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Abstract 
 
ZnO nanoparticles are known to have good antibacterial properties. However, because the 
particles are prone to agglomeration, their effectiveness can decrease, particularly when 
they are used as an active ingredient in mouthwash. To address this issue, ZnO 
nanoparticles were synthesized via green synthesis using pineapple peel (Ananas 
comosus L.) extract and subsequently combined with Zein polymer through a mixing 
method to form a nanocomposite, thereby minimizing agglomeration. The concentration of 
ZnO/Zein nanocomposite affects its ability to inhibit bacterial growth, especially on S. 
aureus and S. mutans. The results obtained showed that the ZnO/Zein nanocomposite 
composition of 1:2 at a concentration of 2.5% was the most effective in inhibiting S. aureus 
bacteria with an inhibition zone of 9.4±0.26 mm. For S. mutans, nanocomposites with a 
composition of 1:2 and 1:3 at a concentration range of 0.5-2.5% exhibited a relatively stable 
inhibition ability, ranging from 5.53 to 7.20 mm, which was better than that of pure ZnO. 
Although the antibacterial activity of the nanocomposite was lower than that of mouthwash 
containing 0.2% chlorhexidine, it still showed potential as a bacterial inhibitor. It is hoped 
that this ZnO/Zein nanocomposite can be used as an additive in antibacterial mouthwash 
formulations.  
 
Keywords: ZnO/Zein nanocomposite; antibacterial; concentration; S. aureus; S. mutans, 
mouthwash 
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1. Introduction 
 
Poor oral hygiene habits and awareness can trigger the growth of pathogenic bacteria, 
including S. mutans, which cause cavities, and S. aureus, which causes swollen gums (Kim 
et al., 2024). These bacteria can also be found on unclean oral hygiene tools, such as 
contaminated toothbrushes. When a toothbrush is used, bacteria can enter the oral cavity, 
grow, and colonize, leading to bad breath (Murukesan et al., 2023). Therefore, using 
mouthwash is one method to reduce bacterial growth and development (Afra & Modaresi, 
2017). One antibacterial ingredient often found in mouthwash is chlorhexidine, which can 
kill and inhibit various bacteria found in dental plaque (Pillai et al., 2023). However, 
excessive use of this mouthwash can cause side effects such as tooth staining, allergic 
reactions, and microbial imbalance. In the long term, it can also cause tartar buildup, taste 
disturbances, burning sensations, and irritation of the oral mucosa (Deus & Ouanounou, 
2022; Brookes et al., 2023). Due to the side effects of chlorhexidine in this mouthwash, its 
use is limited to around 0.2%. Therefore, alternative ingredients with antibacterial 
properties with minimal side effects are needed. 

Several researchers reported that mouthwash containing ZnO nanoparticles 
exhibited high antibacterial activity against S. mutans and had the potential to serve as an 
alternative to chlorhexidine-based mouthwash for plaque control (Kachoei et al., 2018; 
Eslami et al., 2021). However, its toxicity and safety at various concentrations still need to 
be further evaluated. ZnO nanoparticles have the potential to act as antibacterial agents 
and are used in oral care products such as mouthwash (Osorio et al., 2011; Carrouel et 
al., 2020). Mouthwashes containing zinc salts (zinc gluconate, zinc chloride) or ZnO 
nanoparticles have shown high in vitro antibacterial activity against S. mutans (Almoudi et 
al., 2018). They may even prevent plaque accumulation, making this material an alternative 
to 0.2% chlorhexidine and 0.05% sodium fluoride under certain conditions (Kachoei et al., 
2018). ZnO nanoparticles synthesized from plant extracts have demonstrated significant 
antibacterial effectiveness against various pathogens (Brunello et al., 2022). These 
nanoparticles can be synthesized using a green method, such as the employment of 
pineapple peel extract as a bioreductant (Rohmawati et al., 2024a; Setyarsih et al., 2025). 
The bioactive compounds in pineapple peel, including saponins, flavonoids, tannins, 
anthocyanins, vitamin C, carotenoids, and the enzyme bromelain, act as both reducing and 
capping agents, helping to prevent particle agglomeration and facilitating the formation of 
stable nanoparticles. 

The antibacterial properties of ZnO arise from several mechanisms, including the 
release of Zn2+ ions, the formation of reactive oxygen species (ROS), and the disruption 
and penetration of bacterial membranes. These processes can lead to DNA damage, 
mitochondrial dysfunction, protein oxidation, and leakage of essential intracellular 
components (Kim et al., 2022; Puspasari et al., 2022; Zare et al., 2022). The amount of 
Zn2+ released into the medium is influenced by particle size and suspension concentration 
(Naqvi et al., 2019). Smaller ZnO particles in a moderately concentrated suspension tend 
to release more Zn2+ ions, thereby enhancing their ability to inhibit microbial growth, 
because small particles have a relatively higher surface area-to-volume ratio, resulting in 
more surface atoms and increased solubility (Naqvi et al., 2019). However, ZnO 
nanoparticles are prone to agglomeration, which can diminish their dispersibility and overall 
antimicrobial performance. To address this issue, biopolymers such as Zein can be 
incorporated, as they help prevent nanoparticle aggregation and may further enhance the 
antimicrobial effect against microorganisms (Naguib et al., 2021). 
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Zein is a natural, biodegradable, and biocompatible protein derived from corn that 
functions as a carrier or matrix for antimicrobial nanoparticles. This biopolymer can form 
films or nanoparticles that gradually release active substances, thereby enhancing the 
effectiveness and stability of antimicrobial agents, such as ZnO, in mouthwash formulations 
(Kasper et al., 2016). Zein modified to coat thymol (a natural phenolic compound) 
demonstrated antimicrobial efficacy by disrupting bacterial biofilms and increasing 
antibiotic penetration (de Almeida Campos et al., 2023). Bortoletto-Santos et al. (2018) 
reported that ZnO coated with Zein exhibited good antimicrobial activity. This material can 
be developed for packaging applications because it shows high antibacterial activity and 
long-term performance against both gram-negative and gram-positive bacteria (Cao et al., 
2017). These studies indicate that the ZnO/Zein combination can improve mechanical, 
thermal, and barrier properties. However, research on ZnO and Zein combinations remains 
relatively limited, offering an opportunity to further investigate their potential as antibacterial 
agent in mouthwash, particularly for inhibiting the growth of S. aureus and S. mutans. The 
findings of this research are expected to support the development of ZnO/Zein 
nanocomposite formulations for potential applications in mouthwash. 
 

2. Materials and Methods 
 
The materials that need to be prepared in the research include distilled water, pineapple 
peel (Ananas comosus L.), zinc acetate dihydrate (Zn (CH3COOH)2‧2H2O, Merck), NaOH 
(Sigma Aldrich), Zein polymer (Sigma Aldrich), 96% ethanol (Merck), Polyvinyl Alcohol 
(PVA, Merck). In carrying out the research, the tools needed are a mortar and pestle, a 
glass and an iron spatula, a 200-mesh sieve, a beaker, a stirrer, a drying oven, a digital 
scale, a measuring cup, a Whatman filter paper, aluminum foil, a petri dish, a centrifuge, a 
sonicator, and a 250 mL beaker. 
 
2.1 Fabrication of ZnO/Zein nanocomposites 
 
Before preparing the ZnO/Zein nanocomposite, ZnO nanoparticles were first synthesized 
using the green synthesis method, as described in previous research (Rohmawati et al., 
2024a). The stages of this process are illustrated in Figure 1. The pineapple skin was first 
peeled; the pericarp was separated and then washed using distilled water to remove dust 
and dirt. A total of 10 g of pineapple skin was put into 100 mL of distilled water.  

The mixture was stirred at 80°C for 1 h using a stirrer. After that, the solution was 
cooled to room temperature and filtered to separate solid lumps. From the resulting yellow 
solution, 50 mL was taken, and then 10 mL of distilled water and 4 g of zinc acetate 
dihydrate were added. The mixture was sonicated at 40°C for 1 h until it reached an alkaline 
pH (approximately 10-13). Then, 100 mL of NaOH solution was added, and the mixture 
was centrifuged. The precipitate obtained was then dried in an oven at 120°C for 12 h, 
yielding ZnO powder. It should be noted that the use of pineapple peel extract in the green 
synthesis of ZnO nanoparticles as a bioreduction and capping agent (Rohmawati et al., 
2025), to help stabilize Zn2+ ions, accelerate ZnO nucleation and prevent agglomeration so 
that uniform nano sizes are formed (Klinbumrung et al., 2022; Rohmawati et al., 2024a). In 
this case, zinc ions from zinc acetate are reduced by the hydroxyl groups of phenolic 
compounds, flavonoids, and polysaccharides of pineapple peel extract, which form zinc 
metal particles, which are then oxidized by NaOH into ZnO nanoparticles and stabilized by 
organic molecules (Klinbumrung et al., 2022). The chemical reactions during the green 
synthesis process of ZnO nanoparticles are as follows: 
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Figure 1. Synthesis procedure of ZnO nanoparticles 
  

 
 

Zn(CH3COO)2 ‧ 2H2O(s) → Zn2+(aq) + 2CH3COO- (aq) + 2H2O(l)  (1) 
 

1) Complex formation with phenolic compounds (sonication process 40°C) 
 

 

Zn2+(aq) + n Phenolics-OH (aq) ⇌ [Zn(Phenolate)n]2+(aq) + n H+(aq) (2) 
 

2) Bioreduction of Zn2+ to Zn0 by pineapple peel extract as a reducing agent (alkaline pH 
~10-13) 
 

 

[Zn(Phenolate)n]2+ (aq) + Polyphenols (aq) → Zn0 (s) + Oxidized phenolics (aq) (3) 
 
The polyphenols from pineapple peel extract act as natural reducing agents, donating 
electrons (e-) and protons (H+) to convert Zn2+ ions into nanoscale zinc metal particles 
(Zn0). A high pH is required to activate the polyphenols and allow them to act as reducing 
agents.  
 
3) Addition of NaOH to form Zn(OH)2 in a basic state 

 
 

Zn0 (s) + 2NaOH(aq) + ½ O2 (g) → Zn(OH)2 (s) + H2O(l) + Na+ (aq) 
 

(4) 
 
This stage, after centrifugation, yields Zn(OH)2 solids and a clear supernatant containing 
Na+ ions and water, which is then dried. 
 
4) Dehydration of Zn(OH)2 into ZnO nanoparticles during drying 

 
Zn(OH)2 (s) → ZnO(s) + H2O(g) 

 

(5) 
 

An illustration of the formation of ZnO nanoparticles during the green synthesis process is 
shown in Figure 2.  
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Figure 2. Mechanism of ZnO nanoparticle formation by bioreduction of pineapple peel 
extract 

  
After the ZnO nanoparticle powder was formed, the fabrication process of the 

ZnO/Zein nanocomposite was carried out, as shown in Figure 3, which consisted of the 
following stages. First, a ZnO/Zein mixture was prepared with a 1:2 ratio, which was 
achieved by dissolving 0.2 g of ZnO into 15 mL of PVA solution. This solution was then 
stirred using a stirrer at a speed of 500 rpm for 90 min at a temperature of 80°C. The next 
stage involved dissolving 0.35 g of 1 M NaOH in 95 mL of ethanol, along with 0.4 g of Zein 
polymer. This mixture was sonicated for 30 min to accelerate the formation of zein 
aggregates and produce a homogeneous solution. After that, the ZnO solution and zein 
solution were mixed using a stirrer at a speed of 500 rpm at a temperature of 80°C for 30 
min to evaporate the ethanol. Next, the ZnO/Zein mixture was centrifuged at 2500 rpm for 
45 min to separate the solid phase from the liquid phase, resulting in a yellow precipitate. 
The ZnO/Zein solid precipitate was then dried in an oven at 60°C for 6 h. For the ZnO/Zein 
composition with a ratio of 1:3, the procedure used was the same, using 0.2 g of ZnO and 
0.6 g of Zein. In this study, ZnO/Zein compositions of 1:2 and 1:3 were used. These ratios 
were based on previous studies on Zein-coated ZnO (Naguib et al., 2018), where systems 
with relatively high Zein content were shown to be able to reduce ZnO aggregation, 
increase dispersion stability in repeated media and produce more ZnO release, sustaining 
antibacterial activity.  
 
2.2 Preparation of antibacterial activity test  
 
Antibacterial activity was evaluated using the Kirby-Bauer disc diffusion method. Three 
sample formulations, namely ZnO nanoparticles, ZnO/Zein (1:2), and ZnO/Zein (1:3) 
nanocomposites, each at five concentration levels (0.5, 1, 1.5, 2, and 2.5%) were tested 
against two bacterial strains: Staphylococcus aureus (ATCC 25923) and Streptococcus 
mutans (ATCC 25175). A 0.2% chlorhexidine mouthwash solution and distilled water 
served as positive and negative controls, respectively, for each bacterial strain. Bacterial 
suspensions with an optical density of 0.1 at a wavelength of 600 nm were prepared, and 
100 μL of each suspension was evenly spread onto the surface of Mueller Hinton Agar 
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(MHA) using a sterile cotton swab. Paper discs impregnated with 30 μL of each test sample 
were placed onto the inoculated agar surface. The petri dishes were incubated at 35°C for 
24 h. The assay was performed in triplicate, and antimicrobial activity was determined by 
measuring the diameter of the inhibition zone formed around each disc. The stages of the 
antibacterial test preparation process are illustrated in Figure 4. 
 

 
 
 

Figure 3. Fabrication procedure of ZnO/Zein nanocomposite 
 
 

 
 

Figure 4. Antibacterial activity process 
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2.3 Characterization  
 
In this study, the crystal structure characterization of the synthesized samples was carried 
out using an XRD (X-ray Diffraction) Smartlab Rigaku, supported by High Score Plus 
software and the powder diffraction file (PDF) database. The test was conducted using a 
Cu anode radiation source at a voltage of 40 kV, a current of 30 mA, and a Cu Kα 
wavelength of 1.54 Å, with a Bragg-Brentano optical system. Measurements were carried 
out at an angle of 5° to 90° with a data collection step of 0.01° per minute. From the results 
of the XRD test, the diffraction pattern formed was used for phase identification using the 
Match! Software, and the crystallite size was calculated using Scherrer, according to 
equation (6), as follows:  
 

 

𝐷𝐷 =
𝜆𝜆𝜆𝜆

𝛽𝛽 cos𝜃𝜃
 (6) 

 
where D is the average crystallite size (nm), K is a constant (0.94), λ is the wavelength of 
x-rays (0.154 nm), β is the FWHM (full width at half maximum) in radians, and θ is the 
diffraction angle in radians. The distance between crystal planes (dhkl) for the wurtzite 
structure was calculated using the formula according to equation (7) below: 
 
 

 

1
𝑑𝑑ℎ𝑘𝑘𝑘𝑘2 =

4
3
∙
ℎ2 + ℎ𝑘𝑘 + 𝑘𝑘2

𝑎𝑎2
+
𝑙𝑙2

𝑐𝑐2
 (7) 

 
 
where a and c are the crystal lattice parameters (nm), while h, k, and l are the Miller indices 
of the crystal plane. The microstrain (ε) and dislocation density (ρ) in the crystal was 
determined using the Williamson and Smallman equations according to equations (8) and 
(9) with n (diffraction order) of 1 (Rao et al., 2018; Khier et al., 2021) as follows: 
 

𝜀𝜀 =
𝛽𝛽 𝐶𝐶𝐶𝐶𝐶𝐶 𝜃𝜃

4
 

 

(8) 
 

𝜌𝜌 =
𝑛𝑛
𝑑𝑑ℎ𝑘𝑘𝑘𝑘2  (9) 

 
 

Fourier transform infrared (FTIR) testing, using a Shimadzu IR Tracer-100, was 
conducted in this study to identify the functional groups present in the samples. The test 
results are presented as absorption peaks in the wavenumber range of 4000 to 500 cm-1. 
Characterization of the sample surface morphology was performed using a Thermo Fisher 
Phenom ProX type SEM (scanning electron microscope) with a magnification of up to 
30,000 times. From the SEM results, the image of the elements in the sample was analyzed 
using EDX (energy dispersive X-ray). To determine the grain size distribution, the best 
image from the SEM results was processed using ImageJ software, considering 100 grains 
as the analysis data. 
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3. Results and Discussion 
 
The XRD results of the samples in this study are shown in Figure 5(a). The ZnO/Zein 
samples of composition (1:2) and (1:3) had the same diffraction peaks as the pure ZnO 
sample according to the JCPDS (joint committee on powder diffraction standards) 
standard, File No. 36-1451. The diffraction patterns confirmed the presence of the wurtzite 
phase with crystal plane orientations of (100), (002), (101), (102), (110), (103), (200), (112), 
(201). In Figure 5(b), it can be seen that the diffraction peaks in both ZnO/Zein samples 
exhibit a slight shift and broadening, which can be attributed to the presence of the Zein 
polymer in the sample structure. The XRD results of the Zein sample showed two diffraction 
peaks at 2θ angles of 9.96° and 19.73°, with broad, horizontal peak shapes and a wide 
halo around these angles, indicating the amorphous nature of the polymer (Naguib et al., 
2018; Jeong et al., 2025). In the ZnO/Zein compositions (1:2) and (1:3) in Figure 5(a), the 
Zein peak was not found at these angles. In addition to the presence of the highly crystalline 
ZnO phase with its dominant high diffraction peak and greater scattering ability that masked 
the weak Zein diffraction signal, the Zein molecules were dispersed as a thin layer or matrix 
around the ZnO nanoparticles, so that the size of the neatly arranged Zein domains 
became very small and the chain arrangement became irregular. As a result, the Zein 
contribution only appeared as an amorphous background and did not appear as a separate 
diffraction peak. 

In Figure 5(b), it is evident that the ZnO/Zein (1:2) sample exhibited a shift in the 
diffraction peak towards a larger 2θ angle, indicating a decrease in the interplanar distance. 
Conversely, in the ZnO/Zein (1:3) sample, there was a shift in the peak to a smaller angle, 
which indicated an increase in the distance between the crystal planes. The change in the 
peak to a larger angle was likely caused by the presence of compressive stress in the 
crystal lattice. Conversely, increasing the polymer content can cause a shift in the peak 
towards a smaller angle due to tensile strain, thereby increasing the distance between the 
crystal planes (Indolia & Gaur, 2013). According to Figure 5(b), a diffraction peak shift was 
observed at an angle of 36.3°, corresponding to a known crystal plane orientation (101). 
The FWHM of the ZnO/Zein (1:2) and (1:3) samples at that angle were 0.563° (1.768 
radians) and 0.526° (1.652 radians), respectively, while the pure ZnO sample was 0.388° 
(1.218 radians). The difference in FWHM in the three samples affected the crystallite size 
and dislocation density. According to equation (9), the dislocation densities (ρ) for the ZnO, 
ZnO/Zein (1:2), and ZnO/Zein (1:3) samples were 9.09×1014, 21.11×1014, and 19.44×1014 
lines/cm2, respectively. More details are presented in Table 1. The dislocation density value 
tended to increase when Zein polymer was added. This indicated the presence of strain 
and distortion in the ZnO crystal structure, which inhibited the growth of ZnO crystals. 
However, in the ZnO/Zein composition of 1:3, the dislocation density decreased, and even 
the crystallite size increased. It is known that the crystallite sizes of ZnO and ZnO/Zein (1:2 
and 1:3) are 33.17, 21.77 nm (1:2) and 22.68 nm (1:3). This increase in crystallite size in 
the ZnO/Zein composition (1:3) was due to the presence of Zein, which actually allowed 
agglomeration so that Zein was unable to inhibit the growth of ZnO crystals. However, all 
samples in this study were included in the nanocrystallite category because their sizes 
were ≤100 nm (Dong et al., 2021). The increase in dislocation density and lattice strain due 
to the addition of Zein can increase crystal defects and active sites on the ZnO surface, 
potentially enhancing surface reactivity, Zn2+ release, and ROS formation. Thus, structural 
modifications to the ZnO/Zein nanocomposite were expected to enhance its antibacterial 
activity and functional performance as a mouthwash. 
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(a) 

 

(b) 

 

Figure 5. XRD results (a) sample diffraction pattern, (b) magnification of the diffraction 
peak at the crystal plane orientation (101) 

 
Table 1. XRD spectrum data on zno/zein sample 

Sample Planes 
(101) 
2θ 

FWHM 
(°) 

d(101) 
(nm) 

Crystallite 
size (nm) 

Lattice 
parameters 

(Å) 

c/a ε 
(x 10-3) 

(ρ)×1014 
lines/cm2 

a=b c 
ZnO 36.94 0.38 2.43 33.17 3.175 5.206 1.639 1.692 9.09 

 

ZnO/ 
Zein 
(1:2) 

 

36.36 0.56 2.467 21.77 3.235 5.21 1.61 2.456 21.11 
 

ZnO/ 
Zein 
(1:3) 36.30 0.52 2.473 22.68 3.243 5.214 1.607 2.294 19.44 

 
The peak shift in the crystal plane orientation (101) presented in Table 1 indicated 

a strong interaction between the Zein matrix and ZnO. The shift that occurred resulted in 
an increase in the distance between crystals caused by crystal lattice defects. With 
increase in the concentration of Zein in ZnO, in the case at the composition of 1: 2 and 1: 
3 ZnO/Zein, the c/a value decreased, which indicated a dominant compressive strain along 
the c-axis due to the interaction of ZnO and Zein, where the presence of Zein causes more 
defect lines (Khatir & Zak, 2024). Compressive strain increases FWHM and decreases the 
crystallite size. Although there was a shift in the diffraction peak, there was no significant 
difference between pure ZnO and the composite with Zein, indicating that the wurtzite 
structure was still exhibited. The crystal lattice parameters of the wurzite structure, as 
reported by Rao et al. (2018), show that pure ZnO had a crystal constant (a = b = 3.235 Å, 
c = 5.213 Å), and the data that had been obtained showed an approach to the value that s 
not much different. 
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The FTIR results of ZnO and ZnO/Zein samples at wavenumbers of 4000 to 500 
cm-1 are shown in Figure 6. The black line, which is that of the ZnO sample, indicated 
organic compound bonds at wavenumbers 3350 to 865 cm-1. These were attributable to 
the presence of organic molecules from the pineapple peel extract (used as the 
bioreductant synthesized via green synthesis of the ZnO nanoparticles) adhering to and 
functioning as a capping agent on the ZnO surface. Küünal (2022)  reported that the main 
functional groups involved in the reduction of metal ions included hydroxyl, carbonyl, 
amino, and methoxide groups, which bound to metal ions through electrostatic forces, 
thereby triggering their reduction. The C-N stretching vibration at 1425 cm-1 in the FTIR 
spectrum was attributed to the amine group in the remaining organic compounds of the 
bioreductant from pineapple peel extract, which contained free amino acids, and to the 
presence of the enzyme bromelain, which contributes significantly to the overall protein 
content (Campos et al., 2020). Sidhu et al. (2022) reported that amino groups in proteins 
and amino acids played a role in binding to metal surfaces, thereby providing steric 
hindrance that stabilized nanoparticles and prevented aggregation.  

In this study, the authors did not perform separate FTIR or UV-Vis analyses of the 
pineapple peel extract, as the main focus was on characterizing the resulting ZnO/Zein 
nanocomposite. The role of pineapple peel extract as a reducing agent and stabilizer has 
been widely reported. Klinbumrung et al. (2022) and several other studies (Alzura et al., 
2025; Rini et al., 2025) on the green synthesis of ZnO from pineapple peel showed that the 
extract contained phenolic compounds, flavonoids, and the functional groups O–H, C=O, 
C=C, and C–O, which were confirmed through FTIR analysis. These groups played a role 
in the process of metal ion reduction and nanoparticle stabilization. Therefore, in this study, 
we refer to the results of these characterizations and used similar synthesis conditions; 
assuming that the reduction and stabilization mechanisms of the pineapple peel extract 
operate similarly, although FTIR/UV–Vis measurements of the pure extract were not 
explicitly repeated. 

The absorption peak of ZnO/Zein in FTIR spectrum was identified at a 
wavenumber of 3402 cm-1, which indicated an O-H chemical bond, namely the bond 
between an alcohol and a phenol. The covalent bond C-H or CH2 was detected at a 
wavenumber of 2931 cm-1, corresponding to the stretching of the methylene group 
associated with the organic compound Zein during the formation of the matrix. At 
wavenumber 1649 cm-1, the ZnO/Zein sample was indicated to have a functional group -
C=O (amide bond I) and 1546 cm-1, which is an amide bond II (-NH) in accordance with 
the results of previous studies detected at 1642 and 1526 cm-1 (Schmitz et al., 2020). The 
C=C vibration, which is characteristic of aromatic rings of Zein, was detected at a 
wavenumber of 1438 cm-1. The C-O chemical bond, also characteristic of the Zein matrix 
structure, is identified at 1091 cm-1. 

Additionally, the absorption peak at 839 cm-1 in the ZnO/Zein sample indicates a 
C-N chemical bond related to the aliphatic amine group. It suggests an interaction between 
ZnO and Zein, which was identified in previous studies in the 1000-600 cm-1 region (Ayazi 
et al., 2024). The presence of the ZnO/Zein composite sample is observed at the 
absorption peak of 555 cm-1, corresponding to the Zn-O functional group. This was in 
agreement with Hassanein et al. (2021), who reported it at 573 cm-1. The absorption peaks 
for each sample are presented in Table 2. 

The morphology of the ZnO/Zein sample obtained from SEM-EDX characterization 
is presented in Figure 7, with a magnification of 30,000 times. The ZnO nanoparticles in 
Figure 7(a) showed agglomeration, which was indicated by the presence of gaps and 
uneven particle dispersion, which likely affected their dimensions. The EDX results on the 
sample showed that the composition of O and Zn elements was 14.70% and 85.30%, 
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respectively. The presence of the N element in the ZnO nanoparticle sample was not 
detected in the EDX results, even though the FTIR spectrum (Figure 6) indicated C-N bond 
vibrations from the amino groups of organic compounds present in pineapple peel extract. 
The amino groups in this protein were weakly adsorbed to the ZnO surface, providing steric 
hindrance to stabilize the nanoparticles (Sidhu et al., 2022). This superficial adsorption was 
detected as a C-N peak in the FTIR, but the very low N content did not reach the detection 
limit of SEM-EDX due to the instrument’s limited sensitivity for light elements 
(Jayachandran et al., 2021; MacArthur et al., 2021).  

 

 
Figure 6. FTIR spectra of the samples 
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Table 2. Absorption peaks of samples resulting from FTIR characterization 

Sample Wavenumber (cm-1) Types of Bonds 

Experiment Reference 

ZnO 

3350 3435 (El-Khawaga et al., 2025) -O-H 

1652 1631 (Oktavia & Rohmawati, 2022) -C=C 

1558 1549 (Rohmawati et al., 2024a) C=O 

1425 1403 (Abdelbaky et al., 2022) C-N 

1074 1072 (Abdelbaky et al., 2022) C-O 

865 875 (Hamouda et al., 2023) C-H Stretching 
Vibrations 

779, 688, 
554 

782, 688, 548 (Rohmawati et al., 
2024a) 

Zn-O 

Zein 3435 3310 (Gonçalves et al., 2020) O-H bond 

2931 2926 (Rohmawati et al., 2024b) Stretching N-H 

1645 1650 (Batool et al., 2022) Stretching C=O 
(amide I bond) 

1541 1510 (Batool et al., 2022) Vibration N-H and 
stretching C-H 
(amide bond II) 

1450 1400 (Ranimol et al., 2021) C=C aromatic 
stretching 

1031 1034 (Gonçalves et al., 2020) Stretching C-O 

ZnO/Zein 3402 3400 (Naguib et al., 2018) O-H bond 

2931 2954 (Ayazi et al., 2024) Stretching vibration 
CH2 

1649 1642 (Schmitz et al., 2020) -C=O Amide I bond 

1546 1526 (Schmitz et al., 2020) -NH Amide Bond II 

1438 1453 (Rohmawati et al., 2024a) Vibration C=C 

1091 1076 (Hassanein et al., 2021) C-O stretching 

839 600-1000 (Ayazi et al., 2024) Vibration of alkene 
group C-N 

555 573 (Hassanein et al., 2021) Zn-O 
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Figure 7. SEM-EDX results (a) ZnO; (b) ZnO/Zein 1:2; (c) ZnO/zein 1:3 
 

The morphological structure of the ZnO/Zein (1:2) nanocomposite in Figure 7 (b-
c) showed ZnO nanoparticles evenly dispersed on the Zein surface, with the identified EDX 
results being C, N, O, and Zn elements, which had elemental weights of 4.60%, 9.91%, 
12.41% and 73.07%, respectively. In comparison, the ZnO/Zein (1:3) sample identified 
similar elements with elemental weights of 8.90%, 13.70%, 19.47%, and 58.00%, 
respectively. The natural protein properties of Zein can form a protective layer on the ZnO 
surface, thereby reducing direct interactions between ZnO particles, which can cause 
aggregation (Pascoli et al., 2018). Zein can play a role in preventing aggregation in ZnO, 
thus maintaining its nanoscale size (Naguib et al., 2018). 

The results for average particle size using ImageJ are shown in Figure 8, which 
considered 100 grains in each sample. The average grain distribution in the ZnO sample 
was 54.93 nm, while the ZnO/Zein nanocomposites with compositions of 1:2 and 1:3 had 
grain sizes of 36.48 nm and 45.37 nm, respectively. Particles with sizes between 1 and 
100 nm are referred to as nanoparticles or nanocomposites (Donough et al., 2024). 
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Figure 8. Average particle size distribution (a) ZnO; (b) ZnO/Zein 1:2; (c) ZnO/zein 1:3 

 
Antibacterial activity against S. aureus and S. mutans bacteria was conducted 

using the disc diffusion method. The test was performed with 0.5%, 1%, 1.5%, 2% and 
2.5% solutions of the ZnO nanoparticle samples and the ZnO/Zein 1:2 and 1:3 samples. A 
chlorhexidine 0.2% mouthwash solution served as positive control (+) and distilled water 
served as negative control (-). The results of the antibacterial test were presented in the 
form of qualitative data, with concentrations of 0.5%, 1%, 1.5%, 2%, and 2.5% marked by 
clear zones, as shown in Figures 9 and 10. 

Differences in the size of the clear zone are visible in Figure 9 for S. aureus and in 
Figure 10 for S. mutans. The inhibition zone of S. aureus bacteria from ZnO samples and 
ZnO/Zein compositions of 1:2 and 1:3 appeared larger than that of S. mutans. Although 
the cell walls of S. aureus bacteria are thicker (~30 nm peptidoglycan), the absence of an 
outer membrane allows ZnO nanoparticles to generate ROS that more effectively attack 
the peptidoglycan and plasma membrane (Abebe et al., 2020; Emami-Karvani & Chehrazi, 
2012). Besides that, S. aureus bacteria are more sensitive to ZnO because their 
peptidoglycans are more porous with natural hydrolases that form gaps (Salamaga et al., 
2021; Wang et al., 2022). In contrast, S. mutans bacteria are more resistant due to their 
tendency to form biofilms with strong exopolysaccharides, which hinder nanoparticle 
penetration (Tiwari et al., 2018; Babayevska et al., 2022). More details regarding the results 

(a) (b) 

(c) 
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of the inhibition zone diameter measurements are shown in Table 3. Inhibition zone 
diameter data (mm) are in the form of mean±SD (repetition, n = 3). The effects of sample 
types such as control (+), ZnO/Zein (1:2), ZnO/Zein (1:3), and concentrations ranging from 
zero to 2.5%, on the inhibition zone were analyzed using two-way ANOVA, which was then 
followed by further Tukey HSD tests for comparisons between samples at each 
concentration. A p-value < 0.05 was considered statistically significant. 

 

   
 

Figure 9. Antibacterial activity test results against S. aureus (a) ZnO, (b) ZnO/Zein (1:2), 
(c) ZnO/Zein (1:3) 

 

   

 
Figure 10. Antibacterial activity test results against S. mutans (a) ZnO, (b) ZnO/Zein 

(1:2), (c) ZnO/Zein (1:3) 
 
In Table 3, the diameter of the inhibition zones of ZnO, ZnO/Zein (1:2), and 

ZnO/Zein (1:3) against S. aureus and S. mutans indicates the ability of each sample to 
inhibit bacterial growth surrounding the sample well, with larger zones reflecting greater 
antibacterial potency. The antibacterial activity of the three formulations was lower than 
that of 0.2% chlorhexidine mouthwash (positive control) because the test in this study used 
only the ZnO/Zein solution in distilled water without other mouthwash additives. According 
to the two-way ANOVA (Table 4), concentration had a highly significant effect on inhibition 
zone diameter against S. aureus (F = 13.10, p<0.001), while sample type alone did not 
show a significant effect (F = 3.30, p = 0.051). For S. mutans, sample type had a highly 
significant effect (F = 6.86, p = 0.004), whereas concentration alone did not reach statistical 
significance (F = 2.58, p = 0.058). However, the interaction between sample type and 
concentration was significant for S. aureus (F = 2.45, p = 0.036) and highly significant for 
S. mutans (F = 4.52, p = 0.001), indicating that the antibacterial response of each sample 
type was differentially influenced by concentration.  

 
 

1% 0.5% 

1.5% 

2% 
2.5% 

2% 

2.5% 

1.5% 

1% 0.5% 

control (+) 

control (-) 

0.5% 1% 

1.5% 

2% 
2.5% 

(a) (b) (c) 

1.5% 

2% 

2.5% 

control (+) 

control (-) 

2.5% 
2% 

1.5% 

1% 
0.5% 0.5% 1% 

1.5% 

2% 

2.5% 

1% 0.5% 
(a) (b) (c) 

control (+) 

control (-) 

control (+) 

control (-) 

control (+) 

control (-) control (-) 

control (+) 



Table 3. Inhibition zone values of samples against S. aureus and S. mutans bacteria (mean±SD) and Tukey group 

Microorganism Concentration (%) Sample Inhibition Zone Diameter (mm, 
mean±SD) 

Tukey Group* 

S. aureus 0 Control (+) (0.2% 
chlorhexidine) 

22.30±0.00 - 

0.5 ZnO 6.53±0.55 a 
ZnO/Zein (1:2) 7.10±0.26 a 
ZnO/Zein (1:3) 7.17±1.07 a 

1 ZnO 8.17±0.64 a 
ZnO/Zein (1:2) 8.30±0.53 a 
ZnO/Zein (1:3) 7.60±1.01 a 

1.5 ZnO 9.07±0.25 a 
ZnO/Zein (1:2) 8.43±0.32 a 
ZnO/Zein (1:3) 7.97±0.21 b 

2 ZnO 10.90±1.56 a 
ZnO/Zein (1:2) 9.00±0.36 a 
ZnO/Zein (1:3) 8.30±0.87 a 

2.5 ZnO 8.50±0.17 a 
ZnO/Zein (1:2) 9.40±0.26 a 
ZnO/Zein (1:3) 8.63±1.44 a 

S. mutans 0 Control (+) (0.2% 
chlorhexidine) 

14.80±0.00 - 

0.5 ZnO 8.13±0.71 a 
ZnO/Zein (1:2) 5.53±0.06 b 
ZnO/Zein (1:3) 5.53±0.06 b 

1 ZnO 6.87±0.60 a 
ZnO/Zein (1:2) 5.73±0.06 b 
ZnO/Zein (1:3) 5.73±0.06 b 

1.5 ZnO 6.67±0.83 a 
ZnO/Zein (1:2) 5.73±0.12 a 
ZnO/Zein (1:3) 5.73±0.12 a 

2 ZnO 6.40±0.17 a 
ZnO/Zein (1:2) 6.47±0.98 a 
ZnO/Zein (1:3) 6.47±0.98 a 

2.5 ZnO 6.27±0.40 a 
ZnO/Zein (1:2) 7.20±1.04 a 
ZnO/Zein (1:3) 7.20±1.04 a 

*Different letters within the same concentration level indicate significant differences among sample formulation (p<0.05, Tukey HSD test) 
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Table 4. Two-way ANOVA results for the effect of sample type and concentration on inhibition zone diameter against S. aureus and 
S. mutans 

Bacterium Source of Variation df SS MS F p-value Sig. 
S. aureus Sample type 2 3.94 1.97 3.30 0.051 ns 

Concentration 4 31.32 7.83 13.10 <0.001 ** 
Type × Concentration 8 11.72 1.47 2.45 0.036 * 

Residual 30 17.93 0.598 - - - 
S. mutans Sample type 2 5.38 2.69 6.86 0.004 ** 

Concentration 4 4.04 1.01 2.58 0.058 ns 
Type × Concentration 8 14.20 1.77 4.52 0.001 ** 

Residual 30 11.76 0.392 - - - 

**p<0.01 (highly significant); *0.01≤p<0.05 (significant); ns = not significant (p≥0.05); SS = sum of squares; MS = mean square; df 
= degrees of freedom; F = ratio of MS (treatment) to MS (residual) 
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At a concentration of 2% (Table 3), ZnO nanoparticles produced the largest 
inhibition zone against S. aureus bacteria (10.90±1.56 mm), followed by ZnO/Zein (1:2) 
(9.00±0.36 mm) and ZnO/Zein (1:3) (8.30±0.87 mm). Although the mean values differed 
numerically, Tukey HSD post hoc analysis indicated no statistically significant differences 
among the three formulations at this concentration (p>0.05), likely due to the relatively high 
variability observed in the ZnO replicates (SD = 1.56 mm). It suggests that at 2% 
concentration, the antibacterial performance of ZnO/Zein nanocomposites was 
comparable to that of ZnO nanoparticles alone against S. aureus. The inhibition zones 
produced by all tested formulations were considerably lower than that of the 0.2% 
chlorhexidine positive control (22.30 mm for S. aureus and 14.80 mm for S. mutans). It is 
expected that chlorhexidine is a broad-spectrum antiseptic with multiple mechanisms of 
action and enhanced membrane permeability (Deus & Ouanounou, 2022). In contrast, the 
test formulations consisted solely of ZnO or ZnO/Zein dispersed in distilled water without 
additional surfactants or penetration enhancers. Nevertheless, the antibacterial activity 
demonstrated by ZnO/Zein nanocomposites at concentrations ≥1.5% is considered 
promising for further formulation development into a complete mouthwash product (Chang 
et al., 2024). The higher inhibition zones observed for pure ZnO nanoparticles at 
concentrations 2% compared to ZnO/Zein nanocomposites can be attributed to the 
absence of a polymeric matrix, which allows Zn2+ ions and ROS to diffuse more freely and 
rapidly into the agar medium (Naqvi et al., 2019). In contrast, the incorporation of Zein 
polymer may initially retard Zn2+ ion release due to its hydrophobic nature, which tends to 
form a compact layer around the nanoparticles, thereby acting as a diffusion barrier 
(Naguib et al., 2021). However, at a concentration of 2.5% ZnO, the inhibition zone against 
S. aureus bacteria actually decreased to 8.50±0.17 mm compared to 10.90±1.56 mm at 
2%. This was probably caused by the aggregation of ZnO particles, forming larger particle 
sizes. As a result, the available active area was reduced, weakening the interaction 
between ZnO and bacteria. This condition inhibited the diffusion process of Zn2+ ions into 
the agar medium, slowing the release of these ions, and ultimately reducing the 
antibacterial effectiveness at that concentration. 

At a concentration of 2.5%, ZnO/Zein (1:2) produced the largest inhibition zone 
against S. aureus bacteria (9.40±0.26 mm), followed by ZnO/Zein (1:3) (8.63±1.44 mm) 
and ZnO nanoparticles (8.50±0.17 mm) (Table 3). Tukey HSD post hoc analysis revealed 
no statistically significant differences among the three formulations at this concentration 
(p>0.05), likely due to high variability in ZnO/Zein (1:3) replicates (SD = 1.44 mm) and the 
relatively small differences in mean values, indicating comparable antibacterial performace 
across all formulations at this concentration. The relatively higher inhibition zone of 
ZnO/Zein (1:2) may be attributed to the role of Zein in preventing nanoparticle 
agglomeration, thereby maintaining a larger effective surface area and sustaining Zn2+ ion 
release. In contrast, the ZnO.Zein (1:3) formulation, which contains a higher Zein content, 
may form a thicker polymeric layer, resulting in more restricted Zn2+ release and hindered 
ROS diffusion, which may partially reduce its antibacterial efficacy to ZnO/Zein (1:2). The 
inhibition zones of ZnO nanoparticles at 0.5% and 1% against S. aureus (6.53±0.55 mm 
and 8.17±0.64 mm, respectively) were higher than those reported by El-Masry et al. (2022), 
who observed inhibition zones of 5 mm and 6 mm at comparable ZnO concentrations. This 
difference may be attributed to variations in nanoparticles size and synthesis method, as 
smaller nanoparticles with greater surface area-to-volume ratios generally exhibit 
enhanced antibacterial activity (Naqvi et al., 2019). 

Similarly, at a concentration of 0.5%, ZnO nanoparticles produced a significantly 
larger inhibition zone against S. mutans (8.13±0.71 mm) compared to both ZnO/Zein (1:2) 
and ZnO/Zein (1:3) (5.53±0.06 mm each, p<0.05 Tukey HSD). At this concentration, ZnO 
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was well dispersed, allowing the metal ions in the sample to penetrate the S. mutans biofilm 
optimally.  

With increasing concentration from 0.5 to 2.5%, both ZnO/Zein (1:2) and ZnO/Zein 
(1:3) exhibited a concentration-dependent increase in inhibition zone diameter against S. 
mutans, ranging from 5.53±0.06 mm to 7.20±1.04 mm. Notably, both formulations 
produced identical inhibition zone values across all tested concentrations, suggesting that 
the difference in ZnO:Zein ratio (1:2 vs. 1:3) did not affect antibacterial activity against S. 
mutans under the tested conditions. This finding indicates that within the studied ratio 
range, antibacterial efficacy was predominantly determined by the total ZnO content rather 
than the Zein proportion, and the variation in Zein content between the two formulations 
was insufficient to produce a detectable difference in Zn2+ ion release rate within 24 h 
(Naguib et al., 2018). To further characterize the antibacterial potential of these 
formulations, determination of the Minimum Inhibitory Concentration (MIC) using the broth 
microdilution method is recommended as a complementary approach to provide 
quantitative data on the lowest effective concentration required to inhibit bacterial growth 
(Alqaffaf et al., 2026). At a concentration of 2.5%, ZnO/Zein (1:2) and ZnO/Zein (1:3) 
produced larger inhibition zones (7.20±1.04 mm each) against S. mutans compared to ZnO 
nanoparticles alone (6.27±0.40 mm). However, Tukey HSD post hoc analysis indicated no 
statistically significant differences among the three formulations at this concentration 
(p>0.05), likely due to the high variability in ZnO/Zein replicates (SD = 1.04 mm) and the 
small absolute differences in mean values. This observation suggests that Zein plays an 
important role in maintaining ZnO nanoparticle stability at higher concentrations by 
preventing agglomeration, thereby preserving a larger effective surface area for Zn²⁺ ion 
release and bacterial interaction (Naguib et al., 2018).  

Based on the antibacterial test results, ZnO/Zein nanocomposites demonstrated 
potential as antibacterial materials for oral health applications, with mean inhibition zone 
diameters ranging from 7.10 to 9.40 mm against S. aureus and from 5.53 to 7.20 mm 
against S. mutans, which fall within the moderate antibacterial activity category (5-10 mm) 
according to Davis & Stout (1971). Although the inhibition zone diameters of ZnO/Zein 
nanocomposites were lower than those of pure ZnO, two-way ANOVA (Table 4), the results 
revealed that concentration had a highly significant effect on inhibition zone diameter 
against S. aureus (F=13.10, p<0.001). In contrast, the interaction between sample type 
and concentration was significant for both S. aureus (p = 0.036) and S. mutans (p = 0.001). 
This concentration-dependent response was particularly evident in ZnO/Zein 
nanocomposites, which showed a consistent increase in inhibition zone diameter from 7.10 
to 9.40 mm (S. aureus) and 5.53 to 7.20 mm (S. mutans) with increasing concentration, 
suggesting that the Zein matrix stabilizes ZnO nanoparticle dispersion and supports 
sustained antibacterial activity across the tested concentration range. This study did not 
evaluate the long-term colloidal stability of ZnO/Zein nanocomposites in aqueous solution. 
However, the inhibition zone data in Table 3 indirectly reflect short-term functional stability 
during the 24-hour incubation period, as both ZnO/Zein (1:2) and ZnO/Zein (1:3) 
maintained a consistent concentration-dependent increase in inhibition zone diameter 
against S. aureus (7.10-9.40 mm and 7.17-8.63 mm, respectively) and S. mutans (5.53-
7.20 mm for both formulations) with increasing concentration. In contrast, pure ZnO 
showed a declining trend against S. mutans from 8.13 mm at 0.5% to 6.27 mm at 2.5%, 
with a notable decrease beginning at 1.0% concentration (6.87 mm), which may be 
attributed to nanoparticle aggregation at higher concentrations, as previously reported for 
uncoated ZnO nanoparticles (Sirelkhatim et al., 2015). This result is in line with previous 
research reported by Ma et al. (2019) on the ZnO-protein casein system in the form of 
nanocomposites, which showed that ZnO in a protein matrix increased colloid stability 
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compared to pure ZnO, and, in that study, the emulsion was stable for up to 6 months, and 
it continued to reduce the aggregation of ZnO. 

The quality of pineapple peel and its extract as bioreductants and capping agents 
greatly determined the size, morphology, and stability of ZnO nanoparticles produced in 
the green synthesis process. If developed on an industrial scale, then the quality control of 
pineapple peel needs to be carried out by establishing botanical specifications, ensuring 
the fruit comes from controlled sources and regulating post-harvest handling conditions 
(washing, peeling methods and cold storage time limits before extraction). These 
procedures need to be accompanied by water content and contaminant tests for pesticide 
residues, mycotoxins and microbial contamination, which need to be conducted according 
to material and herbal quality guidelines. For the extraction process, it is necessary to 
standardize factors such as solvent type, solid-to-solvent ratio, time, and temperature, and 
to characterize the extracts based on reducing compound content and chromatographic 
profiles to ensure consistency between batches. 

 
4. Conclusions 

 
In this study, ZnO nanoparticles were successfully combined with Zein through a mixing 
method, resulting in ZnO/Zein nanocomposites with compositions of 1:2 and 1:3. Both 
nanocomposites exhibited a wurtzite phase crystal structure, as well as a shift in diffraction 
peaks, indicating a strong interaction between the Zein and the ZnO matrix. Zein was also 
shown to be able to prevent ZnO particle agglomeration, which was seen from the decrease 
in the average grain size: pure ZnO measured 54.93 nm, while ZnO/Zein 1:2 and 1:3 
measured 36.48 nm and 45.37 nm, respectively. The antibacterial effectiveness against S. 
aureus and S. mutans depended on the concentration of the nanocomposite. At a 
concentration of 2.5%, ZnO/Zein 1:2 showed the largest inhibition zone against S. aureus, 
which was 9.40±0.26 mm, surpassing ZnO/Zein 1:3 (8.63±1.44 mm) and pure ZnO 
(8.50±0.17 mm). Meanwhile, against S. mutans, ZnO/Zein nanocomposites at a 1:2 and 
1:3 ratio showed a consistent increase in inhibition zone diameter from 5.53 mm at 0.5% 
to 7.20 mm at 2.5%. Although the inhibition zones of ZnO/Zein nanocomposites were not 
always higher than pure ZnO at certain concentrations, their concentration-dependent 
antibacterial response was more consistent, suggesting better dispersion stability of ZnO 
within the Zein matrix. Due to these properties, ZnO/Zein nanocomposites have potential 
as additional ingredients in mouthwash formulations. 
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