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10

Inorganic-based drug delivery systems
for cancer therapy

Carolina E Rodrigues"*, Catia G. Alves'*,

. . 1 , o
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Duarte de Melo-Diogo' and Tlidio J. Correia’”

ICICS-UBI—Health Sciences Research Centre, University of Beira Interior, Covilha, Portugal
2CIEPQPF—Chemical Process Engineering and Forest Products Research Centre - Chemical
Engineering Department, University of Coimbra, Coimbra, Portugal

Abbreviations list

Au Gold
AuMSS  Gold core silica shell nanoparticles
CTAB  Hexadecyltrimethylammonium bromide

CT Computed tomography

DOX Doxorubicin

EPR Enhanced permeability and retention
GFN Graphene family nanomaterials

GO Graphene oxide

MSNs  Mesoporous silica nanoparticles
MSS Mesoporous silica shell
NIR Near infrared

PEI Polyethylenimine

PEG Polyethylene glycol

POX Polyoxazolines

RES Reticuloendothelial system
rGO Reduced graphene oxide
RBCs Red blood cells

ROS Reactive oxygen species
SPR Surface plasmon resonance
TEOS Tetraethyl orthosilicate

* These authors contributed equally to this chapter.
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284 10. Inorganic-based drug delivery systems for cancer therapy

10.1 Introduction

Cancer is the second leading cause of death globally (Bray et al, 2018). The
GLOBOCAN estimates that in 2018 have been diagnosed 18.1 million new cases of cancer
and 9.6 million deaths occurred as a consequence of this disease (Bray et al., 2018). Cancer
is characterized by an uncontrolled proliferation of cells in response to genetic and epige-
netic changes (Choi and Lee, 2013). During this process, cells acquire replicative immortal-
ity by avoiding the action of growth suppressors and death (Hanahan and Weinberg,
2011). Moreover, cells also gain the capacity to induce angiogenesis and to migrate from
the tumor site to adjacent tissues, originating metastasis (Guan, 2015).

Up to now, conventional cancer therapies include the surgical resection of the tumor
(performed in the early stages of cancer), chemotherapy, and radiotherapy (Desantis et al.,
2014). However, these therapies display a suboptimal efficacy, leading to the incomplete
tumor eradication, and as a consequence induce severe side effects on patients (e.g., hair
loss, nausea, pain, edema, anemia) (Verma et al., 2018). Furthermore, tumor irradiation
and chemotherapy have been showing to prompt prometastatic effects (Vilalta et al., 2016;
Wrighton, 2019). In addition, cancer cells can acquire resistance to radio and chemother-
apy further hindering their therapeutic capacity (Lin et al., 2016; Barker et al., 2015).

Researchers have been exploring new forms of cancer treatment to address these limita-
tions. In particular, the use of inorganic nanomaterials [e.g., gold (Au), silica, or graphene]
for the delivery of therapeutic agents (e.g., drugs, genes, immunomodulators) to cancer cells
(Bayda et al., 2018). These nanoparticles can be engineered to accumulate passively or
actively at the tumor zone, thus improving the efficacy of the loaded cargo as well as reduc-
ing the associated side effects. Moreover, the therapeutic agents’ solubility and stability-
related issues can be addressed through their incorporation in nanoparticles. Additionally,
the physical properties of some inorganic nanoparticles can enable their use in cancer photo-
thermal therapy and imaging (De Melo-Diogo et al., 2017b; Cheng et al., 2014; Huang et al.,
2011). Due to these properties, there is a vast number of inorganic nanoparticles currently
being evaluated in clinical trials, while others have already been approved by the Food and
Drug Administration or the European Medicines Agency for human use (Bayda et al., 2018).

In this chapter, the use of gold-, silica-, and graphene-based nanoparticles in cancer
therapy and imaging is highlighted. Initially, a general overview on the use of nanoparti-
cles in cancer-related applications is provided, with emphasis on the main factors affecting
their biodistribution and tumor accumulation. Then, the use of silica- (Section 10.3), gold-
(Section 10.4), and graphene (Section 10.5)-based nanoparticles in cancer therapy and
imaging will be analyzed. In Section 10.6, the application of hybrid nanostructures of sil-
ica/gold, silica/graphene, and graphene/gold in cancer theragnostic is assessed. Finally,
Section 10.7 depicts the challenges, opportunities, and outlook regarding the use of these
inorganic nanomaterials in cancer therapy and imaging.

10.2 Inorganic nanoparticles in cancer therapy and imaging

Inorganic nanoparticles used in cancer therapy are generally administered through
intravenous administration. Once in the blood circulation, nanoparticles must avoid the
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interaction with proteins since it can change their physicochemical properties (e.g., size or
charge) (Blanco et al., 2015). On the other hand, opsonins’ adsorption on nanoparticles’
surface can lead to their recognition by the reticuloendothelial system (RES) (Duan and Li,
2013). These two events can mediate nanoparticles’ blood clearance or accumulation in off-
target organs (liver and spleen).

Subsequently, nanoparticles may become accumulated passively in the tumor zone by
taking advantage from the enhanced permeability and retention (EPR) effect (Hobbs et al.,
1998). The tumor vasculature displays leaky cell—cell junctions with fenestrae’ sizes rang-
ing from 200 to 1200 nm, enabling the nanoparticles’ extravasation from the vessels to the
tumor zone. Furthermore, the impaired lymphatic drainage of the tumor zone promotes
the retention of the nanoparticles in this zone (Hoshyar et al., 2016). Recently, it was
uncovered that besides these static pores on the vasculature, dynamic, and short-lived
eruptions may occur in the blood vessels of the tumor zone (Matsumoto et al., 2016).
These temporary eruptions can increase the blood flow into the tumor interstitial space,
promoting nanoparticles’ tumor accumulation (Matsumoto et al., 2016). In this way, it is of
utmost importance to produce nanoparticles that display long blood circulation time to
maximize their ability to benefit from these effects. Additionally, the nanoparticles” surface
can be modified with targeting ligands that bind to receptors overexpressed in newly
formed vessels, thus enhancing their tumor accumulation (De Melo-Diogo et al., 2018b;
Duan and Li, 2013).

After nanoparticles’ tumor accumulation, they need to penetrate into the tumor mass to
achieve cellular internalization (Zhang et al., 2019; Ernsting et al., 2013). The high interstitial
pressure found within the tumor zone and tumors’ dense extracellular matrix can hinder
nanoparticles” ability to reach the center of the tumor (Zhang et al., 2019). Ultimately, nano-
particles will be internalized by the cancer cells mainly through endocytosis (Hoshyar et al.,
2016; Foroozandeh and Aziz, 2018; Duan and Li, 2013). Furthermore, nanoparticles can also
target receptors overexpressed by cancer cells’ membrane to achieve a higher selectivity
(Akhtar et al., 2014). Upon cellular internalization, nanoparticles should release their loaded
cargo into the cytoplasm. In this regard, some inorganic nanoparticles can intrinsically
respond to stimuli (e.g., light) or be tailored to have responsiveness (e.g., pH), thus mediating
a tumor cell-confined and controlled release of the therapeutics (Mura et al., 2013).

The size, charge, and shape of the different inorganic nanoparticles can significantly
impact on their interaction with the different biological components, thus dictating nano-
particles’ fate (Blanco et al., 2015). Furthermore, nanoparticles’ corona composition and the
presence of targeting moieties also play a crucial role on their biodistribution and tumor-
homing capacity.

In the next subsections, the fine-tuning of the inorganic nanoparticles’ properties (size,
charge, shape, corona, and targeting moieties) with the aim of improving their blood circu-
lation time, accumulation and penetration into the tumor, as well as their cellular internali-
zation by the cancer cells will be discussed (Fig. 10.1).

10.2.1 Size

The size of inorganic nanoparticles strongly affects their biodistribution. Nanoparticles
with a diameter under 5—10 nm tend to be rapidly cleared from circulation through renal
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FIGURE 10.1 Schematic representation of the nanomaterials’ properties that influence their blood circulation,
tumor accumulation and penetration, as well as their uptake by cancer cells. These events are affected by different
properties of the nanomaterials, represented using a color-coded scheme around the nanoparticle (purple: size;
red: charge; yellow: shape; green: corona; and blue: targeting) and a number-coded scheme near the nanoparticle
(1:2: 3: 4: 5:).
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filtration (Hoshyar et al., 2016; Blanco et al., 2015). Additionally, nanoparticles larger than
200 nm are prone to be recognized by macrophages or Kupffer cells, and to become accu-
mulated in the RES organs (spleen and liver) (Hoshyar et al., 2016; Blanco et al., 2015).
Moreover, nanomaterials smaller than 50 nm tend to accumulate in the liver by extravasa-
tion through its fenestrations (50—100 nm) (Hoshyar et al., 2016; Blanco et al., 2015).
During nanoparticles’ blood circulation, their opsonization by serum proteins can also
modify their hydrodynamic diameter, thus impacting on nanoparticles’ biodistribution
(Blanco et al., 2015; Hoshyar et al., 2016).

Li et al. evaluated the biodistribution of Polyethylene glycol (PEG) functionalized
gold nanoparticles with different sizes (6.2, 24.3, 42.5, and 61.2 nm) and as expected, the
larger nanoparticles (42.5 and 61.2 nm) displayed an increased uptake by the liver
(about 44%—55% ID/g) and spleen (about 30%—40% ID/g) after 24 h of administration
(Li et al., 2018). In another work, Perrault et al. synthesized PEGylated gold nanoparti-
cles with sizes of 20, 40, 60, 80, and 100 nm, and evaluated their blood circulation time
(Perrault et al., 2009). The data obtained revealed that the 60 nm nanoparticles displayed
the highest blood circulation half-time (t; » of 16.5 h), followed by the 80 and 100 nm nano-
particles (t;,, of 11.5 and 7.2 h, respectively).

In this way, the size of inorganic nanoparticles strongly impacts on their ability to reach
the tumor site. Considering the impact of the size on nanoparticles’ clearance/accumula-
tion in off-target organs and the features of the static and dynamic pores found in the
tumor vasculature, it is often stated that the appropriate size range for nanoparticles’
tumor accumulation is between 100 and 200 nm (Blanco et al., 2015). Nevertheless, the
optimal size for each type of nanoformulation must be investigated since similar sized
materials can display different tumor accumulation rates. In a recent study, 30 nm-sized
PEGylated gold nanostars demonstrated a higher tumor uptake than their equivalents
with 60 nm (2.11+0.64 vs. 0.88 £0.46% ID/g) (Liu et al.,, 2015c). In another report,
PEGylated gold nanoparticles with 60, 80, and 100 nm had the highest tumor accumula-
tion (26.47%, 20.4%, and 17.0% ID/g over time, respectively) when compared with their
20 nm-sized equivalents (0.3% ID/g over time) (Perrault et al., 2009).

Furthermore, the size of the nanoparticle also plays an important role in their tumor
penetration capacity (Zhang et al., 2019). Even though large nanoparticles can display a
better tumor-homing capacity, these become mostly accumulated at the tumor periphery
(Li et al., 2016). In contrast, small nanoparticles exhibit a better ability to penetrate the
tumor mass (Li et al., 2016). For instance, 20 nm-sized PEGylated gold nanoparticles dis-
played a better diffusion in the tumor interstitial space when compared with their larger
equivalents (60 and 100 nm) (Perrault et al., 2009). To develop a nanoformulation that dis-
plays a good tumor accumulation and penetration, Ruan et al. prepared gelatin nanoparti-
cles incorporating PEGylated gold nanoparticles (Ruan et al., 2015). This hybrid
nanoformulation displayed a size of 186.5 nm in conditions mimicking the blood circula-
tion. In turn, the hybrids’ size decreased to 59.3nm wupon treatment with
metalloproteinase-2 (a tumor overexpressed enzyme that can cleave gelatin), rendering
nanostructures with a size more favorable for tumor penetration.

Finally, nanoparticles’ cellular internalization is also size dependent. Nanoparticles can
interact with membrane receptors that mediate their internalization (Foroozandeh and
Aziz, 2018; Saw et al., 2018; Blanco et al., 2015). In general, larger nanoparticles interact
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more easily with these receptors, but they present a lower uptake rate. On the other hand,
small nanoparticles can bypass the interaction with these receptors and diffuse directly to
the cytoplasm (Foroozandeh and Aziz, 2018; Blanco et al., 2015).

10.2.2 Charge

The nanoparticles’ surface charge is another important parameter with a huge impact
on their blood circulation time, tumor penetration, and cellular internalization. In general,
highly charged (positively or negatively) nanomaterials display a greater propensity to
interact with the RES cells or to become opsonized (Xiao et al., 2011). Such events lead to
nanoparticles blood clearance, thereby impairing their ability to reach the tumor site
(Gessner et al., 2002). Moreover, highly charged nanomaterials display a low tumor pene-
tration due to their interaction with the tumor’s extracellular matrix components such as
hyaluronic acid or collagen (Ernsting et al.,, 2013). Due to these events, the neutrally
charged nanoparticles (zeta potential between —10 and +10mV) are often considered
ideal for cancer-related applications (De Melo-Diogo et al., 2017b).

On the other hand, positively charged nanomaterials can achieve a higher internaliza-
tion in cancer cells by interacting with the negatively charged components of cells” mem-
brane (e.g., phosphatidylserine and sialic acid). In this way, neutrally charged
nanomaterials with a stimuli-responsive charge switch to positive values can display an
augmented blood circulation time as well as display an enhanced cellular internalization.
In this context, Wang et al. produced PEGylated gold nanostars with different contents of
amine and carboxyl groups at their surface to modulate their charge in response to the
extracellular environment pH (Wang et al., 2015b). Particularly, the nanostars with a ratio
of four amines to one carboxyl group displayed a slightly negative surface charge
(=14 mV) at physiological pH (7.4) and did become neutral (—6 mV) at the pH of the
tumor microenvironment (6.4). Such charge-shift resulted in a lower uptake at pH 7.4 and
higher uptake at pH 6.4 of the nanostars by cancer cells. In vivo, the charge-shift nanostars
presented a high tumor accumulation of ~ 10% ID/g, while their equivalents functiona-
lized only with carboxyl (—27 mV) or amine groups (+13 mV) presented a tumor accumu-
lation of ~ 4% and 2% ID/g, respectively. In another report, Feng et al. functionalized
PEGylated graphene oxide (GO) with poly(allylamine hydrochloride) modified with 2,3-
dymethylmaleic anhydride to assemble a pH-dependent charge-switchable nanomaterial
(Feng et al., 2014). At physiological pH, this nanoformulation displayed a surface charge
of —12 mV. Whereas at the pH of the tumor microenvironment, the nanostructures became
positively charged (+5mV) due to the hydrolysis of the 2,3-dymethylmaleic anhydride
groups. As importantly, this surface charge-shift to +5 mV greatly enhanced the uptake of
this nanoformulation by cancer cells (Feng et al., 2014).

10.2.3 Shape

The nanoparticles’ shape also plays a crucial role on its interaction with the human
body. Nanoparticles’ geometry (e.g., spheres, rods, cages, sheets) has been shown to influ-
ence their blood circulation time, cellular uptake, and in vivo fate. Nevertheless, the
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contribution of the shape in these processes tends to be different for each type of nanopar-
ticles (Huang et al., 2010; Black et al., 2014; Toy et al., 2014). In fact, the effect of shape in
nanoparticles’ capacity to reach the tumor zone has been subject of strong debate, and the
results available in the literature are often inconsistent (Xie et al., 2017; Yue et al., 2017;
Black et al., 2014). Moreover, the impact of nanocarriers’ shape on cellular internalization
needs to be further investigated.

During blood circulation, nanomaterials’ shape mediates their interaction with macro-
phages. Black et al. demonstrated that gold nanospheres display a higher blood circulation
time and lower RES uptake compared with gold nanorods, nanocages, and nanodisks
(Black et al., 2014). Additionally, elongated particles exhibit orientation and aspect
ratio—dependent internalization by macrophages (Champion and Mitragotri, 2006;
Mitragotri et al., 2014).

Nanoparticles’ shape also dictates the site of the blood vessels (periphery or central
zone) where they circulate (Toy et al., 2014; Ta et al., 2018). Circulation near to the vessels’
wall is required for nanoparticles to interact with the tumor vasculature and extravasate
into the tumor site. This is desirable not only when the aim is to reach the tumor intersti-
tium (cancer cells), but also when it is intended to target the tumor vessels. In opposition
to the spherical nanoparticles that circulate in the center of the vessels, the rod-shaped
nanoparticles undergo rotation and tumbling phenomena, which increases their lateral
drift to the vessel walls, and consequently their probability to reach the tumor (Toy et al.,
2014; Ta et al., 2018; Doshi et al.,, 2010). Janat-Amsbury and coworkers verified that
PEGylated gold nanorods possess a higher tumor accumulation than PEGylated gold
nanospheres, due to their longer circulation time and lower uptake by spleen and liver
(Arnida et al., 2011).

In this way, the shape of the nanoparticles also influences their tumor uptake. For
instance, gold nanospheres presented the highest tumor accumulation when compared
with gold nanocages, nanodisks, and nanorods (Black et al., 2014). On the other hand,
elongated-shaped materials presented an increased retention at the tumor site when com-
pared with spherical nanoparticles (Black et al., 2014). In another study, PEGylated gold
nanohexapods and nanorods presented a higher tumor-homing capacity (nanohexapods:
~ 7.2% ID/g, gold nanorods: ~ 8.4% ID/g) than PEGylated gold nanocages (2.6% ID/g)
(Wang et al., 2013b).

In addition, the nanoparticle tumor penetration and distribution can also be affected by
the shape. In this regard, nanocages and nanorods were mostly observed in the center of
the tumors, while nanospheres and nanodisks are only found at the surface of the tumors
(Black et al., 2014). On the other hand, Dias et al. demonstrated that silica—gold nano-
spheres display an increased penetration and distribution in 3D tumor spheroids when
compared with nanorods (Dias et al., 2016).

The nanomaterials’ geometry also affects their cellular uptake. For instance, increasing
the aspect ratio of the gold nanorods can decrease their uptake by cells (Qiu et al., 2010).
However, other studies reported that higher aspect ratios lead to a greater and faster cellu-
lar internalization (Huang et al., 2010). Dias et al. reported that gold nanorods functiona-
lized with mesoporous silica shell (MSS) presented an increased cellular uptake when
compared with spherical nanoparticles (Dias et al., 2016). On the other hand, the coating
of palladium nanosheets with silica led to a conformation change of the nanoparticles,
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from 2D to nanospheres (Tang et al., 2011). This shape conversion led to an ~ 4.7-fold
increase in the internalization by cancer cells. Additionally, Huang et al. studied the effect
of mesoporous silica nanoparticles (MSNs) with different aspect ratios (1, 2, 4) in A375
cells internalization (Huang et al., 2010). The results suggest that larger nanoparticles
(higher AR) present an increased and faster internalization. Nevertheless, it was also
found that nanoparticles with higher AR, induced alterations in cell’s functions, such as
apoptosis, cytoskeleton formation, migration, and cell proliferation (Huang et al., 2010).

10.2.4 Corona

Nanoparticles” corona composition plays an important role in their interaction with bio-
logical components. Nanoparticles’ surface can be functionalized with different com-
pounds [e.g., hydrophilic polymers and red blood cells (RBCs) based coatings] to improve
their solubility, stability, biodistribution, and biocompatibility (Ernsting et al., 2013; Gao
et al., 2013; Lima-Sousa et al., 2018; Reis et al., 2019).

During blood circulation, some biological biomolecules (e.g., proteins) can adhere on
nanoparticles’ surface, forming a protein corona that affects nanoparticle’s immunogenicity,
cellular uptake, and pharmacokinetics (Lee et al., 2014; Walkey et al., 2012). Furthermore,
the protein corona can also modify nanoparticles’ size and charge as well as promote their
aggregation. Such events can favor nanoparticles” elimination through the RES or change
their safety profile (Kharazian et al., 2016; Bertrand et al., 2017; Walkey et al., 2012).

In this way, different strategies have been explored to functionalize the nanoparticles’
surface to decrease the proteins adhesion as well as increase their blood circulation time
and tumor accumulation. PEG, a hydrophilic and nontoxic polymer, is the most commonly
used for this purpose (Otsuka et al., 2012; Kolate et al., 2014). PEG coatings are known to
increase the nanomaterials” hydrophilicity and biocompatibility (Otsuka et al., 2012; Knop
et al., 2010; Kolate et al., 2014). Furthermore, PEG creates a steric and hydration barrier
around the surface of the nanoparticles that reduce protein adsorption and nanomaterials’
uptake by the RES, leading to an increased blood circulation time and tumor uptake
(Kolate et al., 2014; Pozzi et al., 2014). For example, the PEGylation of rod-shaped gold
core silica shell nanoparticles (AuMSS) increased the nanomaterials” blood circulation time
and their tumor uptake from 0.61 to 0.83% ID/g, when compared with the bovine serum
albumin-coated counterparts (Wang et al., 2015a).

Still, the PEGylation” advantages are dependent on the PEG density, molecular weight,
and grafting degree (Liu et al., 2015a; Uz et al., 2016). Liu et al. evaluated the impact of the
PEG molecular weight (0.55, 1, 2, and 5 kDa) on the performance of PEGylated nanoparti-
cles. Their results showed that the increase of the PEG molecular weight improved nano-
particles’ cytocompatibility; however, those nanoparticles functionalized with the lowest
molecular weight PEGs (0.55 and 1 kDa) demonstrated the highest cellular uptake, which
emphasizes the importance of optimizing the PEG corona for an improved biological per-
formance (Liu et al., 2015a).

Currently, different PEG-modified nanoparticles are used as anticancer therapies in the
clinic (e.g., Doxil, GenexolPM, and DaunoXome). Despite their potential, PEG-coated nanoma-
terials have recently shown to be immunogenic (Wan et al., 2017). In fact, anti-PEG antibodies
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can be created at the time of the injection of PEGylated nanomaterials, which subsequently
accelerates their elimination at the time of the subsequent injections (Abu Lila et al., 2013;
Ishida et al., 2003). This phenomenon is known as the accelerated blood clearance and moti-
vated the investigation of PEG-alternatives to functionalize the nanomaterials’ surface.

Polyoxazolines (POx), poly(glycerol), and poly(L-glutamic acid) are currently being
investigated as PEG-alternatives (De Melo-Diogo et al.,, 2018a; Moreira et al., 2018b;
Tukappa et al., 2016; Silva et al.,, 2016). For instance, the POxylation of GO can increase
nanosheets’” hydrophilicity and colloidal stability (De Melo-Diogo et al., 2018a). Moreira
et al. demonstrated that the coating of AuMSS nanorods with POx improves nanomater-
ials” biocompatibility (Moreira et al., 2018b). Alternatively, the nanomaterials’ coating with
cells’ membranes has also been explored (Fang et al., 2018). In this regard, RBCs’ and
macrophages’ membranes have been investigated as alternatives to polymeric-based coat-
ings (Gao et al., 2013; Zhang et al., 2018). Xuan et al. demonstrated that the coating of gold
nanoshells with macrophages’” membranes improves their blood circulation time and
tumor accumulation from ~ 1.6% to ~ 7.5% ID/g (Xuan et al., 2016).

10.2.5 Targeting

Apart from the nanoparticles’ innate capacity to accumulate within the tumor microen-
vironment by exploiting the defects of the tumor vasculature, their surface can also contain
targeting moieties (e.g., small molecules and antibodies) to further improve their selectiv-
ity (Lima-Sousa et al., 2018; Stuchinskaya et al., 2011). In this regard, nanomaterials can be
functionalized with ligands that bind to receptors overexpressed by the tumor vascula-
ture’s endothelial cells, leading to an improved accumulation at the target site (Li et al,,
2015a; Deng et al., 2018). Shi et al. demonstrated that the functionalization of PEGylated
reduced graphene oxide (rGO) with TRC105 (targets the CD105 overexpressed on the
tumor’s vasculature endothelial cells) increases the nanomaterial’s tumor uptake from
2.7% to 5.6% ID/g (Shi et al., 2013a).

On the other hand, the targeting moieties can be directed to receptors overexpressed by
cancer cells, therefore facilitating nanomaterials’ interaction with these cells (Lima-Sousa
et al., 2018; Chen et al., 2007). For this purpose, gold-, silica-, and graphene-based materi-
als have been decorated with different molecules, such as folic acid, RGD peptides,
AS1411, monoclonal antibodies, and hyaluronic acid (Qin et al., 2013; Kang et al., 2010;
Tang et al., 2015; Eck et al., 2008; Lima-Sousa et al., 2018). In this context, Lima-Sousa et al.
demonstrated that the functionalization of rGO with hyaluronic acid can improve the
nanosheets’ selectivity toward CD44 overexpressing cells (Lima-Sousa et al, 2018). In
another work, AuMSS functionalization with AS1411 enhanced nanostructures’ targeting
to nucleolin overexpressing cancer cells (Zhang et al., 2015c). As demonstrated by Jang
et al., nanomaterials’ decoration with more than one targeting ligand (RGD and folate) can
also result in an improved uptake by cancer cells when compared with single-ligand func-
tionalized materials (Jang et al., 2015).

Nevertheless, nanomaterials decoration with targeting ligands is not a straightfor-
ward process. The nanomaterials’ targeting capacity depends on the length of the
spacer arm to which the ligand is connected and on the degree of grafting of the ligand
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(Liu et al., 2011; Lee et al., 2015). For instance, Lee et al. verified that GO decorated with
folate densities of 50% and 100% have a superior tumor uptake than GO functionalized
with lower folate densities (10% or 25%) (Lee et al., 2015). Another concern related to the
use of targeted nanomaterials lays on the fact that the protein corona can shield the ligand,
rendering the targeting ineffective (Salvati et al., 2013). This limitation can be surpassed by
functionalizing the nanomaterials with ligands that are protected during blood circulation
and that only become available to interact with their receptor when exposed to a tumor
microenvironment stimuli (Chien et al., 2013). For instance, Chien et al. produced
PEGylated silica-coated upconversion nanoparticles functionalized with folic acid shielded
with 2-nitrobenzylamine hydrochloride (cage molecule). When irradiated with near infrared
(NIR) light, the cage molecule was released allowing an improved uptake mediated by the
interaction of folic acid with the cancer cells (Chien et al., 2013).

10.3 Silica nanoparticles

10.3.1 General properties and synthesis of the different mesoporous silica-based
nanoparticles

MSNss are one of the most explored inorganic structures for mediating the delivery of
therapeutic agents. The MSNs contain a unique honeycomb-like mesoporous structure
(Douroumis et al., 2013; Li et al.,, 2012). These mesopores are parallel tubular channels
with a large volume (> 0.6 cm®/g) and with an uniform and tunable pore size (2—10 nm)
that can act as a reservoir to load anticancer agents (e.g., drugs) (Li et al, 2012).
Furthermore, MSNs present an excellent thermal stability, good biocompatibility, and
adjustable size (Li et al., 2012) (Table 10.1).

The synthesis of MSNs is based on a sol—gel method adapted from the original Stéber
protocol (Stober et al., 1968). In this method, a silica precursor [e.g., tetramethyl orthosili-
cate, tetraethyl orthosilicate (TEOS), or other] is added to a heated basic solution contain-
ing the pore structuring agent, usually the hexadecyltrimethylammonium bromide
(CTAB) (Griin et al., 1997). In this reaction, the silica precursor undergoes a base-catalyzed
hydrolysis reaction (removal of its alkoxy group) and starts to condensate on the surface
of the cationic micelles formed by the CTAB (Grtin et al., 1997). This condensation process
is mediated by the electrostatic interactions established between the cationic surfactant
template and the anionic silica species (Wu et al., 2013). The assemble of different silica-
coated CTAB micelles results in the formation of the MSNs. Then, the MSNs are subjected
to a solvent extraction method or calcination procedure to remove the CTAB, rendering
nanoparticles with a highly ordered hexagonal porous structure available for the encapsu-
lation of therapeutic agents (Rodrigues et al., 2019b; Reis et al., 2019; Moreira et al., 2018b).
Additionally, the MSNs large surface area conjugated with the presence of silanol surface
groups enables their easy modification with polymers and targeting agents for achieving
an improved tumor uptake and selectivity toward cancer cells (Moreira et al.,, 2016).
Furthermore, MSNs can also be conjugated with other organic or inorganic materials that
will act as pore gatekeepers to produce stimuli-responsive anticancer agents (Niedermayer
et al., 2015; Chen et al., 2014).
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10.3.2 Mesoporous silica nanoparticle application in cancer therapy

The MSNs capacity to encapsulate high payloads of one or multiple therapeutic agents
instigated their application as drug delivery systems for cancer chemo- and/or photody-
namic therapy. The MSNs’ drug loading is commonly achieved by promoting drug-
nanoparticle hydrophobic interactions and/or the formation of hydrogen bonds. Further,
the MSNs’ stable and rigid framework allows the utilization of different methodologies as
well as aqueous or organic solvents to achieve the maximum loading efficiency. Charnay
et al. studied the effect of different solvents (e.g., DMSO, ethanol, and hexane) and meth-
odologies (simple impregnation or impregnation/drying cycles) on the MSNs’ loading
with ibuprofen (Charnay et al.,, 2004). Their results showed that the use of less polar sol-
vents facilitates the ibuprofen encapsulation on MSNs (ethanol: 184 mg/g; hexane: 590 mg/
g; DMSO: 25.5 mg/g). Additionally, the ibuprofen encapsulation using ethanol as solvent
was further improved with the successive impregnation/drying cycles, reaching the
1350 mg/g after four impregnations. In turn, Zhang et al. reported the MSNs-mediated
delivery of the photosensitizer chlorin e6 and cisplatin prodrug for the chemophotodynamic
therapy of cisplatin resistant A549 cancer cells (Zhang et al., 2016). In in vitro studies, the
MSNs administration to the cancer cells resulted in an increased cisplatin uptake and medi-
ated the production of high reactive oxygen species (ROS) levels upon exposition to 600 nm
light, which translated in a severe reduction of A549 cells’ viability.

Nevertheless, the application of drug-loaded MSNs in cancer therapy is severely hindered
by the uncontrolled release profile of the therapeutic cargo. Therefore the MSNs have been
combined with stimuli-sensitive (e.g., pH, redox, and temperature) materials that will act as
pore gatekeepers preventing the drug premature release and subsequently, drug undesired
interactions. For instance, Moreira et al. produced calcium carbonate-coated MSNs for the
pH-sensitive delivery of doxorubicin (DOX) and ibuprofen to PC-3 cancer cells (Moreira
et al, 2014). The calcium carbonate pH-dependent dissociation resulted in a faster drug
release at pH 5.6 (30% of DOX released at 24 h), contrasting with the less than 10% recorded
at pH 7.4. Such behavior favored the drugs accumulation in the interior of prostate cancer
cells rendering an improved cytotoxic effect (Fig. 10.2). Li et al. observed that the grafting of
a peptide containing an RGD sequence on the MSNs’ surface through the formation of disul-
fide bonds could control the DOX release in function of the glutathione concentration (Li
et al., 2015b). This control over the DOX release conjugated with the RGD targeting capacity
resulted in an enhanced therapeutic effect toward U87 MG cancer cells.

The MSNs can also be tailored to be applied in cancer gene therapy. In this field, the
loading of genetic material has been achieved by producing large pore-sized MSNs or by
promoting the genetic material complexation with cationic materials attached at the nano-
particle surface. Meng et al. reported the codelivery of DOX and siRNA to breast cancer
cells using MSNs functionalized with a PEG and polyethylenimine (PEI) copolymer (Meng
et al., 2013). In this approach, the DOX was loaded in the MSNs pores whereas the Pgp
siRNA was complexed with PEI at the nanoparticles’ surface. In vivo, the MSNs combined
gene and drug delivery resulted in a tumor inhibition rate of 80%, whereas the free DOX
and DOX-loaded MSNs presented a tumor inhibition rate of 17% and 62%, respectively.

The in vitro and in vivo imaging of cancer cells can also be mediated by MSNs by
exploring the nanoparticles doping or surface modification with imaging agents
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FIGURE 10.2 Drug release profile of pH-sensitive MSNs coated with calcium carbonate (CaCOs). The MSNs
with or without CaCOj; were incubated at pH 7.4 to mimic the physiological conditions and at pH 5.6 to simulate
the acidic tumor microenvironment. The release of doxorubicin (A) and ibuprofen (B) from the pH-responsive
MSNs-CaCOj; was faster at pH 5.6. In contrast, no significative differences were observed in the release of doxoru-
bicin (C) and ibuprofen (D) from the MSNs at both pHs. Source: Reprinted from Moreira, A.F., Gaspar, V.M., Costa,
E.C., De Melo-Diogo, D., Machado, P., Paquete, C.M., Correia, 1.]., 2014. Preparation of end-capped pH-sensitive mesopor-
ous silica nanocarriers for on-demand drug delivery. Eur. |. Pharm. Biopharm. 88(3), 1018, with permission from Elsevier.

(fluorescein isothiocyanate, IR-820, and gadolinium) (Qian et al., 2012; Zhang et al., 2015a;
Huang et al., 2010). Zhang et al. observed that the DOX-loaded MSNs functionalized with
PEI chains containing gadolinium and folic acid could efficiently increase the magnetic
resonance contrast in tumor cells (HeLa cells) (Zhang et al., 2015a). Furthermore, the
MSNs imaging [application in Raman, computed tomography (CT), and magnetic reso-
nance] and therapeutic (photothermal therapy) potential can be further improved by con-
jugating them with other nanomaterials such as gold, iron oxide, and graphene (reviewed
in Sections 10.6.1 and 10.6.2).

10.4 Gold nanoparticles

10.4.1 General properties and synthesis

Gold nanomaterials have been explored in multiple applications such as drug delivery,
photothermal therapy, and imaging (Huang et al., 2011; Jain et al., 2012). The gold is a
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material resistant to corrosion, oxidation, and degradation, and one of the least reactive
known metals (Yang et al., 2015). Further, the gold nanoparticles” surface plasmon resonance
(SPR) phenomenon (i.e., the synchronized oscillation of the particles’ free electrons upon their
exposition to a beam of light corresponding to their resonance wavelength, which leads to
light scattering or absorption) enables their use in multiple medical applications as imaging
and/or absorptive heating agents (Huang and El-Sayed, 2010; Yang et al., 2015; Huang et al.,
2007). This phenomenon can be modulated in gold nanomaterials by fine-tuning the synthesis
procedure and consequently, their size and shape (Huang and El-Sayed, 2010; Li et al.,
2014a). Additionally, the gold nanoparticles affinity to interact with compounds present-
ing thiol (—SH) and disulfide (S—S) groups allow their straightforward functionalization
with polymers or targeting moieties (Love et al., 2005; Liu and Peng, 2017; Yang et al,,
2015) (Table 10.1).

The production of gold nanomaterials can be achieved through different synthetic
routes rendering nanoparticles with different sizes and shapes (Li et al., 2014a; Yang et al.,
2015). Nevertheless, most of the methods are based on the reduction of the gold salt fol-
lowed by the gold atoms nucleation in the presence of a stabilizing agent to prevent the
formation of aggregates (Zhao et al., 2013; Moreira et al., 2018a). The spherical-shaped par-
ticles are obtained when the synthesis is conducted in thermodynamically controlled con-
ditions (Kundu et al, 2009; Moreira et al.,, 2018a). To produce nonspherical gold
nanoparticles, the gold atoms nucleation must occur in an anisotropic manner. Such is
usually achieved by using agents that block some of the gold nucleation growing direc-
tions (Li et al., 2014a; Yang et al., 2015). For instance, gold nanorods are produced by add-
ing small gold nanospheres to a solution containing a gold salt (e.g., chloroauric acid),
CTAB, a weak reducing agent, and silver nitrate to induce the rod-shaped growth (Lohse
and Murphy, 2013; Rodrigues et al., 2019a). On the other hand, gold nanostars can be pro-
duced by promoting the gold nucleation on poly(vinyl pyrrolidone)-coated small gold
nanospheres in the presence of dimethylformamide, whereas gold nanocages are prepared
using a galvanic replacement process based on sacrificial silver nanocubes (Chandra et al.,
2016; Xia and Xia, 2014; Zhao et al., 2013).

10.4.2 Gold nanoparticles in cancer therapy

Gold nanomaterials have been widely explored for imaging applications (Li and Chen,
2015; Cole et al., 2015; Cheng et al., 2017). The high density and X-ray absorption coefficient
of gold allows their use as contrast agents in CT (Cole et al., 2015; Wen et al., 2013). In fact,
gold nanoparticles can outperform conventional contrast agents. For example, when com-
pared with iodine (one of the most used contrast agents), the gold absorption coefficient
upon irradiation with an X-ray beam of 100 keV is more than two times superior (Xi et al.,
2012). Contrary to the conventional contrast agents, gold nanoparticles can take advantage
from the EPR effect, enabling tumor imaging for long periods of time (nanomaterials are
slowly removed from the tumor site when compared with small molecules) (Cole et al.,
2015; Cheng et al., 2017). Gold nanomaterials can also be functionalized with targeting
ligands, which further increases their selectivity to the tumor tissue and enables the detec-
tion of cancer metastasis (Reuveni et al., 2011; Peiris et al., 2015). For example, Wang et al.
developed folic acid—modified dendrimer-entrapped gold nanoparticles for in vitro and
in vivo targeted CT imaging of lung adenocarcinomas (Wang et al., 2013a).
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The excellent optical properties that characterize the gold nanoparticles are related to
their SPR. In fact, the optimization of gold nanoparticles size and shape (e.g., spheres,
cages, stars, rods triangles, or others) allows the gold nanoparticles” SPR wavelength tuning
to the NIR region (700—1100 nm). In this way, the absorption of NIR light by gold nanoma-
terials enables their application as photothermal agents (NIR light has minimal/insignifi-
cant interactions with biological components) (Akhter et al., 2012; Alex and Tiwari, 2015).
In this type of therapy, if a temperature increase to 41°C—45°C is attained, cancer cells
can suffer mild alterations on their metabolic functions, experience impairment in the
DNA repair mechanisms, or become sensitized to the action of other agents (Chu and
Dupuy, 2014). In contrast, when the temperature reaches 50°C (or above), the cells” func-
tions are severely affected, ultimately leading to their death by necrosis (Chu and
Dupuy, 2014).

Generally, gold nanospheres are not suited for cancer photothermal therapy since their
absorption peak occurs between 500 and 550 nm (Alex and Tiwari, 2015). On the other
hand, rod-shaped gold nanoparticles present two distinct bands in their absorption spec-
trum that are related to their two orientations. Gold nanorods’ axial absorption band is
similar to that of spherical particles (500—550 nm), while the longitudinal absorption
band has a strong absorption in the NIR region (Alex and Tiwari, 2015; Huang and El-
Sayed, 2010). The increase in rod particles’ aspect ratio (length/width) can produce a shift
to even higher wavelengths (Huang and El-Sayed, 2010; Tong et al., 2017; Mackey et al.,
2014). For instance, Wang et al. explored the use of DNA-wrapped gold nanorods in can-
cer therapy, verifying that the combination of these materials with NIR light (photother-
mal effect) could induce a reduction in the tumor’s growth and diminish the occurrence
of lung metastasis (Wang et al., 2014). Besides gold nanorods, gold nanostars, gold nano-
cages, and nanoclusters are also being applied for cancer photothermal therapy due to
their NIR absorption (Xia and Xia, 2014; Liu et al., 2015¢; Sun et al., 2017b; Chandra et al.,
2016). Even though gold nanoparticles can suffer photodegradation upon NIR laser irra-
diation (Chen et al., 2010), such phenomenon can be suppressed by modifying particles’
surface with other inorganic materials such as silica (Moreira et al., 2018a) (reviewed in
Section 10.6.1).

Still, the use of gold nanoparticles for cancer theragnostic requires their functionali-
zation. In fact, as-synthesized gold structures have a high toxicity due to the presence
of CTAB (Dreaden et al.,, 2012; Yasun et al., 2015). This limitation can be surpassed by
functionalizing the nanoparticles with biocompatible polymers (for instance using
thiol-exchange chemistry) (Woehrle et al., 2005; Gao et al., 2012). Furthermore, as-
synthesized gold structures also display a low stability in biological fluids and tend to
aggregate (Dreaden et al., 2012; Chegel et al., 2012). Gold nanoparticles’ functionaliza-
tion can also overcome these drawbacks (Guerrini et al.,, 2018). In this regard,
PEGylation is one of the most common strategies to prevent gold nanoparticles aggre-
gation, avoid protein adsorption, and improve the tumor uptake (Ding et al., 2013;
Yang et al., 2014).

Moreover, gold nanoparticles’ surface modification with polycations (e.g., PEI) enable
their use in gene delivery, polymer—drug conjugates or directly conjugated with small
molecules for drug delivery applications (Farooq et al., 2018; Aryal et al., 2009). It is also
possible to incorporate therapeutic agents on functionalized-gold nanoparticles through
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electrostatic interactions (Mirza and Shamshad, 2011). For instance, Wang et al
described the DOX delivery to breast cancer cells using gold nanospheres (Wang et al.,
2011b). In this approach, DOX was immobilized in the gold surface using PEG as a
spacer arm. In vitro assays demonstrated that this approach could enhance the drug
accumulation and retention in multidrug resistant MCF-7/ADR cancer cells as well as
increase their therapeutic efficacy.

10.5 Graphene family nanomaterials (GFN)

10.5.1 General properties and synthesis of the different GFN

GO and rGO are the most commonly applied graphene family nanomaterials in cancer
therapy. GO is a 2D material with a graphitic structure decorated with oxygen-containing
groups (e.g., epoxy, hydroxyl, and carboxyl groups) (Chen et al.,, 2012; De Melo-Diogo
et al., 2017a; Shim et al., 2016). The aromatic lattice and high surface area of GO and rGO
make them an excellent platform to encapsulate different compounds for cancer therapy
purposes (e.g., drugs, photodynamic, and immunotherapy agents) through hydropho-
bic—hydrophobic interactions and/or n—= stacking (Wu et al., 2015; De Melo-Diogo et al.,
2018a; Yi et al., 2019; Patel et al., 2016). As importantly, GO and rGO display NIR absorp-
tion, enabling their use in cancer photothermal therapy (Yang et al., 2013; Yi et al., 2019;
De Melo-Diogo et al., 2017a; Lima-Sousa et al., 2018) (Table 10.1).

GO is generally produced through the chemical oxidation of graphite followed by the
exfoliation of the resulting material until nanosheets are attained (Marcano et al., 2010).
The improved Hummer’s method, which uses sulfuric acid, phosphoric acid, and potas-
sium permanganate in the oxidation of graphite, is the most commonly employed method
to produce GO (Marcano et al., 2010). rGO is usually obtained by treating GO with reduc-
ing agents, a process that restores the materials” graphitic lattice (by removing the oxygen-
functional groups) and thereby improving their photothermal and loading capacity (Pei
and Cheng, 2012). In this regard, hydrazine hydrate is generally used to perform the
reduction of GO (Robinson et al., 2011; Pei and Cheng, 2012). Recently, Lima-Sousa et al.
demonstrated that L-ascorbic acid can also be used to produce rGO with improved stabil-
ity and size distribution for cancer therapy (Lima-Sousa et al., 2018).

Despite the potential of GO and rGO, these materials present several limitations. Even
though GO has some aqueous solubility due to its oxygen-functional groups, this material
precipitates in biological fluids (Sahu et al., 2013; Liu et al, 2008; Li et al., 2014b).
Furthermore, rGO has a limited solubility (depends on the method used for its reduction)
and also aggregates in biological media (Li et al., 2014b). Both GO and rGO have a low
biocompatibility /hemocompatibility, suboptimal tumor accumulation, and lack selectivity
toward cancer cells (De Melo-Diogo et al., 2018b).

These limitations can be surpassed by functionalizing GO surface with biocompatible
polymers capable of improving nanostructures’ blood circulation time and selectivity toward
cancer cells (De Melo-Diogo et al., 2018b). To accomplish that, GO nanomaterials functionali-
zation has been performed through the covalent bonding of materials terminated with pri-
mary amine groups (—NH,) to the carboxyl groups of GO using the carbodiimide chemistry
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(Yang et al.,, 2010; Tian et al., 2016). Alternatively, the problems associated with rGO can be
addressed by coating it with amphiphilic polymers through the establishment of hydropho-
bic—hydrophobic interactions and/or n— stacking (Lima-Sousa et al., 2018; Liu et al., 2017).

10.5.2 Graphene family nanomaterials application in cancer therapy

The NIR absorption of GO and rGO has propelled their use in cancer photothermal
therapy. In this type of application, rGO can produce a higher temperature increase upon
irradiation than GO, due to its higher NIR absorption (Lima-Sousa et al., 2018). Yang et al.
compared the performance of PEGylated rGO and PEGylated GO, verifying that the for-
mer could induce the total tumor ablation upon NIR laser irradiation due to its higher
tumor-homing capacity and greater photothermal capacity (Yang et al., 2012b). Lima-
Sousa et al. functionalized rGO with a hyaluronic acid—based amphiphilic polymer, veri-
fying that this material could produce a photoinduced heat of 33°C (Lima-Sousa et al.,
2018). In in vitro studies, the hyaluronic acid—functionalized rGO displayed a preferential
uptake by CD44 overexpressing cancer cells, mediating a reduction on their viability to 6%
upon NIR laser irradiation (Lima-Sousa et al., 2018).

The aromatic lattice of GO/rGO allows the incorporation of photosensitizers (usually
hydrophobic small molecules that produce ROS upon irradiation) through noncovalent
interactions (Sahu et al., 2013). Alternatively, the photosensitizers may be covalently
conjugated to polymer-functionalized GO (Luo et al., 2016b). In this way, several photo-
sensitizers have been loaded on GO/rGO for application in cancer photodynamic-
photothermal therapy (Luo et al., 2016b; Tian et al., 2011; Dos Santos et al., 2018; Zhang
et al.,, 2017). Luo et al. covalently conjugated the photosensitizer IR-808 to GO dual-
functionalized with PEG and PEI (IR-808-PEI-PEG-GO), verifying that the
photodynamic-photothermal effect mediated by this material upon NIR laser irradiation
led to the complete tumor eradication (Luo et al.,, 2016b). In contrast, tumor growth
reduction was observed for mice treated with only photothermal (PEI-PEG-GO + NIR)
or photodynamic (IR-808 + NIR light) therapies. Tian et al. also observed that the com-
bined photodynamic-photothermal effect mediated by Pluronic F127-functionalized GO
loaded with the photosensitizer Methylene Blue produces an enhanced therapeutic
effect when compared with single phototherapies (Tian et al., 2011).

The aromatic lattice of GO/rGO also enables the loading of chemotherapeutics through
hydrophobic—hydrophobic interactions and m—m= stacking (De Melo-Diogo et al., 2018a;
Liu et al., 2013, 2017; Shim et al., 2016; Hu et al., 2018; Tran et al., 2015). For instance, De
Melo-Diogo et al. loaded a dual drug combination in POxylated GO (De Melo-Diogo et al.,
2018a). The in vitro studies revealed that the chemophotothermal effect mediated by the
dual drug-loaded POxylated GO induced a superior therapeutic outcome when compared
with the action of photothermal (POxylated GO + NIR) and chemotherapy-based treat-
ments (free-drug combination and dual drug delivery by POxylated GO) (De Melo-Diogo
et al., 2018a) (Fig. 10.3).

The functionalization of GO and rGO with polycations enables their electrostatic com-
plexation with the negatively charged genetic material. For this purpose, chitosan-, PEI-,
and poly(allylamine hydrochloride) (PAH)-based materials can be used to functionalize
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TABLE 10.1 Overview of MSNs, gold, and GFN general properties, main applications, and limitations.

Nanoparticles General properties

Main application

Limitations

References

MSNs Unique honeycomb-like
mesoporous structure,
Large surface area,
Channels with a large
volume and uniform
pore size,

Excellent thermal
stability,

Good biocompatibility,
Tunable size and
surfaces,

High loading capacity.
Biocompatible and
nonreactive material,
Tunable SPR,

Easy surface
functionalization,
Tunable size and shape,
Shape-dependent
optical properties.

Gold
nanomaterials

GFN High surface area,
NIR absorption,

Some solubility due to
its oxygen-functional
groups (GO),

Easy surface
functionalization,
Raman imaging
capacity.

Chemotherapeutics
and photodynamic
agents’ delivery.

Contrast agents in
bioimaging (CT,
X-ray, magnetic
resonance
imaging),
Photothermal
therapy.

Photothermal
therapy,
Chemotherapeutics
and photodynamic
agents’ delivery.

Premature drug release,
Suboptimal tumor
accumulation,

Lack of selectivity toward
cancer cells.

Interaction with thiol or
disulfide groups, which
leads to biomolecules’
adsorption on the
nanoparticle surface,
Low loading capacity,
Premature drug release,

Photothermal degradation,

Suboptimal tumor
accumulation,

Lack of selectivity toward
cancer cells,

Low scalability of the
anisotropic shapes
synthesis.

Limited solubility and
aggregation in biological
fluids,

Premature drug release,
Low biocompatibility,
Suboptimal tumor
accumulation,

Lack of selectivity toward
cancer cells.

Moreira et al. (2016),
Bharti et al. (2015)

Akhter et al. (2012),
Moreira et al. (2018a),
Huang and El-Sayed
(2010), Yang et al.
(2015)

Zhu et al. (2010),
De Melo-Diogo et al.
(2018b)

GO/rGO (Bao et al., 2011; Feng et al., 2013; Wu et al., 2017; Chen et al., 2011; Yin et al,,
2017). For instance, Yin et al. developed folate-PEG-GO complexed with PAH and with
HDAC1 and K-Ras siRNAs (Yin et al., 2017). In vivo, the combined gene delivery and
photothermal effect mediated by this nanoformulation produced a superior cytotoxic effect
when compared with the stand-alone therapies (gene therapy: HDAC1 and K-Ras siRNA
complexed PAH/folate-PEG-GO; photothermal therapy: PAH/FA-PEG-GO + NIR light)

(Yin et al., 2017).
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FIGURE 10.3 Application of DOX and a-tocopheryl succinate loaded POxylated GO (DT loaded POx-GO) in
cancer chemophotothermal therapy. Schematic representation of the cancer therapy mediated by DT loaded
POx-GO (A). Dynamic light scattering analysis of the POx-GO and DT loaded POx-GO sizes distribution. It can
be observed that the encapsulation of the drug combination in the POx-GO did not induce significant changes on
the nanomaterials’ size distribution (B). Analysis of the stand-alone and the therapeutic effects mediated by
POx-GO and DT loaded POx-GO in the presence (+NIR) and absence of NIR light toward breast cancer cells. The
chemophototherapeutic effect mediated by DT loaded POx-GO induced a stronger reduction on cells viability,
when compared with the stand-alone therapies (C). K~ and NIR denote the negative control and the NIR light
treated cells, respectively. Source: Reprinted from De Melo-Diogo, D., Costa, E.C., Alves, C.G., Lima-Sousa, R., Ferreira,
P., Louro, R.O., Correia, 1.]., 2018. POxylated graphene oxide nanomaterials for combination chemo-phototherapy of breast
cancer cells. Euro. ]. Pharm. Biopharm. 131, 167, with permission from Elsevier.

Furthermore, GO/rGO have recently started to be loaded with immune checkpoint
inhibitors [e.g., indoleamine 2,3-dioxygenase inhibitor using hydrophobic—hydrophobic
interactions and w—m stacking (Yan et al., 2018)] or immunostimulatory agents [e.g.,
cytosine—phosphate—guanine oligodeoxynucleotides by electrostatic interactions with
polycation-functionalized GO (Tao et al., 2014)] for application in cancer immunopho-
tothermal therapy.

Finally, GO and rGO can also be explored for imaging applications. For this purpose,
the Raman signature of these materials enables their use in Raman imaging (Lin et al,,
2018). Furthermore, gold nanoparticles can also be grown on GO/rGO surface (reviewed
in Section 10.6.3), improving materials’ Raman imaging capacity and also endowing them
with capacity for CT imaging (Sun et al., 2017a). Similarly, iron oxide nanoparticle can
also be grown on these materials for magnetic resonance imaging (Yang et al., 2012a). On
the other hand, GO/rGO can also be labeled with fluorescent probes (for fluorescence
imaging) and radionuclides (for positron emission tomography) (Lin et al., 2018).
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10.6 Hybrid nanoparticles

10.6.1 Gold core silica shell nanoparticles

The coating of gold nanoparticles with an MSS can address gold nanoparticles’ limita-
tions and is a promising route to prepare multifunctional anticancer nanosystems (Ghosh
Chaudhuri and Paria, 2011). The inclusion of the MSS on gold nanoparticles (AuMSS)
yields hybrids with an enhanced colloidal stability in contact with the body fluids and
with improved photostability (Kanehara et al., 2009; Chen et al., 2013).

Furthermore, the MSS provides a chemically inert and biocompatible surface (by repla-
cing the CTAB) and protects the gold core from photothermal degradation (Mamaeva
et al., 2013; Moreira et al.,, 2018a). Apart from the gold core capacity to perform imaging
and photothermal therapy, the pores that constitute the MSS can act as reservoirs for phar-
maceutical agents. Such allows the encapsulation of different bioactive molecules (e.g.,
drugs, DNA, proteins, fluorescent probes, others) on AuMSS pores and promotes their
application as multifunctional systems (Song et al., 2015; Moreira et al., 2018b; Wang et al.,
2015c). Additionally, the MSS has a high surface area that can be easily functionalized
with different stimuli-responsive materials or targeting agents (Rodrigues et al., 2019a;
Moreira et al., 2014; Luo et al.,, 2016a; Zhou et al., 2017). Such allows the assembly of
AuMSS hybrids with a high tumor uptake, selectivity toward cancer cells, and responsive-
ness to specific stimulus of the tumor microenvironment (e.g., pH, temperature, ROS,
enzymes) (Rodrigues et al., 2019a, 2019b) (Table 10.2).

The AuMSS nanoparticles” synthesis can be divided into two phases: the production of
the gold core with the desired shape and size (as described in Section 10.4.1) and the coat-
ing with a silica shell (Dias et al., 2016; Moreira et al., 2018a). Briefly, after the gold core
synthesis, the coating with MSS is performed through the Stober method or its derivations
(Kobayashi et al., 2001). During this procedure, the silica precursor (e.g., TEOS) conden-
sates around the gold core by electrostatic interactions (CTAB on the gold nanoparticles’
surface is positively charged and the silica molecules are negatively charged) originating
the MSS. Further, during the condensation reaction, the additional CTAB micelles present
on the media will act as pore structuring agents (Kobayashi et al., 2001; Mine et al., 2003).

AuMSS can assume rod, star, and cage shapes (anisotropic shapes), displaying absor-
bance peaks in the NIR region and therefore allowing their application in cancer photo-
thermal therapy (Moreira et al., 2018a). The silica shell is optically transparent to the NIR
radiation, a fact that indicates that gold core” modification with the MSS does not compro-
mise the nanostructures’ photothermal capacity (Song et al., 2015; Ghosh Chaudhuri and
Paria, 2011). In fact, some studies have reported that the incorporation of the MSS leads to
a slight shift on the absorption peaks to the NIR region, which may contribute to a better
thermal ablation of the tumors (Liu et al.,, 2015b). Additionally, anisotropic AuMSS can
also be loaded with chemotherapeutic drugs for application in cancer chemophotothermal
therapy (Moreira et al., 2018b; Hu et al., 2015; An et al., 2017). For this purpose, drugs are
loaded on AuMSS by covalent bonding or electrostatic interactions with the silica shell’s
pores (Zhou et al., 2018; Kesse et al., 2019). Therefore it is also crucial to coat AuMSS pores
to achieve a controlled drug release and avoid drug leakage during blood circulation
(Rodrigues et al., 2019a).
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TABLE 10.2 Overview of AuMSS; GFN—MSS, and GFN-gold nanohybrids’ general properties; main

applications; and limitations.

Nanoparticles General properties

Main application

Limitations References

AuMSS Increased colloidal
stability,

Increased the
biocompatibility,

Large surface area and
pores which can be
easily modified,
Protection of the gold
core from photothermal
degradation.

Improved colloidal
stability,

Improved
biocompatibility,
Improved loading
capacity.

Increased photothermal
capacity,

Increased Raman
imaging capacity.

GFN-MSS

GFN-gold
nanohybrids

Photothermal therapy,
Chemotherapeutics
agents’ delivery,
Bioimaging.

Photothermal therapy,
Chemotherapeutics
agents’ delivery.

Photothermal therapy,
Chemotherapeutics
and photodynamic
agents’ delivery,
Bioimaging.

Moreira et al.
(2018a), Rodrigues
et al. (2019a)

Premature drug leakage,
Low scalability of the
anisotropic shapes
synthesis,

Suboptimal tumor
accumulation,

Lack of selectivity toward
cancer cells.

Premature drug release,
Suboptimal tumor
accumulation,

Lack of tumor selectivity.

Wang et al. (2013c¢)

Low loading capacity, Khalil et al. (2016)
Premature drug release,

Limited solubility and

aggregation in biological

fluids,

Photodegradation,
Suboptimal tumor
accumulation,

Lack of tumor selectivity.

Recently, Moreira et al. prepared DOX-loaded POx-functionalized rod-shaped AuMSS
for application in cancer chemophotothermal therapy (Moreira et al.,, 2018b). The POx
coating improved nanostructures’ hemocompatibility. Furthermore, the drug delivery
mediated by AuMSS-POx led to a 220% increase in DOX uptake by cancer cells when com-
pared with the free DOX. In the in vitro studies, the chemophotothermal cytotoxic effect
mediated by AuMSS-POx was superior to that attained by the single-therapies (photother-
mal therapy: AuMSS-POx + NIR; chemotherapy: DOX-loaded AuMSS-POx) (Moreira
et al., 2018b). In another work, Reis et al. also verified that the coating of AuMSS nano-
spheres with POx and (-cyclodextrins improves nanospheres’ cytocompatibility, hemo-
compatibility and uptake by cancer cells, being a promising hybrid agent for theragnostics
(Reis et al., 2019) (Fig. 10.4). Moreover, Zhang et al. developed pH-responsive AuMSS
nanorods to deliver DOX to cervical cancer cells, in a more specific and controlled manner
(Zhang et al., 2015b). For this purpose, the DOX was chemically linked to the mesoporous
shell through a Schiff base bonding (acid-labile bound). The authors reported that this
bonding prevented the DOX release from silica pores at pH 7.4. However, approximately
70% of DOX was released when nanoparticles were incubated at pH 5, thus showing that
they may mediate a tumor confined drug release. Luo et al. prepared AlPcS4-loaded
(660 nm light responsive photosensitizer) rod-shaped AuMSS dual-functionalized with
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25/75, 50/50, 75/25, Cell Lysis
K AuMSS 2575 50/50 T75/25
AuMSS

FIGURE 10.4 Cellular uptake analysis of the AuMSS nanospheres functionalized with different POx/f3-cyclo-
dextrins weight ratios. Representative confocal microscopy images of the FTIC labeled AuMSS (A), AuMSS 25/75
(B), AuMSS 50/50 (C), and AuMSS 75/25 (D) formulations uptake after 4 h of incubation with HeLa cells. Red
channel: WGA-Alexa Fluor 594 stained cell cytoplasm; Blue channel: nucleus stained with Hoechst 33342; Green
channel: FITC labeled nanoparticles. The white arrows are pointing to the internalized nanoparticles. These confo-
cal images show the presence of the nanoparticles in the cells’ cytoplasm, indicating that the AuMSS functionali-
zation may improve their internalization. To corroborate these results, fluorescence spectroscopy analysis was
performed simultaneously with the confocal microscopy analysis (E). The AuMSS nanospheres formulations’
fluorescence analysis showed that the AuMSS 25/75 and 50/50 formulations possess the highest cellular uptake
(~ 240%). Cells without nanoparticles incubation (K) were used as control (F). These results are in accordance
with confocal data and confirm that POx and (-cyclodextrins coating improved the AuMSS uptake. Source:
Adapted from Reis, C.A., Rodrigues, C.F., Moreira, A.F., Jacinto, T.A., Ferreira, P., Correia, .]., 2019. Development of gold-
core silica shell nanospheres coated with poly-2-ethyl-oxazoline and (-cyclodextrin aimed for cancer therapy. Mater. Sci.
Eng. C 98, 966—967, with permission from Elsevier.

PEG-adamantine and lactobionic acid-adamantine through host—guest interactions with
B-cyclodextrin-Pt(IV) conjugates immobilized on the particle surface (Luo et al., 2016a).
This hybrid system presented a four times greater uptake by HepG2 cells (lactobionic
acid receptor overexpressing liver cancer cells) when compared with COS7 cells
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(kidney fibroblasts that do not overexpress lactobionic acid receptor). In vivo, the AuMSS
presented a preferential accumulation in the tumor tissue and the chemophotodynamic-
photothermal effect stalled the tumor growth (Luo et al., 2016a).

Furthermore, AuMSS intrinsic properties allow their application in CT, surface-
enhanced Raman spectroscopy imaging, and photoacoustic imaging (for anisotropic
AuMSS) (Xu et al., 2018; Seo et al., 2014). For instance, Kobayashi et al. produced AuMSS
nanospheres with an attenuation coefficient capacity approximately seven times higher
than that of the commercial iodine (Kobayashi et al., 2013). Additionally, the AuMSS con-
jugation with contrast agents (e.g., gadolinium, zirconium-89) also allows its application in
magnetic resonance imaging and positron emission tomography. In this regard, Xu et al.
prepared a multimodal theragnostic system by labeling DOX-loaded PEGylated AuMSS
with the radioisotope zirconium-89 (Xu et al., 2018). In vivo, this system was able to per-
form dual-modality tumor imaging (photoacoustic imaging and positron emission tomog-
raphy). Furthermore, the chemophotothermal effect mediated by this system induced
tumor’s regression, proving its theragnostic capacity.

10.6.2 Graphene family nanomaterials and mesoporous silica shell nanohybrids

The functionalization of rGO with MSS is a convenient route to surpass some limita-
tions of the former. This type of functionalization can improve the rGO nanostructures’
hydrophilicity and stability (Wang et al., 2013c). Furthermore, the MSS allows the loading
of a wide variety of therapeutics in its pores, improving the loading capacity of GO and
rGO (Wang et al., 2013c). In fact, the DOX loading capacity of rGO—MSS-based materials
was 3.6 and 2.5—6.5 times higher than that of GO and rGO derivatives, respectively (Shao
et al., 2017). The MSS also offers additional grafting sites for nanomaterials’ functionaliza-
tion (Wang et al., 2013c) (Table 10.2).

rGO—MSS can be synthesized using the CTAB-guided assembly of silica precursors
(e.g., TEOS), hydrolyzed under basic conditions, on the GO surface (Wang et al., 2013c).
The basic conditions employed in this procedure lead to the reduction of GO, yielding
rGO—MSS hybrids (Wang et al., 2013c). Alternatively, dopamine has also been added to
ensure the GO reduction (Liu et al., 2019). During rtGO—MSS synthesis, silica precursors
with primary amine groups (e.g., APTES) can also be used to yield hybrids with functional
groups for polymer functionalization using the carbodiimide chemistry (e.g., NHS-PEG) or
electrostatic complexation with negatively charged polymers (e.g., hyaluronic acid) (Wang
et al., 2013¢; Shao et al., 2017).

rGO—-MSS have been explored for cancer chemophotothermal therapy by taking
advantage from photothermal and loading capacities of rGO and MSS, respectively
(Shao et al., 2017; Liu et al., 2019). In this context, Shao et al. investigated the therapeutic
capacity of DOX-loaded hyaluronic acid—functionalized rGO—-MSS (Shao et al., 2017).
These hybrid nanostructures displayed an NIR- and pH-responsive DOX release medi-
ated by the photothermal effect and the detachment of the hyaluronic acid coating
(reduction of the electrostatic interactions between the amine groups of the rGO—-MSS
and hyaluronic acid), respectively. In vivo, these hybrids demonstrated a high tumor-
homing capacity, mediating a synergistic chemophotothermal antitumoral effect.
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Liu et al. also verified that rtGO—MSS—poly(dopamine) hybrids loaded with DOX can be
used for the NIR- and pH-responsive drug release (Liu et al., 2019). In another work,
Wang et al. produced DOX-loaded IL-13-functionalized PEGylated rGO—MSS for the tar-
geted cancer chemophotothermal therapy (Wang et al., 2013c). In in vitro studies, the
hybrid structures demonstrated a higher uptake by glioblastoma cells when compared
with normal cells, thus being able to induce a stronger reduction of cancer cells’
viability.

10.6.3 Graphene family nanomaterials and gold nanohybrids

The preparation of GO/rGO-Au hybrids has been pursued by researchers to attain mul-
tifunctional imaging agents with improved photothermal capacity. GO/rGO-Au hybrids
can be used for fluorescence imaging and CT (Wang et al., 2011a; Sun et al., 2017a; Shi
et al., 2013b). Furthermore, these hybrids display enhanced Raman signals further aug-
menting their potential for Raman imaging (Sun and Wu, 2011; Kim et al.,, 2015). The
incorporation of anisotropic gold nanoparticles (e.g., gold nanorods, gold nanostars) on
GO/rGO leads to the assembly of hybrids with an improved NIR absorption and photo-
thermal capacity (Sun et al., 2017a; Dembereldorj et al., 2014; Nergiz et al., 2014; Wang
et al,, 2016). Furthermore, the gold nanoparticles incorporated on graphene derivatives
enable the hybrids straightforward covalent functionalization with thiolated polymers
(e.g., mPEG-SH) (Shi et al., 2013b; Wang et al., 2016). Alternatively, GO/rGO-Au hybrids
can also be functionalized through electrostatic or noncovalent interactions (Sun et al,,
2017a; Kim et al., 2015) (Table 10.2).

The preparation of GO/rGO hybrids can be accomplished by adsorbing gold nano-
particles to the surface of graphene derivatives (Kang et al., 2017) or by promoting the
in situ growth of these gold nanomaterials on the graphene derivatives’ structure
(Nergiz et al., 2014).

The GO/rGO-Au hybrids have been mostly explored for cancer photothermal therapy
due to their enhanced photothermal capacity. Dembereldorj et al. demonstrated the appli-
cability of PEGylated GO incorporating gold nanorods in cancer photothermal therapy
(Dembereldorj et al., 2014). In a similar way, Kang et al. demonstrated that GO incorporat-
ing o-synuclein-coated AuNPs display a 2.5- and 1.6-fold higher photothermal capacity
than GO and AulNPs, respectively (Kang et al., 2017).

The aromatic matrix of GO/rGO-Au hybrids also enables the loading of other agents
for application in cancer multimodal therapy. In this regard, Wang et al. investigated the
therapeutic capacity of DOX-loaded PEGylated rGO-Au nanostar hybrids (Wang et al,,
2016). In vivo, the chemophotothermal effect mediated by these hybrids leads to the com-
plete tumor eradication. In contrast, the sole application of chemotherapy (DOX-loaded
PEGylated rGO-Au nanostars) or photothermal therapy (PEGylated rGO-Au nanostars
+ 655 nm laser light) only induced a reduction of the tumors’ growth. In another work,
Kim et al. verified that zinc phthalocyanine (660 nm light responsive photosensitizer)-
loaded PEGylated GO-Au nanoparticle hybrids mediate a combined photodynamic-
photothermal effect, upon interaction with 808 plus 660 nm light that induces the highest
cytotoxicity on cancer cells (Kim et al., 2015).
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10.7 Challenges and opportunities

In this chapter, the gold, MSNs, and GO/rGO-based nanoparticles’ as well as their
hybrids” application in cancer therapy and imaging were reviewed.

Overall, nanomaterials’ size, charge, shape, and corona composition, as well as the pres-
ence of targeting ligands on their surface influence their ability to reach the tumor site,
and hence their biological performance. Even though each parameter must be analyzed in
a case-to-case basis, the passivation of nanomaterials” surface with stealth polymers and
targeting agents appears to be the most efficient approach to improve nanostructures’
tumor accumulation and selectivity.

These inorganic nanomaterials have been applied in different therapeutic modalities
due to their intrinsic properties. The pores of MSNs have pushed their application in can-
cer drug delivery. Anisotropic gold nanoparticles have been explored in cancer photother-
mal therapy due to their NIR absorption. By coating anisotropic gold nanoparticles with
an MSS, researchers have attained materials that can perform drug delivery and photo-
thermal therapy as well as multimodal tumor imaging. On the other hand, the aromatic
lattice of GO/rGO as well as their NIR absorption has enabled mainly their application in
cancer chemophotothermal therapy. The coating of rGO with MSS greatly enhanced its
drug delivery capacity. In turn, the adsorption of gold nanoparticles on GO/rGO led to
the assembly of hybrids that can perform multimodal tumor imaging and enhanced photo-
thermal therapy.

Despite the theragnostic potential of these inorganic nanoparticles, their clinical transla-
tion has been slow. The complexity of some of these materials poses a challenge to their
large-scale production. On the other hand, the nonbiodegradability of these materials also
raises concerns about their long-term toxicity. In fact, in most cases, there are limited data
about the nanoparticles long-term fate in the body, biodistribution, and safety. Moreover,
the optimization of nanomaterials’ size to achieve a high tumor accumulation has been the
focus of researchers. Nevertheless, recent studies point out that the optimization of the
nanomaterials” blood circulation time should be pursued to enhance their tumor accumu-
lation. Additionally, researchers are also starting to consider a step-back on the systemic
delivery of anticancer nanomedicines and reexploring the local administration of these
antitumoral agents using macroscale delivery platforms (e.g., nanoparticles loaded on
microneedles and hydrogels) as tools to improve the therapeutic outcome. These paradigm
changes can also explain the slow translation of these materials to the clinic.

Overall, the development of scalable methods for nanomaterials’ synthesis, the optimi-
zation of their physicochemical properties for enhanced tumor-homing capacity, and the
establishment of novel modifications that accelerate their excretion or degradation may
contribute to the translation of these theragnostic agents from the bench to the bed side.
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