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ABSTRACT: Natural nano-minerals (NNMs) are minerals that are derived from nature with
a size of less than 100 nm in at least one dimension in size. NNMs have a number of excellent
properties due to their unique nanostructure and have been applied in various fields in recent
years. They are rising stars in various disciplines, such as materials, biomedicine, and chemistry,
taking advantage of their huge surface area, multiple active sites, excellent adsorption capacity,
large quantity, low cost, and nontoxicity, etc. To provide a more comprehensive overview of
NNMs and the biomedical applications of NNMs-based nanocomposites, this review classifies
NNMs into three types by dimension, lists the structure and properties of typical NNMs, and
illustrates their biomedical applications. Furthermore, a novel concept of natural nanomineral
medical materials (NNMMs) is proposed, focusing on the medical value of NNMs. In
addition, this review attempts to address the current challenges and delineate future directions
for the advancement of NNMs. With the deepening of biomedical applications, it is believed
that NNMMMs will inevitably play an important role in the field of human health and
contribute to its promotion.

1. INTRODUCTION
Natural nano-minerals (NNMs) are derived from nature and
have at least one dimension smaller than 100 nm in size,1

which are mainly hydrous aluminum silicate minerals, such as
montmorillonite (Mt), attapulgite (APT),2 sepiolite, kaolinite
(Kaol), etc. NNMs exhibit excellent physicochemical proper-
ties that benefit from the nanosize and unique structure, such
as bulking, catalytic properties, plasticity and exchangeability
of adsorbed ions.3 The use of NNMs dates back to human
civilization. Early on, NNMs were used to stop bleeding and
to treat diarrhea. NNMs have also contributed to many works
of art, such as the Mayan blue in the Mayan civilization and
the Jingdezhen ceramics. In addition, NNMs are also found
in buildings, mainly acting as matrix and binder before the
age of concrete. With the development of characterization
techniques, the structure of NNMs has been thoroughly
analyzed, and their function has been further expanded. At
present, NNMs and their derivatives are widely used in
various fields such as geology, cosmetology, material science,
pharmaceutical science, medicine, food science and bio-
technology.4−6 In addition, the unique properties such as
environmental friendliness, good biocompatibility, abundant
reserves, and ease of modification, etc. promote NNMs as a
good alternative to biomedical materials.

Biomedical materials7 are materials used in medicine,
including sensing, detection, diagnosis, therapy, tissue repair,
organ regeneration, in situ cell therapy,8 vascularization in the
organoid vascularization,9 etc. Bone defect repair10 has also
received much attention in recent years. Especially in

organoid research and sensing analysis, biomedical materials
have become an important branch of modern materials
science.11,12 With the booming development of biotechnol-
ogy7 and the increasing improvement of health requirements,
more and more biomedical materials such as graphene,13,14

metal−organic frameworks (MOFs),15 maximally exfoliated
two-dimensional carbides and nitrides (MXenes)16 and
layered double hydroxide (LDH)17 have been discovered
and are receiving extensive attention from scientists.18−22

Although, considerable progress has been made over the
decades, some biomaterials present problems such as difficult
preparation, high cost, poor biocompatibility and tolerabil-
ity,23−26 which limit further applications in the treatment of
diseases such as cancer, cardiovascular diseases,27−29 obesity,
chronic diseases and, etc.30 The environmental impact of
medical waste is also a major concern. Large quantities of
medical waste are produced each year, which endangers the
environment and poses a serious threat to public health. It
causes water pollution, poor air quality, and radioactive
contamination.31 For example, the amount of medical waste,
including disposable masks, gowns, goggles, and gloves, has
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increased significantly in recent years due to the emergence
of pandemics32,33 such as COVID-19.34 This waste can also
contribute to the spread of infectious diseases, such as AIDS,
cholera, typhoid, and respiratory complications.

Therefore, novel biomaterials should be discovered and
developed, taking into account their practical performance,
economic viability and environmental impact. In contrast to
some traditional and emerging biomaterials, NNMs are
inherently natural, cost-effective, biocompatible, and environ-
mentally friendly.35,36 Benefiting from their unique structure
and excellent physicochemical properties, NNMs are
becoming a promising candidate for biomedical materials to
overcome the shortcomings of various current biomedical
materials. Compared to artificially prepared materials such as
titanium alloys, hydrogels, polylactic acid, and zirconia,
NNMs do not require preparation. Used as a biomaterials,
they exhibit good biocompatibility due to their composition,
which resembles the primary elements of the earth and their
nontoxic nature.37 Besides, the presence of numerous
hydroxyl groups on their surface makes them easily
modifiable by organic molecule, allowing for simple
modifications for functional loading or to enhance bio-
compatibility.38 In addition, are available in a range of
dimensions depending on the size required.39 Also, as
biomaterials are used in large quantities, they are environ-
mentally friendly and do not cause damage to nature on their
own.40,41

As inorganic nonmetallic materials from nature, NNMs
have a stable structure, large specific surface area,
exchangeable ions, and special nanosized effects that are
widely studied in antibacterial,42 drug delivery, catalysis and
hemostasis.43 Besides, when NNMs are used as drug carriers,
the dosage of existing drugs can be reduced through
controlled release systems, thus favoring problems such as
overdosing and environmental pollution. Belkadi et al.44

synthesized inorganic−organic hybrid materials by incorpo-
rating amoxicillin (AMO) into the interlayer space of natural
bentonite (N-BENT) from western Algeria, thereby reducing
the adverse effects of AMO and the pollution caused by its
disposal in the environment. NNMs are also used to adsorb
pharmaceuticals from the environment. Kryuchkova et al.45

investigated the adsorption properties of pristine Mt and
stearyltrimethylammonium-modified Mt (Mt-STA) for drugs
such as carbamazepine, ibuprofen and paracetamol. Mt-STA
was shown to be a promising adsorbent for the removal of
hydrophobic organic pollutants from wastewater. Further-
more, Mt-STA can be used not only for wastewater treatment
but also for drug overdose detoxification due to its high drug
capacity. Figure 1 shows NNMs that have been used in
medicine in recent years.43,46−51 As candidates for biomedical
materials, NNMs are high-yield and low-cost, which is of
great importance for the current huge demand for biomedical
materials. Currently, NNMs are abundantly available52 and
are found in a wide range of rocks and soils.53 In addition,
NNMs are also being applied to recyclable use materials. For

Figure 1. Biomedical applications of NNMs. Reprinted with permission from refs 43,46−50. Copyright 2023 Elsevier, 2020 Elsevier, 2020
American Chemical Society, 2016, Elsevier, 2017 Royal Society of Chemistry, 2018 Wiley.
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example, M. Majka et al.54 prepared nanocomposites of
polypropylene and dry organic Mt (PP/OMt) by melt
blending. The resulting pyrolyzed fillers can be used to create
new composites. Therefore, NNMs are a sustainable
alternative to medical materials due to their good storability
and recyclability, which aligns with the concept of sustainable
development.

NNMs are coming of age in biomedicine. This review
provides a comprehensive overview of the latest research on
NNMs in biomedical materials. First, NNMs are classified
into three categories according to nanomorphology. Then,
recent advances, applications and strengths are summarized
aiming to provide an in-depth understanding of the
relationship between the physicochemical properties and
their performance. An outlook on their future directions and
challenges is also given. Importantly, the concept of natural
nanomineral medical materials (NNMMs) is proposed to
facilitate the interface between materials and biomedical
research.

2. NNMS: CONCEPTION, ORIGIN AND
CLASSIFICATION
2.1. Basic Conception of NNMs. In order to conduct a

systematic study of NNMs, we define their scope as primarily
natural clay minerals. As exploitable natural resources, the
definition of NNMs needs to be standardized. The concept
should include the following basic characteristics:
(1) Source. NNMs are derived from nature and are not

synthetic.
(2) Reserves. NNMs need to be accumulated in significant

quantities to achieve a sufficient scale for long-term
use.

(3) Size. NNMs must meet the requirement that at least
one dimension is less than 100 nm and exhibit
nanosized effects and properties that are valuable for
applications.

2.2. Origin. Tracing the origin of NNMs is important for
their definition and study. NNMs originated in the Earth’s
crust and have undergone long climatic, hydrological and
geological processes,55−58 including rock weathering, sed-
imentation and mineralization.4,5 Specifically, NNMs in rocks
have been fractured, dissolved and recrystallized to form
layers and nanostructures, which have gradually been
deposited and aggregated in groundwater and sedimentary
environments.
2.3. Classification. Clear categorization is essential for

the subsequent discussion and application of NNMs. A
number of classifications are currently used to distinguish
natural mineral materials. Scientists have divided minerals
into two categories based on their state of crystallization,
including crystalline and amorphous minerals. Crystalline
minerals can be classified as 1:1 or 2:1 type, depending on
their tetrahedral and octahedral structure. However, these
classifications are based on structure and are not easily
distinguished by morphology. To facilitate differentiation, we
categorize them on the basis of nanodimensions for
subsequent design and use. On this basis, NNMs can be
classified into three different types, namely, zero-dimensional
(0-D), one-dimensional (1-D) and two-dimensional (2-D).
2.3.1. 0-D NNMs. 0-D NNMs are the mineral minerals that

typically have a nanospherical morphology. Examples include
allophane, schwertmannite, and ferrihydrite.4,5 For instance,

allophane is a typical nanoclay that is amorphous in nature
and has a hollow spherical shape (Figure 2(a)). Its theoretical

chemical composition is (Al2O3)(SiO2)1.3−2·2.5−3H2O. Allo-
phane has a diameter in the range of 3.5 to 5 nm and a shell-
like wall, typically between 0.6 and 1.0 nm thick (Figure
2(b)). Another common 0-D NNMs is schwertmannite, with
the chemical formula of Fe8O8(OH)8‑(2−3.5)(SO4)1−1.75·nH2O,
which has spherical particles.

The natural spherical nanoenzymatic morphology of 0-D
NNMs can be exploited as small molecule drug carriers or
modifiers for functional materials.61 In addition, their
properties such as organic matter adsorption capacity, high
porosity and specific surface area can be used to modulate
microbial growth,62 etc.

2.3.2. 1-D NNMs. Compared to 0-D NNMs, 1-D NNMs
are more popular due to their special 1-D morphology. 1-D
NNMs are those NNMs with a fibrous or needle-like
structure, such as APT,2 sepiolite, and imogolite, among
others. Benefiting from the 1-D shape, they have a
considerable specific surface area, which can reach hundreds
of square meters per gram. In addition, NNMs have excellent
absorbency and a large number of surface-active sites due to
the differences in surface bonding, incomplete coordination
of surface atoms, and electronic state within the rod crystal.
For example, APT, also known as palygorskite, is a common
type of 1-D NNMs with a rod-like structure (Figure 3(a))
and the ideal chemical formula of Mg5Si8O20(OH)2(OH2)4·
4H2O. Generally, they are found in nature as clustered crystal
bundles (Figure 3(b)). Its crystal structure consists of 2:1
layered chains, with the tetrahedral wafer corners reversed at
a certain distance in each layer of the unit structure layer,
giving it a layered chain shape (Figure 3(c)).63 Notably, APT
reserves and production of APT are abundant worldwide.
Currently, China, Brazil, and India are the main producers of
APT, with a minimum annual global production of millions
of tons per year, resulting in low costs.64 Another typical 1-D
NNM was halloysite nanotubes (HNTs), a type of silicate
mineral, with an ideal molecular formula of Al2O3·2SiO2·
4H2O (Figure 3(f)). Unlike APT, the nanotubes of HNTs
are dispersed, with an internal cavity of 10−15 nm, an
external diameter of 20−150 nm, and a length of 50−1500
nm (Figure 3(d,e)). In recent years, the use of HNTs as a
biocompatible carrier for loading has boomed due to their
tubular shape. In addition, HNTs have a negative charge on
the outer surface and a positive charge within the cavity at a
pH range of 2−8. This allows HNTs to bind to drug

Figure 2. Structure and morphology of allophane. (a) Schematic
representation of the structure of allophane, showing a hollow
sphere with channels. Reprinted with permission from ref 59.
Copyright 2021 Elsevier. (b) TEM image of allophane. Reprinted
with permission from ref 60. Copyright 2017 Elsevier.
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molecules by manipulating the distribution or alteration of
anions and cations on its surface, giving it potential capability
as a controlled or sustained release agent. In addition, HNTs
have been shown to be biocompatible. According to
Fakhrullin et al.,65−67 the nuclear morphology of cells did
not change when exposed to primitive HNTs, demonstrating
their high cytocompatibility.

In recent years, 1-D NNMs have been used in various
fields due to their diversity and uniqueness. Currently, 1-D
NNMs have attracted considerable research attention in the
field of biomedicine due to their superior physicochemical
properties, such as a negative surface potential, which
facilitates the absorption of cationic molecules via electro-
static forces, and a large specific surface area, which provides
numerous attachment points.71,72 As a result, they have
become popular drug delivery vehicles.
2.3.3. 2-D NNMs. In short, except for 0-D and 1-D NNMs,

the rest are 2-D NNMs. The basic element of 2-D NNMs has
a layered structure, including Mt, Kaol, hydrotalcite, and
others. The layers are typically held together by chemical
bonds within them and by van der Waals forces between
them, and can be separated from each other by stacking.
Specifically, Mt is a layered mineral consisting of hydrated
aluminosilicate, with a theoretical chemical formula of (Na,
Ca)0.33(Al, Mg)2[Si4O10](OH)2·nH2O. Mt has a three-layer
sheet structure (2:1 type) consisting of aluminum oxide
octahedrons in the center and silicon oxide tetrahedra on the
top and bottom. Apparently, the layered structure of Mt can
be observed clearly under an SEM (Figure 4(a, b)),
accompanied by monolayer thicknesses of less than 100 nm
(Figure 4(c)). Notably, Mt has excellent ion exchange and
intercalation properties due to its distinct layered structure.
Another typical 2-NNMs is Kaol, which also consists of layers
of silicon−oxygen tetrahedral sheets and “alternate” octahe-
dral sheets. These layers are stacked along the c-axis to form
a structural unit. And, the ideal formula for the Kaol layer is
Al2SiO5(OH)4, consisting of 46.54% SiO2, 39.5% Al2O3, and

Figure 3. Morphologies and structures of APT and HNTs. (a) Scanning Electron Microscope (SEM). Reprinted with permission from ref 68.
Copyright 2020 IOP Publishing Ltd. (b) Transmission Electron Microscope (TEM) of APT. Reprinted with permission from ref 64. Copyright
2019 Elsevier. (c) Crystalline structure of APT. (d) TEM image of HNTs. Reprinted with permission from ref 69. Copyright 2011 American
Chemical Society. (e) High resolution TEM image of HNTs. Reprinted with permission from ref 70. Copyright 2018 The Royal Society. (f)
Topography diagram and crystalline structure of HNTs.

Figure 4. Morphology and structure of Mt and Kaol. (a) SEM of
Mt. Reprinted with permission from ref 73. Copyright 2013
Springer. (b) TEM image of Mt. Reprinted with permission from
ref 74. Copyright 2013 Elsevier. (c) Topography diagram of Mt. (d)
Molecular simulation model of Kaol structure (1 × 2 × 2 unit cells)
showing siloxane and aluminol surfaces. Reprinted with permission
from ref 75. Copyright 2017 Elsevier. (e) TEM image of Kaol. K1
consisted mainly of large, irregularly arranged fragments with a
natural close packing. Reprinted with permission from ref 76.
Copyright 2019 Elsevier. (f) High-resolution TEM image of a kaol.
Reprinted with permission from ref 77. Copyright 2022 Elsevier.
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13.96% hydroxyl (Figure 4(d)). Most Kaol samples are
dispersed powders with a cryptocrystalline structure, charac-
terized by loose and massive aggregates. The characteristic
hexagonal shape of Kaol is formed by stacked pseudohex-
agonal platelets, which dissociate seamlessly. In terms of
morphology, the crystals of Kaol may have a self-shaped
hexagonal plate, semihexagonal or other shaped flake, with a

scale size generally ranging between 0.2 and 5 μm and a
thickness of less than 200 nm (Figure 4(e, f)).

Nowadays, the interest in 2-D NNMs has increased due to
their expandable planes and interacting properties. They are
often used as a drug carrier due to its easily modifiable
surface, which can be loaded with small molecules because of
its large interlayer space and the presence of numerous
hydrogen bonds on the surface.78 Furthermore, its surface

Figure 5. Overview of biomedical applications of NNMs. (a) Network visualization and (b) density visualization based on the reference for
biomedical application and nanomineral keywords.

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.4c00674
ACS Omega 2024, 9, 17760−17783

17764

https://pubs.acs.org/doi/10.1021/acsomega.4c00674?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00674?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00674?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00674?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00674?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


properties vary with pH, allowing it to act as a controlled or
slow release for drug molecules.79 In the latest field of
nanozymes, they can also modify the cationic occupancy of
ferrite, thus enhancing the enzyme-like activity of the
composites.80 Additionally, their good mechanical properties
make them suitable additives for some hydrogels.81 Their
unique 2-D structure and good biocompatibility have made
them a promising material in the fields of detection,
diagnosis, and therapy.82 Besides, 2-D NNMs have excellent
intrinsic adsorption capacity and the ability to promote
wound healing, allowing them to be used as wound dressings.

3. BIOMEDICAL APPLICATIONS OF COMPOSITES
BASED ON NNMS

Due to their excellent biocompatibility, large specific surface
area, high storage capacity, and low cost, NNMs and their
derivatives have recently become increasingly popular among
biomedical materials.3 We reviewed and analyzed the most
cited literature (Figure 5(a, b)). Since 2014, there have been

several reports on the use of NNMs for detection. The
preparation of nanocomposites using NNMs as sensors is a
practical approach to achieve efficient detection. While the
use of NNMs as nanocarriers for sustained, slow, or
controlled release gained widespread attention starting from
2016, they were later developed, after 2018, for bone tissue
engineering, antibacterial and anti-inflammatory materials,
and wound healing due to their exceptional biocompatibility.
Overall, the early development of NNMs focused on in vitro
detection and drug delivery. Once their excellent biocompat-
ibility had been demonstrated, the corresponding in vivo
studies were carried out.
3.1. Antibacterial Materials. The development of

biocompatible antibacterial materials that are efficient and
effective is critical to reducing the risk of bacterial infections.
Inorganic antibacterial materials are composed of supports
infused with ions, oxides or photocatalytic materials (e.g.,
ZrO2, TiO2) and transition metals such as Ag, Cu, Zn, etc.
that possess antibacterial properties. Many of these materials

Figure 6. Overview of the antibacterial process using APT as a precursor. (a) Schematic diagram of the research for the utilization of raw APT
to antibacterial. SEM images of (b, c) L-SiO2−NT@Cu and (d, e) V-SiO2−NT@Cu. The positive control of S. aureus (f) and E. coli (g). The
digital photos of the bacteriostatic effects of crude APT for (h) S. aureus (2.0 mg/mL) and (i) E. coli (2.0 mg/mL), of CuSiO3 for (j) S. aureus
(2.0 mg/mL) and (k) E. coli (2.0 mg/mL), of L-SiO2−NT@Cu for (l) S. aureus (1.0 mg/mL) and (m) E. coli (2.0 mg/mL), and of V-SiO2−
NT@Cu for (n) S. aureus (0.6 mg/mL) and (o) E. coli (2.0 mg/mL). Reprinted with permission from ref 46. Copyright 2019 Elsevier.
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are nanomaterials with increased specific surface areas,
allowing greater exposure of active sites. NNMs contain
antibacterial atoms such as Fe and Cu due to their
homogeneous substitution in the environment.83 In addition,
their nanomorphology results in a significant specific surface
area, making them effective agents against bacteria both
independently and as carriers.

To reduce reliance on antibiotics, Yang et al.84 investigated
the effect of Cu-modified APT (CM-APT) on the prevention
and treatment of Salmonella diarrhea in vivo. According to in
vitro antibacterial tests, CM-APT proved to be a viable
substitute for conventional antibiotics in the treatment and
prevention of animal diarrhea caused by Salmonella. Wang et
al.46 used APT as a precursor to obtain silica nanorods and
metal ions to prepare a medical antibacterial composite
(Figure 6(a)). Using the decomposed APT, they synthesized
the SiO2−NT@Cu nanocomposite in tubular form by two
methods. First, they immersed the CuSiO3 nanotube in a 5
mol/L aqueous solution of NaBH4 under magnetic stirring.
Then, the resulting mixture was heated to 70 °C to reduce
Cu2+ into CuNPs according to the reaction given in equation
(eq ) (1) (the product was named L-SiO2−NT@Cu).

CuSiO3 nanotubes were treated with H2 flow at 450 °C for
3 h to reduce Cu2+ into CuNPs according to the reaction
shown in eq 2 (the resulting product was named V-SiO2−
NT@Cu). After undergoing physical and chemical treatment,
the APT retained its rod-like structure as shown in Figure
6(b-e). Furthermore, the antibacterial experiment showed
that the SiO2−NT@Cu nanocomposite was highly effective
in inhibiting the growth of E. coli and S. aureus, with minimal
inhibitory concentrations (MICs) of 2.0 and 0.6 mg/mL,
respectively, as shown in Figure 6(f-o).

BH 2Cu 3OH 2CuNPs H BO 2H4
2

3 3 2+ + + ++

(1)

CuSiO H CuNPs SiO H O3 2 2 2+ + + (2)

Bacterial cellulose (BC) is a biopolymer known for its
ability to heal wounds and regenerate tissue. However, BC’s
inability to repel bacteria limits its use in biomedicine. The
research of Wahid et al.’s research85 proposed to create new
artificial burn substitutes by combining the wound healing
properties of BC with the antibacterial performance of
modified Mt (Figure 7(a)). SEM images (Figure 7(b, c))

Figure 7. Mt-BC for antibacterial. (a) Schematic diagram illustrating the synthesis of a nanocomposite by modified Mt and BC nanocomposites.
SEM images of (b) BC and (c) Mt-BC nanocomposites. (d) Representative photographs of wounds treated with Cu-Mt-BC, Na-Mt-BC, and
Ca-Mt-BC, together with those of the negative control, BC, Mt-BC, and positive control groups were taken at different stages of the treatment
process. Reprinted with permission from ref 85. Copyright 2018 Elsevier.
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confirmed the presence of Mt on the surface and substrate.
The modified Mt-BC nanocomposite showed a clear zone of
inhibition in the test. The animal experiment proved that the
mouse treated with Mt-BC nanocomposite showed improved
wound healing activity through tissue regeneration, healthy
granulation, re-epithelialization, and vascularization (Figure
7(d)). These results suggested that the modified Mt-BC
nanocomposite can be used as a novel substitute for artificial
skin and as a scaffold for tissue engineering in burn patients.

In addition to its intrinsic antimicrobial properties, Mt can
also act as a reservoir for antimicrobial drugs, allowing for
controlled or gradual release. Reddy et al.86 carried out in
vitro drug delivery studies by preparing a chitosan/PVA/Na
+-Mt composite membrane loaded with 5-fluorouracil (5-FU)
(Figure 8(a)), which exhibited significant inhibitory activity
against both Salmonella (Gram-negative) and S. aureus
(Gram-positive). Meanwhile, the rate of drug release could
be regulated by modifying the amount of Mt (Figure 8(b,
c)).

Ag is a frequently used inorganic antimicrobial agent.
However, its high cost and poor biocompatibility restrict its
use. Zhou et al.87 developed simple and environmentally
friendly(a rapid, straightforward, and eco-friendly) technique
to prepare lecithin (LEC) modified silver(Ag)-based Mt
(AgNPs@LEC-Mt) using silver nitrate. Figure 9(a) shows
that the obtained AgNPs@LEC-Mt was biocompatible with
L929 cells, provided that the concentration was below 25 μg/

mL. In addition, the inhibition zone test suggested that the
AgNPs@LEC-Mt had effective antibacterial activity against
Gram-positive and Gram-negative bacteria (Figure 9(b)).
And, the antibacterial property would be enhanced with
increasing Ag concentration. Moreover, optical and SEM
images showed significant antibacterial effect against E. coli
and S. aureus, and bacterial morphology after treatment with
AgNPs (0.8 M)@LEC-Mt compared to pure Mt (Figure 9(c-
j)), indicating the importance of introducing antimicrobial
metals. In addition, the introduction of Mt effectively
improved the biological toxicity of the composites. Essential
oil (EO) is a natural organic antibacterial material. Souza et
al.88 evaluated the synergistic effect of carvacrol EO and Mt
(called hybrid compound) incorporated in thermoplastic
starch (TPS) films at different levels. The hybrid films
showed antimicrobial activity against E. coli due to the
synergistic effect of Mt and EO. The hybrid resulted in
combined antimicrobial effects, probably due to the
destabilization and partial destruction of the bacterial cell
membrane, altering the permeability, respiration and electron
transport of the E. coli. These research results can provide
references for the future development of Mt-based mem-
branes.

Kaol has been extensively researched and used in the
development of antimicrobial composite materials in recent
years. Yang et al.89 prepared Fe2O3-Kaol, which showed
potent antibacterial activity against E. coli. The synergy

Figure 8. Preparation, swelling capacity and 5-FU release properties of chitosan/PVA/Na+-Mt. Chitosan/PVA/Na+-Mt (a) Schematic diagram
of the preparation process of chitosan/PVA/Na+-Mt loaded with 5-FU. (b) Swelling capacity and (c) 5-FU release of chitosan/PVA/Na+-Mt
with different Na+-Mt contents. Reprinted with permission from ref 86. Copyright 2016 Springer.

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.4c00674
ACS Omega 2024, 9, 17760−17783

17767

https://pubs.acs.org/doi/10.1021/acsomega.4c00674?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00674?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00674?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00674?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00674?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


provided by the well-dispersed Fe2O3 nanoparticles through
the large specific surface area of Kaol was responsible for this
activity (Figure 10(a)). The density of the Fe2O3 nano-
particle distribution significantly influenced the antibacterial
activity, with optimal nanoparticle distribution yielding the
highest antibacterial activity. Tripathy et al.90 used the
coprecipitation technique to prepare zinc (Zn) oxide/
potassium and impregnated it in Kaol to synthesize an
antibacterial composite substance (Figure 10(b)). Antibacte-
rial experiments showed that the bacterial morphology
progressively disintegrated under visible light treatment
(PCD) progressively disintegrated over time (Figure 10(c-
h)), probably due to oxidative stress caused by excessive
amounts of superoxide radicals.

In addition to combining with inorganic antimicrobials, the
antibacterial effect of Kaol can be enhanced by a good
combination with organic antimicrobial agents. A Kaol-based
organic antibacterial material (CA/Kaol) modified with
chlorhexidine acetate (CA) was prepared by a dry process
by Zhang et al.91 The results showed that a synergistic
promotion system between CA and kaol had been
established. Kaol optimized and controlled the thermal
stability of CA to achieve an on-demand burst/slow release
mode. CA was mainly bound to the surface of Kaol by
hydrogen bonding. This gave it antibacterial properties and
improved organic compatibility.

In addition to their antibacterial properties, NNMs have
been used in anti-inflammatory treatments. Wele et al.92

investigated the anti-inflammatory activity of the croton oil-

induced edema treatment and found that APT had anti-
inflammatory properties. As such, APT may be useful in the
treatment of conditions such as rheumatism, neurosis, and
skin disorders.

The antibacterial application of NNMs is based on the
following intrinsic properties: (1) NNMs have elements on
their surface that fight disease-causing bacteria, such as Fe,
Cu, etc. Some of these antimicrobial elements are
immobilized on their surfaces, while others can be dissolved
in a solution to contact the bacterial surface and sterilize it.
(2) Some of the NNMs are due to the fact that NNMs have
easily modifiable groups on their surface, which allows them
to be loaded with compounds with antimicrobial factors. The
advantage of minerals as antimicrobial agents is their good
biocompatibility and ease of modification. In addition, their
low cost is an advantage as an antimicrobial material that is
in high demand.
3.2. Drug Delivery. The advent of functional nano-

medicines has treated some of the most intractable diseases.93

They have enabled drug molecules to enter the human body
as ultrasmall trucks, and targeted drugs deliver drugs directly
to the diseased area, reducing drug damage to normal human
cells.94 In addition, nanodelivery of drugs to improve their
utilization or to achieve slow or controlled release is
important for disease treatment and cost control. Although
these functionalized drugs have made some progress in
treating intractable diseases, they are still limited in terms of
therapeutic efficacy and cost.95 In general, nanodrug carriers
usually need to have appropriate electrical properties,

Figure 9. AgNPs@LEC-Mt for antibacterial application. (a) Cytotoxicity of AgNPs@LEC-Mt on cells L929. (b) Inhibition zone of AgNPs@
LEC-Mt of different Ag content against strains E. coli and S.aureus. Optical images of antibacterial activities against E. coli by (c) Mt and (d)
AgNPs(0.8 M)@LEC-Mt, and against S.aureus by (e) Mt and (f) AgNPs(0.8 M)@LEC- Mt. SEM images of bacterial of S. aureus (g) before
and (h) after, and (i) E. coli before and (j) after treatment with AgNPs(0.8 M)@LEC- Mt. Reprinted with permission from ref 87. Copyright
2019 Elsevier.
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multiple loading sites, large surface or internal space and
good biocompatibility. In addition to possess the above
characteristics, the electrical, chemical binding and surface
properties of NNMs change with pH or other treatments,
making them a promising choice as nanodrug carriers.
Besides, NNMs have the properties of large reserves and
easy accessibility compared to artificially prepared ones. As a
result, NNMs have made a splash in drug delivery in recent
years.

The hollow tube and modifiable surface of HNTs have
attracted interest in drug delivery for decades. The use of
HNTs as carriers for drug delivery, sustained, and controlled
release of drugs has been extensively reported. Zhang et al.96

prepared a novel HNTs-based hydrogel with a “turn-on”
fluorescence character upon H2O2 and used it to construct
the H2O2-responsive drug delivery system, in which a
coprecipitation method was proposed to obtain the drug-
loaded HNTs (DHNTs) (Figure 11(a)). The experimental
results showed that the morphology of the HNTs did not
change before and after loading (Figure 11(b-e)). Other
characterizations also showed that the drug was mainly
loaded into the cavity and not attached to the outer surface
of the HNTs. In the presence of H2O2, the boron−carbon
bonds in the prepared hydrogel were broken, leading to
degradation and a responsive release (Figure 11(f, g)). At
physiological concentrations ([H2O2] = 0.02 μM) hardly any

drug release occurs, whereas at pathological concentrations
([H2O2] = 200 μM), complete release (>90%) can be
achieved (Figure 11(h)). The release kinetic curve illustrates
the stability of the kinetics (Figure 11(i)).

Controlled release can also be achieved by modifying the
surface of HNTs. Lvov et al.97 used octadecylphosphonic acid
to selectively modify the lumen of HNTs (Figure 12(a)).
Adsorption studies had shown that the hydrophobized HNTs
adsorbed more ferrocene than its hydrophilic derivative
(ferrocene carboxylic acid), and the equilibrium absorption
isotherm of ferrocene was linear, indicating that these
molecules are driven into the lumen by separation from the
polar solvent. The results showed that the complex can
absorb hydrophobic molecules as a physically adsorbed
sponge (Figure 12(b,c)). This research has showed that the
different chemical properties of the inner and outer surfaces
of HNTs can be used for selective modification, so as to
realize various applications from water purification to drug
immobilization and controlled release.97 In addition to 1-D
HNTs, APT are also used as drug loading and release.
Viseras et al.98 successfully prepared cross-linked APT/
chitosan composites using tripolyphosphate as the cross-
linking agent. The addition of a certain amount of APT not
only improved the embedding effect of the composite
microspheres, but also influenced the drug release and
prolonged the release time of diclofenac. Therefore, the

Figure 10. Antibacterial properties of Fe2O3−Kaol. (a) Schematic illustration of the antibacterial activity of Fe2O3−Kaol composites. Reprinted
with permission from ref 89. Copyright 2017 Royal Society of Chemistry. (b) Schematic representation of the PCD of Enterobacter sp. using
ZnO/Kaol under visible light.90 (c), (d), and (e) show the Field Emission (FE) SEM images of untreated bacteria, photolysis-treated and dark
control (with ZnO/Kaol loading = 150 mg/L) of MDR Enterobacter sp. at 120 min, respectively.90 (f), (g) and (h) showed the FESEM
microscopic images of MDR Enterobacter sp. subjected to visible light assisted PCD in the presence of ZnO/Kaol (with ZnO/Kaol loading =
150 mg/L) for 60-, 90-, and 120 min treatment, respectively.90 Reprinted with permission from ref 90. Copyright 2018 Elsevier.

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.4c00674
ACS Omega 2024, 9, 17760−17783

17769

https://pubs.acs.org/doi/10.1021/acsomega.4c00674?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00674?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00674?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00674?fig=fig10&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00674?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


incorporation of APT into biopolymers can be used for the
sustained release of drugs and other biologically active
particles.

The planar and interlayer space of a 2-D NNMs is also an
ideal property for drug delivery. For example, Mt, is widely
used for drug delivery due to its large interlayer space and
good adsorption properties. Oral administration faces the
physiological limitations of the gastrointestinal tract (GIT)
and causes irritation of the gastrointestinal mucosa. Inspired
by the mucosal nutritive function of zinc (Zn) and Mt, Bai et
al.47 developed a Mt-coated zeolitic imidazolate framework
(M-ZIF-8) capable of encapsulating and releasing drugs
(Figure 13(a)). The ZIF-8 encapsulated drug can maintain its
internal structure, and the Mt layer enhances adhesion and
optimizes drug release. Meanwhile, it had good biocompat-
ibility with SGC7901 and CT26 cells (Figure 13(b)). M-ZIF-
8 not only achieved effective gastrointestinal delivery of
nonsteroidal anti-inflammatory drugs (NSAIDs) and inhibited
inflammation, but also reduced NSAID-induced gastro-
intestinal irritation and promoted GIT mucosal healing,
which were validated in gastritis and colitis models.
Importantly, the introduction of Mt had resulted in a more

stable release rate. In addition, the drug release rate of M-
ZIF-8 can be regulated by changes in pH (Figure 13(c)). M-
ZIF-8 had made significant progress in gastrointestinal
delivery with a simple structure and good biocompatibility,
which provided the inspiration to use Mt to build an oral
drug delivery system.

Li et al.99 developed a biocompatible chitosan/Mt (CS/
Mt) microsphere as a loading and sustained release carrier for
tanshinone IIA (TA) hydrophobic drugs. The CCK-8 cell
viability assay showed that the resulting CS/Mt and TA@
CS/Mt microspheres had no apparent cytotoxicity when the
dose was less than 80 μg/mL (Figure 14(a,b)). The
introduction of Mt into the chitosan matrix can enhance
the encapsulation rate of the drug and delay the migration of
the drug. The sample with a mass ratio of chitosan to Mt of
10:2 had the highest encapsulation efficiency (48.18 ±
2.54%), and the continuous cumulative drug release in
phosphate buffer solution (pH 7.4) was the slowest (Figure
14(c, d)). It was found that the release kinetics of TA were
consistent with the Higuchi model, and its release mechanism
was not diffusion. This work provided a drug delivery system
based on Mt, which was successfully applied to the

Figure 11. Drug release properties of HNTs-based composites. (a) H2O2-sensitive release mechanism of DHNTs@PVA@PA. TEM images of
(b, c) HNTs and (d, e) DHNTs. (f) The transformation mechanism of arylboronates to phenols to give fluorescein with high fluorescence in
the presence of H2O2. (g) The changes of DHNTs@PVA@PA from nonfluorescent to fluorescent. (h) The drug release profiles in different
concertation of H2O2. (h) The fluorescence spectra of the release medium (H2O2 = 200 μM) after the addition of DHNTs@PVA@PA. (i)
Plots of fluorescence intensity versus the drug release rate. Reprinted with permission from ref 96. Copyright 2020 Elsevier.
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preparation of a highly effective biocompatible drug delivery
system for TA.

Betaolol hydrochloride (BH) has the ability to treat
glaucoma, and its efficacy can be improved with reasonable
dosage. Hou et al.100 used the emulsifying solvent
evaporation method to prepare propylene oxide nanoparticles
loaded with BH intercalated with Mt for topical admin-
istration for the treatment of glaucoma (Figure 15(a)). The
prepared Mt-BH nanoparticles have an average size and
positive surface charge suitable for ophthalmic applications.
The charge contributes to corneal adhesion and shows good
stability to maintain the residence time on the corneal surface
and ensure better drug release performance (Figure 15(b)).
There was no significant bleeding except for the NaOH
solution (positive group). However, according to the changes
in the blood vessels, the order of irritation could also be as
follows NaOH solution > BH solution > Mt-BH NPs > blank
NPs > saline solution, indicating that although the irritancy of
Mt-BH NPs was slightly higher than that of blank NPs due
to the intrinsic irritancy of the active pharmaceutical
ingredient (API) itself adsorbed on the surface of the
nanoparticles during preparation, the Mt-BH NPs formulation
was low in irritancy and well tolerated (Figure 15(c)). The
formulation was suitable for clinical antiglaucoma use and
was expected to be used in future pharmacokinetic studies in

the future such as tear clearance. Feng et al.101 used an
improved solvent extraction/evaporation technique to prepare
paclitaxel-loaded PLGA/Mt nanoparticles and modified them
with trastuzumab. The drug exhibited a biphasic drug release
profile with a moderate initial burst release followed by a
sustained release profile. Experimental studies in vivo and in
vitro showed that the drug had achieved significantly higher
cellular uptake efficiency and targeting effects.

Kaol, which has similar properties to Mt, is also an ideal
alternative material for drug delivery. Yang et al.102

successfully prepared 2D Kaol-based drug delivery systems
(DDSs) through the intercalation of organic guest species
with different chain lengths. Kaol intercalation compounds
exhibited high levels of biocompatibility and extremely low
toxicity to most cancer cells. The prepared nanocomposites
showed pH-sensitive release behavior and enhanced ther-
apeutic effects on ten model cancer cell cultures, and are
considered as promising candidates for new DDSs and tissue
e n g i n e e r i n g a p p l i c a t i o n s . C i s p l a t i n , c i s -
dichlorodiammineplatinum(II) (CDDP) is an anticancer
drug with a side effect of bone marrow suppression. Toyota
et al.103 investigated the complex formation of allophane NPs
with CDDP against A549 cells. The results showed that
CDDP-allophane NPs were released under acidic and neutral
pH conditions. The release was higher in acidic medium,

Figure 12. Drug release properties based on modified HNTs. (a) Schematic diagram of drug loading and release by HNTs. Equilibrium
adsorption of ferrocene by HNTs (●) and HNTs-ODP (■) at room temperature from THF:H2O (1:1) solution. (b) Release profile and (c)
Higuchi square root of time plots for the release of ferrocene from HNTs (●) and HNTs-ODP (■). Reprinted with permission from ref 97.
Copyright 2012 American Chemical Society.
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where about 60% of CDDP was released in the first 50 h,
whereas at pH 7.4, about 44% of CDDP was released within
70 h, showing a sustained release profile. Fluorescence
microscopy showed that CDDP-allophane NPs were

internalized by A549 cells. In addition, CDDP-allophane
NPs were less cytotoxic than free CDDP at the same dose.

Structural and morphological advantages are the main
reasons for their use as sustained release drug carriers. HNT

Figure 13. Asp release properties of M-ZIF-8. (a) Scheme of the one-pot preparation of the drug@M-ZIF-8 nanoplatform. (b) Cell viability of
SGC7901 and CT26 cells treated with ZIF-8 and M-ZIF-8 for 24 h. Data are expressed as mean ± s.d. (n = 5). (c) The pH-responsive release
profiles of Asp from Asp@ZIF-8 and Asp@M-ZIF-8 determined by UV−vis spectrophotometry. Reprinted with permission from ref 47.
Copyright 2020 Elsevier.
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with a hollow structure and Kaol and Mt with a layered
structure are often used as important raw materials for drug
loading. Sufficient structural space and easily modifiable
surface functional groups (e.g., −OH) are used as storage
sites for drugs such as CS and CPT. In addition, the binding
of functional groups to the drug changes under different pH
conditions, which is often important for use as a controlled
release composite.
3.3. Detection. In vitro detection is characterized by large

scale, rapid, and multiple reproducibility. Through the
chemical reaction between the detection agent and the
target, we can establish a concentration relationship to
accurately know the amount of the target. In general, NNMs
have a negative surface charge due to the residual electrons
generated when a high valence atom is replaced by a low
valence atom in the homogeneous process. Thus, the high
specific surface area and the negative surface charge favor
target binding. In addition, NNMs can also be used as
carriers for detection agents thereby improving the efficiency
of detection agent utilization.

The surface of APT is permanently negatively charged,
which is conducive to the formation of cation exchange
capacity to bind molecules with positive points on the
surface. Wang et al.48 had developed a novel nonenzymatic
glucose electrochemical luminescence (ECL) sensor based on

the integration of APT and semiconductor titanium dioxide
(Figure 16(a)). Figure 16(b) shows the glucose concen-
tration-dependent ECL intensity and the corresponding
calibration curve (Figure 16(c)). As the glucose concen-
tration increased, the ECL signal decreased accordingly,
indicating that glucose can inhibit the ECL intensity of
luminol in the presence of the catalyst APT-TiO2 catalyst. In
the range of 1.0 mM−1.0 nM, the inhibition rate has a linear
relationship with the logarithm of the glucose concentration
using a regression eq 3.

RLog I 0.17065Log C 2.6874 ( 0.9976)= + = (3)

And, the electrical activity interference from ascorbic acid
(AA), dopamine (DA) and uric acid (UA) was negligible,
indicating that the prepared biosensor had good selectivity
for glucose (Figure 16(d)). In 14 consecutive measurements,
the relative standard deviation (RSD) of the ECL response to
1.0 μM glucose was 0.7% (Figure 16(e)). Due to the stable
structure of the APT-TiO2, the reproducibility of this method
was acceptable, giving an idea of APT as a sensor preparation
material.48

2-D NNMs are currently being widely investigated for their
ability to modulate ionic occupancy and thus improve the
properties of composites. Wang et al.104 prepared exfoliated
kaol/manganese ferrite (E-Kaol/MFO) composites using a

Figure 14. TA release properties of TA@CS/Mt. Cell viability (%) after contact with different kinds and concentrations of (a) CS/Mt
microspheres and (b) different concentrations of TA@CS/Mt (10:2). Effect of Mt content on (c) encapsulation efficiency and (d) drug loading
of CS/Mt microspheres. Reprinted with permission from ref 99. Copyright 2019 Elsevier.
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one-step hydrothermal method to achieve highly sensitive
detection of acid phosphatase (ACP) (Figure 17(a)). The
exfoliated kaol facilitated the formation of defective MFO,
enabling more iron cations to occupy the octahedral sites.
This resulted in a significant increase in of various enzymatic
activities. The colorimetric sensor prepared with E-Kaol/
MFO demonstrated a wider detection range for ACP
compared to MFO alone. It had a detection range of 0.5−
3.0 mU/mL and a detection limit of 0.25 mU/mL. This work
highlights the benefits of Kaol-modulated advanced enzyme
mimics preparation and their potential for visual detection of
disease markers. High-performance and biocompatible finger-
print powders are essential for clear and reliable latent
fingerprints (LFP) imaging. Ni et al.105 prepared berberine
chloride (BBC) mixed with natural Mt mineral (BBC/Mt).
The BBC/Mt powder exhibited bright solid luminescence

due to the restriction of intramolecular motions (RIM) effect.
And, BBC/Mt was successfully used as a fingerprint powder
with three levels of detail (Figure 17(b)).

Mt can improve the morphology of the composite sensing
material, thereby improving detection performance. Wahid et
al.106 successfully prepared a 3-D layered flower-like Mt-zinc
oxide microhybrid sensor as a super electrochemical sensor
for the detection of diltiazem hydrochloride (DZM. HCl).
The obtained hybrid material with 2.0% Mt exhibited the
most perfect flower-like morphology, the highest surface area
(190.06 m2/g) and the lowest resistivity. Meanwhile, the
modified sensor obtained by cyclic voltammetry retained
excellent the electrical conductivity and electrocatalytic
activity. Under the best working conditions, the sensor
successfully reached the detection limit of 0.177 and 0.21
nmol·L−1 DZM. HCl, and can successfully detect it in

Figure 15. BH release properties of Mt-BH NPs (a) The illustration of the preparation procedure for Mt-BH NPs. (b) In vitro cumulative
release curve of BH solution, BH NPs and Mt-BH NPs at the temperature of 34 ± 0.5 °C with oscillation frequency of 120 rpm. (c) The
vascular congestion, hemolysis and coagulation of saline solution, NaOH solution, BH solution, blank NPs, Mt-BH NPs group. Reprinted with
permission from ref 100. Copyright 2019 Elsevier.
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commercial and human biological fluids (serum samples).
The constructed Mt-based sensor achieved reasonable
accuracy and was not affected by other conventional
pharmaceutical excipients.
3.4. Diagnosis. In addition to detection, NNMs are now

being used in more advanced diagnostic area. In particular, in
vivo diagnostics require good biocompatibility, leading
researchers to consider NNMs with stable chemical
compositions and structures.

Taking advantage of the high chemical stability, good
adsorption and cell compatibility of APT, Ma et al.49

prepared APT@Fe3O4@Ru (Figure 18(a)) as a dual contrast
agent for optical and magnetic resonance imaging. They
evaluated the in vitro effect of APT@Fe3O4@Ru as a dual
contrast agent and studied its distribution in vivo using MRI
in a rabbit model. The CCK-8 test showed that even high
concentrations of APT@Fe3O4@Ru NC had low toxicity to
LO2 and HepG2 cells (Figure 18(b)), indicating that it could
be applied in vivo without obvious cell damage. Magnetic
nanocomposites can accumulate at tumors through the EPR
effect and can effectively penetrate into tumor tissues through
blood vessels. Meanwhile, they can be effectively metabolized
without leaving any residues in the body. APT@Fe3O4@Ru
can be used as a T2 shortening agent in magnetic resonance
imaging (Figure 18(c, d)). The results showed that APT@
Fe3O4@Ru can be used for tumor detection and diagnosis.
However, the additional experiments and safety evaluations
required for in vivo diagnosis make NNMs less widely used
at present. There are also some studies that mimic the in vivo
environment for diagnostic studies. Hamachi et al.107

developed an Mt-supramolecular hydrogel hybrid for poly-
amine fluorescence spectroscopy sensing, which can detect
polyamines in biological fluid simulants by fluorescence, and
achieve rapid and naked-eye detection. The detection
sensitivity was close to the range required for cancer
diagnosis and clinical use.

In Asia, hepatocellular carcinoma (HCC) is the most
commonly diagnosed subtype of liver cancer. Magnetic
resonance imaging (MRI) is a common method for
accurately diagnosing HCC. FePt@Mt nanocomposites with
varying magnetic properties were synthesized by Chan et al.
using the one-pot method.108 Tuning the ratio of Mt can
increase the saturation magnetization strength of the
nanocomposites, which is beneficial for applications related
to magnetic thermotherapy and MRI imaging. The FePt@Mt
has multifunctional properties, as it can enhance magnetic
resonance imaging (MRI) signals for observing hepatocellular
carcinoma (HCC) and can also be used as an inducer for
magnetic fluid hyperthermia (MFH). Kaol has also been
investigated for the diagnosis of HCC using a similar
technique. Chan et al.109 also synthesized FePt@Kaol
nanocomposites using a one-pot method. The magnetic

Figure 16. Detection properties of the APT-TiO2-modified GCE. (a) The analytical procedure of the APT-TiO2 electrode for glucose detection.
(b) ECL responses of luminol on the APT-TiO2-modified GCE to different concentrations of glucose. (c) Logarithmic calibration curve of the
prepared glucose biosensor. (d) ECL signal specificity of the sensor toward 1.0 μM glucose, 30 nM AA, 30 nM DA and 30 nM UA on the
APT-TiO2-modified GCE in PBS (pH 7.4) containing 0.35 mM luminol. (e) The successive cyclic ECL responses of the biosensor to 1.0 μM
glucose for 14 times. Reprinted with permission from ref 48. Copyright 2016 Elsevier.

Figure 17. (a) Schematic representation of multienzymatic activities
and ACP detection of E-Kaol/MFO. Reprinted with permission
from ref 104. Copyright 2023 American Chemical Society. (b)
Schematic representation of BBC/Mt for visualizing high-resolution
LFP. Reprinted with permission from ref 105. Copyright 2023
Elsevier.
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properties of the composite nanomaterials were found to
depend on the proportion of kaol used. Increasing the
proportion of kaol resulted in an increase in the saturation
magnetization strength of FePt@Kaol. And, the nano-
composites achieved dual functionality, including MRI
diagnostics and MRF therapy. In addition, the FePt@Kaol
was recycled using the magnetic separation technique,
achieving environmental friendliness. These two works
demonstrate the positive role of 2-D NNMs in reducing
the toxicity of composites and increasing the saturation
magnetization strength of composite nanomaterials. It is
shown that 2-D NNMs can be combined with magnetic
materials and thus be used for diagnostic applications.

NNMs themselves have rarely been reported to function as
diagnostics, which may be due to their stability and thus
weaker function. And, the development of detection devices
using NNMs takes advantage of their modulation of the
morphology and ionic occupancy of the composites. In
addition, their good biocompatibility is also the basis for the
future development of composites for in vivo diagnostics.
their excellent biocompatibility.
3.5. Hemostasis and Wound Healing. Loss of bleeding

control after trauma is associated with a high risk of death.
The use of natural hemostatic minerals to effectively control
bleeding has been documented in traditional Chinese
medicine. Today, we know that NNMs contain a variety of
essential trace elements, including Zn, Ca, Mg, etc., which are
beneficial to blood clotting and promote cell growth. In
addition, their good adsorption properties are conducive to
adsorbing blood and killing bacteria, which due to their large
surface area and intrinsic antibacterial activity.

Sandri et al. investigated the safety and wound healing
properties of different various nanoclay/spring water hydro-
gels. The results showed that APT did not significantly affect
cell viability to a large extent (≥80% cell viability), and had a
relatively high cell compatibility. By using APT in the
formulation of the hydrogel, a better wound healing effect
was achieved, which encouraging the use of APT as a wound
healing ingredient for the treatment of chronic wounds.110

Yang et al.50 developed a novel Kaol composite (α-Fe2O3−
Kaol) for hemostasis. α-Fe2O3−Kaol acid can stop bleeding
within approximately 183 ± 16 s, and its hemostatic activity
was higher than that of related compounds FeOOH-Kaol
crude acid (298 ± 14 s), γ-Fe2O3−Kaol crude acid (212 ±
11 s) and Fe3O4−Kaol crude acid (218 ± 15 s), while having
good biocompatibility (Figure 19(a,b)). Experimental results
in mice showed that after 10 days of treatment with α-
Fe2O3−Kaol acid, the wound was almost completely healed,
while wound tissues treated or untreated with other iron
oxide Kaol samples repaired slowly (Figure 19(c)). This rapid
effect was attributed to the effective absorption of fluid in the
blood, platelet activation, Kaol inducing the coagulation
cascade, and α-Fe2O3 inducing erythrocyte aggregation
(Figure 19(d)). The biocompatibility, hemostatic activity
and low cost of α-Fe2O3−Kaol acid made it a safe and
effective agent for preventing massive blood loss after trauma.

2D NNMs have the potential to improve the mechanical
properties of hemostatic materials and provide a control/
slow-release drug system. Zhang et al.111 developed an Ag-
Mt/agarose(AG) composite gel sponge (AMA) with rapid
hemostatic properties, long-lasting antimicrobial activity and
good biocompatibility by copolymerizing Ag-Mt with AG

Figure 18. Imaging of APT@Fe3O4@Ru (a) Schematic representation of the preparation of APT@Fe3O4@Ru. (b) Viability of LO2 and
HepG2 cells incubated with APT@Fe3O4@Ru at different concentrations for 24 h. (c) T2 signal intensity of normal liver and cancer at different
times. (d) The linear fit of 1/T2 of the APT@Fe3O4@Ru with different Fe concentrations (0.026, 0.05, 0.104, 0.155, 0.259, 0.431, 0.718, 1.197,
1.995, 3.325 mM, respectively). Reprinted with permission from ref 49. Copyright 2017 Royal Society of Chemistry.
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hydrogel (Figure 20(a, b)). The introduction of Mt
substantially improved the mechanical strength of AMA due
to the formation of intermolecular hydrogen bonding
between Mt and AG. As a result, AMA has good water
absorption and retention capacity. Therefore, the hemostatic

effect of AMA was significantly better than that of the AG gel
sponge. In addition, the Ag+ into the interlayer of Mt can
stabilize it and slow down its release, resulting in a sustained
drug release system (Figure 20(c)). This approach can
achieve a long-lasting antimicrobial effect while significantly

Figure 19. α-Fe2O3−Kaol for hemostasis. (a) Cytotoxicity of different concentrations of Kaol, FeOOH-Kaol, α-Fe2O3- Kaol, γ-Fe2O3−Kaol, and
Fe3O4−Kaol incubated on L929 cells. (b) Bleeding time for wounds treated with samples or left untreated in the mouse tail vein incision
model. (c) Digital images of wounds left untreated or treated with samples. (d) Illustration of the putative synergism of α-Fe2O3−Kaol in
hemostasis. Reprinted with permission from ref 50. Copyright 2018 wiley.
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improving the biocompatibility of AMA. Yang et al.112

prepared an all-natural substance sponge (EMQS) composed
of egg white (EW), quaternized chitin derivatives (QCs), and
Mt. The addition of Mt improved the mechanical properties,
resulting in a compressive strength of 0.126 MPa, and
enhanced the hemostatic effect, with a hemostasis time of
49.7 ± 8.0 s. EMQS treatment enhanced the expression of
growth factors, such as VEGF and TGF-β, resulting in
accelerated dermal epithelial regeneration, enhanced angio-
genesis and increased collagen deposition.

In addition, NNMs are also used for the adsorption of
narcotics and drug overdoses due to their residual surface
charge and large specific surface area. For example, Thiebault
et al.113 showed that Mt can be used as adsorbents for
tramadol adsorption. Derivative data determined by a fitting
procedure using the Langmuir, Freundlich and Dubinin−
Radushkevich equation models clearly indicate that tramadol
adsorption is primarily driven by electrostatic interactions
with Mt. The studied tramadol was inserted into a monolayer
arrangement in the interlayer space by cation exchange with
Na+ cations in stoichiometric ratio, resulting in the amount
of adsorbed tramadol matching the cation exchange capacity
(CEC) of Mt. Besides, Karaman investigated the removal of a
number of commonly used drugs from water using novel
modified Mt and activated carbon. A wide range of drugs
including: naproxen, diclofenac sodium, mefenamic acid,
diazepam, and amoxicillin were effectively removed from
water with good results in drug overdose and poisoning
applications.

4. CHALLENGES AND PERSPECTIVES
Although NNMs have been widely used and have greatly
contributed greatly to the development of the biomedicine,
the further popularization and application still need to answer
the following questions:
(1) Dispersibility. Currently, NNMs are easily agglomer-

ated due to their large specific surface area and surface
hydroxyl groups. Therefore, new methods, strategies
and technologies are required for the pretreatment of
NNMs, such as stirring and ultrasound or chemical
treatment (such as acid or alkali treatment to remove
impurity molecules on the surface) to improve their
dispersion prior to application. In addition, NNMs can
be effectively dispersed using spray-freeze-drying
(SFD)techniques. For instance, Abdallah et al.114

obtained well-dispersed Mt by SFD technique, which
resulted in thinner silicate sheet layers of polypropylene
nanocomposites.

(2) Homogeneity of the morphology and size. Due to their
natural origin rather than artificial preparation, dimen-
sional and size controllability are poor, which is
unfavorable for their further development. It can be
homogenized by a number of homogenizing operations
to ensure as much homogeneity as possible. For
example, 2-D NNMs can be stripped to ensure uniform
dispersion and prevent size variations from stacking.
Huang et al.115 prepared obtained dispersions of Kaol
through simple liquid-phase exfoliation, resulting
composites exhibit high adsorption properties.

(3) Difficulty in functionalizing them through inorganic
materials. Due to long-term deposition, the structure of
NNMs is stable, which makes targeted modification by
inorganic materials difficult. One effective solution to
the difficulty of direct functionalization is to perform
preliminary organic modification of the surface,
followed by linking the corresponding functional
groups.116,117

(4) The biological behavior of NNMs in vivo. The
distribution, activity and metabolism of NNMs in
vivo are unclear, which are key for the translational
applications, including antibacterial, drug delivery, and
theragnostic. Thus, a more systematic and comprehen-
sive understanding of the bioeffects of NNMs is
essential for medical translation. In order to solve
this issue, our group is conducting a comprehensive
evaluation of the biocompatibility and metal element
dissolution of typical NNMs to advance their
application in organisms.

As far as we know, the development direction of
biomedicine should have the following characteristics:
(1) Biocompatibility, which cannot damage normal cells in

the body.
(2) Targeting, which can directly enter the target

pathological area.
(3) Nanosize, which can easily enter blood vessels, tissues

and even cells smoothly in the body.
(4) Controlled or slow release, which can release drugs on

demand using a “turn on/off” mechanism and release
the drug slowly so that the drug can fully play its role
in treating the disease.

(5) Low cost, which can benefit all people.

Figure 20. Schematic of (a) Ag-Mt and (b) Ag-Mt/AG gel sponge
preparation. (c) Schematic diagram of Ag-Mt/AG gel sponge with
effective hemostatic and antimicrobial ability for rapid wound
healing. Reprinted with permission from ref 111. Copyright 2023
American Chemical Society.
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NNMs should be vigorously explored as potential
biomedical materials with the above characteristics. Here,
we propose the concept of natural nanomineral medical
materials (NNMMs), which is intended to generate wide-
spread research interest and commitment among scientists.
They refer to NNMs that can be used in antimicrobial,
diagnostic and therapeutic applications in vivo or in vitro,
either on their own or as carriers, dispersants, enhancers, etc.

5. CONCLUSIONS
A systematic and pioneering summary of NNMs and their
biological applications is important for their future develop-
ment. In this review, we systematically introduce NNMs and
classify them morphologically. Then, we introduce the
medical application of some typical NNMs including APT,
HNTs, and Mt in recent years, mainly focusing on
antibacterial materials, detection, diagnosis, drug delivery.
Furthermore, we have presented the challenges and
perspectives of NNMs according to their current application.
Finally, we propose a new concept of NNMMs to help
people better understand this type of material and enable it
to gain more biological applications. Due to their good
biocompatibility, unique structure and excellent physicochem-
ical properties, we believe that the application of NNMs in
biomedicine will boom in the future. We hope that in the
near future, NNMMs will become a new generation of
biomedical hot materials like graphene to serve human life
and health.
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