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Abstract: Attapulgite (APT) is a natural one-dimensional
clay mineral with good biocompatibility and has emerged
as a promising nanomaterial for the construction of per-
formance-enhanced nanocomposites. In this study, we
developed a ZnO quantum dots-incorporated APT antibac-
terial nanocomposite by the Aloe vera extract-mediated
green route. With the combined assistance of binding
interactions of ZnO nuclei with APT and capping effect
of active compounds in Aloe vera extract, the quantum-
sized ZnO nanoparticles with hexagonal Wurtzite structure
and sizes of <5nm were uniformly decorated on the APT
surface, resulting in a high-active antibacterial nanocom-
posite. The obtained ZnO/APT nanocomposites displayed
favorable antibacterial activities, and the minimum inhib-
itory concentrations of the nanocomposite with ZnO loading
of 20% against E. coli and S. aureus were 2.5 and 0.5 mg-mL™,
respectively. This antibacterial performance was far better
than that of APT and could almost be comparable to that
of pure ZnO. For the green process, the phenolic compounds,
proteins, and amino acids in Aloe vera extract were involved
in the reduction and capping of ZnO, which contributed to a
facile green strategy for preparation of the ZnO-modified APT
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nanocomposites. The present work provides new insight into
the potential applications of APT in the antibacterial fields.

Keywords: ZnO, attapulgite, nanocomposite, phyto-mediated
synthesis, antibacterial

1 Introduction

The development of antibiotic resistance has aggravated
the difficulty in dealing with bacterial infections [1]. For
decades, many efforts have been devoted to exploiting
new antimicrobials to combat a variety of pathogenic
microorganisms including resistant strains, which should
be safe and efficient and induce little or no drug resis-
tance. Currently, nanomaterials have received much atten-
tion in antibacterial applications [2], such as metal and
metal oxide nanoparticles (NPs) [3] and carbon NPs [4].
The nanometer size effect, large surface area and adjus-
table shape give these nanomaterials unique antibacterial
mechanisms, mainly including three viewpoints: reactive
oxygen species (ROS) generation, release of antimicrobial
ions, and direct interaction of NPs with bacteria inducing
physical/mechanical damage [5-7]. Such multipathway
bactericidal modes of action can avoid the occurrence of
drug resistance, thus having more opportunities in the
development of efficient and safe antimicrobials.
Nanoclay minerals, as naturally available nano-
materials, are widely concerned and used in the develop-
ment of drug products for a long-standing time [8]. Due
to the outstanding advantages of good biocompatibility,
easy operability, and low-cost, nanoclay minerals have
more potential values in the development of novel anti-
bacterial materials [9,10]. Attapulgite (APT), one of the
most abundant nanoclay minerals, is widely used in
many fields in view of its special rod-like morphology,
porous structure, large specific surface area, and high
adsorption capacity [11]. More importantly, APT has inhib-
itory activities against bacteria based on the actions of
the bacteria-adsorbed capability and physical-damage to
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the cell membrane of bacteria by its “elongate needle”
shape [12]. Although the antimicrobial activity is not
strong enough to be used as an antibacterial agent alone,
APT has the advantages of acting as building blocks to
combine with other antibacterial materials which would
produce synergistic effects, obtaining more effective anti-
bacterial properties [13,14]. For instance, the highly active
surface of APT makes it favorable to be loaded with metal
or metal oxide NPs [15], obtaining improved antibacterial
properties by sustainably releasing active factors [16] and
uniformly distributing NPs [17].

ZnO NPs are considered a promising antibacterial
agent and have been used in feed additives, wound dres-
sing, food preservation, and corrosion prevention owing
to their broad-spectrum antibacterial activity, low-cost,
and good thermal stability [18,19]. Incorporating ZnO
NPs onto APT has been demonstrated to be an effective
approach to strengthen the antibacterial performance of
APT by synergistic effects. For example, Huo and Yang
[20] prepared a ZnO/APT nanocomposite with enhanced
antibacterial properties, in which ZnO NPs with a mean
size of 15 nm were uniformly decorated on the APT sur-
face. Many studies demonstrated that the antibacterial
activity of ZnO NPs increased with the decrease in par-
ticle size [21-23]. Small-sized particles more easily bind
to bacterial cells; more intimate contact of bacteria with
Zn0 NPs will produce stronger damage to cell membrane
and wall of bacteria. Raghupathi et al. [24] compared the
antibacterial activities of seven ZnO NPs with varying
sizes and results showed that small-sized ZnO NPs could
produce more disruption to bacterial cell wall, thus having
higher antibacterial activity. In fact, except for the anti-
bacterial action results from ROS generation via photoca-
talytic function, the main actions of ZnO depend on the
NPs attachment to bacterial cells, which produce disrup-
tion or damage of cell membranes and release Zn** [25].
Moreover, the concentration of oxygen vacancies on ZnO
surface could be increased by reducing size [26], and more
oxygen defect sites will generate more oxygen radicals
or hydrogen peroxide inducing bacterial toxicity [27,28].
However, a concomitant problem with reducing the size of
NPs is that the small NPs more easily agglomerate into
larger particles, which has been highly concerned for
the antibacterial activities of NPs. The agglomeration ten-
dency increases the difficulties not only in the preparation
of ZnO NPs with reduced size but also in the maintenance
of stable properties. Previous studies have shown that
plant-mediated synthesis process could control the par-
ticle size and morphology by capping the formed NPs to
prevent them from agglomerating [29-32]. Moreover, cur-
rently, the method using natural plant extract for the
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preparation of metallic nanomaterials has also become
the focus in NPs synthesis due to consideration of the
green manufacture and safety requirements in health-
related applications [33-35]. In addition to the advantages
of greenness, mild reaction conditions, and convenient
operations, another benefit of the green route involves
the alleviation of biological toxicity and improvement of
bioactivities [36-38]. Having said all of above, in order
to obtain small-sized ZnO NPs on the APT surface, the
phyto-mediated green strategy would be used to fabricate
ZnO/APT nanocomposites. Due to the synergistic effects of
phyto-mediated process and nucleation sites provided by
APT, a smaller size and dispersion mode of ZnO NPs will
be available, and ultimately obtain a ZnO/APT nanocom-
posite with favorable antibacterial properties.

Herein the ZnO quantum dots (QDs) decorated APT
nanocomposites (ZnO/APT) were successfully developed
via a phyto-mediated green route by using Aloe vera
extract (ALE) as a reduction and stabilizing agent. Owing
to the enhanced antibacterial activities of reduced size of
ZnO NPs, the ZnO QDs-incorporated APT possesses favor-
able antibacterial efficacy against both gram-negative and
gram-positive bacteria. In this work, ZnO QDs exerted
main roles for the antibacterial enhancement of APT, as
well APT served as a structural platform to facilitate ZnO
QDs dispersion, thus a synergistic effect was produced to
maximize the antibacterial ability of the nanocomposite.
In addition, the mild and simple green procedure avoids
potential toxicity to the environment and organisms and
provides a more green and safe antibacterial nanoma-
terial, which makes the nanocomposites to be applied in
wider antibacterial fields.

2 Materials and methods

2.1 Materials

Aloe vera was obtained from the local market, Gansu,
China. APT mineral powder was provided by Xuyi Oubaite
Clay Materials Co., Ltd (Jiangsu, China), and the main com-
positions consisted of CaO (0.49%), Al,O3 (10.73%), MgO
(9.70%), SiO, (60.83%), K,0 (1.18%), and Fe,05; (5.71%),
as determined by X-ray fluorescence. Zinc nitrate hexahy-
drate (Zn(NOs)»6H,0, >99%) was purchased from Xilong
Scientific Co., Ltd (Guangzhou, China). Sodium hydroxide
(NaOH, >96%) was purchased from Tianjin Kermel Chemical
Reagent Co., Ltd (Tianjin, China). Nutrient agar medium and
LB broth medium were purchased from Qingdao Hope
Bio-Technology Co., Ltd, China.
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2.2 Preparation of ALE

Fresh leaves of Aloe vera were cleaned thoroughly using
distilled water to remove all dust particles and dried in
shade to remove all the moisture on the surface before
being chopped into pieces. Twenty grams of chopped
Aloe vera was mixed with 100 mL of distilled water and
heated to 60°C in a water bath for 30 min. The mixture was
cooled to room temperature and filtered using Whatman
No.1 filter paper to obtain ALE.

2.3 Green synthesis of ZnO and ZnO/APT
nanocomposites

ZnO/APT nanocomposites with different theoretical loads
of ZnO were prepared using the following procedure. APT
(3g) was added to 30 mL of ALE diluted with 20 mL of
distilled water, and stirred continually for 10 min at
300 rpm. An aqueous solution of Zn(NOs),-6H,0 prepared
by dissolving 0.55, 1.1, 2.2, 3.3, and 4.4 g (corresponding
to the theoretical ZnO loadings of 5%, 10%, 20%, 30%,
and 40%) Zn(NOs),-6H,0 in 50 mL of distilled water was
then added to the above suspension by dripping slowly
under stirring at 600 rpm. The mixture (pH 8) was stirred
for 60 min at 80°C under reflux cooling. Finally, the white
precipitate was collected by centrifugation at 12,000 rpm,
washed 2 times with distilled water and 1 time with
ethanol, and then dried for 24 h at 80°C in an air oven.
Zn0O NPs were prepared similar to the preparation method
of ZnO/APT nanocomposites, namely, 2.97 g Zn(NOs),-6H,0
in 50 mL of distilled water was slowly dropped to 30 mL of
ALE diluted by 20 mL of distilled water under stirring at
600 rpm. The next procedure is the same as above.

2.4 Characterization

High-resolution transmission electron microscope images
(HRTEM) and selective area electron diffraction pattern
(SAED) were characterized using JEM-2100 (JEOL, Japan)
and Tecnai G2 F20 S-TWIN (158 Hillsboro, OR, USA) micro-
scopes. X-ray diffraction (XRD) patterns were obtained
from an X’Pert PRO diffractometer (PAN analytical Co.,
Netherlands) equipped with Cu-Ka radiation sources of
40 mA and 40 kV. Fourier transform infrared (FTIR) spectra
were obtained on Nicolet Is50 FTIR spectrophotometer
(Thermo Scientific, USA) in the range of 4,000-400 cm™
using KBr pellets. UV-visible (UV-Vis) spectra were recorded
by a UV-1900i spectrometer (Shimadzu, Japan). The particle
size distribution of the samples is determined by a Malvern

DE GRUYTER

Zetasizer Nano system (ZEN3600, Malvern, UK) companying
a 633 nm He—Ne laser irradiation.

2.5 Antibacterial activity assay

The antibacterial activities of the samples were evaluated
by the minimum inhibitory concentration (MIC) values
using the agar plate dilution method and the inhibition
zone diameters tested using disk diffusion method. The
strains of Staphylococci aureus (S. aureus, ATCC 25923)
and Escherichia coli (E. coli, ATCC 25922) from clinical
isolates were provided by the Laboratory Medicine Center,
Lanzhou University Second Hospital, China. Briefly, all
samples were sterilized under a UV lamp for 2h. For the
MIC values test, the different amounts of antibacterial mate-
rials were well mixed with 20 mL of agar mediums to obtain
the mixtures with concentrations of 0.1, 0.25, 0.5, 1.0, 2.5,
5.0, 10.0 mg:mL~Y, and then the mixtures were poured into
the plates and obtained the sample plates. After that 1-2 L
of 10* CFU-mL™ fresh bacterial liquid was seeded on the
medium at 3 different positions. Finally, the inoculated
plates were incubated at 37°C for 24 h. The MIC values
were determined according to the lowest concentrations
to inhibit the growth of all strains thoroughly. Positive
control groups with the absence of sample and negative
control groups without both sample and bacterial strain
were included in this work. For the inhibition zone dia-
meters test, the ager plates with bacterial concentration
of 10° CFU-mL™! were prepared, and the discs of dia-
meter of 10 mm were impregnated with 30 mL of the
sample solutions that had a concentration of 0.5 g-mL™
and then placed on the inoculated plates. The plates
were incubated at 37°C for 24 h and after incubation, the
inhibition zone diameter values (mm) around the discs were
measured using a vernier caliper. All tests were performed in
triplicate.

3 Results and discussion

3.1 Formation and characterization of
Zn0O/APT nanocomposites

In this study, the nanocomposites of ZnO QDs loaded APT
were prepared by the ALE-mediated one-pot process
(Scheme 1). The formation of ZnO/APT nanocomposites
was confirmed by structural characterizations using UV-Vis
spectroscopy, HRTEM, XRD, and FTIR.
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3.2 UV-Vis spectroscopic analysis

The UV-Vis absorption spectroscopy for ZnO and ZnO/APT
under different reaction times was analyzed to investigate
the formation and properties of ZnO/APT nanocomposites.
The UV-Vis spectra of all samples were recorded after
diluted for 5-multiply of the original suspension. The
results of UV-Vis analysis are shown in Figure 1. From
the spectroscopy of pure ZnO as shown in Figure 1a, it is
displayed that a strong and sharper absorption band at
365nm is presented suffering a reaction time of 1h, indi-
cating that relatively homogeneous ZnO particles were formed
in the aqueous suspension. However, with the time increasing
to 1.5 h, some particles agglomerated and formed larger ZnO
particles, which can be confirmed from the particle size dis-
tribution of pure ZnO from dynamic light scattering analysis
(Figure Alin Appendix). The same result was also manifested
in Figure 1b that displayed the spectroscopy of ZnO/APT, in
which the ZnO QDs can be formed after 1h reaction time.
What is noteworthy is that the characteristic absorption band
for ZnO/APT occurred at 357 nm had a shortwave shift com-
pared to that of pure ZnO particles (Figure 1c), which was
possibly caused by the particle size decrease of ZnO and
quantum confinement effect [39,40]. Figure 1d shows the spec-
troscopy of ZnO/APT nanocomposites with different theore-
tical loading amounts of ZnO. It is found that the absorption
bands become sharper with increase in the loadings of ZnO,
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which can be attributed to the increase in the concentra-
tions of ZnO NPs in the aqueous suspensions. In fact, as
shown in Table 1, the actual yields of ZnO in ZnO/APT
nanocomposites that were confirmed by X-ray fluorescence
were not consistent with the theoretical values that deter-
mined the amount of zinc salt added. When the loading
amounts of ZnO were 5%, 10%, and 20%, the actual yields
of ZnO were near the theoretical values, while the actual
yields of ZnO were below the theoretical yields when the
loading of ZnO was set to 30% and 40%. These results were
consistent with the subsequent results of antibacterial per-
formance of ZnO/APT nanocomposites, where the antibac-
terial activities showed no remarkable increase with the
increase in the loadings of ZnO from 20% to 40%.

3.3 Structural and morphological analysis of
pure ZnO, APT, and ZnO/APT
nanocomposite by HRTEM and XRD

The microscopic morphology of ZnO/APT nanocomposite
was analyzed by HRTEM. Here considering the fact that
the best antibacterial performance occurred in the nano-
composite containing 20% ZnO, ZnO/APT-20% as the
optimum combination was explored in more detail to
confirm the successful production of the quantum-sized

Oil bath
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HC™ Y
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Scheme 1: Schematic illustration of the preparation process for ZnO/APT nanocomposites.
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Figure 1: UV-Vis spectra of ALE, APT, ZnO, and ZnO/APT nanocomposites: (a) ZnO and (b) ZnO/APT-20% with different reaction times,
(c) ZnO and (b) ZnO/APT-20% after 1 h of reaction, and (d) APT and ZnO/APT nanocomposites with ZnO loadings of 5, 10, 20, 30, and 40%.

Table 1: The actual ZnO loading amounts in ZnO/APT nanocompo-
sites as determined by X-ray fluorescence

Samples The percentages of ZnO content (%)
Zn0O/APT-5% 5.70
Zn0/APT-10% 10.53
Zn0/APT-20% 19.19
Zn0/APT-30% 24.99
Zn0O/APT-40% 32.53

Zn0O nanoparticles on the APT surface. Moreover, the
microscopic morphologies of pure ZnO and APT were
also observed for comparison. Figure 2 shows the HRTEM
images of ZnO and APT. It is found that the spherical
polycrystalline ZnO nanostructures with dimensions of
approximately 200 nm were formed in the green process
(Figure 2a-c), and the APTs exhibited rod-like mor-
phology and their surfaces were clean and had no fixtures

(Figure 2d—f). Notably, the ZnO particles have a compara-
tively looser structure, which may be relevant with the
attachment of phytochemical from ALE. In contrast, ZnO
NPs were present on the surface of the APT nanorods that
were observed in the microscopic images of ZnO/APT-20%
shown in Figure 3. It can be confirmed from Figure 3c—e
that the particle sizes of crystalline ZnO formed on the APT
surface were below 5nm which can be defined as ZnO
QDs, suggesting that the APT nanorods had good disper-
sion effect to ZnO NPs. Attributed to the presence of Si-OH
groups on APT surface, it can be speculated which could
bind with the crystal nuclei of ZnO by H-bonding interac-
tions, followed by the seed growth of ZnO to form ZnO QDs
on the APT surface. Meanwhile, the crystal growth of ZnO
was inhibited by capping of active molecules from ALE.
Therefore, the combining influential effect of APT and the
phyto-mediated process played a decisive role in the for-
mation of quantum-sized ZnO NPs. The SAED pattern in
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Figure 2: HRTEM images of ZnO (a—c) and APT (d-f). The insert in (c) is selected electron diffraction pattern of ZnO nanostructure.

Figure 3f indicates the formation of polycrystalline ZnO
NPs on the APT surface. In addition, the formation of crys-
talline ZnO was further confirmed by XRD analysis. As
shown in Figure 4, the characteristic diffraction peaks cor-
responding to the pure hexagonal Wurtzite structure of
Zn0 appeared in both pure ZnO and ZnO/APT nanocom-
posites with loading amounts of 20%, 30%, and 40%,
suggesting the successful formation of ZnO during the
green synthesis process. The strong and sharp diffraction
peaks manifested that the phyto-mediated ZnO has a good

crystalline structure. Moreover, no indication of a secondary
phase and other impure peaks were observed in the pat-
terns of ZnO and ZnO/APT, indicating that no impurity
phase such as Zn(OH), was formed in ZnO and ZnO/APT
nanocomposites. For ZnO/APT-5% and ZnO/APT-10%,
there were no obvious diffraction peaks of ZnO, which
may be caused by the fact that the content of ZnO was
too low and below the detection limit of XRD. In conclusion,
based on the binding interactions of APT and the capping
effect of active molecules, small-sized ZnO NPs were formed

20 yom

Figure 3: (a—e) HRTEM images and (f) the corresponding selected electron diffraction pattern of ZnO/APT-20% nanocomposite.
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Figure 4: XRD pattern of pure ZnO, APT, and ZnO/APT nanocompo-
sites with ZnO loadings of 5%, 10%, 20%, 30%, and 40%.

on the surface of APT nanorods, which was responsible for
the improvement in the antibacterial performance of APT.

3.4 FTIR analysis of ALE, pure ZnO, APT, and
ZnO/APT nanocomposites

Furthermore, the special interactions between ZnO QDs
and APT and the biomolecules responsible for the reduc-
tion and capping of ZnO were investigated by FTIR spec-
trum as demonstrated in Figure 5. In the spectrum of ALE
(Figure 5a), the band at 3,100-3,800 cm™ can be attributed

DE GRUYTER

Table 2: MIC values of APT, pure ZnO, and ZnO/APT
nanocomposites

Samples Antibacterial activity (MIC in mg-mL™)
E. coli S. aureus

APT >10 >5

Zn0 2.5 0.25

Zn0/APT-5% 5 1

Zn0/APT-10% 5 1

Zn0O/APT-20% 2.5 0.5

Zn0O/APT-30% 2.5 0.5

ZnO/APT-40% 2.5 0.5

to the characteristic stretching vibrations of the —OH group
from phenol and the vibrations of the —NH, group of amines
[41]. The band at 2,940 and 1,726cm™ are respectively
assigned to the —CH stretching of alkanes and the stretching
vibrations of the —C=0 group in ketones, aldehydes, and
carboxylic acids [42], and the 1,591 cm~band may be due to
the amine groups from proteins and enzymes. The bands at
the range of 1,500-400 cm ™ are involved in the C-H defor-
mation vibration, C-C stretching and skeleton vibration,
and N-H angular deformation [43]. For pure ZnO derived
from ALE (Figure 5a), the vibration band of 466 cm™ corre-
sponded to Zn-0O stretching vibration clearly showing the
formation of crystalline ZnO [44], and the other bands
appeared in the range 500-4,000cm ' representing the
vibration of biomolecules attached to the ZnO particles sur-
face [45]. The bands at 885 and 699 cm ™! attribute to C-H
vibrations of alkanes and aromatic rings, respectively [46,47].
The band at 1,030 cm™ corresponds to C-N stretching vibra-
tion of amine [48], and the peak at 1,085 cm™! can be

~
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Figure 5: FTIR patterns of (a) ALE and pure ZnO and (b) APT and ZnO/APT-20% nanocomposite.
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Figure 6: The inhibition zone diameters of ZnO/APT nanocomposites with different loading amounts of ZnO. The alphanumeric numbers of
a—f refer to control groups, ZnO/APT-5%, ZnO/APT-10%, ZnO/APT-20%, ZnO/APT-30%, and ZnO/APT-40%, respectively.

attributed to C-O stretching from the polyphenolic com-
pound in ALE [49,50]. The signals at 1,338 and 1,404 cm™
bands correspond to O-H bending from hydroxyl/phenol
groups and the symmetric stretching of the carboxyl side
groups in the amino acid residues of the protein [51,52]. In
addition, the appearance of 1,586 cm™ band is due to C-N
stretching vibration of protein amide linkages. It is concluded
that the presence of the hydroxyl groups, amine groups, and
aromatic groups from phenols and proteins suggested the
adsorption of biomolecules on ZnO particles, which were
responsible for the reduction and stabilization of crystalline
Zn0. In addition, it is found from Figure 5b that the band
shifts occurred at 3,392, 1,653, and 1,433cm ™ in the FTIR
spectrum of ZnO/APT compared to that of APT, which con-
firms the formation of ZnO NPs on APT by the H-bonding
interactions with the surface silanol groups of APT.

3.5 Antibacterial activities of ZnO/APT
nanocomposites

The above structural characterizations of ZnO/APT nano-
composites fully confirmed the successful formation of
ZnO QDs on the APT surface, which would contribute to
the enhanced antibacterial properties of APT. In this study,
the antibacterial activities of ZnO, APT, and ZnO/APT
nanocomposites with different ZnO loadings against
E. coli and S. aureus were evaluated by testing MIC
values (Table 2, Figures A2 and A3). Moreover, the inhi-
bition zone diameters of ZnO/APT nanocomposites were
tested to further analyze the antibacterial performance
of the nanocomposites with increase in the ZnO content
(Figure 6). It is shown that APT had no inhibition activities
with concentrations below 5mgmL™". The synthesized

ZnO particles exhibited considerable inhibition activities
with MIC values up to 2.5 and 0.25 mg-mL ™ against E. coli
and S. aureus, respectively. For the ZnO/APT nanocompo-
sites, with ZnO loadings increasing from 5% to 20%, the
antibacterial activities increased, while the MIC values no
longer increased with ZnO loadings further increasing from
20% to 40%. The MIC values of ZnO/APT-20% against E. coli
and S. aureus were 2.5 and 0.5mgmL™, respectively.
Furthermore, it can be found from Figure 6 that the inhibi-
tion zone diameters toward S. aureus increased from 15.5 to
17 mm with ZnO loadings added from 5% to 20%, and then
showed a slight increase from 20% to 40%. The change
trend against E. coli was completely consistent with the MIC
values, and the inhibition zone diameter of ZnO/APT-20%
was 15 mm. The S. aureus, in general, was more sensitive to
the green-prepared ZnO/APT nanocomposites that E. coli.
These results indicated that the incorporation of ZnO QDs
significantly improved the antibacterial performance of
APT, which is attributed to the anchoring and dispersion
of ZnO NPs provided by APT as well as the capping reac-
tion of biomolecules in ALE.

4 Conclusion

In the present study, the ZnO QDs-incorporated APT antibac-
terial nanocomposites were successfully prepared through
the phyto-mediated green strategy, in which the phytochem-
ical from Aloe vera were only used as reducing and capping
agents. Due to the interfacial interactions of APT with the
Zn0 nuclei combined with the capping effects contributed
from the biomolecules of ALE, small-sized ZnO NPs with
diameters below 5nm were decorated on the surface of
APT nanorods, which is responsible for the improved
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antibacterial activities of the nanocomposites. The antibac-
terial results gave information that the inhibition activities of
ZnO/APT nanocomposites increased with the increase in the
ZnO loadings from 5% to 20%, and ZnO/APT-20% exhibited
favorable antibacterial activities with the MIC values of 2.5
and 0.5mgmL™" against E. coli and S. aureus, respectively,
which can be attributed to the decrease in the actual ZnO
yields and possible increase in the size of ZnO NPs. The
favorable antibacterial performance and the eco-friendly pro-
cess recommend the developed ZnO/APT nanocomposites as
a promising candidate in antibacterial applications.
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Appendix
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Figure Al: Particle size distribution of ZnO from dynamic light scattering (DLS) analysis.
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Figure A2: MIC values of pure ZnO against E. coli and S. aureus.
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Figure A3: MIC values of ZnO/APT nanocomposites against E. coli and S. aureus.
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