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ABSTRACT: Inorganic nanocarriers are potent candidates for delivering conventional
anticancer drugs, nucleic acid-based therapeutics, and imaging agents, influencing their
blood half-lives, tumor targetability, and bioactivity. In addition to the high surface area-
to-volume ratio, they exhibit excellent scalability in synthesis, controllable shape and
size, facile surface modification, inertness, stability, and unique optical and magnetic
properties. However, only a limited number of inorganic nanocarriers have been so far
approved for clinical applications due to burst drug release, poor target specificity, and
toxicity. To overcome these barriers, understanding the principles involved in loading
therapeutic and imaging molecules into these nanoparticles (NPs) and the strategies
employed in enhancing sustainability and targetability of the resultant complexes and
ensuring the release of the payloads in extracellular and intracellular compartments of
the target site is of paramount importance. Therefore, we will shed light on various
loading mechanisms harnessed for different inorganic NPs, particularly involving
physical entrapment into porous/hollow nanostructures, ionic interactions with native
and surface-modified NPs, covalent bonding to surface-functionalized nanomaterials,
hydrophobic binding, affinity-based interactions, and intercalation through co-
precipitation or anion exchange reaction.

KEYWORDS: inorganic nanoparticle; cancer; ionic interaction; covalent bonding;
affinity interaction; intercalation
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1 Introduction

Chemotherapy, the most common cancer treatment
paradigm, is not only effective against metastatic lesions
but also causes adverse effects on rapidly growing healthy
tissues. Researchers have dedicated significant efforts to
improve the limitations of cancer chemotherapeutics,
including short half-life, broad tissue distribution and lack
of targetability [1], responsible for weak therapeutic
(anticancer) activities and significant adverse effects. In
addition, these drawbacks necessitate the administration
of large quantities of drugs to achieve the desired
therapeutic efficacy, which is not cost-effective and often
renders undesired toxic effects on healthy tissues [2]. The
dose-limiting solubility of chemotherapeutic drugs
presents a challenge. Oral and intravenous drug delivery
are the two most prevalent methods. These approaches do,
however, have some drawbacks. For instance, oral
administration of these drugs can disrupt pharmacoki-
netics due to their interaction with metabolic pathways in
the body [3]. Consequently, higher pharmacological
dosages may be utilized than necessary, which can lead to
greater toxicity [4]. Usually, the formulation of
hydrophobic drugs requires the use of solvents (due to
their poor solubility), which intensifies their toxic effects
[5]. For optimal drug concentrations in the bloodstream
and adequate pharmacological effects, the solubility of the
drug is critical [6]. For example, the oral administration of
poorly water-soluble drugs requires substantial doses to
achieve therapeutic plasma levels. The discovery and
development of drugs are affected by their low aqueous
solubility. Any drug that needs to be absorbed by the body
must be in an aqueous form to ensure complete
absorption. Traditional intravenous (i.v.) routes come with
their own set of difficulties. Some traditional i.v. drugs
have low specificity. This non-specific drug distribution
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restricts the therapeutic effects within cancer cells while
causing considerable toxicity in healthy cells, tissues, and
organs, resulting in a variety of negative side effects,
including hair loss, weakness, nausea, vomiting, and
organ dysfunction, all of which contribute to cancer
patients’ poor quality of life [6]. Moreover, the multidrug
resistance-associated protein (MRP) or P-glycoprotein (P-
gp) overexpressed in cancer cells’ membranes provides a
path for removing chemotherapeutic drugs from the cells,
resistance (MDR) and
rendering insufficient drugs in the cytosol for the desired

thereby inducing multidrug
therapeutic effect [6]. These limitations associated with
chemotherapeutic drugs have led to the growing interest
in using nanoparticles (NPs) as carriers for various
therapeutics, including small molecule anticancer drugs,
siRNA, miRNA, mRNA, plasmids,
Nanocarriers offer enhanced therapeutic efficacy as a

and proteins.

result of their prolonged blood circulation half-life and
improved biocompatibility, coupled with improved off-
target distribution and higher accumulation in the tumor,
thus significantly reducing the adverse effects of drugs
[7]. While the too small nanocarriers (i.e., < 5 nm) are
excreted by the kidneys, the larger ones (250 nm—3 pum)
are often recognized by the mononuclear phagocytic
system (MPS) [8-9], which activates a critical defense
mechanism and eliminates the NPs from the body. The
MPS in the spleen, liver and lymph nodes tend to
eliminate and degrade foreign materials in the blood [10].

Inorganic NPs have attracted significant attention since
their large surface area-to-volume ratio enables effective
loading of the therapeutics [11]. Additionally, other
distinctive characteristics of inorganic NPs, including
their facile surface modification, inertness, tunable size
and morphology, high stability, porosity, and ability to
mitigate chemotherapy-related side effects and drug
degradation, make them promising candidates to deliver
therapeutic cargos for treating malignant cells [12—-13].
Inorganic nanocarriers that apparently adopt some of these
features are in clinical trials [14], while others are being
extensively studied for their potential clinical applications.
However, among the approved nanocarriers for clinical
studies, only a few showed positive results due to the
underexplored heterogeneity of cancer cells, which alters
the uptake and localization of NPs, thereby compromising
their therapeutic efficacy [14]. Moreover, the insufficient
of the physiological
variations in animal and human studies necessitates the

knowledge and pathological

careful screening of patients to determine which patients

are most likely to respond to the nanotherapy. In this
sense, the treatments are comparable to the therapies
approved or under development to treat specific groups of
patients based on biomarkers. Thus, there are substantial
complexities in the biological foundations of malignancy
as well as within patients, which affect the distribution
and efficacy of NPs [15]. Therefore, the translational gaps
between animal models and human studies [8] pose a
serious problem to drug delivery systems in targeted
therapies [15].

Inorganic NPs as drug carriers have benefits over
organic nanocarriers. Listed below are some of the
advantages of inorganic NPs:

* Surface modification: Most modifications applied to
inorganic NPs offer protection to biomolecules against
enzymic degradation. This is true even for modifications
involving sodium chloride [16]. For example, layered
double hydroxide (LDH) NPs was found to progressively
dissolve in a slightly acidic compartment (pH = 4.5-6.0)
[17-18]. The disintegration of LDH NPs might raise the
pH, causing subsequent dissolution to be slowed. This
allows for the controlled release of DNA and other
biomolecules into the cell. Surface modification options
for inorganic nanocarriers are more diverse than those for
organic nanocarriers. A variety of methods for combining
therapeutic agents with inorganic NPs have been explored
owing to the easy surface functionalization and distinct
physicochemical characteristics. To enable responsive
release, therapeutic agents most commonly bind to
inorganic NPs via hydrophobic and covalent interaction
with particular functional groups that can be cleaved by
enzymes or other stimuli [19].

« Stability: The majority of inorganic NPs exhibit
chemical stability, with LDHs being the exception [17].
This is an excellent characteristic since it ensures that
their
throughout the delivery of the therapeutics to the target

physicochemical properties remain unaltered
site. As long as the NPs have high chemical stability, they
will not degrade in the human plasma and cytoplasm.
Consequently, these NPs will either build up in cells,
circulate in the blood, or be metabolised [17]. The
stability and extended circulation time of inorganic NPs in
the blood can be increased by modifying their surfaces
with polymers, like polyethylene glycol (PEG) [20].
Additionally, antibodies, ligands, and other molecules can
also be attached to inorganic NP surfaces for active
targeting [21]. Targeted delivery of inorganic nanocarriers

can maximize their therapeutic effectiveness based on
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prolonged circulation time in blood and active targeting of
nanocarriers. Furthermore, numerous approaches have
been applied to inorganic nanocarriers for the release of
drugs triggered by external stimuli [22-23]. In contrast,
organic NPs, such as polymeric micelles, are prone to
distortion and disassembly as a result of severe dilutions
by blood following intravenous injection of the micellar
solution, potentially causing leakage and subsequent
discharge of loaded drugs. Currently, this limitation can
be addressed by chemical conjugation or cross-linking of
the micelles’ shell to improve drug-polymer interactions
[24-25]. Moreover, the stability of organic NPs decreases
at high temperatures [26]. These suggest that inorganic
NPs are a better option to treat cancer.

» Toxicity: The biocompatibility and low cytotoxicity
of inorganic NPs make them excellent delivery vehicles.
Biocompatible inorganic NPs include Au (1-100 nm),
carbon nanotube (CNT; 1-100 nm), LDH (30-200 nm),
and Fe3;O4 (1-50 nm) [17]. Their LDsy (or LDgg) is
incredibly high at a concentration of around 1 mg-mL™!
compared to cationic organic carriers (10 pug-mL~!) which
LDgg) at
concentration [17]. Researchers found that lactoferrin,

display LDsy (or around 10 pg-mL™!
ceruloplasmin, pullulan, dextran, and albumin-modified
[27-29]

fibroblast cells and prevent their internalization into the

magnetite NPs adhere strongly to human
cells, thereby enhancing cell viability. As a result,
appropriate modifications on inorganic NPs can restore
cell viability to normal levels. Most organic polymeric
NPs are composed of polymers such as polystyrene (PS),
polymethyl methacrylate (PMMA), and polyacrylamide
(PAA), which are non-biodegradable [30]. As a result of
difficulty excreting these polymeric NPs from the
systemic circulation, they tend to accumulate in the body
and cause toxicity. Liposomes can induce toxicity based
on their composition, average diameter, or surface
potential. Cationic liposomes, for instance, can interact
with serum proteins, lipoproteins, and the extracellular
matrix (ECM), causing aggregate formation and releasing
the drug cargo prior to reaching the target site, thus
causing severe undesirable toxicity due to their off-target
interactions with different tissues in the body [31]. In one
study, shown that zoledronic acid (ZOL)
encapsulated in PEGylated liposomes caused undesired

it was

toxicity in vivo [32].
e Optical and magnetic properties: Some inorganic

nanocarriers have imaging, magnetic and optical

properties, making them ideal for cancer treatment. It was

reported that pure antibody-conjugated iron oxide NPs
(10 nm core size) targeted the epidermal growth factor
receptor deletion mutant vIII (EGFRVIII) in glioblastoma
multiforme (GBM) cells for targeted therapy and to
enhance magnetic resonance imaging (MRI) contrast in
experimental glioblastoma. After treatment with the
nanocarrier, the glioblastoma cell survival was significa-
ntly reduced. Moreover, the human astrocytes showed no
toxicity on treatment with the NP conjugate. The MRI-
guided convection-enhanced delivery (CED) of magnetic
NPs was found to elevate the survival rates in tumorigenic
glioblastoma xenografts (U87DeltaEGFRvVIII) [33]. Using
anti-EGFR antibodies-conjugated Au NPs, another study
was conducted to explore the optical and electronic
properties of Au NPs for biological imaging. Images were
white-light
conventional microscope under optimum surface plasmon

obtained under illumination wusing a
scattering conditions, which yielded colored images of the
Au NPs on dark background [34]. Additionally, inorganic
NPs exhibit a higher quantum yield, a longer shelf life,
and excellent photostability than organic NPs [35].

Apart from the complex biological system, the
accumulation of chemotherapeutic drugs at desirable
therapeutic quantities in metastatic tumors depends on
their interactions with the carrier, influencing the stability
of the resultant complex in the biological system before
reaching the target site and the subsequent release of the
therapeutic payloads from it. Therefore, it is crucial to
understand the different approaches to loading or
encapsulating therapeutics and imaging molecules into
inorganic nano-carrier for maximizing drug loading
efficacy, prolonging the plasma half-life of the drug and
enhancing its distribution and delivery at the target site.
Drug loading into the NPs can change the size,
morphology, and surface property of the complex, and
thus with effects

clearance and tumor targeting. In addition, drug release

its pharmacokinetics, on plasma
from the nanocarrier in the target site could depend on the
various strategies used to assemble the drugs into the
particle. These emerging topics need to be addressed to
achieve a milestone for the clinical translation of
inorganic nano-carriers in precision cancer therapies. This
review focuses on various loading mechanisms harnessed
for different NPs,
physical entrapment into porous/hollow nanostructures,

inorganic particularly involving
ionic interactions with native and surface-modified NPs,
covalent bonding to surface-functionalized nanomaterials,

hydrophobic binding, affinity-based interactions, and
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intercalation through co-precipitation or anion exchange
reaction.

2 Principles involved in loading of
therapeutic and imaging molecules into
inorganic NPs

Various strategies and interactions are employed to load
therapeutics and imaging agents in different types of
inorganic NPs, modulating the pharmacokinetic profiles
of the loaded molecules by increasing their solubility,
stability and blood circulation time (plasma half-life). The
major classes of the interactions include:

* Entrapment or encapsulation of small molecule drugs

* Affinity interaction

* Intercalation via co-precipitation or anion-exchange
reaction

* Covalent bond linkages

* Jonic interaction

Figure 1 highlights the different strategies undertaken to
load drugs into inorganic NPs.

3 Accommodation of small molecule
drugs inside the cavity of porous
nanomaterials

The design of chemically stable nanocarriers to protect
encapsulated drugs during their transport to the target site
is of prime importance. The strength and nature of NP-
drug interactions also influence the pace at which a drug
is released. In addition, stimuli-responsive linkers or
surface-functionalized pores, which attach drugs to their
cores, can be used to modify release rates [36]. Pore
engineering facilitates the generation of defined porous
structures capable of encasing drugs with a defined
chemical structure. Mostly, mesoporous silica nanopar-
ticles (MSNs), porous calcium phosphate (CaP), and
calcium carbonate (CaCOj;), hollow manganese oxide
(HMnO) and hollow gold nanoparticles (HGNPs) are
gaining interest as drug encapsulated nanocarrier systems.
Importantly, for porous nanomaterials, the cavity stru-
cture’s design and synthesis are crucial for their functiona-
lization, as they help regulate mutual atom—molecule and
molecule—molecule interactions, thermal/statistical forces
between atoms and molecules, and harmonize the actions
of atom or molecules within and between the cavity units.

3.1 MSNs

The ability of MSNs to encapsulate nucleic acids and
drugs is due to their unique porous structure, large internal
and external surface area, increased pore volume, tunable
pore diameter, flexible surface modification, negligible
toxicity, excellent biocompatibility, and narrow size-
distribution [37]. Selective surface functionalization of
MSNs drug
interactions, which in turn allows them to control the

enables them to achieve particular
release of drugs [38]. In most cases, these are the leading
factors in determining the type and quantity of drugs
eligible for delivery by MSNs. As a precaution against
premature releases, the pore size range for therapeutic
drugs must be defined [39]. Conversely, mesoscale
channels can prevent drugs from crystallizing, thereby
enhancing their release [40]. Ideally, the ratio between
pore diameter and molecular drug size must be more than
1 for optimal drug loading. Due to increased diffusion, the
loading rate of the drug increases as this ratio rises [39].
The size of the pores can be modified by adjusting the
concentration of surfactants. The pore size of MSNs is
influenced by the parameters of the experiment, such as
concentration of catalyst, silica precursor, and temperature/
[41].
geometries, whether two-dimensional (2D) or three-

time of reaction Furthermore, differing pore
dimensional (3D) structures, have a notable effect on drug
loading and release. The large surface area of mesopores
can affect interactions between particles and their
surroundings in vivo. Further, MSNs can speed up
epinephrine oxidation, resulting in reactive oxygen
species (ROS) on the pores’ surface. Consequently,
mesoporous structures with increased porosity are less
toxic [42-43]. Importantly, the encapsulation of drugs in
MSNs through surface loading, matrix loading, and cavity
loading mechanisms [44] is not yet achieved by other
particle formulations. The release of the payloads from
MSNs can be initiated by a cap structure that only opens
in response to external stimuli [45] and can be regulated
using the “gatekeeper” strategy or modifying the pores’
inner surface to control the binding affinity of drugs
(Fig. 2) [46]. Figure 2 depicts a diagrammatic representa-
tion of various MSN drug delivery approaches.

In the targeted MSNs drug delivery, premature drug
release presents a significant challenge [47]. The most
typical drug loading approach is adsorption of the drug to
the pores, followed by drug dissolution, which releases
the cargo at the desired location. In this regard, several
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MSN drug delivery systems (DDSs) have been designed
with gatekeepers of pores. Polymeric supramolecular
constructs, DNA constructs, and proteins are examples of
gatekeepers [48]. Various stimuli, including enzymes,
photoirradiation, magnetic fields, pH, redox chemistry,
and competitive binding, elicit the release of these drugs
[49-50]. MSNs are mostly coated with polyethyleneimine
(PEI) to cap the opening of the pores to enhance cargo
retention through “molecular gatekeeping” and facilitate
cellular uptake of NPs via endocytosis (Fig. 3) [51-52].
Interestingly, one research group found that functiona-
lizing the surface of MSNs with PEI by non-covalent
attachment dramatically increased the cellular uptake and
formed a positively charged body for DNA or small
interfering RNA (siRNA) to bind. It was observed that
coating with 10 kD PEI effectively knocked down green
fluorescent protein (GFP) expression by transducing
HEPA-1 cells with a siRNA [53]. Another group
conjugated PEI/PEG/MSNs with Trastuzumab [an anti-
human epidermal growth factor receptor 2 (anti-HER2)
monoclonal antibody] to efficiently transport siRNA. The
NPs had a hydrodynamic diameter of ~100 nm (with three
uniform-sized core materials of MSNs) and 200 nm (non-
uniform-sized core materials of MSNs). Importantly, the
PEI in the formulation contributed to the positive surface
charge due to its cationic nature. The PEI/PEG/MSNs/

siRNA construct was successful in inducing apoptosis in
HER2-positive cells in vitro. Consequently, multiple
PEI/PEG/MSNs/siRNA
construct inhibited tumor development in orthotopic

intravenous  injections  of
HCC1954 tumor-bearing mice for three weeks. When
subjected to human mononuclear cells from the peripheral
blood, the PEI/PEG/MSNs/siRNA construct posed low
cytokine induction and biocompatibility [54]. Thus, PEI-
coated MSNs could increase cellular uptake, which, in
turn, could result in cancer cell apoptosis. Wang and
colleagues grafted the outlets of MSN with poly(acrylic
acid) (PAA) via cleavable disulfide linkages. PAA was
selected as a gatekeeper to prevent drugs from entering
the mesopores of MSN mainly due to its numerous
advantages, including the proper molecular mass for
obstructing MSN entry points, high biocompatibility, as
well as the capability to extend the blood circulation
period and make MSN more stable in physiological
conditions. In this study, the fluorescent dye, RhB served
as a model drug. RhB was found to be significantly
restricted in mesopores without glutathione (GSH) or in
phosphate buffer saline (PBS) at physiological pH (7.4)
based on in vitro release kinetics. In contrast, the release
of RhB was significantly increased when supplemented
with GSH or in PBS at pH 5.0. Furthermore, in the
simultaneous presence of GSH and PBS (pH 5.0), the
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release of RhB was enhanced even further. These findings
showed that this drug delivery approach, which has dual-
responsive drug release properties, might be a good choice
for cancer therapy [55].

It was reported that cationic polymeric coatings could
improve the transfection efficiency and DNA loading onto
MSNs. In one study, the poly(amidoamine) (PAMAM)
dendrimer coating on MSNs (average size 250 nm,
average pore diameter 2.7 nm) allowed the cationic
binding for DNA complexation. This approach ensured
open pores for loading DNA. In HelLa and CHO cells,
confocal fluorescence microscopy (CFM) and trans-
mission electron microscopy (TEM) confirmed the
efficient endocytosis of the dendrimer (G2)-MSN-DNA
complex. The biocompatibility study validated that
proliferation in HeLa cultures with and without G2-MSNs
was analogous to each other, suggesting that G2-MSNs
did not interfere with cell growth. Thus, MSNs were not
toxic in vitro and served as a DNA protectant against
enzymatic cleavage [56]. In another study, poly-L-
arginine (n = 10 and 20) was grafted to the surface of
MSNS, as reported by Kar et al. [57
plasmid DNA successfully. Surface modification of

], to deliver drugs or

MSNSs with cationic functional groups could bind with the
negatively charged nucleic acids and facilitate rapid cell
membrane penetration. Both MSN-p(LArg)20 and MSN-
p(LArg)10 exhibited a zeta potential of (+32+4) and
(+20 £2) mV, respectively. Both particles were discrete,

and a particle diameter of 17 nm (TEM and scanning
electron microscopy (SEM)) and 80 nm (dynamic light
scattering (DLS)) were seen for MSN-p(LArg) 20 and
76nm (TEM and SEM) for MSN-p(LArg)10,
respectively. Furthermore, the MSN-p(LArg) particles
were used for the intracellular delivery of mCherry DNA
plasmid in cells, leading to mCherry protein expression.
The MSN-p(LArg) showed higher (85%) cell viability and
increased cellular uptake (greater than 90%) with
100 pg'mL~! MSN concentration in both HeLa and A549
cells. The preliminary data using doxorubicin (DOX)
revealed that DOX-MSN-p(LArg) could
enhance the therapeutic efficacy and result in apoptosis in
both HeLa and A549 cells. The MSN pores contained
increased levels of DOX, which could improve the

effectively

therapeutic efficacy significantly. Thus, MSN with a
bigger pore size could render a more promising effect.
The results with nucleic acids and drugs indicate that
MSN conjugates can be important vehicles for delivering
genes and drugs to cancer cells.

To develop a pH-dependent intracellular carrier for the
distribution of DOX inside the nuclei of the targeted
tumor cells, Zou et al. capped MSNs with gelatin
(MSN@Gelatin), which was ~8 nm thick [58]. The
surface charge of MSN@Gelatin was found to be
electronegative (—0.226 mV). At physiological pH, the
encapsulated DOX was not released due to the gelatin
coating, whereas, under acidic pH, electrostatic repulsion
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between the gelatin and MSN uncapped the coating and
released the DOX entrapped in the MSN@Gelatin system.
This system revealed DOX encapsulation efficacy as high
as 47.3 mmol-g~! SiO,, observed by UV-Vis absorption
measurements. Cellular internalization by endocytosis
revealed the successful accumulation of DOX/MSN@
Gelatin in the lysosomes, followed by an acid-induced
uptake of DOX into the nuclei of Hep-G2 hepatoma cells.
For DOX/MSN@Gelatin, a dose-dependent cytotoxicity
was recorded (ICso = (17.27 +£0.63) pg-mL™!). On the
contrary, minimal toxicity (ICsp > 100 pg'mL™") was
observed for MSN@Gelatin. In another study, manno-
sylated polyethylenimine (MP) was coupled with MSNs,
generating MPS conjugates, used for in vitro plasmid
DNA transfection to target macrophages containing
mannose receptors. Cytotoxicity studies revealed a high
percentage of viable cells for MPS/DNA complexes
compared to PEI 25K (vector). The effectiveness of
MPS/DNA complexes in transfecting HeLa and Raw
264.7 cell lines was enhanced via receptor-mediated
endocytosis [59]. When Dox and P-gp siRNA loaded PEI-
PEG-MSNs complex were examined in MCF-7/MDR
tumor-bearing xenograft model, an enhanced accumula-
tion in the tumor was observed as a result of prolonged
blood circulation, leading to 80% of tumor growth
suppression in comparison to free DOX (17%), MSN-
DOX (62%) and P-gp siRNA (0%) [60].

Likewise, liposome-encapsulated mesoporous silica-
core—shell magnetic NPs, Lipo[MNP@m-SiO;] (negative
zeta potential) was used to conjugate and deliver
Trastuzumab (Lipo[MNP@m-SiO;]-Her2,p,) for the in
vitro targeting of Her2/neu-overexpressing breast cancer
cells. MRI and CFM were both used to evaluate the
Lipo[MNP@m-SiO;]-Her2Ab.  In
Lipo[MNP@m-SiO,]-
Her2 Ab was found to accumulate significantly, suggesting

targetability  of
Her2/neu-positive cancer cells,

their potential for drug delivery and multimodal imaging
in vitro [61]. Sun et al. showed that gadolinium (Gd)-
doped MSNs loaded with DOX and conjugated with
thermosensitive liposomes (TSLs) containing indocyanine
green (ICG) (DOX@GAMSNs-ICG-TCLs) could serve as
They
exhibited an average particle diameter of 233.8 nm and a

triple-modal  imaging-guided nanoplatforms.
surface charge of —25.2 mV. In order to prevent DOX
leakage and heighten cellular uptake, DOX@GdMSNs
were coated with TSLs containing folic acid (FA). In
response to near-infrared (NIR) irradiation, ICG generated

heat and ruptured ICG-TSLs, releasing DOX efficiently

[62]. Needless to say, MSNs’ potential for site-specific
targeting is likely to boost cancer treatment efficacy,
owing to their imaging capabilities.

3.2 CaCOj and CaP

Notably, other commonly researched nanoporous carriers
include CaCO; and CaP, frequently deployed for gene
delivery. CaCO; NPs, however, are more frequently
exploited than CaP NPs due to their more porous
structure, larger surface area,
sensitivity, and ability to load and release drugs [63—64].

Moreover, the preparation of CaCOs/DNA co-precipitates

biocompatibility, pH

does not require the addition of buffer solutions to adjust
pH, whereas the synthesis of CaP/DNA co-precipitates
does [65]. For instance, carboxymethyl chitosan (CMC)-
modified CaCO;
encapsulate DOX by capillary force and electrostatic

micro/nanospheres were used to
attraction between negative and positive charges of CMC
and DOX, respectively. Due to the electrostatic interaction
between CMC and DOX and the presence of the porous
structure, the encapsulation efficiency of DOX greatly
than 60% [66].
researchers have focused on innovative approaches to

improved by more Furthermore,
using CaP NPs as imaging platforms and drug carriers.
For example, one study highlighted the encapsulation of
CaP with organic molecules (~27 nm) for distribution and
imaging within the cells due to their biocompatibility and
pH dissolution properties in order to release therapeutic
cargos in a regulated manner within the tumor [67].

3.3 HMnO and HGNPs

Another area of interest includes surface modification of
NPs by PEI-3,4-dihydroxy-L-
(DOPA) conjugates for
therapeutics. In an attempt to facilitate tumor targeting,

inorganic cationic

phenylalanine complexing
Bae et al. investigated the effectiveness of HMnO NPs in
cancer therapy and imaging via MRI [68]. First, the
positively charged HMnOs were prepared using DOPA as
an adhesive moiety. Next, cationic PEI-DOPA conjugates
were immobilized on HMnO NP surfaces utilizing the
vital metal oxide binding affinity of DOPA, confirmed via
Fourier transform infrared spectroscopy (FTIR) and X-ray
photoelectron spectroscopy (XPS). To transport targeted
siRNA into breast and ovarian cancer cells, NPs were
conjugated on the surface with Herceptin using maleimide-
PEG-succinimidyl carbonate (SC). Confocal microscopy
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and MRI displayed that conjugated Herceptin could
enhance the uptake of modified HMnOs in SK-BR3 cells
(HER2+). This, in turn, played a vital role in detecting
cancer cells using 7;-weighted MRI than those in MCF-7
(HER2-) cells, indicating that herceptin-functionalized
NPs displayed targetability [68]. Similarly, one study
demonstrated the development of DOX-loaded PEGylated
multi-functional HGNPs (DOX-HGNPs), which released
DOX and generated heat on NIR irradiation, leading to
DOX and hyperthermia-induced detrimental effect on
lung cancer-bearing A549 xenograft mice [69].

4 Affinity interaction

Recently, the affinity

biotin/streptavidin) to load drugs in inorganic NPs has

interaction (avidin/biotin or

experienced a renaissance in developing suitable drug
carriers. Avidin is an essential basic tetrameric glyco-
protein present in the eggs of aves, reptiles, and
amphibians. Biotin, commonly known as vitamin H,
vitamin B7, or coenzyme R, has a ring structure that is a
tetrahydrothiophene bonded to a tetrahydroimidizolone.
The biotin moiety may prove useful in cancer therapeutics
[37] since it is expressed in proliferating cancer cells more
frequently than in normal cells [70]. The high positive
charge of avidin improves the internalization of biotin-
the cells [71-72].
bioconjugated avidin incubation with biotinylated cell

coated NPs into In contrast,
lines resulted in nearly 100% surface adherence and
endocytosis efficacy [73]. Streptavidin has also been
shown to accumulate in vivo in specific tissues [74-75],
particularly in malignancies [76]. As a result, some gene
therapy vectors can be targeted to specific tissues using
avidin alone, while changing tissue specificity using
Avidin/biotin
interaction has great promise in therapeutic action as it is

biochemical changes to the protein.
one of the versatile, specific, and stable high-affinity
interactions which is resistant to denaturing chemicals,
pH, proteolytic enzymes, temperature, and harsh organic
[77-78].
targeting ligands are often employed in avidin-NP

reagents Importantly, imaging agents and

platforms to deliver drugs to specific sites [79]. These
avidin-based platforms have shown lower toxicity to
normal tissues while heightened toxicity against
malignancies [76]. The biotinylation of ligands or tissues
in vivo can take advantage of the strong avidin/biotin

interaction for targeted delivery [80-81]. Notably,

streptavidin is the most common analog of avidin.
Streptavidin (originating from Streptomyces avidinii) is a
56 kDa non-glycosylated tetrameric protein with an
isoelectric point (plI) value of approximately 5-6 [75,82].
It should be noted that the avidin/biotin and biotin/
streptavidin system exhibits strong bonds and specificity,
allowing them to be modified with biotinylation reagents
and biomolecules like DNA oligomers, peptides, fluore-
scent dyes, and antibodies. Figure 4 demonstrates the
avidin/biotin and streptavidin/biotin complex formation
and depicts the general interaction between them.

4.1 Superparamagnetic iron oxide nanoparticles (SPIONs)

SPIONs were well-known MRI materials noted for their
excellent relaxation properties at T2 (spin—spin).
Consequently, the aggregation of their highly hydrophobic
surfaces, macrophage absorption, and elimination by the
reticuloendothelial system (RES) limit their utilization. To
address these limitations, many SPIONs-drug delivery
platforms based on affinity interactions were developed.
An early study revealed the formation of radiologically
active nanoprobes to identify breast cancer cells in
preclinical tumor models with soiTrastuzumab loaded into
SPIONs
heightened cellular labeling. In addition, this method
successfully detected HER2 receptors [83]. Nevertheless,

these probes utilizing the biotin-streptavidin interaction

through biotin—streptavidin  interaction for

could trigger profound immunological responses in

humans. Interestingly, the molecular diameter of
superparamagnetic iron oxide particles used in this
approach was around 50nm (molecular weight:
40-50 MD) as stronger relaxivity and reduced molecular
size could foster effective drug delivery.

Biomarkers could be pretargeted with NPs in MRI to
aid a precise diagnostic approach in soft tissues in vivo,
offering high contrast imaging with excellent spatial
resolution. It was Liu’s research team that modified
SPIONs into magnetoliposomes with 1,2-distearoyl-sn-
(DSPQG),

cholesterol, and 1,2-distearoyl-sn-glycero-3-phosphoetha-

glycero-3-phospho-rac-glycerol sodium salt
nol-amine-N-[biotinyl(polyethylene glycol)2000] (biotin-
PEG2000-DSPE). The surface functionalization of biotin
moieties enabled the study of angiogenesis in tumors via
pretargeting. Liposomal bilayers and PEG modification
prevented macrophage uptake of Fe;O4 cores. The cell
toxicity assay demonstrated that the generated magneto-
liposomes were superparamagnetic and biocompatible.
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Fig. 4 (a) Avidin/biotin and streptavidin/biotin complex formation. For the generation of the resulting avidin/biotin and
streptavidin/biotin complex, both avidin and streptavidin can bind with four conjugated biotin (biotin generally conjugated to antibody,
protein, peptide, and enzyme) molecules. (b) Interaction between avidin/biotin and streptavidin/biotin. One avidin/biotin complex or
streptavidin/biotin complex can be linked with another avidin/biotin complex or streptavidin/biotin complex via binding with the

conjugated biotin.

The o,Ps-integrin, absent on inactive endothelial cells or
healthy tissue, was a common hallmark of tumor
neovascular endothelial cells. Following the injection of
an anti-a,f3; antibody directly into tumors, avidin and
streptavidin were incorporated. This magnetoliposome
was able to deliver specific anti-o,f3 antibodies targeted
at cancer cells. On administration of magnetoliposomes to
the targeted group, the effector molecules were found to
adhere permanently to tumor pretargeting antibodies due
to the high affinity between avidin and biotin. MRI
revealed a strong signal intensity surrounding the tumor,
amounting to 7% of the tumor area, as opposed to only
2% improvement in the non-targeted group. According to
histologic examination, the magnetoliposomes exhibited
colocalization with the neovasculature, resulting in a
reduction in magnetic resonance signal [84].

4.2 MSNs

Ligand-anchor binding could successfully deliver small
molecule drugs with high specificity and target site
discrimination [85]. Avidin was evidenced to act as a
bridge between receptors and ligands (ligands could be
functionally modified or unmodified) [86]. Accordingly,
in one study, it was found that by tightly closing the pores
of MSNs with biotin and covering MSNs with avidin, the
release of cisplatin from the core of MSNs was prevented
[87]. A matrix metalloproteinase 9 (MMP9) specific

cleavable linker was added to the avidin-capped MSNs,
which displayed site-selective drug delivery in tumors
expressing high levels of MMP9. The tunable porous
structure and high volume enabled the loading of drugs in
these NPs. Using this technique, MMP9 was found to
stimulate the release of cisplatin into human tumor cells
through the MSNs, as well as in 3D lung cell cultures of
mice and human lung cancers ex vivo. Moreover,
apoptotic cell death was only detected in cisplatin-
releasing MMP9-positive tumor sites in the lungs of Kras
mutant mice. No toxicity was observed in non-tumorous
or unaffected areas of the mice [87].

43 AuNPs

In another interesting study, Au NPs were synthesized
using a supramolecular approach by functionalizing with
B-cyclodextrins (B-CDs) and y-cyclodextrins (y-CDs) via
[88]. Notably, by
varying the cavity dimension or functionalization site, it

streptavidin  (SA)-biotin-binding

was possible to synthesize many different CD-coated NPs.
These NPs were found to be more stable than the native
ones. It was observed that NP@SAy-CD had a consi-
derably greater DOX loading efficacy compared to
NP@SAB-CD. adrenomedullin (ADM)
loading efficiency was higher for NP@SAP-CD.
Therefore, NP@SAB-CD was better suited to load smaller
drugs (ADM) than larger drugs (DOX).

In contrast,
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4.4 Calcium phosphosilicate nanoparticles (CPNPs)

CPNPs usually accumulate in solid tumors through
enhanced permeation and retention (EPR) effects. The
effectiveness of these NPs could dramatically augment
when they were conjugated with fluorescent dye. ICG was
introduced into the amorphous calcium phosphate matrix
doped with silicate by Barth et al. to produce a novel
CPNP composite (approximately 20 nm diameter) [89].
The CPNP was conjugated to biotinylated diferric
transferrin (human holotransferrin), biotinylated anti-
CD71 antibody
biotinylated pentagastrin using an avidin—biotin coupling.

(transferrin  receptor-specific), and
The interaction of biotinylated human holotransferrin
(diferric transferrin) and biotinylated anti-CD71 antibody
(anti-transferrin receptor antibody) to avidin-conjugated
CPNPs (avidin-CPNPs) allowed for
targeting of transferrin receptors, abundant in breast

more precise

cancer cells. Therefore, theranostic materials based on
avidin-CPNP could be used for the treatment of breast
cancer and other fast proliferating and transferrin-
expressing cancerous cells [89].

4.5 Carbonate apatite (CA)

Recently, Mozar et al. utilized Dbiotin-streptavidin
interaction to prepare drug-loaded CA NPs coated with
PEG and a

fibronectin-specific ligand to improve the particle drug

hydrophilic and electrically neutral
complex’s ability to target and deliver into breast cancer
cells via receptor-mediated endocytosis (through the
interaction of fibronectin and integrin) [90]. According to
the results, the average particle diameter of CA NP is
approximately 820 nm, which decreases to 615 nm for
PEG-CA, and further to 402 nm for biotinylated PEG-
fibronectin-CA. The surface charge of PEG-CA and PEG-
fibronectin-CA were more electropositive than the CA
NPs. In this study, SA served as a linker between
biotinylated PEG and drug-loaded CA complexes as the
COs% and PO, (negatively charged domains) bind with
the Ca%*-rich domain of the particles. Thus, the SA-biotin
interaction facilitated the binding of drugs with the NPs
[90]. The uptake of drugs by breast cancer cells was
assessed using high-performance liquid chromatography
(HPLC), which
(hydrophobic drugs) was higher for surface-modified NPs
than CA and free drugs. In the cytotoxicity study, NPs
with surface modifications showed greater substantial

revealed that the cellular uptake

toxicity than unmodified CA NPs and free drugs.
Additionally, a tumor regression study using surface-
modified drug-encapsulated NPs revealed dramatic
shrinkage of tumors [90]. Therefore, surface modification
using affinity interactions could reduce particle size,
increase cellular internalization and retention of drugs in
the tumor, as well as prevent opsonization and off-target

distribution.
4.6 CNTs

Using Raman-imaging immunoassays, Bajaj et al
reported a biotinylated single-wall carbon nanotube
(SWCNT) (typically 0.7-1.5 nm diameter,

several centimeters long), which could successfully detect

10 nm to

Her2 receptors in BT-474 cells as detected by confocal
Raman imaging. NeutrAvidin-fluorescein isothiocyanate
(FITC) bridges were found to link the biotinylated
secondary antibody and SWCNTs after the monoclonal
Her-66 antibody binds to Her2 receptors. Through
confocal Raman microscopy and NeutrAvidin-FITC, Her2
receptor expression was visualized by immunofluore-
scence through the produced complex on BT-474 cells.
The Raman signal was reduced by 94% in biotinylated
SWCNTs as compared to non-biotinylated SWCNTSs. It
implied that a biotin-avidin interaction could reduce the
nonspecific binding of biotinylated SWCNTs to the
primary antibody. The biotinylated nanotubes were found
attached to cell surfaces via Her2 receptors, while bare
nanotubes were observed within vesicles inside the cells
[91].

The use of a disposable immunosensor array with a SA-
functionalized CNT/Ag NP was being investigated for
ultrasensitive multiplexed tumor marker detection. The
CNT/Ag NP nanohybrid was generated by deposition of
Ag NPs on carboxylated CNTs in situ. The nanohybrid
was functionalized with SA through the intrinsic affinity
between protein and Ag NPs, enabling the biotinylation of
signal antibodies to acquire tagged antibodies. The
dispersibility of the nanohybrid in water was considerably
improved by the functionalization process. The captured
antibodies were covalently immobilized on chitosan-
modified screen-printed carbon electrodes to create the
immunosensor array.

Ag NPs
immunocomplex via a sandwich-type immunoreaction on

Numerous were collected onto each

the immunosensor array, which was enhanced following
Ag NP-induced deposition of Ag by an Ag enhancer
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solution generating an electrochemical-stripping signal of
Ag NPs. The
approach displayed satisfactory accuracy and a wide range

suggested multiplexed immunoassay
of linearity, with detection limits as low as 0.093 and
0.061 pg'mL~!, respectively, using carcinoembryonic
antigen (CEA) and a-fetoprotein (AFP) as model analytes.
With the proposed method, the serum assay results with
reference values were within acceptable bounds. The
newly developed approach and functionalized tag
eliminated the cross-talk and the need for deoxygenation
in electrochemical immunoassays, indicating that they
might be useful in clinical settings [92].

5 Intercalation into NPs through
co-precipitation or anion-exchange
reaction (e.g., LDHs)

LDHs are naturally occurring, synthetic and layered
materials, which are also referred to as anionic clays,
hydrotalcite-like (HTI), or hydrotalcite-type (HTt) [93].
The general formula of most LDH materials is as follows:
[MIT,_ MIL(OH),** (A" )y mH,0 (x = 0.2-04; n =
0.5-1), where MII represents a divalent metal cation, MIII
a trivalent metal cation, A”~ an anion, and m the number
of moles of solvent (Fig.5) [94]. Figure 5 shows the
construction of LDH for therapeutic applications. LDHs
are effective drug carriers because they are highly
biocompatible, have double-layered structures that can be
recovered after thermal degradation, are easy to prepare,
provide rapid drug delivery, have high drug loading
capacities, and are resistant to enzyme degradation
[94-95].

Ligand exchange reaction-free intercalation and surface
modification are viable strategies to directly load genes,
nucleic acids, drugs, aptamers, peptides, antibodies, and
proteins into LDHs. Biomolecules like peptides, vitamins,
ATPs, and polysaccharides can intercalate into LDHs
through co-precipitation or anion exchange reactions [94].
Co-precipitation with drugs provides the most precise and
straightforward method of conjugating LDH with drugs
due to their less tendency to incorporate CO32~ and other
anions [94]. The drugs utilized must be able to survive
post-preparative procedures (e.g., hydrothermal treatment)
in order to increase the homogeneity and crystallinity of
the materials obtained. Nevertheless, some anions, such as
siRNA and antisense oligonucleotides, however, are
unable to resist these conditions. As a result, they are

A

Basal

—— — [ Y

Anions A” H,0 Therapeutics MII (divalent) OH~
(small molecule or MIII
drugs, bioactive (trivalent metal
molecules, cation)
gene) (M*/M)

Fig. 5 Schematic illustration of a LDH structure with the
general formula [MIL_ MIIL(OH) ¥ (A" )y, mHO (x =
0.2-0.4; n = 0.5-1), used for therapeutic purposes. MII (M%)
represents a divalent metal cation and MIII (M3*) a trivalent
metal cation. Here ‘x* is a ratio of M3™/(M2™+M3*). The
MZt/M3* ratios of 2—4 are considered relatively steady. A"~
(in the interlamellar region) is an anion. A" represents any
charge compensating organic or inorganic anions, such as
oxo-anions (carbonates, nitrates, etc.), halides, oxo- and
polyoxo-metallates (dichromates, (Mo070,4)", (V1902)%",
etc.). ‘m’ represents the number of moles of solvent contained
in the interlamellar zone where no anions are present. The
LDH can be modified with inorganic ions, fluorescence
(FITC), dye, polymer coating, and ligand targeting moieties.

integrated into LDH-drug

anion-exchange method.

conjugates using the
There is evidence that LDHs can efficiently intercalate a
wide range of anionic biomolecules, such as nucleotides,
siRNA, DNA, and anticancer drugs, allowing for high
bioavailability and effectiveness [96—97]. LDH size limits
must be defined for utilization as intracellular carriers in
order to maximize uptake efficiency. In one study, cellular
uptake of various-sized LDH-FITCs was assessed using
flow cytometry [98]. It was found that particle size greatly
affected the amount of LDH absorbed by cells. The
smallest particles, 50 nm, were readily internalized,
followed by 200 = 100 > 350 nm. The fact that only a
minimal amount of 350 nm LDH could penetrate the cells
suggested that 350 nm is too large to permeate the cell
membranes efficiently [98]. All of the findings implied
that LDHs ranging in size from 50 to 200 nm selectively
entered the cells via clathrin-mediated endocytosis,
whereas LDHs greater than 200 nm could not. Thus, there
appeared to be a strong correlation between LDHs’ size-
dependent uptake mechanisms and uptake behaviors [98].
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NPs are prone to size-dependent toxicity [99]. One
research group investigated the size-dependent toxic
effects of LDHs on human lung tissue cultures [100]. It
was revealed that LDHs within 100200 nm size range
exhibited mitigated toxicity in cell proliferation, infla-
mmation response, and membrane damage. Furthermore,
the in vivo study demonstrated that different-sized LDHs
did not influence body weight or cause mortality. These
studies, therefore, indicated that LDH (within 100-
200 nm) could promote biocompatibility and enhance the
intracellular delivery of drugs. Mostly, in internal cavities
of LDH,
intercalated via ion exchange reactions. As a result of the

negatively-charged oligonucleotides were
intercalation of oligonucleotides into LDH NPs, the
loaded nucleotides were protected from DNase attack.

5.1 Drug-LDH conjugates

Due to the subsequent stability of drug-LDH conjugates,
the cellular internalization of the drugs could be improved
without any noticeable negative consequences [101]. One
example of this is 5-fluorouracil-LDH (5-Fu-LDH), which
showed sustained release, an extended half-life, and a
higher accumulation of 5-Fu in tumors compared to free
5-Fu [96]. 5-Fu-LDH proved to be
biodegradable and does not necessarily get accumulated in

In addition,

healthy organs after administration. This indicated that
they were rapidly cleared from the body [102]. Choy et al.
reported that methotrexate (MTX)-loaded LDH (MTX-
LDH) could facilitate cellular internalization through
[97].
noticeable changes were observed in the conjugate’s

clathrin-mediated endocytosis However, no
morphology and functional properties. Later, Oh et al.
prepared a similar MTX-LDH via the co-precipitation
method. The end result was enhanced toxicity and
increased cellular internalization employing clathrin-
mediated endocytosis in bone cancer cell lines (Sao-2 and
MG-63) as proved by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) and 5-bromo-2-
deoxyuridine (BrdU) assays [103—104].

Choi and colleagues conducted a thorough investigation
into the antitumor effects of intact MTX and its nano-
hybrid, MTX-LDH, using HOS-bearing xenograft mice
models [105], in which 48 mice were split between four
groups: control (PBS buffer), LDH (45 mg-kg '), free
MTX (30 mg-'kg!), and MTX-LDH (75 mg-kg™! was
equivalent to 30mgkg! MTX). A total of three
injections were given intravenously on days 0, 7, and 14.

The MTX-LDH treated tumors were found to be
considerably smaller than those in the control group. One
point to note was that each free MTX-treated group and
MTX-LDH group received 30 mg-kg™! of MTX (~LDy
value) [105].

One interesting study, investigated by Li et al.,
displayed the intercalation of Fenbufen (FBF, a
nonsteroidal anti-inflammatory drug used in relieving
cancer pains [106]) into the interior of the LDH NPs by
co-precipitation in the nitrogen medium [107]. X-ray
diffraction (XRD) study
intercalation with FBF, the distance between LDH layers

revealed that following
was raised to 1.87 nm, in comparison to the initial gallery
height (0.39 nm) and also the brucite-like layer (0.48 nm
thick) [108-109]. Changing the pH has a considerable
effect on the FBF-LDH intercalation. The FBF changed
from a monolayer to a bilayer as pH increased from 8 to
13, while the change in distance (1.87-3.00 nm) pointed
towards an intercalated structure. Increasing interlayer
spacing enhanced ion diffusion kinetics, particularly ions
with large sizes and multiple valencies, by reducing their
diffusion barriers and diffusion energy barriers for ion
intercalation. Based on Xue et al.’s study on the
modification of paclitaxel-LDH (PPT-LDH), it indicated
that tyrosine (Tyr) could be co-precipitated with LDH to
enhance the PPT loading efficiency [110]. Thus, the
interlayer space was pre-opened, creating a conducive
environment for drug attraction. Preliminary in vitro
anticancer investigations verified the inhibitory properties
of PPT-LDH hybrids on tumor cell development, with a
34% drug loading efficiency (w/w of drug/material).

5.2 Ligand-LDH conjugates

Researchers in one study incorporated a targeting
molecule, FA, onto the LDH NPs’ surface, resulting in
FA-LDH, in order to investigate the targeting functions of
MTX-FA-LDH nanohybrid in both in vitro and in vivo
models. In addition to the EPR effect, clathrin-mediated
endocytosis and folate receptor-mediated endocytosis
were considered reasons for improved uptake and
therapeutic effects. In a siRNA delivery study in which
KB cells were transfected with siRNA or mice were
injected with siRNA, it was
siRNA(Survivin)-FA-LDH
expression at the mRNA and protein levels in vitro and

discovered that
significantly reduced gene

ultimately mitigated tumor growth by threefold compared
to Survivin-LDH in vivo without any targeting ligand. In
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view of such a result, it seemed more likely that the
Survivin gene was targeted more efficiently (1.2-fold)
towards tumors than normal cells and other tissues [111].

Cancer treatment usually entails chemotherapy invol-
ving two or more complementary drugs. However,
combination chemotherapy has yet to be proven safe and
effective. An albumin-stabilized LDH (BLDH) system
was designed for colorectal cancer treatment to load and
deliver two commonly used anti-cancer agents, 5-Fu and
albumin-bound paclitaxel (Abraxane, ABX), as delineated
by Li and colleagues. The 168.3 nm diameter, a polymer
dispersity index (PDI) of 0.181, and 14.0 mV surface
potential were the dimensional properties of the produced
BDLH/5-Fu-ABX system. An in vitro drug release model
involving BDLH/5-Fu-ABX showed that the slow LDH
neutralization in an acidic environment might cause 5-Fu
and ABX to be released into cancer cells’ late endosomes/
lysosomes. Based on the cellular uptake study, the
BLDH/5-Fu-ABX NPs were successfully internalized by
the colorectal cancer cell (HCT-116), eliciting apoptosis
in colon cancer cells synergistically. An in vivo test
demonstrated that the BLDH/5-Fu-ABX NPs could
effectively reduce tumor development with no apparent
side effects following three intravenous injections. The
significant increase in treatment effectiveness was
attributed to the efficient accumulation of BLDH/5-Fu-
ABX in the tumor and acid-sensitive co-loaded drug
release. As a result, BLDH/5-Fu-ABX NPs might be used
as a new approach for treating colorectal cancer [112].

5.3 Mercaptoundecahydro-closo-dodecaborate (BSH)-
LDH conjugates

Choy et al. investigated LDH nanocarrier for boron
delivery using boron neutron capture therapy (BNCT). A
substantial amount of boron (B-10) was required to
successfully deliver BNCT to cancer cells. The cluster of
anionic boron molecules, such as BSH, a B-10 compound
approved by the Food and Drug Administration (FDA),
was intercalated with LDH to generate BSH-LDH and
eventually investigated as a boron delivery system.
According to biodistribution studies involving a BSH-
LDH nanohybrid drug (100 nm) in animal models, the
tumor-to-blood (T/B) ratio of BSH in the BSH-LDH-
treated group was increased (4.4-fold) compared to the
thus
supporting its mechanism of targeting by endocytosis via
EPR effect and clathrin-mediated pathways [113].

intact BSH-treated group 2h post-injection,

5.4 Inorganic ions-LDH conjugates

Nanotheranostic platforms that respond to the acid
microenvironment of tumors are crucial for accurate
tumor identification and therapy. One laboratory [114]
reported the successful fabrication of a 2D nanothera-
nostic platform where functional ferrous ions were doped
into MgAI-LDH with DOX to form Fe-LDH/DOX NPs,
enabling MRI-guided synergistic cancer chemotherapy
and photothermal therapy. The incorporation of ferrous
ions into Fe-LDH/DOX gave off a strong photothermal
effect, with a conversion efficiency of 45.67%, which in
conjunction with DOX could render a synergistic killing
of cancer cells with both photothermal therapy (PTT) and
chemotherapy. Furthermore, Fe-LDH/DOX was found to
be susceptible in the tumor’s acidic microenvironment, as
evidenced by T7,-weighted MRI results and its pH-
dependent degradation in vitro. Importantly, the growth of
tumors in 4T1 bearing mice was efficiently suppressed
following treatment of PTT and chemotherapy with Fe-
LDH/DOX. According to findings, doping
functional metal ions into LDH NPs could lead to a
unique approach for developing a nanotheranostics

these

platform with increased diagnostic and therapeutic
capabilities [114].

Likewise, Xu and colleagues modified positively
charged Cu-containing LDH NPs conjugated to a pH-
sensitive polymer in order to enhance the colloidal
stability of particles during blood circulation, prevent off-
target accumulation in healthy cells, and promote tumor
distribution and internalization within the tumor
microenvironment. Based on in vitro experiments, the
polymer-LDH nanocarrier decreased macrophage capture
in blood pH (7.4) but enhanced uptake by cancer cells in
weakly acidic pH (6.8) due to the detachment of the
polymer coating. In vivo pH-responsive MRI verified the
charge-convertible nanohybrids’ ability to accumulate in
the tumor, with an accumulation rate of 4.8% (of the
administered dose) 24 h after injection, bolstering their
versatility as anticancer nanocarriers [115].

Interestingly, the LDH interlayer was capable of
replacing any organic or inorganic ion, whether simple or
complex. Consequently, LDH stability was dependent on
the nature of the anions in the interlayer. For example,
Baek et al. developed Mg-Al-LDH-CI, which was less
toxic than Mg-Al-LDH-CO3 with regards to apoptosis,
membrane damage, and oxidative stress due to their
propensity to disintegrate quickly in lysosomes’ acidic
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compartment (pH 4.5) [116].
5.5 DNA-LDH conjugates

Rapid gene expression/silencing using LDH involved the
following steps: (1) The DNA/siRNA loaded LDHs
hybrids (50-250 nm, with an overall positive charge)
could bind to the negatively charged cell membrane;
(2) Following adsorption, the LDH host could internalize
into the cytoplasm via the clathrin-mediated endocytosis
route, allowing it to permeate the cell membrane; (3)
After dissolving the LDH host, the DNA/siRNA was
released at or near the nucleus, in which case the plasmids
would directly enter the nucleus, resulting in expression or
targeting of specific mRNA for gene silencing [117]. One
research group showed that FITC as a reporter molecule
significantly elevated the uptake in cells treated with
DNA/LDH hybrids, which increased proportionally with
increasing cell exposure to LDH. The results indicated
that c-myc/LDH hybrids could be rapidly absorbed by
cells and that antisense oligonucleotides assisted in the
metabolic processes of cells. After exposing human
leukemia (HL-60) cells to the AS-myc-LDH hybrids
(20 umol-L™! concentration) for 4 d, a 65% reduction in
cancer cell proliferation resulted, suggesting that the LDH
NPs were capable of transferring small nucleic acid to
target cells. In addition, this group had reported that cell
proliferation was inhibited over time and in a dose-
dependent manner [117].

6 Covalent bonding

Covalent attachment offers the advantage of modulating
the release of drugs through attachment chemistry (such
as the cellular release of thiol-based payloads via GSH
[118]). To form a covalent bond between drugs and NPs,
the binding sites must be available and free of strong
electrostatic repulsion and extremely dense and rigid
coatings with tiny pores. The various functional groups
available on the nanocarriers and the drugs to be
conjugated have led to the development of covalent
conjugation strategies (Fig. 6). Certain internal or external
stimuli trigger the release of covalently bonded genetic
materials. siRNAs can be covalently attached to several
cell-penetrating or targeting ligands, including small
molecule receptors, peptides, and lipids. However, they
are unstable in serum and have a short circulation time,
hindering the long-term silencing of the gene. CNTs, Au
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Fig. 6 Schematic illustration of the formation and cleavage
of covalent bonds between NPs and drugs. The covalent bonds
presented are mostly based on the functional groups (e.g.,
disulfide, ester, thioester, orthoester, thiol, carbonate, amide,
hydrazone, maleimide-thiol, urothane, and unhydride linkage)
available on nanocarriers and drugs being conjugated.

NPs, and SPIONs bind small molecules, siRNAs, and
plasmids via covalent functionalization or thiol-gold
covalent chemistry. In an attempt to induce a humoral
immune response within the tumor, CNTs may function as
antigen-presenting carriers, which can improve the weak
immunogenicity of tumor-based peptides and antigens
[119-120].

6.1 CNTs

Chemotherapeutic  drug molecules are generally
conjugated to the CNTs through 1) surface conjugation to
functional groups or 2) generation of CNT polymer
coatings by cleavable bonds. Hence, biomolecules,
imaging agents, and drugs can covalently bind to the CNT
surface by chemically functionalizing them with strong

acids such as HNO; and H,SO4, which introduce
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oxygenated groups such as carboxyl and hydroxyl groups
at the tips and defect sites of CNTs, or by 1,3-dipolar
cycloaddition reaction, providing a covalently coupled
functionality [121]. Furthermore, using CNT sidewall
modification to incorporate different functional groups
allows further derivatization of the nanotube [122]. These
covalent functionalization techniques are mainly used to
modify CNTs for enhanced siRNA delivery.

Covalent bonds containing acetyl hydrazone, amide, or
ester groups are usually used to bind drugs to nanocarriers
or polymers covering nanocarriers. PEGylation of CNTs
best illustrates the covalent interaction between them in
prolonging the blood circulation period and mitigating
off-target toxicity. For example, Liu et al. verified that
paclitaxel (PTX) could covalently bind to PEG-coated
SWCNTs through cleavable ester bonds [123]. The
SWCNT-PTX attenuated the proliferation of 4T1 breast
cancer cells with greater efficacy than commercial Taxol
by leveraging the EPR effect. Thus, extending the blood
circulation half-life and increasing PTX accretion in the
tumor by tenfold. Additionally, SWCNTs released PTX in
the RES, where it was excreted through the bile [123].
Sobhani and colleagues demonstrated that intratumoral
injection of PEG-coated CNTs attenuated the growth of
melanoma tumors in mice after exposure to a NIR laser
for 10 min compared to the group exposed to laser alone
[124]. Another similar study revealed that PEGylated
SWCNTs conjugated with glucocorticoid-induced tumor
necrosis factor receptor (TNFR)-related protein (GITR)
ligands on single retro-orbital injection displayed
enhanced uptake by regulatory T cells (Treg) residing in a
B16 melanoma compared to splenic Treg or intratumor
non-Treg via

receptor-mediated  endocytosis, thus

elevating the immune response against cancer [125].
6.2 AuNPs

Thiol-gold covalent chemistry was one of the holistic
approaches for conjugating siRNAs on the Au NP
surfaces. Nagasaki et al. conjugated siRNAs on the Au NP
surface by modifying Au NPs with thiol-
PEG5000-PAMA7500 polymer, then self-assembling the
thiolated siRNA. The resulting Au NP/siRNA conjugate
exhibited 65% gene silencing efficiency with human
hepatoma HuH-7 cells [126]. To heighten the intracellular
delivery of DNA, Lee et al. modified Au NPs with PEG
through disulfide linkages, prior to complexation with
poly(B-amino ester)s (PBAEs) [126]. TEM micrographs

showed that the core—shell structure of the PBAE-siRNA-
Au NPs has an approximate diameter of 100 nm. On
conjugation with PBAEs, the surface charge of the
siRNA-Au NPs changed from —34 to +13 mV, which
facilitated the intracellular delivery by interacting with the
negatively charged cell membranes [126]. It was evident
that the thiol-Au chemistry improved siRNA delivery to
the site of action, as well as promoted the gene silencing
effectiveness.

Researchers at Huh’s team developed iron oxide/gold
NPs and investigated their photoactivity and (in vitro and
in vivo) biological activity. The covalent link between Au
and S allowed these NPs to be coated with thiolated
heparin-pheophorbide. Following uptake by tumor cells,
the photosensitizer’s photoactivity was restored by the
ablation of Au—S bonds by glutathione. Quenching and
dequenching were assessed by measuring the fluorescence
of the photosensitizer with or without GSH. After 60 min
of incubation, the fluorescence intensity (670 nm) had
increased ninefold compared to control without
glutathione. In the presence of 9,10-dimethylanthracene
(1O, trap), the generation of 'O, was evident. A confocal
laser scanning microscope was used to examine the
penetration in A549 cells, which revealed a significant
photosensitizer signal of the internalized NPs, supporting
GSH action in the cytoplasm. Regardless of NPs that were
free or released the photosensitizer, exposure to light
reduced cell viability. In A459 tumor-bearing nude mice
xenograft models, the comparison between free
photosensitizer and NPs revealed that NPs had superior
tumor selectivity and a more extended stay in the tumor
than free pheophorbide, whereas the latter was promptly
eliminated from the body. Tumor-induced mice were
given saline (control), free photosensitizer, or NPs every
2d and were accompanied by a light source. On
examination of tumor weight and volume, it was apparent
that the NP treatment group outperformed the free
photosensitizer by 2.5 times [127].

An alternative technique involved using a triggered
linker. The study by Chen and coworkers applied an
Au—S covalent interaction to couple Au NPs to the Si
phthalocyanine Pc 4 [hydrophobic photodynamic therapy
(PDT) drug]. Interestingly, photosensitivity distinguishes
this ligand, causing hemolytic photocleavage of the Si—C
bond following NIR irradiation (660 nm), thus releasing
Pc 4 after the exchange of ligands with water on the
middle Si atom. The researchers demonstrated that PDT

was as efficient as non-covalently bound Pc 4 in HelLa
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cells, but that the covalent interaction facilitated a more
targeted release of Pc 4 since Au NPs inhibited it during
transport [128].

The covalent attachment of oligonucleotides to the Au
core resulted in oligonucleotides compactly packed around
the Au core, which had evident benefits in modifying how
cells would respond to Au NPs. These findings were also
applied to HeLa cells more generally based on analyzing
genome-wide expression profiles with various Au NPs
[129]. With oligonucleotide-functionalized Au NPs
(ssDNA, dsNA, and dsRNA), cellular responses were
modest in terms of cell cycle regulation, gene expression,
and apoptosis. Unmodified citrate-capped Au NPs, on the
contrary, were shown to pose a marked negative effect on
cells, including the onset of apoptosis, related to the weak
attachment of citrate cappings in contrast to the firmly
attached, densely oligonucleotide-functionalized NPs. The
significance of exerting robust control over surface
functionality was highlighted in this study, which
explained the prevalence of covalent interactions.

A typical approach for releasing DNA was to use light-
responsive NPs such as nanocages, nanoshells, and
nanorods. These NPs’ diameters could be adjusted to
obtain considerable absorption in the NIR transparency
window. Photothermal effects and laser-induced electron
generation at a suitable frequency can induce DNA
release covalently linked to these NPs [130]. Chen et al.
used this method of femtosecond laser irradiation at the
rods’ longitudinal plasmon wavelength to induce the
release of plasmid DNA encoding enhanced green
fluorescent protein (EGFP) bound to Au nanorods [131].
This approach caused the rods to melt and the DNA to be
released simultaneously, allowing up to 80% release of
the DNA molecules covalently attached to the surface of
Additionally, the presence of EGFP
fluorescence in cells suggested that the plasmid had been

the nanorods.

successfully transfected.

For the intracellular release of platinum(Il) ions, the
platinum(IV)-NP complex has attracted attention as a
drug delivery vehicle and a prodrug [132-133]. The
method was advantageous due to the fact that Pt(IV) was
less reactive with biological agents than Pt(II), resulting in
reduced systemic toxicity and improved bioavailability
[134]. Lippard et al. employed traditional carbodiimide
coupling chemistry with 1-ethyl-3-(3-dimethylamino-
propyl) carbodiimide and N-hydroxysuccinimide to
generate oligonucleotide-functionalized Au NPs with a
terminal dodecyl amine moiety, linked with a carboxyl-

containing Pt(IV) complex [134]. Pt(II) species were
generated via intracellular reduction of Pt(IV) in GSH-
containing platinum complexes. Following the loss of
axial ligands, free cisplatin would be released. The
conjugate was absorbed into cells in the same way that
conventional DNA-functionalized NPs were. It was
demonstrated that these complexes had anticancer
efficacy similar or equivalent to cisplatin in various
cancer cells, despite the fact that most of the ICsy values
were similar. Min and coworkers employed a similar
approach to link Pt(IV) prodrugs to Au nanorods [135].
Using in situ dithiocarbamate production on one terminal,
Au nanorods were first covalently modified with a
diamino(polyethylene glycol) before coupling with a
carboxyl-containing Pt(IV) molecule (via amino group)
[135]. In comparison to free cisplatin, cytotoxicity
analyses based on the MTT assay revealed substantially
more toxicity for three separate cancer cell lines, with
approximately 9to 65 fold lower ICsy values. These
results were linked to higher intracellular concentrations
of Pt ions in nanorod-treated cells, implying that the NP
delivery systems might play a key role in improving drug
uptake via different pathways of endocytosis.

6.3 Magnetic NPs

The cleavage of covalent bonds between proteins and
drugs was indispensable for drug release. The bond could
be either sustained in systemic circulation or breached
within tumor cells and released at targeted sites. As an
example, Ding et al. demonstrated that 85% of DOX
loading was achieved through indirect conjugation of
(transferrin)-coated Fe;O4@SiO, NPs via a multi-armed
linker, poly-L-glutamic acid (PLGA) [136]. The PLGA
was chemically coupled to transferrin (Tf) and DOX with
dual-function magnetic NPs (DMPs). The respective NPs
displayed a mean diameter of approximately 90.8 nm,
confirmed by DLS and TEM, and a zeta potential of
—44.1 mV. These data revealed their tendency to
aggregate less. Notably, DOX was linked by the amide
bonds to the PLGA-coated layer of the NPs. The TfDMP
NPs demonstrated the receptor-targeting function of Tf,
along with high DOX loading percentage, pH-sensitive
drug release, and improved Tf receptor-expressing tumor
cell uptake, suggesting a more significant cytotoxic effect
on cancer cells than that of DOX-coupled DMP without
Tf modification (DDMP) [136]. Kresse et al. reported the
covalent interaction between Tf and SPIONs for in vivo
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imaging in an SMT/2A tumor-bearing rat (rat breast
carcinoma) model [137]. Following 150 min of injection,
the conjugates reduced MRI tumor signals by 40% (range
25%—55%), and the signal reduction persisted for 8 h with
a half-life of 17 min in normal rats. On the contrary, only
a 10% decrease in tumor signal was acquired with
identical parent SPIONs or those labeled with human
serum albumin (HSA) [137].

Additionally, researchers used covalent cross-linking
between drugs and nanocarriers to target cancer cells. For
instance, Yu et al. engineered DOX-loaded thermally
cross-linked (TCL) SPIONSs via covalent cross-linking for
targeted delivery and MRI [138]. The DOX@TCL-
SPION exhibited an average particle size of (21 = 6) nm
(PDI = 0.13) and a zeta-potential of (=25 =2) mV, which
was more electronegative than TCL-SPION (=37 +2)
mV. The more -electronegative zeta potential of
DOX@TCL-SPION validated that some negative charges
of COO~ groups on TCL-SPION were neutralized by
DOX (positively charged). In vivo studies showed greater
tumor growth suppression with DOX@TCL-SPIONs than
mice treated with 5% glucose, TCL-SPION, DOX
(0.64 mg-kg 1), and DOX (5 mg-kg!). Thus, DOX@TCL-
SPION allowed passive tumor targeting and detection for
MRIL
efficacy based on drug accumulation within the tumor and

Moreover, they displayed enhanced antitumor

subsequent release from the NPs.

7 lonic interaction

In an attempt to construct nanotherapeutic platforms
capable of delivering therapeutics and imaging agents to
tumor sites, ionic interactions between drugs and NPs
must be considered. Generally, the strategy to modify the
NP surfaces with amine groups, cationic macromolecules
(polymers, lipids), or Ca-doped, CaP, and CaCOj particles
for complexation with small molecule drugs, siRNAs, and
plasmids, stemmed from the observation that many drug
delivery platforms exhibit compromised therapeutic
efficacy. This notion justifies the need to develop and
optimize nanotherapeutics to aggrandize the site-specific
drug delivery.

7.1 Interaction of Ca-doped, CaP, and CaCOj particles
with drugs

Needless to say, the strong nucleic acid binding capacity,

low toxicity, and enhanced endosomal disruption capacity
of CaP/CaCO; NPs make them promising carriers for
DNA/miRNA/siRNA. In addition, the positive charge on
Ca ions offers useful binding sites to the negatively
charged nucleic acids, thus strengthening their resistance
or stability against attack from ribonucleases, RNAse
(siRNAs and pDNAs) nucleases. Mostly, Ca ions serve to
bind phosphate backbones in antisense oligonucleotides.
7.1.1 CaCO3; NPs

For the purpose of controlling pH in tumor treatment,
Som and colleagues generated a monodisperse non-doped
nano-CaCOs.
selectively depositing nano-CaCOj3 on tumors elevated the

vaterite Researchers observed  that
acidity of tumors over time, preventing tumor growth. The
diameter of the synthesized NPs was from 20 to 300 nm.
In HT1080 tumor-bearing mice, the i.v. delivery of 1 mg
bolus doses of nano-CaCOj; raised the tumor pH by
different amounts for over 3 h. The 100 nm nano-CaCOj;
had the highest pH and the longest-lasting impact. The
20 nm particle diffused faster into and out of a tumor than
the 100 nm particle. Moreover, there was no indication
that 300 nm nano-CaCOj could significantly influence the
pH of the tumor. Since these particles have a low
diffusion rate, they could only penetrate a minimal area of
3D tumor tissue. Thereby, using this research, it might be
possible to develop a pH-sensitive nanoplatform capable
of modifying cancer’s acidic environment [139].
Likewise, CaCOs3 nanocrystals were prepared and tested
by Kamba et al. to serve as an efficient delivery vehicle
for DOX. These nanocrystals induced apoptosis in cancer
cells with high levels of selectivity and specificity without
causing nonspecific damage. Intercalation of DOX into
CaCOj; nanocrystals occurred at high loadings (4.8%) and
encapsulation levels (96%), respectively. CaCO3;/DOX
nanocrystals were extremely stable at physiological pH
(7.4), resulting in the delayed release. However, in acidic
pH (4.8), nanocrystals dissociate more rapidly, resulting
in a quicker release of DOX. The MDA-MB-231 breast
cancer cells showed a significant absorption of the
CaCO3/DOX nanocrystals,
potential DOX delivery. The in vitro chemosensitivity test

providing evidence of
utilizing MTT, modified neutral red/trypan blue assay,
and LDH were used to demonstrate that CaCO3/DOX
nanocrystals could mitigate tumor cell growth more than
free DOX. CaCOs nanocrystals, according to these
findings, could prove helpful for the controlled delivery of
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drugs and the treatment of cancer [140]. Similarly,
Hammadi et al. created a docetaxel (DTX) nanocarrier
loaded with CaCOj; for breast cancer screening. To
evaluate the generated NPs for their drug delivery and
release ability, they were tested in vitro in a physiological
environment (pH 7.4) as well as an intracellular lysosome
environment (pH 4.8). Physicochemical studies led to the
successful fabrication of homogeneous pleomorphic pure
aragonite type DTX-CaCO; NPs (average size 37 nm)
with excellent crystallinity and a 96% entrapment
efficiency and a sustained release profile at pH 7.4. The
average diameter of the prepared NPs was within the
range of 5 to 100 nm, which made them less likely to be
eliminated by the spleen, kidney, and liver. At
800-1000 g-mL™!, free CaCO; NPs revealed cell viability
of 90%,
cytocompatible. After 24 h, it was observed that the

indicating that these nanocrystals were
synthesized drug-loaded NPs had reduced toxic effects
against MCF-7 cells than DTX, whereas similar effects
were acquired at 48 and 72 h, which was linked to the
NPs’

hypothesized that DTX’s long-acting properties would

sustained-release performance. Thus, it was
increase bioavailability and less frequent doses [141].
Nanocarriers with a diameter less than 600 nm could
improve the internalization of drugs into the tumor by
exploiting the EPR at the tumor site [142]. Peng and the
research group used a multistage self-assembled approach
CaCOs. The
anticancer drug etoposide was encapsulated in a stable

to prepare pH-sensitive mesoporous
form, capable of highly effective drug loading. As
MTT
nanostructure inhibited SGC-7901 cells more effectively
and lessened the toxic effects of etoposide in HEK-293 T
cells compared with free etoposide. According to the

demonstrated by the assay, the produced

research group, these nanocarriers were more efficient at
delivering etoposide than free etoposide, causing a more
potent inhibition of tumor cell growth. In response to
extrinsic or intracellular stimulation, a rapid and stable
release of etoposide could be induced at a lower pH than
in normal cells through NP distribution in the tumor cells
via the EPR effect. Thus, mesoporous CaCOj3 nanospheres
offered a way to boost the therapeutic effects of drugs,
such as etoposide, by overcoming their water-insoluble
nature [142].

7.1.2 CaP NPs

The surface modification of carrier constructs composed

of CaP could promote the site-specific delivery and
release of therapeutics in tumors. One study aimed to
achieve tumor-targeting siRNA delivery by employing
asymmetric lipid bilayer stabilizing CaP  NPs.
Additionally, NPs modified with PEG targeting anisamide
ligands were shown to significantly improve in vivo gene
silencing as well as targeted delivery of siRNA in human
H460 lung cancer xenograft models. When compared to
LPD (lipid/polycation/DNA complex), LCP-II (lipid/
calcium/phosphate type II) exhibited greater curvature and
smaller particle size that could preferentially accumulate
therapeutics at the tumor site. Furthermore, siRNA
silencing activity (delivered by LCP-II) was detected after
treatment with NPs containing luciferase siRNA through
single tail vein injection in the H460 xenograft tumor
model [143]. In light of the successful delivery of siRNA,
Wau et al. developed two formulations of enzyme-response
PEG/lipids/calcium phosphate hybrid (siRNA@NP1 and
siRNA@NP2).
significant effect of the nearly neutrally charged
siRNA@NP2 on disintegration caused by serum.
Specifically, in SMMC-7721 cell lines and SMMC-7721
bearing mice, SiRNA@NP2 was more efficiently
delivered than siRNA@NP1, which does not trigger an
enzyme response. In addition, the NPs were found to be

It was reported that there was no

relatively safe, as demonstrated by in vitro and in vivo
studies. Therefore, the siRNA@NP2 delivery method
might facilitate the distribution of siRNA-based cancer
gene therapy in vivo [144].

Since triple-negative breast (TNBC) is
characterized by heavy DNA repair and negative antigen

expression, chemotherapy and endocrine treatments are

cancer

generally ineffective. A quick solution to this issue is of
paramount importance to improve therapeutic outcomes.
Dong et al. developed a CaP-based pH-sensitive shell—
core platform to administer BRCA1 siRNA and Pt
prodrug (Pro-Pt) to TNBC patients in a synergistic
manner. During thin-film hydration, the DSPE-PEG (1, 2-
distearoyl-sn-glycero-3-phosphoethanolamine-polyethy-
lene glycol), which self-assembled into micelles harboring
lipophilic Pro-Pt, caused Pro-Pt to transform to Pt upon
intracellular reduction for triggering DNA damage. The
micelles form porous shells on their surfaces, with Ca2*
and PO4>~ (CaP) binding to negatively charged siRNA via
electrical interactions and physical adsorption. Notably,
the CaP shell was found to disintegrate in the acidic
lysosomes, allowing lysosomal escape and successive
release by establishing an ion pair with lysosomal
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membranes. This ensured the escape from lysosomes and
the release of siRNA and Pro-Pt in a sequential manner,
blocking DNA repair by BRCA1 siRNA and reducing
Pro-Pt to Pt for irreversible DNA damage. Furthermore,
the exposed PEG hydrophilic chain generated a hydrated
coating that stabilized the NPs in the blood, preventing
them from being precipitated by serum protein or
inactivated by nuclease. = Moreover, urokinase
plasminogen activator analogs (uPA, which have a high
affinity for the uPA receptors highly expressed on TNBC
cells and tumor-related fibroblast cells but barely found in
normal tissues) served as an excellent medium for
introducing NPs into tumor cells via dual passive and
active tumor targeting ability. In addition to providing
augmented encapsulation efficiency and stability, pH-
sensitive NPs suppressed the breakdown of siRNA and
Pro-Pt throughout the circulation, assuring their activity in
tumor tissue [145].

In the study by Qiu and coworkers, the alendronate-
hyaluronan graft polymer (AHA) was coated across
calcium phosphate-siRNA co-precipitate surfaces to
generate  hyaluronan  (HA)-functionalized calcium
phosphate NPs (CaP-AHA/siRNA NPs), suitable for
delivering siRNAs to the targeted tissues. The CaP-
AHA/siRNA NPs displayed a homogeneous spherical
geometry, with an average size and surface potential of
about 170 nm and —12 mV, respectively. Since CaZ" and
PO43_
hydrophilic HA was found to increase their physical

could interact strongly, coating the NPs with

stability over a month. Moreover, in vitro investigations
showed that CaP-AHA/siRNA NPs were capable of
delivering EGFR-targeted siRNA via CD44-mediated
endocytosis into A549 cells and could drastically lower
EGFR expression. Furthermore, the siRNA’s pH-
dependent release from internalized CaP-AHA/siRNA
NPs indicated lysosomal acidification had contributed to
NP disassembly, causing sharply higher internal osmotic
pressure and substantially accelerating siRNA release into
the cancer cells’ cytosol. Furthermore, in vivo tumor
therapy indicated that when CaP-AHA/siEGFR NPs were
injected intravenously to nude mice xenografted with
A549 tumor resulted in considerable shrinkage of the
tumor accompanied by EGFR gene silencing, as well as
minimal weight loss in the mice models. These findings
revealed that a systemic siRNA delivery strategy based on
CaP-AHA/siRNA NPs might serve as an effective and
safe option for targeting cancer cells [146].

7.1.3 CANPs

Recently, pH-sensitive CA NPs were extensively explored
for the effective delivery of drugs, DNA, siRNAs, and
proteins [147-149]. Our laboratory demonstrated that
surface modification of CA by PEG could significantly
improve the delivery and cytotoxicity of gemcitabine
(a hydrophilic nucleoside inhibitor), elevate cellular
internalization in breast cancer cells, and extend the half-
life of drug-particle complexes as validated by measuring
gemcitabine levels in plasma, cancer cells and healthy
organs in mice bearing breast carcinoma. It should be
noted that modified CA NPs are round and appear more
solid than non-modified CA NPs. It was reported that on
conjugation with gemcitabine, the particle size of CA
reduced dramatically to 685 nm, indicating the potential
of gemcitabine to mitigate particle size. When modified
with biotin-PEG without or with an add-on linker,
gemcitabine-loaded CA exhibited particle sizes of 537 and
554 nm, respectively. Data from the protein corona
analysis indicated that PEGylation of CA could greatly
diminish opsonization. An in vivo study in breast tumor-
induced mice demonstrated a nearly six-fold rise in the
accumulation of gemcitabine in the tumor, reducing off-
target distribution in healthy tissues as opposed to the free
drug. Moreover, there was evidence of increased blood
circulation for PEGylated particles based on high plasma
drug concentrations. Thus, modification of CA with PEG
was found to successfully enhance their therapeutic
effectiveness for targeted drug delivery [149]. Our
research group has also developed AZ628 loaded a-
ketoglutaric acid-modified CA to decrease the growth of
the NPs and improve the cellular internalization and
delivery of AZ628 in 4T1 and MCF-7 cell lines. In both
cell lines, AZ628 loaded a-ketoglutaric acid-modified CA
NPs increased cellular uptake by 21%. The respective NPs
might therefore be beneficial in delivering AZ628 to
breast cancer cells [150]. Additionally, we evaluated the
antitumor efficacy of citrate-modified CA and o-
ketoglutaric acid-modified CA in murine breast cancer
models. Compared with cyclophosphamide (CYP) alone,
the group treated with CYP-loaded o-ketoglutaric acid-
modified CA NPs showed a five-fold reduction in tumor
growth. In addition, the CYP-loaded NPs accumulated
more in the tumor than free CYP. Biodistribution studies
showed less accumulation of DOX-loaded NPs in the
heart than free DOX, suggesting their effectiveness in
in mice.

attenuating cardiotoxicity These findings
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indicated that both citrate-modified CA and a-ketoglutaric
acid-modified CA carriers could prolong the circulation
time, increase the antitumor effect, and abate the toxicity
of the chemotherapeutic drugs in healthy tissue [148].
In a previous study from our group, Hossain et al.
demonstrated that citrate and succinate modified CA NPs
could induce more potent delivery of DOX in MCF-
7 cells. When compared with succinate modified CA,
citrate. modified CA exhibited the strongest affinity
towards DOX binding. Furthermore, citrate-modified CA
improved the cellular internalization in MCF-7 cells and
possessed a half-maximal inhibitory concentration,
1000 times lower compared to free DOX [151]. Thus, all
these results indicated that the improved pharmacokinetic
profile of pH-sensitive CA (through surface modification)
might provide a coherent interpretation regarding the
enhancement of NP drug delivery.

7.1.4 Hydroxyapatite NPs

One study concerning the surface functionalization of
citrate-modified hydroxyapatite (Cit-HA) NPs highlighted
the transport of DOX in cancer cells. Due to the
electrostatic interaction between DOX’s positive charge
and Cit-HA’s negative charge, DOX encapsulation
efficacy increased by approximately 85% (using
DOX:Cit-HA ratio = 1:10). Cit-HA NPs showed
remarkably low toxicity and improved cellular uptake
(substantiated by fluorescence micrographs) in hemolysis
and cytotoxicity studies [152]. Likewise, Rodriguez-Ruiz
et al. developed citrate-functionalized nanocrystalline
apatites (prepared by thermal decomplexation of
metastable calcium/citrate/phosphate solutions) in the
presence (cAp) or absence (Ap) of carbonate ions to load
and deliver DOX. At physiological pH after seven days,
cAp-DOX released approximately 42% more DOX than
Ap-DOX. Interestingly, in acidic pH, both approaches
yielded similar DOX release profiles. The in vitro studies
displayed the potential of cAp-DOX to selectively
internalize, accumulate, and exert significant toxicity in
GTL-16 human carcinoma cells. Further, the cAp-DOX
was found to be more effective in targeting tumors and
enhancing blood circulation time when administered
intravenously [153].

7.2 Interaction of drugs, siRNAs, and plasmids with
cationic polymer modified inorganic NPs

In cancer therapy, encapsulating NPs with positively

charged polymers could improve NP internalization. The
coating of hydrophilic molecules like drugs, DNA, and
peptides with cationic polymers was expected to aid the
encapsulation efficacy and inhibit enzyme degradation of
polynucleotides [154].

7.2.1 Interaction with cationic PEI modified NPs

One special cationic polymer is PEI, used primarily to
modify inorganic NPs due to their endosomal activity and
DNA condensation capacity. In addition, PEI played a
crucial role in delivering genes because of their unique
buffering capacity (proton sponge effect) to exit the
endosomal compartments [155]. Furthermore, PEI’s high
positive charge density enables the cell membrane’s
negatively charged components to interact -electro-
statically with PEI, enabling effective gene delivery
through endocytosis [156]. Research, however, shows
evidence for different transport mechanisms for cationic
PEIL contradicting the hypothesis for the proton sponge
effect [157—-158]. Various methods have been developed
to graft or physically absorb PEI molecules on the surface
or into the interior of inorganic NPs. The NPs modified
with PEI have many potential functions, enabling the
simultaneous delivery of small molecule drugs, nucleic
acids (DNA, RNA, and oligonucleotides), and imaging
agents to enable effective imaging-guided synergistic drug
and gene treatment. Interestingly, gene therapy can be
made safer and more effective with this approach [159].

7.2.1.1 MSNs

Inorganic NPs conjugated with PElhase sparked many
research interests in improving cancer treatment. Since
PEI have branched structures, facile surface modification
is possible, thus making them suitable carriers of siRNAs
(in vitro and in vivo) [160]. Reportedly, in one study, an
electrostatic adsorption process was used to load and
protect siRNAs inside MSN pores that were modified
with hyperbranched polymerized PEI (hbPEI). The PEI-
coated siRNA/MSN delivered siRNAs more efficiently
and enhanced siRNA uptake in cells compared to
unmodified MSNs [155].

Li et al. established siRNA-loaded magnetic MSNs (M-
MSNs) with external PEI surface coating, and chemically
conjugated fusogenic KALA peptides (contorted as M-
MSN _siRNA@PEI-KALA) [161]. Low cytotoxicity was
observed for the NPs. Consequently, the NPs could easily



Sheikh Tanzina HAQUE et al. Strategies to assemble therapeutic and imaging molecules into inorganic nanocarriers 23

penetrate cells, escape from endolysosomes and release
siRNA in the cytosol. The intratumoral injection of M-
MSN_VEGFsiRNA@PEI-KALA prevented cancer cell
growth in vivo, probably by constraining tumor
neovascularization [161].

To increase distribution, protect the siRNA, and deliver
siRNA to specific sites, a new generation siRNA delivery
system was constructed with a PEI-coated MSN core,
followed by coating with PEG and an antibody. The
construct includes a 47-nm MSN core encased in a
crosslinked polyethyleneimine—polyethyleneglycol copo-
lymer containing siRNA targeting the HER2 oncogene in
conjunction with trastuzumab (monoclonal antibody
against HER2). The construct was designed to extend the
half-life of siRNA in the circulation, improve uptake by
tumor cells, and enhance siRNA knockdown. However, in
HER2+ breast cancer cells, the targeted anti-HER2 NPs
trigger cell death, while in HER2— breast cancer cells,
they do mnot. In HCC1954
xenografts, a single dosage of siHER2-NPs decreased
HER?2 levels by 60%. Over a three-week period, multiple
intravenous  doses found to reduce tumor
proliferation significantly. When exposed to human
peripheral blood mononuclear cells, the siHER2-NPs
exhibited an outstanding safety profile in terms of
hemocompatibility and minimal cytokine production. The
construct was highly consistent for batch to batch
production, and the manufacturing procedures were
conducive to large-scale production. Clearly, these
siHER2-NPs could be evaluated clinically [54].

One feasible strategy to minimize charge-induced

trastuzumab-resistant

were

toxicity associated with unmodified PEI was generated by
Shen and colleagues, where the MSN pore-functionalized
with PEI were grafted on cyclodextrin (CD). The efficacy
of CD-PEI-MSNs to release siRNA in MDA-MB-
231 breast cancer-bearing xenograft mice models was
proven using fluorescently labeled siRNA and in vivo
imaging. Diffuse fluorescence was observed 6 h after
treatment in the targeted cells, possibly due to the release
of siRNA from endosomes due to the “proton sponge
effect”. The “proton sponge effect” was caused by the
polyvalent cationic surface’s ability to buffer, causing salt
to influx into the endosomes in an attempt to regulate the
correct pH, finally disrupting the endosomal membrane
and releasing the siRNA into the cytosol [162].

7.2.1.2 Iron oxide NPs

Tutuianu and coworkers synthesized PEl-coated iron

oxide NPs (Fe-PEI) to investigate their antitumor efficacy
with cisplatin. Results demonstrated that Fe-PEI NPs
loaded with cisplatin could more effectively suppress
cancer cell growth (in vitro and in vivo) than free cisplatin
[163]. A similar study reported that coating magnetic iron
oxide (MIO) nanoclusters with cationic alkylated PEI
(Alkyl-PEI2k) resulted in a biocompatible complex that
efficiently delivered siRNAs and silenced the expression
of the luciferase gene in 4T1 cells as well as in a fLuc-
4T1 xenograft model [164].

Li et al. fabricated PEI-functionalized iron oxide-
mesoporous silica yolk—shell nanocapsule (NC) that
attached siRNA to the surface electrostatically through
interaction with PEI. The vehicle’s “yolk—shell” feature
integrated a variety of materials and took advantage of
their unique qualities. The mesoporous silica shell’s
fluorescence and the iron oxide yolk’s paramagnetism
would allow for both fluorescent imaging and magnetic
navigation. The PEI-Fe;04@fmSiO; yolk—shell NCs,
guided by external magnetic fields, was demonstrated to
effectively reduce p-actin expression in HeLa cells
without exhibiting toxicity typical of PEI [165].

7.2.1.3 CNTs

In an effort to reduce the toxicity and extend the blood
circulation period, CNTs were also functionalized with
PEIL. An example was the non-covalent functionalization
of SWCNTs with succinated polyethylenimine (PEI-SA),
which delivered siRNA in melanoma-bearing C57BL/6
mice [166]. Gene silencing and significant cellular
internalization were found for fluorescent Cy3-labeled
siRNA specific to Braf (siBraf). Further, the 25-d
application of IS/C/siBraf resulted in a decrease in tumor
volume [166]. Wu et al. grafted the multi-walled carbon
nanotubes (MWCNTSs) with PEI, followed by conjugation
with fluorescein isothiocyanate (FITC) and prostate stem
cell antigen (PSCA) monoclonal antibody (mAb). The
CNT-PEI(FITC)-mAb exhibited improved
biocompatibility when tested in vitro and in vivo.

complex

Furthermore, ultrasound (US) imaging validated their
ability as a contrast agent. In PC-3 tumor-bearing mice,
CNT-PEI(FITC)-mAb was found to significantly inhibit
tumor growth, demonstrating their vast potential both as
contrast agents and drug carriers [167].

7.2.1.4 AuNPs

Especially in cancer therapy, there was a pressing need for
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nanoscale gene delivery vehicles to distribute siRNAs.
The research group led by Lee et al. demonstrated the
controlled production of PEIl-coated Au NPs utilizing
catechol-conjugated PEI (PEI-C) for siRNA delivery. In
aqueous conditions, PEI-C generated spherical multicore
micelles, which functioned as reductive templates for the
formation and fabrication of spherical Au NPs with
tailorable particle size and surface potential due to the
reductive nature and hydrophobicity of the conjugated
catechol groups. With crosslinking, PEI-C was firmly
attached to the surface of crystalline Au seeds, resulting in
cationic Au NPs. As a result of the PEI coating on Au
NPs, stable siRNA-Au NP complexes were formed, which
exhibited a profound effect on suppressing gene
expression on tumor cells. The internalization and siRNA
unpacking and the effectiveness of gene silencing were
observed to depend heavily on the particle size and
surface potential of the Au NPs. As a result of the low
density of primary amine groups and the lack of
uncomplexed PEI fraction in water, the cytotoxicity of
PEI-coated AuNPs was exceedingly low [168].

To better understand the effect of particle size on cell
transfection efficiency, Au NPs were coupled with PEI,
resulting in two sets of PEI-coated Au NPs with particle
diameters centered at around 6 nm (< 10 nm Au-PEI NPs)
and 70 nm (< 100 nm Au-PEI NPs), respectively. During
Au-PEI NPs/DNA
encoding reporter genes or suicide genes were attached to

complex preparation, plasmids
Au-PEI NPs. Human osteosarcoma Saos-2 cells were used
to assess the Au-PEI NPs’

transfection vectors in serum-enriched media. Both Au-

ability to function as

PEI NP types were found to be negatively charged in
DNA conjugates. Cell uptake was seen for both types of
Au-PEI NPs, despite the electrostatic repulsion that exists
between the plasmid-conjugated NPs and the cell surface.
Complexes formed from < 10 nm Au-PEI NPs transfected
cells well; however, complexes derived from < 100 nm
Au-PEI NPs did not. The efficacy of the smaller Au-PEI
NPs as transfection vectors was connected to their
reduced aggregation in cells and DNA escape from
endosomes. At the same time, large clumps of NPs
associated with DNA were identified in endocytic vesicles
incubated with < 100 nm Au-PEI NPs [169].

7.2.1.5 Graphene oxide (GO) NPs

The fact that siRNA silences specific proteins entailed
that it could drastically reduce cancer cell’s MDR. Among

the most prominent anti-apoptotic defense proteins, Bel-2,
was strongly linked to cancer cells” MDR [165]. Using
Bcl-2-targeted siRNA to inhibit the expression of Bcl-2
proteins in cancer cells would successfully combat cancer
cells’ MDR and enable them to be treated more
effectively [165]. Zhang et al. delivered Bcl-2-targeted
siRNA and the anticancer drug DOX in a sequential
manner by functionalizing PEI with graphene oxide (PEI-
GO). The PEI-GO was reported to be an ideal nanocarrier
for the delivery of siRNA and small molecule drugs.
Furthermore, PEI-GO’s sequential siRNA and DOX
delivery into cancer cells rendered a synergistic impact,
resulting in dramatically improved chemotherapeutic
efficacy [170].

7.2.2 Interaction with cationic chitosan modified NPs
Among the many therapeutic uses [171-172], chitosan (a
polymer with native amine groups derived from chitin) is
an attractive candidate for cancer treatment. In light of its
intrinsic properties (such as biocompatibility, structural
variability, mucoadhesion, biodegradability, non-toxicity,
and electrostatic effect, allowing it to combine easily with
anionic biomacromolecules such as DNA [173-175]),
many studies have been focused on using it with inorganic
carriers.

7.2.2.1 MSNs

The study by Gurka et al. regarding the functionalization
of MSNs and urokinase plasminogen activator ligand
(UPA) with chitosan highlighted their effectivity as a pH-
sensitive nanocarrier, delivering the drugs to the tumor’s
acidic microenvironment [176]. In this study, chitosan
was used to enhance drug loading efficiency, and UPA as
a plasminogen activator receptor overexpressed in
pancreatic cancer cells [176].

Murugan et al. developed a nano-carrier by loading
MSN with the topotecan (TPT) drug conjugated with
quercetin (QT) on the surface. The poly(acrylic acid)
(PAA) and chitosan were used to coat the drug-loaded
MSNs, which were attached to arginine-glycine-aspartic
acid (cRGD) to target cancer cells, especially breast
cancer cells, through integrin receptor-mediated
endocytosis. In this study, the disintegration of chitosan
elicited the drug release due to the
intracellular pH [177].

The approach of “tumor-triggered targeting” allowed

inter-tissue/
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the development of dual-pH-sensitive anticancer
nanocarriers based on chitosan (CHI/MSN) to improve
drug efficacy and minimize adverse effects. MSN was
loaded with DOX and modified with benzimidazole (Bz).
Next, as a “gatekeeper,” chitosan-graft-B-cyclodextrin
(CHI-g-CD) served to coat the MSN by virtue of the host-
guest interaction between B-CD and Bz. Methoxy
poly(ethylene glycol) benzaldehyde (mPEG-CHO) was
grafted onto CHI via the pH-sensitive benzoic imine bond
and subsequently coated with the targeting adamantane-
glycine-arginine-glycine-aspartic acid-serine (Ad-GRGDS)
peptide. Since PEG provided dynamic protection at pH
7.4, the resultant carriers were considered “stealthy”,
which was able to expose the shielded targeting peptide
and the positive charge of CHI under weakly acidic
conditions, resulting in “tumor-triggered targeting”. The
association between the $-CD and Bz groups within tumor
cells could be disrupted by the reduced pH, causing DOX
to be released. The tumor-bearing BALB/c mice were
randomly assigned to five groups and intravenously
treated with PBS (control), DOX, DOX@MSN-CHI-
RGD, DOX@MSN-CHI-PEG, and DOX@MSN-CHI-
RGD-PEG, respectively, thrice on days 0, 2, and 4. The
DOX@MSN-CHI-RGD-PEG containing the targeting
peptide inhibited tumor growth more effectively than
DOX@MSN-CHI-PEG alone. The mice in the
DOX@MSN-CHI-RGD-PEG groups showed the best
decreased tumor sizes, with an average tumor weight of
around 18.0% than the PBS group. The DOX@MSN-
CHI-RGD-PEG was shown to promote apoptosis in
cancer cells, reduce tumor development, and diminish
DOX cytotoxicity toward normal cells in both in vitro and
in vivo investigations. Thus, the DOX@MSN-CHI-RGD-
PEG system was considered to be a viable cancer
treatment option [178].

7.2.2.2 Selenium NPs

Due to the short half-life and lethal side effects of TNF-a,
its therapeutic usage was significantly curtailed. Yan and
colleagues constructed a stable nano-drug named
TNF-a-derived polypeptide (P16) coupled, chitosan
(CTS)-modified selenium NPs (SC), denoted as SCP,
where SC as a slow-release carrier was attached to P16.
SCP reduced the proliferation of several types of tumor
cells, including DU145 prostate cancer cells. However,
RWPE-1 human prostate epithelial cells were not
inhibited by SCP. SCP was more potent than P16 and

TNF-a in inducing G0/G1 cell-cycle arrest and apoptosis
in DU145 cells. SCP demonstrated substantially greater
anticancer effects in xenograft models bearing DU145
tumor than P16 or estramustine (a prostate cancer
therapeutic drug), with fewer adverse side effects.
Additionally, in DU145 tumors, SCP
suppressed cell growth and apoptosis.
Moreover, SCP’s anticancer effects were mediated
through p38 MAPK/INK pathway activation, leading to
arrest in GO/G1 cell cycle, along with caspase-responsive

xenograft
increased

cell death, as evidenced by mechanistic investigations.
According to these findings, SCP might be a viable
method of treating prostate cancer [179].

7.2.2.3 Zinc sulfide (ZnS) NPs

For in vivo imaging of oral epithelial carcinoma, the study
by Jayasree et al. employed chitosan zinc sulfide:Mn
functionalized with mannose (CS-M-ZnS). Physico-
chemically stable doped ZnS nanocrystals were exploited
as cyto-friendly nanocomplexes with excellent uptake
efficiency in cancer regions because of their physico-
highly
extremely stable fluorescence, which were superior to

chemical stability, adjustable spectra, and
other heavy metals. The bioconjugated particles were
found to be sufficiently stable, with an average size of
around 150 nm. The chitosan improved the nanocrystals’
biocompatibility and supplied adequate mannosylation
functionality. In vitro cytotoxicity testing on mouse
fibroblast (L929) and oral epithelial carcinoma (KB) cells
validated their cytocompatibility. As revealed by KB cells
overexpressing mannose receptors, mannose biocon-
jugation conferred specificity and selective cellular
labeling properties. The combination of these nanocrystals
with CS-M

passivating the fluorescent nanocrystals’ surface defects,

resulted in many benefits, including
increasing fluorescence emission, and enhancing cancer
cell internalization with improved biocompatibility in
cancer imaging and human serum, potentially improving

cancer diagnosis and prognosis [180].
7.2.24 AuNPs

As shown in a study by Manivasagan et al., paclitaxel-
loaded-thiol
conjugated with anti-epidermal growth factor receptor
antibodies (anti-EGFR-PTX-TCS-GNSs) were established
as theranostics in fluorescence/photoacoustic dual-modal

chitosan-layered silica/gold nanoshells
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imaging-guided chemophotothermal synergistic therapy.
The resultant nano-complex was 152nm and had a
surface potential of 49 mV. This nano-complex possessed
properties including biodegradability, high stability of
high NIR
absorption, excellent photothermal stability, enhanced

serum, biosafety, extended circulation,
drug entrapment, effective targeting, and controlled
release of drug in cancerous sites when exposed to the
laser, providing an ideal platform for NIR laser triggered
drug release during combined chemophotothermal therapy
with photoacoustic imaging (PAI). In an acidic
environment, the nano-complex released drugs three times
faster after 48 h of exposure to NIR laser at 808 nm than
The anti-EGFR-PTX-TCS-

GNSs + laser irradiation group resulted in 81.9%

under normal conditions.

apoptosis. In comparison, it was 25.45%, 17.15%, and
13.27% for free PTX, PTX-TCSGNSs, and anti-EGFR-
PTX-TCS-GNSs, respectively, expressing a significant
photothermal therapeutic potency. As compared to all
other groups, the anti-EGFR-PTX-TCS-GNSs + laser
irradiation group had a 100% survival rate over 34 d.
Additionally, after 5 h of treatment with nano-complexes,
antibody-decorated conjugate internalization was about
four times that of the non-targeted sample, indicating that
anti-EGFR-PTX-TCS-GNS was highly internalized via
receptors. The intravenous treatment of nano-complexes
in breast tumor-bearing nude mice revealed an elevated
PA signal (532 nm) of hemoglobin level at the tumor after
6 h in response to intense NIR absorption and dense blood
vessels, showing the impressive ability of the nano-
complex to aid in tumor detection [181].

7.2.2.5 CaP NPs

In a recent study, a siRNA-loaded chitosan-coated
calcium phosphate NP (CS/CaP/siRNA NP) was designed
as part of the treatment for cervical cancer. Notably, the
nano-precipitation approach was used to generate the
CS/CaP/siRNA NPs. The resulting NPs were homoge-
neously spherical, exhibited a diameter and zeta potential
of approximately 194 nm and +27 mV, respectively. It
was demonstrated that siEGFR could successively be
delivered into Hela cells employing these NPs, resulting
in a dramatic reduction of EGFR expression, which was
likely due to improved cell adherence of chitosan,
allowing greater time for cellular uptake. The internalized
CS/CaP/siRNA  NPs
responsive NP disintegration, resulting in increased

subsequently  displayed pH-

siRNA release and rapid lysosomal escape into the
cytoplasm. Furthermore, in vivo anticancer studies
revealed that the CS/CaP/siRNA NPs could effectively
inhibit tumor growth following intratumoral injection in
Hela tumor-induced nude mice models, resulting in no
significant difference in body weight throughout the
experiment. As a result of these findings, the
CS/CaP/siRNA NPs offered great potential for mucosal
delivery of siRNA in cervical cancer treatment [182].

In another study, Roy et al. used alginate enclosed
chitosan-coated calcium phosphate (AEC-CP) nanoca-
Fe;04-bLf  (Fe3;Og-saturated
lactoferrin) (NCs). Using xenografts of colon cancer stem

rriers to  encapsulate
cells, the nanoformulation was administered orally to
mice injected with triple positive (EpCAM, CDI133,
CD44) sorted colon cancer stem cells. Tumor regression
was found in 70% of mice fed non-targeted (NT) NCs,
with 30% of mice experiencing cancer recurrence
following 30 d of treatment. However, the reappearance
of the tumor was only observed in 10% of mice given Tar
(AEC-CP-Fe304-bLf) NCs, resulting in considerably
higher survivability [183].

7.3 Interaction with cationic lipid modified NPs

Cationic lipids are amphiphilic compounds with positive

charge that forms positively charged liposomes
spontaneously in aqueous solutions, occasionally in
conjunction with a neutral helper lipid. These liposomes
are primarily used in gene therapy or immunization trials
as efficient carriers of DNA, RNA, or proteins [184].
Cationic liposomes, as opposed to neutral or negatively
with

negatively charged molecules (for instance, plasmids,

charged liposomes, can effectively interact
mRNAs, nucleic acids, proteins, oligonucleotides, and

peptides) primarily through electrostatic —attraction
[185-187] to promote cellular uptake as well as facilitate
nucleic acid delivery [188] and the release of the
therapeutics at the desired sites [189]. In addition, these
theranostic liposomes can entrap inorganic NPs and can
incorporate the nucleic acid therapeutics or drugs inside
the hydrophilic core or embed them in the lipophilic
bilayer outside [188,190-193]. Figure 7 illustrates the
incorporation of drugs or nucleic acids conjugated NPs in
liposomes.

By far, the most prominent lipid-based nanocarriers that
deliver siRNAs are cationic liposomes. The electrostatic

interaction between negatively charged siRNA and
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Fig. 7 Incorporation of drugs or nucleic acid conjugated
NPs in liposomes. The cationic liposomes can entrap
inorganic NPs loaded therapeutics inside the hydrophilic core
or embed them in the lipophilic bilayer outside.

cationic lipids is primarily responsible for the loading of
siRNA into cationic liposomes. The cationic lipids aid in
the penetration within cells and facilitate the escape of
particles from endosomes. Some cationic liposomes, such
as 1,2-dioleoyl-3-trimethylammonium propane (DOTAP)
siRNA, N-(1-[2,3-dioleyloxy]-propyl)-N,N,N-trimethyla-
mmonium chloride-siRNA, and Lipofectamine® 2000
(Life Technologies, MD, USA)-siRNA complexes, are
frequently employed as delivery vehicles for siRNA
[194-195]. However, these complexes generally have a
significant charge density at their surfaces, making them
interact readily with serum proteins and provoke an
immune response, causing their rapid removal from the
blood [196].

7.3.1 CaP NPs
Numerous studies have shown that cationic lipid
conjugated inorganic drug delivery platforms can

effectively treat a variety of cancers. For example,
nanosized CaP core coated with a layer of cationic lipid
(DOTAP  (£)-N,N,N-trimethyl-2,3-bis(z-octadec-9-ene-
oyloxy)-1-propanaminium chloride), followed by grafting
the surface with PEG and anisamide (AA) ligands, played
an essential function in particle size and agglomeration
control [197]. As a result, a high targetability for sigma
receptor-expressing B16F10 melanoma cells was
achieved. The respective NPs possessed an average
particle size of 40 nm and a surface potential of 25 mV.
The CaP core was found to disintegrate and release the

entrapped siRNA at lower pH of the endosomes, while the

PEG coating improved the gene silencing activity both in-
vitro and in-vivo by protecting genetic materials from
nuclease attack. A single intravenous injection of
antiluciferase siRNA (0.12 mg siRNA/kg) loaded lipid
calcium phosphate (LCP) NPs reduced transcription of the
luciferase gene by 78% in metastatic lung tumor-bearing
C57BL/6 mice [197]. Interestingly, when siRNAs were
formulated against MDM2 (murine double minute 2-
which
suppressor protein), c-myc, and vascular endothelial
growth factor (VEGF) in the targeted LCP NPs,
oncogenes were silenced in metastatic nodules. On

oncogene negatively  regulates  p53 tumor

treatment, the respective siRNA-loaded NPs significantly
dwindled lung metastases by 70%—80% at a relatively low
dose (0.36 mg-kg™!). In contrast, the control group had no
noticeable effect. Furthermore, these targeted LCP NPs
were non-toxic, and a 27.8% improvement in the average
survival time of the animals was detected when compared
with the control group [197]. Reinhardt et al. developed
silica NPs exposed quaternary ammonium groups (NPQ+)
through chemical surface functionalization and evaluated
them in terms of diffuse reflectance infrared Fourier
transform (DRIFT), 1H NMR spectroscopies, ¢ potential,
and light scattering measurements (colloidal stability
analysis). A co-sedimentation assay was used to
demonstrate the enhanced efficacy of DNA delivery
bound to NPQ+ at basic pH. Cryo-electron microscopic
(cryo-EM) images demonstrated that in NPQ+/DNA/
cationic lipids [1,2-dioleoyl-3-trimethylammonium
propane (DOTAP)] ternary complexes, the DNA strands
were sandwiched between the NPQ+ surface and the
cationic lipid bilayer. The unusual electrostatic colloidal
stability of NPQ+ and enhanced DNA binding affinity at
high salt concentrations led to the development of a
ternary assembly that could modulate these complexes’
stability and delivery properties in a physiological
environment [ 198].

7.3.2  Quantum dots (QDs)

Al-Jamal and colleagues investigated the pharmacokinetics
of newly designed vesicles containing liposomes and
quantum dots (L-QDs) after systemic treatment in nude
mice. Hybrid vesicles’ serum stability was assessed by
measuring turbidity and carboxyfluorescein release
following the addition of hydrophobic QDs into various
bilayer compositions. Additionally, elements (cadmium)

were analyzed in order to determine the blood profile and
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tissue accumulation of LQD hybrids. Based on the L-QD
lipid bilayer properties, distinct tissue distribution patterns
and affinities were detected after intravenous injection. It
was found that cationic (DOTAP/DOPE/Chol) hybrids
were promptly eliminated from the blood while readily
accumulated in lung tissues, but adding PEG to the
surface of zwitterionic vesicles considerably extended
their blood circulation half-life following systemic
distribution. Overall, the L-QD hybrid vesicle system was
thought to be a promising platform for QD distribution to
various tissues due to the ease with which the hybrid
vesicle properties could be modulated. Furthermore, by
and QDs within the
compartments of a single vesicle, L-QD opened up several

combining drugs distinct

possibilities for the development of dual therapeutic and
[199]. The
research group also demonstrated the fabrication of L-QD

imaging (theranostic) approaches same
bilayer vesicles by incorporating the CdSe/ZnS QDs in
the smallest size (2 nm core diameter) into cationic 1,2-
dioleoyl-3-trimethylammonium-propane lipid bilayers,
which self-assembled into small unilamellar vesicles. The
inclusion of QDs occurred as a result of the self-
association of hydrophobic molecules within biomem-
branes, according to the structural characterization of
hybrid bilayers containing L-QDs by cryogenic electron
microscopy. In lung epithelial cells (A549), L-QD
vesicles were found to attach and internalize, as well as
evidence of intracellular trafficking was detected by
confocal laser scanning microscopy. Furthermore, cationic
L-QD vesicles were treated intratumorally in human
cervical cancer (C33a) xenografts, improving retention
rates. The hybrid L-QD bilayer vesicles were expected to
be an effective delivery platform, allowing an extensive
range of therapeutic and diagnostic agents to be delivered
to cancerous cells [200].

In another study, QDs were functionalized with PEG,
then loaded into the hydrophilic core of lipids. The
produced cationic f-QD-L was found to heighten cellular
internalization in cancer cells. It was revealed that f-QD-L
could penetrate deeper into the 3D multicellular spheroids
on modification with lipid by layer. Moreover, on
intratumoral injection in solid tumor models, f-QD-L
stained tumor cells more effectively than f-QD. Thereby,
f-QD-L could be regarded as a reliable tumor tracking and
both in vivo [201].
Interestingly, Wang et al. developed a multi-functional

imaging agent, in vitro and

liposome consisting of a liposome carrier, constituting
hydrophilic iron oxide in the inner core, hydrophobic

CdSe QDs in phospholipid bilayer, lipid-PEG derivative
on the surface, and cRGDyk peptide attached to the distal
ends of the lipid-PEG derivative. The in vitro analysis of
lipid-PEG  derivatives
increased stability, improved phagocytosis resistance,

demonstrated low toxicity,
enhanced detection signal, and good tumor targetability.
Furthermore, an increase in multi-functional liposome
accumulation in the tumor and the liver revealed their
efficacy in dual-modality imaging [202].

7.3.3 Iron oxide NPs

In an effort to develop magnetic NP-supported lipid
bilayers (SLBs), hydroxylated cationic oxime ether lipid
was conjugated with core—shell Fe;04—SiO, NPs (SNPs).
The following NPs were loaded with DOX or an
amphiphilic analog to investigate the efficacy of the
respective cationic SLBs in MCF-7 cells. The SLB-drug
conjugates (with a dose of 50 ug of SNP/>5 x 10* cells)
could confer extreme toxicity in MCF-7 cells after 2 h of
exposure and could readily internalize and accommodate
in the cancer cells, thus signifying their ability to act as a
magnetic drug carrier [203].

7.3.4 AuNPs

For the intracellular delivery of siRNAs, Kong et al.
generated cationic lipid-coated Au NPs (L-AuNP/siRNA).
The initial hydrodynamic diameter was slightly higher for
L-AuNP/siRNA ((77.3 = 4.2) nm) as opposed to L-AuNPs
((62.3£7.9) nm). However, a dramatic decrease was
observed in the surface potential of L-AuNP/siRNA
((32.2 £ 3.3) mV) compared to L-AuNP ((59.4 + 4.5) mV),
indicating that complexation with siRNA significant
mitigated the surface charge. Furthermore, the resultant L-
AuNP/siRNA conjugates had less aggregated spherical
morphology, as confirmed by atomic force microscopy
(AFM) height images. Thus, L-AuNP/siRNA complexes
were stable polyelectrolytes generated through electro-
static interactions, which could facilitate their internaliza-
tion within cells, enhance gene silencing, and impart less
toxic effects than PEI (polycationic carrier). Thus, L-
AuNPs might be used as a safe and effective intracellular
carrier for siRNAs [204].

7.4 Interaction with amine group modified inorganic NPs

Surface modification with amine/amide could catalyze the
successful delivery of drugs in the tumor. In particular, the
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functionalization of inorganic NPs with amino acids holds
great promise. In single amino acids, both the amino- and
carboxy-terminals are available for conjugation. In
addition to their biocompatibility, they are designed to
address the with
distribution, morphology, size, and uptake by immune
cells [205].

problems that arise off-target

7.4.1 AuNPs

Biswas and coworkers reported on the indirect attachment
of Thomsen Friedenreich (TF) antigens to Au NPs by
conjugating them with two amino acids, serine and
threonine [206]. An anti-apoptotic protein known as Gal3
(galectin-3) was bound to the TF antigen. Apoptosis was
four times greater in threonine-modified particles
compared with serine in Gal3 positive cancer. Possibly,
this might be due to the higher threonine conjugation
compared to serine [206].

7.4.2 Silver (Ag) NPs

Shi et al. developed citrate-coated AgNPs in the presence
of histidine, glycine, and l-cysteine to evaluate the
biological fate and toxicity of these NPs [207]. Glycine,
which binds Ag" with the lowest energy, however, had no
discernible impact on transformations and toxicity. The
size of AgNPs and the release of Ag"™ were clearly higher
when histidine bound to Ag* with greater binding energy.
The formation of the Ag-histidine complex contributed to
a decrease in AgNP cytotoxicity. Additionally, 1-cysteine,
which had the highest binding energy to Ag", completely
transformed AgNPs into [Ag(Cys),]"* and AgS
precipitates, thereby causing the most significant
reduction in AgNP toxicity. Consequently, the particles’
reduced size and shape cause them to internalize more
rapidly, resulting in apoptosis in cancer cells. Hence, NP
size and morphology proved to affect the activation of the
extrinsic apoptosis pathway [207].

743 CNTs

To mitigate the adverse effects of DOX and enhance the
antitumor effect of DOX-loaded CNTs, DOX-loaded
thermo-sensitive liposomes and lysine-modified SWCNTs
were used as a drug carriers. The DOX-lysine/SWCNTs
exhibited improved drug binding efficacy (86.5% =+
3.7%). The DOX-lysine/SWCNTs could pass through the
cell membranes efficiently and exhibited an enhanced

antitumor effect on human hepatic cancer (SMMC-7721)
cells. The tumor volume was significantly reduced in
180-bearing mice with
liposomes and DOX groups. The inhibition of tumor
growth on SMMC-7721 cells and the sarcoma 180-
bearing mice was significantly enhanced after treatment
with near-infrared laser light at 808 nm. A dramatic rise in
body weight, food and water intake, and mental state was

sarcoma thermo-sensitive

noticed in sarcoma 180 tumor-induced mice on DOX-
lysine/SWCNTs treatment compared to free DOX.
Therefore, DOX-lysine/SWCNTs could be exploited as a
potential drug delivery vehicle when coupled with laser
irradiation [208].

744 Se NPs

According to one study, selenium (Se) NPs modified with
valine, lysine, and aspartic acid have a more potent
anticancer effect [209]. These particles were tested against
MCF-7, HeLa, and Hep G2 cells. In comparison to serine
and aspartic acid, SeNPs decorated by lysine had greater
antitumor potency. The lysine-modified Se particles
activated both caspase 8 and caspase 9, resulting in Fas
and mitochondria-mediated apoptosis. The rise in ROS
might be responsible for activating caspases. Notably,
ROS can be induced by lysine, which has two times as
many amino functional groups. An increase in apoptosis
was also observed when MCF-7 cells were treated with Se
modified aspartic acid NPs. Moreover, ROS overpro-
duction induced by Se modified aspartic acid NPs in
cancer cells might be responsible for caspase activation
and mitochondrial dysfunction. It should be noted that
after internalization, the particles resided on the acidic
lysosomes, where the amino acids undergo protonation as
a result of the acidic pH, generating ROS [209].

7.4.5 TIron oxide NPs

In one study, Yang and colleagues modified iron oxide
NPs with histidine-conjugated magnetic poly(amino acid)
NPs (H-MPNs) for DOX delivery [210]. The TEM
images of H-MPNs and MPNs displayed particle sizes
between 40 and 80 nm, respectively. However, according
to DLS, the average diameter and the zeta potential of H-
MPNs were (99.4 + 1.6) nm and (+13.6 £ 1.04) mV at pH
7.4, and (133.7+3.7) nm and (+30.9+2.31) mV at pH
5.2, respectively, revealing that conjugated histidine
moieties could increase swelling at pH 5.2. The acidic pH
in endosomes induced histidine ionization, which released
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the DOX. These findings paved the way for further
improvement because only 6.8 wt.% of DOX was loaded.
To assess the biocompatibility of H-MPNs and the
therapeutic effectiveness of DOX-loaded H-MPNs, MTT
assays were performed using HelLa cells. H-MPNs and
MPNs
concentrations, ranging from 0.0625 to 0.25 mg-mL™!,

were treated to HelLa cells with various
and incubated for 24 h. Interestingly, due to their
poly(amino acid) shell, neither H-MPNs nor MPNs
exhibited toxic effects in high quantities, disclosing their
non-toxicity and biocompatibility. However, compared to
the DOX-loaded MPNs, the increased cytotoxicity of
DOX-loaded H-MPNs was attributed to the greater
nuclear penetration of DOX provided by H-MPNs’
endosomal escape. Consequently, DOX-loaded H-MPNs
were found to be more effective than DOX-loaded MPNs.

Importantly, in GBM, antiangiogenic therapy could
cause acute tumor regression, but no improvement in
patient survival has been reported. Agemy et al. designed
a nanosystem with three properties (CGKRK peptide,
(D[KLAKLAK],) peptide, and iron oxide component),
intended to be delivered to the tumor’s vascular system. In
mice, the iron oxide component of the NPs allowed
imaging of GBM tumors. In one GBM mouse model,
systemic treatment with NPs effectively prevented tumor
development while dramatically slowing tumor growth in
another. Additionally, the tumor penetrating peptides
injected with the NPs was observed to increase their
therapeutic efficacy [211].

7.4.6 Gadolinium oxide nanoparticles (GONs)

To ensure GBM therapeutics with high efficiency (i.e.,
high-contrast MRI and radiosensitivity of GBM), Shen et
al. developed nanomaterials (14 nm) that were highly
transportable across the blood-brain barrier (BBB). This
was achieved by modifying poly(acrylic acid) (PAA)
stabilized extremely small gadolinium oxide nanoparticles
(ES-GONs) with reductive bovine serum albumin (rBSA),
producing ES-GON-rBSA (which was generated in the
water phase initially). RGD dimer (RGD2, Glu-
{Cyclo[Arg-Gly-Asp-(D-Phe)-Lys]},) and lactoferrin
(LF) were then conjugated to ES-GON-rBSA, thereby
generating ES-GON-rBSA-LF-RGD2 composite. To
demonstrate the BBB transportability, ES-GON-rBSA3-
LF-RGD2 was compared with Magnevist via T-weighted
MR images. It was strongly evident that ES-GON-rBSA3-
LF-RGD2 crossed the BBB in vivo and had access to

brain-enhancing MRI contrast, but Magnevist barely
accumulated in the brain at this Gd concentration. Further,
ES-GON-rBSA3-LF-RGD2 was investigated in vivo for
its efficacy against glioblastoma using 7)-weighted MRI.
In nude mice bearing U-87 MG tumor, ES-GON-rBSA3-
LF-RGD2 was intravenously administered, followed by
T)-weighted MR imaging at different time points after
injection. Before intravenous injection, the tumors’” MRI
signals were very weak, but improved after intravenous
administration, peaking 12 h after injection with ES-
GON-rBSA3-LF-RGD2. The ES-GON-rBSA-LF-RGD2
was highly biocompatible and could cross the BBB of
mice owing to its small size (13.4 nm), as well as LFDD
receptor-mediated transcytosis. The results of orthotopic
GBM studies confirmed that ES-GON-rBSA3-LF-RGD2
could accumulate in GBM and boost radiotherapy as a
radio-sensitizer [212].

7.4.7 MSNs
Taratula et al. modified the MSN surface by conjugating

(LHRH, a
hormonal decapeptide that releases gonadotropin) through

luteinizing hormone-releasing hormone

PEG spacer, incorporating the anticancer drugs (DOX and
cisplatin), with two forms of siRNA as suppressors of the
pump and non-pump cellular resistance. The orthotopic
mouse models were used to test the capacity of the MSN-
based DDS to achieve local inhalation lung delivery of
active components. The local administration of the MSN-
based DDS by inhalation resulted in the preferred
accumulation of nano-carriers in the lung (73%), which
was 14.6 times greater compared to i.v. injection (5%).
Thus, MSNs were prevented from entering the systemic
circulation and from accumulating in other tissues.
Overall, MSN-based DDS per organ was most abundant
in the liver (73%), kidneys (15%), and spleen (15%)
following i.v. injection (7%). In contrast, the percentage
of MSN-based DDS in the liver, kidneys, and spleen after
a single inhalation was 17%, 9%, and 1%, respectively
[213].

Notably, NPs could be endowed with
pharmacokinetic profiles when conjugated with peptides

improved

motifs. For example, Fei et al. reported on constructing an
Arg-Gly-Asp (RGD)-conjugated liposome-hollow silica
hybrid (RGD-LP-CHMSN) to deliver and release arsenic
trioxide (ATO), whose tumor-targeting effect was hinder-
ed by the dose-limited toxicity and pharmacokinetics. In
MCF-7, HepG2, and LO2 cells, RGD-LP-CHMSN
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exhibited minimal toxicity and excellent biocompatibility.
RGD-LP-CHMSN-ATO displayed increased cellular
uptake. Moreover, the hybrid demonstrated a reduction in
the half-maximal inhibitory concentration (ICsg). Based
on the pharmacokinetic analysis, the RGD-LP-CHMSN-
ATO group demonstrated a 1.7-times increase in half-life
and a 2.4-fold rise in area under the curve, compared with
the ATO group. Additionally, these nano-vehicles had
enhanced the targeting potential of ATO in the H22 tumor
xenograft model [214]. Currently, (trialkoxy) silanes with
functional groups are commonly used to modify MSN
surfaces for attaching various molecules, including
siRNAs, target ligands for peptides, and polymers. For
MSNs modified with (3-mercaptopropyl)
trimethoxysilane, treated with 2,2-dipyridyl disulfide, and

example,

conjugated with triphenylphosphonium (TPP) antibiotics
peptide (KLAKLAK)2 (TPep) were used to produce the
desired MSN-TPep [215]. Topotecan (TPT, a
topoisomerase inhibitor) in hydrochloride solution could
be incorporated into MSN-TPep in PBS by stirring
overnight at room temperature to combat ovarian cancer,
lung cancer, and others. Micrographs taken by SEM and
TEM revealed that the MSNs used in the study exhibited
an average particle size of 120nm and had a
monodisperse distribution. DLS data, however, showed a
slightly larger particle size with a narrow particle size
distribution. With tumor acid-sensitive PEGlated anionic
polymer,  positively MSN-TPep  NPs
demonstrated rapid entry into the cells (as a result of their
attraction to the negatively charged cell membrane), fast

charged

elimination from the bloodstream, and enhanced
accumulation in tumor [216]. Following that, the NPs
were anchored to the poly(ethylene glycol)-blocked-2,3-
dimethyl maleic anhydride-modified poly(L-lysine)
(PEG-PLL(DMA)) to produce = MSN-TPep/PEG-
PLL(DMA) NP via electrostatic interactions [215]. The
produced MSN-TPep/PEGPLL(DMA) NP demonstrated a
surface potential of 212.4mV. Additionally, the
MSN-TPep/PEGPLL(DMA) NPs displayed increased
tumor cell internalization, enhanced mitochondrial
damage capability, and excellent antitumor efficiency in
vitro. In addition, conjugation with TPT led to profound

tumor growth inhibition [215].

8 Efficacy of drug-loaded inorganic
nanocarriers against free drugs

Inorganic NPs are very effective in the treatment of

cancer, as demonstrated in the previous sections.

Chemotherapeutic agents can be delivered through
inorganic NPs, allowing for more efficient drug or gene
delivery, while surpassing the limits of chemotherapy
[217]. Active and passive targeting, for example, have
enhanced the accumulation of drug-loaded nanocarriers in
than

modification of inorganic nanocarriers through different

cancer cells rather in healthy tissues. The
strategies and interactions to load therapeutics and
imaging agents enhances their effectiveness against
cancer cells. Table | summarizes the efficacy of a few
drugs-loaded inorganic nanocarriers against free drugs
[54,58,60,67,69,87,90,96,105,113-114,123,135,138,140,

142, 148,150-151,163,181,208,218-236].

9 Conclusions and future prospects

Advances made to combat the challenges associated with
inorganic NPs (including off-target drug distribution,
sequential biological barriers, instability in the blood)
leverage their use in cancer therapy. The delivery of
therapeutic cargos, from proteins to small molecules,
peptides and nucleic acids, using inorganic NPs has
dramatically improved the translation of emerging
different

ionic

therapeutics. Conversely, interactions  or

strategies (physical entrapment, interactions,

covalent bonding, affinity-based interactions, and
intercalation) used to develop and optimize NP-based
therapeutic platforms have been adapted to enhance their
efficacy in new and pre-existing drug delivery systems.
Based on these interactions and approaches, inorganic
NP-based therapeutic platforms can have an assortment of
modifiable features (including surface properties, size,
morphology, and responsiveness) that can be tailored to
their

Numerous research is still being conducted on the

optimize performance for targeted delivery.
preconceived ideas of developing different drug delivery
systems by modifying inorganic NPs with different
conjugates through various interactions. As compared to
other interactions, an extremely high affinity is achieved
with the affinity (biotin-avidin) interaction as it consists of
several hydrogen-hydrophilic bonds. Importantly, ionic
interactions to load drugs can pose difficulties in the
development of formulations. Drug molecules having
—NHj; group, for example, may bind with a —COOH group
to produce huge aggregates. Moreover, ionic interactions
can be affected by pH, making them unstable in the acidic
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Comparison of efficacy between drugs and drugs-loaded inorganic nanocarriers

Nanocarrier Drug

Results with drug loaded nanocarriers vs. free drugs

Refs.

PEI/PEG/MSNs Trastuzumab

C60@Au-PEG DOX

PEI-PEG-MSNs DOX

CPNPs Ceryg

MSN@Gelatin DOX

PEG-SWCNTs PTX

MSNs-capped MMP9 Cisplatin, Bz

PEG-CA and
biotinylated PEG-
fibronectin-CA

Gemcitabine,
anastrozole

LDH MTX

LDH 5-Fu

LDH
closo-dodecaborate
(BSH) anionic
molecules

Ferrous ions doped DOX

MgAIl-LDH (Fe-LDH)

Pt-PEG-GNRs Cisplatin

TCL-SPION DOX

CaCOs3 DOX

Mesoporous CaCOs3 Etoposide

a-Ketoglutaric acid-
modified CA

AZ628 (Raf-kinase
inhibitor)

Citrate-modified CA
and a-ketoglutaric
acid-modified CA

CYP, DOX

Mercaptoundecahydro-

In trastuzumab-resistant HCC1954 xenografts, single dosage of siHER2-NPs significantly
decreased (60%) HER?2 protein levels. Treatment with multiple intravenous doses over three
weeks resulted in a marked reduction in tumor growth. Trastuzumab (10 mg-kg™!) administered
intraperitonially, trastuzumab (5 mg-kg™!) injected via tail vein, and trastuzumab (5 mg-kg™!) and
paclitaxel (3.1 mg-kg™!) injected via tail vein showed a reduced efficacy in suppressing tumor
progression in HCC1954 tumor-bearing mice.

1. In contrast to the DOX group, C60@Au-PEG/DOX (amide bond), and C60@Au-PEG/DOX
(hydrazone bond) exhibited significant levels of DOX in the blood after injection, suggesting that
C60@Au-PEG/DOX (amide bond) and C60@Au-PEG/DOX (hydrazone bond) prolonged DOX
circulation time in the blood in S180 tumor-induced female BALB/c mice.

2. In comparison to DOX, C60@Au-PEG/DOX (amide bond) and C60@Au-PEG/DOX
(hydrazone bond) markedly lowered the accumulation of DOX in the heart and spleen, decreasing
the adverse effects of DOX on heart and spleen.

3. The relative tumor volume (¥7V;) of DOX was 2.7+0.26 compared to 1.9+0.21 for Cep@Au-
PEG/DOX, indicating that more DOX could potentially enter the tumor site with C¢o@Au-PEG.
Dox and P-gp siRNA loaded PEI-PEG-MSNs complex in MCF-7/MDR tumor-bearing xenograft
model demonstrated greater accumulation in the tumor as a result of prolonged blood circulation,
leading to 80% of tumor growth suppression in comparison to free DOX (17%), MSN-DOX
(62%) and P-gp siRNA (0%).

MTS cytotoxicity assay demonstrating dosage responsive cytotoxic actions of Cer;o-CPNPs
compared to control CPNPs which exhibit modest cytotoxicity at the highest particle number
concentration and Cer;jo in UACC 903 melanoma cells.

For DOX/MSN@Gelatin, a dose-dependent cytotoxicity was recorded (ICso = (17.27+0.63)
pg-mL~!) in Hep-G2 cells, which was higher than that of free DOX. On the contrary, minimal
toxicity (ICso > 100 pg-mL~!) was observed for MSN@Gelatin.

In vitro PTX-PEG-SWCNTs showed higher efficacy in suppressing tumor growth compared to
PTX alone in a murine 4T1 breast cancer model, owing to prolonged blood circulation and 10-fold
higher tumor PTX uptake by SWNT delivery through enhanced permeability and retention (EPR).
1. Cisplatin and Bz-loaded MSNs capped with MMP9 were found to cause significant cell
apoptosis in human tumor cells and mouse and human lung tumors. The lowest cisplatin dose (2
umol-L 1) had the most enhanced cytotoxicity, increasing by over 35% in the presence of Bz. It
represents an increase in cytotoxic potency of 5- to 10-fold for nontoxic doses of a single drug.
These findings demonstrated that cisplatin and Bz delivered together via NPs were additively
cytotoxic, enabling a reduction in drug dosage.

2. Kras mutant mouse 3D-LTC treated with free (nonencapsulated) drug(s) induced apoptosis with
no distinction between tumorous and nontumorous tissues.

1. HPLC revealed that cellular uptake of gemcitabine and anastrozole was higher in breast cancer
cells for the surface-modified NPs than CA and free drugs.

2. In the cytotoxicity study, surface modified NPs showed greater toxicity than unmodified CA
NPs and free gemcitabine and anastrozole.

3. Tumor regression study using surface-modified gemcitabine-encapsulated NPs revealed
dramatic shrinkage of tumors compared to free gemcitabine.

The antitumor effects of intact MTX (30 mg-kg™!) and MTX-LDH (75 mg-kg™! was equivalent to
30 mg-kg~! MTX) using HOS-bearing xenograft mice models demonstrated that MTX-LDH
treated tumors were considerably smaller than intact MTX.

The 5-fluorouracil-LDH (5-Fu—LDH) revealed sustained release, prolonged half-life, and
increased distribution of 5-Fu in tumors in comparison to free 5-Fu.

In biodistribution experiments with xenografted mice, the tumor-to-blood ratio of BSH in the
BSH-LDH (boron delivery system) treated group was shown to be 4.4 times greater than in the
intact BSH treated group 2 h after drug administration.

Tumor growth in 4T1 bearing mice was suppressed following treatment of PTT and chemotherapy
with Fe-LDH/DOX compared to free DOX.

In comparison to free cisplatin, cytotoxicity analyses (MTT assay) revealed increased toxicity for
cervical cancer HeLa cells, human lung carcinoma A549 cells and human breast adenocarcinoma
MCF-7 cells, with ICs, values around 9 to 65 fold lower.

In vivo studies showed more significant tumor growth suppression with DOX@TCL-SPIONs than
mice treated with 5% glucose, TCL-SPION, DOX (0.64 mg-kg™!), and DOX (5 mg-kg ™).

The in vitro chemosensitivity test utilizing MTT, modified neutral red/trypan blue assay, and LDH
were used to demonstrate that CaCO3/DOX nanocrystals could mitigate tumor cell growth more
than free DOX.

The MTT assay showed that etoposide-loaded mesoporous CaCOj inhibited SGC-7901 cells more
effectively and lessened the toxic effects of etoposide in HEK 293 T cells compared with free
etoposide.

The MTT assay on MCF-7 and 4T1 cells showed that the %cytotoxicity of AZ628-loaded a-
KAMCA NPs was substantially greater than that of AZ628-loaded CA NPs, and only AZ628 at
similar doses. In MCF-7 and 4T cells, AZ628-loaded a-KAMCA NPs displayed around 9% and
12% higher cytotoxicity, respectively, than AZ628-loaded CA NPs, and a 30% greater cytotoxic
efficacy compared to free drugs.

1. Compared with CYP alone, the antitumor efficacy of the group treated with CYP-loaded a-
ketoglutaric acid-modified CA NPs showed a five-fold reduction in tumor growth in murine breast
cancer models. In addition, the CYP-loaded NPs accumulated more in the tumor than free CYP.

2. Biodistribution studies showed less accumulation of DOX-loaded NPs in the heart than free
DOX, suggesting their effectiveness in attenuating cardiotoxicity in mice. These findings
indicated that both citrate-modified CA and a-ketoglutaric acid-modified CA carriers could
prolong the circulation time, increase the antitumor effect, and abate the toxicity of the
chemotherapeutic drugs in healthy tissues.
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(continued)

Nanocarrier Drug Results with drug loaded nanocarriers vs. free drugs Refs.

Citrate-modified CA DOX In MCEF-7 cells, citrate-modified CA enhanced the cellular uptake and had a half-maximal [151]

inhibitory concentration 1000 times lower than free DOX.

Fe-PEI NPs Cisplatin Fe-PEI NPs loaded cisplatin could more effectively suppress cancer cell growth (in vitro and in ~ [163]

vivo) than free cisplatin.

Anti-EGFR-TCS-GNSs PTX In MDA-MB-231 cells, the anti-EGFR-PTX-TCS-GNSs + laser irradiation group induced 81.9% [181]

apoptosis. In comparison, the photothermal therapeutic potencies of free PTX, PTX-TCSGNSs,
and anti-EGFR-PTX-TCS-GNSs were 25.45%, 17.15%, and 13.27%, respectively. The anti-
EGFR-PTX-TCS-GNSs + laser irradiation group demonstrated a 100% survival rate over a
period of 34 d, compared to all other groups. In addition, antibody-decorated conjugates uptake
was four times than that of non-targeted samples after 5 h of treatment, demonstrating the
receptor-mediated internalization of anti-EGFR-PTX-TCS-GNS.

Lysine/SWCNTs DOX The inhibition of tumor growth on SMMC-7721 cells and the sarcoma 180-bearing mice was [208]

significantly enhanced after treatment with DOX-lysine/SWCNTs in near-infrared laser light at
808 nm. A dramatic rise in body weight, food and water intake, and mental state was noticed in
sarcoma 180 tumor-induced mice on DOX-lysine/SWCNTs treatment compared to free DOX.

Mn@CaCOs-loaded ICG In Lewis lung cancer cells, Mn@CaCO5/ICG-loaded PD-L1-targeting siRNA increased the PDT  [218]
PD-L1-targeting effect in vitro. Furthermore, in vivo tests revealed that this nanoplatform was capable of
siRNA transporting the cargos to the tumor and inhibit tumor growth more efficiently than free ICG.

PEI/PEG/MSNs DOX Using near-infrared fluorescence imaging and elemental Si analysis, the human squamous [219]

carcinoma xenografts in nude mice after intravenous injection revealed passive accumulation of
12% of the tail vein-injected PEI/PEG/MSNss at the tumour site, indicating successful cellular
internalization and DOX delivery to KB-31 cells. The resultant NPs showed apoptosis and tumor
shrinkage that was greater than that of free DOX.

F-FMSNs CPT In tumor regression study using nude mice induced with MCF-7 cells, administration of CPT [220]

suppressed tumor growth by 14% at the end of the study (the 68th day) compared to control,
indicating that it is an efficient tumor-suppressing agent when dissolved in DMSO. In contrast,
from day 48 on, the average tumor volumes in groups treated with CPT-loaded FMSN or CPT-
loaded F-FMSN continued to decrease at a faster rate.

ZnO-Au-PLA-GPPS- CPT The CPT-loaded nanocarriers were more cytotoxic to Hela cells at the same concentration of up  [221]
FA-1 and ZnO-Au- to 75 pg'mL! for ZnO-Au-PLA-GPPS-FA-1 and ZnO-Au-PLA-GPPS-FA-2 nanocarriers,
PLA-GPPS-FA-2 containing about 4.7 and 6.5 pg-mL~! free CPT in both systems, respectively. Despite the same

levels of CPT, the inhibition rates of the CPT-loaded nanocarriers were greater than those of the
free CPT.

ZnO DOX The cytotoxicity study showed that DOX-loaded ZnO NPs had a greater anticancer effect than [222]

either blank ZnO NPs or DOX alone.

LDH RH The MTT assay reveals that RH-LDHs delivered drugs more effectively to cancer cells cancer [223]

cells compared to pure RH due to pure RH’s poor bioavailability.

LDH MTX The half maximal inhibitory concentration of MTX-LDH (48 h) suggested that MTX-LDH had [224]

improved efficacy and sensitivity in human colon cancer cells HCT-116. In comparison, naked
MTX took 72 h to achieve similar outcomes.

Carboxylate-modified Cisplatin The anti-proliferative effect of cisplatin-conjugated carboxylate-modified MgAl LDH on colon [225]
MgAl LDH cancer cell lines was stronger than that of the free drug, according to in vivo data.

NaCa-LDH DAC On malignant (A-375) melanoma and breast cancer (MCF-7) cell lines, the anticancer activity of  [226]

DAC-NaCa-LDH is higher than that of free DAC.

PLGA-coated MgAl MTX Greater therapeutic efficacy was observed with PLGA-LDH-MTX than that of the bare MTX, [227-
LDH (PLGA-LDH) according to in vitro and in vivo experiments. 228]

FA-modified DOX, PTX Based on both in vitro cytotoxicity studies and a xenograft tumor model of hepatoma, this [229]
nanocarrier based on nanocarrier was more effective in fighting cancer than either the free drugs alone or the
the self-assembly of corresponding cocktail solutions.
delaminated CoAl
LDH and MnO,

GE11-Se NPs Ori GE11-Ori-Se NPs caused a larger level of ROS in KYSE-150 cells than oridonin or Chi-Se NPs, [230]

implying that the combination of Chi-Se NPs and oridonin synergistically increased intracellular
ROS levels in KYSE-150 cells, increasing the anticancer activity.
FA-QD DOX 1. Fluorescence microscopy and the MTT assay revealed that the folate-targeted DOX-QD NPs ~ [231]
exhibit greater toxic effects than non-targeted NPs and the free DOX, demonstrating their
preferential accumulation in 4T1 and MCF-7 cells in vitro.
2. The in vivo tumor inhibitory impact of FA-QD-DOX NPs revealed that the targeted
formulation outperformed the non-targeted formulation and free DOX in terms of therapeutic
efficacy.

Herceptin coupled Au- Cisplatin The platin-Au-Fe;O4-Herceptin NPs serve as nanocarriers for the targeted delivery of platin into  [232]
Fe304 NPs (Au-Fe;04- Her2-positive breast cancer cells (Sk-Br3). The half-maximal inhibitory concentration (ICsp) of
Herceptin) platin-Au-Fe;04-Herceptin NPs against Sk-Br3 cells is 1.76 pg of Pt/mL, which is significantly

less than the 3.5 pg'mL™! required for cisplatin.

Au NPs with a PEG DOX When compared to free DOX, DOX-Hyd@AuNPs boosted drug accumulation and retention in [233]
spacer linked via an multidrug-resistant MCF-7/ADR cancer cells, resulting in higher toxicity and greater apoptosis in
acid-labile linkage MCF-7/ADR cancer cells.

(DOX-Hyd@AuNPs)

MSA-capped gold Cisplatin In vitro, the effective dose of cisplatin required to suppress the development of 50% of cancer [234]
nanoconstructs loaded cells (4.9 pmol-L™1) was about five times lower than free cisplatin (> 25 pmol-L71).
with SMI#9 (Rad6
protein inhibitor)

Calcium phosphate- pac MTS assay was used to evaluate the cytotoxic efficacy of pac-encapsulated NPs (NP(pac)), co- [235]
polymer hybrid with delivery NPs (NP(pac/miRi) or NP(pac/miRi NC)), and free pac in MDA-MB-231 cells after

inhibitors for
microRNA-221 and
microRNA-222

72 h. The difference between the encapsulated form (NP(pac)) and the free form of pac in terms
of cell viability was small. At a high dosage of 0.67 pg-mL~!, pac reduced cell viability by 40%.
At the same dosage of 0.67 pg-mL™, the cell viability of NP(pac/miRi) decreased by 80%. The

cytotoxicity evaluation at a broader range of concentrations demonstrated that the NP(pac/miRi)
only needed 1% of the pac in the free form to produce the same cytotoxicity (around 80%).
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(continued)
Nanocarrier Drug Results with drug loaded nanocarriers vs. free drugs Refs.
PEGylated Au NP Pc4 The in vivo drug delivery period for PDT has been lowered to less than 2 h with the Au NP-Pc 4 [236]

conjugates, compared to 2 d with the free Pc 4 conjugates.

tumor microenvironment. Despite these shortcomings,
ionic interactions involving surface modification of NPs
with amine/amide groups, cationic macromolecules
(polymers, lipids), or Ca-doped, CaP, CaCOs particles for
complexation of therapeutics provide the impetus for
targeted drug delivery. Incorporating therapeutics into
porous NPs or intercalating NP-based platforms through
co-precipitation or anion-exchange reactions (e.g., LDHs)
can improve gene and drug delivery. As opposed to
physical encapsulation, covalent bonding offers manifest
advantages, including the ability to increase therapeutic
efficacy, enhance drug residence in the body, improve
biodistribution, decrease release times, and alleviate
systemic toxicity. Therefore, the covalent functionaliza-
tion of NPs plays an imperative role in delivering and
releasing payloads at the site of the lesion. Even though
surface charge on cationic polymer-based or lipid-based
NPs may enhance their uptake by cells [154], these drug
delivery systems tend to aggregate, lose stability and
become toxicity-prone and are eliminated by MPS. It is
believed that the need for large dosages of drug-loaded
particles to render therapeutic doses is the primary
determinant for the distribution of positively charged NPs
in MPS organs, leading to the clustering of cationic NPs.
It is true that cationic polymer or lipid-based NPs
themselves do not pose any harm, but they are capable of
causing emboli in the lungs when agglomerated [154].
The superior interaction between negatively charged
biological membranes and cationic polymer or lipid-based
NPs may prove to be inconvenient since the particles and
erythrocyte membrane exhibit the same pronounced
affinity [237]. Notably, a related event is the accelerated
opsonization and macrophage absorption of cationic
particles in the circulation [238-239]. To ensure extended
circulation, it is essential that the particles must be as tiny
and neutral as feasible.

In order to effectively deliver therapeutic and imaging
molecules to the site of action, more in vitro research and
explanations, as well as accurate noninvasive monitoring
(over time), are required for the efficacy of the NP
through
interactions). Therefore, a more in-depth analysis of NP

platforms (prepared these approaches or

design based on these approaches or interactions, and a
more detailed investigation on the NPs’ fate within the

body, is necessary to improve the specificity of these
claims. In addition, small animal models are often the
primary preclinical models for clinical studies, which
further complicates this issue since they cannot accurately
represent humans. Therefore, it is imperative to address
and overcome these limitations and evaluate safety
profiles, screen therapeutic efficacy, and apply stringent
controls during the development phase of clinical trials in
cancer treatment.

As highlighted in this review, the unprecedented effects
of different strategies or interactions (such as physical
ionic

entrapment into porous/hollow nanostructures,

interactions with native and surface-modified NPs,

covalent bonding, affinity-based interactions, and
intercalation through co-precipitation or anion exchange
reaction) to load therapeutics in modified/unmodified
inorganic NPs have shown distinct advantages over other
conventional NP-based drug delivery systems. Moreover,
the change of physicochemical characteristics resulting
from these approaches is the mainstay for improved
pharmacokinetic parameters (such as reduced indiscri-
minate tissue distributions, longer blood-residence times,
lower drug-related toxicity, etc.), which elucidate the
designing of innovative drug delivery platforms for site-
specific delivery. Although most of the pre-existing NP-
based drug delivery platforms have been unsuccessful in
their clinical translation, there is still hope of establishing
new promising platforms in the near future for treating

cancer.
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