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Abstract

Laponite is a clay-based material composed of synthetic disc-shaped crystalline nanoparticles with
a large and highly ionic surface area. These characteristics enable the intercalation and dissolution
of biomolecules in Laponite-based drug delivery systems. Furthermore, Laponite’s innate
physicochemical properties and architecture enable the development of tunable pH-responsive
drug delivery systems. Laponite’s coagulation capacity and cation exchangeability, determine its
exchange capabilities, drug encapsulation efficiency, and release profile. These parameters have
been exploited to design highly controlled and efficacious drug delivery platforms for sustained
drug release. In this review, we give an overview of how the properties and specific interactions

of various Laponite—polymer composite and drug moieties, have been leveraged to design efficient
delivery of a number of therapeutics.
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1. Introduction

Natural clays have been utilized throughout history for a myriad of applications including

in filtration, as cosmetics, and within the fields of architecture, and healthcare.[!] Within
healthcare, clay’s use dates back to 2500 BC, when it was employed as an absorbent for both
gastrointestinal diseases as well as other topical ailments and wound treatments [21. Natural
clay minerals are classified according to their fundamental structures, consisting of sheets of
tetrahedral silicate and octahedral hydroxide sheets (e.g. kaolin, smectite, illite, and chlorite
group).[3 Even though natural clay minerals have been used throughout history, scientific
exploration and synthesis of these materials began only in the 1930s.[4] The enhanced purity,
control of the structure, and superior material properties of synthetic clays over natural clays
have led to the use of a variety of clay-based materials in industrial and pharmaceutical
fields.[5] In the 1960s, new types of synthetic hectorite, part of the trioctahedral subgroup of
the smectites, started to be produced as nanoparticles at an industrial scale with applications
in household products, surface coatings, agriculture, ceramics, enamels, and the oil industry.
6. 71 Specifically, in this period, the paint industry introduced the term Laponite which is

a registered trademark owned and actively protected by the manufacturers of Laponite to
describe a group of synthetic hectorite-like clay minerals with great colloidal properties.[®!
Of specific relevance to the biomedical world, synthetic nanoparticles are inherently free of
microorganisms. Consequently, in the 1970s, Laponite particles became of particular interest
to the pharmaceutical industry, and as raw materials used in cosmetics and personal care
products. [OI10][11]

Laponite is a synthetic trioctahedral clay mineral and belongs to the smectite clay group.®]
Clays within the smectite group have a 2:1 layered structure, with an octahedral sheet
positioned between two tetrahedral sheets (TOT).[22] This structure generates sheets with

1 nm thickness and varying widths.[23] Synthetic production techniques have been able

to achieve a well-controlled diameter of 25-30 nm for Laponite materials.[14] Laponite

is negatively charged (~0.2-0.6 charge/formula unit) due to isomorphic substitution of
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magnesium ions (Mg2*) with lithium ions (Li*) in the lattice structure forming a net
negative charge on the surface that is balanced by cations such as sodium ions.[151[16]

The size and charge of the molecules impact their passage through clay systems. Water

can become tightly associated with the clay surface and results in slow dynamics.[*7] The
diffusion of larger molecules depends on the ratio between their size and the spacing of the
clay particles.[!8] Moreover, for biomedical applications, synthetic nanoparticles have the
advantage of being free of microorganisms. In the 1970s, Laponite particles were introduced
and garnered significant attention within the pharmaceutical industry, such as cosmetics and
personal care products.[!1] These favorable physicochemical properties of Laponite particles
make them strong drug carrier candidates for controlled drug release purposes.[®: 10, 11, 12, 13]
Nevertheless, a recent search for “Laponite” and “drug delivery” in the PubMed database
(September 2021) revealed only 77 relevant papers published from 2005 to this date. It

is important to note that more than 70% of these 77 papers were published as of 2016,
demonstrating that Laponite has become an increasingly attractive nanoparticle-based drug
delivery system in recent years due to its unique characteristics, such as pH responsiveness.
This review is a comprehensive analysis of Laponite as a drug delivery system and provides
a strong resource for the readers.

Although other clay subgroups have been widely studied for drug delivery applications,
[241(25]1261127] the main emphasis of this review article is physicochemical features of
Laponite with a focus on synthetic Laponite clays as a potential therapeutic drug carrier.
[28] We first introduce the background on clay materials, including synthetic Laponite,

and describe the essential properties that render Laponite an attractive material for
pharmaceutical applications. We discuss the characteristics affecting drug loading capacity
and drug release profiles. Additionally, we elaborate on the more recent applications of
Laponite-based materials for targeted drug delivery. Finally, we present the studies centered
around the development of advanced drug delivery systems addressing specific translational
applications for targeted drug delivery. We invite readers interested in non-pharmaceutical
applications of clay materials, to the Handbook of Clay Science for an in-depth review.[28]

Laponite characteristics

2.1 Physicochemical properties of Laponite

Laponite (LAP) is a white synthetic smectite clay, a layered hydrous magnesium silicate
that forms transparent colloidal dispersions in water.[29] Laponite has octahedral layers of
magnesium oxide sandwiched between two parallel trioctahedral structure and the following
formula: (Sis)'V(Mgs.yLiy)V'019(OH); - yM* - nH,0

The octahedral sheet is composed of closely packed oxygens and hydroxyls in which
magnesium atoms are arranged in octahedral coordination. This tightly formed structure

is the key factor to keep Laponite stable in such a small size.[3%] The negative surface of
Laponite in solid form is balanced by the interlayer sodium ions.[32\When Laponite powder
disperses in aqueous media, water gets to the inter-layer of Laponite, causing it to swell.
This induces dissociation of Na* ions and leads to their diffusion into the media due to

the osmotic gradient. [30] The release of Na* ions leads to a permanent negative charge

on the faces of Laponite nanoparticles.[®IThis property is exploited to load cationic drugs,
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usually molecules with protonated amino groups, that can be released in aqueous saline
solutions (Table 1).[291032][33] As described more extensively in section 3.3.3, the capacity of
Laponite to hold exchangeable cations is called the cation exchange capacity (CEC) which
is an inherent characteristic of Laponite.[3] Another important physicochemical property
of Laponite is its swellability which depends on the chemical potential of its aqueous
solution (the potential to absorb or release energy based on the concentration of Laponite
in the solution), as well as the cations present in the interlayer space.[35] The dispersion,
aggregation, or coagulation of Laponite can be changed by adjusting its concentration in
an aqueous solution or the ionic strength of the solution itself.[33] The dispersion of clay

in solution is described as the critical coagulation concentration (cy), which is determined
by the type of counter ion used. For example, in an aqueous sodium chloride solution,

the Laponite-based clay has a ¢y of less than 10mmol/L. On the other hand, phosphate,
which is common in many biological buffers, strongly buffers the pH of the solution and
can affect the ¢ by affecting the thickness of the ionic layer surrounding the clay (Table
1). Therefore, due to these characteristics of clay materials being extremely hydratable,
diffusion of therapeutics through clay-based colloidal suspensions or gels can be widely
explored for drug release applications. Especially for hydrophilic molecules, or even for
hydrophobic molecules encapsulated within micro- or nanoparticles presenting hydrophilic
surfaces.[17] However, water diffusion within clay-based colloidal suspensions or gels is
dependent on the age of the solution. The viscosity of the solution increases over time due to
the dynamics of clay particle diffusion, limiting water diffusion.

Laponite can interact with organic molecules through different mechanisms, depending

on the pH of the medium, electrostatic characteristics and size of the adjoining molecule.
[36]These drug molecule interactions occur in inter-particle locations, inter-layer sites or

at the surface or the edges of the Laponite particles. Multiple mechanisms such as the
formation of Van der Waals bonds cause inter-particle localization of drugs with uncharged,
nonpolar, aromatic or alkyl groups. Drugs with cation exchange capabilities (e.g. those
containing amin, ring NH and heterocyclic nitrogen groups), cation/water bridging potential
(e.g. those containing carboxylate, amins, carbonyl and alcoholic groups) and those which
can form Van der Waals bonds can be loaded in inter-layer sites. Mechanisms such as
cation exchange capabilities, cation/water bridging potential and hydrogen bonding (e.g. for
drugs with amins, carbonyl, carboxyl, heterocyclic nitrogen and phenyl hydroxyl groups)
can lead to the surface adsorption of the drugs. Finally, drugs with groups that allow
protonation (e.g. those with amins, heterocycle N, carbonyl and carboxylate groups) and
ligand exchange (e.g. those with carboxylate or phenolate) can be adsorbed to the edges

of Laponite nanoparticles. This shows the broad range of molecules that can interact with
Laponite and confirms the extensive potential of Laponite as a drug carrier system.[36]

Microenvironmental conditions also have a significant impact on gelation time. Laponite
gelation, for instance, occurs when weak bonds form amid the rim with positive charges
and the face with negative charges of the Laponite crystal, leading to the aggregation of
Laponite particles.[33] The gelation time is found to increase significantly with decreasing
salt and Laponite concentration.[33] The increase in ionic strength leads to a decrease

in electrostatic repulsion between the Laponite particles, which consequently helps the
formation of aggregates. When salt concentrations go above 11 mM in this case, gelation
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happens abruptly.[33] However, in Laponite concentrations above 10 g/L, salt concentration
does not have any significant role in gelation time.[33] To make homogenous ionic solutions
with Laponite, it must first be dispersed in salt-free water, followed by an increase in the
ionic strength of the solution.[33]

The orientation of clay particles is commonly referred to as the “house-of-cards” structure,
or “T configuration”. This orientation is generated by preferential interactions between the
negative charge on the basal plane and the positive-charge of the edge of the particles
(Figure 1b, 1c).[24] However, this only applies to lower salt concentrations (<cy) or pH
values lower than 11 (the point of zero charges [p.z.c.] for the edges of Laponite particles),
a condition in which the positive charge at the edges can have a significant effect on

the system. On the other hand, at higher salt concentrations, face to face Van der Waals
interactions can dominate and generate band-type aggregates or stacked configurations,
which can still transition into the house-of-cards structure (Figure 1c). However, when the
salt concentration is too high, it will cause excessive aggregation and precipitation of the
clay solution. While the “house of cards” structure is widely accepted for gelification of
Laponites and is governed by attractive forces, it is shown that Wigner glasses form when
Laponite nanodiscs are kept apart due to electrostatic repulsion at low ionic strength.[31]
Depending on the orientation of the clay particles within the gel or nanocomposite, the
permeability of water and diffusion of small molecules through the system can change.
Well-oriented structures of clay particles can be used as a barrier to gases and liquids,

[37] while randomly oriented particles can present a sufficiently tortuous path to decrease
permeability.[38]

Given the affinity of Laponite and ions, various structures can be formed by merely
changing the pH, ionic strength, or concentration of clay particles, in turn affecting the
properties of gels containing the clay particles.[391 This dependence on salt concentration is
not straightforward, as systems can have a narrow window of ion concentrations at which
increased mechanical properties (e.g., viscosity, strength) are observed. Weak sols (colloid
gels) are present on both extreme salt concentration values of some smectite clays, while
others see a re-emergence of a gel region at higher salt concentrations.[4°]

2.2 Laponite — polymer conjugates

When polymers are combined with Laponite in a solution, flocculation (a process by
which unstabilized particles combine to form clusters) or stabilization can occur depending
on the concentration of polymer and their interactions with the clay.[4142] Polymers can
flocculate colloidal dispersions at low concentrations via two methods: forming bridges
between the Laponite nanoparticle and neutralizing the charge. In a bridging process of
flocculation, polymers bind to the surface of two neighboring Laponite nanoparticles.
Flocculation through charge neutralization occurs when charges of opposite surfaces of
Laponite nanoparticles and polymers neutralize each other. Polyanions produce more
effective flocculation of clay dispersions compared with polycations. Polyanions attach
to few sites on particles, leaving larger parts of the macromolecules floating free in
solution, which can form bridges between adjacent nanoparticles (Figure 1d). However,
in the case of polycations, a longer part of the polymer molecule interacts with the
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negatively charged surface of Laponite; rendering bridging between nanoparticles not as
effective as with polyanions (Figure 1d). Alternatively, high concentrations of polymers can
re-stabilize dispersion by steric stabilization (Figure 1d). If the solvent is suitable for the
polymer and promotes polymer coil expansion, high chain density can occur in the space
between Laponite nanoparticles, with solvent penetrating the area, preventing precipitation.
[12] Destabilization can occur with the addition of a lower quality solvent for the polymer as
the polymer coil contracts (Figure 1d).[43] Hence, polymer structure, as well as charges, are
important parameters to be considered when selecting polymers to develop Laponite-based
drug delivery systems. Besides, pH-sensitive or stabilizing polymers can also impact the
release and stability of drug delivery systems.[44] Natural (e.g., alginate) and synthetic (e.g.,
Pluronic (F68) and poly(lactide-co-glycolide) (PLGA)) polymers are commonly employed
to improve the loading capacity and sustained release of drug-loaded Laponite.l[42] As
detailed in this section, Laponite characteristics, permeability, diffusion behaviors, and its
ability to form polymer conjugates all lend themselves to drug delivery applications.

3. Laponite as a drug carrier

The drugs’ therapeutic efficacy often depends on the high administration’s dosage and
frequency, resulting in severe side effects and toxicity.[4®] To tackle this issue, drug carriers
that deliver a sufficient amount of the drug to the site of action while maintaining a
therapeutic level during the treatment period have been frequently practiced.[46] Selecting

a suitable drug carrier is essential in various pathologies, including infections, cancer, and
inflammatory diseases.[47] Besides, the drug encapsulation strategies can also potentially
improve the delivery of compounds with poor solubility, low stability, and high cytotoxicity
under physiological conditions.[48]

Laponite is an exciting drug carrier to encapsulate cationic compounds due to its interlayer
spaces with a large surface area (330 m2/g) and high negative charge (-39.5 mV for 1
wt% Laponite suspension), allowing the adsorption of positively charged drug molecules.
[49] |n these Laponite incorporated drug carriers, the release of the molecule occurs
through a controlled ion-exchange mechanism.[3% In the following section, we discuss the
characteristics which affect drug encapsulation and release from Laponite.

3.1 Characteristics Affecting Drug Encapsulation Efficiency (EE)

The EE is defined as the ratio of the intercalated drug molecule to the total amount of

the added drug. The main mechanism of Laponite drug uptake is through intercalation.
However, some fractions can be adsorbed on the surface of the particle.’1 As an
exfoliated clay mineral, a large surface area and the repulsive electrostatic forces between
negatively charged interlayers create sufficient space to encapsulate drug molecules.[32]
Drug intercalation leads to an increase in layer spacing (d-spacing). The highly ionic
Laponite layer can hold drug molecules via two potential mechanisms depending on the
physicochemical properties of the compounds: (1) ion-dipole interaction with hydrophilic
molecules and (I1) ion-exchange reaction with ionic compounds.®3] The competition
between the drug compound and cations (such as Ca%*, Na*, K*) dictates the EE.[34] In
the following sections, we explain various factors that affect the EE of the drug in Laponite.
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3.1.1 Drug compound and Laponite net charge—The key mechanism of drug
intercalation is cation exchange (also see Section 3.3), which depends on both drug

and Laponite nanoparticles’ net charge. The main variable that influences Laponite and
drug compound charges is the pH.[33] Laponite’s pH-responsive behavior is attributed to
the negative charge on its surfaces and the pH-dependent charge of the edges.[5®! This
pH-dependent property enables Laponite to be protonated or deprotonated based on the
microenvironment acidity or alkalinity.[5¢] Further, owing to the differently charged edges
and surfaces, Laponite can therefore adsorb charged species and water independent of
each other.[57] On the other hand, the drug molecule’s net charge determines the strength
of electrostatic interactions between a drug and Laponite.[2] The higher electrostatic
forces between the drug and Laponite increase the encapsulation efficiency. For example,
tetracycline is positively charged at acid conditions with pH values lower than 3.3,
zwitterionic at the pH range between 3.3 to 7.7, whereas at pH 7.7 to 9.5, it acquires a

net charge of —1, which drops to —2 at pH > 9.5. As a result, tetracycline’s intercalation
efficiency decreases by increasing the pH level due to the electrostatic repulsive interaction
between the negatively charged layer of Laponite and tetracycline (Figure 2).153] Apart
from pH, ionic strength can also affect drug molecules’ net charge via modulating the pKj.
Ghadiri et al. showed higher pKj of tetracycline due to the release of Na* from Laponite,
expanding the pH range favorable to encapsulation. A decrease in tetracycline loading was
observed in high pH conditions due to a higher net negative value of the drug.[33]

3.1.2 Drug concentration—The process of drug intercalation into Laponite depends
upon the concentration of both the Laponite and the drug.[36] Laponite XLG has about 60
meq/100 g CEC, meaning that 100 g Laponite can hold up to 1.38 g of Na* (23 meg/mg).
[58] Assuming complete exchange between all intercalated Na* ions and drug molecules,
the amount of drug encapsulated is related to the molecular weight and osmolarity of the
drug. In the case of tetracycline, 26.7 g tetracycline (molecular weight = 444.4 g/mol)
could be intercalated in 100 g Laponite (Na* molecular weight 23g/mol).[53 When the drug
concentration exceeds the maximum loading capacity of Laponite, EE will be reduced. For
instance, increasing the tetracycline concentration from 0.1 wt% to 0.2 and 0.3 wt% in
Laponite dispersion (1 wt%), reduced EE of tetracycline from 99.2% to 97.7%, and 95.5%,
respectively.[53]

3.1.3 Laponite concentration—EE is also affected by the Laponite concentration in
a drug delivery system [41]: however, the impact of Laponite concentration on EE is still
unresolved and described by multiple competing theories. The first theory suggests that
increasing the amount of Laponite in the carrier increases the EE. As an example, the EE of
pure chitosan is generally around 31%. However, when increasing the amount of Laponite
from 10 mg/mL to 40 mg/mL in a Laponite/chitosan sample loaded with ofloxacin, the EE
increased from 50% to 91%.[41] Similarly, by increasing the amount of Laponite from 1 to 4
mg/mL in Laponite/chitosan carrier loaded with doxorubicin (DOX), the EE increased from
72% to 98%.1591 Based on these findings, it can be concluded that increasing the amount of
Laponite can result in better drug dispersion within its layers, leading to an increase in the
EE of the drug.
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The second theory contradicts the previous one by claiming that increasing the amount of
Laponite in carriers can decrease the EE. For instance, researchers found that by increasing
Laponite concentration from 3 to 10 mg/mL in Laponite/chitosan loaded with amoxicillin
(AMX), the EE decreased from 10% to 3%.[42] Based on these outcomes, the researchers
proposed that a higher concentration of Laponite may lead to aggregation of the Laponite
discs into clumps that lower the drug molecules’ ability to access the interlayer space of
Laponite, leading to a lower loading efficacy. These contradictory results suggest that an
optimum Laponite concentration is needed, depending on the type of loaded drugs.[60]

3.2 Drug loading characterization

A robust strategy for the characterization of drug incorporation in a Laponite layer is critical
to ensure quality, safety, and rational development of drug delivery systems for medical
applications. The most commonly used methods to demonstrate drug incorporation are
Fourier-transform infrared spectroscopy (FTIR), x-ray diffraction (XRD), scanning electron
microscopy (SEM), and zeta potential. The aforementioned techniques can be leveraged

to measure the size, shape, composition, purity, surface property stabilities, and dispersion
state of nanometric systems. The characterization of drug intercalation and its impact on
the d-spacing (the distance between planes of clay) was studied by Ordikhani et al. In this
study, the XRD pattern of Laponite demonstrated a peak at 26=6.57° related to (001) plane
with d-spacing of 13.43 A°. This specific peak dropped to 3.79° for the chitosan/Laponite
nanocomposite film, suggesting an increase in Laponite particles’ plane spacing. No peaks
related to Laponite in the XRD pattern were detected after adding a drug to the Laponite-
chitosan nanocomposite, demonstrating significant exfoliation of Laponite nanoparticles

in the chitosan matrix.[81] Kuen et al. also employed XRD and tested formulations of
donepezil, an acetylcholinesterase inhibitor used in treating Alzheimer’s disease, with three
smectites: Laponite, saponite, and montmorillonite.[2] Their results indicated that complete
intercalation of donepezil into the smectite interlayer space leads to the loss of the peaks

in the XRD pattern related to donepezil crystalline.[82] In the same study, the authors used
FTIR to demonstrate that the donepezil molecules were stabilized inside the clay’s layer in
an amorphous form, not crystalline, and confirmed an unordered, uniform distribution of
the drug within Laponite layers. It was shown that the drug’s chemical structure did not
deteriorate throughout the loading process, and the functional groups of the drug remained
active.[52] Laponite has two main characteristic peaks at 1000 cm~1 and 700 cm™2, related
to stretching from Si—O and bending from O-Si-O. By adding a drug to Laponite, a slight
increase in wavenumber can be seen which is due to the molecular interactions between
Laponite and drug.[63]

As mentioned earlier, net charge plays an important role in the drug’s intercalation (EE %);
thus, the zeta potential measurement is critical to quantify the drug’s charge. Ghadiri et al.
showed that tetracycline-Laponite had a greater negative charge as the pH level increased
from 3 to 7.153] Consequently, the increase in negative charge reduced the intercalation

of tetracycline. Additionally, the release curves (Figure 1 a and b) revealed that the
microenvironment pH also affects the drug release profile by enhancing Laponite solubility.
For example, changing the pH from 7.2 to 5.2 increased the release of tetracycline from
15.4% to 52.3% in 72 hours.[5
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SEM is another technique used to demonstrate drug incorporation into Laponite.[64] In a
study published by Yang et al. SEM images revealed that the addition of the drug ofloxacin
to chitosan/Laponite carrier causes a high degree of surface roughness compared to chitosan
alone.[1] That phenomenon may be due to the leakage of drug crystals from the chitosan
network to the surface of the carrier. Interestingly, Laponite addition also has an impact on
the microstructure of the carriers as an increased amount of Laponite significantly improved
the regularity of the surface structure, which can be attributed to a more favorable drug
loading after Laponite incorporation. Release studies of the aforementioned system showed
that higher concentrations of Laponite resulted in a decrease in the initial burst of ofloxacin
and a slower release rate in both pH levels.[41]

3.3 Characteristics affecting drug release

When drug molecules are uniformly incorporated in a drug carrier, release happens via
diffusion or the carrier’s degradation. When the rate of drug diffusion is higher than
degradation, the release is mostly governed by diffusion. A burst release could also happen
as the portion of the drug on the surface of the drug carrier dissolves quickly if not
covalently bonded. Thus, the general mechanism of release for intercalated drug molecules
from drug carriers requires water diffusion into the carrier and drug diffusion out of the
carrier. Any factor that can influence water absorption and drug diffusion will have a direct
impact on the release rate. As Wang et al. showed the incorporation of AMX within PLGA
containing Laponite nanofibers yielded a slower release of AMX compared to carriers
made of only Laponite or PLGA.[42] In this example, the drug release route starts from

the Laponite reservoir, followed by the PLGA network, which acts as a physical obstacle
and delays the drug release. On the other hand, it has been demonstrated that in chitosan/
Laponite composites at acidic pH, the drug was released faster compared to composites at
physiological pH, a result that is attributed to the cationic charge of chitosan in acidic pH
and an increase in water absorption.[41] Below, we describe the factors which affect drug
release efficacy.

3.3.1 Physicochemical properties of drug compounds—The chemical structure
of drugs is an important factor in defining their release profile within a Laponite complex.
Protonated and hydrophilic drug molecules are more strongly retained in the interlayer
spaces of Laponite structures due to strong interfacial interactions with Laponite’s negative
surface charges.[®5] Laponite possesses high hydrophilicity, swelling properties, and cation
exchange capacity.[] Therefore, drug molecules with effective hydrogen bonds, significant
electrostatic interactions, and high positive charge have a higher retention capacity and a
better profile for sustained drug release.[6¢]

3.3.2 Microenvironment’s pH—Physiological variability in pH levels, such as those
that occur pathologically in cancer or inflammation, have been used as a strategy to target
specific organs and stimulate the release of drugs.l87] Low pH values are typically observed
in inflamed, ischemic, and neoplastic tissues, a trait that can be exploited by the use of
pH-sensitive compounds for the active release of the drug into target tissues.[4] Laponite
has negative surface charge and positive pH sensitive edge.[58] The presence of amphoteric
groups such as MgOH, LiOH and SiOH in Laponite nanodiscs [391 which can be protonated
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and deprotonated depending on the environmental pH result in pH dependency of the
edges.[29] Altering the pH level is a reversible mechanism to mediate the release of loaded
molecules and should be considered as a critical factor when designing drug carrier systems.
[55] As electrostatic interaction between drug molecule and Laponite in different pH is
governed by protonation and deprotonation of Laponite, the pH responsive release of drug
is reversible by adjusting the pH. Consequently, Laponite can be utilized as a pH-responsive
drug carrier to improve control over drug release. The release of cationic drugs such as DOX
from Laponite occurs via an ion-exchange mechanism, which is more rapid in the presence
of high H* concentrations. For example, it has been demonstrated that with DOX/Laponite
nanohybrids, at physiological pH (7.4), 10.5 + 2.9% of DOX was released, while dropping
the pH to 5.4, increased the release rate.[>]

3.3.3 Cation exchange capacity (CEC)—The de-intercalation of a drug from the
Laponite layer strongly depends on the drug release amount.[4 The protonated drug is
substituted with cations in solution, and the rate of this replacement is controlled by the
physicochemical properties of both the drug and clay.[®5] A higher clay CEC indicates

a stronger interaction between the drug and clay, which can cause a slower drug release.
[53] Donepezil’s release profile from Laponite XLG (a grade of Laponite that forms

highly thixotropic gels), saponite, and montmorillonite demonstrated this relationship. The
release of these clays after 180 minutes was as follows: Laponite 37%, saponite 15%, and
montmorillonite 7%.[521 To improve the drug release, Eudragite® E-100, a large cationic
molecule, was included in the release media to facilitate the substitution of the drug due

to its stronger interaction with the negative face of the clay. The addition of Eudragite®
E-100 increased the rate of release to 61%, 23%, and 12% for Laponite XLG, saponite, and
montmorillonite, respectively. Coating the clay-drug hybrid with Eudragite® E-100 could
also increase the drug release to 83%, 83%, and 43% for Laponite XLG, saponite, and
montmorillonite, respectively.[62] Thus, controlled drug delivery can be achieved to various
degrees of success, depending on the type of clay used.[6°]

3.3.4 Swelling behavior—As with all biomaterials, rehydration is an important step
leading to the release of encapsulated drugs from Laponite.[70] Research has shown that
incorporation of Laponite can modulate the swelling behavior of hydrogels containing the
clay.[571 For example, the swelling behavior of chitosan was measured at pH 1.2 (gastric pH)
and pH 7.4 (intestinal pH).["X] The swelling ratio of chitosan beads in pH of 1.2 was higher
than that in pH of 7.4; thus chitosan bead completely dissolved within 3 hours in acidic pH.
The addition of Laponite to the chitosan system helps to overcome chitosan’s dissolution
and quick release of the drug.[62] These characteristics make Laponite a favorable candidate
for targeting release at the lower intestine’s slightly alkaline environment.[30]

The greater charge density of Laponite produces a more hydrophilic system and infiltration
of water molecules.[57] However, in another study, it has been reported that the increase in
the Laponite content can lead to more crosslinked hydrogels and more tortuous paths for
diffusion, which would inhibit water penetration into the hydrogel.[5] By adding a highly
hydrophilic cation in the release media, the swelling ratio increased.[36] Park et al. showed
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this by the addition of Eudragite®-E100 (a molecule with a high number of hydrophilic
groups such as NH,") to release media.[62]

Similar findings have been reported by Chen et al. for the pH-dependent swelling behavior
of nanocomposite containing poly(dimethylaminoethyl methacrylate) (PDMAEMA)
network crosslinked by Laponite XLS and carboxymethyl chitosan.[”2] The presence of a
high concentration of NH,4* in the hydrogel in acidic pH leads to disruption of the hydrogen
bonds and consequently increases the swelling ratio due to the repulsion forces exerted by
the NH4* molecules. As the pH rises to 7, the swelling ratio decreases due to the reduction
of the NH,* molecules. However, for even higher pH values (> 8), the swelling ratio
increases due to the repulsion that is exerted from the -COO™ ions deriving from the -COOH
groups. In contrast, due to the abundance of hydrogen bonds in the hydrogels at acidic pH,
the swelling ratio reduces.[72]

3.3.5 Concentration of Laponite—The concentration of Laponite not only affects
the loading efficiency but also directly influences the release profile of an intercalated
drug. For example, Yang et al. showed that the release rate of ofloxacin was significantly
reduced with increased Laponite content,[41] possibly due to a slower degradation rate or
limited diffusion.[”3] In another study, both the swelling of gellan gum methacrylate, a
photocrosslinkable hydrogel, and the diffusion of the loaded compound was affected by the
incorporation of the Laponite and its interaction with the compound. It was shown that the

diffusion of the drug was reduced by increasing the concentration of Laponite from 0.1to 1
%_[74]

3.3.6 Drug solubility—Drug solubility in water is a factor that affects the release rates
and the bioavailability of the drug [75]. Water-insoluble drugs can be challenging to deliver
due to their slow-release rate in aqueous media and low bioavailability.[’®] Jung et al.
showed that the solubility of itraconazole (ITA) is enhanced through incorporation into
Laponite.[4] Drug release was initiated when cations were exchanged with ITA stored

in the Laponite interlayers. The release rate can be controlled by using different cation
species. Simple cations such as Na* and Ca2* showed slower release rates in comparison

to hydrophobic organic cations due to the difficulty of ion exchange reactions with smaller-
sized cations.[8] However, the release of ITA improved in a Eudragite® E-100 solution

due to the higher charge of Eudragite® E-100 relative to simple cations, resulting in

greater exposure of the layered edges of Laponite, and subsequently greater release of
ITA.[48] Another study indicated that the water solubility of indigo dye, which is a nonpolar
compound, was improved when introduced into Laponite.[?”] Lipid-based formulations have
also been combined with Laponite which plays the role of the solid-state carrier to improve
the loading capacity of poorly water-soluble compounds. Two different publications from
Dening and coworkers examine how the addition of Laponite can improve the performance
of a lipid-based formulation. They showed the intercalation of the antipsychotic drug
Blonanserin into laponite reached up to 20% w/w, which is 7-fold more than the traditional
lipid-based formulation and surprisingly higher compared to 11% w/w drug intercalation
achieved with montmorillonite although laponite possesses lower CEC.[781[79] |n the second
study Dening et al. used spray drying to encapsulate Miglyol® 812, a mixture of medium
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chain caprylic/ capric triglycerides in Laponite. The Laponite-lipid hybrid not only reduced
the partitioning of triglycerides but also affected the lipolytic product release by retaining a
large fraction of the lipolytic products.[8°]

3.4 Degradation of Laponite

Degradation and cytotoxic profile of a material dictates its suitability for biomedical
application. In low pH, Laponite degrades and releases sodium, aqueous silica (Si(OH),),
magnesium, and lithium ions into the solution. Using Laponite as a drug carrier may raise
biocompatibility concerns due to the nanostructure of the clay, which may trigger a series
of biological effects.[!] These concerns can be mitigated by an enhanced comprehension
concerning the mechanism of Laponite degradation and clearance of the resulting by-
products. Complete clearance from the body can significantly lower the risks associated
with using the nanomaterial.[18]

As discussed earlier, the amount of released Mg?* is correlated with the amount of Laponite
released in the medium, which defines its dissolution rate.[®] It is known that, in acidic
conditions, Laponite starts to degrade and release Mg2*+ according to the following equation:

SigMgs _45Lig 4H4004Nag 7+ 12H + 8HyO — 8Si (OH)4 + 0. 7Na® +5.45Mgp+ + 0. 4LiT

Researchers studied the degradation rate of different ratios of Laponite/alginate in the cell
culture medium. The result showed that a loss of mass of 19% for alginate alone was
observed after 48 h; however, 28% and 48% mass loss was observed with 50:50 and 20:80
(Laponite/Alginate) composites, respectively. The nanocomposite with high clay mineral
concentration (80:20) resulted in a very low rate of degradation of 5.5% after 48 h.[81]
Similarly, incubation of Laponite/poly (ethylene oxide) (PEO) nanocomposites with 40% to
70% of Laponite clay minerals in phosphate-buffered saline (PBS) over 21 days lead to the
decline in mass loss from 47% to 23%, respectively.[82]

3.5 Biocompatibility of Laponite

So far, a standard method for the evaluation of Laponite biocompatibility as a drug

carrier does not exist.[83] The researchers used different methodology to evaluate Laponite
biocompatibility often upon degradation. For example, the biocompatibility of a Laponite
crosslinked PEO films for its application in controlled cell adhesion was investigated in
mouse preosteoblast cells using Multitox-Fluor Multiplex Cytotoxicity Assay Kit with
selected ratios of polymer:Laponite.[82] The authors demonstrated that by increasing
Laponite concentration from 40 to 70%, cell viability stayed unchanged, indicating that
Laponite is not cytotoxic.[82]

In another study, the same authors added different concentration of chitosan (0, 4 and 11%)
to the Laponite crosslinked PEQ, to further control cell adhesion, antibacterial properties
and mineralization for bone repair.[84] They found that the addition of chitosan did not have
any negative effects on the cytotoxicity of the material, and cell viability remained high
within the 14-day duration of the study in mouse preosteoblast cells.[84] However, addition
of chitosan improved the structural integrity and delayed the release profile of albumin
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used as a sample drug. In an additional study by Gaharwar et al., the biocompatibility

of an injectable hemostatic gel comprising different ratios of gelatin/Laponite (ranging
from 0:1 to 1:0) was investigated for out-of-hospital wound treating. The formulations
containing a total solid concentration of 9 wt% and Laponite ratio of 75 wt% (i.e.,

9NCT75) are non-cytotoxic to macrophages. Similarly, ~100% cell viability was observed
for all the formulations tested including pure gelatin (9NCO) and pure Laponite (9NC100)
as determined using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
assay. The formulations have also been demonstrated in vivo biocompatibility without signs
of inflammation after subcutaneous implantation in rats for 28 days.[8]

Electrospun Laponite-doped PLGA nanofibers have also been used as scaffold materials.[4]
The biocompatibility of the nanofibers was evaluated by culturing fibroblasts and epithelial
cells on the nanofiber scaffolds and assessing cellular activity.[8¢] Cell attachment and
proliferation of cells cultured on the nanofibers were improved compared with those on
Laponite free PLGA nanofibers; which was credited as a result of improved hydrophilicity
and protein adsorption provided by the PLGA.[8¢]

In a different study, electrospun Laponite-doped PLGA nanofibers with encapsulated

AMX were investigated as a drug release system.[42] This research demonstrated that
porcine vascular endothelial cells (PIEC) cultured on either PLGA or PLGA/Laponite/ AMX
nanofibers had no significant difference in viability after 8 hours. After 72 hours,
proliferation on PLGA and PLGA/Laponite/AMX were significantly higher compared with
those cultured on coverslips (p < 0.05). Both PLGA and PLGA/Laponite/ AMX showed
similar cytocompatibility, and the utilization of Laponite/AMX did not affect cell viability.
Cell morphology studies also demonstrated that after 72 hours of culture, cells had a similar
phenotype in both PLGA and PLGA/Laponite/AMX.[42] Also, cells were able to penetrate

and migrate within both scaffolds, corroborating the results of the MTT cell viability assay.
[42]

The biocompatibility of Laponite (1 mg/ml) has been measured using human epithelial
carcinoma cells using an MTT assay.[3] The cells showed similar behavior in the presence
of Laponite compared to the PBS control. This study aimed to examine cell apoptosis in the
presence of DOX. It was found that carcinoma cells underwent apoptosis after exposure to
free DOX or intercalated DOX in the Laponite solution.[73]

Systemic toxicity of the Laponite has also been investigated by Wang et al. in combination
with intramuscular stimulation.[87] Laponite was incubated with saline, and after 3 days was
injected intraperitoneally to the rodent model. All general toxic effects such as appetite,
body weight, and survival were monitored, and compared with the control (injected with
pure saline) to ensure that the difference in experimental groups were not statistically
significant.[88] The authors also looked into intramuscular stimulation tests where they
locally injected the Laponite, saline, and alcohol to the back of the rats and monitored

the animals for any signs of erythema, edema, and necrosis around the injection site. The
injection sites showed no signs of rejection when contrasted with the control group, whereas
the alcohol injection exhibited significant skin damage. The treated animals were then
sacrificed, and their organs were tested histologically. All the examined organs confirmed
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the biocompatibility of the injected material, and no signs of severe abnormality were
observed.[88]

Application of Laponite:alginate composites to bone defects in mouse models demonstrated
the bone formation ability of the system.[8] Although the study did not report on the
biocompatibility of the tested systems, in particular, no inflammation or severe foreign body
response was reported either, suggesting biosafety of Laponite composites as bone grafts.[8]
Avery et al. used a gel-based non-invasive embolic agent made of gelatin and Laponite to
address endovascular embolization. Their results demonstrated the hemocompatibility of the
gelatin/Laponite composite, and the study did not report any foreign body reaction or in
vivo toxicity.[8%] Table 3 summarizes various studies that assessed the biocompatibility of
Laponite or composites with Laponite components.

The low cytotoxicity and biocompatibility of Laponite, along with the advantage of
prolonged-release, can be used in the field of ophthalmology.[2°] In 2016 Fraile et al. first
demonstrated in vitro application of Laponite as a drug carrier for dexamethasone in ocular
pathologies.[29] Subsequently, Prieto et al. demonstrated good tolerability in rabbit models,
where no inflammation and foreign body encapsulation was observed upon Laponite
nanoparticles administration. Most importantly, their study suggested the transparency of
Laponite nanoparticles in the gel state, which is desirable for ocular applications.[?°]
Encouraged by the aforementioned studies, the same group recently developed a Laponite-
based drug delivery formulation of brimonidine for the treatment of glaucoma. Their study
for the first time demonstrated that treatment with a brimonidine/Laponite formulation was
neuroprotective in a rat model of glaucoma for up to 6 months.[92]

4. Laponite-based drug delivery systems

Targeted and sustained drug delivery systems are engineered worldwide for delivering
therapeutic agents for clinically relevant periods (i.e, hours to months depending on the
mechanism of action) to a targeted diseased area within the body.[92] Targeted delivery
specifically helps maintain therapeutic drug levels at the relevant tissue environment, thereby
reducing damage to the healthy tissues due to cytotoxic side effects.[93] To develop an
efficient drug delivery system that also enables sustained release, it is crucial to increase
bioavailability by enhancing the delivery system solubility in hydrophilic environments,
enabling a targeted drug release for the required duration of treatment.[%4] Sustained drug
delivery provides a continuous release of therapeutics at a predetermined ratio for a fixed
period,[%6] enabling stable plasma levels of drugs, less frequent dosing, reduced side effects,
[95] increased efficacy, and prolonged delivery.[96]

Hybrid clay-based materials have gained increasing attention for sustained delivery of
therapeutic owing to inherent properties showed by these materials, including large surface
area, decreased toxicity, and high absorption capacity.[*”] For instance, the addition of
Laponite, a synthetic clay material, to chitosan was reported to increase the sustainability of
the release system.[41] This was attributed to Laponite’s role as a crosslinker with chitosan
as a result of its exfoliated particles, which strengthen the chitosan network and lead to a
sustained release rate.[1] In another study, the incorporation of Laponite with chitosan films
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and their integration into silicate pallets facilitated a more prolonged controlled release of

a glycopeptide antibiotic, vancomycin, when compared to its release from chitosan alone,
showing great promise in orthopedic applications.[62] Various other drug delivery platforms,
particularly for wound healing applications and anti-tumor therapies, have taken advantage
of Laponite-based drug delivery systems as well, and the increasing number of studies
exploiting Laponite further demonstrate its potential as an effective material for sustained
and targeted drug delivery applications.[63] In the aforementioned drug delivery system,
Laponite is used as an excipient however, Laponite can also directly affect the action of
another molecules. Dening et al. showed that Laponite can be used for the treatment and
prevention of obesity due to its concentration-dependent property to reduce lipid absorption.
The application of Laponite in Sprague-Dawley rats led to the increased weight loss
compared to a control group [i.e., phosphate buffered saline (PBS)]. The result of this study
was statistically equivalent to the commonly prescribed anti-obesity drug, Orlistat, over a
2- week dosing period. [°8] In another study, it was demonstrated that Laponite selectively
bind to Free Fatty Acid (FFA) due to electrostatic attraction between the positively charged
Laponite edge and the negatively charged FFA. This electrostatic binding results in the
inhibition activity of gastrointestinal lipase to digest dietary fat.[9]

In the field of pharmacology and drug development, drug molecules are classified as small
and large molecules. While the majority of the current on-the-market drugs are small
molecules, large molecules, also known as biologics, are quickly rising in popularity and
importance.[190] |_aponite has been used in different studies for the delivery of both small
molecules and large molecules. In this section (4.1) and the following section (4.2) we
intend to showcase some of the drugs that have been used in Laponite drug delivery systems
and describe the behavior of these systems. These examples alongside the information on
structural, drug loading and drug release capabilities of Laponite that have been described
throughout the review can guide the readers in selecting Laponite as their potential delivery
model.

4.1 Small molecules

Laponite has been used to improve the delivery of chemotherapeutic drugs such as DOX, a
pH-responsive compound, in preclinical studies with or without the use of a polymer. Wang
et al. encapsulated DOX in the interlayers of Laponite with a high EE of 98.3 + 0.77%.[101]
The Laponite/DOX complex displayed a potent anti-tumor effect as a result of the increased
cellular uptake of DOX by MCF-7 cells. In addition, it was shown that the hydrodynamic
size of the Laponite/DOX complex was different in PBS (pH 7.4) compared with its size

in acetic acid-sodium acetate buffer (pH 5.4).[59 In PBS buffer, Laponite/DOX complexes
were observed to be bigger, prolonging the release of the drug. Accordingly, the drug
diffusion in acidic pH was faster than at physiological pH, where smaller Laponite/DOX
complexes were formed. Considering the fact that the pH of tumor sites is lower than

that of normal tissues (pH 5.0 — 6.0), Laponite/DOX complexes show great promise as
carriers in tumor therapy applications.[73] In addition, Chen et al. showed that the addition of
polymers such as oligomeric hyaluronic acid-aminophenylboronic acid (0HA-APBA) could
improve the tumor-targeting efficiency of DOX/Laponite. oHA is a degradation product of
hyaluronic acid (HA) and can effectively suppress tumors by inhibiting CD44 clustering,
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which enhances the cellular uptake of the drug. As a result, Laponite/OHA-APBA/DOX

complex prolonged drug release for up to 7 days while free DOX was released in 6 hours.
[102]

In another study, a self-assembled layer-by-layer method was used to coat Laponite with
DOX, forming DOX/Laponite nanohybrids[®4]. Strong polyanions - poly sodium styrene
sulfonate (not pH-dependent) - and weak polycations - polyallylamine hydrochloride (pH-
dependent) - were used as the layers. In a physiological pH environment, a faster drug
release was observed. Under these conditions, the polycation was lower-charged and the
electrostatic repulsion between polymer chains was reduced. This resulted in a coiled
conformation, thus, preserving the thickness of the layers, as opposed to a more extended
conformation due to greater charge density.[5%] Therefore, at pH 7.4, the drug was released
at a slower rate than at acidic pH.[5%] In another study, Gongalves et al. fabricated hybrid
hydrogels by incorporating Laponite nanodiscs into alginate (AG) hydrogels and loaded
them with DOX (Figure 5). [103] The AG hydrogel showed a burst release of DOX upon
gel formation (EE=80 * 11%), inducing severe toxicity in cells surrounding the tumor.

In addition, the incorporation of 0.2 wt% Laponite into the AG hydrogel significantly
improved encapsulation of DOX up to 99 + 1 wt%.[193] Researchers have also explored
the effect of Laponite on DOX release from these hydrogels using dynamic light scattering
(DLS). Their analysis indicated that Laponite was successfully incorporated into the gels
and a smaller average peak size was observed at 38 nm. Moreover, the Laponite/alginate
hydrogel exhibited improved stability, EE, and release profile.[104] Another interesting
study by Motealleh and Kehr utilized the alginate-Laponite hydrogels to chemically modify
the tumor microenvironment. More specifically, benzoylperoxide was incorporated into
alginate - Laponite hydrogels, which yielded a sustained release of oxygen for 14 days
and reversed the effects of hypoxia. Consequently, the proliferation of malignant Colo-818
cells decreased while the viability of healthy fibroblasts showed an increase.[105] In other
recent studies, Laponite nanodiscs were functionalized and loaded with DOX. In one of
these studies, Wu et al. created a polyethylene glycol-linked by FA (PEG-FA) dendrimer
conjugated with Laponite to target SK-OV-3 tumors in mice.[1%€] |n another study, Jiang
et al. modified Laponite nanodiscs with a P-gp inhibitor (D-a-tocopheryl polyethylene
glycol 1000 succinate (TPGS)), which efficiently encapsulated and released DOX in a DOX-
resistant MCF-7/ADR cell environment.[207] In both studies, modified nanodiscs increased
the survival rate of the mice while decreasing the toxicity of DOX in organs.[106.107]

While all aforementioned anti-tumor Laponite-based delivery systems focus on the use of
a single anti-cancer agent, a combination of compounds with synergistic effects could also
be considered. For example, Li et al. developed a process in which they synthesized an
injectable hydrogel consisting of low molecular weight heparin (5% wi/v) and poloxamer
407 (17.5% wiv) incorporated with Laponite (2.5% w/v) and DOX.[198] The hypothesis
that the synergistic chemotherapeutic action of heparin and DOX is superior to each of

the molecules alone was confirmed both in vitro and in vivo. Specifically, the hybrid
heparin-poloxamer 407-Laponite hydrogels exhibited the best sustained release profile of
DOX and anti-tumor effect in vitro as well as the best pharmacodynamic effect in vivo.[108]
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The synergistic effect of multiple anti-cancer drugs has also been studied in vitro by Becher
et al. A mixture of cisplatin (10wt%), 4-fluorouracil (45wt%), and cyclophosphamide
(45wt%) was encapsulated simultaneously in nanohydrogels comprised of sodium
polyacrylate—Laponite nanodiscs. This system showed approximately 10 times lower ICsq in
MCF-7 cells after 24 and 48 h compared with the nanohydrogels containing each drug.[1]

An important parameter pertaining to synergistic drug combinations is their release profiles,
particularly their sequential release. An interesting study on the co-delivery and the
sequential release of two anti-cancer agents was conducted by Zhang et al. DOX and MTX
were loaded onto Laponite nanodiscs with high loading efficiency of ~85% and ~80%,
respectively.l19% This dual-drug/Laponite delivery system displayed remarkable pH and
temperature responsiveness along with the sequential release of MTX (approx. 70% after
120h) and DOX (approx. 20% after 120h). This sequential release pattern also demonstrated
the tuning capabilities Laponite offers both as an individual drug carrier and in hybrid
Laponite-based hydrogels, which is desirable in anti-cancer treatments.[109]

Targeted drug delivery can also be achieved by modifying Laponite nanodiscs with different
ligands. The folate receptor appears to be a promising target for cancer treatment as it

is highly overexpressed on the surfaces of many tumor types.[*10] Folic acid (FA) can be
grafted to the surface of aminated Laponite nanodiscs by covalent bonds. In a previous
study, DOX was successfully loaded into FA-modified Laponite, achieving a high EE of
92.1%. This system also enabled pH-responsive drug release.[*10] In another study, DOX
drug carriers targeted for liver cancer cells were prepared by conjugation of polyethylene
glycol (PEG)-lactobionic acid to Laponite nanodiscs. It was shown that hepatocytes, as

well as numerous human carcinoma cell lines overexpressed asialoglycoprotein receptors
on their surface, resulting in a high affinity of these cells to galactose. Thus, galactose-
bearing lactobionic acid has been used as a targeting agent in the mentioned study by

Chen et al. This system achieved a high EE of 91.5% and sustained drug release with
pH-responsiveness.[111] In another study, the Laponite surface was functionalized with an
amphiphile PEG-poly(lactic acid) (PEG-PLA) copolymer using a self-assembly process and
loaded with DOX (the EE of 85%), which demonstrated sustained drug release property in a
pH-responsive manner.[101]

CD44, a transmembrane glycoprotein, is another promising target for cancer treatment
that is overexpressed in several solid tumors, such as breast cancer, gastric carcinoma,
hepatocarcinoma, and melanoma. Thus, targeting CD44 receptors can increase the amount
of the drug that cancer cells endocytose. Jiang et al. conjugated HA, which has the binding
site for CD44 molecule, onto Laponite and showed high EE of DOX (85.1 + 1.5%), and
significantly enhanced anti-tumor activity of DOX in CD44-overexpressed Hela cells.[192]

The development of drug delivery systems for the controlled release of antibiotics is
critical to prevent antibiotic resistance.[88:8% In a study conducted by Kiaee et al., a hybrid
UV-cross-linkable hydrogel consisting of poly (ethylene glycol) diacrylate (PEGDA) and
Laponite embedded with drug-encapsulated chitosan nanoparticles (ChPs) was developed
(Figure 5).15%] The pH level was altered by applying an electric field, where the movement
of positive ions away from the anode led to an alkaline environment at the proximity of the
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anode. The hydrogel containing the drug carriers was placed on the anode, and the cathode
electrode remained uncovered. In general, the strength of the interaction between Laponite
and ChPs is pH-dependent and determines the drug release rate. Due to this fact, the
presence of Laponite in the hydrogel facilitated the formation of an electrostatic interaction
between the positively charged ChPs and the negatively charged Laponite surfaces, which
led to extended-release of the drugs encapsulated in ChPs.[5%]

Various electrospun fibers combined with Laponite have also been investigated for
translational antibacterial applications. Wang et al. fabricated electrospun sheets of
Amoxicillin/Laponite/Poly(Lactic-co-Glycolic Acid) (AMX/LAP/PLGA) nanofibers via
incorporation of AMX/Laponite nanodiscs into PLGA nanofibers, which led to an

EE of 9.76 + 0.57%.[42] Sustained drug release was achieved for the duration of 2

weeks demonstrating effective antibacterial activity and non-compromised cytocompatibility
(Figure 6). Electrospun fibers of polycaprolactone (PCL) have also been loaded with
ciprofloxacin (Cip)/Laponite complex [114]. The PCL/Laponite/Cip nanofibers demonstrated
sustained release for 14 days, rendering the Cip/Laponite complex a good candidate for
treating wound infections.[114]

In another study,[113] addition of Laponite into porous poly(L-lactic acid) (PLLA)
membrane yielded a controlled drug delivery profile. Tetracycline hydrochloride was
effectively encapsulated into Laponite nanodiscs with an EE of 85.3%. The addition of
tetracycline/Laponite into porous PLLA membrane reduced the initial burst release, which
is generally observed with conventional polymer membrane-based delivery systems, and
extended the release of the drug.[115]

The antibacterial effect of tetracycline has also been leveraged by a previous study and
implemented by the incorporation of tetracycline into 1% Laponite as a method for in situ
drug delivery. The researchers created a Laponite-tetracycline composite by intercalating
tetracycline into Laponite nanoparticles. They performed drug release studies in a simulated
saliva solution and confirmed a 72-hour extended-release, and observed an enhanced
antibacterial activity. Interestingly, the tetracycline release rate increased from 15.4% to
52.3% as the pH was reduced from 7.2 to 5.2. Additionally, the antibacterial effect of
tetracycline remained unchanged after its incorporation into Laponite.[>3]

The antibacterial effect of Laponite/mafenide composites in the form of gel or film for
wound healing applications has also been reported by Ghadiri et al.[}16] As in the case of
tetracycline, mafenide was also intercalated into the layers of Laponite nanoparticles [116].
Remarkably, the dissolution of Laponite caused the release of Mg*2, which reduced the
cytotoxicity of mafenide and improved the wound healing process.[116]

In a recently reported application, alginate-Laponite beads were utilized for the delivery
of anti-inflammatory molecule, theophylline. This system bypassed the rapid release of the
drug in the stomach and provided a prolonged release in the small intestine, increasing the
efficacy of the drug and reducing the side effects.[34]
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4.2 Large molecules

Similar approaches used for small molecules have been implemented on large molecules,
such as proteins, to exploit the adsorption properties of Laponite. In a recent study, Koshy
et al. created a nanocomposite drug delivery carrier in which the protein was initially
incorporated into the Laponite.[117] Here, Laponite was integrated into an injectable click
alginate hydrogel to hinder the burst release of the protein.[117] Using this technique, the
release of various therapeutically relevant proteins with different molecular weights (12-35
kDa) was studied.[117] Hydrogels were successfully loaded with protein/Laponite, and slow
release of the bioactive proteins was achieved.[117] More specifically, as demonstrated in
Figure 7, the incorporation of Laponite into the alginate hydrogels altered the burst release
behavior in all cases, resulting in sustained release of the proteins. Further, Koshy et al.,
using the same alginate hydrogels, tested the consequence of varying quantities of Laponite
on the GM-CSF and IL-2 release. Their studies showed that as the Laponite concentration
increased, slower release of the encapsulated protein was observed, demonstrating that
alginate-Laponite systems are tunable hydrogels for controlled protein release.[117]

Similarly, the impact of different amounts of Laponite on protein release was studied by
Wang et al., who formulated injectable Heparin/Laponite hydrogels for the delivery of
fibroblast growth factor 4 (FGF4) to facilitate protection and regeneration after spinal cord
injury (SCI). They tested hydrogels with different Heparin-Laponite ratios (Figure 7) and
found that a ratio of 2.5x Laponite: Heparin (7.6 + 19 mg/mL) exhibited the most desired
sustained release profile locally, which may also serve as a neuroprotective for SCI.[108]
Overall, the studies of Koshy et al. and Wang et al. demonstrate that by altering the amount
of Laponite, customized release profile of proteins can be attained independent of the matrix
material. [118]

The high tunability and sustained protein release properties of the alginate-Laponite
combination have also been exploited for the delivery of VEGF. In one example, Page et al.
reported that the incorporation of Laponites in alginate hydrogels prolonged VEGF release,
resulting in an increased blood vessel growth. This finding can be particularly useful in
wound healing applications.[119] A follow-up study by Zhang et al. investigated the alginate-
Laponite system which enabled sustained release of VEGF over 28 days and showed an
enhanced generation of microvessels in the dental pulp in mice. Additionally, Zhang et

al. encapsulated VEGF in the alginate-Laponite system and observed viability rates to be
over 85% of human dental pulp stem cells. This finding highlights the cytocompatibility of
Laponite and illustrates its potential in dental applications.[120] L et al. showed an extended
release of large quantities of an insulin-like growth factor-1 (IGF1) mimetic protein over

a four-week period from a Laponite/Alginate composite.[121] The release rate is primarily
controlled by ionic exchange and can be further increased by low environmental pH, which
is typical for injured tissues (Figure 8a, 8b). This group used a rodent Achilles tendon
injury model to showcase the applicability of Laponite carrier for a highly extended and
localized release of biological drugs in vivo. The release profile along with well-defined
biodegradation and biocompatibility characteristics make the composite of Laponite a
promising system for drug delivery and regenerative medicine and exemplifies the potential
of Laponite systems for drug delivery applications (Figure 8c, 8d). [121]
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Besides alginate, various other polymers, such as HA, have also been combined with
Laponite for delivering proteins. Zhang et al.[122] created nanocomposite hydrogels loaded
with BMP-2. The hydrogels were injected into rats and promoted proliferation and
differentiation of bone marrow MSCs, resulting in enhanced ostecinduction. Increased
induction of bone regeneration in mice was also reported by Kim et al., where smaller
amounts of BMP-2 was incorporated into nanocomposite hydrogels via a bisphosphonate
crosslinker boosted osteoinduction.[123] Both studies highlight the importance of the
mechanical properties of Laponite in adapting hydrogels for bone repair applications.

5. Clinical Translation of Laponite

Laponite or Laponite derivatives can be used as drug additives or excipients to drug
formulations along with active pharmaceutical components. [124] Formulation excipients
such as Laponite are used to achieve a specific dosage of the active ingredient and to
improve the drug product stability. [1241 Overall, these excipients can be utilized for various
functions for instance as a protective agent, rheology modifier, and bulking agents. [12°]
Laponite has been mainly used in drug products as a rheology modifier to improve the
stability of the drug molecules and also help to achieve desired viscosity, shelf stability and
ease of application. Laponite and other rheology modifiers are commonly used to adjust
the overall viscosity of the drug formulation and also to control non-Newtonian behaviors
such as shear thinning or shear thickening. [124] Since drug additives such as Laponites

are an essential component of therapeutic products, they must be evaluated for their safety
and stability. This mainly because any negative such as drug- excipient, excipient-excipient
and even package- excipient interactions can cause serious side effects in patients. This
necessitates to study the biocompatibility of Laponite as an excipient to determine the
safety and stability of it before designing the drug formulation. There are several stability
testing procedures available where the excipients, such as Laponites, are subject to extreme
conditions of temperature, humidity and other environmental settings. These studies are
designed to provide evidence on how Laponite structure changes during these extreme
conditions. Stability testing enables the recommended storage conditions, retest periods
and shelf life to be established for drug product containing Laponite. This information is
provided in Material Safety Data Sheet (MSDS) available by the manufacturer. For example,
In MSDS of Laponite RD made by BYK Additive Inc, it was claimed that Laponite is
chemically stable at normal condition, however, prolonged exposure of Laponite containing
products to air and moisture can affect the chemical stability of Laponite. Moreover, it is
demonstrated that Laponite is incompatible with strong acids and oxidizing agent. Based
on stability studies, hazardous polymerization doesn’t occur during extreme conditions.[12¢]
After stability test, the excipients are further tested for assuring safety, which is the most
important feature of any formulation intended to be used in humans or animals. The safety
assurance of excipients helps to design an effective and safe dosage form. Thus, for Laponite
to be used in a formulation it must be highly stable, safe and efficacious, and above all

it must comply with the expected performance in the formulation.l[27] In section 3.5 we
discussed in-depth into Laponite biocompatibility and its biodegradation byproducts.
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6. Conclusions and future perspectives

To date, the field of controlled drug release is focused on the exploration of various
materials to serve as drug carriers. Although various grades of Laponite have been used
extensively in the cosmetic and chemical industries, Laponite has been less explored in
biological research. Laponite possesses properties that enable the formation of effective
drug carriers, indicating potential pharmaceutical uses. Herein, we highlighted the most
important parameters for engineering Laponite nanoparticle-based drug delivery systems.
As we described above, ion exchange is of critical importance, since it determines the
uptake of drug molecules. lon exchange should be determined experimentally for each
system and serves as the critical parameter for the modification and optimization of the
materials (including hybrid materials). As is evident from the studies presented in this
review, the translational research performed with Laponite is centered on wound healing,
anti-tumor drug delivery (small molecules), and, more recently, protein delivery. In this
review, we provided a comprehensive picture of the advantages and the unique properties
of Laponite nanocarriers as drug delivery systems. The limited number of existing research
papers highlights the exciting opportunities and room for novel ideas that could lead to the
development of innovative Laponite-based biomaterials.

One of the main limitations of Laponite as a drug carrier is the low delivery yield for
highly charged molecules. Due to chemisorption and the ionic interactions between the
highly charged molecule and Laponite, the amount of the molecule released is much lower
compared to the amount that is loaded. As such, higher loading of the therapeutic molecule
is required in order to reach the desired release profile and amount of the drug. Due

to high cost of some active compounds, this limitation may increase the fabrication cost
significantly. In some cases, the interaction between the active molecule and Laponite can
be disrupted or masked by using polymers such as Polyethyleneimine and Polylysine which
their high positive charge can compete with the interaction between Laponite and the drug
molecule.[128] Alternatively, the strength of the interaction between the drug and Laponite
can be adjusted by changing the pH which will result to the change of the charge of the
active molecule. However, this may be not favorable where physiological pH is required for
the release of the molecule. Moreover, Laponite-drug hybrid systems showed great result

in vitro, however, in vivo results are not as promising due to the complications involved in
real physiological conditions. Although Laponite-drug hybrid systems showed great result
in vitro, in vivo results are not as promising due to the complications involved in real
physiological conditions which may derive due to poor or inconsistent characterization of
the interactions between the biological system and the materials and consequently result

to misleading outcomes and incorrect interpretation of the day. Key role in avoiding this
pitfall plays the selection of the appropriate characterization of the material in relation to the
intended application. The importance of the correct characterization is also highlighted by
nanotechnology regulatory science research plan guidance documents of the US Food and
Drug Administration (FDA) state. Last but not least, reproducibility issues in translational
industry reports related to the standardization of the aforementioned characterization
techniques may also lead to inaccurate and unreliable outcomes which may be reflected to
failures in clinical trials affecting the health care system and the patients.[12%] Additionally,
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toxicological studies are needed in order to demonstrate the safety and effectiveness of
Laponite-drug systems in clinical outcomes.[124] Nevertheless, further characterization of
these materials and their degradation process, both in vitro and in vivo, is necessary in order
to assess their biological impact on the human body.
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Figure 1.
Physicochemical characteristics of Laponite. a) pH-responsive characteristics of Laponite-

polymer regulate drug release in pathophysiological conditions (acidic).[6] b) Different
interactions of Laponite nanodiscs: 1) Overlapping coins configuration, 2) House of card
configurations, 3) Configuration of stacked Laponite nanodiscs. ¢) The structure of Laponite
networks at lower and higher particle concentrations.[24] d) Laponite-polymer conjugates/
system. Schematics of flocculation and stabilization mechanisms in clay-polymer systems
highlighting the role of the clay (circles) and polymers: Polyethylene oxide (PEO) and
Polyvinyl alcohol (PVA).[12] e) Potential interactions of drug/Laponite systems: drug
molecules can be loaded in inter-particle locations, inter-layer sites or can be adsorbed on
the surface or edges depending on the size and charge of drug molecules. Reproduced with
permission, (611351 Adapted with permission.[33]
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Figure 2.
Impact of pH level on drug intercalation and release. a, b) release curve of tetracycline from

Laponite system was assessed in saliva solution. Laponite—tetracycline (L-T) composites
were prepared at various pH. ¢) Schematic representation of the intercalation process of
tetracycline between exfoliated Laponite layers and cation exchange process which lead to
drug release, Reproduced with permission. Copyright 2013, The Royal Society of Chemistry
Advances.[>3]
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Figure 3.
Degradation mechanism of Laponite; () water penetrates into interlayers of Laponite via

diffusion through empty space and upon hydrolysis and condensation reaction with metal-
oxygen bonds which results into the presence of OH [130] (b) subsequently OH™ attacks
the silica glass network of Laponite on the surface, leading to Si—-O-Si dissociation and c)
releasing soluble silica as Si(OH),.[83!
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Figure 4.
Enhanced tumor drug delivery using a Laponite/alginate (LP/AG) system. (a) DOX-loaded

LP/AG crosslinked with Ca*? released drug at the tumor site and enabled improved anti-
tumor efficacy, detected via fluorescent imaging. DAPI-stained cells are in blue and DOX
exhibits red fluorescence. (b) DOX-loaded LP/AG showed a sustained release profile in
physiological environments. (c) Cell viability study for cells exposed to AG, LP/AG, AG-
DOX, and LP/AG-DOX hydrogels for 24, 48, and 72 hours. Reproduced with permission.

Copyright 2014, ACTA Biomaterialia,[103] Copyright 2014, Macromolecular Bioscience.
[104]
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Figure 5.

(a) Schematic of a transdermal electronic wound dressing containing pH-responsive
hydrogel. The electrostatic interaction between negative charges on the surfaces of Laponite
and positively charged chitosan nanoparticles is weakened in a basic pH environment,
leading to the release of the drug. (b) FITC (as a drug model) was released from ChPs
incorporated in PEGDA/Laponite hydrogel at different pH levels. (c) The release of FITC
was controlled via pH variations using an electrical field. Reproduced with permission.
Copyright 2018, Advanced Healthcare Materials.[5°]
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Figure 6.

Schematic showing the preparation of () AMX/PLGA and (b) AMX/Laponite/PLGA
nanofibers. (c) Drug release of PLGA/LAP/AMX in PBS (pH 7.4 at 37°C) and changes in
EE of AMX in response to different Laponite concentrations, Reproduced with permission,
Copyright 2014, ACS Applied Materials & Interfaces.[4]
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Figure 7.
Laponite-containing click alginate cryogels a) System formation and protein release

schematics. b) Release profiles of IL-2 and GM-CSF from click alginate cryogels. c)
Release profiles of FGF4 from Heparin/Laponite in different ratios.[118] Reproduced

with permission. Copyright 2019, International Journal of Biological Macromolecules.[108]
Copyright 2018, ACTA Biomaterial.[117]
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Figure 8.
a) Laponite (gray discs) adsorb drug molecules (red) and reside inside a biodegradable

alginate network (blue lines) with micro-sized cavities (gray bubbles). b) The alginate
network degrades slowly over time, leading to the release of drugs. Subject to localized
stimuli such as the change in pH (green region), the clay particles are expected to release
most of the loaded drugs locally. ¢) Extended and localized drug release in a rat model of
Achilles tenotomy. d) Images of H&E stained histological sections 1 week and 2 weeks after
implantation on the site of Achilles tendon injury. Copyright 2018, Advanced Healthcare
Materials. [121]
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Table 1.
Critical properties of Laponite-based clays.
Property Common Values Comment
Charge ~0.2-0.6 charge/formula unit NA
Coagulation by salts pH>6
pH pH can serve as a signal to release bound drug molecule

Cation Exchange
Capacity

Critical Coagulation
Concentration

Thixotropy

Spontaneous coagulation pH<4

Mg2+, Li+, Na+ 115 mEq/100g for
hectorite

Ck~10 mmol/L in NaCl

Monotonic increase in viscosity

Total specific amount of charge that is balanced by exchangeable
cations; determines amount of drug able to be loaded

NA

Stiffening of gels containing Laponite over time
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Table 2.
Summary of Laponite biocompatibility studies
Cell Type g;ggﬂ?{?eg{ Typsetggf ell Control Concentration Observation Reference
Primary human 3 days Cell No treatment  Extracts of Laponite Laponite extract did not [63]
dermal proliferation according to induce cytotoxicity and
fibroblasts (MTS assay) 1S010993.5 increased the cell growth
(110%)
Primary human 2 days Scratch test No treatment  Extracts of Laponite Laponite extract did not [63]
dermal (proliferation) according to make any significant
fibroblasts 1SO10993.5 difference in gap closure
CAL-72 cells 2 days resazurin No treatment  0.2-2.5uM Laponite and amphiphile [101]
(osteosarcoma) reduction assay PEG-PLA modified
and NIH-3T3 (metabolic Laponite did not display
fibroblast cells activity) any cytotoxicity
L929 mouse 8hand3days MTT assay Coverslip Laponite:PLGA: 1%, Increase in adhesion and [86]
fibroblasts and 3%, 5% of total proliferation of cells on
porcine iliac concentration of 25% Laponite-doped PLGA
artery endothelial solid nanofibers was observed.
cells
L929 cells and 8hand3days Cell Coverslip Laponite:PLGA. 1%, Increase in adhesion and [86]
porcine iliac morphology 3%, 5% of total proliferation of cells on
artery endothelial observation concentration of 25% Laponite-doped PLGA
cells (SEM) solid nanofibers was observed.
Hela cells 2 days Resazurin PBS Modified Laponite- Modified Laponite- [110]
(human cervical reduction assay NH2/DOX, and FA/DOX specifically
cancer) and L929 Modified Laponite- targeted cancer cells
cells FA/DOX at a DOX with overexpressed FA
concentration of 10 receptors.
mg/ml
Human 14 days Cell viability PBS Laponite/DOX Therapeutic efficacy of 73
epidermoid test Laponite/DOX nanodiscs
carcinoma (KB) was improved in
cells comparison with free
DOX.
MC3T3-E1 24h Multitox-Fluor ~ Tissue Cells were seeded No acute toxicity to [82]
subclone 4 mouse Multiplex culture on 70-100 um Laponite nanodiscs was
preosteoblast cells Cytotoxicity polystyrene thick PEO/Laponite reported.
Assay Kit (TCPS) nanocomposites with
plates up to 35 mg/ml of
silicate
Human Up to 8 h for MTT assay TCP and PLGA and Laponite- Osteoblast differentiation [86]
Mesenchymal cell cover slips doped w/1%, 3%, and was not disturbed using
Stem Cells (P5) attachment 5% Laponite relative Laponite composites.
andupto7 to PLGA
days for cell
proliferation
assays
CAL-72 cells 48h Resazurin Control Laponite ranged in Cytotoxicity was only [103]
(osteosarcoma) reduction assay ~ experiment size from 20 to observed in samples with
was done in 50 nm, while DOX release.
the absence the Laponite/DOX/AG
of LP and particles were around
LP/DOX/AG 200 nm
Human 12 days Alamar blue TCP Nanocomposite Increase in Laponite [87]
mesenchymal assay hydrogels were concentration enhanced

stem cells (MSCs)

2-3.5% silicate
(Laponite), 3-1.5%
PEO, 95% water.
Nanocomposite films
were 40-70% silicate,
60-30% PEO.

the attachment and
proliferation of MSCs
significantly.
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Duration of Type of Cell . .
Cell Type Experiment Study Control Concentration Observation Reference
Rat MSCs 14 days Resazurin TCP Various Laponite Hemocompatibility and (8]
reduction assay bioceramics biocompatibility was

observed.
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Summary of various Laponite-based drug delivery studies
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Therapeutic Intercalation Laponite pH . Method of
Agent Mechanism Charge / pH concentration  release Co-polymer preparation
(+)/pH<
3.3
Predominately Zwitterionic /
cation
Tetracycli exchange SEPUSIL gl 2872 NA Dispersion method
etracycline ;rllider acidic “1)/77 mg/m 52&7. ispersion methol
' < <9.
adsorption SpH<OS
=2)/
pH>9.5
(+) /pH<5.9
Cationic dye
. adsorption Zwitterionic/ 0,10, 20, 30 & . lonic gelation
Ofloxacin under acidic 5.9<pH<9.2 40 mg/ml 1.2&7.4 Chitosan method
H
P (@) / pH>9.2
. . H-bond & 35 &10
Antibacterial  Amoxicillin electrostatic pH 7.4 ma/ml 7.4 PLGA Electrospinning
agents interaction 9
(H)/pH<
Cation 6.1
Ciprofloxacin EﬁgZ?g%?dic Zwitterionic/ 1 mg/ml 7.4 PCL Electrospinning
pH 6.1 <pH <8.7
(=) / pH>8.7
Cationic
Small - 0.05,0.1 .
. exchange (+) / acidic A . Electrophoretic
molecules Vancomycin under acidic pH 0.2/5, (I).5 &1 7.4 Chitosan deposition
pH mg/m
Cation . .
exchange Mixed to result in
Itraconazole under acidic (+)/pH<3.7 10 mg/ml 1.2 NA the ion exchange
pH reaction
Electrostatic
Theophylline Lr:)ts(rjac\t/l;)nna:- 1.2 40 mg/ml 6.8 Alginate Agitation, mixing
Waals
Anti-
Inflammatory Physisorption, Hyaluronate/  Stirring and
Dexamethasone H-bond NA 15 mg/ml 74 no polymer solvent evaporation
. - H-bond, Van Stirring and
Brimonidine der Waals NA 10mg/ml 74 NA solvent evaporation
Mixing followed
by ion
crosslinking / DOX
loaded on LAP
H-bond & - . nanodiscs (no
Anti-Cancer  Doxorubicin electrostatic (L)/ acidic r1n4/n?llz ;‘5‘ Eg A(!?mma;(re/ no polymer) / reaction
interaction p 9 ’ poly LAP with PEG-
FA. DOX
encapsulated in
LAP-PEG-FA
nanodiscs /
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Therapeutic Intercalation Laponite pH . Method of
Agent Mechanism Charge / pH concentration  release Co-polymer preparation
Conjugation of
LAP with P-gp
inhibitor TPGS,
then encapsulation
of DOX
Surface
- _ 246&8 74,65 . R
Methotrexate Egi%rptlon H- (=) pH>4.7 mg/ml &5 oHA-His Conjugation
Mixing benzoyl
peroxide with
O, (generated hypoxia alginate then with
by benzoyl Adsorption NA 30% wiv condition  Alginate LAP, then solution
peroxide) (1% Oy) was 3D printed
into grid like
structures
GM-CSF Pre- Click- Mixing LAP with
Inflammatory ' adsorption of _ Alginates protein + alginates,
cytokine 'I:I1T23LC(|3II_21§ proteins (non- NA 0.1-0.5mg/ml 7.4 (Tetrazine - followed by
' covalent) Norborene) cryopolymerization
Pre- LAP/Hep: Separate
. 3.8/19, 7.6/19 . dissolution of LAP
FGF4 adsorption of - NA &15.2/19 NA Heparin & heparin. Mixing
p mg/ml with FGF4
Pre- Mixing VEGF
VEGF adsorption of NA g"s ﬁ/\l/ W% 7.4 Alginate with LAP mix with
Large proteins 0 alginate solution
molecules
Mixing BMP-2
(?;(?t\g:? with LAP, then
mixing it with HA-
ADH
(Hyaluronate-
Hyaluronate/  adipic
BMP-2 adsorption %off,/?g/ml 7.4 Hyaloronic dihydrazide) /
acid Functionalization

of Hyaloronic acid
with
Bisphosphonate
and then addition
of LAP
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