cell
anemia, phenylketonuria, hemophilia, and Duchenne Muscular Dystrophy (DMD) [1]. Apart from
such severe conditions, recent studies have suggested promising treatments for some autosomal
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dominant disorders, polygenic disorders, different forms of cancers, vascular disease,
neurodegenerative disorders, and inflammatory conditions, among many others [2]. Gene therapy
consists of replacing a distorted gene with a healthy one or completing a missing gene to express the
required functional protein [3].

Despite potential findings for both in vivo and ex vivo, a major challenge that remains to be
overcome is the efficient delivery of the therapies. Only a small part of the delivered genetic cargo
reaches the target site [4]. Therefore, there is a need to develop efficient delivery systems. In line with
this, viral and non-viral vectors are current approaches to address the issue related to efficient
delivery [1,2]. Viral vectors have demonstrated superior efficiencies for the delivery of genetic
material, but failure to comply with biosafety requirements has been considered worrisome by
regulatory bodies [5]. As a result, non-viral vectors, particularly nanostructured systems, have gained
more attention during the last few years due to their lower immune responses, inexpensive
preparation, and advantageous properties for assembling customizable and modular gene delivery
nanovehicles [6]. A significant hurdle yet to be solved for these types of systems is their ability to
escape from endosomes, which are cell compartments that entrap therapeutic molecules after their
internalization and eventually degrade them due to the reduction of pH and the action of several
enzymes [7].

Recently, we have conjugated magnetic nanoparticles with the antimicrobial peptide Buforin II.
Interestingly, the obtained nanobioconjugates exhibited potent translocating and endosomal escape
abilities in several cell lines [8]. Thus, the purpose of this work is to extend this approach to other
families of nanomaterials to ultimately obtain an ampler variety of platforms available for a rational
design of cell-penetrating vehicles to address the need for a more comprehensive set of tissues and
diseases. Carbon-based nanomaterials have been considered as an exciting family to be explored [9].
Mainly, graphene oxide (GO) has recently emerged as an attractive material for gene and drug
delivery because of its high surface area, and electrical and optical properties [10]. In addition to these
benefits, recent reports have demonstrated important advances in the large-scale and high-
throughput production of GO with controlled thickness [11-13]. Consequently, this work pursues to
put forward a new family of cell-penetrating systems based on GO-based nanoplatforms by
interfacing GO with potent translocating peptides.

2. Materials and Methods

GO was synthesized by following the modified Hummers” method [14], which involves the
oxidation of graphite sheets as schematized in Figure 1A. Such oxidation was conducted by mixing
0.75 g of graphite sheets and 4.5 g of KMnOx in a solution containing H2504 (90 mL) and HsPOs (10
mL). The reaction mixture was stirred for 12 h at 50 °C. The oxidation was then quenched by rapidly
cooling down the mixture to room temperature followed by addition of H2Ox for filtering later. Next,
exfoliation of GO was carried out to obtain a solid that was cyclically centrifugated at 4000 RPM for
4 h, resuspended in an aqueous solution of HCl and ethanol, and filtered out. Finally, the as-prepared
GO was lyophilized and stored at 4 °C until further use.

The functionalization process was conducted by mixing 100 mg of an aqueous solution of GO
with 2 mL of tetramethylammonium hydroxide (TMAH) 25% (v/v), 50 uL of pure acetic acid, and 1
mL of (3-Aminopropyl) triethoxysilane (APTES) 10% (v/v). This strategy was carried out to render
free amine groups on GO'’s surface, as shown in Figure 1B. Next, to remove unused reagents, the
resulting mixture was centrifugated and resuspended in distilled water. Finally, functionalized GO
(fGO) was lyophilized and stored at 4 °C until further use.

Fourier-Transform Infrared spectroscopy (FTIR) and Thermogravimetric analysis (TGA) were
used to confirm surface modification effectiveness.

3. Results

To demonstrate the process of rendering amine groups on the surface of GO, infrared spectra
were obtained for GO (black line) and fGO (blue line) samples, as showed in Figure 2. Characteristic
groups for GO were detected as follows: The peak detected at about 3300 cm™! is attributed to the O-
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H stretching vibrations of hydroxide groups [15]. Moreover, bands observed at about 1100 cm™ and
1750 cm™ correspond to the stretching vibration of epoxy and the stretching vibration of carbonyl
groups, respectively [16,17]. After functionalization, it was possible to observe bands at about 1020,
1180 and 1460 cm™, attributed to stretching vibration of Si-O-Si, stretching vibration of Si-O-C and
stretching vibration of C-N bonds, respectively [16,18]. Furthermore, the efficiency of
functionalization with APTES was estimated at 38% through TGA. Profiles of such analysis are
shown in Figure 3.
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Figure 1. Scheme of the methodology conducted for: (A) Synthesis of GO: Oxidation of graphite sheets
is carried out through the action of KMnOs, H2504 and HsPOu. Once the oxidation step is quenched
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by cooling down the resulting mixture to room temperature followed by addition of H20: for later
filtering, the mixture was centrifugated to obtain a solid. Such solid was exfoliated by resuspending
it in an aqueous solution of HCI and ethanol. Next, the exfoliation step is cyclically repeated by
centrifugating, resuspending and filtering. The protocol was based on the Hummer’s synthesis [14];
(B) Functionalization of GO: GO as-synthesized was dissolved in an aqueous solution containing
TMAH (25% v/v), acetic acid and APTES (10% v/v). The solution was stirred for one hour at room
temperature. The protocol was based on recent studies conducted for magnetic nanoparticles [8].
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Figure 2. Infrared spectra for GO (black line) and fGO (blue line). After rendering amine groups on
GO's surface, it was possible to observe characteristic peaks at 1020, 1180 and 1460 cm™ attributed to
expected bonds such as Si-O-5i, Si-O-C and C-N respectively.
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Figure 3. TGA profiles for GO (black line) and fGO (blue line). Within this temperature range GO lost
over 85% of its mass, while fGO lost about 50% of its mass. This indicates that the functionalization
process increased the density per weight unit of the functionalized GO. In addition, the difference
between both curves gives a measurement of how efficient the functionalization process was.
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4. Discussion

To achieve the successful delivery of cargoes, nanomaterials have often been superficially
modified to improve their endosomal escape abilities. In this work, the GO surface has been
interfaced with the organosilane APTES to rendering free amine groups. This was confirmed
qualitatively through FTIR analysis. Furthermore, it was possible to estimate the efficiency of the
functionalization by comparing TGA profiles for GO and fGO. This efficiency is comparable to
previous reports pursuing different applications such as lead sequestration [19] and protection from
corrosive environments [20].

Since we are particularly interested in delivering gene therapies, future work will focus on
conjugating Buforin II and evaluating translocation efficiency by conducting uptake experiments in
liposomes and various cell lines. We will also determine endosomal escape via confocal microscopy
by labeling the peptide with fluorescent molecules and examining colocalization with the fluorescent
probe of endosome compartments LysoTracker.

This work is expected to provide an avenue for developing gene delivery systems based on GO-
based nanoplatforms. Moreover, by taking advantage of the great qualities in terms of
physicochemical, electrical, and optical properties of GO, this study might provide novel strategies
to overcome limitations commonly faced by drug delivery nanocarriers, such as low stability of the
translocating biomolecules and endosomal entrapment.
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