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Abstract: Hydrogels are widely used for therapeutic delivery applications due to their biocompat-
ibility, biodegradability, and ability to control release kinetics by tuning swelling and mechanical
properties. However, their clinical utility is hampered by unfavorable pharmacokinetic properties,
including high initial burst release and difficulty in achieving prolonged release, especially for small
molecules (<500 Da). The incorporation of nanomaterials within hydrogels has emerged as viable
option as a method to trap therapeutics within the hydrogel and sustain release kinetics. Specifi-
cally, two-dimensional nanosilicate particles offer a plethora of beneficial characteristics, including
dually charged surfaces, degradability, and enhanced mechanical properties within hydrogels. The
nanosilicate–hydrogel composite system offers benefits not obtainable by just one component, high-
lighting the need for detail characterization of these nanocomposite hydrogels. This review focuses
on Laponite, a disc-shaped nanosilicate with diameter of 30 nm and thickness of 1 nm. The benefits of
using Laponite within hydrogels are explored, as well as examples of Laponite–hydrogel composites
currently being investigated for their ability to prolong the release of small molecules and macro-
molecules such as proteins. Future work will further characterize the interplay between nanosilicates,
hydrogel polymer, and encapsulated therapeutics, and how each of these components affect release
kinetics and mechanical properties.
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1. Introduction

Hydrogels are widely used for drug delivery applications due to their potential for
localized delivery of a variety of therapeutics while preserving drug bioactivity. However, a
notable challenge with hydrogels is their susceptibility to the initial burst release of loaded
therapeutics [1]. This is mostly attributed to a highly porous and hydrated network, which
facilitates the diffusion of encapsulated drug molecules. To address this issue, several
techniques have been employed to minimize this burst release and achieve sustained drug
release kinetics [2]. These techniques include the utilization of stimuli-responsive polymers,
the attachment of drugs to the polymer network, and the incorporation of nanomaterials
into the polymeric network.

The use of nanoparticles in reinforcing hydrogels and enhancing drug delivery is
attractive due to their ability to improve mechanical properties, increase drug loading
capacity, enable controlled and sustained drug release, and facilitate targeted delivery.
Extensive research is being conducted on a wide range of nanoparticles, including poly-
meric, carbon-based, metal, metal oxides, and ceramic nanoparticles, to reinforce hydrogel
networks for drug delivery applications [3]. Among the various nanomaterials being ex-
plored for nanocomposite hydrogel drug delivery devices, Laponite (nanosilicates) stands
out as a particularly promising and emerging nanomaterial [4]. Laponite is a synthetic
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two-dimensional (2D) nanosilicate particle that has garnered significant attention in the
field [5]. Laponite exhibits a unique shape and surface charge that makes it well-suited
for drug delivery applications. Its structure consists of disc-shaped particles with a high
aspect ratio, allowing for the efficient loading of therapeutic molecules. Due to discotic
charge characteristics, Laponite also enhances interactions with cationic, anionic, or neutral
molecules [6]. The combination of high surface area and charge also results in the sus-
tained release of loaded therapeutics [7]. Interestingly, a range of therapeutics, including
small molecule drugs, peptides, and large proteins, can be easily loaded and delivered
using Laponite.

As Laponite is highly hydrophilic, it can easily interact with a range of polymeric
hydrogels. The addition of Laponite to the polymeric network has been shown to improve
shear-thinning characteristics, which is important for the minimally invasive and localized
delivery of therapeutics [8]. Moreover, Laponite addition has also been shown to improve
the mechanical strength as well as physiological stability of polymeric hydrogels. A
range of studies have demonstrated the high biocompatibility of Laponite, establishing
its widespread application in biomedical applications. More recently, Laponite-loaded
polymeric hydrogels received 510k approval from the US Food and Drug Administration
(FDA) establishing their clinical potential [9].

In this review, we critically evaluate the use of Laponite-based nanocomposite hy-
drogels for drug delivery applications. Specifically, we focus on unique characteristics
of Laponite, such as the shape, size, and charge, that make it attractive for drug delivery
applications. Then, we examine the interactions of Laponite with various polymers to
design nanocomposite hydrogels and explore its unique and beneficial properties. The
ability of Laponite-based nanocomposite hydrogels for sustained and controlled release of
small molecules and macromolecules such as proteins, is examined. In addition, we discuss
the structure and stoichiometry of Laponite–therapeutics complexes, which can represent
the next frontier in harnessing the utility of Laponite–hydrogel nanocomposites for drug
delivery applications.

2. Hydrogels in Drug Delivery Applications

Hydrogels are water-swollen polymer networks that have been extensively character-
ized and widely utilized for drug delivery applications [2]. Hydrogels can be fabricated
from a wide variety of natural polymers (gelatin, collagen, hyaluronic acid, etc.) and/or
synthetic polymers (polylactic acid, polyglycolic acid, polyethylene glycol, etc.). Hydrogels
are attractive for drug delivery applications due to their highly biocompatible, ability to
mimic the physical properties of most soft tissues, and capability to maintain the bioactivity
of encapsulated therapeutics [10,11].

Furthermore, the mesh size and degradation profiles of hydrogels can be tunable based
on polymer structure, molecular weight, crosslinking mechanism, and degradability [12].
For example, some hydrogels may undergo hydrolytic or enzymatic cleaving, leading to the
release of entrapped therapeutics [13]. Slow-degrading hydrogels can release encapsulated
cargo and then be degraded or resorbed, eliminating the need for device removal following
release [14]. In most hydrogels, the release is controlled by diffusion, which is governed
by the relative size ratio of the solute and the mesh size of hydrogels [15]. Small-molecule
therapeutics (<500 Da) are typically rapidly released from hydrogels, where hydrogel mesh
size is typically much larger than the small molecules [2]. Conversely, larger molecules of
therapeutics (>10 kDa), such as proteins, will diffuse slowly [16]. This diffusion-controlled
release by hydrogels can lead to high initial burst release, where a significant amount
of the encapsulated cargo is rapidly release before achieving a stable sustained release
profile [17,18]. While some applications such as wound healing may desire initial burst
dosing, in some cases such a burst release can lead to undesirable pharmacokinetic prop-
erties [19,20]. A high concentration of the drug may lead to toxicity, while a low plasma
concentration of the drug will prevent the desired therapeutic effect [21]. Undesired burst
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release can be economically wasteful, as significant quantities of drugs are rapidly cleared
by the body [17].

It is desirable to design hydrogels with controlled and sustained release strategies
that have been implemented to prolong the release of encapsulated therapeutics from
hydrogels. For example, encapsulated therapeutics may be tethered to the polymer matrix,
preventing rapid diffusion until linkages are cleaved [22,23]. Cleaving of these tethers offers
good tunability, but may alter the structure of the drug, reducing its activity [24]. Stimuli-
responsive hydrogels may have variable swelling properties based on local environmental
pH, salinity, or temperature, thereby altering the release rate [25–28]. Drug release kinetics
are, therefore, altered based on the swollen hydrogel mesh size, in which higher swelling
leads to faster release. While stimuli-responsive hydrogels offer the potential for delayed
and controlled release, swelling may be difficult to predict in a translational setting and
may vary from patient to patient, thereby causing variance in release rates [29]. In another
strategy, the incorporation of nanomaterials into hydrogels allows for physical or chemical
entrapment of encapsulated cargo to allow for sustained release, which is the focus of
this review.

3. Nanocomposite Hydrogels in Drug Delivery

Nanomaterials, which are defined as materials that have at least one dimension in the
range of 1–100 nm, exist in a wide variety of shapes and compositions, thereby leading
to a range of interactions with therapeutic molecules [30]. For example, gold and silver
nanoparticles have been widely explored as tethering agents [31–33]. These nanopar-
ticles offer benefits, such as high drug loading, prolonged drug stability, and targeted
delivery [34]. Therapeutics have also been entrapped within liposomes, preventing drug dif-
fusion out of the hydrogel until the dissolution of the liposomal structure [35,36]. Mesoporous
silica nanoparticles have been entrapped within hydrogels to provide a tortuous path
for encapsulated cargo to diffuse, leading to sustained release [37,38]. Two-dimensional
(2D) charged nanosilicates have also recently been incorporated into hydrogels to elec-
trostatically adsorb drugs and prolong release kinetics [39–41] and are the main focus of
this review.

The incorporation of nanomaterials into hydrogel structures offers a variety of benefits,
including augmented hydrogel physical and mechanical properties, adsorption/intercalation
of drugs to mitigate burst release, physical crosslinking of polymers, and localization of
therapeutic release. The nanocomposite hydrogels offer advantages not afforded by the
individual components by themselves. For example, hydrogels may slow drug release, but
are susceptible to diffusion-controlled burst release and difficulty in achieving sustained re-
lease. On the other hand, nanomaterials by themselves can offer sustained release, but these
particles may be rapidly cleared, which is undesirable for localized delivery applications.

4. Two-Dimensional (2D) Nanosilicates

Silicate minerals, which are the largest group of minerals and consist of subunits with
the formula [SiO2+n]2n− balanced by metallic anionics, exist in a variety of naturally occur-
ring and synthetic structures that can be utilized in a plethora of biomedical applications.
Major types of silicates include nesosilicates, cyclosilicates, sorosilicates, inosilicates, tec-
tosilicates, and phyllosilicates. These phyllosilicates typically form sheet structures made of
hydrated aluminosilicates in a Si2O5 ratio [42]. Cations such as Mg, K, Na, Ca, and Fe may
be naturally substituted into the structures, giving rise to desirable charge characteristics
that may be used to interact with drugs for delivery applications. Phyllosilicate sheets are
formed by stacked tetrahedral and octahedral sheets in a 1:1 or 2:1 ratio. The tetrahedral
layers are formed by Si cations coordinated to O atoms in a hexagonal pattern, while the
octahedral layer is formed by the coordination of metal cations with O, OH−, or F− of the
tetrahedral layer [43]. Phyllosilicates, also known as nanoclays, may exist in a layered or
tubular structure.
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In 2:1 tetrahedral:octahedral nanoclays, the cationic substitution of aluminum is possi-
ble, leading to nanoclays containing magnesium, iron, lithium, and iron. These substitutions
lead to a charge unbalance, giving rise to nanoclays with a varying net charge, surface
reactivity, cationic exchange capacity, and swelling behaviors [44]. Nanoclays without
cationic aluminum substitution (known as prophyllites) exhibit similar properties to 1:1
nanoclays, with low reactivity and low swelling behavior, making them less appropriate
for delivery applications. Other 2:1 clay minerals are talc, illites, smectites, chlorites, and
vermiculites. Illites and chlorites have low cationic exchange capacity and water retention,
limiting their utility for drug delivery [45,46]. In a study by Lima et al., talc was loaded into
chitosan-based hydrogels and exhibited high loading capacities and prolonged release of
the anti-diuretic amiloride [47]. Interestingly, X-ray diffractograms revealed mostly surface
adsorption of the drug as opposed to intercalation. Vermiculite has also been used in hy-
drogel composite delivery devices to deliver antibacterial compounds due to its relatively
high cation exchange capacity [48,49].

Of these 2:1 nanoclays, smectites are the class with high swelling potential, making
them the most investigated phyllosilicates for biomedical applications [50]. The various
groups of smectites are listed in Table 1. The swelling behaviors of smectites make them
attractive for biomedical applications, allowing for electrostatic adsorption of molecules
as well as intercalation of molecules into the interlayer space, which is typically made of
sodium or calcium ions and water molecules [51,52].

Table 1. Chemical formula and diameter of smectite nanoclays [53–59].

Silicate Nanoclay Chemical Formula Cationic Exchange Capacity [meq/g]

Montmorillonite (Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2 · nH2O 1.2
Hectorite Na0.3(Mg,Li)3(Si4O10)(F,OH)2 0.6
Saponite Ca0.25(Mg,Fe)3((Si,Al)4O10)(OH)2 · nH2O 0.1

Nontronite Na0.3Fe2((Si,Al)4O10)(OH)2 · nH2O 0.5
Beidellite (Na,Ca0.5)0.3Al2((Si,Al)4O10)(OH)2 · nH2O 0.7
Laponite Na0.7Si8Mg5.5Li0.3O20(OH)4 0.5

Of the smectites, montmorillonite is by far the most well-studied nanoclay for de-
livery applications due to its abundance in nature and high cationic exchange capacity.
Montmorillonite has been incorporated into numerous hydrogel systems for the deliv-
ery of both small molecules and macromolecules [44,60–63]. Hectorite was used in an
alginate hydrogel system developed by Joshi et al. to deliver quinine, a small-molecule
antimalarial drug [64]. Similarly, saponite was also used to adsorb and deliver quinine
by Kumeresan et al. [65]. Nontronite hydrogel composites have been shown to have vari-
able swelling behavior based on local pH and salinity, offering the potential for release
applications [66], but no delivery studies were found in the literature. Chitosan–beidellite
composites were fabricated by Cheikh et al. and exhibited sustained release of diclofenac
sodium, a model drug [67]. Recently, a burst of interest has been dedicated to studying
Laponite for biomedical applications, including drug delivery.

5. Laponite

Laponite is a synthetic hectorite with an octahedral layer consisting of magnesium
and lithium cations with a diameter of ~30 nm and a layer thickness of ~1 nm. This high
aspect ratio and surface area lends itself to a variety of biomedical applications, as Laponite
is known to impart beneficial mechanical properties to hydrogels, such as stiffness and
shear-thinning behavior (Figure 1) [68]. Laponite has a dual-charged nature, where particle
edges are positively charged due to the charge imbalance caused by magnesium and/or
lithium of octahedral aluminum, while the faces (top and bottom surfaces) are negatively
charged as a result of the silicate tetrahedral layers. As such, both negatively charged and
positively charged molecules may be electrostatically adsorbed to the surface of Laponite
particles [7]. Neutral molecules may still interact with Laponite particles if their charge
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is anisotropically distributed [69]. Additionally, the high swelling behavior of Laponite
particles allows for interlayer intercalation of molecules [70]. Thus, the charged nature of
Laponite easily lends itself to drug delivery applications in which drug molecules may
electrostatically interact with Laponite particles to slow diffusion and subsequent release.
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Figure 1. (A). Structure of Laponite with 2:1 tetrahedral:trioctahedral layering, allowing for intercala-
tion and adsorption of drug molecules. (B). Properties of Laponite particles making them beneficial
for use in drug delivery applications.

Laponite has been used for a variety of other applications as well. It has been shown
to impart osteogenic and angiogenic potential in the absence of therapeutics [71,72]. The
shear-thinning behavior of Laponite makes it attractive for bioprinting applications, as well
as injectable biomaterials [4,73,74]. Outside of biomedical applications, Laponite has been
used for wastewater treatment and a variety of industrial applications, such as a rheological
modifier in cosmetics, cleaning products, and polymer films [75–78].

The synthesis of Laponite and synthetic hectorites has been well established, with
a common procedure of crystallizing an aqueous mixture of LiF, Mg(OH)2, and SiO2
at high temperature [79,80]. Modification of the reactant molar ratios, heating method,
and temperature can affect final product purity and size [81]. The review by Zhang
et al. provides a deeper dive into how different synthetic hectorite fabrication methods can
produce a variety of closely related structures. However, Laponite is typically produced and
used commercially, with the brand name Laponite first introduced by Laporte Industries
(now BYK) in the early 1960s [82].

6. Degradation and Cytotoxicity of Laponite

Laponite particles naturally dissociate into their constituent ions (Li+, Mg+, and
Si(OH)) in environments where the local pH is less than that of the isoelectric point of
Laponite (pH ~10) [83]. It has been hypothesized that in these lower pH environments,
H+ ions react with the nanoclay and leach Mg+ and Li+ ions, thereby degrading the
nanosilicate particles in about 20–50 days [55,84]. In vivo, Laponite particles are thought to
be internalized by clathrin-mediated endocytosis and subsequently degraded within the
low pH environment of endosomes (Figure 2) [83,85,86].
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Figure 2. Structure, physiological stability, and cellular compatibility of Laponite. (A) Laponite
(nanosilicates, nSi) are plate-like poly-ions composed of simple or complex salts of silicic acids with a
heterogeneous charge distribution and patchy interactions. Transmission electron microscopy (TEM)
images show the size of Laponite to be between 20 and 50 nm in diameter. Dynamic light scattering
(DLS) shows the hydrodynamic diameter (Dh) of Laponite to be ~32 nm in aqueous conditions, with a
polydispersity index (PDI) of ~0.13. The schematic shows the potential interactions of Laponite with
cells. Laponite dissociates into individual ions once introduced to a physiological microenvironment
(pH < 9). a.u., arbitrary units. (B) The dissolution of Laponite was monitored using inductively
coupled plasma mass spectrometry (ICP-MS) at different pH to mimic the extracellular (pH~7.4)
and intracellular (pH~5.5) microenvironments. Laponite is expected to be stable at pH~10, and thus,
pH 10 was used as control. (C) The effect of Laponite and its ionic dissolution products (silicon,
magnesium, and lithium) on cellular viability was evaluated using an MTT assay. Three technical
replicates were used for each condition. Half-maximal inhibitory concentration (IC50) is labeled
at 50% viability. Concentrations of released ions from Laponite fall well below the IC50 value.
(D) Long-term cellular viability after treatment with nanoparticles and its ionic dissolution products
was assessed using an alamarBlue assay to detect metabolically active cells (n = 3). Adapted with
permission from Ref. [83]. 2022. Science.

When used for therapeutic delivery applications, the delivery vehicle itself must not
induce significant adverse effects. Gaharwar et al. demonstrated individual Laponite
particles are non-cytotoxic beneath a critical concentration, with an IC50 of 4 mg/mL
Laponite [71]. A study by Veernala et al. claimed an IC50 of 2.2 mg/mL Laponite [87].
Becher et al. showed IC50 values of approximately 0.5–1.5 mg/mL Laponite when incu-
bated with HeLa or MCF-7 cells [88]. Li et al. reported Laponite concentrations of up to 10%
w/v (100 mg/mL) showed insignificant changes in the cellular viability of pre-osteoblastic
MC3T3-E1 cells [89]. Therefore, the range of IC50 values of Laponite varies rather con-
siderably. The concentration of Laponite in the nanocomposite hydrogel delivery devices
discussed in this review varies considerably—from 0.05 to 50 mg/mL. However, encap-
sulation of Laponite within a hydrogel network may reduce the plasma concentration of
Laponite particles as the nanoclays are embedded within the hydrogel structure. Laponite
particles have been shown to naturally degrade in ~30 days on average (~20–50 days), so a
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hydrogel with a residence time of >30 days allows for complete Laponite particles to not
escape the hydrogel, thereby preventing adverse cytotoxicity [83].

Hemolysis and coagulation induced by clay particles is yet another consideration for
the use of these nanocomposite systems in vivo. Luo et al. demonstrated that the incorpo-
ration of Laponite into a Dextran-based hydrogel did not significantly alter hemolysis [90].
Li et al. showed that the incorporation of Laponite into a gelatin hydrogel improved
antithrombogenicity and hemocompatibility [91]. Wang et al. demonstrated Laponite
particles showed <5% hemolysis, which could be improved by sintering Laponite particles
at high heat [92]. Hence, hemolysis and coagulation should not be a major concern for
Laponite–hydrogel composites.

7. Laponite–Polymer Composite Hydrogels

Laponite and other nanoclays have been widely shown to improve the mechanical
properties of hydrogels when incorporated into the polymer matrix as nanofillers. The nan-
oclay particles increase the excluded volume within hydrogels, leading to higher stiffness
and toughness [93,94]. This toughness can prevent undesired mechanical degradation of
hydrogels during or after implantation [95,96]. Furthermore, the addition of Laponite can
improve the shear-thinning behavior of hydrogels, which is highly desirable for injectable
hydrogel devices where encapsulated drugs and/or cell activity must be preserved during
the high shear stress experienced in the injection process [8].

Polymers and Laponite particles may interact with each other in several ways [8].
First, nanoclay particles may persist in their stacked, tactoid structure and be effectively
phase-separated from the surrounding polymer if affinity between the two species is low,
rarely leading to improved mechanical properties [97,98]. Second, polymer chains may
be partially intercalated within the inter-particle space of the nanoclays in a “swollen” or
more disordered manner. The extent of these interactions depends on the affinity between
the polymer chains and Laponite faces [99,100]. Third, Laponite particles may be fully
exfoliated into individual sheets with random orientation, surrounded by polymer chains. It
is with this third case that hydrogel mechanical properties may be most improved following
the addition of Laponite [98,100,101]. The nature of the Laponite particle dispersion within
the hydrogel matrix can lead to changes in encapsulation efficiency and drug release
kinetics and is, therefore, an important parameter that must be considered when deciding
what fabrication method would be used for nanocomposite hydrogels. For example,
when Laponite particles were dispersed and interacted with a model small molecule
prior to encapsulation within a polyethylene glycol (PEG)-based hydrogel, release was
significantly slower than when Laponite particles were embedded within the hydrogel and
then subsequently exposed to the small molecule [102].

Laponite particles may also be used as physical or chemical crosslinkers to form
hydrogel structures. The charged nature of Laponite lends itself to weak interactions
between its negatively charged faces or positively charged edges and ionizable moieties
of polymers through van der Waals forces or hydrogen bonding [103]. Laponite particles
may also be chemically modified to form covalent linkages between polymers to act as
a primary or secondary crosslinker [104]. A study by Batista et al. revealed Laponite
could enhance photopolymerization conversion for a UV-crosslinked polystyrenesulfonate
nanocomposite hydrogel [105]. Modulation of Laponite concentration can also be used to
tune the Laponite–polymer interactions, allowing for control of nanocomposite hydrogel
mechanical properties [106]. Thus, Laponite–hydrogel composites may exist in a variety of
structures and crosslinking mechanisms [105].

In addition to forming nanocomposite hydrogel structures with polymers, Laponite
particles may self-aggregate into a weak gel above a critical concentration (~20 mg/mL) [107].
Edge-face particle interactions lead to the self-assembly of a “house-of-cards” structure
that forms the gel structure [108,109]. These hydrogels are typically much softer than their
polymer counterparts and are heavily dependent on local salinity and pH, which can affect
their stability [55,110]. Wang et al. demonstrated the loading of the chemotherapeutic
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doxorubicin into the interlayer space of Laponite particle gels, demonstrating the utility of
these nanoclay-only gels for delivery applications [111]. Becher et al. developed Laponite
nanogels using inverse mini-emulsion to successfully deliver therapeutics into cancer cells,
showing the potential benefits of a Laponite-only nanogel for cellular targeting [88].

8. Laponite–Hydrogel Nanocomposites for Delivery of Small Molecules

Laponite particles have been widely used in recent years as delivery vehicles for a
variety of small molecules and macromolecules due to the benefits of adsorption and/or
intercalation on release kinetics. Such examples can be found in reviews by Davis et al. and
Kiaee et al. [7,112]. This review specifically focuses on hydrogels containing Laponite.

Many examples in the literature describe Laponite–hydrogel composites used for
the delivery of small molecules (<1000 Da) (Table 2). The large surface area and charge
characteristics of Laponite lend to its effectiveness as a delivery vehicle for small molecules.
Surface adsorption onto either the faces or edges of Laponite particles provides a facile way
to load drugs and therapeutics into hydrogels for subsequent sustained release [113]. Small
molecules may also be intercalated into the interlayer space between Laponite particles
via cationic exchange [70,114]. Such intercalation is easily determined as the interlayer
spacing increases, as observed via X-ray diffraction [102,115]. Following adsorption and/or
intercalation of small molecules onto or into Laponite particles, they may be reversibly
released due to local salinity, pH, temperature, or Laponite degradation [116]. For example,
increased local salinity can cause a cationic exchange of sodium or calcium ions with the
intercalated small molecules, thereby leading to release [117]. Charge shielding may also
occur at high salt concentrations, leading to an electrostatic double layer that prevents
small molecule adsorption [118].

Table 2. Examples of Laponite–polymer composite hydrogels for the delivery of small molecules
(<1000 Da), including the application of the encapsulated molecule, the polymer used for hydrogel
fabrication, the small molecule delivered, and whether the study included in vivo experiments.

Application Polymer Small Molecule
Delivered In Vivo Studies References

Anti-Cancer

Alginate Doxorubicin Yes [119,120]

PEG Acridine Orange,
Doxorubicin, Alexa 546 No [102,117]

PPO-PEO β-Lapachone No [121]
Hyaluronic Acid Methotrexate Yes [122]

None Cisplatin, 4-fluorouracil,
cyclophosphamide Yes [88]

Hyaluronic Acid Doxorubicin No [123]

Anti-Bacterial
Chitosan Ofloxacin No [124]
Dextran Ciprofloxacin No [90]

Anti-Inflammatory Gellan Gum Theophylline, vitamin B12 No [125]

A variety of clinically relevant therapeutics have been loaded into Laponite–polymer
composite hydrogels. Goncalves et al. described an alginate–Laponite composite hydro-
gel for the delivery of doxorubicin (Figure 3) [119,120]. Release of the small molecule
was significantly slower from nanocomposite hydrogels compared to alginate-only sam-
ples, and the release kinetics were contingent on environmental pH. Cancer cells showed
reduced viability in the presence of the doxorubicin-loaded nanocomposite hydrogel
compared to a bolus drug dose, which was attributed to Laponite particles serving as
nanocarriers across the cellular membrane. In another study, β-Lapachone was released
from a poly(propylene oxide)-poly(ethylene oxide) (PPO-PEO) block copolymer hydro-
gel device [121]. The chemotherapeutics’ solubility was increased 40-fold in the pres-
ence of Laponite and the delivery device demonstrated cytotoxicity towards cancer cells.
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These studies, among many others, demonstrate the significantly slowed release of small
molecules when interacted with Laponite within composite hydrogels.
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Small-molecule net charge plays a key role in governing release kinetics due to the
surface area and charge characteristics of Laponite. Net negative guest molecules are
primarily limited to interaction with the edge of Laponite particles, which represents
a much smaller surface area than the negatively charged faces of Laponite. Therefore,
positively charged molecules (higher pKa) are expected to interact more substantially with
Laponite particles. Such trends have been observed in the literature, further corroborating
the electrostatic nature of Laponite–small molecule interactions [88,102,117,126].

The use of the Laponite–polymer composite system allows for localized delivery and
the opportunity for targeted delivery, which is more difficult to achieve with Laponite par-
ticles only. Depending on the geometry and size of the bulk hydrogel, Laponite nanocom-
posite hydrogels may remain at the desired location longer than when individualized [127],
since Laponite particles may be rapidly cleared due to their small size. For example, Jiang
et al. developed a hyaluronic acid-based device that allowed for specific targeting of
CD44-positive cells, improving the efficacy of doxorubicin delivery [123].

In addition to the response of Laponite–small molecule interactions to local salinity and
pH, encapsulation of Laponite particles allows for the complete nanocomposite hydrogel
to exhibit stimuli-responsive properties. A dextran-based hydrogel containing Laponite
exhibited stimuli-responsiveness to near-infrared stimulation, providing a tuned release of
ciprofloxacin [90]. Gharaie et al. developed a pH-responsive gelatin-based hydrogel that
incorporated Laponite, providing varying release kinetics of rhodamine B, a model small
molecule [128]. Such stimuli-responsive delivery devices allow for another lever by which
release can be modulated in addition to Laponite–drug interactions.

9. Laponite Composite Hydrogels for Delivery of Macromolecules

While 2D silicate nanoclays have been widely used for the adsorption and delivery of
small molecules, much less research has been devoted to macromolecules such as proteins
and nucleic acids. The larger size of these macromolecules may lead to varying interactions
with nanoclays compared to small molecules [129]. Proteins have been shown to form
relatively large complexes with Laponite, with the size of these complexes being contin-
gent on protein charge and nanoclay concentration [39,69]. Positively charged proteins
form larger complexes with Laponite than do negatively charged proteins, which can be
attributed to the positively charged proteins having a larger nanoclay surface area on which
to bind than the negatively charged proteins, which are primarily limited to adsorption
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on the relatively small nanoclay edges. However, macromolecules such as proteins may
exhibit surface-patch binding onto Laponite particles, in which proteins “bind across their
pH” [69]. For example, a positively charged region on an overall negatively charged protein
may interact with the Laponite particle face. Therefore, protein and other macromolecules
can form complex interactions with Laponite particles and are not limited to face-only or
edge-only interactions.

Similarly, Kim et al. adsorbed albumin and lysozyme to Laponite in a hyaluronic
acid hydrogel that was physically crosslinked by modified Laponite particles [104]. In this
system, Laponite served a dual purpose: Laponite edges served as physical crosslinking
sites to interact with the polymer to form a hydrogel; Laponite faces were uninvolved with
the polymer to remain available for adsorption of proteins. As expected, negatively charged
albumin was released faster than positively charged lysozyme. Importantly, the release was
shown in a mouse model, demonstrating in vivo release kinetics and retention of protein
bioactivity to induce osteogenic effects. In another example, Koshy et al. demonstrated
protein adsorption and sustained release of five clinically relevant proteins with varying
sizes and charges from a Laponite-containing alginate click hydrogel [130]. Proteins were
incubated with Laponite and then encapsulated within the hydrogel. Burst release was
mitigated for all proteins and release kinetics were demonstrated to be contingent on
Laponite concentration, allowing for tunable release times. A study by Li et al. utilized
an alginate/Laponite nanocomposite hydrogel device in which Laponite particles were
complexed with insulin-like growth factor-1 mimetic protein (ILGF-1) and subsequently
entrapped within an alginate hydrogel [131]. ILGF-1 release kinetics were dependent on
Laponite concentration and showed release up to 4 weeks in a rat model. While these
studies demonstrated successful electrostatic interactions between Laponite and protein, as
well as slowed release kinetics, there are few studies elaborating the stability and structure
of Laponite–protein intermediaries.

In a paper by Stealey et al., Laponite was incubated with three model proteins of
varying size and charge (Figure 4) to investigate Laponite–protein interactions.
Laponite–protein complex size increased with increasing Laponite concentration due to
the increase in surface area available for adsorption. Importantly, the buffer in which
Laponite was dispersed played a key role in determining Laponite–protein complex size,
with high osmotic buffers triethanolamine and phosphate buffered saline showing little
particle exfoliation or Laponite–protein complex formation. Conversely, deionized wa-
ter allowed for facile exfoliation and interaction with proteins, thereby resulting in large
Laponite–protein complexes.

The formation of these nanoclay–protein complexes also showed a significantly slowed
release of three model proteins from PEG–nanoclay composite hydrogels in vitro. Posi-
tively charged ribonuclease A (RNase) and lysozyme (Lys) were released up to 23 times
slower following complexation with Laponite, compared to PEG-only hydrogels. Nega-
tively charged bovine serum albumin (BSA) was also released significantly slower in the
PEG–nanosilicate hydrogels, though this effect was less profound than for the positively
charged proteins. This can once again be attributed to the formation of smaller
Laponite–protein complexes for negatively charged proteins. While this research gave
more insight into the formation of Laponite–protein complexes, the stoichiometry, structure,
reversibility, and stability of the complexes remain unresolved.

Because of the importance of protein secondary and tertiary structure on bioactivity,
protein structure must be preserved following interaction and release from Laponite. Cross
et al. demonstrated the binding of human bone morphogenetic protein 2 (rhBMP2) and
transforming growth factor-β3 (TGF-β3) with Laponite particles [132]. Proteins exhib-
ited sustained release following adsorption onto Laponite particles in the absence of a
polymeric hydrogel. Importantly, osteogenic effects were observed in a 2D cell culture
model following the release of proteins, demonstrating that released proteins remained
bioactive following interaction with Laponite. In another example of proteins preserving
their bioactivity, gelatin methacrylate–Laponite nanocomposite hydrogels were fabricated



Pharmaceuticals 2023, 16, 821 11 of 19

by Waters et al. that incorporated human mesenchymal stem cell-derived growth fac-
tors [133]. Sustained release of vascular endothelial growth factor (VEGF) and fibroblast
growth factor 2 (FGF2) was demonstrated in vitro. The secretome-loaded nanocomposite
hydrogel demonstrated the potential to enhance angiogenesis and cardio-protection. In
another study that demonstrated the utility of Laponite composite hydrogels, Liu et al.
developed an alginate/gelatin/Laponite nanocomposite hydrogel system that was shown
to be noncytotoxic and could successfully deliver bone marrow mesenchymal stem cells in
a critical-size rat bone calvarial defect [134]. The degradation products of Laponite were
shown to enhance the osteogenic potential compared to hydrogels without Laponite. The
authors suggested that this nanocomposite hydrogel system could also be loaded with
drugs to further enhance bone regeneration. Together, these studies show proteins retain at
least a portion of their bioactivity following release from Laponite–hydrogel composites
and can achieve desired physiological outcomes.
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and RNase (2 mg/mL). (B). Diameter of NS only (no protein) and NS–protein complexes mea-
sured via dynamic light scattering. NS concentration was 1 mg/mL and protein concentration
was 1 mg/mL. * Indicates significant difference (N = 6, p < 0.05). (C). Release profiles of BSA,
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(blue; pI = 4.7), RNase (red; pI = 8.54), and Lys (green; pI = 11.35). Republished with permission from
Ref. [39]. 2021. American Chemical Society.
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In a unique hydrogel fabrication method, Dawson et al. fabricated self-assembling
Laponite hydrogels for protein delivery [135]. Laponite was added dropwise above a criti-
cal Laponite concentration to varying concentrations of NaCl to form microcapsules. These
Laponite microcapsules showed sustained release of albumin and lysozyme compared
to bolus dose and control alginate hydrogels. VEGF was then loaded into the Laponite
microcapsules and demonstrated enhanced angiogenesis in 2D cell culture, thereby demon-
strating retention of protein bioactivity following interaction with Laponite particles. A
collagen scaffold was then used to subencapsulate the Laponite microcapsules to release
VEGF and BMP2 in a rat model, which showed enhanced angiogenesis in vivo. This group
further demonstrated these Laponite gel capsules could successfully localize the release of
BMP2 to achieve ectopic bone formation in a rat model due to the release and preservation
of protein bioactivity [136]. Therefore, Laponite may be used as a gel-forming agent in the
absence of polymers, while still achieving sustained release and retained bioactivity.

The surface of Laponite particles may also be modified via interactions with proteins to
promote more specific or effective binding of another target protein. Wang et al. designed a
blended hydrogel system with heparin and Laponite to deliver fibroblast growth factor 4
(FGF4) for the treatment of spinal cord injury [137]. Heparin was first reacted with FGF4 to
form a heparin protein complex, which was then adsorbed onto Laponite particles. The
system exhibited sustained release of over 35 days and enhanced the recovery process in a
rat model.

Together, these studies reveal the utility of Laponite–hydrogel composites for the
delivery of macromolecules where release kinetics are slowed and molecular bioactivity
is maintained. However, more research must be conducted to determine the stoichiome-
try, geometry, and stability of the formed Laponite–protein complexes. Additionally, an
understanding of protein activity while adsorbed to Laponite is also desired to determine
whether bioactivity is retained throughout the adsorption and subsequent release, or if a
temporary (or permanent) unfolding of protein occurs during interaction with Laponite.
Without knowledge of the processes that govern the Laponite–protein interactions, the use
and tunability of Laponite nanocomposite hydrogels as drug delivery devices may not be
fully realized.

10. Potential Challenges and Drawbacks of Laponite Composite Hydrogels

While the incorporation of Laponite within hydrogels offers a plethora of benefits,
some challenges may persist that may delay or hinder their clinical use. Because of the
prolonged release profiles of drugs afforded by electrostatic interaction with Laponite,
release may be too slow for some applications. For example, the use of a Laponite hydrogel
composite may not be appropriate for applications where a relatively high drug plasma
concentration is needed for only a short time. Laponite may delay delivery of the drug and
result in ineffective dosing. Furthermore, Laponite–drug interactions may last longer than
the typical degradation time of the hydrogel and or Laponite particle itself. This may result
in a pseudo burst release or at least steep increase in release kinetics due to escape and/or
degradation of Laponite particles, thereby releasing adsorbed cargo. However, such a
secondary burst release does not appear in the literature to our knowledge. Consideration
must also be given to optimization of Laponite concentration within hydrogels. While
increasing Laponite concentration may lead to slower release kinetics, too high of a Laponite
concentration may adversely affect hydrogel mechanical properties due to hinderance of
desired crosslinking. When used for protein delivery, Laponite composite hydrogels
must not irreversibly denature or unfold proteins, rendering them inactive. Examples
in the literature seemingly indicate that released proteins retain their bioactivity, but
further characterization and understanding of the Laponite–protein complex structure
is necessary. Another potential complication would be the behavior of Laponite–drug
complexes in physiological fluids, which are rich with a variety of small molecules and
proteins. Understanding how these other molecules affect Laponite–drug interactions and
stability is paramount to achieving controllable release profiles [138].
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11. Conclusions and Future Directions

Laponite–hydrogel composites offer great potential for use as devices for the delivery
of both small molecules and macromolecules because of the unique benefits of the nanocom-
posite system that cannot be achieved with just a hydrogel or just Laponite. Drugs may be
adsorbed or intercalated onto or into Laponite particles, significantly reducing burst release
and lengthening the duration of sustained release. For both small molecules and proteins,
guest molecule net charge plays a key role in determining release kinetics due to the unique
charge and surface area characteristics of Laponite. Release kinetics may also be governed
by Laponite concentration and environmental pH and/or salinity. Importantly, release
drugs have been shown to retain their bioactivity to achieve desired in vivo responses. In
addition to the benefits of controlling release, the incorporation of Laponite particles can
positively affect hydrogel mechanical and physical properties, making them even more
suitable as injectable delivery devices. Encapsulating Laponite within hydrogels also al-
lows for tunable, localized release, with the nanocomposite hydrogel serving as a depot for
drug release.

Going forward, more in-depth research must be conducted on the nature of
Laponite–macromolecule complexes to fully harness the power of these nanocompos-
ite hydrogel delivery devices. An understanding of how macromolecules of varying sizes
and charges interact with Laponite will allow for enhanced tunability of release profiles
for specific applications. Currently, a significant gap in the literature exists in determining
the stability, reversibility, and stoichiometry of Laponite–protein complexes. Knowledge
of potential protein unfolding or denaturation when adsorbed to Laponite is crucial to
ensure effective protein delivery. Furthermore, the delivery of macromolecules other than
proteins should be explored, such as that of nucleic acids and immunoglobulins, which
each represent their challenges.

In the future, Laponite-based nanocomposite hydrogels are anticipated to have
widespread applications in tissue engineering and regenerative medicine. They may
be utilized in personalized medicine, enabling patient-specific hydrogels, as well as in the
development of smart hydrogels with stimuli-responsive drug release. Integration with
bioelectronics and sensors could facilitate real-time monitoring, while bioprinting tech-
niques could allow for the creation of complex tissue constructs. Combination therapies,
bioactive coatings for implants, and integration with AI for predictive modeling are also
potential advancements. Additionally, these nanocomposite hydrogels show promise in
additive biomanufacturing, particularly in extrusion-based bioprinting, where the inclusion
of Laponite enables shear-thinning behavior. Therapeutics can be incorporated into printed
structures to guide cellular functions, allowing for the creation of heterogeneous tissue
architectures. This approach has the potential to revolutionize drug testing and accelerate
the clinical translation of therapeutics.

As more hydrogel–Laponite composite delivery devices emerge, we will obtain a
better knowledge of how the devices perform in vivo and interact with cells and blood
in physiological environments. While Laponite-containing devices have shown great
promise so far, we must be able to translate the beneficial release kinetics in a physio-
logical environment where numerous other molecules will compete for interactions with
Laponite particles.
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6. Jansson, M.; Belić, D.; Forsman, J.; Skepö, M. Nanoplatelet interactions in the presence of multivalent ions: The effect of

overcharging and stability. J. Colloid Interface Sci. 2020, 579, 573–581. [CrossRef]
7. Davis, R.; Urbanowski, R.A.; Gaharwar, A.K. 2D layered nanomaterials for therapeutics delivery. Curr. Opin. Biomed. Eng. 2021,

20, 100319. [CrossRef]
8. Samimi Gharaie, S.; Dabiri, S.M.H.; Akbari, M. Smart Shear-Thinning Hydrogels as Injectable Drug Delivery Systems. Polymers

2018, 10, 1317. [CrossRef]
9. U.S. Food & Drug Administration. Obsidio 510(k) Approval Letter. June 2022. Available online: https://www.accessdata.fda.

gov/cdrh_docs/pdf21/K213385.pdf (accessed on 5 May 2023).
10. Ghassemi, Z.; Ruesing, S.; Leach, J.B.; Zustiak, S.P. Stability of proteins encapsulated in Michael-type addition polyethylene glycol

hydrogels. Biotechnol. Bioeng. 2021, 118, 4840–4853. [CrossRef]
11. Raza, F.; Zafar, H.; Zhu, Y.; Ren, Y.; Ullah, A.; Khan, A.U.; He, X.; Han, H.; Aquib, M.; Boakye-Yiadom, K.O.; et al. A Review on

Recent Advances in Stabilizing Peptides/Proteins upon Fabrication in Hydrogels from Biodegradable Polymers. Pharmaceutics
2018, 10, 16. [CrossRef]

12. Zustiak, S.P.; Leach, J.B. Hydrolytically Degradable Poly(Ethylene Glycol) Hydrogel Scaffolds with Tunable Degradation and
Mechanical Properties. Biomacromolecules 2010, 11, 1348–1357. [CrossRef] [PubMed]

13. Chen, W.; Zhou, Z.; Chen, D.; Li, Y.; Zhang, Q.; Su, J. Bone Regeneration Using MMP-Cleavable Peptides-Based Hydrogels. Gels
2021, 7, 199. [CrossRef] [PubMed]

14. Wang, Y.; Xi, L.; Zhang, B.; Zhu, Q.; Su, F.; Jelonek, K.; Orchel, A.; Kasperczyk, J.; Li, S. Bioresorbable hydrogels prepared by
photo-initiated crosslinking of diacrylated PTMC-PEG-PTMC triblock copolymers as potential carrier of antitumor drugs. Saudi
Pharm. J. 2020, 28, 290–299. [CrossRef] [PubMed]

15. Axpe, E.; Chan, D.; Offeddu, G.S.; Chang, Y.; Merida, D.; Hernandez, H.L.; Appel, E.A. A Multiscale Model for Solute Diffusion
in Hydrogels. Macromolecules 2019, 52, 6889–6897. [CrossRef]

16. Peppas, N.A.; Keys, K.B.; Torres-Lugo, M.; Lowman, A.M. Poly(ethylene glycol)-containing hydrogels in drug delivery. J. Control.
Release 1999, 62, 81–87. [CrossRef] [PubMed]

17. Huang, X.; Brazel, C.S. On the importance and mechanisms of burst release in matrix-controlled drug delivery systems. J. Control.
Release 2001, 73, 121–136. [CrossRef]

18. Bhattacharjee, S. Understanding the burst release phenomenon: Toward designing effective nanoparticulate drug-delivery
systems. Ther. Deliv. 2021, 12, 21–36. [CrossRef]

19. Hu, B.; Gao, M.; Boakye-Yiadom, K.O.; Ho, W.; Yu, W.; Xu, X.; Zhang, X.Q. An intrinsically bioactive hydrogel with on-demand
drug release behaviors for diabetic wound healing. Bioact. Mater. 2021, 6, 4592–4606. [CrossRef]

20. Adepu, S.; Ramakrishna, S. Controlled Drug Delivery Systems: Current Status and Future Directions. Molecules 2021, 26, 5905.
[CrossRef]

21. Cam, M.E.; Yildiz, S.; Alenezi, H.; Cesur, S.; Ozcan, G.S.; Erdemir, G.; Edirisinghe, U.; Akakin, D.; Kuruca, D.S.; Kabasakal,
L.; et al. Evaluation of burst release and sustained release of pioglitazone-loaded fibrous mats on diabetic wound healing: An in
vitro and in vivo comparison study. J. R. Soc. Interface 2020, 17, 20190712. [CrossRef]

22. Brandl, F.; Hammer, N.; Blunk, T.; Tessmar, J.; Goepferich, A. Biodegradable hydrogels for time-controlled release of tethered
peptides or proteins. Biomacromolecules 2010, 11, 496–504. [CrossRef] [PubMed]

23. Rajkumar, M.; Sakthivel, M.; Senthilkumar, K.; Thangaraj, R.; Kannan, S. Galantamine tethered hydrogel as a novel therapeutic
target for streptozotocin-induced Alzheimer’s disease in Wistar rats. Curr. Res. Pharmacol. Drug Discov. 2022, 3, 100100. [CrossRef]
[PubMed]

24. Correa, S.; Grosskopf, A.K.; Lopez Hernandez, H.; Chan, D.; Yu, A.C.; Stapleton, L.M.; Appel, E.A. Translational Applications of
Hydrogels. Chem. Rev. 2021, 121, 11385–11457. [CrossRef] [PubMed]

25. Sood, N.; Bhardwaj, A.; Mehta, S.; Mehta, A. Stimuli-responsive hydrogels in drug delivery and tissue engineering. Drug Deliv.
2016, 23, 748–770. [CrossRef] [PubMed]

https://doi.org/10.3390/pharmaceutics12121188
https://www.ncbi.nlm.nih.gov/pubmed/33297493
https://doi.org/10.1038/natrevmats.2016.71
https://www.ncbi.nlm.nih.gov/pubmed/29657852
https://doi.org/10.1038/s41573-020-0090-8
https://doi.org/10.1021/acsami.9b19037
https://www.ncbi.nlm.nih.gov/pubmed/32091189
https://doi.org/10.1002/adma.201900332
https://doi.org/10.1016/j.jcis.2020.06.045
https://doi.org/10.1016/j.cobme.2021.100319
https://doi.org/10.3390/polym10121317
https://www.accessdata.fda.gov/cdrh_docs/pdf21/K213385.pdf
https://www.accessdata.fda.gov/cdrh_docs/pdf21/K213385.pdf
https://doi.org/10.1002/bit.27949
https://doi.org/10.3390/pharmaceutics10010016
https://doi.org/10.1021/bm100137q
https://www.ncbi.nlm.nih.gov/pubmed/20355705
https://doi.org/10.3390/gels7040199
https://www.ncbi.nlm.nih.gov/pubmed/34842679
https://doi.org/10.1016/j.jsps.2020.01.008
https://www.ncbi.nlm.nih.gov/pubmed/32194330
https://doi.org/10.1021/acs.macromol.9b00753
https://doi.org/10.1016/S0168-3659(99)00027-9
https://www.ncbi.nlm.nih.gov/pubmed/10518639
https://doi.org/10.1016/S0168-3659(01)00248-6
https://doi.org/10.4155/tde-2020-0099
https://doi.org/10.1016/j.bioactmat.2021.04.040
https://doi.org/10.3390/molecules26195905
https://doi.org/10.1098/rsif.2019.0712
https://doi.org/10.1021/bm901235g
https://www.ncbi.nlm.nih.gov/pubmed/20095560
https://doi.org/10.1016/j.crphar.2022.100100
https://www.ncbi.nlm.nih.gov/pubmed/35510084
https://doi.org/10.1021/acs.chemrev.0c01177
https://www.ncbi.nlm.nih.gov/pubmed/33938724
https://doi.org/10.3109/10717544.2014.940091
https://www.ncbi.nlm.nih.gov/pubmed/25045782


Pharmaceuticals 2023, 16, 821 15 of 19

26. Rizwan, M.; Yahya, R.; Hassan, A.; Yar, M.; Azzahari, A.D.; Selvanathan, V.; Sonsudin, F.; Abouloula, C.N. pH Sensitive Hydrogels
in Drug Delivery: Brief History, Properties, Swelling, and Release Mechanism, Material Selection and Applications. Polymers
2017, 9, 137. [CrossRef] [PubMed]

27. HaqAsif, A.; Karnakar, R.R.; Sreeharsha, N.; Gite, V.V.; Borane, N.; Al-Dhubiab, B.E.; Kaliyadan, F.; Rasool, T.; Nanjappa, S.H.;
Meravanige, G. pH and Salt Responsive Hydrogel based on Guar Gum as a Renewable Material for Delivery of Curcumin: A
Natural Anti-Cancer Drug. J. Polym. Environ. 2021, 29, 1978–1989. [CrossRef]

28. Huang, H.; Qi, X.; Chen, Y.; Wu, Z. Thermo-sensitive hydrogels for delivering biotherapeutic molecules: A review. Saudi Pharm. J.
2019, 27, 990–999. [CrossRef]

29. Li, Z.; Zhou, Y.; Li, T.; Zhang, J.; Tian, H. Stimuli-responsive hydrogels: Fabrication and biomedical applications. VIEW 2022,
3, 20200112. [CrossRef]

30. Baig, N.; Kammakakam, I.; Falath, W. Nanomaterials: A review of synthesis methods, properties, recent progress, and challenges.
Mater. Adv. 2021, 2, 1821–1871. [CrossRef]

31. Gao, W.; Zhang, Y.; Zhang, Q.; Zhang, L. Nanoparticle-Hydrogel: A Hybrid Biomaterial System for Localized Drug Delivery. Ann.
Biomed. Eng. 2016, 44, 2049–2061. [CrossRef]

32. Ko, W.-K.; Lee, S.J.; Kim, S.J.; Han, G.H.; Han, I.-B.; Hong, J.B.; Sheen, S.H.; Sohn, S. Direct Injection of Hydrogels Embedding
Gold Nanoparticles for Local Therapy after Spinal Cord Injury. Biomacromolecules 2021, 22, 2887–2901. [CrossRef]

33. Pangli, H.; Vatanpour, S.; Hortamani, S.; Jalili, R.; Ghahary, A. Incorporation of Silver Nanoparticles in Hydrogel Matrices for
Controlling Wound Infection. J. Burn Care Res. 2021, 42, 785–793. [CrossRef] [PubMed]

34. Merino, S.; Martín, C.; Kostarelos, K.; Prato, M.; Vázquez, E. Nanocomposite Hydrogels: 3D Polymer–Nanoparticle Synergies for
On-Demand Drug Delivery. ACS Nano 2015, 9, 4686–4697. [CrossRef] [PubMed]

35. Jøraholmen, M.W.; Johannessen, M.; Gravningen, K.; Puolakkainen, M.; Acharya, G.; Basnet, P.; Škalko-Basnet, N. Liposomes-In-
Hydrogel Delivery System Enhances the Potential of Resveratrol in Combating Vaginal Chlamydia Infection. Pharmaceutics 2020,
12, 1203. [CrossRef] [PubMed]

36. Li, D.; An, X.; Mu, Y. A liposomal hydrogel with enzyme triggered release for infected wound. Chem. Phys. Lipids 2019,
223, 104783. [CrossRef]

37. Gerstenberg, M.; Stürzel, C.M.; Weil, T.; Kirchhoff, F.; Lindén, M. Modular Hydrogel−Mesoporous Silica Nanoparticle Constructs
for Therapy and Diagnostics. Adv. NanoBiomed Res. 2022, 2, 2100125. [CrossRef]

38. Hu, Y.; Dong, X.; Ke, L.; Zhang, S.; Zhao, D.; Chen, H.; Xiao, X. Polysaccharides/mesoporous silica nanoparticles hybrid composite
hydrogel beads for sustained drug delivery. J. Mater. Sci. 2017, 52, 3095–3109. [CrossRef]

39. Stealey, S.T.; Gaharwar, A.K.; Pozzi, N.; Zustiak, S.P. Development of Nanosilicate–Hydrogel Composites for Sustained Delivery
of Charged Biopharmaceutics. ACS Appl. Mater. Interfaces 2021, 13, 27880–27894. [CrossRef]

40. Giri, A.; Ghosh, T.; Panda, A.B.; Pal, S.; Bandyopdhyay, A. Tailoring carboxymethyl guargum hydrogel with nanosilica for
sustained transdermal release of diclofenac sodium. Carbohydr. Polym. 2012, 87, 1532–1538. [CrossRef]

41. Zhang, S.; Guo, Y.; Dong, Y.; Wu, Y.; Cheng, L.; Wang, Y.; Xing, M.; Yuan, Q. A novel nanosilver/nanosilica hydrogel for bone
regeneration in infected bone defects. ACS Appl. Mater. Interfaces 2016, 8, 13242–13250. [CrossRef]

42. Constantinescu, F.; Boiu Sicuia, O.A. Chapter 13—Phytonanotechnology and plant protection. In Phytonanotechnology; Thajuddin,
N., Mathew, S., Eds.; Elsevier: Amsterdam, The Netherlands, 2020; pp. 245–287. [CrossRef]

43. García-Villén, F.; Ruiz-Alonso, S.; Lafuente-Merchan, M.; Gallego, I.; Sainz-Ramos, M.; Saenz-Del-Burgo, L.; Pedraz, J.L. Clay
Minerals as Bioink Ingredients for 3D Printing and 3D Bioprinting: Application in Tissue Engineering and Regenerative Medicine.
Pharmaceutics 2021, 13, 1806. [CrossRef]

44. Tipa, C.; Cidade, M.T.; Borges, J.P.; Costa, L.C.; Silva, J.C.; Soares, P.I.P. Clay-Based Nanocomposite Hydrogels for Biomedical
Applications: A Review. Nanomaterials 2022, 12, 3308. [CrossRef] [PubMed]

45. Hughes, R.E.; DeMaris, P.J.; White, W.A.; Cowin, D.K.; Schultz, L.G.; Olphen, H.v.; Mumpton, F.A. Origin of Clay Minerals in
Pennsylvanian Strata of the Illinois Basin. In Proceedings of the International Clay Conference, Denver, 1985; Clay Minerals Society:
Chantilly, VA, USA, 1985. [CrossRef]

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

47. Lima, L.C.B.; Coelho, C.C.; Silva, F.C.; Meneguin, A.B.; Barud, H.S.; Bezerra, R.D.S.; Viseras, C.; Osajima, J.A.; Silva-Filho, E.C.
Hybrid Systems Based on Talc and Chitosan for Controlled Drug Release. Materials 2019, 12, 3634. [CrossRef] [PubMed]

48. Soleimanpour Moghadam, N.; Azadmehr, A.; Hezarkhani, A. Improving the 6-Aminopenicillanic acid release process using
vermiculite-alginate biocomposite bead on drug delivery system. Drug. Dev. Ind. Pharm. 2021, 47, 1489–1501. [CrossRef]

49. Hundáková, M.; Tokarský, J.; Valášková, M.; Slobodian, P.; Pazdziora, E.; Kimmer, D. Structure and antibacterial properties of
polyethylene/organo-vermiculite composites. Solid State Sci. 2015, 48, 197–204. [CrossRef]

50. Neeraj, K.; Chandra, M. Basics of Clay Minerals and Their Characteristic Properties. In Clay and Clay Minerals; Do Nascimento,
G.M., Ed.; IntechOpen: Rijeka, Croatia, 2021; Chapter 2. [CrossRef]

51. Ghadiri, M.; Chrzanowski, W.; Rohanizadeh, R. Biomedical applications of cationic clay minerals. RSC Adv. 2015, 5, 29467–29481.
[CrossRef]

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

https://doi.org/10.3390/polym9040137
https://www.ncbi.nlm.nih.gov/pubmed/30970818
https://doi.org/10.1007/s10924-020-01934-1
https://doi.org/10.1016/j.jsps.2019.08.001
https://doi.org/10.1002/VIW.20200112
https://doi.org/10.1039/D0MA00807A
https://doi.org/10.1007/s10439-016-1583-9
https://doi.org/10.1021/acs.biomac.1c00281
https://doi.org/10.1093/jbcr/iraa205
https://www.ncbi.nlm.nih.gov/pubmed/33313805
https://doi.org/10.1021/acsnano.5b01433
https://www.ncbi.nlm.nih.gov/pubmed/25938172
https://doi.org/10.3390/pharmaceutics12121203
https://www.ncbi.nlm.nih.gov/pubmed/33322392
https://doi.org/10.1016/j.chemphyslip.2019.104783
https://doi.org/10.1002/anbr.202100125
https://doi.org/10.1007/s10853-016-0597-x
https://doi.org/10.1021/acsami.1c05576
https://doi.org/10.1016/j.carbpol.2011.09.050
https://doi.org/10.1021/acsami.6b01432
https://doi.org/10.1016/B978-0-12-822348-2.00013-9
https://doi.org/10.3390/pharmaceutics13111806
https://doi.org/10.3390/nano12193308
https://www.ncbi.nlm.nih.gov/pubmed/36234440
https://doi.org/10.1346/cms-icc-1.1
https://doi.org/10.1039/D0TB01031F
https://www.ncbi.nlm.nih.gov/pubmed/32687134
https://doi.org/10.3390/ma12213634
https://www.ncbi.nlm.nih.gov/pubmed/31694168
https://doi.org/10.1080/03639045.2021.2001492
https://doi.org/10.1016/j.solidstatesciences.2015.08.011
https://doi.org/10.5772/intechopen.97672
https://doi.org/10.1039/C4RA16945J
https://doi.org/10.1016/j.clay.2010.01.007


Pharmaceuticals 2023, 16, 821 16 of 19

53. Smectite Group. Mindat.org. Available online: https://www.mindat.org/min-11119.html (accessed on 8 February 2023).
54. Delavernhe, L.; Pilavtepe, M.; Emmerich, K. Cation exchange capacity of natural and synthetic hectorite. Appl. Clay Sci. 2018, 151,

175–180. [CrossRef]
55. Jatav, S.; Joshi, Y.M. Chemical stability of Laponite in aqueous media. Appl. Clay Sci. 2014, 97–98, 72–77. [CrossRef]
56. Zeyen, N.; Wang, B.; Wilson, S.A.; Paulo, C.; Stubbs, A.R.; Power, I.M.; Steele-Maclnnis, M.; Lanzirotti, A.; Newville, M.; Paterson,

D.J.; et al. Cation Exchange in Smectites as a New Approach to Mineral Carbonation. Front. Clim. 2022, 4, 913632. [CrossRef]
57. Yu, B.-S.; Hung, W.-H.; Fang, J.-N.; Yu, Y.-T. Synthesis of Zn-Saponite Using a Microwave Circulating Reflux Method under

Atmospheric Pressure. Minerals 2020, 10, 45. [CrossRef]
58. Kapoor, B.S. Acid character of nontronite: Permanent and pH-dependent charge components of cation exchange capacity. Clay

Miner. 1972, 9, 425–433. [CrossRef]
59. Belhanafi, H.; Bakhti, A.; Benderdouche, N. Study of interactions between rhodamine B and a beidellite-rich clay fraction. Clay

Miner. 2020, 55, 194–202. [CrossRef]
60. Jayrajsinh, S.; Shankar, G.; Agrawal, Y.K.; Bakre, L. Montmorillonite nanoclay as a multifaceted drug-delivery carrier: A review.

J. Drug Deliv. Sci. Technol. 2017, 39, 200–209. [CrossRef]
61. Kouser, R.; Vashist, A.; Zafaryab, M.; Rizvi, M.A.; Ahmad, S. Na-Montmorillonite-Dispersed Sustainable Polymer Nanocomposite

Hydrogel Films for Anticancer Drug Delivery. ACS Omega 2018, 3, 15809–15820. [CrossRef]
62. Sharifzadeh, G.; Hezaveh, H.; Muhamad, I.I.; Hashim, S.; Khairuddin, N. Montmorillonite-based polyacrylamide hydrogel rings

for controlled vaginal drug delivery. Mater. Sci. Eng. C 2020, 110, 110609. [CrossRef]
63. Park, J.H.; Shin, H.J.; Kim, M.H.; Kim, J.S.; Kang, N.; Lee, J.Y.; Kim, K.T.; Lee, J.I.; Kim, D.D. Application of montmorillonite in

bentonite as a pharmaceutical excipient in drug delivery systems. J. Pharm. Investig. 2016, 46, 363–375. [CrossRef]
64. Joshi, G.V.; Pawar, R.R.; Kevadiya, B.D.; Bajaj, H.C. Mesoporous synthetic hectorites: A versatile layered host with drug delivery

application. Microporous Mesoporous Mater. 2011, 142, 542–548. [CrossRef]
65. Kumaresan, S.; Pawar, R.R.; Kevadiya, B.D.; Bajaj, H.C. Synthesis of Saponite Based Nanocomposites to Improve the Controlled

Oral Drug Release of Model Drug Quinine Hydrochloride Dihydrate. Pharmaceuticals 2019, 12, 105. [CrossRef]
66. Rodrigues, F.H.A.; Pereira, A.G.B.; Fajardo, A.R.; Muniz, E.C. Synthesis and characterization of chitosan-graft-poly(acrylic

acid)/nontronite hydrogel composites based on a design of experiments. J. Appl. Polym. Sci. 2013, 128, 3480–3489. [CrossRef]
67. Cheikh, D.; García-Villén, F.; Majdoub, H.; Viseras, C.; Zayani, M.B. Chitosan/beidellite nanocomposite as diclofenac carrier. Int.

J. Biol. Macromol. 2019, 126, 44–53. [CrossRef]
68. Das, S.S.; Neelam; Hussain, K.; Singh, S.; Hussain, A.; Faruk, A.; Tebyetekerwa, M. Laponite-based Nanomaterials for Biomedical

Applications: A Review. Curr. Pharm. Des. 2019, 25, 424–443. [CrossRef] [PubMed]
69. Das, K.; Rawat, K.; Bohidar, H.B. Surface patch binding induced interaction of anisotropic nanoclays with globular plasma

proteins. RSC Adv. 2016, 6, 104117–104125. [CrossRef]
70. Jiang, W.-T.; Tsai, Y.; Wang, X.; Tangen, H.J.; Baker, J.; Allen, L.; Li, Z. Sorption of Acridine Orange on Non-Swelling and Swelling

Clay Minerals. Crystals 2022, 12, 118. [CrossRef]
71. Gaharwar, A.K.; Mihaila, S.M.; Swami, A.; Patel, A.; Sant, S.; Reis, R.L.; Marques, A.P.; Gomes, M.E.; Khademhosseini, A. Bioactive

Silicate Nanoplatelets for Osteogenic Differentiation of Human Mesenchymal Stem Cells. Adv. Mater. 2013, 25, 3329–3336.
[CrossRef]

72. Cidonio, G.; Alcala-Orozco, C.R.; Lim, K.S.; Glinka, M.; Mutreja, I.; Kim, Y.H.; Dawson, J.I.; Woodfield, T.B.F.; Oreffo, R.O.C.
Osteogenic and angiogenic tissue formation in high fidelity nanocomposite Laponite-gelatin bioinks. Biofabrication 2019,
11, 035027. [CrossRef]

73. Afghah, F.; Altunbek, M.; Dikyol, C.; Koc, B. Preparation and characterization of nanoclay-hydrogel composite support-bath for
bioprinting of complex structures. Sci. Rep. 2020, 10, 5257. [CrossRef]

74. Rajput, S.; Deo, K.A.; Mathur, T.; Lokhande, G.; Singh, K.A.; Sun, Y.; Alge, D.L.; Jain, A.; Sarkar, T.R.; Gaharwar, A.K. 2D
Nanosilicate for additive manufacturing: Rheological modifier, sacrificial ink and support bath. Bioprinting 2022, 25, e00187.
[CrossRef]

75. Prasannan, A.; Udomsin, J.; Tsai, H.-C.; Wang, C.-F.; Lai, J.-Y. Robust underwater superoleophobic membranes with bio-inspired
carrageenan/laponite multilayers for the effective removal of emulsions, metal ions, and organic dyes from wastewater. Chem.
Eng. J. 2020, 391, 123585. [CrossRef]

76. Lull, M.A.; Howell, A.L.; Novack, C.D. Laponite Clay in Cosmetic and Personal Care Products; Avon Products Inc.: New York, NY,
USA, 2015.

77. Bott, J.; Franz, R. Investigation into the Potential Migration of Nanoparticles from Laponite-Polymer Nanocomposites. Nanomate-
rials 2018, 8, 723. [CrossRef] [PubMed]

78. Lee, W.P.; Martinez, A.; Xu, D.; Brooker, A.; York, D.W.; Ding, Y. Effects of laponite and silica nanoparticles on the cleaning
performance of amylase towards starch soils. Particuology 2009, 7, 459–465. [CrossRef]

79. Zhang, J.; Zhou, C.H.; Petit, S.; Zhang, H. Hectorite: Synthesis, modification, assembly and applications. Appl. Clay Sci. 2019, 177,
114–138. [CrossRef]

80. Decarreau, A.; Vigier, N.; Pálková, H.; Petit, S.; Vieillard, P.; Fontaine, C. Partitioning of lithium between smectite and solution:
An experimental approach. Geochim. Cosmochim. Acta 2012, 85, 314–325. [CrossRef]

https://www.mindat.org/min-11119.html
https://doi.org/10.1016/j.clay.2017.10.007
https://doi.org/10.1016/j.clay.2014.06.004
https://doi.org/10.3389/fclim.2022.913632
https://doi.org/10.3390/min10010045
https://doi.org/10.1180/claymin.1972.009.4.07
https://doi.org/10.1180/clm.2020.25
https://doi.org/10.1016/j.jddst.2017.03.023
https://doi.org/10.1021/acsomega.8b01691
https://doi.org/10.1016/j.msec.2019.110609
https://doi.org/10.1007/s40005-016-0258-8
https://doi.org/10.1016/j.micromeso.2010.12.040
https://doi.org/10.3390/ph12030105
https://doi.org/10.1002/app.38386
https://doi.org/10.1016/j.ijbiomac.2018.12.205
https://doi.org/10.2174/1381612825666190402165845
https://www.ncbi.nlm.nih.gov/pubmed/30947654
https://doi.org/10.1039/C6RA11669H
https://doi.org/10.3390/cryst12010118
https://doi.org/10.1002/adma.201300584
https://doi.org/10.1088/1758-5090/ab19fd
https://doi.org/10.1038/s41598-020-61606-x
https://doi.org/10.1016/j.bprint.2021.e00187
https://doi.org/10.1016/j.cej.2019.123585
https://doi.org/10.3390/nano8090723
https://www.ncbi.nlm.nih.gov/pubmed/30217063
https://doi.org/10.1016/j.partic.2009.09.001
https://doi.org/10.1016/j.clay.2019.05.001
https://doi.org/10.1016/j.gca.2012.02.018


Pharmaceuticals 2023, 16, 821 17 of 19

81. Vicente, I.; Salagre, P.; Cesteros, Y.; Guirado, F.; Medina, F.; Sueiras, J.E. Fast microwave synthesis of hectorite. Appl. Clay Sci. 2009,
43, 103–107. [CrossRef]

82. Shafran, K.; Jeans, C.; Kemp, S.J.; Murphy, K. Dr Barbara S. Neumann: Clay scientist and industrial pioneer; creator of Laponite®.
Clay Miner. 2020, 55, 256–260. [CrossRef]

83. Brokesh, A.M.; Cross, L.M.; Kersey, A.L.; Murali, A.; Richter, C.; Gregory, C.A.; Singh, I.; Gaharwar, A.K. Dissociation of
nanosilicates induces downstream endochondral differentiation gene expression program. Sci. Adv. 2022, 8, eabl9404. [CrossRef]

84. Mohanty, R.P.; Joshi, Y.M. Chemical stability phase diagram of aqueous Laponite dispersions. Appl. Clay Sci. 2016, 119, 243–248.
[CrossRef]

85. Carrow, J.K.; Cross, L.M.; Reese, R.W.; Jaiswal, M.K.; Gregory, C.A.; Kaunas, R.; Singh, I.; Gaharwar, A.K. Widespread changes in
transcriptome profile of human mesenchymal stem cells induced by two-dimensional nanosilicates. Proc. Natl. Acad. Sci. USA
2018, 115, e3905–e3913. [CrossRef]

86. Iturrioz-Rodríguez, N.; Martín-Rodríguez, R.; Renero-Lecuna, C.; Aguado, F.; González-Legarreta, L.; González, J.; Fanarraga,
M.L.; Perdigón, A.C. Free-labeled nanoclay intracellular uptake tracking by confocal Raman imaging. Appl. Surf. Sci. 2021,
537, 147870. [CrossRef]

87. Veernala, I.; Giri, J.; Pradhan, A.; Polley, P.; Singh, R.; Yadava, S.K. Effect of Fluoride Doping in Laponite Nanoplatelets on
Osteogenic Differentiation of Human Dental Follicle Stem Cells (hDFSCs). Sci. Rep. 2019, 9, 915. [CrossRef] [PubMed]

88. Becher, T.B.; Mendonça, M.C.P.; de Farias, M.A.; Portugal, R.V.; de Jesus, M.B.; Ornelas, C. Soft Nanohydrogels Based on Laponite
Nanodiscs: A Versatile Drug Delivery Platform for Theranostics and Drug Cocktails. ACS Appl. Mater. Interfaces 2018, 10,
21891–21900. [CrossRef] [PubMed]

89. Li, J.; Tian, Z.; Yang, H.; Duan, L.; Liu, Y. Infiltration of laponite: An effective approach to improve the mechanical properties and
thermostability of collagen hydrogel. J. Appl. Polym. Sci. 2023, 140, e53366. [CrossRef]

90. Luo, J.; Ma, Z.; Yang, F.; Wu, T.; Wen, S.; Zhang, J.; Huang, L.; Deng, S.; Tan, S. Fabrication of Laponite-Reinforced Dextran-Based
Hydrogels for NIR-Responsive Controlled Drug Release. ACS Biomater. Sci. Eng. 2022, 8, 1554–1565. [CrossRef] [PubMed]

91. Li, C.; Mu, C.; Lin, W.; Ngai, T. Gelatin Effects on the Physicochemical and Hemocompatible Properties of Gelatin/PAAm/Laponite
Nanocomposite Hydrogels. ACS Appl. Mater. Interfaces 2015, 7, 18732–18741. [CrossRef]

92. Wang, C.; Wang, S.; Li, K.; Ju, Y.; Li, J.; Zhang, Y.; Li, J.; Liu, X.; Shi, X.; Zhao, Q. Preparation of laponite bioceramics for potential
bone tissue engineering applications. PLoS ONE 2014, 9, e99585. [CrossRef]

93. Wu, C.-J.; Gaharwar, A.K.; Chan, B.K.; Schmidt, G. Mechanically Tough Pluronic F127/Laponite Nanocomposite Hydrogels from
Covalently and Physically Cross-Linked Networks. Macromolecules 2011, 44, 8215–8224. [CrossRef]

94. Lee, J.H.; Han, W.J.; Jang, H.S.; Choi, H.J. Highly Tough, Biocompatible, and Magneto-Responsive Fe3O4/Laponite/PDMAAm
Nanocomposite Hydrogels. Sci. Rep. 2019, 9, 15024. [CrossRef]

95. Chen, Y.; Kang, S.; Yu, J.; Wang, Y.; Zhu, J.; Hu, Z. Tough robust dual responsive nanocomposite hydrogel as controlled drug
delivery carrier of asprin. J. Mech. Behav. Biomed. Mater. 2019, 92, 179–187. [CrossRef]

96. Balavigneswaran, C.K.; Jaiswal, V.; Venkatesan, R.; Karuppiah, P.S.; Sundaram, M.K.; Vasudha, T.K.; Aadinath, W.; Ravikumar, A.;
Saravanan, H.V.; Muthuvijayan, V. Mussel-Inspired Adhesive Hydrogels Based on Laponite-Confined Dopamine Polymerization
as a Transdermal Patch. Biomacromolecules 2023, 24, 724–738. [CrossRef]

97. Babu Valapa, R.; Loganathan, S.; Pugazhenthi, G.; Thomas, S.; Varghese, T.O. Chapter 2—An Overview of Polymer–Clay
Nanocomposites. In Clay-Polymer Nanocomposites; Jlassi, K., Chehimi, M.M., Thomas, S., Eds.; Elsevier: Amsterdam,
The Netherlands, 2017; pp. 29–81. [CrossRef]

98. Raquez, J.-M.; Habibi, Y.; Murariu, M.; Dubois, P. Polylactide (PLA)-based nanocomposites. Prog. Polym. Sci. 2013, 38, 1504–1542.
[CrossRef]

99. Persenaire, O.; Raquez, J.-M.; Bonnaud, L.; Dubois, P. Tailoring of Co-Continuous Polymer Blend Morphology: Joint Action of
Nanoclays and Compatibilizers. Macromol. Chem. Phys. 2010, 211, 1433–1440. [CrossRef]

100. Chen, B.; Evans, J.R.G.; Greenwell, H.C.; Boulet, P.; Coveney, P.V.; Bowden, A.A.; Whiting, A. A critical appraisal of polymer–clay
nanocomposites. Chem. Soc. Rev. 2008, 37, 568–594. [CrossRef]

101. Tolle, T.B.; Anderson, D.P. Morphology development in layered silicate thermoset nanocomposites. Compos. Sci. Technol. 2002, 62,
1033–1041. [CrossRef]

102. Tsai, T.-Y.; Lu, S.-T.; Li, C.-H.; Huang, C.-J.; Liu, J.-X.; Chen, L.-C. Effect of bifunctional modifiers of the clay on the morphology of
novolac cured epoxy resin/clay nanocomposites. Polym. Compos. 2008, 29, 1098–1105. [CrossRef]

103. Stealey, S.; Khachani, M.; Zustiak, S.P. Adsorption and Sustained Delivery of Small Molecules from Nanosilicate Hydrogel
Composites. Pharmaceuticals 2022, 15, 56. [CrossRef]

104. Xie, F.; Boyer, C.; Gaborit, V.; Rouillon, T.; Guicheux, J.; Tassin, J.F.; Geoffroy, V.; Réthoré, G.; Weiss, P. A Cellulose/Laponite
Interpenetrated Polymer Network (IPN) Hydrogel: Controllable Double-Network Structure with High Modulus. Polymers 2018,
10, 634. [CrossRef]

105. Kim, Y.-H.; Yang, X.; Shi, L.; Lanham, S.A.; Hilborn, J.; Oreffo, R.O.C.; Ossipov, D.; Dawson, J.I. Bisphosphonate nanoclay edge-site
interactions facilitate hydrogel self-assembly and sustained growth factor localization. Nat. Commun. 2020, 11, 1365. [CrossRef]

106. Batista, T.; Chiorcea-Paquim, A.-M.; Brett, A.M.O.; Schmitt, C.C.; Neumann, M.G. Laponite RD/polystyrenesulfonate nanocom-
posites obtained by photopolymerization. Appl. Clay Sci. 2011, 53, 27–32. [CrossRef]

https://doi.org/10.1016/j.clay.2008.07.012
https://doi.org/10.1180/clm.2020.35
https://doi.org/10.1126/sciadv.abl9404
https://doi.org/10.1016/j.clay.2015.10.021
https://doi.org/10.1073/pnas.1716164115
https://doi.org/10.1016/j.apsusc.2020.147870
https://doi.org/10.1038/s41598-018-37327-7
https://www.ncbi.nlm.nih.gov/pubmed/30696860
https://doi.org/10.1021/acsami.8b06149
https://www.ncbi.nlm.nih.gov/pubmed/29889487
https://doi.org/10.1002/app.53366
https://doi.org/10.1021/acsbiomaterials.1c01389
https://www.ncbi.nlm.nih.gov/pubmed/35245017
https://doi.org/10.1021/acsami.5b05287
https://doi.org/10.1371/journal.pone.0099585
https://doi.org/10.1021/ma200562k
https://doi.org/10.1038/s41598-019-51555-5
https://doi.org/10.1016/j.jmbbm.2019.01.017
https://doi.org/10.1021/acs.biomac.2c01168
https://doi.org/10.1016/B978-0-323-46153-5.00002-1
https://doi.org/10.1016/j.progpolymsci.2013.05.014
https://doi.org/10.1002/macp.200900704
https://doi.org/10.1039/B702653F
https://doi.org/10.1016/S0266-3538(02)00039-8
https://doi.org/10.1002/pc.20513
https://doi.org/10.3390/ph15010056
https://doi.org/10.3390/polym10060634
https://doi.org/10.1038/s41467-020-15152-9
https://doi.org/10.1016/j.clay.2011.04.007


Pharmaceuticals 2023, 16, 821 18 of 19

107. Sällström, N.; Capel, A.; Lewis, M.P.; Engstrøm, D.S.; Martin, S. 3D-printable zwitterionic nano-composite hydrogel system for
biomedical applications. J. Tissue Eng. 2020, 11, 2041731420967294. [CrossRef]

108. Mourchid, A.; Lécolier, E.; Van Damme, H.; Levitz, P. On viscoelastic, birefringent, and swelling properties of laponite clay
suspensions: Revisited phase diagram. Langmuir 1998, 14, 4718–4723. [CrossRef]

109. Au, P.-I.; Hassan, S.; Liu, J.; Leong, Y.-K. Behaviour of LAPONITE® gels: Rheology, ageing, pH effect and phase state in the
presence of dispersant. Chem. Eng. Res. Des. 2015, 101, 65–73. [CrossRef]

110. Afewerki, S.; Magalhães, L.S.S.M.; Silva, A.D.R.; Stocco, T.D.; Silva Filho, E.C.; Marciano, F.R.; Lobo, A.O. Bioprinting a Synthetic
Smectic Clay for Orthopedic Applications. Adv. Healthc. Mater. 2019, 8, 1900158. [CrossRef] [PubMed]

111. Suman, K.; Joshi, Y.M. Microstructure and Soft Glassy Dynamics of an Aqueous Laponite Dispersion. Langmuir 2018, 34,
13079–13103. [CrossRef] [PubMed]

112. Wang, S.; Wu, Y.; Guo, R.; Huang, Y.; Wen, S.; Shen, M.; Wang, J.; Shi, X. Laponite Nanodisks as an Efficient Platform for
Doxorubicin Delivery to Cancer Cells. Langmuir 2013, 29, 5030–5036. [CrossRef] [PubMed]

113. Kiaee, G.; Dimitrakakis, N.; Sharifzadeh, S.; Kim, H.-J.; Avery, R.K.; Moghaddam, K.M.; Haghniaz, R.; Yalcintas, E.P.; Barros,
N.R.d.; Karamikamkar, S.; et al. Laponite-Based Nanomaterials for Drug Delivery. Adv. Healthc. Mater. 2022, 11, 2102054.
[CrossRef]

114. Ghadiri, M.; Chrzanowski, W.; Lee, W.H.; Rohanizadeh, R. Layered silicate clay functionalized with amino acids: Wound healing
application. RSC Adv. 2014, 4, 35332–35343. [CrossRef]

115. Lv, G.; Li, Z.; Jiang, W.-T.; Chang, P.-H.; Jean, J.-S.; Lin, K.-H. Mechanism of acridine orange removal from water by low-charge
swelling clays. Chem. Eng. J. 2011, 174, 603–611. [CrossRef]

116. Adeyemo, A.A.; Adeoye, I.O.; Bello, O.S. Adsorption of dyes using different types of clay: A review. Appl. Water Sci. 2017, 7,
543–568. [CrossRef]

117. Xiao, S.; Castro, R.; Maciel, D.; Gonçalves, M.; Shi, X.; Rodrigues, J.; Tomás, H. Fine tuning of the pH-sensitivity of laponite-
doxorubicin nanohybrids by polyelectrolyte multilayer coating. Mater. Sci. Eng. C Mater. Biol. Appl. 2016, 60, 348–356.
[CrossRef]

118. Khachani, M.; Stealey, S.; Dharmesh, E.; Kader, M.S.; Buckner, S.W.; Jelliss, P.A.; Zustiak, S.P. Silicate Clay-Hydrogel Nanoscale
Composites for Sustained Delivery of Small Molecules. ACS Appl. Nano Mater. 2022, 5, 18940–18954. [CrossRef]

119. Sheikhi, A.; Afewerki, S.; Oklu, R.; Gaharwar, A.K.; Khademhosseini, A. Effect of ionic strength on shear-thinning nanoclay–
polymer composite hydrogels. Biomater. Sci. 2018, 6, 2073–2083. [CrossRef] [PubMed]

120. Gonçalves, M.; Figueira, P.; Maciel, D.; Rodrigues, J.; Qu, X.; Liu, C.; Tomás, H.; Li, Y. pH-sensitive Laponite®/doxorubicin/alginate
nanohybrids with improved anticancer efficacy. Acta Biomater. 2014, 10, 300–307. [CrossRef] [PubMed]

121. Gonçalves, M.; Figueira, P.; Maciel, D.; Rodrigues, J.; Shi, X.; Tomás, H.; Li, Y. Antitumor Efficacy of Doxorubicin-Loaded
Laponite/Alginate Hybrid Hydrogels. Macromol. Biosci. 2014, 14, 110–120. [CrossRef] [PubMed]

122. Câmara, G.B.M.; Barbosa, R.d.M.; García-Villén, F.; Viseras, C.; Almeida Júnior, R.F.d.; Machado, P.R.L.; Câmara, C.A.; Farias,
K.J.S.; de Lima e Moura, T.F.A.; Dreiss, C.A.; et al. Nanocomposite gels of poloxamine and Laponite for β-Lapachone release in
anticancer therapy. Eur. J. Pharm. Sci. 2021, 163, 105861. [CrossRef]

123. Li, J.; Yang, Y.; Yu, Y.; Li, Q.; Tan, G.; Wang, Y.; Liu, W.; Pan, W. LAPONITE® nanoplatform functionalized with histidine modified
oligomeric hyaluronic acid as an effective vehicle for the anticancer drug methotrexate. J. Mater. Chem. B 2018, 6, 5011–5020.
[CrossRef]

124. Jiang, T.; Chen, G.; Shi, X.; Guo, R. Hyaluronic Acid-Decorated Laponite® Nanocomposites for Targeted Anticancer Drug Delivery.
Polymers 2019, 11, 137. [CrossRef] [PubMed]

125. Yang, H.; Hua, S.; Wang, W.; Wang, A. Composite hydrogel beads based on chitosan and laponite: Preparation, swelling, and
drug release behaviour. Iran. Polym. J. 2011, 20, 479–490.

126. Adrover, A.; Paolicelli, P.; Petralito, S.; Di Muzio, L.; Trilli, J.; Cesa, S.; Tho, I.; Casadei, M.A. Gellan Gum/Laponite Beads for the
Modified Release of Drugs: Experimental and Modeling Study of Gastrointestinal Release. Pharmaceutics 2019, 11, 187. [CrossRef]

127. Dharmesh, E.; Stealey, S.; Salazar, M.A.; Elbert, D.; Zustiak, S.P. Nanosilicate-hydrogel microspheres formed by aqueous two-phase
separation for sustained release of small molecules. Front. Biomater. Sci. 2023, 2, 1157554. [CrossRef]

128. Petit, L.; Barentin, C.; Colombani, J.; Ybert, C.; Bocquet, L. Size Dependence of Tracer Diffusion in a Laponite Colloidal Gel.
Langmuir 2009, 25, 12048–12055. [CrossRef] [PubMed]

129. Jaber, M.; Lambert, J.-F.; Balme, S. 8—Protein adsorption on clay minerals. In Developments in Clay Science; Schoonheydt, R.,
Johnston, C.T., Bergaya, F., Eds.; Elsevier: Amsterdam, The Netherlands, 2018; Volume 9, pp. 255–288.

130. Koshy, S.T.; Zhang, D.K.Y.; Grolman, J.M.; Stafford, A.G.; Mooney, D.J. Injectable nanocomposite cryogels for versatile protein
drug delivery. Acta Biomater. 2018, 65, 36–43. [CrossRef] [PubMed]

131. Li, J.; Weber, E.; Guth-Gundel, S.; Schuleit, M.; Kuttler, A.; Halleux, C.; Accart, N.; Doelemeyer, A.; Basler, A.; Tigani, B.; et al.
Tough Composite Hydrogels with High Loading and Local Release of Biological Drugs. Adv. Healthc. Mater. 2018, 7, 1701393.
[CrossRef]

132. Cross, L.M.; Carrow, J.K.; Ding, X.; Singh, K.A.; Gaharwar, A.K. Sustained and Prolonged Delivery of Protein Therapeutics from
Two-Dimensional Nanosilicates. ACS Appl Mater Interfaces 2019, 11, 6741–6750. [CrossRef]

133. Waters, R.; Pacelli, S.; Maloney, R.; Medhi, I.; Ahmed, R.P.H.; Paul, A. Stem cell secretome-rich nanoclay hydrogel: A dual action
therapy for cardiovascular regeneration. Nanoscale 2016, 8, 7371–7376. [CrossRef]

https://doi.org/10.1177/2041731420967294
https://doi.org/10.1021/la980117p
https://doi.org/10.1016/j.cherd.2015.07.023
https://doi.org/10.1002/adhm.201900158
https://www.ncbi.nlm.nih.gov/pubmed/30957992
https://doi.org/10.1021/acs.langmuir.8b01830
https://www.ncbi.nlm.nih.gov/pubmed/30180583
https://doi.org/10.1021/la4001363
https://www.ncbi.nlm.nih.gov/pubmed/23419072
https://doi.org/10.1002/adhm.202102054
https://doi.org/10.1039/C4RA05216A
https://doi.org/10.1016/j.cej.2011.09.070
https://doi.org/10.1007/s13201-015-0322-y
https://doi.org/10.1016/j.msec.2015.11.051
https://doi.org/10.1021/acsanm.2c04721
https://doi.org/10.1039/C8BM00469B
https://www.ncbi.nlm.nih.gov/pubmed/29944151
https://doi.org/10.1016/j.actbio.2013.09.013
https://www.ncbi.nlm.nih.gov/pubmed/24075886
https://doi.org/10.1002/mabi.201300241
https://www.ncbi.nlm.nih.gov/pubmed/23966317
https://doi.org/10.1016/j.ejps.2021.105861
https://doi.org/10.1039/C8TB01284A
https://doi.org/10.3390/polym11010137
https://www.ncbi.nlm.nih.gov/pubmed/30960121
https://doi.org/10.3390/pharmaceutics11040187
https://doi.org/10.3389/fbiom.2023.1157554
https://doi.org/10.1021/la901244v
https://www.ncbi.nlm.nih.gov/pubmed/19764772
https://doi.org/10.1016/j.actbio.2017.11.024
https://www.ncbi.nlm.nih.gov/pubmed/29128539
https://doi.org/10.1002/adhm.201701393
https://doi.org/10.1021/acsami.8b17733
https://doi.org/10.1039/C5NR07806G


Pharmaceuticals 2023, 16, 821 19 of 19

134. Liu, B.; Li, J.; Lei, X.; Miao, S.; Zhang, S.; Cheng, P.; Song, Y.; Wu, H.; Gao, Y.; Bi, L.; et al. Cell-loaded injectable
gelatin/alginate/LAPONITE® nanocomposite hydrogel promotes bone healing in a critical-size rat calvarial defect model. RSC
Adv. 2020, 10, 25652–25661. [CrossRef] [PubMed]

135. Dawson, J.I.; Kanczler, J.M.; Yang, X.B.; Attard, G.S.; Oreffo, R.O. Clay gels for the delivery of regenerative microenvironments.
Adv. Mater. 2011, 23, 3304–3308. [CrossRef] [PubMed]

136. Gibbs, D.M.; Black, C.R.; Hulsart-Billstrom, G.; Shi, P.; Scarpa, E.; Oreffo, R.O.; Dawson, J.I. Bone induction at physiological doses
of BMP through localization by clay nanoparticle gels. Biomaterials 2016, 99, 16–23. [CrossRef]

137. Wang, C.; Gong, Z.; Huang, X.; Wang, J.; Xia, K.; Ying, L.; Shu, J.; Yu, C.; Zhou, X.; Li, F.; et al. An injectable heparin-Laponite
hydrogel bridge FGF4 for spinal cord injury by stabilizing microtubule and improving mitochondrial function. Theranostics 2019,
9, 7016–7032. [CrossRef]

138. Shi, P.; Kim, Y.-H.; Mousa, M.; Sanchez, R.R.; Oreffo, R.O.C.; Dawson, J.I. Self-Assembling Nanoclay Diffusion Gels for Bioactive
Osteogenic Microenvironments. Adv. Healthc. Mater. 2018, 7, 1800331. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1039/D0RA03040F
https://www.ncbi.nlm.nih.gov/pubmed/35518607
https://doi.org/10.1002/adma.201100968
https://www.ncbi.nlm.nih.gov/pubmed/21661063
https://doi.org/10.1016/j.biomaterials.2016.05.010
https://doi.org/10.7150/thno.37601
https://doi.org/10.1002/adhm.201800331

	Introduction 
	Hydrogels in Drug Delivery Applications 
	Nanocomposite Hydrogels in Drug Delivery 
	Two-Dimensional (2D) Nanosilicates 
	Laponite 
	Degradation and Cytotoxicity of Laponite 
	Laponite–Polymer Composite Hydrogels 
	Laponite–Hydrogel Nanocomposites for Delivery of Small Molecules 
	Laponite Composite Hydrogels for Delivery of Macromolecules 
	Potential Challenges and Drawbacks of Laponite Composite Hydrogels 
	Conclusions and Future Directions 
	References

