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Abstract: In order to improve the antibacterial performance of natural palygorskite, spindle-like
ZnQO/palygorskite (ZnO/PAL) nanocomposites with controllable growth of ZnO on the surface of PAL
were prepared in the presence of non-ionic surfactants using an easy-to-operate hydrothermal method.
The obtained ZnO/PAL nanocomposites have a novel and special spindle-shaped structure and good
antibacterial activity against Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus), and are also
low cost. The minimum inhibitory concentrations of ZnO/PAL nanocomposites toward E. coli and
S. aureus reached 1.5 and 5 mg/mL, respectively.
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1. Introduction

With the rapid development of industry, antibiotics for animals have become more widely used in
many countries. However, the widespread overuse of antibiotics with animals has been blamed for
creating a potential threat for human beings [1-3], which poses a serious threat to the public health and
stable global economic growth [4—6]. Global antimicrobial resistance was discussed at the G20 summit
in Hangzhou, China. In this context, the use of antibiotics would be limited in consideration of the huge
challenges of affordability and access of antimicrobials and their impact on public health. Therefore, it is
urgent that a feasible and effective approach to prevent and reduce antibiotic resistance is explored [7].

Functional utilization of natural clay minerals and synthetic nanocomposites for antibacterial
application has attracted great attention in academic and industrial research [8-11]. Clay minerals are a
possible new answer to methicillin-resistant Staphylococcus aureus and other ‘superbug’ infections, and
minerals found in clay deposits might be a good source of antibiotics that can combat superbugs [12,13].
Natural clay minerals that kill human pathogens could hold out hope for new economic uses and new
drug designs, and the pH and oxidation state buffered by the clay mineral surfaces is key to controlling
the solution chemistry and redox-related reactions occurring at the bacterial cell wall [12,14]. Therefore,
it is expected that an effective way to solve antibiotic resistance by combining clay minerals and active
antibacterial factors will be developed. Palygorskite (PAL), as a kind of clay minerals, is common in
many parts of the world, typically forming in volcanic ash layers as rocks. However, the rods of natural
PAL usually exist as bulk crystal bundles or aggregates because of van der Waals force, hydrogen bond,
etc. In previous work, our groups have efficiently disaggregated the crystal bundles of PAL using
high-pressure homogenization technology [15-17]. Although PAL displays low antibacterial activity,
the highlight of PAL is focused on its carrier function of unique nanorods and nanochannels. For
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example, PAL is used as a carrier for loading of dodecyl triphenyl phosphonium bromide, which could
be absorbed on the surface of PAL, the novel hybrid displays specific-targeting capability, long-term
antibacterial activity and lower cytotoxicity [18]. PAL is also used as the carrier for adsorption of natural
antibacterial agents such as ginger essential oil, where the content of ginger essential oil in the composite
was estimated to be 18.66%. The composite had much higher antibacterial activity than single ginger
essential oil and had specific-targeting antibacterial capability [19]. Meanwhile, natural PAL can support
metal ions such as Ag, Cu and Zn ions to enhance the antibacterial and bioavailability activity [20,21].
Moreover, PAL loaded metal oxide such as zinc oxide (ZnO) serving as an inorganic antibacterial agent
has been prepared using several methods including the coprecipitation technique, microwave-assisted
decomposition, wet chemical method, sol-gel method and hydrothermal process [22-26].

Due to the growth of crystal diversity, controllability, nontoxicity and biosecurity, ZnO is
considered to be an ideal material in designing new nanostructures [26-32]. The morphology-dependent
antibacterial property of ZnO is an effective way to solve antibiotic resistance. The particular rod-like,
needle-like and flower-like nanostructure displayed stronger physical damage and nanometer effect
than common structures such as bulk and common ZnO [27,28,31-33]. These structures would lead to
denaturation of membrane proteins, the permeability of membranes and further destruction of bacterial
cell walls. PAL as a carrier to construct ZnO/PAL nanocomposites could prevent the aggregation
of ZnO and enhance the synergistic effect of the obtained graded nanostructures, thus improving
the antibacterial performance of PAL. However, the loading capacity of ZnO on the surface of PAL
was very low, which limited the application of PAL as a antibacterial material [34]. Meanwhile,
surfactant-assisted hydrothermal is very effective to control the growth of metallic oxide [35]. Herein,
spindle-shaped ZnO/PAL nanocomposites were fabricated using a facile hydrothermal method in the
presence of nonionic surfactant. The morphologies and compositions of the as-prepared samples were
characterized, and a possible formation mechanism was proposed. Furthermore, the antibacterial
activity of ZnO/PAL nanocomposites was determined using gram-negative E. coli and gram-positive
S. aureus as model bacteria.

2. Materials and Methods

2.1. Materials

Natural PAL was provided by Huida Mineral Technology Co. Ltd., Jiangsu, China, and the main
chemical compositions were 50.18% SiO,, 11.15% Al;O3, 4.21% MgO, 9.37% Fe; O3, 5.92% NayO, 2.03%
K;O and 1.37% CaO as determined using an X-ray fluorescence spectrometer (PANalytical Co., MiniPal
4, Almelo, The Netherlands). Zinc nitrate hexahydrate (Zn(NO3),-6H,0, 99.0%) was obtained from
Tianjing Kermel Chemical Regent Company. Sodium hydroxide (NaOH, 96.0%) and Span 40 were
purchased from China National Medicines Co., Ltd., Beijing, China. Tween 20 was bought from Xilong
Chemical Co., Ltd., Shantou, China. Span 40 and Tween 20 were chemically pure, while other used
reagents were analytical grade. All of chemical reagents were used without further purification, and
distilled water was used throughout the experiment.

2.2. Preparation of ZnO/PAL Nanocomposites

Natural PAL was crushed and purified using 2% H;SO, solution with a solid/liquid ratio of 1:10
deionized water solution corresponding to PAL mass to remove the associated carbonates, and the
purified PAL was filtered by passing through a 200-mesh sieve for further use. ZnO/PAL nanocomposites
were fabricated using a hydrothermal process. Typically, 15 mM of Zn(NO3),-6H0, 2.7 g of PAL and
225 mM of NaOH were dissolved into 130 mL of deionized water. This was constantly stirred for
30 min, and 1 wt% Span 40 or 1 wt% Tween 20 corresponding to PAL was added into above solution,
respectively. The mixture was ultrasonically dispersed for 60 min and then transferred into a 100 mL
Teflon-lined stainless-steel autoclave, which was heated to 180 °C with a heating rate of 10 °C/min
and maintained for 180 min. After being cooled to room temperature, the solid powder was collected
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using centrifugation and dried at 60 °C in an oven. The samples were labeled as ZnO/PAL-1 and
ZnO/PAL-2, respectively. As a control, ZnO/PAL was prepared without adding the above nonionic
surfactant. The optimized content of Span 40 and Tween 20 are shown in Supplementary Materials.

2.3. Characterization

X-ray diffraction (XRD) patterns of the obtained samples were acquired on X"pert PRO diffractometer
(PAN analytical Co., Almelo, The Netherland) with Cu K« radiation, 30 mA and 40 kV (A= 1.54060 A)
at a scanning rate of 0.02° per second in the 20range from 3° to 80°. The morphologies of samples were
observed on a field emission scanning electron microscopy (FE-SEM, J[SM-6701F, JEOL, Tokyo, Japan)
and a transmission electron microscope (TEM, JEM-1200EX, FEI, Hillsboro, OR, USA). Fourier transform
infrared (FTIR) spectra of the samples were recorded on a Nicolet NEXUS spectrometer using potassium
bromide pellets. The specific surface area (Spgr) of the samples was evaluated via N, adsorption,
using Brunauer-Emmett-Teller analysis (BET, Micromeritics, Norcross, GA, USA). The values of Sggr
were calculated using the BET equation, and the total pore volume (Vo) was obtained from the
volume of N; held at the relative pressure P/Py = 0.95. The surface area of the micropores (Spicro) and
the external surface area (Sext) were evaluated using the t-plot method. The ZnO loading content on
PAL was determined using atomic absorption spectrometer ContrAA 700 (AAS, Analytik Jena AG,
Jena, Germany). Zeta potential was measured on a Nano-ZS model zetasizer instrument (ZEN3600,
Malvern, UK).

2.4. Antibacterial Assay

Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus), kindly provided by China Veterinary
Culture Collection Center, were tested as representative culture both gram-negative and gram-positive
bacteria. The antibacterial activity of various ZnO/PAL nanocomposites was evaluated by examining
the minimum inhibitory concentration (MIC), as shown in Figure S1 (Supplementary Materials). E. coli
and S. aureus were isolated from the Luria-Bertani (LB) agar plate, added into fresh LB broth separately
for incubation at 37 °C in a shaking incubator at a speed of 160 r/min for 12 h. For future use, 1:100
of bacteria liquid and fresh medium (volume ratio) was inoculated to the fresh medium again and
cultivated for 3 h into the logarithmic phase. A certain amount of sample mixed with 40 mL. MacConkey
medium using high pressure sterilization. When the MacConkey medium cooled to 50-60 °C, it
was added to a sterilization culture dish to obtain various concentrations of 5, 2.5, 1.5 and 1 mg/mL
(E. coli) and 10, 5, 2.5 and 1.5 mg/mL (S. aureus) medium, respectively. 1 pL of fresh bacteria liquid
(108 CFU/mL) was put into medium with three parallel dots at different locations, and three parallel
plates were conducted for each sample. The plates were kept in an incubator at 37 °C for 24 h and the
bacterial colonies were observed to test antibacterial performance. The MIC value was defined as the
lowest concentration of ZnO/PAL nanocomposites when there was no visible bacterial colony. For the
control, excluding antibacterial materials on agar plate as positive control in the same way, no samples
and bacteria liquid dots were used as blank control. All experiments were conducted in duplicate, and
also the MIC value was reported as the lowest concentration to inhibit completely the growth of each
bacterial strain being tested.

3. Results and Discussion

3.1. FTIR

To determine whether the Span 40 and Tween 20 were capable of inducing surface modification
on ZnO/PAL or not, FTIR spectra were conducted. The FTIR spectra of PAL, ZnO/PAL, ZnO/PAL-1
and ZnO/PAL-2 are shown in Figure 1. The absorption bands at 3696 and 3420 cm™! were ascribed to
the —OH stretching vibration of Mg-OH groups, the stretching vibration of coordinated water and the
stretching vibration of adsorbed water, respectively [36,37]. After the hydrothermal process and the
loading of ZnO crystal, there is no clear change in the characteristic bands of Si-O stretching vibrations
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of PAL at 1194 and 1086 cm™! [36]. By contrast, the new absorption band at 515 cm™! was attributed to
the stretching vibration of the Zn-O band of ZnO/PAL. After incorporation of Span 40 and Tween 20,
the bands at 2850 and 2920 cm™ were observed, which were attributed to the characteristic stretching
vibration bands of CH, derived from Span 40 and Tween 20 [38]. Meanwhile, it could be inferred that
Zn0O and a small amount of Span 40 or Tween 20 simultaneously was loaded and attached on the
surface of PAL during the preparation process.
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Figure 1. FTIR spectra of PAL, ZnO/PAL, ZnO/PAL-1 and ZnO/PAL-2.

3.2. XRD Patterns

The crystalline structures of PAL and ZnO/PAL nanocomposites were characterized using XRD
(Figure 2). In the XRD pattern of PAL, the diffraction peaks at 20 of 8.38°, 13.74°, 16.34° and 34.38°
were attributed to the characteristic peaks of PAL [37]. The diffraction peaks located at 20 = 20.8°
and 26.7° are the typical diffraction peaks of quartz [37]. After incorporation of ZnO, the diffraction
peaks of ZnO were observed from the XRD patterns of the obtained ZnO/PAL at 20 = 31.76°, 34.46°,
36.26°, 47.58°, 56.60°, 62.92°, 66.46°, 67.96° and 69.09°, which corresponded to the planes of (100), (002),
(101), (102), (110), (103), (200), (112) and (201), respectively, indicating a wurtzite structure (JCPDS
standard card 36-1451) [31]. In particular, it could be clearly seen that the (110) diffraction peak of PAL
at 20 = 8.38° weakened after hydrothermal reaction. The XRD pattern of ZnO/PAL-1 was not similar
to that of ZnO/PAL and ZnO/PAL-1 nanocomposites, there was a characteristic peak at 20 = 6.05° of
ZnO/PAL-1 after the hydrothermal process, which might be ascribed to the (001) direction peak of
smectite. This phenomenon might be attributed to the transformation of PAL into smectite at alkaline
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medium during the hydrothermal process [39]. The particle grain size of ZnO/PAL nanocomposites
could be calculated based on the X-ray line broadening method using Scherrer’s equation:

kA

- pcosO @

where D is the size of the nanometers, A is the wavelength of the radiation (1.5406 A for Cu Kx), kis a
constant (0.94), B is the peak width at half-maximum intensity and 6 is the peak position. The average
crystallite sizes of ZnO/PAL, ZnO/PAL-1 and ZnO/PAL-2 were 63.1, 54.6 and 52.5 nm, respectively.
The difference in the crystallite size might be mainly derived from the incorporation of surfactant
during the hydrothermal process, which might affect the nucleation and the subsequent growth rate of
ZnO crystal.
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Figure 2. X-ray diffraction (XRD) patterns of PAL, ZnO/PAL, ZnO/PAL-1 and ZnO/PAL-2.

3.3. SEM and TEM

The morphologies of PAL, ZnO/PAL, ZnO/PAL-1 and ZnO/PAL-2 are provided in Figure 3.
As depicted in Figure 3a,b, the rod-like structure of PAL was clearly observed and the enlarged SEM
image can be seen in Supplementary Materials (Figure S2). The rod of PAL disappeared after the
hydrothermal process, and an irregular morphology appeared (Figure 3c,d), which was consistent
with the XRD results of the crystal phase transition of PAL. With the addition of nonionic surfactants,
the morphologies of the obtained samples changed clearly. It could be seen that different nonionic
surfactants played a significant role in the morphologies of the ZnO/PAL nanocomposites. In the case
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of Span 40 (Figure 3e,f), irregular morphology was obtained, while the a spindle-shape morphology
was clearly observed after addition of Tween 20 (Figure 3g,h). In addition, the composite showed good
dispersion, and no clear agglomeration was observed after adding nonionic surfactant.

Figure 3. Field emission scanning electron microscopy (FE-SEM) images of (a, b) PAL, (¢, d) ZnO/PAL,
(e, f) ZnO/PAL-1 and (g, h) ZnO/PAL-2.

In addition, the as-prepared samples were also studied using TEM. As shown in Figure S3
(Supplementary Materials), the PAL had a typical rod-like structure with a length of 250-500 nm
and a diameter of about 40 nm. After the hydrothermal process and loading of ZnO, the ZnO/PAL
nanocomposites indicated a disordered structure (Figure 4a,b), which was mainly ascribed to the crystal
phase transition of PAL at alkaline medium during the hydrothermal process [39]. By contrast, the
introduction of nonionic surfactants was in favor of adjusting the assembly of ZnO nanoparticles,
especially Tween 20. TEM images of ZnO/PAL-Tween 20 nanocomposites displayed a typical
spindle-shaped structure (Figure 4gh), which was consistent with the result of SEM. There was
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not an obvious spindle-shaped structure (Figure 4d,e), but the observable structures were all spindle-like
structures in Figure 4g,h, and the structures were more uniform and complete. Furthermore, the
corresponding selected area electron diffraction pattern, exhibited in Figure 4c,fi, indicated the samples
had a single polycrystalline structure.

5 I/nm

Figure 4. Transmission electron microscope (TEM) images and selected area electron diffraction pattern
of (a—c) ZnO/PAL, (d-f) ZnO/PAL-1 and (g-i) ZnO/PAL-2.

Furthermore, the effect of the loading of ZnO on PAL also could be confirmed by the changes of
the pore structural parameters. As shown in Table 1, the Sggr of PAL was 173.5 mz/g, while the SggT of
ZnO/PAL decreased to 35.4 m?/g. This phenomenon was mainly related to the loading of ZnO and the
crystal phase transition of PAL. It should be noted that the Sggr values of ZnO/PAL-1 and ZnO/PAL-2
decreased drastically to 8.9 and 14.2 m?/g, respectively, which might be attributed to the anchoring of
ZnO on PAL with the addition of Span 40 and Tween 20.

Table 1. SgeT, Smicros Sext and Vigia) of PAL, ZnO/PAL, ZnO/PAL-1 and ZnO/PAL-2.

Samples SgeT (m?/ g) Smicro (m?/, g Sext (m?/, g) Viotal (cm®/ g
PAL 173.5 39.3 134.2 0.197
ZnO/PAL 354 24 32.3 0.067
ZnO/PAL-1 8.9 — 10.7 0.025
ZnO/PAL-2 14.2 - 22.0 0.036

3.4. Possible Formation Mechanism of ZnO/PAL Nanocomposites

The preparation procedure of ZnO/PAL nanocomposites is illustrated in Figure 5. It is well-known
that PAL has a permanent negative charge (Figure 5S4, Supplementary Materials); therefore, due to the
charge between the PAL and Zn?*, the positive Zn’>* could be adsorbed on the surface of rod-like PAL.
Then, the adsorbed Zn?* was transformed into Zn(OH), on the surface of PAL with the increasing of
OH". Thereafter, Zn(OH); was changed into ZnO crystals after the hydrothermal process accompanied
with the crystal phase transition of PAL. Moreover, the addition of Tween 20 was a necessary step
for the formation of spindle-shaped ZnO/PAL nanostructures. During the hydrothermal process,
the nucleation and seed growth of ZnO occurred, and subsequently, the generated ZnO assembled
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on the surface of rod-like PAL. In the following step, the excess Tween 20 played an important role
in the assembly of ZnO crystals on the PAL surface. When Tween 20 was dissolved into aqueous
solution, it reduced both the dielectric constant of water and the surface tension of ZnO crystals.
The “surface-solvent effect” influenced the growth and deposition of ZnO seeds on PAL. The deposition
and growth rate of ZnO seeds in the middle were faster than at the two ends of PAL; thus, spindle-like
structures appeared [27,31]. Therefore, it was suggested that the suitable surfactant-assisted process
might be an easy way for the preparation of a particular structure of ZnO/PAL nanocomposites.
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Figure 5. Schematic illustration for the preparation of spindle-like ZnO/PAL.
3.5. Antibacterial Evaluation

The antibacterial activity of ZnO/PAL, ZnO/PAL-1 and ZnO/PAL-2 was determined using
gram-negative bacterium E. coli and gram-positive bacterium S. aureus as model bacteria. Figure 6a,b
were blank control and positive control of E. coli, respectively. It was observed that the bacteria could
be detected among a series of plates with the contact of ZnO/PAL (Figure 6¢c). However, there was no
obvious change when the model bacteria were treated using PAL; the MIC value of PAL was more
than 50 mg/mL (Figure S5, see Supplementary Materials). The results further indicated that deposited
ZnO on rod-like PAL was a feasible method to realize the functional utilization of natural PAL mineral
as an antibacterial agent. Interestingly, a few plate appeared E. coli colonies after being contacted with
ZnO/PAL-1 (Figure 6d), and when the concentration of ZnO/PAL-2 was 1mg/mL, there was E. coli
colonies in the plate (Figure 6e). The MIC values of ZnO/PAL, ZnO/PAL-1 and ZnO/PAL-2 against
E. coli were 5 mg/mL, 2.5 mg/mL and 1.5 mg/mL, respectively (Table 2).

Table 2. The minimum inhibitory concentration (MIC) values of PAL, ZnO/PAL, ZnO/PAL-1 and
ZnO/PAL-2 against E. coli and S. aureus.

Samples MIC (mg/mL)
E. coli S. aureus
5 2.5 1.5 1 5 2.5 1.5 1
PAL X X X X X X X X
ZnO/PAL v X X X v v X X
ZnO/PAL-1 v v X X v X X X
ZnO/PAL-2 v v v X v X X X

v—The sample could inhibit completely the growth of each bacterial strain. X —The sample could not inhibit
completely the growth of each bacterial strain.
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Figure 6. (a) Blank control, (b) positive control of E. coli and E. coli treated using (c¢) ZnO/PAL,
(d) ZnO/PAL-1 and (e) ZnO/PAL-2.

Figure 7a,b show the blank control and positive control of S. aureus, respectively. Similarly, the MIC
value of PAL toward S. aureus was greater than 50 mg/mL (Figure S6, see Supplementary Materials),
the results for S. aureus displayed the same trend of inhibiting colonies as the concentration decreased.
In brief, the MIC values of ZnO/PAL, ZnO/PAL-1 and ZnO/PAL-2 against S. aureus were 2.5, 5 and
5 mg/mL (Table 2). As a comparative study, the ZnO/PAL was prepared with various contents of Span
40 and Tween 20, and the MIC values are presented in Tables S1 and S2 (Supplementary Materials).

S mg/ml. 2.8 mg/ml 1.5 my/mL 1 mgn

Gl
L OC -

Figure 7. (a) Blank control, (b) positive control of S. aureus and S. aureus treated using (c) ZnO/PAL, (d)
ZnO/PAL-1 and (e) ZnO/PAL-2.

Compared with the PAL and ZnO/PAL samples, ZnO/PAL-1 and ZnO/PAL-2 showed much
better antibacterial activity towards E. coli. These results indicated that surfactant-assisted synthesis
of spindle-like ZnO/PAL displayed an obvious effect on antibacterial performance against E. coli,
especially Tween 20 assisted synthesis of ZnO/PAL. It is worth mentioning that the formation of
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spindle-shaped nanostructure might be the prime reason for the enhanced antibacterial activity of
ZnO/PAL-2 against E. coli. Moreover, the surface charge of the spindle-like ZnO/PAL was another
possible factor in affecting the antibacterial property. In order to further verify this hypothesis, the
zeta potential of the samples was conducted (Figure S5, see Supplementary Materials). The zeta
potentials of PAL, ZnO/PAL, ZnO/PAL-1 and ZnO/PAL-2 were —16.2, —20.2, —26.8 and -21.0 mV,
respectively. It is worth noting that the surface charge of the model bacterium is electronegativity, and
the sulfur and oxygen groups contained unshared electron pairs, which played a role in the bactericidal
process [33,40]. All of the samples exhibited negative charge with the different values, which might
exhibit some differences in the killing efficiency toward different kinds of bacteria.

More interestingly, the obtained samples showed different antibacterial activity against E. coli
and S. aureus under the same condition, and also the same samples (ZnO/PAL-2) exhibited better
antibacterial activity towards E. coli than S. aureus. The difference of antibacterial effect between two
kinds of microorganisms may well be attributed to the different structures and chemical compositions
of the cell surfaces [9,10,40]. The cell wall composition of E. coli is protein and lipopolysaccharide, with
a loose structure and a thickness of generally 10 to 13 nm. Therefore, E. coli is not easily able to resist
external damage. In contrast, the main ingredients of gram-positive bacteria S. aureus are teichoic acid
and peptidoglycan. The cell wall is thick, in the range of 20—-80 nm; thus, the S. aureus presents better
defense properties against the external mechanical injury and maintained a complete cell shape [3].

In addition, the antibacterial process of ZnO/PAL nanocomposites was a complex reaction,
comprising the generation of reactive oxygen species such as -OH, -O,~, 10, and H,O, [7,31,41]. The
generation of reactive oxygen species was attributed to the production of photoinduced charge carriers
and the interaction with oxygen and water molecules on the surface of ZnO/PAL nanocomposites [27,39].
The antibacterial property of ZnO/PAL nanocomposites was mainly due to the production of hydroxyl
radicals [3,42,43]. Herein, PAL served as carrier to load ZnO, and the obtained samples exhibited a
smaller size and rod-like or spindle-shaped nanostructure, which might be the main reason for the
improved antibacterial performance. The spindle-shaped nanostructure could damage the wall of the
cell, which inhibited the growth of microorganisms. The smaller end of the spindle-shaped ZnO/PAL
exhibited stronger mechanical damage and nano effect than PAL. When the concentration of PAL and
ZnO/PAL suspensions was similar, especially with little difference in ZnO loading content (Table S3, see
Supplementary Materials), it is easier for the smaller sized, spindle-shaped ZnO/PAL nanocomposites
to diffuse and adhere to the surface of a microorganism cell wall or membrane. The particular
structure might lead to the denaturation of membrane proteins and then change the permeability of
the membrane and further destroy the microorganism cell wall or membrane structure [27,28,42]. The
shape-dependent antibacterial activity of ZnO/PAL-2 was explained in terms of the percent of active
facets; high-atom-density facets exhibit higher antibacterial activity. The spindle-shaped structures of
ZnO/PAL have more active facets; the size of the end part of the spindle-like structure is much smaller
than the middle so that increases the exposure and activity of the ZnO crystal, which leads to better
antibacterial property [43,44].

4. Conclusions

In summary, ZnO/PAL nanocomposites were successfully prepared using a simple hydrothermal
method in the presence of non-ionic surfactants. The addition of nonionic surfactants, especially
Tween 20, played an important role in regulating the morphologies of ZnO/PAL nanocomposites.
The MIC values of the spindle-shaped ZnO/PAL nanocomposites against E. coli and S. aureus were 1.5
and 5 mg/mL, respectively. On this basis, it is expected that a new type of antibacterial material will
be developed by combining natural clay minerals with inorganic antibacterial agents, which could
effectively reduce the production cost of inorganic antibacterial agents and realize the high value
application of natural clay minerals.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/10/1453/s1,
Figure S1: Schematic illustration for the antibacterial test, Figure S2: SEM image of PAL, Figure S3: TEM image of
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PAL, Figure S4: Zeta potential of PAL, ZnO/PAL, ZnO/PAL-1 and ZnO/PAL-2, the pH was 6.3 (aqueous solution),
Figure S5: (a) Blank control, (b) positive control of E. coli, E. coli treated by PAL with various concentrations of (c)
50 mg/mL, (d) 20 mg/mL, (e) 10 mg/mL, (f) 1 mg/mL, Figure Sé: (a) Blank control, (b) positive control of S. aureus,
S. aureus treated by PAL with various concentrations of (c) 50 mg/mL, (d) 20 mg/mL, (e) 10 mg/mL, (f) 1 mg/mL,
Table S1: The MIC values of ZnO/PAL nanocomposites prepared by different content of Span 40 against E. coli
and S. aureus, Table S2: The MIC values of ZnO/PAL nanocomposites prepared by different content of Tween 20
against E. coli and S. aureus, Table S3: The ZnO loading of ZnO/PAL-1 and ZnO/PAL-2 determined by AAS.

Author Contributions: A .H. conducted the experiment and wrote the original draft preparation, S.D. and Y.K.
characterized and evaluated the material properties and Y.Z. and A.W. designed the experiment and revised
the paper.

Funding: This research was funded by the Major Projects of the Natural Science Foundation of Gansu, China
(18JR5RAO001), the Funds for Creative Research Groups of Gansu, China (17JR5RA306) and the Major Projects of
Science and Technology of Gansu, China (17ZD2GA018).

Acknowledgments: The authors thank the financial supports of the Major Projects of the Natural Science
Foundation of Gansu, China (18JR5RA001), the Funds for Creative Research Groups of Gansu, China (17JR5RA306)
and the Major Projects of Science and Technology of Gansu, China (17ZD2GA018).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Ventola, C.L. The antibiotic resistance crisis part 1: Causes and threats. Pharm. Ther. 2015, 40, 277-283.
Huggins, W.M.; Minrovic, B.M.; Corey, B.W.; Jacobs, A.C.; Melander, R.].; Sommer, R.D.; Zurawski, D.V,;
Melander, C. 1,2,4-Triazolidine-3-thiones as narrow spectrum antibiotics against multidrug-resistant
Acinetobacter baumannii. ACS Med. Chem. Lett. 2017, 8, 27-31. [CrossRef] [PubMed]

3. Vargasreus, M.A.; Memarzadeh, K.; Huang, J.; Ren, G.G.; Allaker, R.P. Antimicrobial activity of nanoparticulate
metal oxides against peri-implantitis pathogens. Int. J. Antimicrob. Ag. 2012, 40, 135-139. [CrossRef] [PubMed]

4.  Mckenna, M. Antibiotic resistance: The last resort. Nature 2013, 499, 394-396. [CrossRef] [PubMed]

5. Klevens, RM.; Edwards, J.R.; Tenover, F.C.; McDonald, L.C.; Horan, T.; Gaynes, R. Changes in the
epidemiology of methicillin-resistant Staphylococcu saureus in intensive care units in US hospitals, 1992-2003.
Clin. Infect. Dis. 2006, 42, 389-391. [CrossRef]

6. Li, X;; Robinson, S.M.; Gupta, A.; Saha, K; Jiang, Z.; Moyano, D.F; Sahar, A.; Riley, M.A.; Rotello, V.M.
Functional gold nanoparticlesas potent antimicrobial agents against multi-drug-resistant bacteria. ACS Nano
2014, 8, 10682-10686. [CrossRef] [PubMed]

7. Morrison, K.D.; Underwood, J.C.; Metge, D.W.; Eberl, D.D.; Williams, L.B. Mineralogical variables that
control the antibacterial effectiveness of a natural clay deposit. Environ. Geochem. Health 2014, 36, 613-631.
[CrossRef]

8. Rasool, K.; Helal, M.; Ali, A.; Ren, C.E.; Gogotsi, Y.; Mahmoud, A. Antibacterial activity of Ti3CpTx MXene.
ACS Nano 2016, 10, 3674-3684. [CrossRef]

9.  Pandit, S.,; Karunakaran, S.; Boda, S.; Basu, B.; De, M. High antibacterial activity of functionalized chemically
exfoliated MoS2. ACS Appl. Mater. Inter. 2016, 8, 31567-31573. [CrossRef]

10. Xiu, Z.M.; Zhang, Q.B.; Puppala, H.L.; Colvin, V.L.; Alvarez, PJ. Negligible particle-specific antibacterial
activity of silver nanoparticles. Nano Lett. 2012, 12, 4271-4275. [CrossRef]

11. Hu, W.B,; Peng, C.; Luo, WJ.; Lv, M,; Li, XM,; Li, D.; Huang, Q.; Fan, C.H. Graphene-based antibacterial
paper. ACS Nano 2010, 4, 4317-4323. [CrossRef] [PubMed]

12.  Williams, L.B.; Haydel, S.E. Evaluation of the medicinal use of clay minerals as antibacterial agents.
Int. Geol. Rev. 2010, 52, 745-770. [CrossRef] [PubMed]

13. Haydel, S.E.; Remenih, C.M.; Williams, L.B. Broad-spectrum in vitro antibacterial activities of clay minerals
against antibiotic-susceptible and antibiotic-resistant bacterial pathogens. J. Antimicrob. Chemother. 2008, 61,
353-361. [CrossRef] [PubMed]

14. Williams, L.B.; Haydel, S.E.; Giese, R.E; Eberl, D.D. Chemical and mineralogical characteristics of French
green clays used healing. Clays Clay Miner. 2008, 56, 437-452. [CrossRef]

15. Wang, W.B.; Wang, A.Q. Recent progress in dispersion of palygorskite crystal bundles for nanocomposites.
Appl. Clay Sci. 2016, 119, 18-30. [CrossRef]

16. Lu,Y.S;Dong, WK.; Wang, W.B.; Ding, J.].; Wang, Q.; Hui, A.P.; Wang, A.Q. Optimal synthesis of environment-
friendly iron red pigment from natural nanostructured clay minerals. Nanomaterials 2018, 8, 925. [CrossRef]


http://dx.doi.org/10.1021/acsmedchemlett.6b00296
http://www.ncbi.nlm.nih.gov/pubmed/28105270
http://dx.doi.org/10.1016/j.ijantimicag.2012.04.012
http://www.ncbi.nlm.nih.gov/pubmed/22727529
http://dx.doi.org/10.1038/499394a
http://www.ncbi.nlm.nih.gov/pubmed/23887414
http://dx.doi.org/10.1086/499367
http://dx.doi.org/10.1021/nn5042625
http://www.ncbi.nlm.nih.gov/pubmed/25232643
http://dx.doi.org/10.1007/s10653-013-9585-0
http://dx.doi.org/10.1021/acsnano.6b00181
http://dx.doi.org/10.1021/acsami.6b10916
http://dx.doi.org/10.1021/nl301934w
http://dx.doi.org/10.1021/nn101097v
http://www.ncbi.nlm.nih.gov/pubmed/20593851
http://dx.doi.org/10.1080/00206811003679737
http://www.ncbi.nlm.nih.gov/pubmed/20640226
http://dx.doi.org/10.1093/jac/dkm468
http://www.ncbi.nlm.nih.gov/pubmed/18070832
http://dx.doi.org/10.1346/CCMN.2008.0560405
http://dx.doi.org/10.1016/j.clay.2015.06.030
http://dx.doi.org/10.3390/nano8110925

Nanomaterials 2019, 9, 1453 12 of 13

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Wang, W.B.; Wang, FE; Kang, Y.R.; Wang, A.Q. Nanoscale dispersion crystal bundles of palygorskite
by associated modification with phytic acid and high-pressure homogenization for enhanced colloidal
properties. Powder Technol. 2015, 269, 85-92. [CrossRef]

Cai, X.; Zhang, J.L.; Ouyang, Y.; Ma, D.; Tan, S.Z.; Peng, Y.L. Bacteria-adsorbed palygorskite stabilizes the
quaternary phosphonium salt with specific-targeting capability, long-term antibacterial activity, and lower
cytotoxicity. Langmuir 2013, 29, 5279-5285. [CrossRef]

Lei, H.; Wei, Q.N.; Wang, Q.; Su, A.X,; Xue, M.; Liu, Q.; Hu, Q.H. Characterization of ginger essential
oil/palygorskite composite (GEO-PGS) and its antibacterial activity. Mat. Sci. Eng. C-Mater. 2017, 73, 381-387.
[CrossRef]

Zhao, D.E; Zhou, J.; Liu, N. Preparation and characterization of Mingguang palygorskite supported with
silver and copper for antibacterial behavior. Appl. Clay Sci. 2006, 33, 161-170. [CrossRef]

Yan, R.; Zhang, L.; Yang, X.; Wen, C.; Zhou, Y.M. Bioavailability evaluation of zinc-bearing palygorskite as a
zinc source for broiler chickens. Appl. Clay Sci. 2016, 119, 155-160. [CrossRef]

Chen, Y,; Lu, W.P; Guo, Y.C.; Zhu, Y.; Song, Y.P. Electrospun gelatin fibers surface loaded ZnO particles as a
potential biodegradable antibacterial wound dressing. Nanomaterials 2019, 9, 525. [CrossRef] [PubMed]
Jalal, R.; Goharshadi, E.K.; Abareshi, M.; Moosavi, M.; Yousefi, A.; Nancarrow, P. ZnO nanofluids: Green
synthesis, characterization, and antibacterial activity. Mater. Chem. Phys. 2010, 121, 198-201. [CrossRef]
Premanathan, M.; Karthikeyan, K.; Jeyasubramanian, K.; Manivannan, G. Selective toxicity of ZnO nanoparticles
toward Gram-positive bacteria and cancer cells by apoptosis through lipid peroxidation. Nanomed. Nanotechnol.
2011, 7, 184-192. [CrossRef] [PubMed]

Youssef, A.M.; El-Nahrawy, A.M.; Hammad, A.B.A. Sol-gel synthesis and characterizations of hybrid
chitosan-PEG/calcium silicate nanocomposite modified with ZnO-NPs and (E102) for optical and antibacterial
applications. Int. J. Biol. Macromol. 2017, 97, 561-567. [CrossRef] [PubMed]

Catalano, M.; Belluso, E.; Miriello, D.; Barrese, E.; Bloise, A. Synthesis of Zn-doped talc in hydrothermal
atmosphere. Cryst. Res. Technol. 2014, 49, 283-289. [CrossRef]

Rokbani, H.; Daigle, F; Ajji, A. Combined effect of ultrasound stimulations and autoclaving on the enhancement
of antibacterial activity of ZnO and SiO,/ZnO nanoparticles. Nanomaterials 2018, 8, 129. [CrossRef]

Dizaj, S.M.; Lotfipour, F; Barzegar-Jalali, M.; Zarrintan, M.H.; Adibkia, K. Antimicrobial activity of the metals
and metal oxide nanoparticles. Mat. Sci. Eng. C-Mater. 2014, 44, 278-284. [CrossRef]

Leone, F,; Cataldo, R.; Mohamed, S.S.Y.; Manna, L.; Banchero, M.; Ronchetti, S.; Mandras, N.; Tullio, V.;
Cavalli, R.; Onida, B. Nanostructured ZnO as multifunctional carrier for a green antibacterial drug delivery
system-a feasibility study. Nanomaterials 2019, 9, 407. [CrossRef]

Raghunath, A.; Perumal, E. Metal oxide nanoparticles as antimicrobial agents: A promise for the future.
Int. J. Antimicrob. Ag. 2017, 49, 137-152. [CrossRef]

Agnihotri, S.; Bajaj, G.; Mukheriji, S.; Mukheriji, S. Arginine-assisted immobilization of silver nanoparticles on
ZnO nanorods: An enhanced and reusable antibacterial substrate without human cell cytotoxicity. Nanoscale
2015, 7, 7415-7429. [CrossRef] [PubMed]

Hui, A.P;Ma, J.Z,; Liu, ].L.; Bao, Y.; Zhang, J. Morphological evolution of Fe doped sea urchin-shaped ZnO
nanoparticles with enhanced photocatalytic activity. J. Alloy Compd. 2017, 696, 639-647. [CrossRef]

Rajabi, H.R.; Naghiha, A.; Kheirizdeh, M.; Sadatfaraji, H.; Mirzaei, A.; Alvand, Z.M. Microwave assisted
extraction as an efficient approach for biosynthesis of zinc oxide nanoparticles: Synthesis, characterization,
and biological properties. Mat. Sci. Eng. C-Mater. 2017, 78, 1109-1118. [CrossRef] [PubMed]

Huo, C.L.; Yang, H.M. Synthesis and characterization of ZnO/palygorskite. Appl. Clay Sci. 2010, 50, 362-366.
[CrossRef]

Li, M.; Zhu, L.Z,; Lin, D.H. Toxicity of ZnO nanoparticles to Escherichia coli: Mechanism and the influence of
medium components. Enviro. Sci. Techol. 2011, 45, 1977-1983. [CrossRef] [PubMed]

Li, L.X,; Li, B.C; Fan, L.; Mu, B.; Wang, A.Q.; Zhang, J.P. Palygorskite@Fe;O @polyperfluoroalkylsilane
nanocomposites for superoleophobic coatings and magnetic liquid marbles. |. Mater. Chem. A 2016, 4, 5859-5868.
[CrossRef]

Mu, B.; Wang, A.Q. One-pot fabrication of multifunctional superparamagnetic attapulgite/FesO4/polyaniline
nanocomposites served as adsorbent and catalyst support. J. Mater. Chem. A 2015, 3, 281-289. [CrossRef]
Tai, Y.F; Shi, C.J.; Wang, C.H. Preparation and characterization of anioncation organopalygorskite for
2-naphthol removal from aqueous solution. J. Mol. Lig. 2014, 195, 116-124. [CrossRef]


http://dx.doi.org/10.1016/j.powtec.2014.09.015
http://dx.doi.org/10.1021/la400824f
http://dx.doi.org/10.1016/j.msec.2016.12.093
http://dx.doi.org/10.1016/j.clay.2006.04.003
http://dx.doi.org/10.1016/j.clay.2015.07.027
http://dx.doi.org/10.3390/nano9040525
http://www.ncbi.nlm.nih.gov/pubmed/30987113
http://dx.doi.org/10.1016/j.matchemphys.2010.01.020
http://dx.doi.org/10.1016/j.nano.2010.10.001
http://www.ncbi.nlm.nih.gov/pubmed/21034861
http://dx.doi.org/10.1016/j.ijbiomac.2017.01.059
http://www.ncbi.nlm.nih.gov/pubmed/28108409
http://dx.doi.org/10.1002/crat.201300290
http://dx.doi.org/10.3390/nano8030129
http://dx.doi.org/10.1016/j.msec.2014.08.031
http://dx.doi.org/10.3390/nano9030407
http://dx.doi.org/10.1016/j.ijantimicag.2016.11.011
http://dx.doi.org/10.1039/C4NR06913G
http://www.ncbi.nlm.nih.gov/pubmed/25830178
http://dx.doi.org/10.1016/j.jallcom.2016.10.319
http://dx.doi.org/10.1016/j.msec.2017.03.090
http://www.ncbi.nlm.nih.gov/pubmed/28575946
http://dx.doi.org/10.1016/j.clay.2010.08.028
http://dx.doi.org/10.1021/es102624t
http://www.ncbi.nlm.nih.gov/pubmed/21280647
http://dx.doi.org/10.1039/C6TA00758A
http://dx.doi.org/10.1039/C4TA05367B
http://dx.doi.org/10.1016/j.molliq.2014.02.011

Nanomaterials 2019, 9, 1453 13 of 13

39.

40.

41.

42.

43.

44.

Wang, W.B.; Zhang, Z.F; Tian, G.Y.; Wang, A.Q. From nanorods of palygorskite to nanosheets of smectite via
a one-step hydrothermal process. Rsc Adv. 2015, 5, 58107-58115. [CrossRef]

Geuli, O.; Lewinstein, I.; Mandler, D. Composition-tailoring of ZnO-hydroxyapatite nanocomposite as
bioactive and antibacterial coating. ACS Appl. Nano Mater. 2019, 2, 2946-2957. [CrossRef]

He, WW.,; Kim, H.K.,; Wayne, G.W.; David, M.; John, H.C.; Yin, J.J. Photogenerated charge carriers and
reactive oxygen species in ZnO/Au hybrid nanostructures with enhanced photocatalytic and antibacterial
activity. J. Am. Chem. Soc. 2014, 136, 750-757. [CrossRef] [PubMed]

Prasanna, V.L.; Vijayaraghavan, R. Insight into the mechanism of antibacterial activity of ZnO: Surface defects
mediated reactive oxygen species even in the dark. Langmuir 2015, 31, 9155-9162. [CrossRef] [PubMed]
Liu, J.L.; Wang, YH.; Ma, J.Z.; Peng, Y.; Wang, A.Q. A review on bidirectional analogies between the
photocatalysis and antibacterial properties of ZnO. J. Alloy Compd. 2019, 783, 898-918. [CrossRef]

Ramani, M.; Ponnusamy, S.; Muthamizhchelvan, C.; Marsili, E. Amino acid-mediated synthesis of zinc oxide
nanostructures and evaluation of their facet-dependent antimicrobial activity. Colloids Surf. B 2014, 117,
233-239. [CrossRef] [PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1039/C5RA05187H
http://dx.doi.org/10.1021/acsanm.9b00369
http://dx.doi.org/10.1021/ja410800y
http://www.ncbi.nlm.nih.gov/pubmed/24354568
http://dx.doi.org/10.1021/acs.langmuir.5b02266
http://www.ncbi.nlm.nih.gov/pubmed/26222950
http://dx.doi.org/10.1016/j.jallcom.2018.12.330
http://dx.doi.org/10.1016/j.colsurfb.2014.02.017
http://www.ncbi.nlm.nih.gov/pubmed/24657608
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of ZnO/PAL Nanocomposites 
	Characterization 
	Antibacterial Assay 

	Results and Discussion 
	FTIR 
	XRD Patterns 
	SEM and TEM 
	Possible Formation Mechanism of ZnO/PAL Nanocomposites 
	Antibacterial Evaluation 

	Conclusions 
	References

