Investigation of Biological and Prooxidant Activity of Zinc Oxide Nanoclusters and Nanoparticles
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Abstract
Scientists seek new antibacterial agents due to bacterial resistance. Zinc oxide (ZnO) nanomaterials offer some promising antibacterial agents. In this study, a new form of ZnO is synthesized, named ZnO nanocluster bars (ZnO NCs). Herein, ZnO NCs, ZnO NPs, ZnO coated with silica (ZnO-SiOA, ZnO-SiOB), and SiO2 NPs were prepared, characterized, and the antimicrobial, and the prooxidant activity was tested. Each form of ZnO nanomaterials exhibited a unique behavior that varied from mild to strong prooxidant properties. While ZnO NPs and ZnO NCs showed strong antibacterial effects, ZnO-SiOA NPs did not show any antibacterial activity. All tested NMs underwent oxidation by H2O2. ZnO NCs and ZnO NPs exhibited strong oxidation at pH 8.5. ZnO NCs are powerfully oxidized, assuming that ZnO NCs provide a slower release of ZnO, which leads to having a stronger effect on bacterial strains.  Thus, ZnO NCs are an important antibacterial agent that could be an emergent replacement of traditional antibiotics.
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1. Introduction
Due to the extensive use of antibiotics, which are often used without proper medical indications, multi-drug resistant (MDR) bacteria have become a serious problem. What makes the problem worse is the inappropriate selection and the switch between antimicrobial alternates that cause “selection pressure”. All of this gives rise to super bacteria and MDR bacteria.1–3 Consequently, even there is a large number of studies focused on the search for new effective bactericidal materials,4–7 new alternative strategies for combating bacterial resistance remain very much underinvestigated.
Nanotechnology introduces a special solution to the MDR bacteria. To help in controlling the bacterial infections, several nanomaterials (NMs) have been utilized as antibacterial treatments, antibacterial vaccines, antibiotic delivery carriers, and antibacterial coatings for implantable devices and medicinal materials to prevent infection and promote wound healing, plus the microbial diagnostic systems.8 
Zinc oxide (ZnO) has an anti-inflammatory, astringent, soothing effect. 9,10 That’s why it has been used in the cosmetic industry since the 19’s century - sunscreens, toothpaste, shampoos, etc.11 In addition, because of its non-toxic properties, ZnO has been listed as “Generally Recognized as Safe” (GRAS) by the US Food and Drug Administration (FDA). Zinc is also used as a food additive.12,13 Today, ZnO NMs attract scientific attention due to their antimicrobial activity. ZnO NMs' superiority in fighting microbial resistance is ought to the non-specific activity, small particle size and high surface area, low price and efficiency against a wide range of bacteria with low toxicity to human cells.14 
Unfortunately, we have a limited understanding of the NMs' mechanisms of action against bacteria. The suggested mechanisms include oxidative stress induction, metal ion release and non-oxidative mechanisms.15–17 The bacterial destruction by ZnO NMs is believed to follow two pathways: binding cell membranes, consequently disrupting their potential and integrity, and inducing reactive oxygen species (ROS) production.17 In so doing, Zn NMs are also mutagens, albeit weak ones.18 
Various studies have tried to study and use the phenomena of ZnO nanoparticles aggregation in different applications.19,20 Smaller particles usually show higher cellular inhibition activity.21 Moreover, the surface modification of ZnO NMs can affect its properties that may change or improve its antimicrobial activity. 22
Whereas the generation of ROS is a recognized antibacterial mechanism of ZnO NMs, it is worthy to study the kinetics of free radicals generation. The chemiluminescent assay is a convenient method for such study. It can be used to monitor the dynamics of free radical reactions and to determine their prooxidant/antioxidant activity. The chemiluminescent technique is advantageous due to its accuracy, sensitivity, high speed, and relatively low cost, plus it needs a small volume of the sample. Several physical and chemical probes can be used to enhance chemiluminescence such as luminol, lucigenin, and many other free radical traps. Тhese reactions are accompanied by emission in the range of 480-580 nm, hence, can be harnessed to assess the quantum yield of the generated free radicals.23–25
In the current study, we synthesized a new form of ZnO nano-aggregates, named ZnO nanocluster bars (ZnO NCs). Its prooxidant and antimicrobial effects were evaluated in comparison with different forms of ZnO NMs as sphere ZnO NPs, with/without silica coating. Moreover, the prooxidant activity of all NMs was studied according to the free-radical oxidation reactions at pH 7.4 and pH 8.5 in chemiluminescent model systems.

2. Experimental
2.1 Materials: 
The materials that used in this study was purchased with high purity such as; Zinc acetate dihydrate (99.5%, Merck, Germany), 2-propanol (99.9%, Sigma-Aldrich), sodium hydroxide (99.5%, Sigma-Aldrich), tetraethyl orthosilicate (TEOS, 98%, Sigma-Aldrich) iron sulphate (Merck, Germany), ammonia solution (25%, Sigma-Aldrich), phenazine methosulfate (PhMS) (N-methyldibenzopyrazine methyl sulfate salt) (Merck, Germany), hydrogen peroxide (Boron, Bulgaria),  disodium hydrogen phosphate (Boron, Bulgaria), citric acid (Boron, Bulgaria), lucigenin (bis-N-methylacridinium nitrate) (Aldrich, USA), β - nicotinamide adenine dinucleotide, reduced form (NАD.Н, Boehringer, Germany) and dimethyl sulfoxide (DMSO, Aldrich, USA). All chemicals were used as purchased without further purification.
2.2 Preparation of ZnO nanocluster bars (ZnO NCs)
ZnO nanocluster bars were prepared by a solvothermal process as the following; 1 gm of zinc acetate was dispersed in 80 mL 2-propanol in a 150 mL beaker by ultrasonication for 30 min at room temperature. Then, 2 gm of oxalic acid was added with a further 30 min ultrasonication. To complete the hydrothermal preparation process, the mixture was poured from the beaker into a Teflon-based stainless-steel autoclave and placed in the oven for 24 h at 180 °C. After that, the prepared NPs were washed 3 times with DI-H2O and ethanol by centrifugation (4500 rpm at 10 °C for 30 min.), the parameter was adjusted using the centrifuge digital screen. Each time DI-H2O was added to the prepared NPs and the volume was distributed and divided into the centrifuge tubes. Then the supernatant was discarded and the precipitated NPs kept in the bottom of the tube. The same step was repeated for DI-H2O and ethanol 3 times until completing the washing process for the whole quantity. The precipitate has been dried in the oven at 180 °C for 8 h. After that, the powder has been calcined in a muffle oven at 400 °C for 2 h.
2.3	Preparation of ZnO nanoparticles (ZnO NPs)
ZnO nanoparticles were obtained using a modified method as described by G. Simonelli et. al.26–28 Briefly, a 46.5 mM of zinc acetate dihydrate was prepared by dissolving 2.195 g in 20 mL 2-propanol at 50°C and later volume increased to 210 mL by 2-propanol. 0.8 g of sodium hydroxide in 40 mL solution (35 mL 2-propanol + 5 mL DI-H2O) was added under continuous stirring in an ice bath. Then, the Solution was kept stirring at 60 °C for 2 h, The temperature is measured and followed up well to ensure that it does not rise over that, as this influence the size of the particles. Subsequently, the preparation vessel was kept stable at room temperature for three days for further aging. Then, the sample was centrifuged repeatedly at 7000 rpm/15 min until the complete removal of other chemical residuals. The precipitate has been dried in the oven at 180 °C for 8 h. After that, the powder has been calcined in a muffle oven at 400 °C for 2 h. Characterization measurements have been done using DLS, Zeta potential, XRD and TEM.
2.4 Preparation of Silica capped ZnO NPs  (ZnO-SiO NPs A, B)

ZnO NPs were dispersed in water following Bartczak’s protocol with modification. 18,26 Where 0.5 g of ZnO NPs in 100 mL of 2-propanol was sonicated for 15 min at room temperature in an ultrasonic bath. The pH of the ZnO NPs solution has been raised to 10 by dropwise addition of 1 M ammonium hydroxide solution and monitoring the change using the pH meter. Next, 100 mL of 2% TEOS in DI-H2O was added and the suspension was sonicated for 1 h at room temperature. NPs were then reacted overnight at 60 ℃ with stirring, before purification from excess byproducts and organic solvent residues by triple centrifugation/ decantation (13000 rpm, 15 min at room temperature) with the same way mentioned for ZnO NCs preparation. (ZnO-SiOA) NPs were then dried in a hot air oven at 80 °C overnight. For the second form of SiO2 capped ZnO NPs (ZnO-SiOB), the same procedures have been done but without pH adjustment of the ZnO solution.

2.5 Preparation of Silica nanoparticles (SiO2 NPs)
In brief, 300 mL of DI-H2O was added to 300 mL ethanol and kept under stirring for 10 minutes at room temperature. Then, 45 mL of TEOS were added and sonicated for 20 minutes. 1M Ammonium hydroxide solution was added dropwise until pH 10 and the reaction was left under stirring overnight. Next, The SiO2 NPs were washed well with DI-H2O using centrifugation at 10000 rpm for 15 minutes, following the same way mentioned before, until ammonia odor disappears and pH becomes neutral. The precipitate was dried in the oven at 45 °C overnight, finally, the yield was ground to get a fine powder of silica. 29
2.6 Characterization of the prepared nanoparticles:
Transmission electron microscope (TEM, Tecnai G20, FEI, Netherlands) was used for imaging the prepared nanomaterials. The bright field imaging was employed at electron accelerating voltage 200 kV using lanthanum hexaboride (LaB6) electron source gun and the Eagle CCD camera was used to acquire and collect transmitted electron images, with image resolution (4k*4k). Before imaging, the aqueous suspensions of the prepared nanoparticles were prepared in an ultrasonicator (SB-120DTN, Taiwan) for 10 min then particles were deposited from a dilute aqueous suspension onto a 200 meshes-carbon coated copper grid placed on filter paper and left for drying at room temperature as a common method for TEM sample preparation.
On the other side, Powder X-ray diffraction (XRD X’Pert PRO, PANalytical, Netherlands) was used to reveal the crystal structure of the prepared NMs. XRD operated at 45 kV and 30 mA using X-ray source "Cu Kα radiation" (λ=1.5404 Å). Peaks matching, and analysis was performed using high score plus software. 
The particle size distribution analysis and zeta potentials of the prepared materials were measured using Zetasizer Nano S, Malvern Instruments, UK to evaluate the hydrodynamic size and surface charges. These measurements were performed in aqueous solutions after dispersing the NMs in deionized water using an ultra-sonicator for 15 min to obtain stable suspensions. A portion of the suspension was transferred into 10 mm × 10 mm cuvette (DTS1060) for measuring both particle size and zeta potential.
2.7 Microorganisms 
The antimicrobial activity was tested against Gram-positive Bacillus cereus NBIMCC1095, Staphylococcus epidermidis ATCC 12228 bacteria, and Gram-negative Escherichia coli BL21DE3 bacteria. All bacteria purchased from the National Bank for Industrial Microorganisms and Cell Cultures (NBIMCC, Bulgaria) were grown in nutrient broth (NB Conda, Spain) at 37°C and 180 rpm (shaker Rotomax, incubator ED053, Germany) for 24 hours with 2 sub-cultivations. The microbial density of the cultures in exponential phase 0.5 - 0.7 was determined according to McFarland.
2.8 Antimicrobial activity 
The antibacterial influence of each type of the prepared NMs was investigated using spot-diffusion in agar. Briefly, 100 µl of each bacterial suspension was homogeneously spread on nutrient agar plates. 10 µL drops of the investigated material were put on inoculated solid medium. The plates were left for 2 h at 4-6º C to afford diffusion of the dispersions and cultured for 24, then 48h at 37ºC. Diameters of sterile zones were measured in mm (±1). 30
2.9 Chemiluminescent assay: 
 ROS detection in biologic systems is tricky. Тhe chemiluminescent method was applied to study the effect of NMs on the kinetics of free-radical oxidation reactions using activated chemiluminescence and the probe lucigenin.31
Higher acidity of the medium favors radical formation reactions. Two different pH systems were investigated - pH 7.4 and pH 8.5, physiological and alkaline. Three ex-vivo model systems were implemented in buffers and here described  briefly: 32 First system, hydroxyl radicals (.OH) system: the system contains 0.2 mol sodium hydrogen phosphate buffer, with the appropriate pH, Fenton’s reagent: FeSO4 (5.10-4 mol) - H2O2 (1.5%), lucigenin (10-4 mol) and NMs. 
The second system contains the oxidant hydrogen peroxide (H2O2): 0.2 mol sodium hydrogen phosphate buffer, with appropriate pH, H2O2 (1.5%), the chemiluminescent probe lucigenin (10-4 mol), and NMs. The third system is for the generation of superoxide radicals (O2.-) through the reaction NAD.H-PhMS: it contains 0.2 mol sodium hydrogen phosphate buffer, with the corresponding pH, NAD.H (10-4 mol), phenazine-metasulfate (10-6 mol), lucigenin (10-4 mol) and NMs. The control samples do not contain any NMs. The reactions are monitored for 3 minutes every 3 seconds; the maximum peak for the curve was obtained.  
2.10 Statistics 
All experiments were performed in triple reproducible measurements, statistical analysis was implemented using Origin 8.5 and Microsoft Office Excel 2010. To measure the strength of the relationship between the tested variables, correlation coefficients (r) between the sensitivity of the chosen bacterial strains towards the antimicrobial effect of ZnO NPs, ZnO NCs, ZnO-SiOA, and ZnO-SiOB NMs tested by spot diffusion and chemiluminescent assays are calculated. 

3. Results and Discussion 
3.1 Characterization
Transmission electron microscope (TEM) imaging:
Fig (1) shows the TEM micrographs of ZnO NMs and SiO2 NPs. TEM images (fig. 1A, B, and B’) showed that the particles of ZnO NPs and ZnO NCs were agglomerated up to some extent. The average diameter size, measured using TEM-TIA software, of the prepared ZnO-NPs (fig. 1A, B) and SiO2 NPs (fig. 1E) was between 22.9–38.1 and 19–25 nm. While the ZnO NCs were agglomerated in the form of nanoclusters bars with a length of 2–3 µm and a width between 200–350 nm. The image of ZnO nanoclusters consisted of small ZnO NPs with an average particle size of 14.3-21.5 nm. Nevertheless, ZnO-SiO2 NPs show two different morphological forms. Whereas fig. 1C represents homogeneous sphere capped ZnO- SiOA NPs with an average diameter of about 20±3 nm, also, the image illustrates the silica layer surrounding the ZnO NPs with an estimated layer thickness of 4±0.5 nm. On the other side, ZnO- SiOB is represented in fig. 1D with less homogeneity in particle size and more aggregation than ZnO- SiOA with an average particles size 13.4±3 nm for ZnO cores and 3.5±0.7 nm For SiO2 cap. Fig. 1E represents well-dispersed and homogeneous sphere SiO2 NPs with an average diameter of 38±3 nm. It is obvious that the change in the shape is depending on the method of preparation, which causes the SiO2 NPs to appear to be in a good and homogeneous shape. 


[image: D:\Bulgaria Visit Data 2019\Bulgaira 2020\Data from Bulgaria side\Anelia\Prof Iliana Data\Figure 1.tif]Figure 1: TEM images of (A) ZnO-NPs, (B and B’) different magnifications of ZnO nanocluster bars, (C) ZnO-SiOA, (D) ZnO-SiOB, and (E) SiO2 NPs respectively.
X-ray diffraction (XRD) analysis:
The XRD patterns for ZnO NPs, ZnO NCs, and SiO2 coated ZnO and SiO2 are shown in Fig. 2(a–e). All the diffraction peaks of ZnO-containing materials are well fitted to the hexagonal ZnO structure (JCPDS no. 01-080–3002) with lattice parameters (a = b = 3.25 Å, c = 5.21 Å and a space group P63 mc. The main peaks of ZnO have appeared at diffraction angles 2θ: 31.8, 34.4, 36.2, 47.5, 56.6, 62.8, and 67.9 for ZnO NPs and ZnO NCs. While the SiO2 coated ZnO NPs present a combination of SiO2 peak at 2θ =23.2 and ZnO diffraction peaks with a slight peak shifting (Fig. 2c). This may confirm a complete formation of SiO2 coated ZnO nanostructure. Furthermore; figure 2d shows the diffraction peaks of pure SiO2 with a broad distinguished peak at 23.2 which is well-matched with the JCPDS card (no. 01-077–9207). The peaks conformable to contamination were not found in all XRD patterns, confirming the high purity of the prepared materials. 
a

Figure 2: XRD patterns of (a) ZnO-NPs, (b) ZnO nanocluster bars, (c) ZnO-SiOA (d) ZnO-SiOB, and (e) SiO2-NPs, respectively. 
Particle size distribution analysis and zeta-potential measurements:
The particle size distributions and zeta-potential measurements for ZnO NPs, ZnO NCs, and SiO2 coated ZnO (A&B) and SiO2 NPs were listed in Table 1. The average hydrodynamic diameter of ZnO, SiO2 coated ZnO (A&B) and SiO2 NPs were 46.0±4.9, 49.3±8.4, 48.5±6.7, and 68.7±9.4 nm which show homogeneous size distribution. Increasing hydrodynamic diameters for SiO2 coated ZnO (A&B) rather than ZnO NPs come from the shell layer of SiO2 on the core particles of ZnO. On the contrary, the results shown from ZnO NCs were 1968±237 nm which is due to intensive agglomerations of ZnO nanoparticles suspended in the aqueous solution. On the other side, the zeta-potential measurements presented a negative charge on all the prepared NMs except SiO2 coated ZnO (B), which was prepared without pH adjusting. The pH of the preparation medium plays an important role in the surface charge and zeta potential results. As the pH increased the surface tendency of the prepared materials to carry more negative charge also increased. 
Table 1: The particles size distributions and zeta-potential measurements of ZnO NPs, ZnO NCs, and SiO2 coated ZnO (A&B) and SiO2
	SiO2
	ZnO-SiOB 
	ZnO-SiOA
	ZnO cluster
	ZnO
	

	68.7±9.4
	48.5±6.7
	49.3±8.4
	1968±237
	46.0±4.9
	Particle size diameter (nm)

	-27.2
	19.3±4.2
	-21.78±6.3
	-11.37±2.7
	-16.5±5.4
	Zeta-Potential (mV)



The antimicrobial activity:  
The antimicrobial effect of NMs was determined using the spot diffusion test. Most of the nanoparticles possess a contact killing effect that could not be demonstrated if nanomaterials are dropped on paper disks or in agar wells, because of impossible agar diffusion or diminishing of the nanoparticle –bacteria interaction. 33
From the results, it is obvious that the SiO2 NPs and ZnO-SiOA were completely safe at concentrations up to 3 mg/mL, while all other tested materials show bactericidal effect at the higher concentration of 3 mg/mL. All tested bacteria show high sensitivity against ZnO NPs at the concentration of 3 mg/mL, while just E.coli and S. epidermidis were inhibited at 1.5 mg/mL, while, lower concentrations of ZnO NPs were safe on all tested bacteria. Furthermore, ZnO-SiOA was completely safe on bacteria at all concentrations at contrast, ZnO-SiOB show higher toxicity than the naked particles silica. On the other hand, ZnO NCs have shown the largest sterile zones at the diffusion test and have demonstrated the strongest antibacterial effect if used in concentrations of 3 mg/ml or less. The most sensitive of all three tested bacteria was Bacillus cereus, compared to E.coli and S. epidermidis as shown in Table 2. 
Table 2.  Sterile zones [mm] of the tested bacteria	
	Nanoparticles
	Nanoparticles
Concentration
(mg/mL)
	Tested microorganisms*sterile zones (mm)

	
	
	E. coli (BL21DE)
	B. cereus (NBIMCC1095)
	S. epidermidis (ATCC 12228)

	ZnO NPs
	
	
	
	

	
	3
	10±0.5
	6±0.5
	13±0.5

	
	1.5 
	10±0.5
	0
	10±0.5

	
	0.5 
	0
	0
	0

	
	0.25 
	0
	0
	0

	ZnO NCs
	
	
	
	

	
	3
	10±0.5
	9.5±0.5
	15±0.5

	
	1.5 
	0
	8±0.5
	8±0.5

	
	0.5 
	0
	5±0.5
	0

	
	0.25 
	0
	4±0.5
	0

	ZnO-SiOA
	
	
	
	

	
	3
	0
	0
	0

	
	1.5 
	0
	0
	0

	
	0.5 
	0
	0
	0

	
	0.25 
	0
	0
	0

	ZnO-SiOB
	
	
	
	

	
	3
	10±0.5
	10±0.5
	15±0.5

	
	1.5 
	0
	8±0.5
	7±0.5

	
	0.5 
	0
	0
	0

	
	0.25 
	0
	0
	0

	SiO2
	
	
	
	

	
	3
	0
	0
	0

	
	1.5 
	0
	0
	0

	
	0.5 
	0
	0
	0

	
	0.25 
	0
	0
	0


Whereas ZnO NMs, as well as many metal oxide nanoparticles, possess bactericidal properties due to the generation of ROS, the chemiluminescent method was used to trace the concentration and kinetics of ROS generation by determining the quantum yield of these reactions in the range 480-580 nm.  Three chemiluminescent model systems were applied:
• System I
The interaction between Fe2+ ions and H2O2 produces highly reactive, short-living .OH radicals. Generally, the resulting chemiluminescent emission is much higher than from other mixtures:
(1) Fe2+ + H2O2 → Fe3+ + ·OH + −OH
(2) Fe3+ + H2O2 → Fe2+ + ·OOH + H+
 
At pH 8.5 the control chemiluminescence signal in this system reaches 17006 reference luminescent units (RLU) in the interaction between the reagents, the so-called fast flash, and usually decreases with time (Fig.3A). The sample containing SiO2 NPs follows this kinetics but with slightly lower values ​​which represent the same levels. It is not susceptible to oxidation by ROS. All the other NMs exhibit mild to strong prooxidant properties: ZnO NPs intensify the luminescent signal 7 times, ZnO-SiOA almost 3 times, ZnO-SiOB more than 2 times, and most pronounced oxidation is registered with the ZnO NCs, 18 times. All kinetics is smooth, with no pronounced peaks (Fig.3A). At physiological pH 7.4 (Fig.3B) are registered almost the same effects but at much lower levels, at this pH ZnO-SiOA and ZnO-SiOB change places, but keep the presented mild prooxidant activity. Strong prooxidant activities exhibit the ZnO NCs almost 4 times and ZnO NPs and ZnO-SiOB NMs, 2 times or less intensification of the signal. 
[image: D:\Bulgaria Data\Bulgaira 2020\Data from Bulgaria side\Anelia\Prof Iliana Data\Acta Chimica\Figure  3.jpg]
[bookmark: _GoBack]Figure 3. The chemiluminescence induced by OH, H2O2, and O2.- radicals by time in seconds, at pH 8.5 and 7.4 in the presence/absence of NMs.
• System II
In this system, hydrogen peroxide plays both the role of an oxidizing agent and a reactive oxygen species. Results show that ZnO NCs is mostly oxidized at both alkaline and neutral pH, respectively 30 and 5 times stronger signal than the controls. While ZnO NPs exhibits almost 18 times (Fig. 3C) and about 2 times (Fig. 3D) stronger prooxidant activity in comparison to the control intensity of chemiluminescence. While, at pH 8.5 ZnO-SiOB and ZnO-SiOA NPs express mild prooxidant effects, less than 3 times in comparison to the control signal (Fig. 3C). At pH 7.4 ZnO-SiOA provokes 3 times higher oxidation than ZnO-SiOB and the control (Fig. 3D). SiO2 NPs show an extremely light prooxidant effect at both tested pH media. 
• System III
The generation of O2-. in this system is believed to follow the  chemical scheme of Nishikimi et al: 34,35
1. PhMS + NAD.H + H+  PhMS.H2 + NAD+
1. PhMS.H2 + PhMS  2PhMS.H.
1. PhMS.H. + O2  PhMS + O2-. + H+
ZnO NCs exhibit the strongest oxidation at the alkaline tested conditions as their signal is 24 times higher than the control. Whereas, ZnO NPs show almost 2 times stronger prooxidant activity than the control (Fig. 3E). The other tested synthesized NMs exhibit pronounced antioxidant effects against the generated O2.- radicals in the system, 60 to 80% (Fig. 3E). The registered antioxidant activity is not observed at pH 7.4 for all types of NPs. At physiological pH and provoked by the O2.- radicals ZnO NPs exhibit the strongest prooxidant activity in comparison to all the tested systems and conditions (Fig. 3F). ZnO NCs show 16 times stronger signal than the control, followed by SiO2 (almost 7 times), ZnO-SiOB (more than 5 times) and ZnO-SiOA (almost 2 times) (Fig. 3F). It should be noticed that in this ROS-generating system (O2.-) SiO2 present definitive prooxidant activity, which is not observed in the other tested systems.



Table 3.  Correlation coefficients between the sensitivity of the chosen bacterial strains towards the antimicrobial effect of ZnO, ZnO NCs, ZnO-SiOA, and ZnO-SiOB NMs tested by the spot diffusion and chemiluminescent assays.
	TESTED MICROORGANISM
	system 1
pH 8.5
	system 1
pH 7.4
	system 2
pH 8.5
	system 2
pH 7.4
	system 3
pH 8.5
	system 3
pH 7.4

	E. coli
BL21DE
	0.717
	0.814
	0.895
	0.145
	0.954
	0.969

	B. cereus
NBIMCC1095
	0.921
	0.970
	0.996
	0.496
	0.998
	0.814

	S. epidermidis
ATCC 12228
	0.797
	0.879
	0.943
	0.266
	0.984
	0.932



Table 3 shows the correlation coefficient between the sensitivity of the chosen bacterial strains towards the antimicrobial effect of ZnO NPs, ZnO NCs, ZnO-SiOA, and ZnO-SiOB NPs tested by the spot diffusion and chemiluminescent assays (1 mg/mL). System 1 and 3 show a strong correlation between the two assays. Whilst system 2 introduces weak correlation in the case of E. coli and S. epidermidis, and moderate correlation in the case of B. cereus at pH 7.4, despite the same system showing a strong correlation at pH 8.5. This proves that the luminescent assay can be successfully applied at pH 8.5 for the evaluation of antimicrobial activity by System 2. 

It’s a fact that the internalization and mechanistic activity of nanosized ZnO depend on their physicochemical properties like shape, size, charge, and surface properties,36 so different shapes and sizes ZnO NMs were synthesized by controlling the preparation conditions. Аlthough the growth mechanism of NMs was extensively studied, the exact mechanism remains still unclear. The general mechanism is believed to depend on solvent and growth conditions. Generally, alcohol has crucial importance in contributing the unoccupied oxygen to Zn+2 to form ZnO,37 then, by Ostwald ripening as small crystalline nuclei are formed in a supersaturated reaction solution followed by particle growth, afterward large nanoparticles grow at the expense of the small ones.38
Moreover, by depicting ZnO NCs' morphology in our experiment, figure 1, these NMs look like agglomerates of small sphere ones. The growth mechanism of this form of ZnO NMs could be subject to the oriented attachment, a recent non-classical theory of crystal growth which is based on the repeated merging of adjacent particles on lattice-matched crystal facets, this supported by TEM imaging (Figure 1B, inset).38 Several research groups have reported the preparation of ZnO aggregates, 20 however, the prepared ZnO NCs in our experiment is well-packed clusters with high stability. XRD confirms the formation of hexagonal (wurtzite) structure of all synthesized ZnO NMs judging by the JCPDS card no. 01-080-3002, no other phases were observed.
Given our antibacterial experiment, it’s obvious that the SiO2 NPs and ZnO-SiOA were completely safe at concentrations up to 3 mg/mL, while all other tested materials show bactericidal effect at the higher concentration of 3 mg/mL. All tested bacteria E. coli, Bacillus cereus, and S. epidermidis show high sensitivity towards ZnO NPs at the concentration of 3 mg/mL. E. coli and S. epidermidis were inhibited at 1.5 mg/mL. Meanwhile, lower concentrations of ZnO NPs were safe on all tested bacteria. It was worthy to notice that coating this nanomaterial with silica renders it completely safe on bacteria at all concentrations. This could be due to the complete isolation of the ZnO from the surrounding media by silica, the thing that prevents the Zn ions leakage from the particles, in addition to the safe action of silica on bacteria.39 Counter to ZnO-SiOB that show higher toxicity than the naked particles silica, this could be attributed to the incomplete shielding of ZnO by silica in this case, which gave a chance for ZnO leakage from the particles. Also, by referring to the TEM images, ZnO-SiOB show some aggregation that can increase the antibacterial action. On the other hand, ZnO NCs have shown the largest sterile zones at diffusion test and have demonstrated the strongest antibacterial effect if used in concentrations of 3 mg/mL and less. This is because ZnO NCs are formed of agglomerates of small sphere ones that can attach to the cell membrane and break down under the physiological conditions to its constituent small sphere particles. This can cause a magnified effect compared to the ZnO NPs effect. While the ZnO NCs show higher activity than the sphere shape ZnO NPs. The most sensitive of all three tested bacteria was Bacillus cereus, compared to E. coli and S. epidermidis as shown in Table 2.
Our results correspond to other studies that have reported the bactericidal effect of ZnO NMs. There are few proposed mechanisms as; the penetration of the NMs that release Zn2+. Smaller NPs are more likely to penetrate cells hence they have greater impact. Zn2+ would react with proteins, peptides, and amino acids, probably also with phosphates, carbonates, etc., which will suppress many vital cellular activities inside bacteria, such as active transport, metabolism, and enzyme activity, ultimately inducing the cell to death.12
Other suggested antibacterial mechanism creates O2.− rather than H2O2 with the presence of electrons and H+. H2O2 penetrates the membrane of bacteria, damaging its content like protein, lipid, and amino acids, causing cell death.12 Moreover, we speculate that the outstanding antibacterial effect of ZnO NCs could be related to the random orientation of its cluster bars. We believe it is the same observation with the random-oriented ZnO nanoarrays (ROZN) outlined by Wang et al, who attributed the superior bactericidal effect of his ROZN to cell membrane injury.40 
Chemiluminescent assay results show superiority of ZnO NCs over the rest of tested NMs. One explanation could be that ZnO NCs is composed of small units of ZnO NPs as shown in TEM images which provide a slower release of ZnO for long periods that leads to having a stronger effect on bacterial strains.  In system I, the tested NPs are oxidized by the generated ROS in Fenton’s system (Fig.3) that could explain the observed anti-inflammatory and antibacterial properties of those materials within the living systems. At physiological pH 7.4 (Fig.3B) almost the same effects are registered but at much lower levels, due to the change of pH of the media to lower value. The achieved results from system II are confirmative on the stability of the tested synthesized NMs against H2O2 as a typical strong oxidant, generated also within the living systems as part of their nonspecific inflammation reaction. In system III, ZnO NCs was also very susceptible to oxidation, followed by SiO2, ZnO-SiOB, and ZnO-SiOA. It should be noted that in this ROS-generating system (O2.-) SiO2 presents definitive prooxidant activity, which is not observed in the other tested systems.
A detailed correlation analysis was carried out of the sensitivity of the chosen bacterial strains towards the antimicrobial effect of ZnO NPs, ZnO NCs, ZnO-SiOA, and ZnO-SiOB NPs were tested by the spot diffusion and chemiluminescent assays (1 mg/mL), Table 3. System I and III show a full positive correlation between the two assays. This is confirmative on the assumptions that .OH, .OOH and O2.- radicals are part of the antimicrobial mechanism of the tested ZnO and derived materials. System II is introducing H2O2 as a ROS and a strong oxidant. The correlation between system II and the spot diffusion assay was moderate at pH 7.4 however, the correlation was strong at pH 8.5. This confirms that only reactions at pH 8.5 can be tested and followed to get reliable results on prooxidant, antimicrobial and bactericidal effects applying the chemiluminescent assay. The strength of the correlation coefficient follows the relationship level as perfect, strong, moderate, weak, and zero to the ± values of 1, 0.7-0.9, 0.4-0.6, 0.1-0.3, and 0.41 All achieved results are confirmative of the role of these ROS in the bactericidal effect within living systems. Although there are structural differences between Gram-positive and Gram-negative bacteria cell membranes, ZnO NMs show a strong effect against both types of bacteria the thing that depicts the broad spectrum of ZnO NMs effect.42
4. Conclusions:
In this study, different forms of ZnO NMs were prepared and tested against Gram-negative and positive bacteria. Agar diffusion test proved that ZnO NCs turned out to be the best antimicrobial agent. While SiO2 and ZnO-SiOA NPs showed no antibacterial activity.
All NMs, except SiO2, exhibit mild to strong prooxidant properties in the Fenton’s system for the generation of ROS. ZnO NCs is powerfully oxidized. This could be explained by assuming that ZnO NCs is composed of small units of ZnO NPs that provides a slower release of ZnO for long periods, which leads to having a stronger effect on bacterial strains. SiO2 is not susceptible to oxidation by ROS. The achieved results for both media show that all tested NMs are susceptible to oxidation by H2O2, a typical strong oxidant, generated also within the living systems as part of their nonspecific inflammation reaction. ZnO NCs and ZnO NPs exhibit strong oxidation at the alkaline tested conditions in system III. All other tested synthesized NMs (SiO2, ZnO-SiOA, and ZnO-SiOB) exhibit pronounced antioxidant effects against the generated O2. - radicals in the system 60-80%. The registered antioxidant activity is not observed at pH 7.4 for any of the materials. ZnO exhibits the strongest prooxidant activity in comparison to all the tested systems. The prooxidant effect is observed for all other materials too. SiO2 presents definitive prooxidant activity which is not observed in the other systems. The correlation analysis on the sensitivity of the chosen bacterial strains towards the antimicrobial effect of ZnO NPs, ZnO-SiOA, and ZnO NCs were tested by the spot diffusion and chemiluminescent assays is highly confirmative on the role of these ROS in the bactericidal effect within living systems. Thus, ZnO NCs is an important antibacterial agent that could be an emergent replacement of traditional antibiotics. 
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