
Citation: Persano, F.; Leporatti, S.

Nano-Clays for Cancer Therapy:

State-of-the Art and Future

Perspectives. J. Pers. Med. 2022, 12,

1736. https://doi.org/10.3390/

jpm12101736

Academic Editor: Jun Fang

Received: 26 September 2022

Accepted: 17 October 2022

Published: 19 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Personalized 

Medicine

Review

Nano-Clays for Cancer Therapy: State-of-the Art and
Future Perspectives
Francesca Persano 1,* and Stefano Leporatti 2,*

1 Department of Mathematics and Physics, University of Salento, 73100 Lecce, Italy
2 CNR Nanotec-Istituto di Nanotecnologia, 73100 Lecce, Italy
* Correspondence: francesca.persano@unisalento.it (F.P.); stefano.leporatti@nanotec.cnr.it (S.L.)

Abstract: To date, cancer continues to be one of the deadliest diseases. Current therapies are often
ineffective, leading to the urgency to develop new therapeutic strategies to improve treatments.
Conventional chemotherapeutics are characterized by a reduced therapeutic efficacy, as well as
them being responsible for important undesirable side effects linked to their non-specific toxicity.
In this context, natural nanomaterials such as clayey mineral nanostructures of various shapes (flat,
tubular, spherical and fibrous) with adjustable physico-chemical and morphological characteristics
are emerging as systems with extraordinary potential for the delivery of different therapeutic agents
to tumor sites. Thanks to their submicron size, high specific surface area, high adsorption capacity,
chemical inertia and multilayer organization of 0.7 to 1 nm-thick sheets, they have aroused consider-
able interest among the scientific community as nano systems that are highly biocompatible in cancer
therapy. In oncology, the nano-clays usually studied are halloysite, bentonite, laponite, kaolinite,
montmorillonite and sepiolite. These are multilayered minerals that can act as nanocarriers (with a
drug load generally between 1 and 10% by weight) for improved stabilization, efficient transport and
the sustained and controlled release of a wide variety of anticancer agents. In particular, halloysite,
montmorillonite and kaolinite are used to improve the dissolution of therapeutic agents and to delay
and/or direct their release. In this review, we will examine and expose to the scientific community
the extraordinary potential of nano-clays as unique crystalline systems in the treatment of cancer.

Keywords: nano-clays; cancer therapy; delivery systems; nanocarriers; halloysite; montmorillonite;
kaolinite

1. Introduction

Although cancer is currently the most studied human disease, it still represents an
unresolved challenge, affecting a large portion of the world’s population. Approximately
18.1 million new cases of cancer are diagnosed annually, and 9.6 million people die from
this disease—mainly, metastatic cancers [1,2]. While the treatment of non-metastatic can-
cers has a considerable chance of success, surgery and radiotherapy are treatments that
cannot be cured once the cancer has spread throughout the body [3]. Cytotoxic chemother-
apeutics and hormonal antagonists are currently the therapeutic strategies adopted in
the treatment of metastatic neoplasms [4,5]. However, these drugs are characterized by a
non-specific mechanism of action, with the indiscriminate destruction of both tumor cells
and healthy cells [6,7]. Furthermore, a prolonged administration of these drugs often leads
to the development of the so-called tumor multidrug resistance (MDR), with a significant
increase in the costs of therapy and a waste of medical resources [8,9]. From this arises
the need to develop innovative therapeutic strategies which are targeted for improved
efficacy and safety [10,11]. Sub-micron-sized, high-surface-area nanoparticles (NPs) al-
low for the specific targeting and elimination of cancer cells, with improved selectivity in
cancer treatment [12]. In the last thirty years, important advances have been made in the
realization of innovative nanoformulations (such as the development of stable colloidal
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nanoformulations of low-water-solubility drugs) that have radically changed approaches
in the treatment of cancer [13]. The research to date has focused on the design and devel-
opment of nanocarriers with desirable chemical-physical characteristics in order to obtain
longer circulation times, delayed elimination, an increased accumulation in the desired
site and the possibility of a controlled release of the load through an external or internal
stimulus [14,15]. Furthermore, thanks to additional functions, nanomaterials can be applied
to allow for the co-administration of different therapeutic agents—for the selective targeting
to tumor cells and the penetration through biological barriers (such as the Blood Brain Bar-
rier) [16,17]. Consequently, nanomaterials constitute a valid alternative for improving the
efficacy of conventional anticancer drugs thanks to an improved bioavailability, specificity
and safety profile [18,19]. The extraordinary potential of nanoparticles in cancer therapy
is determined by their unique properties, such as their nanoscale size, high surface area
and highly adjustable surface chemistry [20]. Nanoparticles can be produced from both
organic and inorganic materials or a combination of them. Among organic nanoparticles,
we find dendrimers and lipid-based and polymer-based nanoparticles [21]. While among
the inorganic nanoparticles, we find gold, silver, silica, calcium carbonate, calcium phos-
phate, quantum dots and carbon-based nanoparticles. Among the inorganic materials,
we also find clay minerals, which derive from the chemical erosion of sedimentary rocks
and are characterized by a stratification on a nanometric scale [22,23]. Clay minerals are
particularly abundant on earth; as a result, humans have been collecting this material for
thousands of years, using it in medical formulations. Many centuries ago, the Egyptians
were among the first to develop medicines from clay minerals [24]. Subsequently, Galen,
a famous physician of Ancient Greece, produced terra Sigillata, which is a set of shaped
and imprinted red earth tablets (most likely montmorillonite or kaolinite enriched with
iron oxide) [25]. Nowadays, clay minerals have aroused the interest of the scientific world
as vectors in the treatment of cancer due to their biocompatibility, grain size, morphology,
high specific surface area and high charge density [26,27].

With this work, we will summarize the literature describing the potential of nano-clays
in the treatment of cancer, with particular attention to the formulations based on halloysite
nanotubes (HNT) and montmorillonite (MMT) [28]. On the basis of the mineralogical
composition, about 30 different types of nano-clays with different properties are distin-
guished [29]. Nano-clays are fine-grained crystalline materials whose structural unit is
represented by a layer, and these layers tend to arrange themselves on top of each other [30].
The individual layers are represented by tetrahedral and/or octahedral sheets, and it is
precisely the arrangement of these sheets that plays a key role in the classification of clay
minerals. At the level of the tetrahedral sheet, the silicon-oxygen tetrahedra are connected
to the neighboring tetrahedra, sharing three angles; the fourth corner of each tetrahedron
will instead become part of the adjacent octahedron sheet [31]. The octahedral sheet is
mainly made up of aluminum or magnesium in six-times coordination with the oxygen
of the tetrahedral sheet and with the OH [32]. Hydrogen bonds, van der Waals forces or
electrostatic forces are the main factors that unite the different layers with the formation of
parallel sheet stacks [33]. This stacking results in regular empty spaces between adjacent
layers, defined as inter-layers or galleries, and are accessible to organic polar liquids, or-
ganic cations and water [34]. Clay minerals can be classified as 1:1, 2:1 or 2:1:1. A 1:1 clay
structural unit consists of a tetrahedral sheet and an octahedral sheet [35]. A 2:1 clay has
a structural unit consisting of an octahedral sheet sandwiched between two tetrahedral
sheets. Finally, a 2:1:1 clay has a 2:1 base layer structure characterized by an octahedral sheet
adjacent to an octahedral sheet fused between two tetrahedral sheets [36]. Halloysite is a
nanotube formed by several layers of alumosilicate, consisting of tetrahedral sheets of SiO4
and octahedral sheets of AlO2(OH)4 (Figure 1A). Montmorillonite is a phyllosilicate with a
2:1 layer structure (1 nm-thick), whose structural unit is characterized by two tetrahedral
silica sheets and one octahedral alumina sheet (Figure 1B) [37].
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nanotubes can act as nanocontainers for the efficient entrapment and release of different 
classes of therapeutic agents. In order to ensure a prolonged/controlled release of drugs, 
halloysite nanotubes can be coated with different polymers such as dextrins [42]. 

Figure 1. Chemical structures of MMT (A) and the HNT (B).

The binding/interaction of drug molecules with clay materials involves several chemi-
cal and physical interactions, including cation exchange, hydrophobic affinity and electro-
static interaction [38]. The charge and the charge density of clayey nanomaterials play a key
role in the adsorption and binding processes of the different therapeutic agents; the charge
on the drug molecules can bind through electrostatic interactions [39]. Thus, the negatively
charged layers of montmorillonite, through the ion exchange reaction, can interact with pos-
itively charged therapeutic agents (Figure 2A). Furthermore, the montmorillonite surface
can be suitably modified with aminopropyl silane for the loading of drugs with a negative
charge (for example, telmisartan and flurbiprofen) (Figure 2B) [40]. Furthermore, the load-
ing mechanism of the therapeutic agents in the tubular structure nanoclay is different from
that of the plate structure nanoclay. Halloysite has a tubular structure in which drugs can
be incorporated into the tubular pore by capillary condensation (Figure 2C) [41]. These
nanotubes can act as nanocontainers for the efficient entrapment and release of different
classes of therapeutic agents. In order to ensure a prolonged/controlled release of drugs,
halloysite nanotubes can be coated with different polymers such as dextrins [42].
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Figure 2. Schematic representation of the interaction of MMT (A)/modified MMT with aminopropyl
silane (B) and HNT (C) with a drug.

2. Key Properties of Nano-Clays for Application in the Delivery of Therapeutic Agents

Clay minerals are often used in the pharmaceutical industry, either as net or activated
ingredients. The complex of chemical-physical characteristics of clay nanomaterials makes
these nanostructures suitable for use in the controlled loading and release of different
classes of therapeutic agents, including anticancer drugs [43]. Clay minerals are able to
interact with the molecules of different therapeutic agents, but they can also interact with
the different additive constituents (such as polymers) that can be used in the production of
nano-formulated medicines with optimal properties [44]. There are many published studies
regarding the use of nano-clays (including MMT, HNT and kaolinite) as nanocarriers for the
administration of anticancer drugs [45]. These nano-formulations based on nano-clays can
be used for the development of tablets for oral administration or can be suitably modified
for the development of systems suitable for the targeted administration and controlled
release of various anticancer agents [46]. In this regard, an interesting strategy is the
development of nanocomposites with clayey mineral NPs in polymeric matrices for the
realization of nano systems with improved pharmaceutical characteristics compared to the
single constituents [47]. The intensity of the therapeutic effect of a drug depends primarily
on the concentration of the drug itself at the target site. Therefore, in drug therapy, it is
essential to ensure optimal levels of the therapeutic agent at the target site (or at least in the
blood) and to maintain them for the duration of treatment [48]. In addition, it is desirable to
minimize what may be the temporal variations in the concentration of the therapeutic agent
with the use of an appropriately modified administration nano system to avoid periods
of underdose or overdose [49]. It follows that pharmaceutical products evolve through
modifications of the administration nanocarriers—modifications that determine a variation
in the speed and time of release at the site of action compared to conventional drugs [50].
The main factors that have a significant impact on the effective success of nano-clays in
application as administration systems will be summarized below.
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2.1. Size of the Nano-Clays

Nano-clays can have different morphologies, including flat, film or tubular, and a
thickness ranging between 1 and 200 mm. However, it is known that, for nano-clays, the op-
timal size for their use as nanocarriers in drug delivery is up to 200 nm [51]. Different-sized
nano-clays find different applications—for example, doxorubicin-intercalated kaolinite
(DOX), with a diameter between 400 and 500 nm, revealed pH-sensitive behavior and
antitumor activity towards ten tumor cell cultures [52], while intercalated kaolinite with
DOX has a diameter between 150 and 200 nm and has demonstrated an antitumor activity
against papillary thyroid cancer (Figure 3) [53].
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Figure 3. Evaluation of the cytotoxic activity of the different nanoformulations by MTTassay. Papil-
lary thyroid carcinoma cell line TPC1 was incubated for 24 h with free DOX, KaolinMeOH, DOX-
KaolinMeOH and KI@DOX-KaolinMeOH at different concentrations. Adapted from ref. [53].

In addition, the particle size affects the drug release. In one study, magnesium alu-
minum silicate (MAS) was employed for the entrapment of propranolol (PPN), a β-blocking
agent, and release kinetics were related to particle size and other factors [54]. The results
obtained by the authors demonstrated that the pH of the preparation of the complexes has
no impact on the release of PPN, while one of the most important factors influencing the
release of the drug is precisely the size of the particles.

2.2. Nano-Clays’ Pore Size and Volume

Other important factors for the application of nano-clays in nanomedicine are the
size of the pores and the volume of the pores. The trapping or loading efficiency of the
different therapeutic agents is mainly influenced by the size of the pores and cavities
(especially for HNT) of the nano-clays [13,16]. To increase the DOX drug loading efficiency,
the spacing of the kaolinite nanoparticles (NPs) was increased from 0.72 to 4.16 nm with
the intercalation of different organic species at different chain lengths [52]. In another study,
the distance between the adjacent layers of kaolinite was widened from 0.72 to 0.85 nm
through the intercalation of methoxy molecules, without changing the morphology. This
made it possible to achieve a DOX carrying capacity of 54.52% by weight [53].

Drugs or therapeutic agents (such as enzymes) can be loaded into the HNT lumen.
In HNT, the carrying capacity is strongly influenced by the lumen diameter; as the lumen
diameter increases from 10–15 to 30–40 nm, in turn, the carrying capacity increases, which
even reaches 30–40%, i.e., similar to that of synthetic polymer microcapsules [41].
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2.3. Charge and Zeta Potential of Nano-Clays

The different types of clay nanomaterials are characterized by different charge
densities—for example, the MMT and the surface of the HNTs are predominantly negatively
charged. The negative charge of the surface of the nano-clays is mostly at physiological
pH; moreover, at these pH values, the clayey nanomaterials used had a large specific
surface area of about 57 m2g−1, suggesting an important potential of the nano-clays for the
extended binding of positively charged drugs [55]. Furthermore, the negative charge of
kaolinite and its intercalation compounds have provided sites for binding through electro-
static interaction with the positively charged DOX [52]. HNTs have a positively charged
lumen, whereby anionic molecules (such as DNA) can be trapped in the lumen of the
nanotubes, while the outer surface of the HNTs is negatively charged at most pH settings,
allowing for several changes [56].

2.4. Loading Efficiency of the Nano-Clays

The loading efficiency is one of the most important parameters of NPs with respect
to the use of them as nanocarriers in the administration of anticancer agents [57]. A low
loading efficiency in polymeric NPs of hydrophilic drugs was a limitation for the realization
of a drug delivery nano system, as well as a high porosity, resulting in a rapid release of
the load [58]. Water-insoluble polymers as well as clay NPs have allowed these limits to
be overcome thanks to an improved loading efficiency and greater load release efficiency.
Loading efficiency is the measure of the percentage of therapeutic agents loaded into
the NPs compared to the total weight of the NPs [59]. In clay NPs, a high load of the
therapeutic agents was obtained thanks to the entrapment of the molecules in the lumen
of the nanotubes using retarding polymers through cationic coating or by exchanging the
water of the interlayers with low-molecular-weight agents in order to obtain a moderate
speed of release of the load [60]. Composite irinotecan microspheres based on MMT
and sodium alginate (AL) were developed in one study. Following the entrapment of
irinotecan (Ir) in MMT, the hybrid obtained was composed with AL, obtaining Ir-MMT-AL
nanocomposite microspheres through the technical method of ionotropic gelation. The
composite microspheres were then tested in vitro in a simulated intestinal fluid (pH 7.4, at
37 ◦C) with the aim of determining whether the composite beads produced could constitute
a valid alternative to conventional chemotherapy in the treatment of colorectal cancer. The
results obtained clearly demonstrated that MMT and MMT together with AL are effectively
able to control the release of Ir, making it sustained, with a reduction in the amount of the
drug released and in the rate of release [61].

An interesting strategy turned out to be the use of polymer composites of clayey
materials (CPC) in order to modify the release of the load. The development of CPC allows
for the improvement of the properties of the single constituents—those of clay particles
(such as the stability of dispersions of clay particles) and those of polymers (including
mechanical properties, swelling capacity and cell uptake). In this regard, in a recent study,
MMT particles were intercalated in polylactic glycolic acid in order to produce systems
for the administration of Docetaxel (anticancer drug). In vitro, the study of the Docetaxel
release profile from these composite NPs demonstrated a sustained release in 25 days. In
addition, the presence of MTT improved the cellular uptake of NPs by Caco-2 and HT-29
cells, with a prolonged therapeutic effect of the drug [62].

2.5. Biocompatibility

One of the fundamental properties for the application of nano-clays in the biomedical
field, such as the administration of the various anticancer agents, is biocompatibility. To
date, unfortunately, the biological mechanism of the degradation of these aluminosilicates in
the human body is not yet understood; it follows that such systems cannot find application
as injectable vectors for the delivery of drugs, as they could cause thrombotic events [63].
Several studies have been published on the cellular biocompatibility of HNT, MMT and
kaolinite. In most cases, the nano-clays were found to be nanomaterials with almost no
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toxicity to the different types of mammalian cells. The group of Lvov et al. reported that
the electrostatic interactions between HNTs and the cell wall determine an inhibition of
the entry of clay NPs into cells, with the prevention of cell damage [64]. For nano-clays, no
eco-toxicity has yet been demonstrated; the HNTs have been found to be biocompatible
for yeast cells [65], for Escherichia coli (bacterium) [66] and for Paramecium caudatum
(freshwater ciliate) (Figure 4) [67].

J. Pers. Med. 2022, 12, x FOR PEER REVIEW 7 of 25 
 

 

studies have been published on the cellular biocompatibility of HNT, MMT and kaolinite. In 
most cases, the nano-clays were found to be nanomaterials with almost no toxicity to the dif-
ferent types of mammalian cells. The group of Lvov et al. reported that the electrostatic inter-
actions between HNTs and the cell wall determine an inhibition of the entry of clay NPs into 
cells, with the prevention of cell damage [64]. For nano-clays, no eco-toxicity has yet been 
demonstrated; the HNTs have been found to be biocompatible for yeast cells [65], for Esche-
richia coli (bacterium) [66] and for Paramecium caudatum (freshwater ciliate) (Figure 4) [67]. 

 
Figure 4. Acute toxicity study (A,B) and optical microscope images of Congo red-stained food vac-
uoles in P. caudatum (C–E). Survival rate (A) and growth rate (B) of P. caudatum cells following 
treatment for 24 h with increasing concentrations of NPs. Intact cell (C) and cells fed with HNT (D) 
and MMT (E). Food vacuoles are indicated by black arrows. Adapted from ref. [67]. 

A high biocompatibility for Caenorhabditis elegans (soil nematode) at high doses (100 
mg/mL) has also been reported for HNTs [68]. Regarding the in vitro cytotoxicity of HNTs, it 
has been studied in various tumor cell lines such as HeLa, MCF-7, A549 and NIH-3T3, with 
extremely promising results [56]. For MMT, cytocompatibility was tested following short- and 
long-term cell proliferation, examining the integrity of the cell membrane and studying oxi-
dative stress. In a paper, it was reported that MMT can cause cytotoxic effects at high doses 
following prolonged exposure; on the contrary, no notable toxicity was reported for mice 
treated up to the highest concentration tested (1000 mg/kg). It has also been shown that MMT 
can be absorbed into the body within 2 h, without significant accumulation in any specific 
organ [69]. These results confirm the safety of MMT for the realization of a sustainable oral 
delivery system. In vitro, the cytotoxicity of MMT was tested using the Caco-2 cell line, and 
the results obtained demonstrated the safe nature of MMT. The group of Depan et al. devel-
oped hybrid nano systems based on sodium MMT and chitosan-g-lactic acid. After the 
entrapment of sodium ibuprofen, the effect of treatment with the nanohybrids produced on 
the cell proliferation of a culture was evaluated for fibroblasts, confirming their biocompat-
ibility [70]. the biocompatibility of the clayey mineral kaolinite was evaluated by Zhang et 
al. with respect to ten cancer cell lines, including pancreatic cancer, prostate cancer, lung 

Figure 4. Acute toxicity study (A,B) and optical microscope images of Congo red-stained food
vacuoles in P. caudatum (C–E). Survival rate (A) and growth rate (B) of P. caudatum cells following
treatment for 24 h with increasing concentrations of NPs. Intact cell (C) and cells fed with HNT
(D) and MMT (E). Food vacuoles are indicated by black arrows. Adapted from ref. [67].

A high biocompatibility for Caenorhabditis elegans (soil nematode) at high doses
(100 mg/mL) has also been reported for HNTs [68]. Regarding the in vitro cytotoxicity
of HNTs, it has been studied in various tumor cell lines such as HeLa, MCF-7, A549
and NIH-3T3, with extremely promising results [56]. For MMT, cytocompatibility was
tested following short- and long-term cell proliferation, examining the integrity of the cell
membrane and studying oxidative stress. In a paper, it was reported that MMT can cause
cytotoxic effects at high doses following prolonged exposure; on the contrary, no notable
toxicity was reported for mice treated up to the highest concentration tested (1000 mg/kg).
It has also been shown that MMT can be absorbed into the body within 2 h, without
significant accumulation in any specific organ [69]. These results confirm the safety of
MMT for the realization of a sustainable oral delivery system. In vitro, the cytotoxicity
of MMT was tested using the Caco-2 cell line, and the results obtained demonstrated the
safe nature of MMT. The group of Depan et al. developed hybrid nano systems based on
sodium MMT and chitosan-g-lactic acid. After the entrapment of sodium ibuprofen, the
effect of treatment with the nanohybrids produced on the cell proliferation of a culture was
evaluated for fibroblasts, confirming their biocompatibility [70]. the biocompatibility of
the clayey mineral kaolinite was evaluated by Zhang et al. with respect to ten cancer cell
lines, including pancreatic cancer, prostate cancer, lung cancer, stomach cancer, esophageal
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cancer, breast cancer, cancer of the cervix and hepatocellular cancer. The cell viability rate
was higher than 85% for most cell lines; that of esophageal cancer cells reached 99.8% and
that of the lung cancer cell line was only 61.3% [52]. Previously, Zhang et al. had always
tested the cytotoxicity of kaolinite NPs against a papillary thyroid tumor cell line, also
demonstrating the biocompatibility of kaolinite in that case [53].

3. Nano-Clays in the Treatment of Cancer

Cancer biology is extremely complex and can only be explained through a deep under-
standing of the role of individual cell types within the tumor, as well as the surrounding
Tumor Microenvironment (TME) which, in turn, plays a key role in defining distinctive
features [71]. TME is the result of an interaction between different cells such as cancer
cells and stromal cells, as well as non-cellular components, such as proteins [72]. It is
precisely the extreme complexity of cancer biology that is the main cause of the lack of
efficacy for most of the conventional anticancer therapies [73]. Therefore, understanding
TME offers an important weapon for the development of intelligent nano systems that are
capable of providing a safer and more efficient tool for administering drugs to the tumor
site. In this scenario, nano-clays are emerging as systems with extraordinary potential in
cancer therapy—not only for their use as vectors for the delivery of different anticancer
agents but also for an intrinsic antitumor activity that has been demonstrated for some
types of nano-clays [74]. Standard chemotherapeutics used in conventional anticancer
therapy have a narrow therapeutic index, are characterized by a low bioavailability and
have non-specific activity, in addition to requiring multiple dosages and the use of high
dosages. In this regard, the use of nano-clays for the targeted administration of anticancer
agents would allow for the reduction of off-target side effects and improve the therapeutic
activity of these drugs [45]. The anticancer agents can be trapped in the nano-clays, with the
realization of a nano system for the delivery of these agents. All of this allows, compared to
classic therapeutic protocols, for a targeted administration of the therapeutic agent to cancer
cells, with the improved bioavailability of the drug and a reduction in adverse side effects
thanks to the modification of the load release rate [75]. At the same time, the trapping of
drugs within the nano system improves the stability of the therapeutic agent, protecting
drugs from premature degradation within the body [51]. However, for the efficient use of
nano-clays in the delivery of anticancer agents, it is necessary to improve several of their
properties, including the specific surface area, type of exchangeable cations, porosity, sur-
face chemistry and zeta potential. In this regard, the nano-clays can be subjected to various
modifications, such as the combination with polymers [29]. In the following paragraph, the
use of nano-clays—in particular, HNT, MMT and kaolinite in the treatment of cancer—in
an uncontaminated form or as systems for the administration of different anticancer agents
will be treated.

3.1. HNT in the Administration of Anticancer Agents

The reduced toxicity, the extended specific surface area, the curved surface and the
ability to interact with the molecules of different therapeutic agents, both through surface
adsorption and through an ion exchange reaction, in addition to the solubility in aqueous
solutions, make HNT a promising candidate as a system for the delivery of anticancer
agents [76]. Halloysites are characterized by different morphologies, including plaques,
spheroidal tubes, short tubes and, usually, elongated tubes. HNTs are characterized by
a porous tubular structure; the pores can have a size between 2 and 50 nm (mesopores)
and even a size greater than 50 nm (macropores) [77]. These unique characteristics make
HNTs an extremely versatile system for their application for the delivery of anticancer
drugs. HNTs are characterized by two types of hydroxyl groups (OH), external OH groups
and internal OH groups, which can be exploited for their functionalization and for drug
trapping [78]. The internal lumen of the HNTs can be exploited for the entrapment of the
different classes of anticancer agents. It is often necessary to modify the inner lumen and
outer surface of HNTs for their use as delivery systems. Furthermore, the efficient release
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of the therapeutic load and improved drug binding are achieved through the chemical
modification of naturally occurring HNTs [79]. Among the different strategies used for the
chemical modification of the surface of HNTs before the entrapment of therapeutic agents
is the modification with 3-aminopropyltriethoxysilane (APTES). APTES is an organosilane
often used for the functionalization of surfaces due to its ease of use and reduced toxicity.
APTES allows for the introduction of silanol groups, which will bind (by hydrogen bond)
to the OH groups present on the surfaces of the HNTs, acting as an intermediary for the
binding of the different drugs. In this regard, ibuprofen was trapped in HNTs and HNTs
modified with APTES; the study of the release kinetics from the two nano systems revealed
a better release profile and an increased ibuprofen loading efficiency for APTES-modified
NPs compared to the unmodified system [80].

HNTs have found an application as vectors for the administration of various anticancer
agents. Gemcitabine (GEM) is the primary drug used in the treatment of non-small cell
lung cancer (NSCLC). The GEM (analogue of pyrimidine) has a phase-specific action,
killing, above all, the cells that are in the phase of DNA synthesis (phase S) and blocking,
in some circumstances, the progression of cells from phase G1 to phase S. GEM is usually
administered intravenously, but its action is non-specific and has inefficient biodistribution.
To overcome these limitations, a solution is represented using HNTs, which can transport
GEM across cell membranes via different pathways (via clathrin-dependent or caveolae-
dependent pathways). In a study, it was shown that HNTs loaded with GEM can block
the cell cycle in A549 cells (adenocarcinoma human alveolar basal epithelial cells), with a
reduction in the percentage of S-phase cells. Therefore, HNTs loaded with GEM are able
to determine the inhibition of the cell division and growth of A549 cells [81]. In another
study, DOX was entangled in HNTs, and the water dispersion of the nano formulated drug
compromised the cellular organization of A549 cells. Furthermore, the HNTs allowed for a
sustained release of the drug for 2 weeks, without recording an initial burst release [82].
Again, the bright green (BG) anticancer drug was loaded into the HNTs, and the ends of the
nanotubes were sealed with physically adsorbed dextrin (DX) caps. The proposed system
demonstrated an enzyme-activated BG release, with an accumulation of the preferential
drug in highly proliferating A549 cells (Figure 5) [83].
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Camptothecin (CPT) (topoisomerase-I inhibitor) is a drug used in the treatment of
metastatic colorectal cancer (CRC). CPT is characterized by a reduced solubility in wa-
ter, as well as presenting toxicity to non-tumor tissues. To overcome these limitations,



J. Pers. Med. 2022, 12, 1736 10 of 26

HNTs have been applied as delivery systems for the release of CPT. Recently, the group
of Dramou et al. trapped CPT in the inner lumen of magnetic HNTs (MHNTs) modified
with chitosan oligosaccharide (COS) and functionalized with folic acid (FA). The developed
nanocomposite therefore exhibited magnetic properties. Furthermore, this composite was
subsequently loaded with CPT and the study of the release profile showed a prolonged
release of the drug for 60 h. In addition, the release rate of CPT at the acid pH (pH 5)
of TME was greater than that at pH 6.8 and pH 7.4. The composite nano system also
determined a significant inhibition of the growth of Caco-2 cells (human colon carcinoma
cells) and highlighted a specificity in preferentially targeting tumor cells thanks to an
improved cellular uptake mediated by FA and COS [84]. Two other drugs with potential
in the treatment of CRC are atorvastatin and celecoxib. In the work proposed by Li et al.,
through a microfluidic technique, the HNTs were encapsulated in a pH-sensitive hydrox-
ypropylmethylcellulose acetate succinate (HPMACS) with the development of composite
microspheres (nanotubes-in-microspheres) for the oral co-administration of the two drugs.
The microspheres produced exhibited pH-sensitive degradation behavior, with a slightly
acidic load protection (pH ≤ 6.5) and rapid release into a simulated intestinal medium
(pH 7.4). In addition, the composite microspheres improved the permeability of the drugs,
as well as their inhibitory action on the proliferation of colon cancer cells [85].

Gastric cancer still has an important impact on a global level; an innovative therapeutic
strategy has been developed to improve the anticancer activity of DOX. The DOX was
loaded into the HNTs; then, the DOX-HNTs were encapsulated in soy phospholipids
(DOX-HNTs-LIP). The LIP shell has carried out a protective action against DOX-HNT,
preventing their direct contact with charged blood ions (such as sodium and chloride)
and thus inhibiting the triggering of thrombotic events. Therefore, the nanocomposite
has shown a high hemocompatibility thanks to the protective function performed by the
LIP. Furthermore, the study of the release behavior of DOX in vitro has shown that the
nanocomposites have a pH-sensitive release property, with an accelerated release at acid
pH (pH = 5.4). Finally, the MTT assays and the in vivo studies in mice carrying gastric
cancer revealed that the nanocomposites had a greater inhibitory activity on the growth of
MCF cells than on that of free DOX. In addition, the survival time of the tumor-bearing
mice treated with the nanocomposite was increased compared to the control group [86].

There are several challenges for the clinical application of DOX, such as its cardiotoxic-
ity, limited plasma half-life and non-specificity. These limits can be overcome thanks to the
use of nano systems targeting tumor tissue. Wu et al. loaded DOX into PEGylated HNT
(PEG) and FA functionalized (HNT-PEG-FA) as a nano system for the targeted treatment
of breast cancer. Drug release studies have shown a sustained release over 35 h at acidic
pH (pH = 5.3) from HNT-PEG-FA. In addition, in vitro cytotoxicity studies have confirmed
the ability of HNT-PEG-FA to inhibit cell proliferation and induce apoptosis in MCF-7
cells that overexpress the FA receptor (FR). A reduced cytotoxicity of HNT-PEG-FA was
highlighted towards L02 cells (cells lacking FR). Furthermore, in vivo studies performed on
4T1 mice (breast cancer carriers) have highlighted the potential of DOX-loaded HNT-PEG-
FA nano systems to inhibit tumor growth, and they have shown that HNT-PEG -FA are
able to reduce the cardiotoxicity of DOX compared to that observed for free DOX. Again,
HNT-PEG-FA showed a greater accumulation in tumor tissue than other tissues (such as
the heart, kidney, spleen and lung) [87].

Osteosarcoma (OSA) is the most common type of bone cancer and usually affects
children and young adults. Currently, while considering the significant progress of research
in the treatment of OSA, it is necessary to identify new innovative treatments. HNTs have
been used as nano systems for the administration of anticancer drugs, such as methotrexate
(MTX), aimed at treating OSA. To achieve a controlled release of MTX, the HNTs were
alternately coated with polyelectrolytes, positively charged polyvinylpyrrolidone (PVP)
and negatively charged poly (acrylic acid) (PAA). In vitro release studies have shown
that polyelectrolyte coatings are indeed capable of delivering sustained drug release over
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160 min. In addition, the HNT/MTX complexes were able to inhibit the proliferation of
OSA cells, resulting in potential delivery systems for the treatment of OSA [88].

Several studies have also shown that HNTs are excellent candidates for the adminis-
tration of curcumin (CUR), a natural bioactive compound, thanks to the ability of these
nano systems to increase its oral bioavailability [89,90]. The group of Liu et al. designed an
innovative HNT-based nano system, coated with chitosan (CH), in order to reduce toxicity
and provide greater colloidal stability in the bloodstream. First of all, the OH groups on the
surface of the HNTs were replaced by carboxylic groups (COOH) with the use of succinic
anhydride. Hence, CH was grafted onto HNT-COOH to reduce toxicity, increase the serum
stability of HNTs and increase the trapping efficiency of CUR. CH-coated HNTs (HNT-CH)
demonstrated an improved loading efficiency (90.8%) and improved drug-carrying capacity
(3.4%) compared to pristine HNTs. In addition, the HNT-CH nanocomposite showed a
good serum stability without showing obvious haemolytic effects. In vitro cytotoxicity
studies revealed a specific toxicity of CUR-loaded HNT-CHs against several tumor lines
(including MCF-7, SV-HUC-1, EJ and HeLa), with the highest antitumor activity in the
comparisons of EJ cells (human bladder cancer cells) [91]. CUR was also loaded with
a high efficiency into HNT-cellulose composite hydrogels prepared by epichlorohydrin
crosslinking at elevated temperatures. These composite hydrogels showed a high loading
efficiency (21%) compared to the uncontaminated cellulose hydrogels (17%); this is due
to the fact that the composite hydrogels are formed by two components, cellulose and
HNT, both characterized by a high-capacity adsorption. The CUR release studies showed a
controlled release of the drug by the HNT-cellulose composite hydrogels, with the maxi-
mum release within 20 h (62.1%). Finally, the cytotoxicity studies have demonstrated the
good biocompatibility of the HNT-cellulose composite hydrogels in MC3T3-E1 and MCF-7
cells, as well as the high inhibition capacity towards MCF-7 cells for the HNT-cellulose
composite hydrogels loaded with CUR [92].

Another natural compound loaded into the inner lumen of HNTs is polyphenol
resveratrol (RES), which, like CUR, has shown promising therapeutic potential as an
anticancer agent. However, the use of RES is hindered by its high instability and reduced
solubility in water [89]. RES was trapped in the internal lumen of HNTs with the aim of
improving its bioactivity and preventing its rapid metabolism. The HNTs were coated
using the layer-by-layer (LbL) technique, alternating the protamine salt polyelectrolytes
(cationic) and dextran sodium sulphate (anionic). Coating the outer surface of the HNTs
with polyelectrolytes resulted in a controlled release of the RES, with a slow and steady
release over the 48 h interval. In vitro toxicity studies on MCF-7 cells revealed that HNTs
coated with polyelectrolytes and loaded with RES have a high cytotoxicity towards MCF-7
cells, with the induction of apoptosis [93].

Another strategy used in the treatment of cancer is represented by gene therapy, which
involves the administration of exogenous nucleic acids inside the cells, with the aim of
influencing gene expression. Naked nucleic acids are characterized by a hydrophilic nature,
high molecular dimensions and extremely instability, due to their rapid degradation in vivo
by nucleases. For years, viral vectors have been the main vectors for the administration of
nucleic acids thanks to their ability to transfer genes within human cells [94]. However, high
risks are associated with viral vectors, such as important immunogenicity and the possibility
of giving rise to insertional mutagenic events, with a consequent alteration in the expression
of proto-oncogenes or tumor suppressor genes. All these risks have pushed towards the
development of non-viral vectors, which, compared to viral vectors, are characterized
by better biosafety, limited immunogenicity and simplified preparation procedures [95].
Considering the considerable size and negative charge of nucleic acids (usually, the surface
of inorganic NPs used as vectors in gene therapy), it is functionalized with groups that
confer a positive charge to allow for the formation of complexes with nucleic acids. In
several studies, clay NPs have shown promising potential as non-viral gene vectors [96].
Molecules widely used in anticancer gene therapy are antisense oligodeoxynucleotides
(ODNs) and small interfering RNA (siRNA). These nucleic acids have a remarkable ability
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to suppress the expression of oncogenic factors. ODNs are short single-stranded DNA
molecules consisting of 15 to 30 nucleotides, which, when administered into the cytoplasm,
can bind to complementary regions of a target messenger RNA (mRNA), resulting in the
inhibition of gene expression. In one paper, Shi et al., in order to facilitate the loading
and administration of the ODNs, functionalized the HNTs with APTES. So, the ODNs
were labeled with fluorescein for subsequent intracellular tracking. The results obtained
showed a good capacity for intracellular administration (98.7%) of the ODNs for the
complex, as well as the ability to improve the antitumor potential of the ODNs towards
HeLa cells [97]. As for siRNAs, they are small endogenous non-coding RNAs made up
of about 21 nucleotides, and they have the ability to inhibit the expression of specific
target genes. In this regard, Wu et al. have synthesized modified HNTs for the delivery
of anti-survival siRNA in pancreatic cancer cells (PANC-1), with the aim of reducing
the levels of the survival protein, which is able to inhibit apoptosis and stimulate the
proliferation of cancer cells. For this purpose, the HNTs were modified with the PEI
polymer through LbL electrostatic assembly. Subsequently, to highlight the transfection,
CdSe quantum dots coated with mercaptoacetic acid were linked by a non-covalent bond
(electrostatic interaction) to the anti-survival siRNA to then be linked to the PEI-HNT
complexes. The resulting complex showed considerable transfection efficiency in PANC-1
cells (95.6%). In addition, in vitro cytotoxicity studies have shown an increase in apoptosis
and an increase in the antitumor potential of anti-survival siRNA. In addition, Western
blot analysis, after a 72 h treatment with the complexes, revealed a 90% reduction in target
protein levels (survival) in PANC-1 cells. In conclusion, these results confirm the ability of
multifunctional complexes based on HNTs to silence the surviving gene, with a consequent
reduction in the survival of PANC-1 tumor cells [98]. In a recent work by the group of
Long et al., HNTs grafted with a poly (amidoamine) dendrimer (PAMAM) were produced
for the intracellular administration of siRNAs, which target the gene-encoding vascular
endothelial growth factor (VEGF). In vitro toxicity studies conducted in HUVEC and MCF-
7 cells revealed a high biocompatibility of the HNT-PAMAM complexes; moreover, the
HNT-PAMAM/siRNA complexes showed a high efficiency of cellular uptake (94.3%), with
a 78% reduction in the expression of the mRNA encoded by the target gene. The significant
decrease in VEGF expression led to the induction of apoptosis in MCF-7 cells. Studies of
antitumor activity in vivo have reported the ability of the HNT-PAMAM/siRNA complex
to reduce tumor volume by 55.1% and inhibit angiogenesis [96]. These results suggest that
HNT-PAMAM/siRNA complexes could represent a promising strategy in breast cancer
gene therapy.

3.2. MMT in the Administration of Anticancer Agents

MTT is widely used as a system capable of modulating drug delivery. MMT is charac-
terized by optimal absorption properties, with absorption sites available at the level of its
interlayer spaces, particularly on the edges and on the outer surface [99]. The characteristic
plaque structure of MMT guarantees a high surface area, high adsorption efficiency, good
cation exchange capacity and reduced toxicity. In addition, the layered structure of MMT
allows for the stabilization of drug molecules through electrostatic interactions and allows
for a controlled release of the therapeutic load thanks to the exchange of bioactive molecules
with other ions present in the biological environment [100]. Therefore, ion exchange can
be obtained by incubating the solid substrate in a solution of ionic drugs, while, in bio-
logical fluids, it will be the counter-ions that displace the drug from the substrate, with a
consequent release of the therapeutic agent in the body [101].

Several studies, in vitro and in vivo, have demonstrated the intrinsic antitumor activity
of nano-clays. The uncontaminated clay NPs, thanks to their high specific surface area
and surface charge, can modulate the adhesion between tumor cells and the surrounding
extracellular matrix, thus preventing metastases [37,102]. In a recent study, Abduljauwad
et al. used Na-MMT (Soidum Montmorillonite), Palygorskite and hectorite with the aim of
modulating the adhesion of tumor cells to the extracellular matrix. With their results, they
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have shown that Na-MMT is able to promote cell–cell adhesion, while Palygorskite and
hectorite favor cell adhesion to the extracellular matrix in Raji cells (lymphoma cell line). In
addition, the combination of Na-MMT with Palygorskite (75:25) resulted in the greatest
increase in cell–cell-extracellular matrix adhesions. Another wound healing test conducted
with MCF-7 cells revealed that the nano-clays are able to control cell migration, resulting in
a delay in gap closure, suggesting that the clay NPs tested could inhibit the migration of
cancer cells with the prevention of metastasis formation [102]. In another work, the same
combination of Na-MMT and Palygorskite (75:25) of the aforementioned study was used
for the control of melanoma metastases. In SK-Mel-28 cells, following treatment with the
Na-MMT/Palygorskite mixture, variations in the membrane potential were observed, with
an important reduction in cell proliferation and viability in a dose-dependent manner. No
significant changes in viability were observed for normal melanocytes, confirming that
the Na-MMT/Palygorskite mixture has selective toxicity towards melanoma tumor cells
(Figure 6) [103].
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Furthermore, the in vivo studies confirmed these results, i.e., the administration of the
mixture of nano-clays led to a reduction in tumor size and weight in SK-Mel-28 xenograft
mice, as well as an inhibition of mitosis and the induction of necrosis of the cancer cells. This
intrinsic antitumor activity of nano-clays is closely associated with the ability of the latter
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to form adhesions with cancer cells [103]. MMT has also found application in the formation
of new hybrid nano systems for the administration of anticancer drugs [104]. In the world,
the third most frequent cancer is colorectal cancer (CRC), and the oral route appears to be
the preferred route of delivery of anticancer drugs [105]. In this context, pH-responsive
nano systems are desirable for the oral administration of anticancer drugs, as they allow for
the maximization of the release of the therapeutic agent in the intestinal tract and minimize
its early release in the stomach [18]. Paclitaxel is an antimicrotubular agent used in the
treatment of several solid cancers, including colon and rectal cancer. However, the limits
to be overcome for its clinical application are its reduced solubility in aqueous solvents
and low oral bioavailability [106]. In particular, the reduced oral bioavailability is linked
to the susceptibility of paclitaxel to the action of cytochrome P450 enzymes present in the
intestine and liver. In addition, there are portions of the gastrointestinal tract, such as the
intestines, liver and kidneys, with an increased expression of the P-glycoprotein (multidrug
efflux pump), also known as the multidrug resistance protein, which contributes to the
limited bioavailability of paclitaxel [107]. There have been numerous efforts to develop
nanocarriers based on nanoclay for the administration of paclitaxel to cancer cells [108]. In
this regard, Dong et al. have created a bioadhesive nano system for the oral administration
of paclitaxel. The drug was trapped in poly (D, L-lactide-co-glycolic)-modified MMT
NPs (PLGA). The paclitaxel-loaded PLGA/MMT NPs were synthesized through a solvent
emulsion/evaporation technique. In vitro paclitaxel release studies from PLGA-MMT NPs
revealed a biphasic release profile with an initial burst release followed by a slow and
sustained release due to modification with the PLGA copolymer. In addition, cellular
absorption studies of PLGA-MMT NPs (loaded with fluorescent coumarin 6) showed an
increase in absorption efficiency from 57% to 177% in Caco-2 cells and from 11% to 55% in
HT-29 cells. Finally, the nano formulation PLGA/MMT showed an improved residence
time in the gastrointestinal tract thanks to the mucoadhesive characteristics of MMT, with
the promotion of the oral administration of paclitaxel [109]. In another study, Bothiraja
et al. incorporated paclitaxel (cationic) into the interlayer space of Na-MMT via an ion
exchange reaction. Subsequently, the drug-loaded MMT was coated with the natural CH
polymer. The resulting composite nano system showed controlled paclitaxel release, as
well as good biocompatibility. In vitro studies conducted on a human colon cancer cell
line (COLO-205) have highlighted the ability of the MMT-CH nanocarrier to improve
the anticancer potential of paclitaxel by 1–2 times compared to the non-nanoformulated
drug. Functionalization with the CH biopolymer resulted in a reduction of the half-
maximum inhibitory concentration (IC50) value of the nano MMT-CH system loaded with
paclitaxel [110].

For the chemotherapy of breast cancer, the most deadly and common type of cancer in
women, tamoxifen (TMX) (non-steroidal anti-estrogen drug) has been used, which is able to
compete with estradiol for binding to the receptor of estrogen. For TMX, the preferred route
of administration is oral. Consequently, for effective treatment, it is essential to overcome
the limitations that are associated with the oral route of administration, as well as to
reduce the side effects of TMX and increase its therapeutic action [111]. Kevadiya et al., for
breast cancer therapy, intercalated TMX in Na-MMT interlayers. The resulting TMX-MMT
composite was then modified with a hydrophobic polymer, poly-(ε-caprolactone) (PCL),
with the formation of a microcomposite system. The microcomposite system showed a
controlled release pattern, with a maximum of 72 h, thanks to the presence of the PCL
coating. In addition, the genotoxic effect of TMX on a human lymphocyte culture was
studied with the comet test; the results obtained showed a reduction in damage at the DNA
level when the drug is loaded into the composites by MMT. The effectiveness of the TMX-
MMT microcomposite was confirmed by in vitro studies conducted on its HeLa and A549
cells. Furthermore, the in vivo pharmacokinetics (PK) of the hybrid microcomposite were
studied in rats after the oral administration of a single dose; the results revealed that the
plasma levels of the drug were in the therapeutic window compared to the free drug. The
authors concluded that the reduction in genotoxicity is determined by the protection of TMX
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in the interlayer of the MMT, as well as by the external coating of PCL [112]. Aromatase is
a key enzyme in estrogen biosynthesis. An inhibitor of this enzyme is exemestane, which is
often used in the treatment of breast cancer. However, exemestane is characterized by a
reduced bioavailability linked to its low solubility in water. Furthermore, when exemestane
is administered orally, it is susceptible to the first pass effect, with the removal of most of
the drug by the liver. With the aim of increasing the oral bioavailability of exemestane,
Li et al. have designed an MMT-PLGA nano composite system. The composite nano
system showed controlled drug release, with a reduction in initial burst release and a
prolonged drug release time. Furthermore, in vitro cytotoxicity studies conducted on MCF-
7 cells have shown that composite NPs loaded with exemestane have a greater antitumor
potential than the pure drug. In addition, the cytotoxic effect of the nano system loaded
with exemestane and the pure drug against MCF-7 cells depended on the concentration of
exemestane and the treatment time [113]. In the treatment of triple negative breast cancer,
the anticancer drug docetaxel is often used. However, docetaxel is characterized by a
reduced solubility in water, and its use is associated with serious side effects which hinder
its clinical application. Feng et al. produced a composite nano system, poly (lactide) (PLA)-
d-α-tocopheryl polyethylene glycol 1000 succinate (TPGS)/MMT NPs (PLA–TPGS/MMT
NPs). The resulting composite nano system was developed for oral administration of
the drug docetaxel. The nano composite system loaded with docetaxel was synthesized
with a modified solvent extraction/evaporation technique. MMT-PLA-TPGS composite
nanocarriers showed enhanced antitumor activity towards MCF-7 cells compared to free
docetaxel. In vivo studies with SD rats have shown that the oral administration of the
MMT-PLA-TPGS nano system can achieve a half-life of 26.4 times longer than the free drug
and improve the oral bioavailability of docetaxel [62].

An anticancer drug frequently used in the treatment of people with pancreatic cancer
is GEM. However, this drug is characterized by a reduced plasma half-life (around 15 min)
and is rapidly metabolized. Consequently, it is necessary to repeatedly administer high
doses of GEM to obtain the desired therapeutic effect; however, this causes significant
toxicity and reduced patient compliance. Recently, hydrogel matrices have emerged as
an interesting strategy for maximizing therapeutic action while minimizing the adverse
side effects of GEM. In this regard, Phan et al. developed a nanobiohybrid hydrogel for
the controlled release of the drug GEM. The drug was trapped in the interlayer spaces
of the MMT and adsorbed on the surfaces of the MMT NPs. Subsequently, the GEM-
MMT NPs produced were dispersed in a biodegradable hydrogel tri-block copolymer
poly (ε-caprolactone-co-lactide)-b-poly (ethylene glycol)-b-poly (ε-caprolactone-co-lactide)
(PCLA-PEG-PCLA), which is sensitive to temperature. An in vitro drug release kinetics
study from the nanobiohybrid hydrogel revealed a significant reduction in initial burst
release and sustained release compared to the uncontaminated hydrogel. In vitro toxicity
studies conducted on 293T cells with the MTT assay demonstrated that the nanobiohybrid
hydrogel exhibits good biocompatibility. In vivo studies on anticancer efficacy conducted
on mice carrying pancreatic cancer showed a significant reduction in tumor growth. There-
fore, these results suggest that the nanobiohybrid hydrogel may represent a potential
system for the controlled release of GEM in pancreatic cancer therapy, where the presence
of MMT is essential for efficient entrapment and for a controlled/prolonged release of the
drug [114].

The antineoplastic drug 6-mercaptopurine (6-MP) represents an antimetabolite
chemotherapy. This is a drug with poor water solubility, and 6-MP rapidly binds to plasma
proteins. Due to these characteristics, 6-MP is characterized by a reduced plasma half-life
and a low bioavailability. To overcome these limitations, Kevadiya et al. have developed
MMT-poly (l-lactide) (PLLA) microcomposite spheres for the oral administration of 6-MP
in order to reduce its cytotoxicity and ensure a therapeutic plasma concentration of 6-MP,
avoiding periods of overdose or underdose. The anticancer potential of the 6-MP-loaded
microcomposite was evaluated in human neuroblastoma cells (IMR32), confirming the
ability of the loaded drug to reduce cell viability. The drug release profile study from
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the MMT-PLLA hybrid microcomposite did not show an initial burst release; instead, it
demonstrated a controlled release, with only 22% of the drug released within the first
10 h. In vivo studies conducted in Wistar rats showed that the oral administration of the
hybrid microcomposite resulted in an important reduction in drug toxicity, also increasing
the mean residence time of 6-MP in plasma. Hence, this MMT-based microcomposite has
tremendous potential as a 6-MP dosing system [115].

A natural compound that has shown an important anticancer activity is CUR. How-
ever, its rapid metabolic degradation, low water solubility and reduced chemical stability
hinder its clinical application. MMT was tested as a potential way to deliver CUR [116]. In
this context, hydrophilic biopolymers are gaining particular interest due to their ability to
increase the biocompatibility and biodegradability of nano systems. In addition, biopoly-
mers are able to improve the water solubility and colloidal stability in the blood flow of
nano systems. Among the various hydrophilic biopolymers, CH is a polymer often used
in the functionalization of nano systems due to its mucoadhesive properties and its high
biocompatibility and biodegradability. In addition, CH, in acidic conditions, is in an ionized
state, making it capable of interacting with cancer cells, as, at acid pH, the CH is positively
charged such that it can interact electrostatically with the membranes of negatively charged
cells [117]. In a recent study, Khatun et al. have produced MMT-CH nano composite
systems for the controlled release of CUR. CUR release studies were conducted at different
pH values, demonstrating that, after 6 h, the release rate varied as a function of pH, with
an increase in release under acidic conditions (pH = 1.2). The authors suggested that the
observed pH-dependent release was a consequence of the different swelling behaviors of
CH at different pH values. That is, in an acidic environment, the CH swells easily, and
its residual amino groups are protonated, with an increase in the release rate of the CUR.
In addition, in vitro toxicity studies confirmed the ability of the composite nano system
to reduce the viability of MCF-7 and Hep G2 cells compared to the control (untreated)
cells [118].

3.3. Kaolinite in the Administration of Anticancer Agents

Kaolinite is the most abundant ingredient in kaolin clay, which is mainly used in the
ceramic industry. However, kaolinite has also found several pharmaceutical applications
both as an active ingredient and as an excipient due to its unique physicochemical prop-
erties [119]. The extraordinary biocompatibility, high biostability and non-immunogenic
characteristics make kaolinite a promising candidate as a vector for the administration of
drugs [120]. The different products of kaolinite and its derivatives (including ToxiBan®)
have been indicated for detoxification by the adsorption of ingested toxic substances, such
as heavy metals, toxic antibiotic compounds and mycotoxins, with the protection of the
mucous membranes and H+ contrast [121]. Furthermore, recent studies have shown that
nano-clays have intrinsic antitumor bioactivity. In a study, it was shown that the “Krem-
nevit” kaolinite preparation shows an antitumor potential, resulting in a reduction in
tumor mass (by 24%) in mice inoculated with cells of the LLC cell line (Lewis lung cancer)
compared to non-cancerous animals. In addition, this increased the rate of superoxide
radical formation from intracellular (mitochondria) and extracellular (NADPH oxidase
in tumor-associated neutrophils) sources and prevented metastases [122]. This suggests
that the “Kremnevit” kaolinite preparation could be a promising material in the reparative
procedures of cancer patients. Kaolinite has also found application as a system for the
administration of anticancer drugs, such as the drug DOX. Zhang et al. have employed
kaolinite for the realization of a bifunctional system to improve the efficacy of administra-
tion and, at the same time, reduce the toxicity of the drug DOX in the treatment of thyroid
cancer (Figure 7) [53].
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First, the expansion of the basal interlayer spacing of kaolinite was achieved by
the intercalation of methoxy groups, going from a spacing of 0.72 nm to a spacing of
0.85 nm, thereby increasing the carrying capacity of the molecules and controlling its
release speed. The specificity of methoxy-intercalated kaolinite against thyroid cancer
was obtained through functionalization with potassium iodide (follicular epithelial cells
tend to capture iodine ions for the synthesis of thyroid hormones), and PEGylation has
allowed for the improvement of permeability, prolonged the circulation time, improved the
anticorrosion of the methoxy-modified kaolinite system in vivo and significantly reduced
phagocytosis by macrophages. The study of the drug release from the kaolinite-based
nanocomposite has shown a controlled release of DOX sensitive to pH, with an increase in
the release rate of DOX in the conditions of a simulated tumor microenvironment (pH = 5.5)
compared to normal physiological conditions (pH = 7.4). The system was administered
intravenously and as a result of rapidly internalized active targeting. The vector was
absorbed by the sodium iodide symporter (internalized via endocytosis) and the drug
DOX released at the desired site of action. The MTT viability assay confirmed the reduced
cytotoxicity to papillary thyroid cancer cells for methoxy-intercalated kaolinite. For the
system loaded with DOX, a dose-dependent therapeutic action was highlighted in vitro.
In addition, active targeting played a crucial role in promoting drug accumulation, as
demonstrated by the in vivo biodistribution analysis. Thus, the developed kaolinite-based
nanocomposite could be used as an effective system for the targeted delivery of DOX in
the treatment of thyroid cancer and for targeted drug accumulation at the desired site
and reduced toxicity [53]. Different organic compounds, with chains of different lengths
(short-chain dimethylsulfoxide (DMSO), medium-chain hexylamine, methanol (MeOH), 3-
(APTES) and long-chain dodecyl amine) have been employed in the kaolinite intercalation
for one expansion of the interlayer basal spacing. Basal spacing was expanded from
0.72 to 4.16 nm, increasing the carrying capacity and achieving controlled drug release.
Cytotoxicity studies have shown that uncontaminated kaolinite and kaolinite intercalation
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systems are characterized by a high biocompatibility and reduced toxicity towards gastric
cancer, prostate cancer, pancreatic cancer, colorectal cancer, cancer of the esophagus, breast
cancer and differentiated thyroid cancer. DOX-loaded kaolinite and DOX-loaded kaolinite
intercalation compounds showed a faster DOX release at a slightly acidic pH compared to
a neutral condition, as well as enhanced (dose-dependent) therapeutic action towards ten
different model tumor cell cultures [52]. In a recent study, Tian et al. mixed single layers
of exfoliated kaolinite with cellulose fibers, resulting in the production of an exfoliated
kaolinite/cellulose fiber (EXK/CF) composite as a vector for the efficient administration
of the drug oxaliplatin (OL). A high load-carrying capacity has been demonstrated for
the EXK/CF composite system. The study of the release profile of OL from the EXK/CF
composite showed a sustained release of up to 100 h, with a maximum release of 86.4 and
95.2%, respectively, in phosphate buffer (pH = 7.4) and acetate (pH = 5.5). Regarding the
study of the cytotoxic effect, it revealed a high biocompatibility of the composite EXK/CF
towards colorectal cells (CCD-18Co) and a highly toxic effect of the composite loaded with
OL towards colorectal cancer cells. (HCT116) (with a cell viability of 31.4%) compared
to the free drug (Figure 8) [123]. These results suggest that kaolinite and its intercalation
compounds can be effectively used as biocompatible systems for the administration of
anticancer drugs for the realization of high-performance nanotherapeutics with superior
antitumor potential and reduced side effects.
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Figure 8. Schematic representation of the synthesis steps of the composite EXK/CF and its subsequent
loading with the drug OL (A). Cell viability of colorectal fibroblast cells (CCD-18Co) after incubation
with the composite EXK/CF (B) and of colorectal cancer cells (HCT116) after incubation with the
composite EXK/CF loaded with OL (C). Reproduced from ref. [123].

Table 1 shows the different types of nano-clay used as systems for the administration
of the different anticancer agents and their therapeutic effect in the different tumor models.
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Table 1. Nano-clays in cancer therapy.

Type of Nano-Clay Modification Loaded Antitumor Agent Tumoral Model Effect Reference

HNT

- GEM A549 cells (adenocarcinoma human alveolar
basal epithelial cells)

cell cycle block, with a reduction in the percentage of cells in
the S phase, resulting in the inhibition of cell growth [81]

— DOX A549 cells impaired cellular organization [82]

ends of the nanotubes sealed with dextrin caps BG A549 cells preferential accumulation of the drug in A549 cells with high
proliferating activity [83]

modified with chitosan oligosaccharide and
functionalized with folic acid (FA) CPT Caco-2 cells (human colon cancer cells)

significant inhibition of cell growth and a specificity to
preferentially target tumor cells due to improved cellular
uptake mediated by FA

[84]

soy phospholipids (LIP) DOX MCF cells (mouse gastric cancer cells) and
gastric tumor-bearing mice

the nanocomposites had a greater inhibitory activity on the
growth of MCF cells compared to free DOX. The survival
time of the tumor-bearing mice treated with the
nanocomposite was increased compared to the control group

[86]

pegylation and functionalization with folic acid (FA) DOX MCF-7 cells and mice carrying breast cancer

inhibition of cell proliferation and induction of apoptosis.
In vivo tumor growth inhibition and preferential
accumulation in tumor tissue, thanks to functionalization
with FA

[87]

coating with polyelectrolytes polyvinylpyrrolidone
(PVP) and poly (acrylic acid) (PAA) MTX cells of the OSA inhibition of cell proliferation [88]

chitosan CUR EJ cells (human bladder cancer cells) high antitumor activity [91]

cellulose CUR MCF-7 cells significant inhibition of cell growth [92]

coating with the polyelectrolytes protamine salt
(cationic) and sodium dextran sulfate (anionic) RES MCF-7 cells high cytotoxicity towards MCF-7 cells, with induction

of apoptosis [93]

APTES ODNs HeLa cells improved anti-tumor potential of ODNs towards HeLa cells [97]

PEI and CdSe quantum dots coated with
mercaptoacetic acid anti-survival siRNA PANC-1 cells (pancreatic cancer cells) increased apoptosis and an increase in the antitumor

potential of anti-survival siRNA [98]

MMT

poly(D, L-lactide-co-glycolic) (PLGA) Paclitaxel Caco-2 and HT-29 cells increased cellular uptake [109]

chitosan Paclitaxel COLO-205 cells improved anticancer potential of paclitaxel by 1–2 times
compared to the free drug [110]

poly-(ε-caprolactone) (PCL) TMX
HeLa and 549 cells

reduced side effects [112]Wistar rats

PLGA Exemestane MCF-7 cells drug-loaded composite NPs have greater anticancer
potential than the free drug [113]

PCLA-PEG-PCLA GEM mice carrying pancreatic cancer significant reduction in tumor growth [114]

poly(l-lactide) (PLLA) 6-MP IMR32 cells and Wistar rats
reduction in cell viability, while, for in vivo studies, a
significant reduction in drug toxicity and an increase in the
mean residence time of 6-MP in plasma was observed

[115]

chitosan CUR MCF-7 and Hep G2 cells reduction in cell viability compared to untreated cells [118]
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Table 1. Cont.

Type of Nano-Clay Modification Loaded Antitumor Agent Tumoral Model Effect Reference

Koalinite

Methoxy intercalation, pegylation and
functionalization with potassium iodide DOX papillary thyroid cancer cells

dose-dependent therapeutic action in vitro and
promotion of drug accumulation at the desired site
in vivo

[53]

organic compounds with chains of
different lengths DOX ten different model tumor cell cultures enhanced therapeutic action of DOX [52]

cellulose fiber OL HCT116 cells (colorectal cancer cells) reduction in cell viability compared to the free drug [123]
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4. Conclusions and Future Directions

The works cited above confirm the extraordinary potential of nano-clays—in particu-
lar, HNT, MMT and kaolinite—for the development of systems for the oral administration
of various anticancer agents. Such nano systems can release the therapeutic load in a con-
trolled manner, significantly reduce negative side effects, protect therapeutic agents from
degradation, increase circulation times, improve the solubility of fat-soluble drugs, reduce
renal clearance and promote their interaction with cancerous cells. Furthermore, the ability
of clay-based composite systems to incorporate various selective tumor ligands (such as AF
and potassium iodide) allows for targeted anticancer therapy, maximizing the concentration
of the therapeutic agent at the site of action. The clayey NPs can, among other things,
transport proteins and nucleic acids (DNA and RNA), protecting these macromolecules
from enzymatic degradation and improving their therapeutic potential. Additionally,
the double-charged nature of clay NPs allows for the efficient loading of both positively
charged and negatively charged molecules into or onto the surfaces of nano-clays, for
which drug molecule charge is not a decisive factor. However, the proper selection of the
clay mineral is important for the development of truly therapeutically effective systems. In
this regard, the clay minerals present in nature are often suitable for obtaining an effective
modulation of drug release, making it essential to use synthetic clay minerals and/or those
modified with polymeric additives. In-depth knowledge of the possible drug–clay interac-
tions and of the different release mechanisms is a valuable contribution to the development
of clay-based nano systems for drug delivery. The physicochemical properties of clayey
NPs, such as the specific surface area, charge (zeta potential), porosity, interlayer space,
type of exchangeable cations and hydrophilicity/hydrophobicity can be regulated by modi-
fication/functionalization with target polymers and ligands. These modifications are useful
for improving the anticancer potential of the loaded therapeutic agent, for a controlled
release of the load (ensuring optimal therapeutic levels of the drug at the desired site for the
duration of the treatment), for the development of reactive systems to a specific stimulus,
for the improvement of the targeted effect and for the reduction of the negative side effects
of the drugs. The clinical application of clay-based NPs remains difficult, and further
progress is imperative to improving its therapeutic performance. In this regard, it would
be useful to consider the physiological changes that occur during carcinogenesis—changes
that make the tumor microenvironment unique and different. For example, changes in pH
occur, with a tumor microenvironment characterized by a slightly acidic pH. These specific
biological alterations can be exploited to develop therapeutic strategies that are sensitive
to the specific stimulus, such as the creation of composite systems that use the chitosan
biopolymer, which, at acid pH, is positively charged and therefore able to electrostatically
interact with the membranes of negatively charged cells. Moreover, at these pH values,
the chitosan swells easily with an increase in the release rate of the loaded therapeutic
agent [118]. However, the safety of clay-based NPs needs to be further investigated by
carrying out pharmacokinetic (absorption, biodistribution, metabolism and excretion) and
biopersistence investigations to expand the available preclinical toxicological data and
thus promote subsequent clinical studies. The currently available toxicological information
generally suggests a risk of thrombotic events following the intravenous administration
of the nano-clays, despite their hemocompatibility. Therefore, the data available to date
suggest that the oral and topical routes of administration are the most prospective for
pharmaceutical formulations based on nano-clays.
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Abbreviations

6-MP 6-mercaptopurine
APTES 3-aminopropyltriethoxysilane
BG Bright green
CH Chitosan
COS Chitosan oligosaccharide
CPC Polymer composites of clay materials
CPT Camptothecin
CRC Colorectal cancer
CUR Curcumin
DOX Doxorubicin
FA Folate
FR Folate receptor
GEM Gemcitabine
HNTs Halloysite nanotubes
LbL Layer-by-layer
MMT Montmorillonite
MTX Methotrexate
NPs Nanoparticles
ODNs Antisense oligodeoxynucleotides
OL Oxaliplatin
OSA Osteosarcoma
PAMAM Poly (amidoamine)
PLGA Poly (lactic-co-glycolic acid)
PLLA Poly (l-lactide)
RES Resveratrol
siRNA Small interfering RNA
TME Tumor microenvironment
TMX Tamoxifen
TPGS Poly (lactide) (PLA)-d-α-tocopheryl polyethylene glycol 1000 succinate
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12. Gavas, S.; Quazi, S.; Karpiński, T.M. Nanoparticles for cancer therapy: Current progress and challenges. Nanoscale Res. Lett. 2021,
16, 173. [CrossRef] [PubMed]

13. Persano, F.; Gigli, G.; Leporatti, S. Halloysite-Based Nanosystems for Biomedical Applications. Clays Clay Miner. 2021, 69, 501–521.
[CrossRef]

14. Patra, J.K.; Das, G.; Fraceto, L.F.; Campos, E.V.R.; Rodriguez-Torres, M.D.P.; Acosta-Torres, L.S.; Diaz-Torres, L.A.; Grillo, R.;
Swamy, M.K.; Sharma, S.; et al. Nano based drug delivery systems: Recent developments and future prospects. J. Nanobiotechnol.
2018, 16, 71. [CrossRef] [PubMed]

15. Kaushik, N.; Borkar, S.B.; Nandanwar, S.K.; Panda, P.K.; Choi, E.H.; Kaushik, N.K. Nanocarrier cancer therapeutics with functional
stimuli-responsive mechanisms. J. Nanobiotechnol. 2022, 20, 152. [CrossRef] [PubMed]

16. Persano, F.; Batasheva, S.; Fakhrullina, G.; Gigli, G.; Leporatti, S.; Fakhrullin, R. Recent advances in the design of inorganic and
nano-clay particles for the treatment of brain disorders. J. Mater. Chem. B 2021, 9, 2756–2784. [CrossRef] [PubMed]

17. Persano, F.; Leporatti, S. Current Overview of inorganic nanoparticles for the treatment of central nervous system (CNS) diseases.
Curr. Nanomater. 2020, 5, 92–110. [CrossRef]

18. Chenthamara, D.; Subramaniam, S.; Ramakrishnan, S.G.; Krishnaswamy, S.; Essa, M.M.; Lin, F.H.; Qoronfleh, M.W. Therapeutic
efficacy of nanoparticles and routes of administration. Biomater. Res. 2019, 23, 20. [CrossRef]

19. Ioele, G.; Chieffallo, M.; Occhiuzzi, M.A.; De Luca, M.; Garofalo, A.; Ragno, G.; Grande, F. Anticancer Drugs: Recent Strategies to
Improve Stability Profile, Pharmacokinetic and Pharmacodynamic Properties. Molecules 2022, 27, 5436. [CrossRef]

20. Raza, F.; Zafar, H.; Khan, M.W.; Ullah, A.; Khan, A.; Baseer, A.; Fareed, R.; Sohail, M. Recent advances in targeted delivery of
paclitaxel nanomedicine for cancer therapy. Mater. Adv. 2022, 3, 2268–2290. [CrossRef]

21. Mitchell, M.J.; Billingsley, M.M.; Haley, R.M.; Wechsler, M.E.; Peppas, N.A.; Langer, R. Engineering precision nanoparticles for
drug delivery. Nat. Rev. Drug Discov. 2021, 20, 101–124. [CrossRef] [PubMed]

22. Barhoum, A.; García-Betancourt, M.L.; Jeevanandam, J.; Hussien, E.A.; Mekkawy, S.A.; Mostafa, M.; Omran, M.M.; Abdalla, M.S.;
Bechelany, M. Review on natural, incidental, bioinspired, and engineered nanomaterials: History, definitions, classifications,
synthesis, properties, market, toxicities, risks, and regulations. Nanomaterials 2022, 12, 177. [CrossRef] [PubMed]

23. Sharma, V.K.; Filip, J.; Zboril, R.; Varma, R.S. Natural inorganic nanoparticles–formation, fate, and toxicity in the environment.
Chem. Soc. Rev. 2015, 44, 8410–8423. [CrossRef] [PubMed]

24. Metwaly, A.M.; Ghoneim, M.M.; Eissa, I.H.; Elsehemy, I.A.; Mostafa, A.E.; Hegazy, M.M.; Afifi, W.M.; Dou, D. Traditional ancient
Egyptian medicine: A review. Saudi J. Biol. Sci. 2021, 28, 5823–5832. [CrossRef] [PubMed]

25. Gaskell, E.E.; Hamilton, A.R. Antimicrobial clay-based materials for wound care. Future Med. Chem. 2014, 6, 641–655. [CrossRef]
[PubMed]

26. Yang, K.; Zhang, F.; Chen, Y.; Zhang, H.; Xiong, B.; Chen, H. Recent progress on carbon-based composites in multidimensional
applications. Compos. Part A Appl. Sci. Manuf. 2022, 157, 106906. [CrossRef]

27. Wang, W.; Wang, A. Nanoscale clay minerals for functional ecomaterials: Fabrication, applications, and future trends. Handb.
Ecomater. 2019, 2019, 2409–2490.

28. Karewicz, A.; Machowska, A.; Kasprzyk, M.; Ledwójcik, G. Application of Halloysite Nanotubes in Cancer Therapy—A Review.
Materials 2021, 14, 2943. [CrossRef]

29. Guo, F.; Aryana, S.; Han, Y.; Jiao, Y. A review of the synthesis and applications of polymer–nanoclay composites. Appl. Sci. 2018,
8, 1696. [CrossRef]

30. Mousavi, S.M.; Hashemi, S.A.; Salahi, S.; Hosseini, M.; Amani, A.M.; Babapoor, A. Development of Clay Nanoparticles toward Bio and
Medical Applications; IntechOpen: London, UK, 2018; pp. 167–191.

31. Brigatti, M.F.; Galan, E.; Theng, B.K.G. Structure and mineralogy of clay minerals. In Developments in Clay Science; Elsevier:
Amsterdam, The Netherlands, 2013; Volume 5, pp. 21–81.

32. Kumari, N.; Mohan, C. Basics of clay minerals and their characteristic properties. Clay Clay Min. 2021, 24, 1–29.
33. Tunega, D.; Zaoui, A. Mechanical and bonding behaviors behind the bending mechanism of kaolinite clay layers. J. Phys. Chem. C

2020, 124, 7432–7440. [CrossRef] [PubMed]
34. Wu, L.; Liao, L.; Lv, G. Influence of interlayer cations on organic intercalation of montmorillonite. J. Colloid Interface Sci. 2015, 454,

1–7. [CrossRef] [PubMed]
35. Ombaka, O. Characterization and classification of clay minerals for potential applications in Rugi Ward, Kenya. Afr. J. Environ.

Sci. Technol. 2016, 10, 415–431.
36. Ghadiri, M.; Chrzanowski, W.; Rohanizadeh, R. Biomedical applications of cationic clay minerals. RSC Adv. 2015, 5, 29467–29481.

[CrossRef]
37. Mobaraki, M.; Karnik, S.; Li, Y.; Mills, D.K. Therapeutic applications of halloysite. Appl. Sci. 2021, 12, 87. [CrossRef]

http://doi.org/10.1101/cshperspect.a033415
http://doi.org/10.3390/ijms20040840
http://doi.org/10.1038/s41392-020-0116-z
http://www.ncbi.nlm.nih.gov/pubmed/32296018
http://doi.org/10.1186/s11671-021-03628-6
http://www.ncbi.nlm.nih.gov/pubmed/34866166
http://doi.org/10.1007/s42860-021-00135-8
http://doi.org/10.1186/s12951-018-0392-8
http://www.ncbi.nlm.nih.gov/pubmed/30231877
http://doi.org/10.1186/s12951-022-01364-2
http://www.ncbi.nlm.nih.gov/pubmed/35331246
http://doi.org/10.1039/D0TB02957B
http://www.ncbi.nlm.nih.gov/pubmed/33596293
http://doi.org/10.2174/2468187310999200430093239
http://doi.org/10.1186/s40824-019-0166-x
http://doi.org/10.3390/molecules27175436
http://doi.org/10.1039/D1MA00961C
http://doi.org/10.1038/s41573-020-0090-8
http://www.ncbi.nlm.nih.gov/pubmed/33277608
http://doi.org/10.3390/nano12020177
http://www.ncbi.nlm.nih.gov/pubmed/35055196
http://doi.org/10.1039/C5CS00236B
http://www.ncbi.nlm.nih.gov/pubmed/26435358
http://doi.org/10.1016/j.sjbs.2021.06.044
http://www.ncbi.nlm.nih.gov/pubmed/34588897
http://doi.org/10.4155/fmc.14.17
http://www.ncbi.nlm.nih.gov/pubmed/24895893
http://doi.org/10.1016/j.compositesa.2022.106906
http://doi.org/10.3390/ma14112943
http://doi.org/10.3390/app8091696
http://doi.org/10.1021/acs.jpcc.9b11274
http://www.ncbi.nlm.nih.gov/pubmed/32273938
http://doi.org/10.1016/j.jcis.2015.04.021
http://www.ncbi.nlm.nih.gov/pubmed/26001131
http://doi.org/10.1039/C4RA16945J
http://doi.org/10.3390/app12010087


J. Pers. Med. 2022, 12, 1736 24 of 26

38. Johnston, C.T.; Premachandra, G.S.; Szabo, T.; Lok, J.; Schoonheydt, R.A. Interaction of biological molecules with clay minerals: A
combined spectroscopic and sorption study of lysozyme on saponite. Langmuir 2012, 28, 611–619. [CrossRef]

39. Massaro, M.; Noto, R.; Riela, S. Past, present and future perspectives on halloysite clay minerals. Molecules 2020, 25, 4863.
[CrossRef]

40. Yang, J.H.; Lee, J.H.; Ryu, H.J.; Elzatahry, A.A.; Alothman, Z.A.; Choy, J.H. Drug–clay nanohybrids as sustained delivery systems.
Appl. Clay Sci. 2016, 130, 20–32. [CrossRef]

41. Lvov, Y.; Wang, W.; Zhang, L.; Fakhrullin, R. Halloysite clay nanotubes for loading and sustained release of functional compounds.
Adv. Mater. 2016, 28, 1227–1250. [CrossRef]

42. Darrat, Y.; Naumenko, E.; Cavallaro, G.; Lazzara, G.; Lvov, Y.; Fakhrullin, R. Tubular nanocontainers for drug delivery. Mater.
Nanoarchitecton. 2018, 85–108. [CrossRef]

43. Selvasudha, N.; Dhanalekshmi, U.M.; Krishnaraj, S.; Sundar, Y.H.; Devi, N.S.D.; Sarathchandiran, I. Multifunctional clay in
pharmaceuticals. In Clay Science and Technology; IntechOpen: London, UK, 2020.

44. Mousa, M.; Evans, N.D.; Oreffo, R.O.; Dawson, J.I. Clay nanoparticles for regenerative medicine and biomaterial design: A review
of clay bioactivity. Biomaterials 2018, 159, 204–214. [CrossRef] [PubMed]

45. Grimes, W.R.; Luo, Y.; McFarland, A.W., Jr.; Mills, D.K. Bi-functionalized clay nanotubes for anti-cancer therapy. Appl. Sci. 2018,
8, 281. [CrossRef]

46. Wang, K.; Shen, R.; Meng, T.; Hu, F.; Yuan, H. Nano-Drug Delivery Systems Based on Different Targeting Mechanisms in the
Targeted Therapy of Colorectal Cancer. Molecules 2022, 27, 2981. [CrossRef] [PubMed]

47. Viseras, C.; Cerezo, P.; Sanchez, R.; Salcedo, I.; Aguzzi, C. Current challenges in clay minerals for drug delivery. Appl. Clay Sci.
2010, 48, 291–295. [CrossRef]

48. Senapati, S.; Mahanta, A.K.; Kumar, S.; Maiti, P. Controlled drug delivery vehicles for cancer treatment and their performance.
Signal Transduct. Target. Ther. 2018, 3, 7. [CrossRef]

49. Zhang, A.; Jung, K.; Li, A.; Liu, J.; Boyer, C. Recent advances in stimuli-responsive polymer systems for remotely controlled drug
release. Prog. Polym. Sci. 2019, 99, 101164. [CrossRef]

50. Mei, H.; Cai, S.; Huang, D.; Gao, H.; Cao, J.; He, B. Carrier-free nanodrugs with efficient drug delivery and release for cancer
therapy: From intrinsic physicochemical properties to external modification. Bioact. Mater. 2022, 8, 220–240. [CrossRef]

51. Khatoon, N.; Chu, M.Q.; Zhou, C.H. Nanoclay-based drug delivery systems and their therapeutic potentials. J. Mater. Chem. B
2020, 8, 7335–7351. [CrossRef]

52. Zhang, Y.; Long, M.; Huang, P.; Yang, H.; Chang, S.; Hu, Y.; Tang, A.; Mao, L. Intercalated 2D nanoclay for emerging drug delivery
in cancer therapy. Nano Res. 2017, 10, 2633–2643. [CrossRef]

53. Zhang, Y.; Long, M.; Huang, P.; Yang, H.; Chang, S.; Hu, Y.; Tang, A.; Mao, L. Emerging integrated nanoclay-facilitated drug
delivery system for papillary thyroid cancer therapy. Sci. Rep. 2016, 6, 33335. [CrossRef]

54. Rojtanatanya, S.; Pongjanyakul, T. Propranolol–magnesium aluminum silicate complex dispersions and particles: Characterization
and factors influencing drug release. Int. J. Pharm. 2010, 383, 106–115. [CrossRef] [PubMed]

55. Levis, S.R.; Deasy, P.B. Characterisation of halloysite for use as a microtubular drug delivery system. Int. J. Pharm. 2002,
243, 125–134. [CrossRef]

56. Satish, S.; Tharmavaram, M.; Rawtani, D. Halloysite nanotubes as a nature’s boon for biomedical applications. Nanobiomedicine
2019, 6, 1849543519863625. [CrossRef] [PubMed]

57. Din, F.U.; Aman, W.; Ullah, I.; Qureshi, O.S.; Mustapha, O.; Shafique, S.; Zeb, A. Effective use of nanocarriers as drug delivery
systems for the treatment of selected tumors. Int. J. Nanomed. 2017, 12, 7291. [CrossRef]

58. Shen, S.; Wu, Y.; Liu, Y.; Wu, D. High drug-loading nanomedicines: Progress, current status, and prospects. Int. J. Nanomed. 2017,
12, 4085. [CrossRef]

59. Umerska, A.; Gaucher, C.; Oyarzun-Ampuero, F.; Fries-Raeth, I.; Colin, F.; Villamizar-Sarmiento, M.G.; Maincent, P.; Sapin-Minet,
A. Polymeric nanoparticles for increasing oral bioavailability of curcumin. Antioxidants 2018, 7, 46. [CrossRef]

60. Lvov, Y.; Abdullayev, E. Functional polymer–clay nanotube composites with sustained release of chemical agents. Prog. Polym.
Sci. 2013, 38, 1690–1719. [CrossRef]

61. Iliescu, R.I.; Andronescu, E.; Ghitulica, C.D.; Voicu, G.; Ficai, A.; Hoteteu, M. Montmorillonite–alginate nanocomposite as a drug
delivery system–incorporation and in vitro release of irinotecan. Int. J. Pharm. 2014, 463, 184–192. [CrossRef]

62. Feng, S.S.; Mei, L.; Anitha, P.; Gan, C.W.; Zhou, W. Poly (lactide)–vitamin E derivative/montmorillonite nanoparticle formulations
for the oral delivery of Docetaxel. Biomaterials 2009, 30, 3297–3306. [CrossRef]

63. Massaro, M.; Cavallaro, G.; Colletti, C.G.; Lazzara, G.; Milioto, S.; Noto, R.; Riela, S. Chemical modification of halloysite nanotubes
for controlled loading and release. J. Mater. Chem. B 2018, 6, 3415–3433. [CrossRef]

64. Lvov, Y.; Aerov, A.; Fakhrullin, R. Clay nanotube encapsulation for functional biocomposites. Adv. Colloid Interface Sci. 2014,
207, 189–198. [CrossRef] [PubMed]

65. Konnova, S.A.; Sharipova, I.R.; Demina, T.A.; Osin, Y.N.; Yarullina, D.R.; Ilinskaya, O.N.; Lvov, Y.M.; Fakhrullin, R.F. Biomimetic
cell-mediated three-dimensional assembly of halloysite nanotubes. Chem. Commun. 2013, 49, 4208–4210. [CrossRef] [PubMed]

66. Zhang, Y.; Chen, Y.; Zhang, H.; Zhang, B.; Liu, J. Potent antibacterial activity of a novel silver nanoparticle-halloysite nanotube
nanocomposite powder. J. Inorg. Biochem. 2013, 118, 59–64. [CrossRef] [PubMed]

http://doi.org/10.1021/la203161n
http://doi.org/10.3390/molecules25204863
http://doi.org/10.1016/j.clay.2016.01.021
http://doi.org/10.1002/adma.201502341
http://doi.org/10.1002/9783527808311.ch4
http://doi.org/10.1016/j.biomaterials.2017.12.024
http://www.ncbi.nlm.nih.gov/pubmed/29331807
http://doi.org/10.3390/app8020281
http://doi.org/10.3390/molecules27092981
http://www.ncbi.nlm.nih.gov/pubmed/35566331
http://doi.org/10.1016/j.clay.2010.01.007
http://doi.org/10.1038/s41392-017-0004-3
http://doi.org/10.1016/j.progpolymsci.2019.101164
http://doi.org/10.1016/j.bioactmat.2021.06.035
http://doi.org/10.1039/D0TB01031F
http://doi.org/10.1007/s12274-017-1466-x
http://doi.org/10.1038/srep33335
http://doi.org/10.1016/j.ijpharm.2009.09.016
http://www.ncbi.nlm.nih.gov/pubmed/19751812
http://doi.org/10.1016/S0378-5173(02)00274-0
http://doi.org/10.1177/1849543519863625
http://www.ncbi.nlm.nih.gov/pubmed/31320940
http://doi.org/10.2147/IJN.S146315
http://doi.org/10.2147/IJN.S132780
http://doi.org/10.3390/antiox7040046
http://doi.org/10.1016/j.progpolymsci.2013.05.009
http://doi.org/10.1016/j.ijpharm.2013.08.043
http://doi.org/10.1016/j.biomaterials.2009.02.045
http://doi.org/10.1039/C8TB00543E
http://doi.org/10.1016/j.cis.2013.10.006
http://www.ncbi.nlm.nih.gov/pubmed/24268974
http://doi.org/10.1039/c2cc38254g
http://www.ncbi.nlm.nih.gov/pubmed/23292434
http://doi.org/10.1016/j.jinorgbio.2012.07.025
http://www.ncbi.nlm.nih.gov/pubmed/23123339


J. Pers. Med. 2022, 12, 1736 25 of 26

67. Kryuchkova, M.; Danilushkina, A.; Lvov, Y.; Fakhrullin, R. Evaluation of toxicity of nanoclays and graphene oxide in vivo: A
Paramecium caudatum study. Environ. Sci. Nano 2016, 3, 442–452. [CrossRef]

68. Fakhrullina, G.I.; Akhatova, F.S.; Lvov, Y.M.; Fakhrullin, R.F. Toxicity of halloysite clay nanotubes in vivo: A Caenorhabditis
elegans study. Environ. Sci. Nano 2015, 2, 54–59. [CrossRef]

69. Baek, M.; Lee, J.A.; Choi, S.J. Toxicological effects of a cationic clay, montmorillonite in vitro and in vivo. Mol. Cell. Toxicol. 2012,
8, 95–101. [CrossRef]

70. Depan, D.; Kumar, A.P.; Singh, R.P. Cell proliferation and controlled drug release studies of nanohybrids based on chitosan-g-lactic
acid and montmorillonite. Acta Biomater. 2009, 5, 93–100. [CrossRef]

71. Wang, M.; Zhao, J.; Zhang, L.; Wei, F.; Lian, Y.; Wu, Y.; Gong, Z.; Zhang, S.; Zhou, J.; Cao, K.; et al. Role of tumor microenvironment
in tumorigenesis. J. Cancer 2017, 8, 761. [CrossRef]

72. Arneth, B. Tumor microenvironment. Medicina 2019, 56, 15. [CrossRef]
73. Wang, X.; Zhang, H.; Chen, X. Drug resistance and combating drug resistance in cancer. Cancer Drug Resist. 2019, 2, 141.

[CrossRef]
74. Zhou, L.; Zou, M.; Xu, Y.; Lin, P.; Lei, C.; Xia, X. Nano Drug Delivery System for Tumor Immunotherapy: Next-Generation

Therapeutics. Front. Oncol. 2022, 12. [CrossRef] [PubMed]
75. Siddique, S.; Chow, J.C. Recent Advances in Functionalized Nanoparticles in Cancer Theranostics. Nanomaterials 2022, 12, 2826.

[CrossRef] [PubMed]
76. Massaro, M.; Campofelice, A.; Colletti, C.G.; Lazzara, G.; Noto, R.; Riela, S. Functionalized halloysite nanotubes: Efficient carrier

systems for antifungine drugs. Appl. Clay Sci. 2018, 160, 186–192. [CrossRef]
77. Pasbakhsh, P.; Churchman, G.J.; Keeling, J.L. Characterisation of properties of various halloysites relevant to their use as

nanotubes and microfibre fillers. Appl. Clay Sci. 2013, 74, 47–57. [CrossRef]
78. Nyankson, E.; Aboagye, S.O.; Efavi, J.K.; Agyei-Tuffour, B.; Paemka, L.; Asimeng, B.O.; Balapangu, S.; Arthur, P.; Tiburu, E.

Chitosan-Coated Halloysite Nanotubes As Vehicle for Controlled Drug Delivery to MCF-7 Cancer Cells In Vitro. Materials 2021,
14, 2837. [CrossRef]

79. Vikulina, A.; Voronin, D.; Fakhrullin, R.; Vinokurov, V.; Volodkin, D. Naturally derived nano-and micro-drug delivery vehicles:
Halloysite, vaterite and nanocellulose. New J. Chem. 2020, 44, 5638–5655. [CrossRef]

80. Tan, D.; Yuan, P.; Annabi-Bergaya, F.; Liu, D.; Wang, L.; Liu, H.; He, H. Loading and in vitro release of ibuprofen in tubular
halloysite. Appl. Clay Sci. 2014, 96, 50–55. [CrossRef]

81. Liu, H.; Wang, Z.G.; Liu, S.L.; Yao, X.; Chen, Y.; Shen, S.; Wu, Y.; Tian, Y. Intracellular pathway of halloysite nanotubes: Potential
application for antitumor drug delivery. J. Mater. Sci. 2019, 54, 693–704. [CrossRef]

82. Lee, Y.; Jung, G.E.; Cho, S.J.; Geckeler, K.E.; Fuchs, H. Cellular interactions of doxorubicin-loaded DNA-modified halloysite
nanotubes. Nanoscale 2013, 5, 8577–8585. [CrossRef]

83. Dzamukova, M.R.; Naumenko, E.A.; Lvov, Y.M.; Fakhrullin, R.F. Enzyme-activated intracellular drug delivery with tubule clay
nanoformulation. Sci. Rep. 2015, 5, 10560. [CrossRef]

84. Dramou, P.; Fizir, M.; Taleb, A.; Itatahine, A.; Dahiru, N.S.; Mehdi, Y.A.; Wei, L.; Zhang, J.; He, H. Folic acid-conjugated chitosan
oligosaccharide-magnetic halloysite nanotubes as a delivery system for camptothecin. Carbohydr. Polym. 2018, 197, 117–127.
[CrossRef] [PubMed]

85. Li, W.; Liu, D.; Zhang, H.; Correia, A.; Mäkilä, E.; Salonen, J.; Hirvonen, J.; Santos, H.A. Microfluidic assembly of a nano-in-micro
dual drug delivery platform composed of halloysite nanotubes and a pH-responsive polymer for colon cancer therapy. Acta
Biomater. 2017, 48, 238–246. [CrossRef] [PubMed]

86. Li, K.; Zhang, Y.; Chen, M.; Hu, Y.; Jiang, W.; Zhou, L.; Li, S.; Xu, M.; Zhao, Q.; Wan, R. Enhanced antitumor efficacy of
doxorubicin-encapsulated halloysite nanotubes. Int. J. Nanomed. 2018, 13, 19. [CrossRef] [PubMed]

87. Wu, Y.P.; Yang, J.; Gao, H.Y.; Shen, Y.; Jiang, L.; Zhou, C.; Li, Y.-F.; He, R.-R.; Liu, M. Folate-conjugated halloysite nanotubes, an
efficient drug carrier, deliver doxorubicin for targeted therapy of breast cancer. ACS Appl. Nano Mater. 2018, 1, 595–608. [CrossRef]

88. Sun, L.; Boyer, C.; Grimes, R.; Mills, D.K. Drug coated clay nanoparticles for delivery of chemotherapeutics. Curr. Nanosci. 2016,
12, 207–214. [CrossRef]

89. Persano, F.; Gigli, G.; Leporatti, S. Natural Compounds as Promising Adjuvant Agents in The Treatment of Gliomas. Int. J. Mol.
Sci. 2022, 23, 3360. [CrossRef]

90. Kerdsakundee, N.; Li, W.; Martins, J.P.; Liu, Z.; Zhang, F.; Kemell, M.; Correia, A.; Ding, Y.; Airavaara, M.; Hirvonen, J.
Multifunctional nanotube–mucoadhesive poly (methyl vinyl ether-co-maleic acid)@ hydroxypropyl methylcellulose acetate
succinate composite for site-specific oral drug delivery. Adv. Healthc. Mater. 2017, 6, 1700629. [CrossRef]

91. Liu, M.; Chang, Y.; Yang, J.; You, Y.; He, R.; Chen, T.; Zhou, C. Functionalized halloysite nanotube by chitosan grafting for drug
delivery of curcumin to achieve enhanced anticancer efficacy. J. Mater. Chem. B 2016, 4, 2253–2263. [CrossRef]

92. Huang, B.; Liu, M.; Zhou, C. Cellulose–halloysite nanotube composite hydrogels for curcumin delivery. Cellulose 2017,
24, 2861–2875. [CrossRef]

93. Vergaro, V.; Lvov, Y.M.; Leporatti, S. Halloysite clay nanotubes for resveratrol delivery to cancer cells. Macromol. Biosci. 2012,
12, 1265–1271. [CrossRef]

94. Guevara, M.L.; Persano, S.; Persano, F. Lipid-based vectors for therapeutic mRNA-based anti-cancer vaccines. Curr. Pharm. Des.
2019, 25, 1443–1454. [CrossRef] [PubMed]

http://doi.org/10.1039/C5EN00201J
http://doi.org/10.1039/C4EN00135D
http://doi.org/10.1007/s13273-012-0012-x
http://doi.org/10.1016/j.actbio.2008.08.007
http://doi.org/10.7150/jca.17648
http://doi.org/10.3390/medicina56010015
http://doi.org/10.20517/cdr.2019.10
http://doi.org/10.3389/fonc.2022.864301
http://www.ncbi.nlm.nih.gov/pubmed/35664731
http://doi.org/10.3390/nano12162826
http://www.ncbi.nlm.nih.gov/pubmed/36014691
http://doi.org/10.1016/j.clay.2018.01.005
http://doi.org/10.1016/j.clay.2012.06.014
http://doi.org/10.3390/ma14112837
http://doi.org/10.1039/C9NJ06470B
http://doi.org/10.1016/j.clay.2014.01.018
http://doi.org/10.1007/s10853-018-2775-5
http://doi.org/10.1039/c3nr02665e
http://doi.org/10.1038/srep10560
http://doi.org/10.1016/j.carbpol.2018.05.071
http://www.ncbi.nlm.nih.gov/pubmed/30007596
http://doi.org/10.1016/j.actbio.2016.10.042
http://www.ncbi.nlm.nih.gov/pubmed/27815166
http://doi.org/10.2147/IJN.S143928
http://www.ncbi.nlm.nih.gov/pubmed/29296083
http://doi.org/10.1021/acsanm.7b00087
http://doi.org/10.2174/1573413711666151008014051
http://doi.org/10.3390/ijms23063360
http://doi.org/10.1002/adhm.201700629
http://doi.org/10.1039/C5TB02725J
http://doi.org/10.1007/s10570-017-1316-8
http://doi.org/10.1002/mabi.201200121
http://doi.org/10.2174/1381612825666190619150221
http://www.ncbi.nlm.nih.gov/pubmed/31258071


J. Pers. Med. 2022, 12, 1736 26 of 26

95. Kanvinde, S.; Kulkarni, T.; Deodhar, S.; Bhattacharya, D.; Dasgupta, A. Non-Viral Vectors for Delivery of Nucleic Acid Therapies
for Cancer. BioTech 2022, 11, 6. [CrossRef] [PubMed]

96. Long, Z.; Wu, Y.P.; Gao, H.Y.; Li, Y.F.; He, R.R.; Liu, M. Functionalization of halloysite nanotubes via grafting of dendrimer for
efficient intracellular delivery of siRNA. Bioconjugate Chem. 2018, 29, 2606–2618. [CrossRef] [PubMed]

97. Shi, Y.F.; Tian, Z.; Zhang, Y.; Shen, H.B.; Jia, N.Q. Functionalized halloysite nanotube-based carrier for intracellular delivery of
antisense oligonucleotides. Nanoscale Res. Lett. 2011, 6, 608. [CrossRef]

98. Wu, H.; Shi, Y.; Huang, C.; Zhang, Y.; Wu, J.; Shen, H.; Jia, N. Multifunctional nanocarrier based on clay nanotubes for efficient
intracellular siRNA delivery and gene silencing. J. Biomater. Appl. 2014, 28, 1180–1189. [CrossRef]

99. Joshi, G.V.; Kevadiya, B.D.; Patel, H.A.; Bajaj, H.C.; Jasra, R.V. Montmorillonite as a drug delivery system: Intercalation and
in vitro release of timolol maleate. Int. J. Pharm. 2009, 374, 53–57. [CrossRef] [PubMed]

100. Maršálek, R.; Navrátilová, Z. Comparative study of CTAB adsorption on bituminous coal and clay mineral. Chem. Pap. 2011,
65, 77–84. [CrossRef]

101. Joshi, G.V.; Patel, H.A.; Bajaj, H.C.; Jasra, R.V. Intercalation and controlled release of vitamin B6 from montmorillonite–vitamin B6
hybrid. Colloid Polym. Sci. 2009, 287, 1071–1076. [CrossRef]

102. Abduljauwad, S.N.; Ahmed, H.U.R. Enhancing cancer cell adhesion with clay nanoparticles for countering metastasis. Sci. Rep.
2019, 9, 5935. [CrossRef]

103. Abduljauwad, S.N.; Ahmed, H.U.R.; Moy, V.T. Melanoma treatment via non-specific adhesion of cancer cells using charged
nano-clays in pre-clinical studies. Sci. Rep. 2021, 11, 2737. [CrossRef]

104. Iliescu, R.I.; Andronescu, E.; Voicu, G.; Ficai, A.; Covaliu, C.I. Hybrid materials based on montmorillonite and citostatic drugs:
Preparation and characterization. Appl. Clay Sci. 2011, 52, 62–68. [CrossRef]

105. Gulbake, A.; Jain, A.; Jain, A.; Jain, A.; Jain, S.K. Insight to drug delivery aspects for colorectal cancer. World J. Gastroenterol. 2016,
22, 582. [CrossRef] [PubMed]

106. Abu Samaan, T.M.; Samec, M.; Liskova, A.; Kubatka, P.; Büsselberg, D. Paclitaxel’s mechanistic and clinical effects on breast
cancer. Biomolecules 2019, 9, 789. [CrossRef] [PubMed]

107. Hendrikx, J.J.; Lagas, J.S.; Rosing, H.; Schellens, J.H.; Beijnen, J.H.; Schinkel, A.H. P-glycoprotein and cytochrome P450 3A act
together in restricting the oral bioavailability of paclitaxel. Int. J. Cancer 2013, 132, 2439–2447. [CrossRef] [PubMed]

108. Alqosaibi, A.I. Nanocarriers for anticancer drugs: Challenges and perspectives. Saudi J. Biol. Sci. 2022, 29, 103298. [CrossRef]
109. Dong, Y.; Feng, S.S. Poly (d, l-lactide-co-glycolide)/montmorillonite nanoparticles for oral delivery of anticancer drugs.

Biomaterials 2005, 26, 6068–6076. [CrossRef]
110. Bothiraja, C.; Thorat, U.H.; Pawar, A.P.; Shaikh, K.S. Chitosan coated layered clay montmorillonite nanocomposites modulate oral

delivery of paclitaxel in colonic cancer. Mater. Technol. 2014, 29, B120–B126. [CrossRef]
111. Barker, S. Non-steroidal anti-estrogens in the treatment of breast cancer. Curr. Opin. Investig. Drugs 2006, 7, 1085–1091.
112. Kevadiya, B.D.; Thumbar, R.P.; Rajput, M.M.; Rajkumar, S.; Brambhatt, H.; Joshi, G.V.; Dangi, G.P.; Mody, H.M.; Gadhia, P.K.;

Bajaj, H.C. Montmorillonite/poly-(ε-caprolactone) composites as versatile layered material: Reservoirs for anticancer drug and
controlled release property. Eur. J. Pharm. Sci. 2012, 47, 265–272. [CrossRef]

113. Li, Z.; Liu, K.; Sun, P.; Mei, L.; Hao, T.; Tian, Y.; Tang, Z.; Li, L.; Chen, D. Poly (D, L-lactide-co-glycolide)/montmorillonite
nanoparticles for improved oral delivery of exemestane. J. Microencapsul. 2013, 30, 432–440. [CrossRef]

114. Phan, V.G.; Lee, E.; Maeng, J.H.; Thambi, T.; Kim, B.S.; Lee, D.; Lee, D.S. Pancreatic cancer therapy using an injectable
nanobiohybrid hydrogel. RSC Adv. 2016, 6, 41644–41655. [CrossRef]

115. Kevadiya, B.D.; Chettiar, S.S.; Rajkumar, S.; Bajaj, H.C.; Gosai, K.A.; Brahmbhatt, H. Evaluation of clay/poly (L-lactide)
microcomposites as anticancer drug, 6-mercaptopurine reservoir through in vitro cytotoxicity, oxidative stress markers and
in vivo pharmacokinetics. Colloids Surf. B Biointerfaces 2013, 112, 400–407. [CrossRef] [PubMed]

116. Garcia-Oliveira, P.; Otero, P.; Pereira, A.G.; Chamorro, F.; Carpena, M.; Echave, J.; Fraga-Corral, M.; Simal-Gandara, J.; Prieto, M.
Status and challenges of plant-anticancer compounds in cancer treatment. Pharmaceuticals 2021, 14, 157. [CrossRef] [PubMed]

117. Vigani, B.; Rossi, S.; Sandri, G.; Bonferoni, M.C.; Caramella, C.M.; Ferrari, F. Hyaluronic acid and chitosan-based nanosystems: A
new dressing generation for wound care. Expert Opin. Drug Deliv. 2019, 16, 715–740. [CrossRef] [PubMed]

118. Khatun, B.; Banik, N.; Hussain, A.; Ramteke, A.; Maji, T. Genipin crosslinked curcumin loaded chitosan/montmorillonite K-10
(MMT) nanoparticles for controlled drug delivery applications. J. Microencapsul. 2018, 35, 439–453. [CrossRef]

119. Awad, M.E.; López-Galindo, A.; Setti, M.; El-Rahmany, M.M.; Iborra, C.V. Kaolinite in pharmaceutics and biomedicine. Int. J.
Pharm. 2017, 533, 34–48. [CrossRef]

120. Carretero, M.I.; Pozo, M. Clay and non-clay minerals in the pharmaceutical industry: Part I. Excipients and medical applications.
Appl. Clay Sci. 2009, 46, 73–80. [CrossRef]

121. Tiwary, A.K.; Poppenga, R.H.; Puschner, B. In vitro study of the effectiveness of three commercial adsorbents for binding oleander
toxins. Clin. Toxicol. 2009, 47, 213–218. [CrossRef]

122. Misyak, S.A.; Burlaka, A.P.; Golotiuk, V.V.; Lukin, S.M.; Kornienko, P.L. Antiradical, Antimetastatic and Antitumor Activity of
Kaolin Preparation “Kremnevit”. Galician Med. J. 2016, 23, 44–47.

123. Tian, L.; Abukhadra, M.R.; Mohamed, A.S.; Nadeem, A.; Ahmad, S.F.; Ibrahim, K.E. Insight into the loading and release properties
of an exfoliated kaolinite/cellulose fiber (EXK/CF) composite as a carrier for oxaliplatin drug: Cytotoxicity and release kinetics.
ACS Omega 2020, 5, 19165–19173.

http://doi.org/10.3390/biotech11010006
http://www.ncbi.nlm.nih.gov/pubmed/35822814
http://doi.org/10.1021/acs.bioconjchem.8b00321
http://www.ncbi.nlm.nih.gov/pubmed/29947505
http://doi.org/10.1186/1556-276X-6-608
http://doi.org/10.1177/0885328213501215
http://doi.org/10.1016/j.ijpharm.2009.03.004
http://www.ncbi.nlm.nih.gov/pubmed/19446759
http://doi.org/10.2478/s11696-010-0076-9
http://doi.org/10.1007/s00396-009-2067-3
http://doi.org/10.1038/s41598-019-42498-y
http://doi.org/10.1038/s41598-021-82441-8
http://doi.org/10.1016/j.clay.2011.01.031
http://doi.org/10.3748/wjg.v22.i2.582
http://www.ncbi.nlm.nih.gov/pubmed/26811609
http://doi.org/10.3390/biom9120789
http://www.ncbi.nlm.nih.gov/pubmed/31783552
http://doi.org/10.1002/ijc.27912
http://www.ncbi.nlm.nih.gov/pubmed/23090875
http://doi.org/10.1016/j.sjbs.2022.103298
http://doi.org/10.1016/j.biomaterials.2005.03.021
http://doi.org/10.1179/1753555714Y.0000000174
http://doi.org/10.1016/j.ejps.2012.04.009
http://doi.org/10.3109/02652048.2012.746749
http://doi.org/10.1039/C6RA07934B
http://doi.org/10.1016/j.colsurfb.2013.07.008
http://www.ncbi.nlm.nih.gov/pubmed/24036475
http://doi.org/10.3390/ph14020157
http://www.ncbi.nlm.nih.gov/pubmed/33673021
http://doi.org/10.1080/17425247.2019.1634051
http://www.ncbi.nlm.nih.gov/pubmed/31215823
http://doi.org/10.1080/02652048.2018.1524524
http://doi.org/10.1016/j.ijpharm.2017.09.056
http://doi.org/10.1016/j.clay.2009.07.017
http://doi.org/10.1080/15563650802590314

	Introduction 
	Key Properties of Nano-Clays for Application in the Delivery of Therapeutic Agents 
	Size of the Nano-Clays 
	Nano-Clays’ Pore Size and Volume 
	Charge and Zeta Potential of Nano-Clays 
	Loading Efficiency of the Nano-Clays 
	Biocompatibility 

	Nano-Clays in the Treatment of Cancer 
	HNT in the Administration of Anticancer Agents 
	MMT in the Administration of Anticancer Agents 
	Kaolinite in the Administration of Anticancer Agents 

	Conclusions and Future Directions 
	References

