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ARTICLE INFO ABSTRACT

Keywords: The development of new carbon-based materials using natural biowaste for biomedical applica-
Peanut-shell tions has remained a significant challenge in the past decades. In this study, we successfully
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synthesized and characterized composite materials made from peanut shell-derived carbon
(PNS-C) decorated on ZnO that formed star-shaped particles via a simple hydrothermal tech-
nique. The as-prepared composites possess several advantages, including unique optical proper-
ties and high photostability. We evaluate the antibacterial performance against Escherichia coli, a
gram-negative bacterium and Staphylococcus aureus, a gram-positive bacterium, under irradiated
and non-irradiated conditions. Interestingly, the photo-antibacterial activities of ZnO/PNS-C
composites showed great inhibition of bacterial growth as compared to pure ZnO. Moreover,
significant disruptions in cellular activities occur when the composites make direct contact with
the bacterial cell wall. The electrons and holes produced by excitation in composites provide a
pronounced deactivating effect on bacterial activity. In addition, ZnO/PNS-C composites are
highly biocompatible with normal cells. Thus, these newly developed composites made from a
natural biowaste system with an affordable price, abundance, and non-toxicity could provide a
potentially environmentally friendly and fruitful route for antibacterial therapy in future
applications.
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1. Introduction

Microbial infections have posed a significant challenge to public health throughout history, prompting ongoing endeavors to
address these infections, such as the development of novel drugs and antibiotics [1-5]. Pathogens, however, have been defined as
having the ability to resist single or multiple antibiotics due to the widespread distribution and misappropriation of antibiotics over the
past few decades [6,7]. Several alternatives to displaced antibiotics have been developed, including antibacterial nanosilver materials
[8]1, photocatalytic disinfection [9], antibacterial photocatalytic therapy (APCT) [10] and photodynamic therapy [11]. Among these
alternatives, photodynamic therapy has gained a lot of interest due to one of the most effective sterilization technologies, a process that
entails the production of reactive oxygen species (ROS) by activating a photosensitizer by light and the presence of oxygen [12,13].
Several types of photosensitizers have been investigated in photodynamic therapy, such as silver nanoparticles [14], TiO5 [15], copper
[16], g-C3N4 [17], porphyrin derivatives [18], phthalocyanines [19], ZnO [20,21] and carbon-based materials [22]. However, these
photosensitizers have shortcomings that limit their development as antimicrobials: (1) the inability to prevent bacterial growth; (2) a
narrow absorption range; (3) poor stability, which is a potential leak into the environment. Therefore, the development of antimi-
crobial particles with characteristics of low-cost, abundance, low toxicity, and stability is required for extensive use.

Recently, Carbon-Based Materials (CBMs), such as carbon nanotubes (CNTs), graphene, mesoporous carbon nanoparticles, and
carbon quantum dots have shown significant promise as a novel class of photoactivated antimicrobial agents. Specifically, CBMs
possess several advantageous properties, including high surface areas [23], excellent optical properties [24], distinctive electrical and
thermal conductivity properties [25], and excellent antibacterial properties [26]. Moreover, the surface area of CBMs consists of many
carboxylic acids, which gives them readily solubility in an aqueous solution and is suitable for functionalization with other
two-dimensional (2D) materials, polymeric nanoparticles, or porphyrin derivatives containing amino groups to facilitate efficient
surface passivation [27]. Importantly, CBMs are easily activated by visible light linked to photoinduced redox processes, which
significantly broadens their application to kill cancer cells and antimicrobial agents [28]. Generally, when CBMs are photoexcited to
initiate the anticipated effective charge transfer and separation, the resulting electron-hole pairs, along with the luminescent excited
states generated from their radiative recombination, may be linked to the potent photodynamic effects and the generation of ROS,
leading to the observed eradication of both cancer cells and bacterial cells [29]. The price of referred material precursors is typically a
fundamental consideration in synthesizing CBMs. Thus, it is necessary to greenly synthesize the antibacterial materials derived from
biowaste like peanut shells through a simple hydrothermal technique due to the only a few papers that have reported the antibacterial
properties of peanut-derived CBMs.

Zinc oxide (Zn0), an n-type semiconductor from the II-VI group, is characterized by its large band gap value of about 3.3 eV. It is a
compelling material because it works well as a photocatalyst, is cheap, and is simple to synthesize in both bulk and nanostructured
forms [30,31]. Several researchers have investigated ZnO as an antimicrobial agent on a nano- and micro-scale due to the fact that the
surface of ZnO can interact with the surface of bacteria and/or with a core of bacteria, subsequently penetrating into the core of cells
and subsequently inhibiting bacterial growth [32]. Another unique property of ZnO is that it can serve as a promising photosensitizing
agent owing to its distinctive photocatalytic properties when exposed to light radiation [33,34]. Importantly, ZnO has the capacity to
produce ROS on its surface, potentially leading to cell death when the ROS levels surpass those counteracted by its antioxidants [35]. It
is regarded that the combination of the carbon-based material and ZnO can result in distinctive physical, chemical properties and
photo-antibacterial activity.

Very recently, some green synthetic approaches using cheap, renewable, and eco-friendly biomass resources as carbon sources
using a single step have induced great interest. The peanut shell stands out as one of the most abundant agricultural wastes in key
peanut-producing countries such as Vietnam, China, and Indonesia [36]. Peanut shells are often undervalued, and a significant portion
is casually discarded, disregarding their potential utility, which contradicts the principles of sustainability and waste recycling. Recent
studies mentioned that peanut shells can be effectively employed in various applications, including dye adsorption, salt-induced soil
improvement, and the production of activated carbon as living cell imaging [37-39]. Hence, there is a strong inclination to investigate
alternative biowaste-based precursors for biomedical applications through green synthesis methods.

Herein, we develop a star-shaped ZnO/PNS-C composite made of peanut shell-derived carbon (PNS-C) decorated with ZnO for
photo-antibacterial therapy. The natural bio-waste of peanut shell was carbonized to form a carbon layer material, subsequently
composited with a zinc acetate precursor through a hydrothermal technique with a slightly adapted green chemistry method in a one
pot process from Boukherroub and co-workers [40]. These composites possess several advantages, such as star-shaped particles and
high photostability. More importantly, star-shaped ZnO/PNS-C composite exhibited great inhibition of bacterial growth compared to
pure ZnO as an antibacterial agent after light irradiation. Interestingly, the ZnO/PNS-C composite is highly biocompatible with normal
cells. Therefore, this newly developed composite from a natural biowaste system potentially serves as an environmentally friendly
antibacterial therapy for a wide range of biomedical applications.

2. Experimental section
2.1. Materials
Peanut shells used in this study were obtained from local farming near Surabaya, Indonesia. Zinc acetate dihydrate [Zn

(CH3C00),.2H,0] and sodium hydroxide (NaOH) were purchased from Merck (Germany) with the highest purity available. The
ultrapure water was purified using Milli-Q plus 185 equipment and consistently employed in all experimental procedures conducted in
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2.2. Synthesis

2.2.1. Synthesis of peanut shell-derived carbon

The pyrolysis method was used to produce peanut shell-derived carbon (PNS-C). Briefly, the peanut shell was placed inside a
ceramic crucible and heated at 250 °C for 2 h with a heating rate of 10 °C min~'. Once the temperature reached room temperature, the
dark black products were then subjected to a mechanical grinding process to produce a fine powder. Next, 0.1 g of the resulting sample
was dissolved in 50 mL of distilled water by ultrasonication for about 30 min. Finally, peanut shell-derived carbon was collected by
filtering out larger particles using a filtration membrane with a pore size of 0.22 pm and stored at 4 °C for further characterization and
usage.

2.2.2. Preparation of ZnO/PNS-C composites

The hydrothermal method was used to synthesize ZnO/PNS-C composite. 0.1 g of Zn(CH3COO); was dissolved in purified 10 mL
water and direct blending with 40 mL of PNS-C solution under steady stirring. Subsequently, the pH of the mixture solution was
adjusted to 10 by adding NaOH solution and followed by agitating process for 15 min at ambient temperature. Then, the mixture
solution was transferred into a 50 mL Teflon-lined autoclave and heated at 150 °C for 3 h. The final product was obtained by the
centrifugation process, and then it was rinsed many times with deionized water in order to eliminate any impurities. The preparation of
the ZnO/PNS-C composite is schematically illustrated in Scheme 1. The pristine ZnO was obtained by a similar method without the
incorporation of the PNS-C solution.

2.3. Characterization

2.3.1. UV-vis spectrophotometry
The optical absorption of samples was recorded using a UV-1900 (Shimadzu, Japan) spectrophotometer at wavelength of 200-800
nm.

2.3.2. Photoluminescence spectrophotometry
The fluorescence intensity of pristine PNS-C and ZnO/PNS-C composites were determined using a photoluminescence spectrometer
with an excitation wavelength of 310 nm and a scanning range of 290-800 nm.

2.3.3. Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared (FTIR) measurements were collected from KBr pellets using a Shimadzu IRTracer-100 spectropho-
tometer to analyze the chemical composition of pristine PNS-C, ZnO, and ZnO/PNS-C composites. Then, the spectra of the samples
were scanned at a range from 600 to 4000 cm
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Scheme 1. Graphical illustration for the synthesis of star-shaped composites through peanut shell-derived carbon decorated on ZnO (ZnO/PNS-C)
and absorbed specific light to generate reactive oxygen species for antibacterial therapy.
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2.3.4. Powder X-ray diffraction (PXRD)
The X-ray diffraction (XRD) patterns were obtained using a Miniflex-600 X-ray diffractometer (Rigaku, Japan) in the range of
10-80° equipped with Cu Ky radiation (A = 1.5419 A) at 30 kV and 10 mA.

2.3.5. Scanning electron microscopy

A field-emission scanning electron microscopy FE-SEM (JSM6500, JEOL, Tokyo, Japan) equipped with an energy-dispersive X-ray
spectroscopy (EDS) were conducted to observe the morphology and elemental composition of pristine PNS-C and ZnO/PNS-C
composites.

2.3.6. Electron Paramagnetic Resonance

The hydroxyl ROS was detected using Electron Paramagnetic Resonance (EPR-Plus, Bruker) at room temperature. 2 mg of the
sample was dispersed in 1 mL DI water by ultrasonication for about 30 min. Then, 0.1 mL DMPO reagent (0.1 M) was added to above
solution before EPR measurement.

2.4. Bacterial culture

A solitary colony of Escherichia coli (E. coli; as a gram-negative bacterium) and Staphylococcus aureus (S. aureus; as a gram-positive
bacterium) was utilized for this study. These microorganisms were cultured in lysogeny broth (LB) at 37 °C.

2.5. Minimal inhibitory concentration antibacterial test

The minimal inhibitory concentration (MIC; pg/mL) is characterized as the lowest concentration of the novel compounds that
entirely halted bacterial growth, achieved through the standard method of serial dilution by a factor of two in 96-well micro-test plates.
The bacteria growth was monitored via spectrophotometry.
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Fig. 1. (a) XRD patterns, (b) Raman spectra, and (c) FTIR spectra of pristine PNS-C, ZnO, and ZnO/PNS-C composites.
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2.6. Antibacterial assay

The spread plate method was employed to assess the antibacterial ability. E. coli and S. aureus were treated with pristine PNS-C,
ZnO, and ZnO/PNS-C composite. Then, the bacterial sample was exposed to irradiation and without irradiation for 10 min using a
light source emitting with a wavelength of 635 nm and an intensity of 50 mW/cm? before being added to the cell suspension, while
untreated bacteria were kept as a control group. Next, all groups were incubated at 37 °C for 2 h. The bacterial solution was diluted
with PBS. 10 pL of the bacterial solution was plated on LB agar and subjected to culturing at 37 °C. After 24 h, the bacterial colonies on
the plate were analyzed.

2.7. Cellular toxicity studies

Raw cells 264.7 were cultured in 96-well plates first for 24 h in an incubator (37 °C, 5 % CO-) and continued for another 24 h after
the culture medium was replaced by 100 pL of fresh medium containing ZnO/PNS-C with different concentrations (0, 50, 100, 150,
200, and 250 pg/mL). Then, 10 pL of the MTT were added to each well for further incubation for 4 h. Subsequently, unreacted dye was
removed and 100 pL. DMSO was added to dissolve the remaining blue formazan. Finally, the absorbance values were determined using
an automatic microplate reader at wavelength of 570 nm.

3. Results and discussion
3.1. Structural properties

The crystal structure of our sample was initially analyzed using the X-ray diffraction (XRD) technique, as depicted in Fig. 1a. The
XRD pattern of the PNS-C exhibited a broad peak located at approximately 23.26°, which is associated with the presence of highly
disordered carbon atoms, indicating the amorphous structure. This information confirms the existence of carbon materials derived
from our peanut shell. The XRD pattern of the pristine ZnO clearly shows several high intensity peaks at 26 = 31.34°, 34.40°, 36.23°,
47.25°,56.42°,62.29°, 66.32°, 67.55°, and 68.4°, similar to our previous work [41]. Based on the data standard file of PDF #36-1451,
those peaks suggest the successful formation of the ZnO with a hexagonal/wurtzite crystal structure, attributing to the (100), (002),
(101), (102), (110), (103), (200), and (201) planes. The XRD pattern of the ZnO/PNS-C composite was not significantly different as
compared to that of pristine ZnO. This XRD pattern was unable to prove the presence of the carbon peak in the composite sample.
Therefore, we further conducted Raman spectroscopy analysis, which is powerful to confirm the presence of carbon-based material
[42]. As depicted in Fig. 1b, the Raman spectra of the PNS-C clearly show two distinct peaks at wavenumbers of 1337 and 1574 cm ™,
corresponding to the D and G bands of the carbon, respectively. The Raman spectra of ZnO/PNS-C show a similar pattern to that of
pristine PNS-C, with several extra peaks at low wavenumbers. To precisely determine those Raman peaks, we performed the
deconvolution technique. After fitting process, several peaks can be found at wavenumber of 326, 424, 580, 685 and 1110 cm™!
correspond to the characteristic of ZnO with 2E2, E2, A1-LO, 2(E2H-E2L), and A1(TO) + E1(TO) + E2L modes, respectively [43,44]. It
is then clear that Raman analysis provides strong evidence of the success of ZnO/PNS-C composite formation. FTIR analysis with a
transmission mode was conducted to further evaluate the presence of PNS-C within the ZnO/PNS-C composite heterostructures and
explore the interaction between ZnO and PNS-C. As shown in Fig. 1c-a peak at 875 cm™! indicates Zn-O vibrations and a broad band at
3433 em™! is attributed to stretching ~OH groups from surface-adsorbed water molecules [45,46]. The bands at 1400 and 1574 cm™
are linked to highly attributed residual acetate groups within the material. Moreover, the FTIR spectrum of the PNS-C showed a
prominent and wide peak corresponding to the stretching vibration mode of O-H bonds observed at 3451 cm. The band observed at
1518 em™! attributed to the stretching of C=C bonds in polycyclic aromatic hydrocarbons, whereas the peaks at 1074 and 1446 cm
correspond to vibrations of C-O bonds in oxygen-containing groups which provides excellent water solubility [47]. On the other hand,
the FTIR spectrum of the ZnO/PNS-C composite displayed peaks at 3451, 1509, 1409, and 1056 cm!. These results presented a slight
blue shift observed in the peaks that can be attributed to the interaction between ZnO and PNS-C [48].

To further evaluate the crystal properties of our samples, we derived some properties such as crystallite size, dislocation density, d-
spacing value, macro-strain, and lattice parameters. The equations for computing those properties are listed in Egs. (1)-(6) [49]. It
should be noted that only the crystalline sample can be analyzed. Pure PNS-C is not listed in Table 1 due to its amorphous structure. As
summarized in Table 1, the crystal properties of the pristine ZnO and ZnO/PNS-C did not significantly different, indicating that the
incorporation of the PNS-C did not disturb the crystal growth or the crystal structure of the ZnO.

Table 1
Summary of crystal properties of pristine ZnO and ZnO/PNS-C composite.
Samples FWHM/p Crystallite size Dislocation density x 10™* d-spacing at (101) Macro strain values Lattice
(rad) (nm) (nm~?) plane <e> parameters A)
a c
ZnO 0.205 40.66 6.05 2.467 3.57 x 1073 3.237  5.187
ZnO/PNS- 0.217 38.52 6.74 2.473 0.91 x 1072 3.297 5.209

C
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0.91

“PBcoso (eq- 1)

Where, D is the crystallite size (nm), A is the wavelength (nm), f is the full half maximum, FWHM full-width half maximum (rad), and 6
is Bragg angle (°).

5 . (eq. 2)

(e) :ﬂ

4 (eq. 3)

Where, d, is the interplanar spacing of pristine ZnO and d is the calculated interplanar spacing at (101) plane using Bragg law.
The lattice parameters a and c can be calculated using the equation

A
a=—— eq. 4
v3sin6’(100) ( q )
A
C=—— eq. 5
Slna(ooz) (q )

To gain insight into the surface morphology and microstructure of our samples, a scanning electron microscopy (SEM) equipped
with energy dispersive spectroscopy was conducted at a working voltage of 15 kV. Fig. 2a and d depict the morphology of PNS-C,

X30,000 100nm WD 12.4mm

150KV X30,000 100nm

Fig. 2. Scanning electron microscope images of low and high magnifications PNS-C (a,d), ZnO (b,d), and ZnO/PNS-C composite (c,f).
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which is uniformly disseminated with layer-by-layer morphology. The pristine ZnO prepared by the hydrothermal method shows a
unique morphology of micro star-shape with a uniform and regular size, as shown in Fig. 2b and e. Interestingly, ZnO/PNS-C com-
posites displayed like star-shaped stacked layer-by-layer morphology due to interaction between ZnO and the PNS-C layer, subse-
quently, ZnO is encapsulated by the 2-D layer of the PNS-C layer (Fig. 2c and f).

The atomic percentages of each element in our samples were determined using the EDS analysis, as tabulated in Table 2. The pure
PNS-C shows the presence of carbon at more than 70 % and oxygen at about 30 %. The pristine ZnO consists of Zn and O with atomic
percentages of 38 % and 62 %, respectively. However, the composite sample shows the presence of C, Zn, and O with percentages of
41.8, 14.6, and 43.6 %, respectively, indicating the success of the ZnO/PNS-C composite formation. To further verify the element
distribution, we conducted an EDS mapping analysis using the ZnO/PNS-C composite sample. As depicted in Fig. 3, each element of the
ZnO/PNS-C composite, including Zn, O, and C is regularly and uniformly distributed throughout the entire area of mapping
acquisition.

3.2. Optical properties

The optical profiles of pristine PNS-C, ZnO and ZnO/PNS-C composite were studied using a UV-Vis spectrophotometer. The results
of the absorption properties are depicted in Fig. 4a. The characteristic absorption of ZnO is located at the UV region with peak ab-
sorption at a wavelength of 335 nm. The absorbance spectrum of PNS-C exhibited a broader range, with significant absorption
extending into the near-infrared region. Interestingly, ZnO/PNS-C composite showed broad optical absorbance and were slightly red-
shifted (345 nm) due to the highly planar n-conjugated structure, and improved the delocalization of n-electrons within the 2D skeleton
[50]. More importantly, the absorption of the composite sample is much higher than those of pristine PNS-C and ZnO, suggesting its
capability to absorb much more light intensity as compared to those PNS-C and ZnO. The charge carrier dynamics were further
investigated by measuring the emission spectra using photoluminescence (PL) spectroscopy, as depicted in Fig. 4b. The ZnO/PNS-C
composite exhibited clear emission peaks at 435 nm, which were slightly to blue-shifted and had a high intensity of about 1200 a.
u. This is in contrast to the intensity of PNS-C, which was only 650 a.u, It is widely acknowledged that the quantity of photo-generated
charges is directly proportional to the light absorption value [51]. Fig. 4a reveals that the light adsorption value of the composite
material is ten times greater than that of pure ZnO. This indicates that the number of photo-generated charges is also ten times greater,
thereby increasing the possibility of electron-hole recombination by the same factor of ten. Consequently, despite the fact that the PL
emission indicates that the composite material possesses a twofold increase in intensity compared to pure ZnO, this observation is
reasonable, and it is still possible to conclude that the composite’s formation is indeed highly advantageous in facilitating electron-hole
separation [52]. Furthermore, a charge transfer conduit exists between ZnO and PNS-C, facilitating the electron transfer from the
excited state of ZnO to PNS-C via photoinduction. Consequently, the recombination of photoexcited carriers in ZnO is essentially
impeded by the redistribution of charge density. Notably, the highly energetic n-electrons confined within the ZnO/PNS-C composite
can efficiently migrate to the PNS-C, leading to enhanced electron-hole pair migration and an increased photoexcitation rate. Fig. 4c
exhibits photographs of the PNS-C and PNS-C/ZnO composite under visible light and UV irradiation, which clearly show their fluo-
rescence properties. To further investigate the optical properties of our samples, their bandgap energies were computed using the Tauc
plot technique [53]. As plotted in Fig. 5, the bandgap energy values of the pristine PNS-C and ZnO are 2.5 and 3.3 eV, respectively.
Fig. 5c exhibits two intercept lines with values of 2.5 and 3.1 eV, which relate to the bandgap energies of the PNS-C and ZnO,
respectively. This result also provides further evidence of the composite formation’s success.

3.3. Photo-antibacterial studies

The successful synthesis of PNS-C and ZnO/PNS-C composite has motivated us to further study their applications for photo-
antibacterial activity against E. coli and S. aureus as examples of gram-negative and gram-positive bacteria, respectively. We
initially assessed the antibacterial properties of samples by a minimum inhibitory concentrations (MIC) study. As shown in Fig. 6a, the
PNS-C has negligible antibacterial activities against E. coli and S. aureus, whereas pure ZnO inhibits bacterial growth with MIC values of
180 pg/mL and 170 pg/mL, respectively. More importantly, the ZnO/PNS-C composites exhibited excellent antibacterial activities
with much lower concentrations of 75 pg/mL and 60 pg/mL, respectively.

We then investigated the relationship between photoexcitation and the rate of bacterial inactivation. LB plates were utilized to
present the statistical data from Fig. 6b regarding the antibacterial density against E. coli and S. aureus after a 10-min treatment with
irradiation and non-irradiation, respectively. Even after light exposure, the PNS-C failed to demonstrate any antibacterial activity
against E. coli and S. aureus. In contrast, the ZnO/PNS-C composite demonstrated remarkable antibacterial efficacy when irradiated for
10 min, as evidenced by a more pronounced decline in the density curve and the formation of almost no conies on the LB agar plates
against both E. coli and S. aureus, compared to pure ZnO (Fig. 6¢c and d). Furthermore, the survival rates of E. coli and S. aureus were

Table 2

Atomic percentages of each Zn, O, and C in PNS-C, ZnO, and ZnO/PNS-C composite.
Samples Zn (%) 0 (%) C (%)
PNS-C - 29.76 70.24
ZnO 38.63 61.37 -
ZnO/PNS-C 14.60 43.57 41.82
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E)

Fig. 3. Elemental mapping of ZnO/PNS-C composite (a) SEM image of acquiring signal and elemental mapping of (b) zinc, (c) oxygen, and
(d) carbon.
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Fig. 4. Optical properties of ZnO, PNS-C and ZnO/PNS-C composites (a) UV-Vis spectra and (b) PL spectra, and (c) photograph of the samples
under visible light and UV irradiation.
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Fig. 5. Bandgap determination of (a) pristine PNS-C, (b) ZnO, and (c) ZnO/PNS-C composite.

determined subsequent to a 10-min irradiation. As illustrated in Fig. 6b, the cell viability of the ZnO/PNS-C composite only remained
90 x 10* CFU/mL, representing a 4.46-fold reduction in the bacterial survival rate relative to pure ZnO. This finding indicates that
formation of the ZnO/PNS-C composite produce of a greater quantity of ROS in deactivated bacteria.

3.4. Cytotoxicity evaluation

A MTT assay was performed on RAW cells 264.7 to evaluate the cytotoxicity of the ZnO-PNS-C composite. As depicted in Fig. 7,
RAW 264.7 cells remained viable and intact after a 24-h incubation using ZnO/PNS-C, with no cell loss observed. Indeed, even when
the concentration was elevated to 250 pg/mL—1, the cell survival rate slightly increased. These findings indicate that ZnO/PNS-C
composites are non-toxic to humans and hold promise for application in the treatment of bacterial infections, rendering them a po-
tential and promising antibacterial agent.

3.5. Antibacterial mechanism

Despite extensive research on composites as antibacterial materials, the exact antibacterial mechanism remains unclear, especially
for specific bacterial types. The mechanism by which reactive oxygen species (ROS) like OH®, O3, and H,05 induce bacterial cell death
has been explained in several studies [54-56]. Fig. 8a shows the EPR spectra of ZnO-PNS-C in DMPO solution. It is clearly evident that
the EPR signal after 5 min of irradiation is much stronger than in the dark condition. This indicates that a greater amount of ROS is
produced when the samples are exposed to light. Among the various ROS, including OH®, O3, and H203, hydrogen peroxide stands out
as the most unstable one capable of permeating biological membranes (lipid peroxidation), leading to mutagenesis. When incoming
photon have more energy than the semiconductor catalyst’ bandgap energy, surface oxidation and reduction processes help in
generating ROS with the aid of photo-generated electrons and holes. Nevertheless, the effectiveness of a photocatalyst hinges on
several factors, such as the processes of photoexcitation, bulk diffusion, and surface diffusion. Therefore, the chemical properties,
semiconducting behaviour, crystalline structure, and surface morphology of the photocatalyst significantly influence its efficiency.
Also, these photocatalysts should have electron transport properties that are kinetically favorable. This will make it easier for electrons
to move from the photocatalyst surfaces to the water interface, reducing energy loss through charge transport and photogenerated
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Fig. 7. Cytotoxicity of the ZnO/PNS-C composite evaluated towards RAW cells 264.7.

carrier recombination [57]. To facilitate the effective transportation of active radical species across the bacterial membrane wall, it is
crucial for the catalyst to establish strong contact with the bacteria. To make electrostatic interactions with the negatively charged
bacterial wall [58], it is very important to keep the catalyst’s surface charge positive. In the process of bactericidal action, certain
reactions that lead to the formation of ROS are described as follows: Fig. 8b schematically illustrates the bactericidal mechanism of the
ZnO/PNS-C composite, involving the free radical species/ROS generation induced by photogenerated holes and electrons. It is
important to note that ZnO/PNS-C composites can directly engage with the bacterial cell membrane through electrostatic interactions.
This is possible because the p-type material has a positive charge and the bacterial cell wall has a negative charge [59,60]. Thus, even
at low concentrations, HyO can effectively eliminate bacteria by causing damage to their DNA and enzymes [61]. Once lipid per-
oxidation has been initiated by Hp0,, other ROS, such as hydroxyl (OH®) and superoxide anion (03%), can readily penetrate the
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bacterial cell wall, causing harm to the organelles within the bacterial cell by acting as both reductants and oxidants [62]. Due to the
relatively short lifespan of hydroxyl species, their oxidation capacity is constrained when it comes to penetrating the bacterial cell wall,
and they do not directly inflict damage on the bacterial cell. Moreover, as a result of the photocatalytic reactions, the generation of
photo-generated electrons (e ) and holes (h™) occurs, leading to the production of H20,, a potent species [60], which plays a role in
swiftly deactivating bacterial activities, as demonstrated in Equations (6-13) [63]. Although, HO® formed, as shown in Equation (8)
possesses oxidative capabilities, its brief lifespan restricts its ability to permeate the bacterial cell membrane [64]. The reaction be-
tween O35 and H,05 radical species inside the bacterial cell results the formation of HO® as depicted in Equation (13) after penetrating
the cell membrane. This underscores the significant role of that HO® species in deactivating the bacterial [65]. Our finding shows that
the bactericidal effects were notably more pronounced when exposed to light illumination compared to conditions in the absence of
light. Overall, the ZnO/PNS-C has a lot potential to make photo-antibacterial therapy more effective and efficient.

ZnO/PNS-C + hv — ZnO/PNS-C (e~ + h™) (eq. 7)
h* + H,0 —» HO® + H (eq. 8)
h* + HOz4s —HO® (eq. 9)
e + O3 ads ~03% (eq. 10)
0% + H* -HO3 (eq. 11)
e + HyO + H' - Hy0, (eq. 12)
H,0, 4+ 03 »OH® + OH™ + 0> (eq. 13)

4. Conclusions

In summary, we present the hydrothermal synthesis of a novel star-shaped ZnO/PNS-C composite derived from natural peanut shell
biowaste. This composite demonstrates extremely potent antibacterial properties and may be able to surmount certain limitations of
existing carbon-based materials. With its high photostability and ability to generate electron holes, the resulting composite exhibited
distinctive optical properties. ZnO/PNS-C exhibited remarkable photo-antibacterial activity, inhibiting bacterial growth significantly
more than pure ZnO. This is attributed to the enhanced light absorption capability electron-hole separation facilitated by ZnO/PNS-C,
which generates a greater quantity of reactive oxygen species (ROS). Therefore, this star-shaped composite material made from a
natural bio-waste may contribute to the development of photo-antibacterial therapy with affordable price, abundance, and non-
toxicity in future applications.
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