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Montmorillonite (MMT) has attracted widespread attention in the field of bone tissue engineering in recent years because of its
interlayer domain structure. The progress of MMT application was reviewed in this article. Concretely, the application of MMT
was mainly explained from the structural characteristics, mechanical strengthening mechanism, organic functionalization, and
drug loading and release. Firstly, the polar polymer molecular chains are easily induced into the interlayer domain of MMT to
form an interlock and achieve the mechanical strengthening of scaffold. Secondly, the “sandwich” sheet structure of MMT can
be exfoliated into graphene-like MMT nanosheets, providing a nanostrengthening effect for polymer matrix. In addition,
MMT’s interlayer domain provides a favorable environment for the loading and slow release of drugs, and it is an ideal
platform for the functionalization of bone scaffolds. More importantly, MMT can be easily modified by cation exchange and
chemical reaction to further improve the compatibility of composites: such as strengthening mechanical interlocking and
nanostrengthening effects and achieving controllable loading and release of drugs. It is expected to provide a reference for
improving the application of bone tissue engineering scaffolds.

1. Introduction

With the increase in traffic accidents and the accelerated aging
of the population, the demand for defective tissues, especially
bone tissues, is increasing in recent years. Although autologous
bone transplantation is still the gold standard for bone defect
repair, its application is limited to a certain extent due to its
limited materials, increased surgical trauma, and susceptibility
to infection at the bone site [1, 2]. Allogeneic bone transplan-
tation also has immune rejection, low survival rate, and risks of
disease transmission and cross-infection [3, 4]. The three-
dimensional porous artificial bone made of biodegradable
materials has many unique advantages: (1) It has a shape
and structure that matches the defected part and has sufficient
mechanical properties to carry the stress transfer of the dam-
aged part; (2) it has good osteogenic properties to induce cell
growth and osteogenic differentiation, without rejection; (3)

it has a suitable degradation rate, which makes room for new
tissue until it is completely absorbed, and finally realizes the
repair and functional reconstruction of the bone defect [5, 6].

Commonly used bone scaffold materials include metals
[7, 8], polymers [9, 10], bioceramics/glass [11, 12], and their
composites [5, 13]. Metal materials have excellent mechani-
cal properties and good biocompatibility, while their modu-
lus is much higher than that of natural bone so that it is easy
to produce a stress shielding effect, which seriously affects
the stability of bone repair [14]. Polymer bone scaffolds gen-
erally have the defect of insufficient mechanical properties,
and synthetic polymers even lack effective bioactivity and
osteogenesis function [15]. Inorganic bioceramic materials
exhibit good biological properties, but they have the defect
of poor fracture toughness when used alone [16]. In brief,
a single type of material is difficult to meet the requirements
of bone scaffold materials.
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The strategy of composite materials is expected to be
compatible with the advantages of each component material
while avoiding its shortcomings, thereby providing a new
way for the preparation of artificial bone for bone defect
repair. Natural bone is mainly composed of organic part of
type I collagen and inorganic part of hydroxyapatite crystals,
as well as some cells, blood vessels and a small amount of
growth factors, etc. [14, 17]. Among them, organics such
as collagen not only acts as the growth framework of
hydroxyapatite (HA) but also acts as a biological template
to regulate its nucleation and growth, so that bone tissue
has a very delicate structure and excellent mechanical prop-
erties [18]. Therefore, in order to prepare artificial bone that
meets the needs of bone defect repair, more and more
scholars hope to realize the controllable design of the
mechanical properties, degradation performance, and osteo-
genesis function of bone scaffolds through the combination
of materials with different properties and functions. A sche-
matic diagram of a process for bone repair using a bone scaf-
fold was presented, as shown in Figure 1.

Montmorillonite (MMT), with a molecular formula of
(Na, Ca) 0.33 (Al, Mg)2(Si4O10) (OH)2·nH2O [19], is a bio-
degradable monoclinic silicate mineral, which have a “sand-
wich” sheet structure composed of aluminum-oxygen
octahedrons and silicon-oxygen tetrahedrons [20, 21]. As a
typical clay mineral, it is widely used in the mechanical
strengthening of bone scaffolds [22]. On the one hand, it
can be transformed into graphene-like nanosheets with
higher specific surface area through interlayer exfoliation
behavior after undergoing chemical or physical action, so
as to realize the nanostrengthening of the composite bone
scaffold [23]. On the other hand, the rich cations between
the layers of the MMT crystal structure have strong ion
exchange capacity, which can induce the insertion of ionic
polymer molecules into the interlayer domains of its “sand-
wich” structure through intercalation. In this way, molecular
cross-linking bridges are used to achieve interlocking with
the matrix, further enhancing the mechanical properties of
the bone scaffold [24–27]. More importantly, through
molecular intercalation and target-oriented functional mod-
ification, MMT is expected to build a drug or growth factor
loading platform that realize the controlled and sustained
release of loaded drugs or growth factors and the biofunctio-
nalization of bone scaffolds [28].

The latest research progress of montmorillonite in bone
tissue engineering was briefly summarized in this article.
The structural characteristics and properties of MMT as well
as its application potential and advantages in bone tissue
engineering were first explained. The focus was on the appli-
cation of montmorillonite as a nanofiller in bone scaffolds
and the latest research progress in organic modification to
optimize its application. Besides, future prospects and devel-
opment challenges for the application of MMT in bone tis-
sue engineering are also prospected.

2. The Structure of Montmorillonite

MMT is a low-cost natural clay mineral and an important
component of sedimentary rock and layered silicate-

derived soil [29–31]. It is often used as an adsorbent to
repair environmental pollution in the engineering field and
as a drug carrier in the biomedicine field [32, 33]. The
microstructure of MMT is a sandwich sheet structure con-
structed from nanocrystals with a thickness of about 1 nm.
Specifically, its crystal lattice is composed of two O-Si-O tet-
rahedral flakes and one O-Al(Mg)-O octahedral flake, and
O-Al(Mg)-O octahedrons and two O-Si-O tetrahedrons
achieve bilateral fusion by sharing oxygen atoms, thus form-
ing a sandwich-like interlayer [34, 35], as show in Figure 2.

The stability of the sandwich-like structure of MMT is
mainly maintained by intermolecular forces such as van
der Waals forces and electrostatic effects [23, 36]. At the
same time, the intermolecular interaction force ensures the
space of the interlayer domain in the steady state and pro-
vides a place for the loading of biomolecules such as anti-
inflammatory drugs or the intercalation of modifiers such
as polymer molecules [37]. More importantly, isomorphous
substitution can occur in the MMT sandwich structure to
generate charges. Specifically, in tetrahedral crystals, triva-
lent Al3+ can replace tetravalent Si4+, and Al3+ in octahedral
crystals can be replaced by divalent Mg2+, so that a large
number of negative charges are generated in the interlayer
domain of MMT. Moreover, these negative charges can be
absorbed hydrated cations (such as Na+) into the interlami-
nar space to achieve the effect of charge balance [38, 39].
Under certain conditions, these cations can be replaced by
other cations; that is, cation exchange can be carried out.
The phenomenon of cation exchange is expected to become
the driving force for drug loading and molecular intercala-
tion and to provide a guarantee for the functional modifica-
tion of bone scaffolds.

3. Montmorillonite Improves the Mechanical
Properties of the Scaffold

Scaffolds apply to bone tissue engineering should have
strong mechanical strength as a physical support to resist
internal and external pressure and at the same time provide
a platform for cell adhesion, extension, proliferation, and
differentiation. A single natural polymer or synthetic poly-
mer often has insufficient mechanical properties. Therefore,
it is necessary to add other materials to change this situation.
In recent years, various studies have showed that the poly-
mer matrix containing nanofillers not only has good biolog-
ical properties but also has sufficient mechanical properties
[40, 41]. As a natural clay nanomaterial, MMT not only
has a large specific surface area, large aspect ratio, high rigid-
ity, and good processibility but also can be well combined
with polymeric matrix materials through physical or chemi-
cal effects [42, 43]. It has been reported that only a lower
content of nanomontmorillonite filler was needed to signifi-
cantly improve the mechanical properties of composite
materials [38]. As shown in Table 1, some literature reported
the improvement of unmodified MMT on the tensile/com-
pressive strength and elastic strength of the polymer.

In general, the ways that MMT nanofillers enhance the
mechanical properties of the polymer matrix can be summa-
rized as follows: (1) inducing polymer molecular chains to be
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embedded in the interlayer domain structure of MMT
through molecular intercalation to achieve mechanical inter-
locking between the filler and the matrix; (2) by destroying
the interlayer structure of MMT, it promotes the exfoliation
of the lamellae to form graphene-like nanosheets, thereby
achieving the enhancement of the mechanical properties of
the polymer matrix through the nanoreinforcing effect.

3.1. Molecular Chain Intercalation Strengthening. It is well
known that the interlayer domain of MMT has a swelling

effect. In a liquid environment or in a molten state, its inter-
layer domain expands and increases, making polymer
molecular chains easy to achieve intercalation behavior, as
shown in Figure 3. In detail, in the mixed solution of
MMT and polymer, MMT absorbs water to cause the expan-
sion effect of the interlayer domain, so that the polymer
molecular chain is successfully embedded in the MMT inter-
layer domain, while the other end of the molecular chain is
miscible with the polymer matrix. In short, under the syner-
gistic effect of covalent or noncovalent intermolecular
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Figure 1: Schematic diagram of artificial bone scaffold used for bone repair.
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Figure 2: Schematic diagram of the montmorillonite crystal structure.
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interactions and the mutual compatibility of organic mate-
rials, intercalated molecular chains are expected to build
the link between MMT and polymers. As a result, a molecu-
lar cross-linking bridge is built between inorganic and
organic substances; that is, an interlocking structure is
formed in the composite material. The existence of this
interlocking structure can significantly hinder the movement
of polymer chains when the composite material system is
subjected to external forces, thereby increasing the interac-
tion between the polymer and MMT. In addition, the
embedding of molecular chains increases the space between
the MMT layers to a certain extent, that is, increases the con-
tact area between the MMT nanofiller and the polymer
matrix. In the composite material system, the formation of
interlocking structure increases the molecular force between
the two phases, and the expansion of the contact area
between the two phases increases the number of interlocking
structures in the system. Under this synergistic effect, it is
expected to significantly improve the mechanical properties
of composite materials. In other words, using MMT as the
nanofiller phase is expected to achieve significant effects in
enhancing the mechanical properties of polymer bone
scaffolds.

The use of MMT as nanofiller to enhance the mechanical
properties of polymer matrix has been widely accepted.
Mauro et al. [52] added 1%, 3%, and 10wt% MMT to hydro-
gels based on peptidomimetic polyamidoamine. When the
degree of crosslinking of the hydrogel was constant, the
shear storage modulus improved as the increase of MMT
content. The shear storage modulus of hydrogel with
MMT content of 10wt% reached 200KPa, which was 20
times higher than the original hydrogel. It might be attrib-
uted to the double action of the electrostatic force and the
increase in contact area. This dual effect makes the hydrogel
and MMT complete the intercalation structure, forming a
complex and interconnected network. Paluszkiewicz et al.
[53] prepared composite materials by adding 5wt% MMT
to chitosan (CS) solution in an acidic environment. FTIR

results showed that the Si-O-Si group of MMT formed
hydrogen bonds with the hydroxyl and amino groups of
CS. This strong interfacial interaction promotes the effective
transfer of interfacial stress. Therefore, compared with pure
CS, the tensile strength of CS-MMT is increased by about
10-12MPa, and the Young’s modulus is increased by 20%.
A recent study [48] found that when the content of MMT
was less than 4.5wt%, the tensile strength of the PLLA/
MMT composite scaffold increased with the increase of the
content; the highest increase was 44.1% (reach 26.8MPa).
However, as the content of MMT continues to increase,
the growth trend of the mechanical properties of the com-
posite scaffold begins to reverse, resulting in a decrease in
the mechanical properties. Meanwhile, the author further
studied the cross-sectional morphology of the composite
material to explore the mechanism of the incorporation of
MMT to enhance the mechanical properties of the compos-
ite material and found that the PLLA/MMT scaffold has
many folds and torn ligaments on the fracture surface com-
pared to the pure PLLA scaffold. These studies showed that,
as a nanofiller phase, MMT exhibited an amazing effect in
enhancing the mechanical properties of a single polymer
matrix.

In addition, some studies have explored the influence of
MMT as an incorporation on the mechanical properties of
polymer composites. Bee et al. [54] added MMT to a com-
posite matrix of polylactic acid (PLA) and naturally derived
hydroxyapatite (HAp) in the molten state to form a ternary
composite material, focusing on the mechanical properties
of the composite material. They found that when the
MMT content was 2%, the increase in tensile strength was
most significant and believed that the improvement in the
tensile properties of the composite material was mainly
due to the following aspects: Firstly, the increase in the inter-
facial tension between PLA and HAp promoted PLA inter-
calation of molecules in the interlayer domain of MMT.
Secondly, MMT nanoparticles restricted the migration of
PLA molecules through their interlayer domains, thereby

Table 1: Montmorillonite enhances polymer mechanical properties.

MMT
content
(wt%)

Polymer matrix Mechanical performance enhancement results References

0.2
Polytetrafluoroethylene/

glass fiber
Tensile strength achieved 23.1MPa, increased by 41% and young’s modulus achieved

165MPa, increased by 14%
[43]

2.0
Poly (lactic acid)

Elastic modulus achieved 4.3GPa, increased by 34%. Tensile strength achieved
75.6MPa, increased by 1.9%

[38]

Bacterial cellulose Tensile strength was increased up to 210MPa from 151.3MPa [44]

3.0
Poly (vinyl alcohol)/

chitosan
Tensile modulus and tensile strength increased by 35% and 33%, respectively [45]

4.0 Bacterial cellulose Young’s modulus was increased up to 5.7GPa from 4.2 GPa [44]

4.5 Poly-l-lactic acid Tensile strength and modulus increased by 44.1% and 66.9%, respectively [46]

5.0 Poly (ε-caprolactone) Tensile strength and compressive strength increased by 83% and 78%, respectively [47]

10

Chitosan/
hydroxyapatite

Elastic modulus increased by 36% [48]

Chitosan-gelatin
Young’s modulus was increased up to 20.18MPa from 17.245MPa. Compressive

strength was increased up to 21.6MPa from 4.48MPa
[49]
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enhancing the PLA matrix. Thirdly, mutual repulsion at the
interface between PO4

3- of nonpolar HAp and the polar site
of MMT promoted the dispersion of MMT, thereby further
releasing the potential of nanostrengthening effect.

Olad et al. [51] studied the synergistic effect of graphene
oxide (GO) and MMT on the performance of chitosan-
gelatin (CS-Gel) scaffolds. XRD results showed that the
characteristic peak of montmorillonite was located at 2θ =
7:48°, while the characteristic peaks of MMT in CS-Gel/
MMT and CS-Gel/GO/MMT were located at 2θ = 4:98°
and 2θ = 4:78°, which proved that the polymer chain was
inserted into the MMT interlayer domain. Compared with
the CS-Gel scaffold, the mechanical properties of the CS-
Gel/GO/MMT scaffold were significantly improved. Con-
cretely, the Young’s modulus was increased from
17.56MPa to 22.73MPa, and the compressive strength was
increased from 0.14MPa to 0.2265MPa. The author believed
that this benefit from the ability of GO and MMT to
improve the mechanical stability of the scaffold. Among
them, GO has a significantly larger surface area and abun-
dant oxygen-containing functional groups, which provided
more landing sites for the attachment of polymer chains. It
was similar to the reports of other researchers such as Ionita
et al. [55]. The interlayer domain structure of MMT is con-
ducive to the intercalation of polymer molecular chains,
which provide a higher degree of geometric constraints for
the mobility of polymer chains.

As we all know, the pore shape, pore size, and porosity of
the scaffold are important factors that affect its mechanical
properties [56, 57]. Generally, the pore size and porosity
have a negative correlation with the mechanical properties.
That is, the larger the pore size and porosity, the worse the
mechanical properties of the scaffold. Regarding the influ-
ence of the pore shape on the mechanical properties,
researchers mainly design the pore shape of the bracket from
the perspective of bionics to obtain more excellent mechan-
ical properties. In the process of polymer molecular chain
intercalation with MMT, in addition to the abovementioned

increase in contact area and mechanical interlocking func-
tion, the thickness of the pore wall of the matrix can also
be increased, and even the uniformly dispersed MMT can
also obtain a uniformly distributed pore size. These behav-
iors are expected to further contribute to the improvement
of the mechanical performance of the scaffold. Zheng et al.
[58, 59] have done a lot of research on the enhancement of
mechanical properties of gelatin and chitosan intercalated
MMT. It was found that after adding MMT, the pore wall
of the scaffold became thicker, and the tensile strength and
Young’s modulus increased. Unfortunately, as the content
of MMT continues to increase, the pore morphology
becomes irregular, and Young’s modulus and tensile
strength decrease instead. Lee et al. [60] added 5.79 vol%
MMT to the poly-L-lactic acid (PLLA) solution and then
fabricated a double-pore scaffold structure through cold
compression molding and electrospinning. During the bio-
degradation process, the developed nanocomposite fiber
scaffold exhibited significantly better strength and structural
integrity than the original PLLA one. Ali et al. [61] studied
the effect of MMT (1-5%) concentration on the performance
of chitosan/xylan (1 : 1) bone scaffolds. The results showed
that when the content of MMT was less than 3wt%, the
porosity of composite scaffold increases with the increased
content. XRD results indicated that it may be attributed to
the intercalation of polymer chains into the interlayer
domain of MMT. In addition, the composite scaffold with
5wt% MMT can produce needle-like apatite in simulated
body fluid, which further improves the scaffold’s mechanical
properties, as well as the biological activity.

3.2. Strengthening and Toughening of MMT Nanosheets.
MMT is a layered minerals composed of extremely fine-
grained hydrous aluminosilicates. H2O molecules and
exchangeable cations are linked by weak hydrogen bonds
to form a hydrated state and exist in the interlayer space.
The number of water molecular layers is related to the cation
valence, up to four layers. Studies have showed that under
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Figure 3: Schematic diagram of polymer molecular chain intercalate into MMT.
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the action of high-energy ball milling, the impact and fric-
tion of the grinding balls will disrupt the molecular interac-
tion between the layers, thereby destroying the stability of
the MMT layered structure. It will cause the exfoliation of
the single-layer MMT crystals, thereby obtaining graphene-
like MMT nanosheets with a large specific surface area
[62], as shown in Figure 4(a). As the ball milling progresses,
the exfoliation effect of MMT becomes more obvious, and
finally, complete exfoliation is realized, which leads to the
disordered structure of MMT. Although the ball milling
method can obtain MMT nanosheets, it is worth noting that
it takes a long time to exfoliation of the MMT, and the final
product faces the risk of contamination.

In order to overcome the abovementioned problems,
some new technologies have been studied, especially
ultrasound-assisted methods, as shown in Figure 4(a). Gen-
erally speaking, the exfoliation of MMT usually occurs in a
liquid medium and is achieved under the assistance of
mechanical stirring and ultrasound [63, 64]. In particular,
the high-frequency vibration energy provided by ultrasound
makes the solution in the action area quickly form high-
energy microjets, and the energy generated is much greater
than the molecular force between MMT layers, so as to dis-
rupt the connection between MMT layers and realize exfoli-
ating to obtain MMT nanosheets [65, 66].

The obtained graphene-like MMT nanosheets not only
have a higher aspect ratio and surface area but are more eas-
ily entangled with polymer chains to significantly increase
the contact area, thereby strengthening the mechanical
properties of the polymer matrix [67], as shown in
Figure 4(b). Scholars [68] have studied the properties of
polyvinyl alcohol (PVA)/MMT nanocomposites synthesized
in aqueous solutions. It was found that when the content of
montmorillonite is 4wt%, the Young’s modulus of nano-
composites was increased by 2.5-3 times, compared with
pure PVA. Their explanation for the sharp increase in the
Young’s modulus of the polymer matrix includes the fact
that MMT exfoliation produces a high aspect ratio and a
large contact area with the polymer. Kosalczyk et al. [69]
proved that the addition of exfoliated MMT nanosheets to
polymer significantly increased the flexural modulus and
strength. In addition, the exfoliated MMT nanosheets also
help to improve the tensile strength and Young’s modulus
of the polymer by restricting the movement of the polymer
chains around it [70, 71]. Habibi et al. [72] added MMT to
chitosan/gelatin composites. MMT functions as a compatibi-
lizer, reducing the interfacial tension of chitosan and gelatin,
and enhancing compatibility. Generally, an increase in the
interfacial tension of a polymer will result in a decrease in
mechanical properties [73, 74]. Therefore, the exfoliated
MMT nanosheets significantly enhance the interfacial inter-
action to reduce the interfacial tension, which might be the
essential reason for the enhanced tensile strength of the
polymer composites containing MMT.

The crack evolution process of composites contains a
variety of toughening mechanisms, including crack deflec-
tion, interface delamination, crack bridging, and interface
friction [75], as shown in Figure 4. The maximum stress of
the initial polymer is concentrated at the crack tip, and when

the exfoliated MMT is evenly distributed in the polymer
matrix, it can not only increase the friction between the
interface and increase the energy required for fracture but
also limit the crack propagation; Secondly, it allows the main
crack to change the trajectory of the expansion and exten-
sion, ensuring that it is difficult for the crack to penetrate
the entire polymer matrix, as shown in Figure 4(c)-3. In
addition, the exfoliated MMT nanosheets can bridge the
crack branches, allowing them to form a closing force to
achieve toughness, as shown in Figure 4(c)-4. Simply put,
the exfoliated MMT nanosheets can carry a large number
of external forces, reduce the stress concentration of cracks,
and effectively improve the fracture toughness of the poly-
mer matrix. For example, Jiang et al. [76] prepared PLA
nanocomposites by direct melt extrusion. The results
showed that the strength, modulus, and elongation at break
of the obtained nanocomposites containing 2.5wt% MMT
were increased by 2%, 14%, and 288%, respectively, com-
pared with pure PLA.

Although the mechanical properties of the polymer
matrix are enhanced by the interlocking of polymer chains
and the exfoliating of MMT, but unembedded, unpeeled,
excessive MMT will form aggregation in the polymer, caus-
ing stress concentration and formation of fracture strain,
leading to failure [77, 78]. Recently, members of Zhang
et al.’s [79] research team prepared polypropylene (PP)/
MMT nanocomposites. When MMT content reached to
3wt%, the tensile strength of polymer matrix was increased
from 42.3MPa to 49.6MPa. However, when MMT content
was exceeded 3wt%, the tensile strength decreases instead.
It is because the excessive MMT is unevenly distributed in
the polymer matrix, leading to the formation of agglomera-
tion. The agglomerated MMT particles were weak spots
and the entry point for crack development and expansion,
which ultimately reduced the mechanical properties of the
polymer-MMT composites. Nawang et al. [80] studied the
addition of montmorillonite to nanohydroxyapatite nano-
composites, and the results showed that the addition of
10% MMT increased the flexural strength and compressive
strength of the composite by 18.9% and 107.9%, respectively.
But 20% MMT increased the flexural strength and compres-
sive strength of the composite by only 17.1% and 63.1%.
This means that 20% of MMT has a stress concentration
in the matrix. When the stress applied by these stress-
concentrated parts exceeds a certain limit, cracks will occur,
and the cracks will spontaneously propagate, leading to
material failure. Therefore, compatibility of the MMT nano-
layer with the polymer should be improved, and the mont-
morillonite is usually treated with organic modification.

4. Organic Modification of Montmorillonite

Polymer/montmorillonite is the most promising type of
nanocomposite among many inorganic nanoparticles modi-
fied composites. Due to the unique layered one-dimensional
nanostructure characteristics and morphological character-
istics of montmorillonite, its interlayer space has designable
reactivity, a large specific surface area (up to 750m2/g), and
a diameter/thickness ratio of more than 200. This
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nanostructure and morphological characteristics endow
polymer materials with excellent mechanical properties,
thermal properties, functional properties, and other physical
properties. However, since MMT and polymer are inorganic
and organic, respectively, the inherent differences in physical
and chemical properties between them are likely to lead to
poor compatibility, and defects such as uneven dispersion,
aggregation, and stress concentration are likely to occur in
composites. The existence of these defects weakens the effect
of MMT nanofillers in enhancing the mechanical properties
of the polymers. Recently, one of the effective methods to
improve interface compatibility and promote uniform dis-
persion of fillers was organic modification. As shown in
Table 2, modified MMT to improve the mechanical proper-
ties of polymers has been favored by many scholars, and the
effect can be seen. The methods of organic modification of
MMT mainly include surface graft modification and cation
exchange modification. This section summarized the latest
progress on organically modified MMT.

4.1. Surface Graft Modification of MMT. Surface graft mod-
ification refers to the chemical reaction between nanoparti-
cle surface functional groups and modifier molecules. Due
to the covalent combination of organic and inorganic func-
tional groups in the surface graft modification, it can not
only change the surface structure and properties of nanopar-
ticles but also make them have higher chemical stability [81].
Grafting is a feasible way to covalently immobilize organic

functional groups on the surface of montmorillonite. During
the grafting process, the surface hydroxyl groups of MMT
provide a large number of anchor points for organic
functionalization.

The surface of MMT has a large number of hydroxyl
groups, which is inherently hydrophilic, and has a weak
affinity with most hydrophobic substrates [91]. However,
surface-grafted modified MMT can better enhance the affin-
ity between functional groups. Therefore, surface modifica-
tion has become an important method to adjust material
properties [92]. Grafting modification can occur on the
outer surface of MMT without changing the basal plane
spacing or on its interlayer space or “broken” edge, thereby
expanding its interlayer space spacing [93–95]. Zulfiqar
et al. [96] used aminobenzoic acid to modify MMT. They
grafted amino (-NH2) functional groups on the hydroxyl
groups on the outer surface of MMT. The results showed
that the distance between the layers of MMT did not change.
However, in the study of He et al. [93], they used the grafting
reaction of the silylation reagent 3-
aminopropyltriethoxysilane (APTES) with MMT. X-ray dif-
fraction results showed that the interlayer spacing of MMT
before grafting was 1.18 nm, and the interlayer spacing after
grafting increased to 1.77 nm. Su et al. [97] also used APTES
to silanize MMT. On the one hand, the interlayer spacing of
montmorillonite increased up to 2.09 nm from 1.48 nm dur-
ing silanization, as shown in Figure 5. At the same time, the
modifiers react with each other to generate a siloxane bond,

Crack

1
Crack

2

Crack

3

Crack

4

MMT nanosheet

Polymer matrix

(c)

Figure 4: The formation of MMT nanosheets and the mechanism of strengthening polymer composites: (a) the exfoliation mechanism of
MMT; (b) the mechanism of strengthening polymer materials by MMT nanosheets; (c) the crack strengthening and toughening mechanism
of polymer/MMT composites.
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which causes an interlocking effect between the layers. This
interlayer locking fixes the height of the MMT interlayer
space, which is more convenient for the polymer to perform
intercalation behavior. Besides, graft modification of MMT
is also affected by factors such as the type of modifier and
solvent and the degree of modification. For example, cetyl-
trimethylammonium modified MMT has poor dispersibility
in alcohol with shorter carbon chains; on the contrary, it has
better dispersibility in alcohol with longer carbon
chains [98].

The surface modification of MMT has been proven to be
an effective method to enhance the compatibility and uni-
form dispersion of nanofillers with polymers. Yang et al.
[44] modified MMT (QACMMT) with quaternary ammo-

nium compounds and used it to reinforce polytetrafluoro-
ethylene/glass fiber (PTFE/GF) composites. They evaluated
the dispersibility and dispersion stability of MMT and
QACMMT in water. The results showed that pure MMT still
aggregated after standing for 60 minutes. By comparison,
QACMMT appears as more uniformly dispersed particles
in the aqueous solution without stratification, indicating sta-
ble quality and good dispersion in water. In addition,
QACMMT modified composites exhibit the highest tensile
strength, modulus, fracture strain, and toughness. This is
attributed to the good dispersibility of QACMMT in the
polymer matrix, while enhancing the interface compatibility
between glass fiber and polytetrafluoroethylene. Zhu et al.
[83] studied the effects of surface-modified montmorillonite

Table 2: Mechanical properties of polymers increased by modified MMT.

MMT
content
(wt%)

Polymer matrix Organic modifier Mechanical performance enhancement results References

0.4
Polytetrafluoroethylene/

glass fiber
Quaternary ammonium

compounds
Tensile strength achieved 25.5MPa, increased by

48%
[43]

1.0

Poly methyl methacrylate

Dimethyl dihydrogenated tallow
ammonium

Modulus increased by 76%
[80]

Methyl tallow bis-hydroxyethyl
quaternary ammonium

Modulus increased by 82% and toughness
achieved 1256 J/m3

Poly(ε-caprolactone)/poly
(lactic acid)

Methyl, bis-hydroxyethyl, and
octadecyl ammonium

Tensile strength and elongation at break increased
by 48% and 78%, respectively

[81]

Polyethylene/polybutene-
1

Dimethyl dehydrogenated
tallow

Organoclay reduced the interparticle distance and
enhanced interface interaction

[82]

5.0

Poly (ester amide)
Organo-polyaniline nanofibrous

chains
Tensile strength achieved 14.3MPa, increased by

98%
[83]

Poly(ε-caprolactone)/
cellulose acetate butyrate

Methyl dihydroxyl ethyl
hydrogenated tallow

ammonium

Tensile modulus achieved 471MPa, increased by
37%

[84]

Poly (hydroxybutyrate-
co-hydroxyvalerate)

Cloisite-30B
Young’s modulus achieved 7:1 ± 1:9MPa,

increased by 103%
[85]

10

Chitosan/
polygalacturonic acid

Amino valeric acid Compressive modulus increased by 400% [86]

Poly (lactic acid) Cloisite-30B
Young’s modulus was increased up to
5140(±210)MPa from 3800(±130)MPa

[87]

Poly(ε-caprolactone) (3-aminopropyl) triethoxysilane Tensile strength increased 3.46 times [47]

Poly(ether ether ketone)
Octadecyltrimethyl ammonium

chloride
Flexural strength achieved 200MPa. Yield

strength achieved 105MPa, increased by 10.5%
[88]

1.4 8 nm

2.09 nm

Silylation

Figure 5: Schematic diagram of the effect of APTES silanization on the interlayer space of montmorillonite.
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on the microphase dispersion and interfacial interaction in
polycaprolactone PCL/polylactic acid PLA composites. The
results showed that the modified montmorillonite not only
significantly increased PCL/PLA interface interaction but
also significantly improved the uniform dispersion of PLA.
Meanwhile, the results also showed that the obtained PCL/
PLA/MMT nanocomposite can be well balanced among
Young’s modulus, tensile strength, and elongation. The rea-
son was that the addition of MMT increases the interface
interaction and more uniform phase dispersion, so that the
polymer deforms simultaneously under stretching and has
a higher elongation and tensile strength. Khosravi and
Eslami-Farsani [99] used 3-glycidylpropyltrimethoxysilane
(3-GPTS) to modify the mechanical properties of nano-
montmorillonite (Na-MMT) on unidirectional basalt fiber
(UDBF)/epoxy resin composites. The results showed that
after adding 5wt% of 3-GPTS/MMT, the flexural strength,
tensile strength, and compressive strength increased by
28%, 11%, and 35%, respectively. The results showed that
the adhesion between the modified MMT-enhanced com-
posite samples was improved.

Recently, the modification of polymers by incorporating
two nanofillers at the same time has received great attention,
and the existence of synergistic effects has been demon-
strated [100–102]. For example, the combination of carbon
nanotubes (CNT) and MMT has been successfully used to
improve the mechanical properties of polymers, where
CNTs are selectively distributed in the polymer matrix, while
organic MMTs are distributed at the interface junction
[103]. Zhu et al. [104] studied the modified MMT and car-
bon nanotubes (CNT) to synergistically improve the
strength and toughness of the polymer. The modulus, tensile
strength, and toughness of the polymer matrix had been
greatly improved under the combined action of CNT and
MMT. This was attributed to the good dispersion of the
organically modified nanofillers; a large number of micro-
cracks and an extremely stretched polymer matrix were gen-
erated during the stretching process, which dissipated a large
amount of energy. Zhang et al. [105] prepared a CNT/MMT
hybrid by growing CNT in situ on MMT. CNT/MMT
hybrid material showed excellent reinforcement effect on
polymer matrix such as nylon 6 [106].

The above research provided a solid theoretical basis and
sufficient reference for the surface grafting modified MMT
to optimize the performance of the polymer matrix. The

unique molecular structure and high specific surface area
of MMT are not only conducive to graft functionalization
but also become the best filler for the target polymer matrix,
thereby forming high-quality composite materials.

4.2. Cation Exchange Modification. As we all know, the cat-
ions (mainly Na+) in the interlayer space of MMT are only
loosely immobilized by the negative charges on the surface,
commonly known as hydrated cations. Therefore, the cat-
ions between the layers remain exchangeable, as shown in
Figure 6. In addition, the electrostatic interaction between
the negative charges on the inner surface of the MMT and
the organic cations or the hydrogen bonds formed on the
inner surface of the organic chains drive the exchange of cat-
ions in the interlayer space [107, 108]. The cation exchange
modification of MMT (OMMT) can occur in suspension,
semisolid or solid state [109, 110]. In particular, it was cur-
rently the preferred method to prepare cationic modified
MMT in water suspension [111]. In the water dispersion,
with the aid of mechanical stirring or ultrasound, organic
cations can also be quickly introduced into the intermediate
layer of MMT at room temperature. In addition, cationic
modification of MMT can be assisted by microwave-
assisted heating. For example, Peng et al. [112] prepared
OMMT by a mixed suspension of dioctadecyl tetrahydrox-
yethyl dibromopropane diammonium and MMT in a
microwave-assisted heating system. Luo et al. [113] modified
MMT with butane-1,4-bis (dodecyldimethylammonium
bromide) through the synergistic effect of microwave and
ultrasound.

The cationic modification of montmorillonite is affected
by the length of the organic cationic chain, the type of func-
tional group, and the number of cations [79, 114, 115]. Cat-
ionic organic long carbon chain modifiers are more
advantageous. Studies have clearly showed that when
organic modifiers with longer carbon chains are inserted
into the interlayer space of MMT, its intercalation/exfolia-
tion was more likely to occur [116]. In contrast, organic
modifiers with short chains (such as methacryloyl ethyl tri-
methyl ammonium chloride) are not closely arranged in
the interlayer space of MMT, and do not effectively expand
the interlayer space. MMT interlayer cation exchange capac-
ity (CEC) can also affect its ion exchange performance [117,
118]. MMT with high CEC is generally easier to allow
organic chains to enter the interlayer space and produce a

-

-
-

Cation
exchange

Na+

Organic cations

-

-

-

-

-

-

-

Figure 6: Schematic diagram of cation exchange of MMT.
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large interlayer spacing, thereby making it easier to form an
intercalation/exfoliation structure. With the increase of
chain length, chain number, and cationic modifier loading,
the base spacing of MMT also increases [119–121]. For
example, when the cation exchange capacity of MMT was
4.0CEC; substrate spacing for adding cetyltrimethylammo-
nium bromide and octyltrimethylammonium chloride was
3.9 nm and 4.1 nm [122]. When the modifier added to
MMT is 4.0CEC, the basic spacing formed by cationic mod-
ifiers with different alkyl chain numbers (octadecyl tri-
methylammonium bromide and dioctadecyl-
dimethylammonium bromide) was 4.1 nm and 5.5 nm,
respectively. In addition, the alkyl chains of some organic
cationic modifiers are arranged in parallel in the interlayer
domain of MMT [123].

Changing types of cations between MMT layers are also
an important way and method to improve its uniform dis-
persion in the polymer matrix. The cation exchange of
MMT reduces its surface energy and at the same time
reduces the interface energy between it and the polymeriza-
tion, making it easier to achieve intercalation and exfolia-
tion, resulting in a more uniform dispersion of MMT in
the polymer matrix to enhance mechanical properties. Cat-
ionic modified clay minerals had been adopted by more
and more researchers to improve the mechanical properties
of the matrix. In the study of Hamidabadi et al. [124],
chitosan-modified MMT was used to enhance the mechani-
cal properties of PVA.

The results showed that the tensile properties, initial
modulus, and toughness of the composite had been signifi-
cantly improved. Shuai et al. [49] used (3-aminopropyl)-
triethoxysilane (KH550) to organically modify MMT to
enhance polycaprolactone (PCL). The positively charged
end of KH550 entered the interlayer of montmorillonite
through cation exchange, and the end with long alkyl carbon
chain extended in the opposite direction. With the extension
of long chains, the interlayer spacing of montmorillonite
increased, making the intercalation of PCL molecular chains
more convenient. This kind of ion exchange with MMT can
often produce new bonds (such as hydrogen bonds) to pre-
vent the movement of polymer molecular chains, thereby
enhancing the interface bonding ability. The mechanical
performance test results show that the modified MMT can

significantly enhance the tensile and compressive properties
of the polymer matrix. It was also found that the dispersion
ability of modified MMT was significantly higher than that
of unmodified MMT in the PCL matrix.

In addition to improving the mechanical properties of
polymer scaffolds, MMT is biocompatible and nontoxic in
nature. Studies have shown that it can improve the ability
of cell adhesion, migration, and proliferation on polymer
scaffolds without causing positive immune responses and
severe inflammatory reactions [125]. Relevant studies are
summarized in Table 3. In general, MMT mainly affects
the biocompatibility of scaffolds from the following aspects.
Firstly, -OH, Si-O-Si, and other oxygen-containing groups of
MMT can adjust the hydrophilicity of the surface of the scaf-
fold to promote cell adhesion and growth. Secondly, the
modified MMT can not only improve the hydrophobicity
of scaffold surface but also can impart a positive charge to
the surface scaffold, thereby further improving the biocom-
patibility of scaffolds. In addition, related studies have
shown that modified MMT can not only enhance the
mechanical properties of scaffolds but also improve its oste-
ogenic properties [126, 127]. For example, Demir’s [128]
research team prepared a porous scaffold of Zn-doped
PCL-MMT. The results showed that the in vitro prolifera-
tion and osteogenic differentiation of human adipose stem
cells (hASCs) were improved. Kundu et al. [129] found that
the addition of MMT significantly increased the alkaline
phosphatase (ALP) expression of mesenchymal stem cells
(MSCs). Kim et al. [130] studied the effect and mechanism
of nano-MMT on the differentiation of osteoblasts and oste-
oclasts in vivo and in vitro. On the one hand, nano-MMT
improves the activity of ALP and the expression of related
genes in osteoblasts, thereby stimulates the proliferation
and differentiation of osteoblasts. On the other hand,
nano-MMT repressed the expression of receptor activator
for cathepsin K, nuclear factor kappa-B ligand, and
tartrate-resistant acid phosphatase, which hinders the
growth and reproduction of osteoclasts.

Some researchers have used modified MMT to enhance
the compatibility of two incompatible materials to enhance
mechanical properties [138]. For example, in order to
improve compatibility between PLLA and PGA, Yu et al.
[131] modified composite materials by modifying MMT

Table 3: Montmorillonite enhances polymer biocompatibility.

MMT
content

Polymer matrix Biocompatibility enhancement results References

1.5 wt% Chitosan Recruit native cells and promote calvarial healing [37]

3 wt% PLLA/PGA Promote MG-63 cell adhesion and proliferation [131]

5 wt% Polyvinyl alcohol Increased the water absorbency [132]

10wt%
Poly(butylene adipate-co-

terephthalate)
Showed good biological safety, noncytotoxicity, and high

hemocompatibility
[133]

22.2 wt% PLGA Highly biocompatible and nontoxic [134]

1.67μg/ml Chitosan Showed good biocompatibility and effectively stimulate cell proliferation [135]

103ppm Chitosan Promote proliferation of fibroblasts [136]

6 g — Promote gene expression [137]
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with octedacy trimethyl ammonium chloride. It is worth
noting that the NH2 group in the modified MMT not only
formed a hydrogen bond with the OH group of PLLA but
also formed a hydrogen bond with the OH group of PGA,
and the three formed an interlocking structure. Therefore,
through the effect of cationic modification of MMT, the
compatibility of PLLA and PGA was improved. In terms of
mechanical properties, the tensile performance of the
PLLA/PGA stent with cationic modified MMT was nearly
doubled compared with the composite stent without addi-
tion. Bozolan’s research team [139] studied the effect of L-
phenylalanine-modified montmorillonite on the mechanical
properties of chitosan/carboxymethylcellulose/scleroglucan
composite hydrogels. The results showed that the compres-
sive stress values of hydrogel materials containing 0%, 1%,
3%, and 5% MMT were 126:45 ± 8:83 kPa, 152:31 ± 2:72
kPa, 210:94 ± 2:36 kPa, and 266:99 ± 6:60 kPa, respectively.
The result was consistent with Liu [140] and Mohd’s [141].
In bone tissue engineering, some metal cations can not only
promote the activity and proliferation of osteoblasts but also
have anti-inflammatory and antibacterial effects [142, 143].
For example, the replaced silver ion undergoes an
oxidation-reduction reaction in MMT, and formed metallic
silver had antibacterial properties [144–146]. This showed
that the organically modified nanoclay has abundant func-
tional group combination; therefore, MMT was often used
as a carrier for drug loading and sustained drug release.

5. Drug Loading-Release of MMT

Common problems such as bacterial infections in bone tis-
sue engineering greatly increase the risk of bone repair
[147]. Drug delivery is one of the most important applica-
tions of organic functionalized montmorillonite. After
proper modification, MMT has received more and more
attention as a drug carrier and drug sustained release agent.

It can deliver drugs continuously, controllable and targeted,
thereby improving its therapeutic effect.

The sustained release of drugs in montmorillonite usu-
ally requires drug molecules to be inserted into the interlayer
space of montmorillonite, as shown in Figure 7. Otherwise,
simple surface adsorption will result in a faster release rate.
It may be attributed to the fact that the layered structure of
MMT not only hinders the external erosion of drug but also
inhibits the diffusion of drug from the interlayer domain to
outside. Sadeghianmaryan et al. [148] studied a spinning
scaffold made of polycaprolactone/montmorillonite nano-
composites loaded with curcumin (Cur). The results showed
that by introducing MMT into the polymer matrix, the sud-
den release level was reduced, and PCL/20% MMT had the
lowest curcumin release. Silver nanoparticles are an effective
antibacterial agent, with strong bactericidal activity and a
wide range of bactericidal types and no bacteria resistance
[149, 150]. However, Ag-based antibacterial materials face
some problems. Ag nanoparticles are easy to aggregate in
the polymer matrix and lead to rapid release of Ag+. Guo
et al. [151] loaded Ag+ into the interlayer space of MMT
through ion exchange and was further chemically reduced
to metal Ag with higher stability. When the MMT loaded
with Ag was added to the PGA stent manufactured by 3D
printing, the Ag exhibited uniform dispersion, and the com-
posite scaffold exhibited antibacterial performance of sus-
tained release of Ag.

In order to further evaluate the release mechanism of the
drug in MMT, people usually fit the drug release data to the
kinetic formula, such as Korsmeyer-Peppas model, Higuchi
model, and zero-order and first-order, as shown in Table 4
[152, 153]. Among them, Higuchi model [154] (Equation
(1)) and Korsmeyer-Peppas model [155] (Equation (2))
were the most commonly used in the research of MMT drug
loading and release. According to the research of Panahi
et al. [156] and Li et al. [157], under simulated gastric juice
and simulated intestinal juice, the release kinetics of clari-
thromycin and dexibuprofen in MMT were confirmed to
be consistent with the Higuchi model. In addition, some
studies have concluded that the diffusion mechanism of
drugs in MMT can be explained by the Korsmeyer-Peppas
model. Among them, 0:45 ≤ n corresponds to Fickian diffu-
sion mechanism, 0:45 < n < 0:89 corresponds to non-Fickian
transport, n = 0:89 corresponds to case II transport, and n
> 0:89 corresponds to super case II transport [158, 159].

f t =Q = A
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

D 2C − Csð ÞCst
p

, ð1Þ

where Q is the amount of drug released in time t per unit
area A. C is the drug initial concentration. Cs is the drug sol-
ubility in the matrix media, and D is the diffusivity of the
drug molecules (diffusion coefficient) in the matrix sub-
stance.

Mt

M∞
= Ktn, ð2Þ

MMT Drug

Drug
release

Drug load

Drug
release

Figure 7: Drug loading/release of MMT.
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whereMt/M∞ is a fraction of drug released at time t. k is
the release rate constant, and n is the release exponent.

The release of drugs in MMT is mainly affected by the
following factors. Firstly, when the drug-carrying system is
exposed to the dissolving medium, the concentration gradi-
ent of the drug is the main driving force, which makes it
exhibit explosive release behavior in the early period [160].
Secondly, the interlayer structure of MMT creates intercon-
nected and tortuous barriers, which hinders the dissolution
and diffusion of drug molecules and reduces the release rate
of drugs [161]. Furthermore, there are intermolecular forces
such as hydrogen bonds [156], covalent bonds [162], and
ionic bonds [163] between drug molecules and MMT, which
further hinder the release of drugs.

The sustained release of drugs in MMT depends on its
content, the increase of interlayer spacing, and its dispersion
in the matrix [160]. The research results of Bakre et al. [173]
showed that in polycaprolactone/montmorillonite compos-
ite materials, as the concentration of MMT increases, the
sustained release rate of curcumin slows down. The
increased interlayer spacing after modification of MMT
can optimize the sustained release performance. Yu et al.
[174] used cetyltrimethylammonium bromide (CTAB)
modified natural sodium montmorillonite (Na-MMT) as a
carrier to carry the drug-amoxicillin (AMX) for tissue engi-
neering. The results showed that the cumulative release rate
of AMX with modified MMT at 75h was only 45%, while the
cumulative release rate of AMX scaffold without modified
MMT at 75 h reaches 80%. Bounabi et al. [172] developed
a drug delivery carrier for paracetamol, which was composed
of a hydrogel composed of poly (2-hydroxyethyl methacry-
late) and MMT. Among them, MMT was used as a polymer
crosslinking agent, which prolongs the release time of para-
cetamol, delays the clearance of the drug, and reduces the
need for multiple administrations.

6. Conclusions and Prospects

The unique “sandwich” structure of montmorillonite can
not only interlock with polymer molecular chains to
enhance the mechanical properties of the polymer but also

can be exfoliated into graphene-like nanosheets to uniformly
disperse and enhance the mechanical properties of the poly-
mer. For the interlayer space of polymer molecular chain
intercalation MMT, firstly, under the complex action of
MMT and water molecules, the basic distance between the
interlayer space increases. Then, one end of the polymer
molecular chain forms a bond with the MMT under the
action of electrostatic force or van der Waals force, while
the other end forms a common compatibility with the poly-
mer and finally forms an interlocking structure. Ball milling
and ultrasound-assisted methods usually destroy the stabil-
ity of the MMT structure and exfoliate it into a graphene-
like nanosheet structure. The peeled MMT sheet not only
has a higher aspect ratio but is also easier to be entangled
with the polymer chain, so that the contact area of the
polymer-MMT composite is increased, and the fracture con-
sumes more energy. In addition, the exfoliated graphene-like
montmorillonite nanosheets have a good effect on resisting
crack propagation.

The organic modification of MMT includes surface graft
modification and cation exchange modification. The modi-
fied MMT can not only achieve a surprising dispersion effect
in the polymer matrix but also act as a compatibilizer to
improve interfacial compatibility, providing an effective
method for improving the performance of the polymer
matrix. In addition, the organically modified MMT has
abundant functional groups, providing a natural platform
for drug loading and sustained drug release. The combina-
tion of these two aspects is of great significance to the devel-
opment of ultra-high-performance and low-cost bone tissue
engineering scaffolds.

Undoubtedly, montmorillonite has a positive effect on
improving the performance of bone tissue engineering scaf-
folds. However, for polymer-MMT nanomaterials,
researches on MMT functionalized bone tissue artificial scaf-
folds are in the ascendant. Firstly, more new assemblies of
MMT nanomaterials and polymer materials should be dis-
covered to provide more advanced functional materials for
bone scaffolds. Secondly, more nontoxic and harmless mod-
ifiers should be developed, thereby paving the way for the
preparation of polymer/MMT composite scaffolds with

Table 4: Kinetic models and mechanisms of montmorillonite release drugs.

Drugs Kinetic models Diffusional release mechanisms References

5-Fluorouracil

Korsmeyer-Peppas

Fickian diffusion [164]

Chlorpromazine Non-Fickian diffusion [165]

Hydrophobic ibuprofen Non-Fickian diffusion [166]

Sodium diclofenac Case II transport [167]

Ciprofloxacin Super case II transport [168]

Dexibuprofen

Higuchi

Non-Fickian diffusion [157]

Tanshinone IIA Non-Fickian diffusion [169]

Clarithromycin Fickian diffusion [156]

Sodium diclofenac Zero-order Super case II transport [170]

5-Fluorouracil First-order — [171]

Curcumin Power law Non-Fickian diffusion [148]

Paracetamol Pa Ritger–Peppas Non-Fickian diffusion [172]

13Journal of Nanomaterials



adjustable mechanical properties. Besides, we should deeply
explore the potential of MMT for drug delivery in bone tis-
sue engineering and build systematic drug-loading and drug
release systems to provide support for the preparation of
drug-loaded scaffolds with controllable release performance.
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