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Abstract: This study evaluated the efficacy of antibacterial activities for a zeolite A (ZEO) sample
loaded with streptomycin (STR). The ZEO was synthesized from kaolinite (KAO) via the alkaline
hydrothermal process and verified with various techniques, such as X-ray Diffraction, Fourier-
Transform Infrared spectroscopy, Field Emission Scanning Electron Microscopy with Energy
Dispersive X-ray, Transmission Electron Microscopy, and dispersion behavior to confirm the
production of ZEO with high purity and reproducibility. The cubic framework of ZEO was maintained
after the immobilization of STR, indicating STR molecules' adsorption on the ZEO surface. The STR-
loaded ZEO (ZS) samples were prepared in three STR concentrations (50, 100, and 200 mg/L). The
samples' antibacterial activity was determined using the disc diffusion technique and minimum
inhibition concentration against Gram-negative bacteria (Escherichia coli ATCC 11229) and Gram-
positive bacteria (Staphylococcus aureus ATCC 6538). Both bacteria were susceptible to ZS, which
showed an antibacterial effect directly proportional to the STR concentration. Thus, the synthesized
ZEOQO synthesized from natural KAO had a good prospect as a carrier system for STR for generating a
broad spectrum of antibacterial activity.
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1. Introduction

Multidrug resistance in pathogenic bacteria has become a significant threat to public
health and food security. In 2014, the World Health Organization (WHO) declared that
antimicrobial resistance (AMR) is one of the top 10 global public health threats to humanity.
This threat becomes more severe when pathogens rapidly adapt against antimicrobials largely
because new antimicrobial agents' development was very slow[1, 2]. In this respect, the
antibiotic is an excellent antibacterial agent used to facilitate the immune system in fighting
and stopping bacterial infections. However, long-term exposure to antibiotics and improper
usage of antibiotics would rapidly lead to the development of antibiotic-resistant bacteria [3].
Antibiotic resistance happened when the bacteria managed to overcome the functionalities of
bacteria. Thus, there is a growing need to improve the efficacy of existing antibacterial agents
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or even develop new antibacterial to battle against the fast-evolving antibiotic-resistance
bacteria [4].

Various techniques are being used to develop new alternative effective antibacterial
agents. Historically, clay has been used for medicinal purposes over the millennium. By
dissolving clays in appropriate solvents, the oxidized metals (e.g., Fe, Al, Ca, etc.) in clays
would be released to suppress the pathogenic bacteria. In general, the mineral-rich clays
generate a low pH (< 4.6) condition through mineral oxidation and hydrolysis, and the
produced reactive oxygen species (ROS) would destroy bacteria via pyrite oxidation. The low
pH and oxidative environment would produce abundant cations of Fe** and AI** that
synergistically attack pathogenic bacteria by damaging their cellular components. These
cations would agglomerate on cell envelopes, impairing membranes through protein
misfolding and oxidation [5]. Among these clays, the mineral-rich zeolite has been
demonstrated to suppress the growth of various bacteria. Simultaneously, its tetrahedral atomic
framework allows the sitting of an antibacterial compound for forming cationic species [6].
The immobilization of antibacterial compounds such as Fe?*, AI** in the zeolite framework has
been demonstrated to have excellent antimicrobial performances on Gram-positive and Gram-
negative bacteria [7].

Meanwhile, the routinely used clinical aminoglycosides have long been known to
inhibit the protein synthesis in bacteria by promoting mistranslation to induce codon
misreading on delivering the aminoacyl-transfer RNA [8]. However, like most antibiotics,
aminoglycosides also exhibit antibacterial resistance in various forms, including enzymatic
modification, target-site modification via an enzyme or chromosomal mutation, and efflux. To
reduce AMR's susceptibility in aminoglycosides, a reduced dosage is desired, which would
impact the antibacterial activity of the drug, and it remains a trade-off in resolving the AMR
issue in aminoglycosides [9].

Despite its promising potential, studies on aminoglycoside loaded or immobilized on
synthesized zeolite as an antibacterial agent remain scarce. To complement this trade-off, the
present study hybridized aminoglycosides with zeolite matrix to reduce the required dose of
aminoglycosides in suppressing various bacteria, including Gram-positive and Gram-negative
bacteria. Therefore, this study aimed to evaluate the efficacy of antibacterial activities for a
synthesized zeolite loaded with streptomycin (STR), which was the first approved
aminoglycoside antibiotic. Also, zeolite had been successfully synthesized from kaolinite
(KAO), in which the near 1:1 ratio of Si/Al in KAO vyielded zeolite of high purity [12] via co-
crystallization [11]. KAO is a good starting material for zeolite synthesis because of its stable
property, and it is abundant in Malaysia and widely available at low cost.

2. Materials and Method

The KAO (KM40) sample was purchased from Kaolin (M) Sdn. Bhd. located at Tapah,
Perak, Malaysia. In this study, the alkaline hydrothermal synthesis was used to produce zeolite
A (ZEO), and the methodology was based on the published work of another study [10] with
some modifications on the crystallization time and temperature. In ZEO production, plastic-
based apparatus such as Teflon or polytetrafluoroethylene (PTFE) bottles were used to prevent
the corrosion of glassware [13].
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2.1. Synthesis of zeolite A from natural kaolinite.

KAO was converted to metakaolinite (MTK) via calcination at 900 °C for 2 hours using
a muffle furnace (model: Carbolite ELF 11/6B/301). Subsequently, 5.0 g of MTK were mixed
with 66.5 mL of 2.75 M NaOH solution and continuously stirred using a magnetic stirrer for 2
hours in silicon oil at 70 °C.

The mixture was then left to age for 20 hours at room temperature, after which the
mixture was allowed to crystallize at 100 °C for 24 hours in a universal oven (model: Memmert
MMT-UNS5). The white mixture was then filtered using Macherey-Nagel filter paper (125
mm) and rinsed a few times with warm distilled water. The solid portion was dried overnight
in an oven at 80 °C. The dried solid sample was grounded using mortar and pestle and sieved
into the powder form as ZEO. Finally, the powder sample was kept in a labeled clean container
to be used for the drug loading experiment of streptomycin (STR) adsorption.

2.2. Preparation of streptomycin immobilized zeolite A.

The STR powder was purchased from Santa Cruz Biotechnology Inc., USA. The
adsorption of STR on the synthesized ZEO encompassed three different STR concentrations,
i.e.,, 50, 100, and 200 mg/L. A 100-mL stock solution of STR was prepared for each
concentration by dissolving the corresponding amount of STR powder in distilled water [14].
Each of these stock solutions of STR was added with 0.5 g of the synthesized zeolite, yielding
three mixtures with 50, 100, and 200 mg/L STR. They were labeled as 50ZS, 100ZS, and
200ZS, respectively. Then, each of the mixtures was stirred using a magnetic stirrer for 24
hours. The mixture was filtered using a conventional filter paper to separate the solid portion
of the mixture from the filtrate. The solid portion was dried overnight in an oven at 70 °C. The
recovered solid was grounded and sieved into powder form for further usage.

2.3. The structural characterization of the materials.

The crystallinity of the KAO, MTK, and synthesized ZEO was characterized using the
X-ray Diffraction (XRD) recorded on a Bruker D8 Advance diffractometer with Cu-Ka
radiation (A=1.5406 A, 40 kV, 20 mA) within the 20 range of 10° - 75° and a scan step rate of
0.05° s, The grain size of ZEO was measured using Gatan view software (version, name of
the software developer, country).

Fourier-Transform Infrared (FT-IR) spectroscopy was performed using an FT-IR
spectrophotometer (model: Nicolet iS50 Thermo Scientific) to investigate the functional
groups present in the samples, in which potassium bromide (KBr) pellet was added to the
sample at a sample: KBr ratio of 1: 10 to make pathlengths small, thus preventing over
absorbance by the sample. The sample containing KBr was placed on the holder, and the FT-
IR analysis was performed with OMNIC software.

Besides, the surface morphology and elemental analysis was performed with the Field
Emission Scanning Electron Microscopy (FESEM) via an electronic scanning microscope
(model: JEOL JSM 6701-F) and coupled with the Energy Dispersive-X-ray (EDX) analyzer.
Due to the samples' low electron conductivity, a platinum coating was used to produce
optimized image quality.

Also, the Transmission Electron Microscopy (TEM) was carried out to analyze the two-
dimensional (2-D) morphology and particle size of the synthesized zeolite powder using a
transmission electron microscope (model: Hitachi HT7700) at 120 kV. For TEM analysis,
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ethanol was used as the solvent to disperse the sample particles via sonication treatment, where
the dispersed sample was then dropped onto a carbon grid.

A dispersion behavior study was conducted to investigate the changes in the inorganic
zeolite's physical properties when adsorbed with the organic STR. Distilled water and n-hexane
were used as the dispersion solvent, in which 0.05 g of the three mixtures of zeolite and STR
(50ZS, 100ZS, and 200ZS) was added into a mixture of 3 mL distilled water and 3 mL n-
hexane. The relative position of the samples in the mixture was compared using images at three
conditions: (1) immediately after the sample was added, (2) after the mixture was shaken for
30 minutes at room temperature, and (3) 24 hours after the samples were left in a static
condition.

2.4. Antibacterial assay.

The antibacterial activity of the investigated samples (pure ZEO, ZS50, ZS100, and
ZS200) was evaluated against the Gram-positive bacteria Staphylococcus aureus (ATCC 6538)
and the Gram-negative bacteria Escherichia coli (ATCC 11229). The qualitative and
quantitative antibacterial activities of these samples were examined using the disc diffusion
technique (DDT) and minimum inhibition concentration (MIC), respectively. The experiments
were strictly performed under aseptic conditions to avoid contamination. For DDT assay, these
four samples (ZEO, 50ZS, 100ZS, and 200ZS), 0.2 g each, was pressed into a pellet using a
hydraulic press (model: E-Z Press™, International Crystal Laboratories, United States) at a
pressure of 1400 psi. The bacteria were cultured on nutrient agar (NA) plates at 37 °C for 24
hours. Approximately five to ten colonies of the cultured bacteria were inoculated in sterilized
0.9% saline solution. The suspension was adjusted to 0.5 McFarland standards (1.5 x 108
Colony Forming Unit, or CFU). The sterile cotton swab was used to inoculate NA plates’
surface by turning the plate every 60° to ensure homogenous bacteria growth. The sample pellet
disc was placed on the surface of the agar plates gently at equal distances. The diameter of
inhibition (in cm) was measured using a ruler after 24-hour incubation at 37 °C.

The MIC technique is an assay for testing the lowest concentration of antibacterial agent
to inhibit bacterial growth completely. Briefly, 10% (v/v) of the bacteria culture was transferred
in 180 mL of fresh LB and was shaken at an agitation rate of 200 rpm at 37°C until the OD at
550 nm reaching the range of 0.6 - 0.8. Then, the bacteria were transferred into Falcon tubes
and centrifuged at 4000 rpm for 15 minutes, and the pellet was washed three times with sterile
distilled water and 0.9% saline solution. The pellet was then suspended in either 10.0 mL of
saline or distilled water to prepare nine different concentration ranges of the sample (0.05, 0.1,
0.5, 1.0, 3.0, 6.0, 9.0, and 12.0 g/L) for each of the four samples in which 10 mL bacterial
suspension were added into each concentration. All samples were shaken for 30 minutes with
an agitation rate of 100 rpm at 37° C, after which 10 uL of the bacteria solution was pipetted
onto the NA, and the plate was incubated at 37 °C for 16 hours. The plate was observed for
bacterial growth. Finally, the STR solution disc (10 mg/L) was used as the positive control.
The paper disc soaked with distilled water served as the negative control for each experimental
set of E. coli and S. aureus.
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3. Results and Discussion

3.1. The structural characterization.

Figure 1(a) shows the X-ray diffractograms for KAO, MTK, and synthesized ZEO, with
strong peaks at 12.34° and 24.64° for KAO [7] and minor traces of quartz at 26.68° for raw
KAO [15]. Quartz is one of the common impurities found in natural clays, including the
Malaysian clays, due to weathering and natural decomposition of minerals [15]. However,
quartz could potentially cause inflammation to the skin when exposed to a high quartz
concentration, which is thus an undesirable constituent for applying antibiotics. Therefore,
further crystallization and purification of KAO into ZEO was needed. Meanwhile, MTK could
be identified by the absence of XRD peaks, indicating the amorphous form of MTK. The
formation of the amorphous phase was attributable to the decomposition of KAO at the high
temperature of 900 °C, promoting the structural change of KAO. Nevertheless, the formation
of high-reactivity MTK was indispensable because it was a transitional step in the KAO-to-
ZEO synthesis pathway [12].
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Figure 1. (a) XRD diffractogram of kaolinite (KAO), metakaolinite (MTK) and synthesized zeolite A (ZEO)
with important peaks of zeolite A (Legend: A: Zeolite A, Kao: Kaolinite) (b) XRD diffractogram of samples

from different batches of synthesized zeolites (Z1-25).
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The formation of synthesized ZEO was confirmed by comparing the nine pronounced
peaks obtained in this study with the XRD pattern of sodium aluminum hydrate zeolite A [14].
The nine peaks in this study were identified at 26=7.13°, 10.12°, 12.40°, 16.20°, 21.63°, 23.94°,
27.08° 29.90°, and 34.14°, and they matched well with the theoretical XRD peaks of ZEO.
Meanwhile, the quartz peak's disappearance from the XRD pattern of ZEO suggested that the
synthesized ZEO showed a high degree of purity. Figure 1(b) shows the XRD pattern without
the quartz peak for five batches of ZEO repeatedly synthesized using the same method,
suggesting high reproducibility of the hydrothermal synthesis technique for synthesizing ZEO
from natural kaolinite.

In the drug loading experiment, no new XRD peak was identified in the immobilization
of STR molecules on ZEO. The adsorption of STR molecules was most likely limited to the
surface of ZEO because ZEO has a closely-packed and rigid framework structure with very
low porosity, making it hard for large ions to occupy the atomic space within the zeolite
framework [16]. Indeed, the structural stability of ZEO remained unchanged despite the
immobilization of STR.

The FT-IR spectra also supported the transformation of KAO to ZEO in the fingerprint
region of 1100 - 450 cm™* and hydroxy! stretching region from 3000 to 3900 cm™. Figure 2
shows the FT-IR spectra for KAO, MTK, and ZEO samples with pronounced peaks for several
important bonds, such as Si-O, Al-OH, and OH related to the transformation KAO to ZEO.
The raw KAO had a well-defined spectrum in this region due to Si-O, Si-O-Al, and Al-OH
vibrations. As for MTK, upon calcination at 900 °C, most of the bonds were disrupted,
indicating an amorphous state in the FT-IR spectrum. However, a small peak at 550 cm™
indicated the ionic Si-O-Si bond's presence, which was difficult to be broken as compared to
another ionic bond, such as the Al-OH bond with no peak at 910 cm™ (disrupted) in the FT-IR.
On the contrary, distinct peaks were observed at 650 and 1000 cm™, indicating strong Si-O
bonds.

; Adsorbed Gig) | o <
Ol waler
¢ | I

Transmittance (%)

[ 72 R | T S S |[,..|I

1 ' ' ' l 1 'l L '
4000 3500 3000

1000 500

1500
Wavenumber (ecm')

Figure 2. FTIR spectra of KAO, MTK, and ZEO.

Figure 3 shows the consistent pattern of FT-IR spectra of ZEO with varying peak
intensities in the fingerprint region between 1800 and 400 cm™* and hydroxy! stretching region
from 3000 to 3800 cm™. The peaks at 650, 548, and 456 cm indicated the presence of ZEO
[18]. The peak at 548 cm™ indicated the vibration of the four tetrahedral double rings (D4R),
which was dominant in the secondary building unit of the ZEO structure, and the peak at 456
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cm™ was probably the result of internal vibration of D4R. These four signature peaks did not
change in terms of intensity and peak position for all samples, suggesting that the cubic
structure of ZEO was fairly well maintained with all functionalized zeolite. Meanwhile, the
peak at 1636 cm™ was attributable to the hydration of water. Taken together, the presence of
ZEO was confirmed at the peak of 1000 cm™, which signified ample bonds of Si-O [17], and
the FT-IR spectrum of the synthesized ZEO matched with the characteristic peak of hydrated
ZEO.
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Figure 3. FTIR spectra of ZEO, 50ZS, 100ZS, 200ZS, and streptomycin sulfate.

As the concentration of STR-loaded to zeolite increased (ZEO < 50ZS < 100ZS <
200ZS), both the intensity of hydroxyl stretching from 3000 to 3800 cm™ and the adsorbed
water at peak 1636 cm™ decreased. These peaks overlapped with the important -NH peaks of
STR, which could be seen at 1650 cm™ [19]. The FT-IR spectra showed that the loading of
STR onto the synthesized ZEO did not show any distinctive peaks due to the presence of similar
groups, such as -OH and -NH in ZEO. In other words, the stronger peak of hydrogen bonds
and the inter-hydrogen bonds formed among the cationic antibiotic might have suppressed the
FT-IR peaks of STR molecules. Thus, the reduced intensity of the overlapped peaks could be
indicative that ZEO was successfully loaded with STR molecules.

Figure 4 shows the surface morphology of KAO, MTK, ZEO, and STR-loaded ZEO
(ZS samples) via FESEM analysis, and KAO could be observed by its characteristic platy
morphology and thick book stack-like structures [20]. In contrast, ZEO showed the distinct
morphology of cubic crystals with sharp edges. Figure 4 displays the presence of intergrowth
twinning interpenetrating the face of ZEO crystal onto its cubic shape with a negligibly low
amount of amorphous and aggregate materials (impurities). Such a structural feature happened
due to the stacking faults at the sodalite cage at the early nucleation stage [21]. The twin growth
was also commonly observed in fluorite crystals [22]. The ZEO crystals synthesized in this
study had particle sizes ranging from 6 — 8 nm, which were comparatively smaller than 50 nm
reported in a previous study [23]. The smaller particle size obtained in this study was probably
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due to the 20-hour aging before 100 °C crystallization stage. The synthesized ZEO was then
loaded with STR. Figure 4 shows the deposition of STR particles on the ZEO surface, but the
relatively large STR particles were unable to penetrate the internal pores of ZEO, which were
usually in the range of 0.3 — 1.0 nm in size [22]. Overall, there were apparent morphological
changes from the raw KAO to the cubic ZEO, suggesting a successful synthesis of ZEO crystal
with little impurity.

X10,000 WD 8.1mm 1um 50kV  X25000 WD 8.1mm 1pm

. ZEO  ZEO-STREP
Cubic intergrowth twinning S

Streptomycin
particles seen on
surface of zeolite

LEI 50KV X25000 WDS8.1mm Tpm LEI 5.0kV X25,000 WD 8.2mm 1um

Figure 4. FESEM micrographs showing KAO, MTK ZEO and ZEO-STREP.

Figure 5 shows the regular TEM pattern of ZEO, indicating its high crystallinity
structure, and this result aligned well with the sharp XRD peaks for the crystalline structure of
ZEO in Figure 1. This study's ZEO grain size ranged from 6 — 8 nm, which were comparatively
smaller than the range of 50 nm reported in another study [23]. The smaller grain size increased
the ZEO surface's susceptibility for STR loading and antibacterial activities [24]. Also, Figure
5 shows the pattern of selected area diffraction (SAED) for the synthesized zeolite sample in
the cubic formation of [1 0 0] and [1 0 O] with a regular single crystal, confirming that only
ZEO (A-type) was synthesized without any major impurities.

The adsorption of foreign molecules, especially organic molecules, would affect the
surface phenomena of the ZEO. In studying KAO, MTK, ZEO's dispersion behavior in the
aqueous and hexane media, Figure 6 shows that the STR-immobilised zeolite (ZS samples)
were more hydrophobic compared to individual KAO, ZEO, and STR. This analysis showed
that the surface alteration in zeolite could increase its hydrophobicity.
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20nm
Figure 5. Transmission electron microscopy (TEM) image of synthesized zeolite with selected area electron
diffraction (SAED) pattern of ZEO-STREP.

e

Figure 6. Dispersion behavior of samples in the hexane-water mixture.

The synthesis products of zeolite A from Malaysian local kaolinite minerals were
successfully characterized using XRD, FTIR, FESEM, EDX, TEM, and dispersion behavior.
The synthesized product contains high crystallinity of zeolite A with a smaller particle size of
6 to 8 nm. Despite rigid structure with small internal pores, adsorption of antibiotic
streptomycin was achieved on zeolite surfaces without any structural changes. Meanwhile, the
FESEM micrographs show the cubic structure zeolite A's expected morphology formation with
visible streptomycin particles on its surface. The TEM result highlights that the synthesized
zeolite has single crystal composition of zeolite A and hence, further justified that the product
has negligible impurities. The nature of streptomycin loaded zeolite A changed from
hydrophilic to hydrophobic due to its adsorption on its surface, making it favorable for
antibacterial activity.

3.2. Antibacterial activity.

The samples' antibacterial assay was conducted against Gram-negative bacteria (E. coli
ATCC 11229) and Gram-positive bacteria (S. aureus ATCC 6538) through DDT and MIC
techniques. These two bacteria represent commonly found bacteria in wastewater and prone to
cause infections to humans [25]. Streptomycin-loaded zeolite was prepared in three
concentrations (50, 100, and 200 mg/L) and compared with control samples. Streptomycin
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solution disc (10 mg/L) was used as the positive control, while paper disc soaked with distilled
water is used as the negative control for each experimental set of E. coli and S. aureus.

Figure 7(a) and (b) show the inhibition zone's images formed around the sample pellets
on bacteria plates. This result proves successful diffusion of streptomycin onto the media
containing bacteria. The inhibition zone of the 200ZS disc was the biggest for both bacteria,
followed by 100ZS and finally, 50ZS. As the concentration of streptomycin increases, the
inhibition zone's size also increases, showing increased antibacterial effect effectiveness.

Figure 7. The images of the plate from DDT against (a) S. aureus ATCC 6538 and (b) E. coli ATCC 11229.

The inhibition zone values for S. aureus and E. coli are shown in Table 1. Table 1 shows
that the inhibition zones for S. aureus are slightly bigger than E. coli for all streptomycin-
loaded zeolite samples. Inhibition zones as large as 2.02 and 2.36 cm against Gram-positive
and Gram-negative bacteria, respectively, are obtained from 200ZS samples. Streptomycin
works well on both bacteria but slightly higher inhibitory effect towards Gram-positive
bacteria. This might be due to the difference in cell wall composition where Gram-positive
bacteria have a thick peptidoglycan layer, whereas Gram-negative bacteria possess a complex
outer membrane layer, which could act as a selective barrier for any antibacterial compound
[26]. Hence, Gram-positive bacteria are proven more susceptible towards streptomycin loaded
synthesized zeolite as compared to Gram-negative bacteria.

Table 1. Inhibition zone diameter of the samples against bacteria.

Samples _ Inhi_bition zone (cm) _
E. coli (Gram-negative) | S. aureus (Gram-positive)
STR 2.13 241
KAO 0.00 0.00
ZEO 0.00 0.00
50ZS 1.60 2.04
100ZS 1.87 2.20
200ZS 2.02 2.36

The antibacterial efficacy of zeolite loaded with streptomycin can be attributed to the
electrostatic adsorption of polycationic streptomycin to the negatively charged component of
the bacteria's phospholipid membrane, as shown in Figure 8. Magnesium ions' displacement
follows this to enhance permeability and increase antibiotic uptake into the cell [27]. Once into
the cell, the streptomycin molecule attacks the ribosome causing mistranslated proteins to form.
Hence, this consequently leads to the cytoplasmic membrane damage that further facilitates
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subsequent streptomycin entry. The rapid uptake of additional aminoglycosides into the
cytoplasm has caused an increased inhibition of protein synthesis and mistranslation and,
therefore, accelerates cell death [28]. In an alternative point of view, there could also be a
hydrophobic attraction between functionalized zeolite and the lipophilic components of
bacterial cell walls, such as the phospholipids of Gram-positive and the phospholipids and
lipopolysaccharide (LPS) of Gram-negative bacteria. The hydrophobic attraction also
accelerates the action of streptomycin upon contact with bacteria [29]. The higher the
concentration of streptomycin used, the bigger the inhibition zone due to the bacterial cell
death.

Mistranslated peptide increases
streptomycin uptake

Attack ribosomg

) @® PN
®
electrostatic binding affinity .
and hydrophobic attraction . .

Zeolite

streptomycin

Figure 8. Possible mechanism of antibacterial action of streptomycin antibiotic immobilized on synthesized
zeolite.

MIC was tested to determine the lowest antibacterial agent's lowest concentration to
inhibit bacterial multiplication, reproduction, and growth. As a broad-spectrum drug,
streptomycin was used as a positive control in this study to show that the antibiotic has high
susceptibility towards both types of bacteria [30]. Both types of bacteria were susceptible to
the modified zeolite with the lowest MIC value for Gram-negative bacteria at 3.0 g/L in
distilled water, as shown from Table 2. Besides that, the antibacterial activity of streptomycin
loaded zeolite is directly proportional to the concentration of streptomycin used.

In general, the antibacterial activity of STR was better in distilled water compared to
saline water, probably because of a stronger polarity for the STR molecules in water, and the
Cl- ions in the saline would exert a chelating effect on STR, rending it less efficient in
antibacterial activity [31].

Table 2. MIC values of samples against Gram-positive bacteria and Gram-negative bacteria in distilled water
and 0.9% saline solution at 30 min incubation periods.

Samples MIC value (g/L) in 0.9% saline solution MIC value (g/L) in distilled water
E. coli S. aureus E. coli S. aureus
STR 0.5 1 0.5 1
ZEO >12 >12 >12 >12
50ZS >12 >12 12 >12
100ZS 12 >12 6 9
200ZS 6 9 3 6

Nevertheless, a salty medium would effectively inhibit bacteria's growth; a hypertonic
environment would cause the bacteria to lose water and eventually kill them [32]. In general,
https://biointerfaceresearch.com/
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the antibacterial activity of STR would be most efficient at the alkaline pH of about 8 to 9, but
the pH of the 0.9% saline solution used in this study was 5.5 (acidic), thereby reducing the
efficiency of the antibacterial action of STR [33].

To benchmark the antibacterial of STR against other materials, this study also compared
the MIC values of ZS samples with the reported clay-based composites in the works of
literature for their antibacterial actions against Gram-positive and Gram-negative bacteria in
both distilled water and 0.9% saline solution. As summarised in Table 3, ZS composites
showed favorable MIC values, i.e., with better antibacterial effect, when compared against
other clay-based composites, such as silver-kaolinite, silver-sodium adamsite (NaY) zeolite,
and graphene oxide-zeolite, although these materials had different antibacterial mechanisms
[34,35], and further studies would be needed to understand better the difference in the
antibacterial actions of these materials.

Table 3. Benchmarking of MIC values of this study against previously-reported studies.

Materials MIC value (g/L) in 0.9% MIC value (g/L) in References
saline solution distilled water
E. coli S. aureus E. coli S. aureus
Streptomycin-Zeolite 6 9 3 6 This work
Silver-Kaolinite 8 >14 >10 >10 [36]
Silver-NaY Zeolite 0.4 4 4 6 [37]
Graphene Oxide-Zeolite - - 7 5 [38]

4. Conclusions

ZEO was successfully synthesized from raw Malaysian KAO via the alkaline
hydrothermal process with high reproducibility. The synthesized ZEO was loaded with three
concentrations of aminoglycoside STR (50, 100, and 200 mg/L). The nanoporous ZEO with
particle sizes of 6 to 8 nm had a high crystallinity structure and stable surface adsorption
capacity toward STR without any structural changes. MIC values were as low as 3.0 g/L, with
an inhibition zone of 2.36 cm. ZS's favorable antibacterial properties made it a promising
antibacterial agent since the raw material used in this study (KAQO) was abundant, and the ZEO
synthesis was highly reproducible at a low cost.
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