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Natural nanominerals (NNMs) are progressively deposited during earth’s formation. They have shown a broad range of
applications from industrial catalysis, environmental treatment, and earth science to pharmaceutics due to their unique
nanostructures and characteristics. Here, we first report that NNMs have intrinsic enzyme-like properties and show good
biocompatibility. First, we characterized the morphology and structure of the six most representative NNMs including sepiolite,
attapulgite, halloysite, montmorillonite, kaolinite, and diatomite by SEM, TEM, and XRD. Then, we quantitatively tested their
peroxidase- (POD-), catalase- (CAT-), oxidase- (OXD-), and superoxide dismutase- (SOD-) like activities. The results indicate
that different kinds of NNMs show varying degrees of POD-like, CAT-like, and SOD-like activities and minor OXD-like
activity. Finally, we tested their cytotoxicity and found that the selected representative NNMs have no or less influence on cell
viability, showing high biosafety. At present, NNMs have been widely used, mostly focusing on the physical and chemical
properties, such as luminescence and conductivity. Our work promotes the understanding of NNMs, providing a new direction
for the better application of NNMs.

1. Introduction

Natural enzymes are biocatalysts that facilitate a majority
of biological reactions that occur in living systems [1].
Natural enzymes exhibit the advantages of high catalytic
efficiency and specificity; thus, they have shown a broad
range of applications in biology and medicine. However,
natural enzymes are expensive, have ease of denaturation,
and are laborious to prepare, which greatly limit their
practical applications [2, 3]. In order to solve these prob-
lems, many efforts have been made, including genetic or

chemical modification [4, 5] and development of artificial
enzymes [6, 7].

Artificial enzymes are compounds synthesized by mim-
icking the structure and function of natural enzymes. They
are prepared to overcome the drawbacks of a natural enzyme
and thus have the advantages of high stability, low cost, long-
term storage, etc. Nanozymes are nanomaterials with the
intrinsic enzyme-like properties [8, 9]. As a new type of
promising artificial enzyme, nanozymes have gained a lot of
applications from in vitro detection to in vivo monitoring
[10–12] and therapy owing [13–17] to their obvious
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advantages over natural enzymes and conventional artificial
enzymes, such as low cost, high production, and tunable cat-
alytic activities. Until now, more than 500 nanomaterials
with different composites and structure have been reported
to have enzyme-like activities. The activities mainly focus
on oxidoreductases, hydrolases, lyases, and so on. Among
them, POD, OXD, CAT, and SOD are the most typical and
widely used in artificial nanozymes.

With the development of nanobiology and nanotechnol-
ogy, the application of nanomaterials has extended from
in vitro detection and analysis to in vivo disease diagnosis
and treatment. The biological effects of nanomaterials are
currently the biggest challenge for further clinical transfor-
mation. Materials with good enzyme-like activities and
biocompatibility are of great significance for biomedicine.
In recent years, NNMs show great potential in biomedicine.

NNMs are made by nature through biogeochemical
processes. They are multicomposed of oxygen, silicon, alumi-
num, iron, calcium, etc., which are the most abundant and
nontoxic elements in the crust of earth. They present chem-
ical, physical, and electrical properties that change as a func-
tion of the size and shape of the material [18, 19]. NNMs
have the characteristics of nanosize, large specific surface
area, high surface energy, good biocompatibility, multiple
surface-active sites, large quantity, low cost, etc., and they
also have three unique nanosize effects, namely, surface,
small size, and macroscopic quantum tunneling effects
[20–23]. Based on these, NNMs have been broadly applied
in biomedicine development; for instance, attapulgite has
been widely used in tissue engineering and osteoblast differ-
entiation [24, 25]; sepiolite has been widely used as a graft
material and a bioelectrocatalyst [26]; montmorillonite has
been used as a protective agent for intestinal mucosa due to
its strong surface adsorption ability [27]; and diatomite has
been used as drug delivery system and contrast medium
[28, 29]. Currently, the application of NNMs mainly focuses
on their nanostructure and electrochemical properties. As to
details, the surface of attapulgite is permanently negatively
charged, which is conducive to the formation of cation
exchange capacity to combine molecules with positive points
on the surface. Wang et al. developed a new type of none-
nzyme glucose electrogenerated chemiluminescence (ECL)
sensor with good repeatability, wide linear range, high sensi-
tivity, and good stability based on the integration of attapul-
gite and semiconductor titanium dioxide [30]. Based on good
packaging and slow-release characteristics of halloysite,
Zhang et al. prepared a novel halloysite-based hydrogel with
a “turn-on” fluorescence character upon H2O2 and used it to
construct a H2O2-responsive drug delivery system in which a
coprecipitation method was proposed to afford the drug-
loaded halloysite nanotubes [31]. Bacterial cellulose is a prom-
ising biopolymer with wound healing and tissue regeneration
properties, but its lack of antibacterial property limits its bio-
medical applications. Research by Sajjad et al. suggested that
the wound healing properties of bacterial cellulose should be
combined with the antibacterial activity of modified montmo-
rillonite to design new artificial burn substitutes [32].

With the rising of enzymology, NNMs also have corre-
sponding reports on artificial enzymes or composites about

enzymes. Zhang et al. synthesized chitosan-halloysite hybrid
nanotubes through the assembly of chitosan onto halloysite,
and the composite showed excellent capacity for immobiliza-
tion of horseradish peroxidase (HRP) through cross-linking
by glutaraldehyde, exhibiting overall high removal efficiency
for phenol from wastewater [33]. Liang et al. verified that
attapulgite enhances the production of methane from anaer-
obic digestion of pig slurry by changing enzyme activities and
microbial community [34]. Sun et al. researched on assess-
ment of natural sepiolite on cadmium stabilization, microbial
communities, and enzyme activities in acidic soil [35]. How-
ever, most of them regard NNMs as immobilization car of
enzyme and focus on the influence of NNMs on protein-
based enzyme, and enzyme-like activity of NNMs themselves
needs to be researched.

Here, we discover for the first time that NNMs have the
intrinsic enzyme-like activities and can be used as an ideal
alternative to protein-based enzymes. Since the protein-
based enzymes or artificial enzymes are greatly demanded
in disease diagnosis [36] and treatment [37, 38], NNMs, as
a new kind of natural biomaterials, would have potential
applications in biomedicine development by combining their
intrinsic enzyme-like activities and unique electrochemical
characteristics.

In this study, based on NNMs themselves, six typical
NNMs were selected to be tested. In addition to basic charac-
terization including TEM, SEM, and XRD, the four types of
enzyme-like activities were studied. In order to make the
application of NNMs in the field of biomedicine more valu-
able, we have also studied their biocompatibility. This work
provides a certain reference for the following research on
the application of NNMs in nanozyme.

2. Materials and Methods

2.1. Materials. The NNMs were obtained from different
places: attapulgite was purchased from Yuanheng Water
Purification Materials Company, Gongyi City, Henan Prov-
ince, China; halloysite was obtained from Runwo Material
Technology Co., Ltd., Guangdong Province, China; sepiolite
was obtained from Spain; montmorillonite was obtained
from Xinyu Bentonite Company, Kazuo City, Liaoning
Province, China; kaolinite was bought from Xuyi City,
Jiangsu Province, China; and diatomite was obtained from
Haiyang Powder Technology Co., Ltd., Shenzhen City,
Guangdong Province, China. All of NNMs were screened,
with good purity and quality, through the companies from
which they originate, and were UV sterilized for 1 hour
before use.

H2O2, 3,3′,5,5′-tetramethylbenzidine (TMB), 3,3′-diamino-
benzidine tetrahydrochloride (DAB), and O-phenylenediamine
(OPD) were purchased from Sigma-Aldrich; the SOD assay
kit and the CCK-8 cell viability kit were purchased from
Dojindo Molecular Technologies.

2.2. Methods

2.2.1. Characterization of NNMs. The structure and mor-
phology of the NNMs were characterized by transmission
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electron microscopy (TEM) and scanning electron micro-
scope (SEM). For TEM, the diluted NNMs were applied
to a holey grid and dried at room temperature. The dried
samples were imaged with a FEI Tecnai Spirit operated at
120 kV. For SEM, the diluted NNMs were applied to con-
ductive adhesive and dried at room temperature. The
dried samples were observed with a Hitachi JSM-7001F
SEM at a voltage of 15 kV. The crystal structure of NNMs
was characterized by a D8 Advance X-ray Diffractometer
(XRD), with an angular scanning from 5° to 80°. The

Brunauer-Emmett-Teller (BET) specific surface area was
performed on a Quantachrome Autosorb-iQ instrument
(N2 adsorption).

2.2.2. POD-Like Activity of NNMs. The POD-like activity of
the NNMs was characterized using a colorimetric assay.
Briefly, 50μg/mL of NNMs was mixed with 1M H2O2 in
0.2M sodium acetate buffer (pH3.6) using 0.5mg/mL of
TMB as the colorimetric substrate. Color reaction was
recorded every 10 s for up to 600 s.
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Figure 1: The morphology of the representative NNMs: (a) Sepiolite; (b) attapulgite; (c) halloysite; (d) montmorillonite; (e) kaolinite;
(f) diatomite. The top line is the TEM results, and the bottom line is the corresponding SEM images.
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Figure 2: Continued.
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2.2.3. CAT-Like Activity of NNMs. CAT-like activity of
NNMs was carried out at room temperature by measuring
the generated O2. 100μg NNMs was dispersed into 5.0mL
PBS (pH7.0), and then, 250μL 30% H2O2 solution was
added to the mixture. The solubility of generated O2 (unit:
mg/L) was measured at different reaction times.

2.2.4. OXD-Like Activity of NNMs. The assay of the OXD-like
activity of NNMs was similar to the POD-like activity. The
NNMs were dispersed in HAc-NaAc buffer (pH4.5). Then,
100μL and 10mg/mL of TMB were added to the quartz
cuvette, and the absorbance at 652nm was recorded every
10 s for up to 600 s.

2.2.5. SOD-Like Activity of NNMs. The SOD-like activity of
NNMs was measured under the manufacturer’s instructions
of a commercial SOD assay kit. The SOD-like activity of
NNMs was expressed as the inhibition rate of the NNMs
on WST reaction.

2.2.6. Cell Culture and Biosafety Assay. The human hepato-
cellular carcinoma cell line (HepG2) was purchased from
American Type Culture Collection (ATCC) and cultured in
RPMI 1640 medium supplemented with 10% fetal bovine
serum and 1% penicillin-streptomycin. Cell cytotoxic analy-
sis was evaluated by a CCK-8 cell viability kit. Briefly, 4000
HepG2 cells were placed to a 96-well plate and cultured in
an incubator for 24 hours. The NNMs treated by ultrasound
were diluted in the medium and then added into the cells.
After 24 hours of incubation, the NNMs were removed and
100μL of CCK-8 solution was added into each well. After
incubating for an additional 3 hours, the absorbance at
450nm was detected by a microplate reader.

2.2.7. Statistical Analysis. All the results were expressed as
means ± SE from three parallel repeats. All the raw data
was processed through the GraphPad Prism 7.0 software
and Origin 2018.

3. Results and Discussion

3.1. The Structure and Morphology of NNMs. We first
characterize the structure and morphology of the selected
six NNMs by SEM and TEM (Figure 1). Sepiolite is a kind
of hydrous magnesium silicate with the theoretical formula
of Si12Mg8O30(OH)4(H2O)4·8H2O [39] (Figure 1(a)). It has
a well-dispersed acicular structure. The diameter of sepiolite
is about 10-30 nm, and the length is several hundred nano-
meters, which give it a huge surface area to load a drug or a
catalyst [40]. Attapulgite, with the theoretical chemical for-
mula of Mg5Si8O20(OH)2(OH2)4·4H2O [41–43], has a nano-
rod structure that is 10-50 nm in diameter, and some can
aggregate to be fibrous bunches, indicating the strong
adsorption in the surface (Figure 1(b)). The halloysite nano-
tube belongs to aluminosilicate with the general chemical
formula of Al2Si2O5(OH)4·nH2O. And it has a hollow tubular
structure with an inner diameter of 20-40 nm and lengths
ranging from 200 to 1000 nm (Figure 1(c)). There are two
forms existing in halloysite, namely, an anhydrous form with
a layer spacing of ~7Å [44–46] and a hydrated form with a
layer spacing of ~10Å, which give it potential for designing
with medicines for different needs. Montmorillonite is a typ-
ical layered mineral structure formed by single layer of tens
to hundreds of nanometers, with a chemical formula of
(Na, Ca)0.33(Al, Mg)2[Si4O10](OH)2·nH2O [47, 48], which
has a high water swell ability due to water and some exchange
cations in crystal structure layers. In Figure 1(d), we can
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Figure 2: The XRD spectrum and corresponding standard cards of the representative NNMs: (a) attapulgite; (b) halloysite; (c) sepiolite;
(d) montmorillonite; (e) kaolinite; (f) diatomite.
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clearly see the layered structure of montmorillonite, which
can be used to load molecules. Kaolinite has stacked layers
with the general molecular formula of Al2O3·2SiO2·2H2O
[49], and it is usually a self-shaped hexagonal plate, semi-
self-shaped, or shape-like crystal with a spacing of several
tens of nanometers (Figure 1(e)). Diatomite is a hydrous
form of silica or opal composed of a siliceous skeleton, and
it shows a beautiful tubular structure with uniform holes in
the surface, which gives it a strong adsorption capacity and
possibility of surface modification (Figure 1(f)).

Verifying the types of NNMs accurately is important for
subsequent work. The phase of these samples is characterized
by XRD. As shown in Figures 2(a)–2(f), by comparing the
diffraction peaks with the standard cards, it is confirmed that

the materials are correspondingly attapulgite, halloysite, sepi-
olite, montmorillonite, kaolinite, and diatomite, respectively
[50–55].

3.2. The Enzyme-Like Activities of the NNMs. For POD, we
use TMB as the catalytic substrate and record the absorbance
at 652nm every 10 s. The result shows that NNMs can cata-
lyze the oxidation of TMB (peroxidase substrate) in the pres-
ence of H2O2 to produce colorimetric reactions (Figure 3(a)),
showing the POD-like activity of NNMs toward typical per-
oxidase substrate. The selected attapulgite, montmorillonite,
and sepiolite present a strong POD-like activity. We next
characterize if the NNMs can directly oxidize the TMB with-
out adding H2O2. We found that all the tested NNMs show
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Figure 3: The enzyme-like activities of the representative NNMs: (a) POD-like; (b) OXD-like; (c) CAT-like; (d) SOD-like.
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little OXD-like activity for TMB (Figure 3(b)), confirming
the POD-like activity of NNMs.

We then characterize the CAT- and SOD-like activities of
the selected NNMs. As shown in Figures 3(c) and 3(d), all the
NNMs show the ability to relieve oxidative stress. Attapulgite
shows both high catalytic abilities of decomposing H2O2 and
removing •O2

-, and montmorillonite shows the highest SOD-
like activity among the tested NNMs.

As for the difference of enzyme-like activity of NNMs,
the compound and surface area may be the possible keys.
From our results, attapulgite and montmorillonite show high
POD-like activities. We guess it is because they contain iron
[56, 57], which is also contained in HRP. In addition, the sur-
face area may also be the key point for activities. Our result
shows that the POD-like activity of sepiolite is higher than
that of diatomite, which is consistent with their surface area
(sepiolite is 248.342m2/g; diatomite is 76.9m2/g; details are
shown in Table 1). While when the surface area is below
50m2/g, there is no obvious difference for activities.

3.3. Color Reaction Catalyzed by the NNMs. Peroxidase can
catalyze the oxidation of colorimetric substrates, such as
TMB, DAB, and OPD, to give a color reaction. Thus, the
POD-like activity of artificial enzymes has been widely used
for sensing, immunoassay, and imaging. The NNMs also
show the high POD-like activity by catalyzing the oxidation
of TMB, DAB, and OPD to produce a strong color reaction
(Figure 4).

3.4. Biosafety Assay. Importantly, we test the bioeffects of
NNMs on cell viability (Figure 5). The results show that atta-
pulgite, halloysite, kaolinite, and diatomite are nontoxic to
HepG2 cells even at a high concentration of 250μg/mL.
Montmorillonite is relatively safe at the concentration below
125μg/mL, while the cell activity can be inhibited above
125μg/mL. Sepiolite shows strong cytotoxicity at the tested
concentration, suggesting that we should pay attention to
its biotoxicity when used in vivo.

4. Discussion

In this work, wemainly elaborate the intrinsic biological prop-
erties (i.e., enzyme-like activities) of NNMs. The selected
representative NNMs exhibit multienzyme-mimetic activ-
ity, indicating that they have the potentials for replacing
specific enzymes in living systems. Currently, NNMs have
been reportedly used as an antibactericidal [60, 61], an
anti-inflammatory [62, 63], and a sedative [64] owing to
their unique physical and chemical properties, such as sur-
face adsorption, electrocatalysis, and large specific surface
area. All these applications are based on the reported phys-
icochemical properties of NNMs. Here, we first report
NNMs as a new type of nanozymes, which show a great

potential application for biomedicine development in
the future. For instance, it is well known that long-term
infection of Helicobacter pylori in the stomach can cause
peptic ulcer disease and stomach cancer [65, 66]. And, it
is of great significance to develop a medicine for elimi-
nating Helicobacter pylori in the stomach. Montmorillon-
ite has been used as a medicine for the treatment of
diarrhea, indicating the possibility of its medical applica-
tion in the stomach. We prospectively propose a concept
of using montmorillonite for the sterilization of Helico-
bacter pylori in the stomach (Figure 6). Montmorillonite
first adsorbs Helicobacter using its good adsorption per-
formance, attaching Helicobacter pylori to its surface.
Then, it exerts its peroxidase activity under the acidic
conditions of the stomach, converting part of the ROS
in the stomach into antibacterial factors for sterilization.
However, the focus is on improving its enzyme-like activ-
ities and its capacity for loading corresponding drugs to
improve its therapeutic effect.

Although the enzyme-like activity of NNMs has been
discovered, there are still challenges to be addressed.

(1) The catalytic mechanisms of NNMs: the structure
and morphology of the studied NNMs play a critical
role in their surface electrochemical properties,
adsorption capacity, and distribution of active sites.
Thus, the deep understanding of the catalytic mecha-
nisms will benefit the regulation and potential appli-
cation of the catalytic activities of NNMs

(2) Uniformity: the SEM and TEM images show that the
morphologies and sizes of the tested NNMs are not
uniform, which will greatly limit their application in
bioanalysis

(3) Exploring more types of enzyme-like activities, such
as protease: in this work, we report the POD-,
OXD-, CAT-, and SOD-like activities of NNMs.
Many other types of enzyme-like activities remain
to be explored for their broader applications

The NNMs

HAc/NaAc buffer, pH 3.6

Figure 4: The NNMs catalyze the oxidation of peroxidase substrates
(i.e., TMB, DAB, and OPD) in the presence of H2O2 to produce
colorimetric reactions, showing the POD-like activity of NNMs
toward typical peroxidase substrates.

Table 1: The surface area of six kinds of NNMs.

NNMs Attapulgite Halloysite Sepiolite Montmorillonite Kaolinite Diatomite

Surface area (m2/g) 129.415 50 [58] 248.342 42.638 21.709 76.9 [59]
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Taken together, as a new type of natural and nontoxic
nanomaterials, NNMs will play an important role in biomed-
icine and in the healthcare field with the deep understand-
ing of their enzyme-like activities and physicochemical
properties.

5. Conclusion

In summary, we characterize their morphology and enzyme-
like activities and assay their bioeffects on cell activity. And
we first reveal that NNMs have the intrinsic enzyme-like
activities (including POD-, CAT-, OXD-, and SOD-like
activities), which can be used as an ideal substitute for natural
enzymes. In addition, we test the biosafety of NNMs, and the
results show that they have no or less cytotoxicity, showing
their potential in biomedicine. We expect that NNMs, as a
new type of nanozymes, can be used as multifunctional nano-
materials for biological applications and even for industries

through combining their unique physicochemical properties
with their intrinsic enzyme-like activity.
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