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Graphene oxide has been used in different fields of nanomedicine as a manager of drug delivery due to its inherent
physical and chemical properties that allow its use in thin films with biomedical applications. Several studies
demonstrated its efficacy in the control of the amount and the timely delivery of drugs when it is incorporated in
multilayer films. It has been demonstrated that graphene oxide layers incorporated in drug delivery systems are
able to work either as a nanocarrier, transporting the drugs to their targets or as a barrier delaying the release of
drugs to accommodate the treatment schedules. This allows for the development of structured ,sophisticated and

time-controlled systems.

graphene oxide drug delivery polyelectrolyte multilayer films

| 1. Introduction

Graphene-based materials have an important role in the development of drug delivery systems (DDS) due to their
biocompatibility properties and the easiness with which they can be functionalized with biomolecules. Moreover, it
is simple to integrate them in multilayer systems with applications in which controlled release of bioactive
molecules is necessary. Graphene is a two-dimensional compound, consisting in a monolayer of aromatic carbon
atoms (sp2-bound)/covalently bound, organized in a hexagonal lattice structure W, forming sheets with the
thickness of a single atom 2. It has interesting mechanical properties, large surface area, and high electrical and
thermal conductivities B!, and it can exist in other forms, such as graphene oxide (GO) and reduced graphene
oxide (rGO), which are more hydrophilic, making them easier to solubilize and disperse in aqueous or
polyelectrolyte solutions (such as PBS—phosphate buffered saline) and improving, therefore, their self-assembling
properties MBI, The high content of groups with reactive oxygen in GO enhances its ability to be functionalized with
various materials . It is composed of carboxyl, hydroxyl, and ether groups, allowing it to absorb polar polymers or
polar molecules with ease, and, therefore, it is an excellent candidate to form GO/polymer composites 4. These
active groups are ideal for molecule immobilization on the GO surface and make it hydrophilic and a powerful
candidate to be used as drug carrier (€. For instance, carboxyl groups are the main group responsible for GO
colloidal stability IR Furthermore, GO has good water and biomedium dispersibility as well as good optical
(absorption) and photothermal (conversion) properties [29. Several functionalization strategies can be used to
enhance GO’s characteristics and promote its stability and bioavailability. This functionalization can be achieved,
for example, by PEGylation (PEG—polyethylene glycol) to improve biocompatibility, solubility, and stability in

physiological conditions, by double oxidation of the graphene to provide electrostatic stabilization, by using a
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copolymer (e.g., Pluronic F127) to provide steric stabilization, by non-covalent interaction (1t-1t interactions) with
aromatic organic molecules (such as 1-pyrenebutyrate (PB)) to improve aqueous stability, or by using synthetic
peptides such as Poly L-Lysine (PLL) to improve its biological activity 121814 The versatility in the
functionalization of GO allows its application in several devices. An example is the ability of functionalized GO to
cross the blood-brain barrier (BBB), which widens its use in biomedical research, as it overcomes the inability of
unstable chemicals or peptides to reach the brain 1218 Mendonca et al. [17! also demonstrated the ability of rGO

to cause a transitory BBB breakdown and, therefore, cross this BBB into the brain.

| 2. Graphene Oxide Multilayer Films

Layer-by-layer (LbL) is a versatile technique which allows the incorporation of multiple components culminating in a
smart and functional system. It is a simple and cost-effective process that can be used in large-scale production
and is eco-friendly, due to the fact that the solutions used are aqueous . LbL is the preferred technique to develop
DDS with graphene, and several methods can be used to produce thin films, such as microfluidics 18, perfusion
(18] | angmuir-Blodgett assembly 191, spin coating &, drop coating 2%, spray coating 22, or dip coating ¥, which is

the most common one.

The major driving forces in LbL multilayered films are electrostatic forces (more common), hydrogen bonding,
charge transfer interaction, and covalent bonding [Bl22l. | bL films can incorporate functional polymers 23, enzymes
(241 small molecules 28!, polysaccharides 28 carbon nanotubes (CNT) 4, nucleic acids 28129 or inorganic
nanoparticles (NPs) 22 and can be assembled in a wide range of substrates independently of their size or shape,
allowing for the creation of three-dimensional objects covered in these films BB, The fact that LbL films can be
deposited on different substrates without altering the properties of the films is very useful, because it allows the
testing of different film characteristics, which may require different substrates 222l for example, the quartz crystal
microbalance (QCM), which requires the films to be assembled in a QCM crystal sensor/lamella B8I24 or the
transmission electron microscopy, for which the films need to be deposited onto copper grids 3328l This also
allows for their application in multiple biomedical devices without fear that their properties will change. Fox
example, they can be applied in flexible substrates that can adhere to tissue and deliver different types of drugs [
or odd-shaped substrates as coatings for biomedical implants, such as cardiovascular stents [ [232]
Furthermore, LbL films containing GO can be used, for example, in tissue engineering LE8 as carriers for

vaccines 29, as antibacterials 9, in cancer therapy 411, or in biomedical imaging [42143]144]

The incorporation of GO in a multilayered film is a chemistry game; it is necessary to have stable chemical
interactions in the interfaces of the layers to avoid interdiffusion of components and to ensure a correct growth of
film. Usually, to avoid aggregation or agglomerates on the surface of GO layers, bilayers of charged GO are added.
GO has a natural negative charge and can act as a negatively charged component in LbL without further
functionalization, and the positively charged GO can be obtained by amine functionalization [2I[421[46]147]48] Ag 5
result, there is obtained a thin and smooth bilayer of GO that can be incorporated between polyesters or polymeric
thin layers. GO can interact with other molecules via hydrophobic or electrostatic interactions, hydrogen bonding,

or m-m stacking. GO can be non-covalently functionalized using LbL to improve dispersibility and avoid
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aggregation, using, for example, chitosan (Chi)/dextran, Chi/sodium alginate (SA), or protamine sulfate/SA 832,
Small molecules, non-polymeric in nature, are more difficult to incorporate into LbL assemblies, because they can

penetrate the graphene multilayers, and that can affect the growth of the multilayered system (81,

To start a multilayered film, it is necessary to charge the substrate to enhance the adsorption of the first layer. The
most common assembly process is to start with a negatively charged substrate that is usually obtained by piranha
solution (composed of sulfuric acid (H,SO,4) and hydrogen peroxide (H,O,) in the proportion of 7:3, v/v) and
oxygen plasma treatment 49 and, therefore, a negatively charged layer. However, it is also possible to invert the
order, functionalizing the substrate with positive charges by dipping the substrate in APTES solution ((3-
aminopropyl) triethoxysilane) (3 min). Furthermore, substrates should be previously cleaned to remove organic
contaminants with piranha solution followed by a rinse with deionized (DI) water “3. The cleanness and
functionalization of substrate is important to ensure the homogeneity of the following layers. Usually, the films

exhibit a linear growth; however, this can vary on the first few bilayers, due to interaction with the chosen substrate
@1,

The pH of the dipping solutions can greatly affect the resulting film’'s thickness and roughness, as it can affect the
charge balance between the oppositely charged components and the degree of ionization of weak polyelectrolytes.
If the pH and pKa of the dipping solution are near each other, the film’s thickness is increased 429, The use of
different or even cross-linked polymers in LbL films allows for the control of the porosity and rate of degradation

and dissociation of the films 22,

| 3. Graphene Oxide as Carrier in Drug Delivery

Ideally, nanocarriers must have a size between 30 and 200 nm to be retained in blood vessels. Above this size,
they are prone to aggregation in the liver or the spleen, and, below that, they can suffer blood renal filtration, being
filtered from the plasma to the urine (. When encapsulating or bonding a drug to its respective carrier, it is also

important to consider the ratio of drug:carrier, as this can affect encapsulation/bonding efficiency B,

In recent years GO has gained a lot of attention for its potential use in biomedical applications, with several
publications reporting its benefits as a drug in cancer therapy [B2IB3IBAIBSIGEISTISEIBABA6L For example, Liu et al.
B jnvestigated a possible nanocarrier for oral drug administration in cancer treatment, developing a thin film with
graphene as nanocarrier and pingyangmycin (PYM) as the anti-cancer drug of choice. Orally administered drugs
have reduced side effects when compared with IV administration and are more easily accepted by the patients;
however, they have some drawbacks, such as being easily degraded by the gastric acid and pepsin present in the
stomach, low bioavailability, rapid clearance, and poor tissue distribution. The developed film was composed of
poly(acrylic acid)-cysteine (PAA-cys), poly(allylamine hydrochloride) (PAH), and GO as follows: PAA-cys-PAH-GO-
PYM. PAA-cys helps the DDS to adhere to the small intestine mucus layer, improving the drug bioavailability, and
PAA-cys and PAH polyelectrolytes are cross-linked in the surface of the GO-PYM conjugate and help protect the

nanocarrier and drug from gastric acids, allowing the safe passage of the DDS to the intestine, where it can release
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the drug. Drug release was higher at lower pH, further demonstrating the potential of this DDS in improving

targeting to the tumor tissues (acidic environment) and reducing effects in normal tissue.

Another study reports the use of GO NPs as nanocarriers to enhance the drug bioavailability and water solubility.
GO is subjected to the “piercing effect” and, therefore, is easily internalized by cells, and its sheet-like structure
helps to stabilize the capsule layers, avoiding any drug escape before it reaches its target, making it an ideal
choice for this kind of application. Here, they coated GO NPs with a single layer of carboxymethylcellulose (CMC)
(to increase drug loading capabilities), with curcumin (Cur), a powerful anti-cancer “drug”, encapsulated into CMC.
CMC was then cross-linked with poly N-vinylpyrrolidone (PVP) to produce stimuli-responsive NPs (redox-
responsive disulfide linkage). The high glutathione concentrations inside the tumor induce breakage on the bridge
between CMC and PVP and, therefore, cause the curcumin to be released. Further NP functionalization was
obtained by conjugation of PEGylated monoclonal folic acid antibody (FA) onto the NP surface. This is an important
step, as FA binds to folate receptors that are highly expressed in cancer cells, thus helping to direct the NPs to
these cells and allowing them to be internalized by phagocytosis. PEGylation helps to reduce protein adsorption
onto nanocarriers (preventing “protein corona” and, therefore, renal clearance), prolongs NPs blood circulation, and
enhances binding efficiency of FA to the receptors. It also helps to prevent the drug from leaking early and protects
it against degradation or enzymatic cleavage. The final composition of the NPs was Cur-FA-CMC/PVP GO NPs.
Another important piece of information to retain is that highly charged NPs suffer less aggregation due to repulsive

electrostatic forces, allowing for more stable dispersion in physiological conditions 862,

Associated with cancer treatment, several stimuli-responsive films which can be used in photothermal therapy are
also being studied [B2I[63164I[651(66] photothermal therapy relies on the capacity of NPs to convert NIR (near-infrared
radiation) to vibrational energy, generating heat and thus killing cancer cells (where the NPs accumulate). The high
efficiency of NIR is mainly because it can reach the NPs without damaging the tissues in between, since biological
tissues do not possess chromophores absorbing in the NIR region. GO is a great nanomaterial to use in these
kinds of films, as it can generate heat sufficient to kill cancer cells when exposed to NIR, being even more effective
than CNT 7. Therefore, by using GO, it is possible to obtain a NIR-responsive capsule/fim with drug loading
capabilities and in which GO not only serves as a structural component but also as a NIR responsive material,
avoiding the use of gold and silver NPs or addition of NIR-dyes or CNT (which were used until now to fabricate

NIR-responsive capsules). This allows for a much simpler and cost-effective process 12,

A study led by Xie et al. B2 successfully developed a magnetic DDS based on GO sheets, with both magnetic and
photothermal response. This kind of particle can be used in targeted therapy and has been greatly studied in
cancer applications. Xie et al. B2 developed a graphene oxide-based nanocomposite loaded with doxorubicin
(DOX—an antitumor antibiotic). GO has a large DOX loading capacity, making it the ideal nanocarrier. To
magnetize the GO sheets, researchers used the thermal reaction method to deposit Fe;0, onto the GO sheets.
However, mGO (magnetic GO) is even more prone to aggregation than GO, and, therefore, it requires further
functionalization. For that purpose, mGO sheets were coated with Chi and SA through the LbL technique. The final
composite composition was mGO-Chi/SA-DOX. A ratio of mGO sheets:Chi:SA of 1:4:4 was needed in order to

achieve a stable dispersion. DOX was loaded via Tt-1t stacking and electrostatic attraction. They successfully
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developed a nanocarrier that not only could be directed to the target cells with magnetism, as it had strong
photothermal response, causing the cancer cells to die upon NIR irradiation, but had a pH-dependent release of

DOX, ideal to use with cancer cells that have a pH lower than normal cells.

Another example is GO-iron oxide (I0) PEGylated nanocomposites (GO-IONP-PEG) that can be used as a drug
carrier triggered by a magnetic field, being used in photothermal therapy. GO functionalization with PEG greatly
increases its stability in physiological solutions. In these cases, GO-IONP-PEG particles can be loaded, for
example, with DOX by T1t-1t stacking and then be used in cancer treatment. However, this composite can also be

used as a t2-weighted magnetic resonance contrast in tumors, as demonstrated by Ma et al. [68],

Another potential application for GO-based compounds is as a carrier and/or enhancer for antibacterial or
antimicrobial agents [EIE8I67OI71]

As an example, the work carried out by Cao et al. [, in which they developed a system for sustained release of an
antibacterial peptide (G(IIKK)4I-NH,) using GO as a nanocarrier and assembling it into a thin film that can be used,
for example, as coating for surfaces or devices. G(IIKK),I-NH, cannot be efficiently loaded into LbL by itself due to
its low charge number, hence the need for a GO. The films were composed of G(lIKK)4I-NH, (positively charged),
poly(acrylic acid) (PAA, Polyanion), and poly(B-amino ester) (PBAE, polycation), and it was possible to confirm that
G(lIIKK)4I-NH, retained its antibacterial properties even when incorporated in the films. The release speed can be

tuned by varying the number of layers of PBAE.

GO’s ability to reach the brain makes it also a good candidate for neurological applications 227273l a5 reported,
for example, by Xiong et al. 2, who developed a DDS to treat Parkinson’s disease (PD) using lactoferrin (Lf)-
functionalized GO as a nanocarrier for the natural drug puerarin (Pue), which presents anti-PD properties (Lf-GO-
Pue). Lf was used for its ability to bind to the vascular endothelial receptor in the BBB and, therefore, promote the
transport of this DDS across this barrier through a receptor-mediated transport. Their work showed promising
results, with the in vivo test showing that, in PD-induced mice, there were significantly less neuronal damage and

compartmental deficits.

Furthermore, it is possible to obtain hollow capsules of rGO that can be used to incorporate particles or bioactive
molecules. These capsules were obtained by the sequential adsorption (due to electrostatic interactions) of
positively charged (rGO-NH3*) and negatively charged (rGO-COO™)) onto a sacrificial PS (polystyrene) substrate,

which can then be removed by tetrahydrofuran (THF) solvent exposure &,

Besides the already mentioned examples, there are several others that report using GO as a nanocarrier, for
example, for proteins, protecting them against proteolysis and helping retain their activity /4 as a carrier for
pirfenidone (a drug used to treat subarachnoid hemorrhage) [/2!: as a carrier for phytomedicines, augmenting their
biocompatibility and reducing their toxicity [/8; as a carrier for famotidine (an anti-ulcerous medicine), reducing its
side effects through a controlled and sustained release [Zl: as a carrier for quercetin (a bioactive flavonoid with

powerful antioxidant characteristics), helping circumvent its low bioavailability, extensive first passage metabolism,
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and instability in aqueous intestinal fluids [8; as a carrier for transdermal delivery (hydrogel) of ondansetron, a
medicine to help control vertigo that has low bioavailability and short half-life I2; as a carrier for growth factors to
enhance cell differentiation [%: and as a carrier for pain management medicines such as flurbiprofen or

buprenorphine, helping reduce its side effects and promoting a sustained release without constant need for dosing
(81](82]

| 4. Graphene Oxide for Controlled Drug Release

In a DDS, it is of the utmost importance to control the release of the bioactive compounds. Recently, graphene-
based materials, such as graphene oxide, have been gaining a lot of attention for their ability to act as a barrier or

capping layer, delaying and controlling the release of biomolecules across time [291[83][84][85][86][87][88]

There are several studies using ovalbumin (OVA—the main protein found in egg white, largely used as a nutrient
supplement) as model drug; some researchers were able to use GO either as a nanocarrier or a capping layer to
build thin films, preventing the early release of the biomacromolecule and obtaining, therefore, a long-term delivery
that lasted over 70 days 4. This mechanism was also applied in films containing OVA as the model protein/drug
and PBAE as a hydrolytically degradable polymer. They were able to delay the release of OVA from less than an
hour to several weeks by using GO as a capping layer in films with (PBAE/OVA),o(GO*/GO7),, or as a barrier layer
in films with (PBAE/OVA-AF555),0(GO*/GO™)5(PBAE/OVA-TR),0(GO*/GO™),(PBAE/OVA-FL),, (where AF555—
Alexa fluor; FL—fluorescein; and TR—Texas red were used as labels to differentiate between OVAs). When GO
was used as a barrier layer, a sequential and controlled release of OVA was possible, with the possibility to control
the release gaps by varying the number of GO bilayers. Furthermore, GO’s low permeability helps to reduce
interlayer diffusion. This opens up a world of possibilities for DDS with multiple drugs which can be release in a

sequential and ordered manner (B3],

In an electro-responsive film, GO was also used as a barrier layer. OVA was used as model drug, and rGO was
also incorporated in the films as an electroconductive material (because GO has poor conductivity).
(PBAE/rGO™/GO*/OVA/GO*/rGO7), (n stands for the number of repeated layers) showed negligible OVA release
when there were no stimuli present and 50 times more OVA release upon electric stimulation, further confirming
GO barrier capabilities 89,

rGO can also be used as a barrier layer in order to prevent spontaneous release of cDNA, as demonstrated by
Jeong et al. 29 who developed a method to activate DNA nanodevices based on electro-responsive films
containing rGO with the following composition: (PBAE/cDNA/rGO*/cDNA/rGO*/PEDOT:PSS),/(rGO*/rGO7),,
where PEDOT:PSS stands for poly(3,4-ethylenedioxythiophene) polystyrene sulfonate.

GO is also able to prevent the release of drugs in multilayered systems. A recent work related with LbL films
composed of brimonidine (Brim), an alpha-2 adrenergic agonist used normally to lower intraocular pressure,
encapsulated in polycyclodextrins (PolyCD+Brim) intercalated with layers of PBAE and bilayers of charged GO

showed that GO can delay the drug release for several days. The study compares films with and without GO (the
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film  (PBAE/PolyCD+Brim)g/GO*/GO™/(PBAE/PolyCD+Brim),GO*/GO™/(PBAE/PolyCD+Brim), and the film
(PBAE/PolyCD+Brim),), and it was observed that the GO has an important role in the management of drug
behavior. The number of GO bilayers is proportional to the delay time, suggesting that this system is a good model

to fine-tune a DDS able to deliver a precise drug concentration at a specific period of time (31,

GO can also be used to coat a siRNA-loaded porous silicon (Si) NP in order to delay siRNA release, being able not
only to slow down the release time but also the enzymatic degradation of the siRNA and the dissolution of the
porous Si NP 29,
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