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Abstract: This study recommends Carbopol/zinc oxide (ZnO) hybrid nanoparticles gel as an efficient
antibacterial agent against different bacterial species. To this end, ZnO nanoparticles were synthesized
using chemical precipitation derived from a zinc acetate solution with ammonium hydroxide as its
precipitating agent under the effect of ultrasonic radiation. The synthesized ZnO nanoparticles were
stabilized simultaneously in a freshly prepared Carbopol gel at a pH of 7. The chemical composition,
phase identification, particle size and shape, surface charge, pore size distribution, and the BET
surface area of the ZnO nanoparticles, as well as the Carbopol/ZnO hybrid Nanoparticles gel, were
by XRD, SEM, TEM, AFM, DLS, Zeta potential and BET instruments. The results revealed that
the synthesized ZnO nanoparticles were well-dispersed in the Carbopol gel network, and have a
wurtzite-crystalline phase of spherical shape. Moreover, the Carbopol/ZnO hybrid nanoparticles
gel exhibited a particle size distribution between ~9 and ~93 nm, and a surface area of 54.26 m?/g.
The synthesized Carbopol/ZnO hybrid nanoparticles gel underwent an antibacterial sensitivity test
against gram-negative K. pneumonia (ATCC 13883), Bacillus subtilis (ATCC 6633), and gram-positive
Staphylococcus aureus (ATCC 6538) bacterial strains, and were compared with ampicillin as a reference
antibiotic agent. The obtained results demonstrated that the synthesized Carbopol/ZnO hybrid
nanoparticles gel exhibited a compatible bioactivity against the different strains of bacteria.

Keywords: ZnO nanoparticles; hybrid materials; chemical precipitation; Carbopol; BET surface area;
zeta-potential; antibacterial activity

1. Introduction

In recent decades, discussions focused on the application of biomedical nanomaterials
have increased in the medical field due to their eminent biological properties. With their
broad applications in various fields, metal oxide nanoparticles have shown far-reaching and
promising prospects in the field of biomedicine, especially for drug delivery/antibacterial
genes, biosensing, cytometry, cancer, and others [1-3].

Many synthetic techniques are used for the synthesis of zinc oxide nanoparticles (ZnO
NPs). These methods could be classified into three main types: physical, chemical, and
biological methods. Furthermore, chemical synthesis includes liquid-phase synthesis and
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gas-phase synthesis. Liquid phase synthesis involves some sub-methods, such as polyol [4],
sonochemical [5], solvothermal [6], hydrothermal [7], water-oil microemulsions [8], sol-gel
processing [9], co-precipitation [10], and precipitation methods [11], while methods such as
inert gas condensation and pyrolysis fall within fabrication methods in the vapor phase [12].
ZnO NPs are classified as II-VI semiconductors and are characterized by a high excitation
energy of 60 eV and wide band gap energy of 3.3 eV. Thus, they can tolerate large electric
fields, high temperatures, and high power operations [13]. These properties make ZnO NPs
highly applicable in chemical sensors, photocatalysis, and solar cells [14]. Additionally, the
crystal structure of ZnO NPs significantly contributes to the emergence of their piezoelectric
properties. Accordingly, this makes ZnO NPs suitable for acoustic wave resonators and
acoustic-optic modulators. In addition, the Centro-symmetric structure of ZnO NPs made
them the highest tensors among all semiconductors, providing a large electromechanical
coupling [15]. Moreover, the GRAS substances (SCOGS) database allows access to opinions
and conclusions from 115 SCOGS reports published between 1972-1980 on the safety of
over 370 Generally Recognized as Safe (GRAS) food substances by the U.S. Food and Drug
Administration (FDA). Accordingly, the Select Committee on GRAS Substances (SCOGS)
opinion concluded that there is no evidence in the available information on zinc oxide that
demonstrates, or suggests reasonable grounds to suspect, a hazard to the public [16].

Additionally, ZnO NPs are commonly used in various fields due to their distinct
physical and chemical properties as one of the most important semiconductor metal oxide
nanoparticles [17,18]. Because of the ability of ZnO to absorb UV radiation, it is increasingly
used in personal care products, such as sunscreens and cosmetics [19]. ZnO NPs have
also been applied in the rubber industry as they can provide the abrasion resistance for
the rubber composite, as well as improve the high polymer performance in anti-aging,
toughness and strength, and other functions [20]. In addition, ZnO NPs have excellent
antibacterial and antimicrobial properties. Furthermore, when used in the textile industry,
fabrics treated with the addition of ZnO NPs gain attractive properties, such as UV blocking,
visible light resistance, deodorant, and antibacterial agents [21,22]. Zinc oxide can also
be used in other branches of industry, including electronics, photocatalysis, concrete
production, and other technologies [23,24].

These hydrogels are three-dimensional systems of hydrophilic polymers, which can
swell when absorbing water; however, they do not dissolve. Moreover, these hydrogels can
interact with the surrounding environments and simultaneously exhibit changes in both
their chemical and physical properties [25,26]. Great efforts have been exerted on hydrogels
containing pH and/or temperature-sensitive properties due to their extraordinary potential
in bioengineering and biomedical uses, especially in cell culture, molecular separation,
and drug release [27,28]. The term “nanogel” was introduced to define the cross-linked
dual-functional networks of a polyion and a nonionic polymer for polynucleotide deliv-
ery [29,30]. Nanogels are composed of nanoparticles that are formed by physically or
chemically cross-linked polymer networks that stabilize and swell in a fine solvent [31,32].
Breakthroughs in nanotechnology have generated the need to develop nanogel systems
which demonstrate the ability to deliver drugs in controlled, stable, and targetable settings.
With the promising field of polymer science, it is now possible to develop smart nanoscale
systems which could provide effective treatments and diagnoses, as well as advance clinical
trials [33,34]. Carbopol 940, or Carbomer 940, is a synthetic high-molecular-weight polymer
of the acrylic acid monomer. They may be homopolymers of acrylic acid or cross-linked
with an allyl ether of propylene, allyl ether of sucrose, or an allyl ether of pentaerythritol.
Carbopol 940 contains not less than 56% and not more than 68% of carboxylic (~COOH)
groups. The viscosity of a neutralized 0.5% aqueous dispersion of Carbopol 940 is between
40,000 and 60,000 centipoises [35]. In an aqueous solution of a neutral pH, Carbopol 940 is
an anionic polymer, i.e., many of the side chains of Carbopol 940 will lose their protons and
acquire a negative charge. This gives Carbopol 940 polyelectrolytes the ability to absorb
and retain water and swell to many times their original volume [36]. Dry Carbopol 940 is
produced as white, fluffy powders that are frequently used as gels in personal care and
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cosmetic products. Their role in cosmetics is to suspend solids in liquids, prevent emul-
sions from separating, and to control the consistency in the flow of cosmetics. Carbopol
codes (910, 934, 940, 941, and 934P) are an indication of molecular weight and the specific
components of the polymer [37]. For many applications, Carbopol 940 is used in form
of alkali metal or ammonium salts, e.g., sodium polyacrylate. In the dry powder form,
the positively charged sodium ions are bonded to the polyacrylate; however, in aqueous
solutions, the sodium ions can be dissociated. Instead of the formation of an organized
polymer chain, this leads to a swollen gel that can absorb a high amount of water [38].

The targets of synthesis and fabrication of any antimicrobial compound are to inhibit
the causal microbe without any side effects on the patients. Besides, it is worthy to stress
here the basic idea of applying any chemotherapeutic agent, which depends essentially
on the specific control of at least one biological function while avoiding multiple ones.
Zn0O nanogel exhibits good and effective antimicrobial and antibacterial activity. It is
highly selective in bactericidal activity and reveals biocompatibility as well as low effects
in human cells [39-41]. ZnO nanogel delays the microbial growth of foodborne pathogens,
such as B. subtilis, E. coli, Pseudomonas fluorescent, etc. In vitro culture, media studies
showed that ZnO nanogel is very effective at killing microbes such as S. enteritidis, E. coli,
Listeria monocytogenes, and others [42,43]. ZnO nanoparticles of about 10-25 nm particle
size can penetrate deeply into the ventral cell and enhance its membrane permeability.
They disintegrate and produce complete sets of bacterial and microbial cell membranes [18].
There are several types of mechanisms that explain the antimicrobial and antibacterial
activities of ZnO nanogel. Complete cell lysis and an elevation in membrane permeability
due to the production of hydrogen peroxide (H,O,) from the ZnO nanoscale surface, are
some of the most recognized mechanisms within the scientific community [44,45]. The
size of the ZnO nanogel is very important for its activity; it is shown that the smaller sizes
of ZnO nanoparticles per unit volume in the aqueous medium increase the surface area
and enhance the production of hydrogen particles [46,47]. Another study reported that
the production of zinc particles causes severe damage to the bacterial cell membrane. This
results in the formation of small pores on the cell surface and leads to leakage of cellular
contents, causing bacterial cell death [48-50].

Furthermore, many researchers have used Carbopol-based inorganic metal/metal
oxides nanoparticles and organic additive hybrid systems in different fields. For example,
Jana et al. have used Carbopol gel containing chitosan-egg albumin nanoparticles for
transdermal aceclofenac delivery [51], while Sareen et al. have formulated and evaluated
the meloxicam Carbopol-based gels for drug release uses [52]. In addition, Bonacucina
et al. have analyzed the thickening properties of Carbopol 974 and 971 in a 50:50 mixture
of water/Silsense™ A-21 as a new cationic silicon miscible in any proportion with wa-
ter. In addition, they have also evaluated the rheological properties of Silicon/Carbopol
hydrophilic gel systems as a vehicle for the delivery of water-insoluble drugs [53].

In this study, ZnO nanoparticles were synthesized using chemical precipitation de-
rived from a zinc acetate solution with ammonium hydroxide as its precipitating agent
under the effect of ultrasonic radiation. The prepared ZnO NPs were stabilized using
Carbopol gel to obtain a hybrid system of well-dispersed nanoparticles in the gel network.
Similarly, the synthesized Carbopol/ZnO hybrid nanoparticles gel was also successfully
prepared using a chemical precipitation reaction in a Carbopol stabilizing agent under
the effect of ultrasonic irradiation. The chemical composition, phase identification, ad-
sorption/desorption behavior, and pore size distribution properties of ZnO NPs and
Carbopol/ZnO hybrid nanoparticles gel were evaluated by XRD and BET analyzers. In
addition, topographical and morphological textures of the synthesized ZnO NPs, as well as
the Carbopol/ZnO hybrid nanoparticles gel, have been investigated using AFM, SEM, and
TEM microscopies. DLS and zeta-potential studies were also conducted to investigate the
size distribution and charge measurements of the prepared ZnO NPs and Carbopol/ZnO
hybrid nanoparticles gel, respectively. Finally, the synthesized Carbopol/ZnO hybrid
nanoparticles gel was examined as antibacterial nanoparticles/gel hybrid system against
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gram-negative K. pneumonia (ATCC 13883) and gram-positive (Bacillus subtilis (ATCC 6633)
and Staphylococcus aureus (ATCC 6538) bacterial strains.

2. Experimental Section
2.1. Preparation of ZnO NPs and Carbopol/ZnO Hybrid Nanoparticles Gel

ZnO NPs were synthesized using the chemical precipitation method under the effect of
ultrasound irradiation. In a typical procedure, zinc acetate dihydrate (Zn(CH3;COO),-2H,0,
Loba Chemie, Mumbeai, India) as a precursor, and an ammonia solution of 30-33% (NHj) in
an aqueous solution (NH4OH, Advent chembio, Mumbai, India) as a reducing agent, were
used [54]. The ZnO nanoparticles were produced by dissolving the appropriate amount
of zinc acetate in 100 mL of deionized water to produce 0.1 M of a zinc ions solution.
Subsequently, the zinc ions solution was subjected to ultrasonic wave irradiation using a
Hielscher UP400S (400 W, 24 kHz, Berlin, Germany) at an amplitude of 79% and a cycle of
0.76 for 5 min at a temperature of 40 °C. Then, the ammonia solution was added dropwise
to the zinc ions solution under the effect of the ultrasonic waves. After few moments,
the ZnO NPs began to precipitate and grow, and the ammonia solution was continuously
added until the complete precipitation of ZnO NPs occurred.

The obtained ZnO NPs were washed using deionized water several times and were left
out to settle down. Posteriorly, the obtained precipitate was dried at room temperature. To
prepare the ZnO nanogel, the produced ZnO NPs were rinsed with double deionized water
and were outfitted for the next step. On the other hand, 0.5 g of Carbopol 940 (Loba Chemie,
Mumbeai, India) was dissolved in 300 mL of doubled deionized water, followed by addition
of the freshly washed ZnO NPs. Because Carbopol is naturally acidic [55], the solution
needed to be neutral, otherwise it would not thicken. Thus, the mixture had undergone
continuous sonication using an ultrasound prop (Hielscher, UP400S Berlin, Germany)
with an amplitude of 95 and a cycle of 95% for 1 h. Then, 50 mL of trimethylamine
(TEA) as a neutralizing agent (raise the pH to 7) was added dropwise under continuous
sonication until the formation of the ZnO white gel occurred, and where the Carbopol
would thicken when the pH was near to the neutral conditions [56]. Figure 1 shows a
summarized schematic flowchart of the synthesis procedures for the ZnO NPs as well as
the Carbopol/ZnO hybrid nanoparticles gel.

2.2. Characterization of Synthesized ZnO NPs and Carbopol/ZnO Hybrid Nanoparticles Gel

The synthesized ZnO NPs and Carbopol/ZnO hybrid nanoparticles gel were investi-
gated for determining the chemical composition and the crystalline phase using an X-ray
diffractometer (XRD, D8-Discover, Bruker, CuK« radiation, Madison, WI, USA) working
at a current of 30 mA and voltage of 20 kV. The Raman shift spectrum of the synthesized
Zn0O NPs and Carbopol/ZnO hybrid nanoparticles gel were investigated using the Raman
spectrometer of a model (Horiba labRAM HR evolution visible single spectrometer, Edison,
NJ, USA). The measurement processes were performed at room temperature and the acqui-
sition time was 20 seconds. The Raman spectroscopy was supplied with a He-Cd green
LASER which provided a wavelength of 532 nm/edge, and a grating of 1800 (450-850 nm),
supported with a 100% ND filter and an objective of X50/Vis. The scanning electron
microscope (SEM, JSM-6701F Plus, JEOL, Peabody, MA, USA), and transmission electron
microscope (JEOL, TEM-2100, Peabody, MA, USA) operated at a potential of 20 kV, and
were used to investigate the morphology, shape, and size of the Carbopol/ZnO hybrid
nanoparticles gel. In the investigations of the samples using TEM, a copper grid was
prepared to support the NPs by sputtering them with gold. The ZnO NPs stabilized Car-
bopol gel sample was diluted with distilled water and sonicated with an ultrasonic cleaner
(Elma, Singen, Germany) for 30 min. Then, a few drops of the Carbopol/ZnO hybrid
nanoparticles gel sample were deposited onto the coated copper grid and allowed to dry
at room temperature before the investigations were performed by the TEM microscopy.
The specific surface area of the Carbopol/ZnO hybrid nanoparticles gel sample was deter-
mined by the N, adsorption/desorption isotherm using Brunauer-Emmett Teller (BET)
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analyzer (NOVA touch LX2, model; NT2LX-2, Quantachrome, FL, USA). An Atomic Force
Microscope (AFM, 5600LS, Agilent, California, CA, USA) was used to provide 2D and 3D
topographic images of the synthesized Carbopol/ZnO hybrid nanoparticles gel. Finally,
the particle size and zeta potential of the prepared ZnO NPs and Carbopol/ZnO hybrid
nanoparticles gel samples were measured using a DLS and zeta potential analyzer (Nano
Sight NS500, Malvern Instruments Ltd., Kassel, Germany).

Zinc acetate solution
Zn(CH3C00),.2H,0

(0.1M)

Ultrasonication for 5
min at 40 °C
(amplitude of 79%,
cycle of 0.76)
Ammonia solution
NH,OH
30-33 vol. %

Agitation ]

Washmg by
deionized water

temperature

Rinsing by doubled

deionlzed water

]
Drying atroom ]
|
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[
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Addition of Carbopol
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[Carbopol/lno Hybrid]

nanoparticles

Figure 1. Schematic flowchart for the synthesis of ZnO NPs and Carbopol/ZnO hybrid nanoparti-
cles gel.

2.3. Antibacterial Sensitivity Test

The antibacterial activity of the investigated Carbopol/ZnO hybrid nanoparticles
gel was employed on Mueller-Hinton agar plates using an Agar well diffusion technique
against gram-negative K. pneumonia (ATCC 13883) and gram-positive Bacillus subtilis (ATCC
6633), and Staphylococcus aureus (ATCC 6538) bacterial strains, and by applying ampicillin
as a reference antibacterial agent. A stock solution was prepared by dissolving 10 mg of
Carbopol/ZnO hybrid nanoparticles gel in 1 mL DMSO. The nutrient agar medium of the
composition (0.5% Peptone, 0.1% Beef extract, 0.2% Yeast extract, 0.5% NaCl, and 1.5%
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Agar-Agar) was prepared by heating the contents in a water bath, cooling them down to
47 °C, and seeding them with the investigated microorganisms. After the solidification
of the Agar media, 5 mm diameter holes were punched aseptically and carefully using a
sterile cork borer. The investigated Carbopol/ZnO hybrid nanoparticles gel was introduced
in Petri-dishes (10 cm diameter) after their dissolving in DMSO to reach a 1.0 x 103 M
concentration. The prepared culture plates were then incubated at 37 °C for 20 h to enhance
the growth of the bacteria. The activity was determined by measuring the diameter of
the inhibition zone in mm. The plates were kept for incubation at 37 °C for 24 h and
then the plates were investigated for a recording of the zone of inhibition in millimeters.
Antimicrobial activities were performed in triplicate and the average was taken as the
final reading.

3. Results and Discussion
3.1. Synthesis and Stabilization Mechanism of ZnO NPs by Carbopol Gel

The consequence chemical precipitation reactions of the synthesis method of ZnO NPs,
as well as the Carbopol/ZnO hybrid nanoparticles gel, can be explained by the following
chemical equations;

Zn(CH;COO0),-2H,0 + 2NH,;OH — Zn(OH), + 2CH;COONH, + 2H,0 1)

Zn(OH), + 2H,0 — Zn** + 2HO™ = [Zn(OH),]*~ 2)
[Zn(OH),]*” < ZnO%~ +2H,0 ®3)
ZHO%, 24 kHz, 400 W, A 7n0 i + Oz T (4)
CH,
7
HyC—~ \ -CH;

Tnmethylamme

H
|
c—C + ZnO NPps ———8 C\ C
Fll é Ultrasamcatmn(lh) }/ \*/ \1/ { \*/ \k

N\

W6 o], ARATA \\)0/% A VA Y
Carbopol 940 e ! 4 C{ 74
c H 3 ZnO Oﬁn-» ( C—C
|| e N (|
c—C ] HyC~—" \_—CH, HH

}!I l"|| HyC— \ CH, B

ZnO nano-gel (5)

According to the chemical equations mentioned above, (Equation (1) to Equation (4),
the zinc acetate reacted with an equivalent amount of ammonium hydroxide solution form-
ing zinc hydroxide precipitate, which dissolved to form ammonium zincate in the presence
of an excess amount of ammonium hydroxide solution. The formed ammonium zincate was
converted into ZnO nanoparticles by heating under the effect of ultrasonic wave irradiation.
The produced ZnO NPs were stabilized by the interaction with Carbopol according to the
chemical Equation (5). The Carbopol gel is usually formed by adding the Carbopol powder
to distilled water, which was previously neutralized to pH = 7 using few drops of inorganic
bases, such as sodium hydroxide or potassium hydroxide, or low molecular weight amines
and alkanolamines, which can provide satisfactory neutralization. Some of the amine
bases that are effective as neutralizing agents for aqueous formulations include TEA (tri-
ethanolamine), AMP-95 (aminomethyl propanol), Tris Amino (tromethamine), and Neutrol
TE (tetrakis-2-hydroxypropyl ethylenediamine) [57-59]. Then, the obtained mixture was
subjected to continuous rigorous mixing for a few minutes to avoid agglomeration, and
then continued stirring until viscosity built up before it turned to gel. In the current work,
and according to Equation (5), trimethylamine was used as a neutralizing agent to produce
a matrix gel between ZnO NPs and the Carbopol network. The Carbopol/ZnO hybrid
nanoparticles gel is formed by the agitation of the ZnO NPs within Carbopol solution to
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achieve the homogeneity of mixture and to facilitate the polymer-solvent and polymer-
polymer interactions giving rise to a better-network structure, typically of a gel-like system.
Besides, adding the neutralizing agent induces the entanglement between the different
polymer chains. The neutralization reaction ionizes the polymer and generates negative
charges along the chain of the polymer. The repulsions between similar charges cause
the uncoiling of the molecule into an extended strained structure. This reaction occurs
rapidly and provides an instantaneous thickening and an emulsion formation/stabilization.
Consequently, the mixture starts to convert to the Carbopol gel network and chelates with
the ZnO NPs inside its chain structure. The thick structure and higher elastic character
of the hydrated Carbopol/ZnO hybrid nanoparticles gel may be attributed to the elec-
trostatic, Vander Walls, dipole-dipole, hydrophobic type interactions, and the formation
of H-bonding, which can be established between ZnO NPs and the hydroxyl groups of
Carbopol base-polymer due to the high electronegativity of the oxygen atom. Moreover,
there is a possibility for H-bonding creation between ZnO NPs and the nitrogen atoms
of trimethylamine agents, even though it has a lower electronegativity than that of the
oxygen atom. Furthermore, ultrasonic wave irradiation causes particle-particle interaction
by enhancing the molecular vibration of the constituent in the reaction mixture, which
generally enhances the thickening process promoted by the polymer-solvent interactions,
and aids in the solvation of Carbopol. In addition, ultrasound wave irradiation enhances
the polymer-ZnO NPs interaction and improves the viscoelastic properties of the prepared
Carbopol/ZnO hybrid nanoparticles gel. Accordingly, many studies have introduced
similar interpretations [60-64].

Figure 2 shows the prepared ZnO NPs as well as the Carbopol/ZnO hybrid nanopar-
ticles gel. The results indicate that the prepared ZnO NPs, in the absence of any stabilizing
agent, were partially suspended and settled down in the solution within a short period.
However, the Carbopol/ZnO hybrid nanoparticles gel was completely suspended and did
not settle down for a long time, eventually forming a homogeneous gel. Therefore, one can
see that Carbopol is a suitable stabilizing agent for the ZnO NPs in the solution.

Figure 2. ZnO NPs synthesized by the chemical precipitation method under the effect of the ultra-
sound wave irradiation, where (a) is in the aqueous solution, and (b) is stabilized by Carbopol gel.

3.2. Chemical Composition and Phase Identification of Synthesized ZnO NPs and Carbopol/ZnO
Hybrid Nanoparticles Gel

Figure 3 shows the XRD pattern of the synthesized ZnO NPs and Carbopol/ZnO
hybrid nanoparticles gel. It can be observed from the results that the diffraction peaks
have a high intensity, which implies an ideal crystalline structure within the synthesized
ZnO NPs. The Carbopol gel is in an amorphous state as no peaks were recorded. Besides,



Crystals 2021, 11, 1092

8 0f 23

the characteristic peaks of zinc oxide are prominently featured in the XRD pattern of
the Carbopol/ZnO hybrid nanoparticles gel. In addition, the crystalline structure of
the synthesized ZnO NPs demonstrates a hexagonal structure of the high-purity ZnO
wurtzite phase according to the reference COD no. 2300113. Thus, the observed peaks
corresponding to the (100), (002), (101), (102), (110), (103), (200), (112), (201), (004) and
(202) planes. Furthermore, the Zn element represents 80.3%, while the oxygen element
represents 19.7% of the sample. The average crystallite size (D) of ZnO NPs was estimated
from the highly intense and sharp diffraction peak corresponding to the (101) plane using
the Debye-Scherer formula [65] according to the following equation:

0.9A
b= Bcos6 ©)

where D is the average crystalline size (nm), A the CuK« radiation wavelength, i.e.,
1.54060 A, B the full-width at half maximum in radians, and 6 the scattering angle in
degree. The average crystallite size of the synthesized ZnO nanoparticle was found to
be 48.70 nm. Similar results were reported in the previous work [66]. The assessment of
different diffraction peaks and the detailed XRD analysis of ZnO NPs and Carbopol/ZnO
hybrid nanoparticles gel are listed in Table 1.

Zn0O NPs

Carbopol / ZnO NPs gel

Intensity (a.u.)

T T T T T

20 30 40 50 60 70 80
20 (degree)

Figure 3. XRD patterns of the synthesized ZnO NPs and Carbopol/ZnO hybrid nanoparticles gel.

Table 1. Appraised parameters of the XRD analysis of synthesized ZnO NPs and Carbopol/ZnO
hybrid nanoparticles gel.

ZnO NPs Carbopol/ZnO Hybrid Nanoparticles Gel
Index d-Value (A) 20 (°) hkl d-Value (A) 20 (°) hkl
1 2.8009 31.926 100 2.8141 31.773 100
2 2.5886 34.624 002 2.6027 34.430 002
3 2.4635 36.442 101 2.4755 36.259 101
4 1.901 47.808 102 1.9107 47.551 102
5 1.6171 56.894 210 1.6247 56.604 210
6 1.4692 63.242 103 1.4769 62.875 103
7 1.4004 66.742 200 1.4070 66.388 200
8 1.3715 68.34 212 1.3782 67.962 212
9 1.3519 69.471 201 1.3583 69.097 201
10 1.2943 73.046 004 1.3013 72.591 004
11 1.2317 77.422 202 1.2377 76.978 202
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Based on the aforementioned results, and in comparison with previous studies, the
existence of ZnO NPs in the hexagonal wurtzite structure demonstrated a high purity and
an excellent crystallinity in the synthesized particles. Table 2 shows the crystallinity and
phase structures of ZnO NPs prepared using different methods.

Table 2. Crystallinity of synthesized ZnO NPs based on the synthesis route and structure compared with those in

the literature.

Synthesis Route Crystal Phase Lattice Structure  Crystallite Size (nm) References
Green synthesis by sheep and goat fecal matter Hexagonal Wurtzite 28.50 [67]
Biological synthesis of ZnO NPs using C. albicans Hexagonal Waurtzite 25.00 [68]
Biogenic synthesis of ZnO NPs using an aqueous Hexagonal Waurtzite 48.00 [69]
extract of Papaver somniferum L
ZnO NPs synthesized via a solvothermal method .
in triethanolamine (TEA) media Hexagonal Wurtzite 33.00 [70]
Hydrothermal synthesis of highly crystalline .
700 NPs Hexagonal Wurtzite 17.00 [71]
Sol-gel synthes'ls of ZnO NPs at three different Hexagonal Wurtzite 30.00 [72]
calcination temperatures
Chemical precipitation/ultrasonication synthesis Hexagonal Wurtzite 48.70 This study

of ZnO NPs

As shown in Table 2, most of the studies in the literature reported a similar crystallite
size for ZnO NPs, although prepared by different methods, and confirmed the same
lattice structure.

3.3. Raman Spectrum of the Synthesized ZnO NPs and Carbopol/ZnO Hybrid Nanoparticles Gel

The Raman spectrum is a fundamental and multilateral diagnostic technique that
can be used to investigate the structural disorder, crystallization, and defects in the micro
and nanostructures materials. The vibrational modes of the synthesized ZnO NPs and
Carbopol/ZnO hybrid nanoparticles gel are studied. The ZnO NPs of hexagonal wurtzite
crystal-type structures belong to the space group of P63, with two formula units per
primitive cell. Also, for pure ZnO NPs crystals, the optical phonons at I'gpt point of the
Brillouin zone are included in a first-order Raman scattering. According to the classical
group theory, the zone center optical phonons can be assorted according to the following
irreducible equation:

Fopt = Ay + 2By + E1 + 2B, 7)

where both the A; and E; modes are two polar branches and both are Raman and in-
frared active. Due to the macroscopic electric fields associated with the LO phonons,
the two modes are divided into transversal optical (TO) and longitudinal optical (LO)
branches with various frequencies. Otherwise, the A1, E;, and E; modes (E; low and E;
high) are non-polar and first-order Raman-active modes, where the E; modes are only
active for Raman-shift. As shown in Figure 4, the main phonon scattering modes of the
ZnO NPs have recorded two bands at 58.05 and 473.87 cm~! that attributed to the 2nd
order Raman scattering arising from the Ey1, and Epy vibrational modes. The broad mode
centered at 515.64 cm ™! is assigned to the E;(LO) mode, which is defects induced: oxy-
gen vacancies and zinc interstitials. Whereas, the main phonon scattering modes of the
Carbopol/ZnO hybrid nanoparticles gel were recorded in eight bands at 59.80, 553.93,
1097.21, 1455.96, 1638.38, 2411.25, 2543.44, and 2940.24 cm !, which corresponds to the Ey,
E>y, A1(LO)/E{(LO), C-O stretch, O-C-O bend, CH3 bend, CHj stretch, and NH stretch
modes, respectively, while, the second-order phonon mode recorded at about 178.58 cm— !
is represented as 2E;1,, and the E;y Raman mode observed at 553.93 em s dominantly
attributed to the oxygen vibrations. On the other hand, according to the Raman selection
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rule, the By modes are usually inactive in Raman spectra and are identified as silent modes.
The multi phonon scattering modes are recorded at 464.59, 769.87, and 953.89 cm !, which
may be assigned to 3Exy — Epr, 2(Epp — Epp), and A (TO) + E{(TO) + Ejpp, respectively.
In addition, an acoustic combination of A; and E, is recorded at around 953.89 cm 1.
Moreover, the Raman spectra can help in identifying the chemical forms of the Carbopol
ligands, as the vibration frequencies of the functional groups are sensitive to the chemical
environment. The other vibrational bands were observed in the Raman spectrum at 1455.96,
1638.38,2411.25, and 2543.44 cm !, and could be originated from Carbopol ligand groups
attached to the ZnO NPs’ surfaces. However, the C-O stretch, O-C-O bend, CHj3 bend,
CH3 stretch, and NH stretch modes are much more sensitive to the surrounding environ-
ment. It could be stated the Raman shift spectrum for Carbopol gel exhibited the same
vibrational modes of ZnO NPs besides the vibrational, rotational, and other low-frequency
modes of the hybrid system, causing the multi-phonon to shift to higher wavenumbers. In
addition, the structural fingerprint for both ZnO NPs and Carbopol gel were identified.
Diallo et al. have mentioned similar vibrational properties of ZnO NPs synthesized by
Aspalathus linearis [73]. Moreover, Muchuweni et al. have mentioned similar results for the
Raman shift of ZnO nanowires prepared using a hydrothermal method [74]. In addition,
Taziwa et al. have presented the Raman spectra for both unmodified ZnO and C:ZnO
NPs synthesized using the PSP technique. They found that the C:ZnO NPs recorded a
red-shift by 4cm ! compared to that found in bulk ZnO samples. They attributed this shift
either to the phonon confinement and tensile stress within the nanocrystal (quantum dots)
boundaries, or the localization of phonons inside the C:ZnO NPs hybrid system, which
has a more inherent defect when compared to pristine ZnO NPs [75]. On the contrary, in a
study by Jayachandraiah and Krishnaiah, both reported that the main phonon scattering
modes of Er-doped ZnO NPs systems dropped with different Er ratios without a significant
shift [76].
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Figure 4. Raman shift spectrums of the synthesized ZnO NPs and Carbopol/ZnO hybrid nanoparti-
cles gel.

3.4. BET Surface Area and Pore Size Distribution Analysis of the Synthesized Carbopol/ZnO
Hybrid Nanoparticles Gel

The specific surface area of the synthesized Carbopol/ZnO hybrid nanoparticles gel
was determined using the N, adsorption/desorption isotherm at a temperature of 77 K.
Figure 5 shows the typical IV-type adsorption of the Carbopol/ZnO hybrid nanoparticles.
Usually, the mesoporous adsorbents are exhibiting type IV isotherms (e.g., mesoporous
molecular sieves, industrial adsorbents, and many oxide gels). In this case, the interactions
between the molecules in the condensed state, and the adsorbent/adsorptive interactions,
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were designated to determine adsorption behavior in the mesoporous materials. Based on
this reason, the initial monolayer-multilayer adsorption occurring on the mesoporous walls
was followed by pore condensation. The phenomenon of pore condensation means that,
at a pressure p less than the saturation pressure p, of the bulk liquid, the gas condenses
to a liquid-like phase in the pores [77]. According to the characteristics of the IV type, the
capillary condensation taking place in mesoporous may be accompanied by hysteresis,
which commonly occurs when the pore size exceeds a certain critical width. It could
be said that the capillary condensation depends mainly on the adsorption system and
temperature (for nitrogen adsorption in cylindrical pores at 77 K). Furthermore, as shown
in the isotherm curve in Figure 4, the isotherm did not contain a hysteresis loop that starts
to occur when the pores of the adsorbent are wider than ~4 nm. Consequently, the specific
surface area of Carbopol/ZnO hybrid nanoparticles gel was determined at 54.26 m?/g,
while the pore volume and the mean pore diameter were found to be 0.063 cm®/g and
2.33 nm, respectively. The BET results of the Carbopol/ZnO hybrid nanoparticles gel
are listed in Table 3. Kolodziejczak-Radzimska et al. reported similar results in their
analysis [78].
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Figure 5. N, gas adsorption/desorption isotherm of the synthesized Carbopol/ZnO hybrid nanopar-
ticles gel.

Table 3. BET parameters of the synthesized Carbopol/ZnO hybrid nanoparticles gel.

Carbopol Stabilized ZnO NPs

BET surface area, m?/ g 54.26
Average particle size, nm 5.02
Mean pore diameter, nm 2.33

Total pore volume, cm3/ g 0.063

As shown in Table 4, the Carbopol/ZnO hybrid nanoparticles gel exhibited a relatively
high surface area when compared with the bare ZnO NPs and some other hybrid systems.
Accordingly, this demonstrates that the Carbopol gel provided an extra area for ZnO NPs
to disperse, and subsequently contributed to increasing the overall surface area of the
obtained sample. As presented in Table 3, and as stated by the different reports, all hybrid
systems showed higher surface areas than those of bare metal oxides.
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Table 4. Comparison of the obtained SBET of synthesized Carbopol/ZnO hybrid nanoparticles gel
with those for bare ZnO NPs and the other hybrid systems in the literature.

Materials SpeT, m?/g References
Bare ZnO NPs 3.29 [79]
Pd-ZnO-EG 493
ZnO precursor 87.43
ZnO Xerogel nanostructers annealed at
275 °C 25.36 [80]
375°C 22.81
475 °C 15.16
600 °C 8.78
ZnO nanostructures modified chitosan and sodium chloroacetate
with isopropyl alcohol
ZnO-CTS-450 23.76 81]
ZnO-CMC1-450 15.44
ZnO-CTS-650 11.92
ZnO-CMC1-650 5.88
Modified ZnO NPs
Ag/ZnO NPs 7.75 182]
Cd/ZnO NPs 10.6
Pb/ZnO NPs 106.65
ZnO synthesized without any biotemplate 5
ZnO synthesized at different volumes of palm olein 183]
1 mL PO 10
2 mL PO 13
Kaolin/ZnO nanocomposites 31.8 [84]
Gum arabic-crosslinked-poly(acrylamide)/zinc oxide hydrogels 390 [85]
(GA-cl-PAM/ZnO hydrogel) ’
Flower-like ZnO NPs in a cellulose hydrogel microreactor 39.18 [86]
ZnO/PAAH hybrid nanomaterials (PAAH = polyacrylic acid)
Zn0O/PAA2-350 °C 51 [871]
ZnO/PAA5-350 °C 31
Carbopol/ZnO hybrid nanoparticles gel 54.26 This study
Alginate/Zn aerogel beads 143 [88]
Highly dispersed ZnO NPs supported on the silica gel matrix 245 [89]
Cellulose/ZnO hybrid aerogel (CA/ZnO) 352.82 [90]
Wheat gliadin/ZnO hybrid nanospheres 523.88 [91]

3.5. AFM Topographical Analysis of the Synthesized Carbopol/ZnO Hybrid Nanoparticles Gel

Figure 6a—d shows the non-contact mode topographical AFM 2D images and the
corresponding 3D images for the synthesized Carbopol/ZnO hybrid nanoparticles gel.
The images demonstrated that the Carbopol/ZnO hybrid nanoparticles have a spherical
particle shape. In addition, a good distribution and monodisperse of a large number
of random nano pits are observed. Furthermore, the automated batch-mode particle-
height functional analysis provided a corresponding particle size distribution histogram
of the synthesized Carbopol/ZnO hybrid nanoparticles gel through the scanned area,
whereas the synthesized Carbopol/ZnO hybrid nanoparticles gel exhibited a homogeneous
particle size of normal distribution. Moreover, the maximum peak height was found to be
59.9 nm, which represents the average particle size of synthesized Carbopol/ZnO hybrid
nanoparticles gel, as shown in Figure 6e,f. Furthermore, the corresponding particle volume
distribution histogram showed that the volume of the Carbopol/ZnO hybrid nanoparticles
gel was found to be 0.0113 (V. um?/um?), and the volume of the void per cross-sectional
area was 0.206 (V.um? /um?) as presented in Figure 6g,h. Similar results were reported in
previous studies [92]. Moreover, the results of the AFM are correlative with the results of
the XRD.
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Figure 6. (a,b) Topographical 2D AFM images; (c,d) identical 3D AFM images; (e f) typical histogram of particle size distribution;
(g/h) typical histogram of particles volume distribution of the synthesized Carbopol/ZnO hybrid nanoparticles gel.
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3.6. Particle Shape and Size Analysis of Synthesized ZnO NPs and Carbopol/ZnO Hybrid
Nanoparticles Gel

The synthesized ZnO NPs and Carbopol/ZnO hybrid nanoparticles gel were inves-
tigated using a high-emission SEM microscope. Moreover, the obtained Carbopol/ZnO
hybrid nanoparticles gel was further examined using a TEM microscope. The SEM and
TEM results supported the results obtained by the AFM images. From Figure 7a, it could
observed that the ZnO NPs were formed in nanospheres with uniform spherical shapes and
sizes, as the majority of the particles lie in the nanodomain range. Moreover, the microstruc-
ture of nanocrystalline ZnO NPs has a skeletal form resulting from the aggregation process.
These agglomerates have taken the shape of faceted crystals, which is characterized by
a high porosity. Hutera et al. and Chai et al. reported similar results [93,94]. Figure 7b
illustrates an SEM photograph of synthesized Carbopol/ZnO hybrid nanoparticles gel.
It is clear that the Carbopol/ZnO hybrid nanoparticles gel have formed from Carbopol
gel well-comprised by ZnO nanoclusters, and have created a network of ZnO NPs series
connected to each other by the Carbopol gel. These observations were confirmed by the
HR-TEM micrograph, as shown in Figure 8.

6.91ym | 20.00kV | 3.

Figure 7. Field-Emission SEM image of (a) ZnO NPs and (b) Carbopol/ZnO hybrid nanoparticles gel.

Carbopol gel
network

Figure 8. High-Resolution TEM image of the synthesized Carbopol/ZnO hybrid nanoparticles gel.
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As shown in the TEM image, quazi-spherical ZnO NPs with sharp edges dispersed in
the gel network. Moreover, the TEM image confirmed that the size of the Carbopol/ZnO
hybrid nanoparticles was ~38 nm. Previous studies mention similar TEM morphologies.
Mohammed et al. reported that the particle size investigations of the unloaded Carbopol
AquaSF-1 nanogel and vancomycin-loaded Carbopol nanogel (VAC-AquaSF1) revealed
that the prepared drug-loaded nanogel particles were almost spherical with a smooth
morphology, appeared as black dots with bright surroundings, and were well dispersed
and separated on the surface. The average particle size was found to be less than 115 nm
and larger than unloaded nanogel, which was about lower than 100 nm [95]. In addition,
Al-Awady et al. concluded that the TEM image of the dried-up suspension of collapsed
Carbopol Aqua SF1 nanogel particles contained spherical particles of about 100 & 20 nm,
which matches with the average particle diameter measured by the Zetasizer analyzer [96].

3.7. DLS and Zeta-Potential of the Synthesized ZnO NPs and Carbopol/ZnO Hybrid
Nanoparticles Gel

The synthesized ZnO NPs and Carbopol/ZnO hybrid nanoparticles gel were inves-
tigated using the dynamic laser scattering (DLS) technique and were subjected to zeta
potential measurements. Figure 9 shows that the median particle size value of ZnO NPs
was ~60 nm, and ~40nm for Carbopol/ZnO hybrid nanoparticles gel, which matched with
the particle size estimated by the TEM image analysis. This difference may be attributed to
the fact that the Carbopol gel improved the dispersity of the ZnO NPs and reduced the
cluster aggregations.
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Figure 9. Particle size distribution of ZnO NPs measured by DLS.

Nanocrystals usually undergo agglomeration when dispersed in solutions, and this
behavior has a major impact on the reactivity and responsiveness of nanomaterials when
exposed to various cells or organisms. Therefore, the hydrodynamic sizes of the ZnO
NPs samples suspended in Carbopol gel were measured at a neutral pH. According to
the Derjaguin—Landau— Verwey —Overbeek (DLVO) model, the agglomeration of non-
stabilized ZnO NPs nanocrystals depends on the repulsive interaction arising from an
electrostatic force and the van der Waals force of attraction. Because the surface charges
of nanocrystals influence the electrostatic repulsive force, nanoparticles with a larger zeta
potential will generally reduce in hydrodynamic size. Punnoose et al. mentioned similar
results [97].
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The zeta-potential values of the ZnO NPs and Carbopol/ZnO hybrid nanoparticles
gel were found at 5.82 mV (Figure 10), and —21.7 mV, respectively. Consequently, one can
conclude from the results that the high value of zeta-potential might be interpreting the
acquired high bioactivity of the Carbopol/ZnO hybrid nanoparticles gel against different
types of bacterial species. It is clear from the results that the surface of the Carbopol/ZnO
hybrid nanoparticles gel is negatively charged at a neutral pH. The high negative zeta
potential observed for the Carbopol/ZnO hybrid nanoparticles gel signifies an efficient
dispersion of the ZnO NPs powder in the neutral pH gel, where the well-dispersed powder
provides a high effective surface for killing the bacteria [98]. The ZnO NPs stabilization
by Carbopol gel is expected to modify the net surface charge density and inter-particle
interactions. When the ZnO NPs are dispersed in a Carbopol gel, the nanocrystals undergo
surface ionization and the adsorption of ions resulting in the generation of an enhanced
surface charge. This surface charge leads to an electric potential between the ZnO NPs
nanocrystals and the bulk of the dispersion medium (Carbopol gel), and this is measured
as zeta potential in experiments that use electrophoretic/electrokinetic techniques. Besides,
Weldrick et al. stated that the alcalase-coated clindamycin-loaded Carbopol Nanogels were
narrow, although not monodisperse. The effect of pH on the nanogels not only causes
swelling and de-swelling, but also changes the values of the zeta potential. There is an
overall increase in the zeta potential according to the pH value of the solutions. The
surface carboxylic groups of Carbopol gel that partially dissociate cause the appearance of
a negative surface charge. Moreover, the nanogel particles are always negatively charged
across the whole range of the pH, which allows for the cationic entities of materials [99].

phase analysis
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Figure 10. Zeta potential of ZnO NPs measured as a function of time.

A previous study by Mohammed, et al. reported that the particle size distribution
and the zeta potential of bare Carbopol nanogel at pH 6.5 equaled 94.66 nm and —31.8 mV,
respectively, while, the particle size distribution and the zeta potential of vancomycin-
loaded Carbopol nanogel at pH 6.5 reached 391 nm and —38.5 mV, respectively [95].
Moreover, Al-Awadyet al. reported that the average particle diameter of 0.05 wt% Carbopol
Aqua SF1 was found to be approximately 100 nm, while the zeta potential was —44 mV,
which indicates that the Carbopol Aqua SF1 nanogel particles have high stability when
suspended in MilliQ water at pH 5.5. Furthermore, they measured the value of the average
particle diameter of berberine-loaded Carbopol Aqua SF1 nanogel and found it to be about
135 nm at pH 5.5, while the berberine-loaded Carbopol Aqua SF1 nanogel suspension has
a zeta potential value of —40 mV [96].
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3.8. Bioactivity of Carbopol/ZnO Hybrid Nanoparticles Gel

Gram-positive bacteria (Bacillus subtilis and Staphylococcus aureus) and gram-negative
bacteria (K. pneumoniae) are pathogenic bacteria, which is one of the ESKAPE pathogens
with a multi-drug resistance. The emergence of resistance in Bacillus subtilis, Staphylococcus
aureus, and K. pneumoniae causes high mortality and morbidity. Gram-positive and gram-
negative bacteria have developed an ability to accumulate diverse resistance mechanisms.
The rise in antibiotic resistance and emergence of antibiotic-resistant superbugs is stressing
the need for innovative strategies to develop new antimicrobials [100]. In this study, two
types of bacterial organisms, gram-positive bacteria (Bacillus subtilis and Staphylococcus au-
reus) and gram-negative bacteria (K. pneumoniae), were used to investigate the antibacterial
activity of the prepared Carbopol/ZnO hybrid nanoparticles gel. The observed results
revealed that the inhibition activity of the Carbopol/ZnO hybrid nanoparticles gel was
more active than the reference sample of ampicillin (see Figure 11), where the inhibition
zone diameters were found at 27 & 0.71 and 33 £ 0.62 for Bacillus subtilis and K. pneumoniae
(ATCC 13883), respectively. Thus, the obtained values of the inhibition zone can illustrate
the great inhibition effect of Carbopol/ZnO hybrid nanoparticles gel against the different
types of bacterial strains. However, the value of the inhibition zone of Carbopol/ZnO
hybrid nanoparticles gel against Staphylococcus aureus reached 37 £ 0.78 mm with a high
sensitivity without any contamination effect [101,102]. In the same context, the ampicillin
showed an asymmetrical and moderate effect on the inhibition of bacterial growth for both
Bacillus subtilis and Staphylococcus aureus, while also facing a drastic resistance from the K.
pneumonia, and thus it did not record any activity.
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Figure 11. Antibacterial activity of the synthesized Carbopol/ZnO hybrid nanoparticles gel as
compared with ampicillin standard samples.

Sadek et al. mentioned that the value of the inhibition zone of bare metal nanopar-
ticles (e.g., nZVI) against Staphylococcus aureus reached 9 mm [103]. Moreover, many
previous studies reported the efficient antibacterial activity of inorganic nanogels-based
metals/metals oxides. Whaid et al. have investigated the antibacterial activity of -
chitin/ZnO nanocomposite hydrogels against S. aureus and E. coli, which exhibited good
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bactericidal properties, and mentioned that collagen-dextran-ZnO NPs nanocomposites
could serve as a kind of promising wound dressing with sustained drug delivery proper-
ties [104].

Gokmen et al. have studied the synergetic effect of hydrogel, nanoTiO, doped hy-
drogel, and ZnO nanoflowers deposited nano TiO, doped in biodegradable hydrogel
against Staphylococcus aureus and Escherichia coli. They reported that these composites have
achieved antibacterial activity towards these two bacteria as follows: 79.45%, 90.37%, and
99.98% against Staphylococcus aureus; and 57.03%, 80.79%, and 97.46% against Escherichia
coli [105]. In addition, Yang et al. have mentioned that due to the high hydrophilicity,
unique three-dimensional network, fine biocompatibility, and cell adhesion, the hydrogels
are one of the suitable biomaterials for drug delivery in antimicrobial areas. Furthermore,
they also stated that the antimicrobial hydrogels loaded with metal nanoparticles are a
potential method to solve antibiotic resistance [106]. Additionally, Scalzo et al. studied the
interaction effects of polyacrylic acid polymers (Carbopol 940) on the antimicrobial activity
of methyl parahydroxybenzoate against some gram-negative and gram-positive bacteria
and yeast, and the results revealed that the hydrophilic polymer, widely employed in many
formulations, exerts, on the contrary, an interesting synergism on the microbicidal activity
of the preserving agent against E. coli and P. Aeruginosa [107].

It is known that gram-negative bacteria are surrounded by a thin peptidoglycan cell
wall, which itself is surrounded by an outer membrane containing lipopolysaccharide,
while gram-positive bacteria lack an outer membrane but are surrounded by layers of pep-
tidoglycan many times thicker than in gram-negative bacteria. According to the previous
studies, several mechanisms have been suggested to specify the antibacterial property of
metals/metals oxides and hydrogels, including the penetration of the cell envelope by
these metal oxides/hydrogels, and damaging the cell membrane due to the production
of reactive oxygen species (ROS). The elevated ROS leads to producing effects on the
bacteria, of which lipid peroxidation is one of them, which affects the bacterial membrane’s
integrity [51]. Furthermore, the elevated amounts of ROS cause oxidative stress within cells,
eventually leading to cell death. ROS generation is known to be a prominent mechanism
of cell death when cells are treated with nanoparticles [108,109]. It could assign the high
antimicrobial activity of Carbopol/ZnO hybrid nanoparticles gel to the high stability of
Carbopol/ZnO hybrid nanoparticles gel for a long time, which allows the included ZnO
NPs within Carbopol gel to effectively produce more ROS. The Carbopol/ZnO hybrid
nanoparticles gel has a distinctive antibacterial activity towards both the gram-positive
and gram-negative bacteria. However, the significant activity of Carbopol/ZnO hybrid
nanoparticles gel against Staphylococcus aureus may be attributed to the amont of ROS
species that can easily penetrate the cell wall of gram-positive bacteria, due to its lack of an
outer membrane resulting in high bacterial inhibition. On the contrary, the ROS species
forfeits the ability to penetrate the thick cell wall of gram-negative bacteria, which makes it
less effective [110].

4. Conclusions

High purity ZnO NPs, as well as Carbopol/ZnO hybrid nanoparticles gel, were
synthesized using a wet chemical precipitation reaction with a high yield under the effect
of the ultrasonic wave irradiation. The properties of the produced nanoparticles and the
hybrid system were characterized using different characterization techniques. The obtained
results revealed that the synthesized nanoparticles were composed mainly of ZnO wurtzite
crystalline phases with a quazi-spherical shape and median particle sizes of 59.9 nm,
a particle size distribution between ~9 and ~93 nm, and a surface area of 54.26 m?/g.
It could be stated that the high values of zeta-potential in the Carbopol/ZnO hybrid
nanoparticles (—21.7 mV) might be interpreted as the reason for the high bioactivity of
Carbopol stabilized ZnO NPs against different bacterial species. The antibacterial activity of
Carbopol/ZnO hybrid nanoparticles gel was screened against different gram-positive and
gram-negative bacterial strains. It was found that the inhibition activity of Carbopol/ZnO
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hybrid nanoparticles gel was higher than the reference sample of the ampicillin drug itself.
This study has highlighted the properties of Carbopol/ZnO hybrid nanoparticles gel as a
potent antibacterial hybrid system with regards to the growth inhibition of microorganisms.
This makes Carbopol/ZnO hybrid nanoparticles gel an interest of note as an efficient
bacterial inhibitor for many applications.
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