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Abstract: There is a crucial necessity for the formulation of efficient antimicrobial agents owing to
the increasing prevalence of hospital-acquired bacterial infections triggered by multidrug-resistant
microbes that result in significant deaths and illnesses around the world. Hence, the current investi-
gation examined the antibacterial proficiency of zinc oxide nanoparticles formulated utilizing the
green route against bacterial strains that were resistant to multiple drugs. In addition, the synergistic
antibacterial action of ZnO nanoparticles (ZnO NPs) combined with colistin was investigated against
the tested microbial strains to determine the efficiency of the bioinspired ZnO nanoparticles in boost-
ing the antibacterial proficiency of colistin antibiotic. Incidentally, the bioinspired ZnO nanoparticles
were synthesized using water extract of Origanum majorana leaves and these nanomaterials were
physicochemically characterized using different analytical techniques. The bioactivity of the syn-
thesized nanomaterials against multidrug-resistant bacterial strains was appraised using the agar
diffusion method. The biogenic ZnO NPs at a concentration of 100 µg/disk revealed a compelling
antimicrobial efficacy against the tested strains, expressing the maximum antimicrobial action against
Escherichia coli strain with clear zone diameter of 38.16 ± 0.18 mm. The remarkable antibacterial profi-
ciency might be accredited to the tiny particle size of the bioformulated ZnO NPs of 12.467 ± 1.36 nm.
The net charge of ZnO nanomaterials was −14.8 mV while XRD analysis confirmed their hexago-
nal wurtzite structure. Furthermore, the bioformulated ZnO NPs showed a promising synergistic
potency with colistin demonstrating respective synergism proportions of 91.05, 79.07, 75.04, 75.25,
56.28 and 10.60% against E. coli, Klebsiella pneumoniae, Acinetobacter baumannii, Salmonella typhimurium,
Enterobacter cloacae, and Pseudomonas aeruginosa, respectively. In conclusion, the water extract of O.
majorana leaves mediated green formulation of zinc oxide nanoparticles with unique physicochemical
characteristics and effective antibacterial proficiency against the examined drug-resistant bacterial
strains. These nanomaterials could be used in the synthesis of effective antibacterial coatings to
control hospital acquired infections caused by multidrug-resistant bacterial pathogens.

Keywords: green synthesis; resistance; zinc oxide nanoparticles; characterization; Origanum majorana;
synergism; colistin

1. Introduction

The high prevalence of bacterial microbes that are resistant to different antibiotics is
very worrying because multidrug-resistant bacterial pathogens cause a lot of illnesses and
deaths around the world [1]. The World Health Organization (WHO) reported a list of
pathogens for which new antibiotic development is urgently required in February 2017 to
focus and direct research linked to new antibiotics development [2,3]. This list included
ESKAPE pathogens, namely, Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumo-
niae, Acinetobacter baumannii, P. aeruginosa, and Enterobacter species [4]. Recent studies have
shown that multidrug-resistant bacterial pathogens as P. aeruginosa and Acinetobacter bau-
manni are responsible for roughly 60% of hospital acquired infections [5]. A. baumannii is an
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opportunistic, gram-negative, and multidrug-resistant bacterial pathogen, responsible for
significant number of hospital-acquired infections worldwide [6]. About 45% of all A. bau-
mannii isolates in the world were found to be multidrug-resistant pathogens [7]. Alarmingly,
P. aeruginosa is an opportunistic bacterial pathogen causing severe respiratory infections in
people with impaired immune systems [8]. Furthermore, P. aeruginosa accounts for about
10% of the nosocomial infections worldwide [9]. Additionally, Klebsiella pneumoniae is a
nosocomial multidrug-resistant pathogen accounting for significant number of morbidities
and mortalities worldwide, owing to the limited treatment options [10]. K. pneumoniae has
found to be a significant source of hospitalized infections, particularly among patients in
intensive-care units of neonates, recording mortality rates can be as high as 70% [11]. In
the past ten years, Enterobacter cloacae has been one of the Enterobacter spp. most frequently
responsible for nosocomial infections [12]. Due to the production of β-lactamase enzymes,
E. cloacae has an inherent resistance to amoxicillin, ampicillin, cefoxitin and first-generation
cephalosporins [13]. On the other hand, E. coli is recognized as a crucial etiological agent of
urinary tract infections (UTI) and bloodstream infections in both healthcare and community
settings globally [14]. In this regard, E. coli is the most frequent gram-negative bacterial
pathogen isolated from urine and blood cultures in Australian emergency and inpatient
department settings [15]. Salmonella typhimurium is a facultative, anaerobic, gram-negative
bacterial strain causing foodborne illness known as salmonellosis [16]. The bacterial re-
sistance of S. Typhimurium to cephalosporins or ciprofloxacin antibiotics has reportedly
evolved in countries such as the United States and France [17].

Nanotechnology is an emerging, fast growing and interesting field of science and
technology due to its large number of potential biomedical applications [18]. Nanopar-
ticles have a large surface area to volume ratio and a small size range of 1 to 100 nm,
which makes them beneficial for a multiplicity of substantial biomedical applications [19].
Recently, metal oxide nanoparticles have drawn a lot of interest due to their unique physic-
ochemical characteristics that could be applied in a range of biomedical applications [20].
There are different ways to synthesize nanoparticles, including physical, chemical, and
biological approaches [21]. Due to the economical and the environmental concerns, the
green way of synthesizing nanoparticles is a good substitute to the chemical and physical
processes [22]. Physical and chemical methods that have been used for a long time to
formulate nanoparticles take less time, but they need toxic chemicals acting as protective
agents to keep them stable, resulting in increased toxicity in the environment [23]. With
this in mind, green nanotechnology that uses plants is becoming more popular as an eco-
friendly, safe, cheap, and non-toxic option [24]. The plant extract-mediated biosynthesis
of nanoparticles utilizes proteins as natural capping agents [25]. In addition, utilizing
plant extracts in the bioformulation of metal oxide nanoparticles is safer, simpler, faster,
cheaper, and more ecofriendly than using microbial assistance [26]. The plant parts as roots,
stems, fruits, leaves and seeds were reported to be rich in the phytochemical components
such as polyphenolic compounds, polysaccharides, alkaloids, vitamins, amino acids, and
terpenoids which can reduce the metal ions or metal oxides to 0 valence metal nanopar-
ticles [27]. Furthermore, the plant metabolites are crucial for the capping, stabilization,
and reduction of the biosynthesized nanoparticles [28]. In more detail, the phytochemi-
cals in plant extract bioreduce Zn ions to synthesize nanoparticles, which later interact
with dissolved oxygen to formulate ZnO NPs [29]. It is well recognized that zinc oxide
nanoparticles have important biological and therapeutic uses. ZnO NPs are classified as
safe according to the US Food and Drug Administration’s recommendations (i.e., generally
recognized as safe) [30].

Zinc oxide nanoparticles among nanosized metal oxides have been signified to retain
a potential anticarcinogenic, and antibacterial properties in consequence of their distinctive
physicochemical characteristics [31]. A recent report indicated that Phoenix roebelenii leaves
intermediated green formulation of ZnO NPs which were established to display antimi-
crobial effectiveness against gram-positive (Streptococcus pneumoniae and S. aureus) and
gram-negative (S. typhi and E. coli) bacterial strains [32]. Another investigation revealed
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the sustainable bioformulation of ZnO NPs utilizing Cucumis melo extract, showing the
maximum antimicrobial proficiency against E. coli strain recording inhibition zone diameter
of 9.85 ± 0.68 mm at a concentration of 150 µg/mL [33]. The antimicrobial efficacy of green
synthesized ZnO NPs utilizing Terminalia catappa leaf extract against S. aureus and E. coli
was reported to be higher than that of chemically synthesized ZnO NPs [34]. The mode of
antimicrobial action of ZnO NPs is a four-step process that begins with the high affinity
of ZnO NPs for bacterial cells, hydrogen peroxide production from ZnO NPs surface,
interaction also with phosphorus and sulfur containing molecules as DNA, and finally
arresting the biological metabolism of microbial cells by disrupting their protein molecules,
resulting in bacterial cell death [35].

A previous investigation has evaluated the synergistic pattern of ZnO NPs and antibi-
otics combination and reported the potential antibacterial efficacy of ZnO NPs combination
with norfloxacin, ofloxacin, cephalexin antibiotics against S. aureus, E. coli, and P. aeruginosa
strains [36]. In addition, another report demonstrated the boosting influence of ZnO NPs
on the antibacterial efficiency when combined with ciprofloxacin and imipenem antibi-
otics [37]. The sweet marjoram plant, Origanum majorana L., is a perennial herb in the
Lamiaceae family [38]. Origanum majorana extracts were reported to possess antimicrobial,
antiparasitic, antidiabetic, antioxidant, anticancer, anti-inflammatory and hepatoprotective
activities [39].

The synergistic antimicrobial proficiency of chemically synthesized ZnO NPs with
colistin antibiotic was assessed against clinical isolates of P. aeruginosa and the authors
reported that colistin and ZnO NPs could be utilized as potential therapeutic agents for
treatment of P. aeruginosa illnesses, owing to their potential synergistic action [40]. Another
report demonstrated the antimicrobial synergism between colistin and silver nanoparticles
at a concentration of 10 µg/disk against different nosocomial bacterial pathogens [41]. In
addition, silver oxide nanoparticles (Ag2O NPs) showed synergistic activity with colistin
against multidrug-resistant bacterial pathogens causing wound infections and also proved
to be biocompatible with human dermal fibroblasts [42]. Previous studies looked at the
synergistic effects of green-formulated silver and silver oxide nanoparticles, as well as
chemically-formulated ZnO NPs, against different drug-resistant bacterial strains. How-
ever, none of these studies used green-formulated ZnO NPs synthesized from plant extracts
against a wide range of nosocomial bacterial pathogens, which is why this study was con-
ducted to determine if colistin and ZnO NPs could work together in a synergistic manner.

Finding new antibacterial agents is urgently needed due to the high prevalence of
bacterial resistance, so the aqueous extract of O. majorana was utilized to formulate green
ZnO NPs, and their bioactivity against drug-resistant strains was assessed. In addition,
few studies have assessed the synergistic antimicrobial effectiveness of ZnO NPs with
colistin. Hence, the current investigation evaluated the synergistic pattern of ZnO NPs
synthesized using O. majorana water extract with colistin antibiotic against seven bacterial
strains, which were found recently to exhibit high resistance patterns.

2. Materials and Methods
2.1. Preparation of Aqueous Extract of O. majorana Leaves

The Origanum majorana leaves were acquired from local markets in Riyadh, Saudi
Arabia. Identification of the plant material was accomplished by the Herbarium of Botany
and Microbiology Department. The gathered leaves were first washed twice with tap water
and once with sterile distilled water. A mechanical blinder was utilized to macerate the
dried leaves, and 50 g of the homogenized powder was then dissolved in 500 mL flasks
encompassing 200 mL of sterile deionized water. The flasks were then heated at 50 ◦C for
30 min over a hot plate. Finally, the flasks were stirred over a magnetic stirrer for 24 h at
25 ◦C and then filtered using Whatman filter paper grade 1 to attain clear filtrates. The
extracts were refrigerated at 4 ◦C for subsequent usage [43–47].
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2.2. Green Formulation of ZnO NPs

The biosynthesis of ZnO NPs utilizing O. majorana extract was achieved utilizing
0.01 M zinc nitrate hexahydrate (Zn (NO3)2·6H2O) solution. Zinc nitrate hexahydrate (Zn
(NO3)2·6H2O) of reagent grade 98% was obtained from Sigma-Aldrich, U.K. In essence,
5 mL of water extract from O. majorana leaves was combined with 95 mL of zinc nitrate
solution (0.01 M), and the combination was stirred with a magnetic stirrer for an hour at
70 ◦C (150 rpm). The bioformulation of ZnO NPs was detected by formation of reduced pre-
cipitates. Finally, the bioreduced precipitates of ZnO NPs were harvested by centrifugation
for 10 min at 10,000 rpm. After discarding the supernatants, the collected precipitates were
washed three times with sterile distilled water for the elimination of the impurities [48].

2.3. Characterization of the Bioformulated ZnO NPs

The dried ZnO NPs were characterized via the methods previously described in a
prior study, including UV-Vis Spectroscopy, Energy Dispersive X-ray (EDX) analysis, Trans-
mission Electron Microscopy (TEM) analysis, FTIR (Fourier-transform infrared) analysis,
X-ray powder diffraction (XRD), and zeta potential analysis. Briefly, UV-Vis Spectroscopy
was utilized to estimate the optical spectrum in wavelengths ranged from 200 to 800 nm
and the elemental configuration of ZnO NPs was achieved using energy-dispersive X-ray
(EDX) analysis. However, ZnO NPs shape and size were detected using the TEM technique.
In this regard, the biofabricated ZnO nanoparticles were washed three times in a row with
deionized water to prepare them for TEM analysis. Afterwards, the samples were then laid
over a carbon-coated copper grid, peeled off, and allowed to dry before being examined.
TEM analysis was conducted using a Transmission Electron Microscope (JEOL, JEM1011,
Tokyo, Japan), which generated high-resolution two-dimensional images at 100 kv voltage
for the detection of the size, morphology and particle size distribution. The crystalline
properties of the formulated nanomaterials were detected using XRD analysis, while the net
charge and the hydrodynamic particle size of ZnO nanomaterials were detected using zeta
potential analysis [49]. X-ray powder diffraction (XRD) examination was carried out using
a Shimadzu XRD model 6000 diffractometer (Shi-madzu, Columbia, IN, USA) equipped
with a graphite monochromator that generated Cu-K radiation to yield XRD patterns.

2.4. Screening of the Antimicrobial Proficiency of the Bioformulated ZnO NPs

The antimicrobial proficiency of the bioformulated ZnO NPs was appraised using the
agar diffusion technique [50]. The American Type Culture Collection provided the bacterial
strains used in the study, which included the following strains: A. baumannii (ATCC 43498),
E. cloacae (ATCC 13047), E. coli (ATCC 25922), K. pneumoniae (ATCC 700603), S. typhimurium
(ATCC 14023), and P. aeruginosa (ATCC 9027). For bacterial suspension preparation, sterile
loops were utilized to harvest the bacterial colonies from freshly prepared bacterial cultures,
which were subsequently dispersed in 0.9% normal Saline. The bacterial suspension
turbidity was adjusted using 0.5 McFarland standard to attain viable bacterial cell count
of 108 cfu/mL. Sterile Mueller Hinton agar (MHA) plates were prepared, then 0.5 mL of
the processed bacterial suspension was distributed homogenously over the surface of the
plates. The dried ZnO NPs were first dissolved in methanol and then sonicated to guarantee
the complete solubility of these nanomaterials. Sterilized disks of filter paper (8 mm in
diameter) were then filled with 50 and 100 µg of the dissolved ZnO NPs. Colistin sulfate
(CAS No.1 264-72-8, purity ≥99.9%) was supplied from Sigma-Aldrich (St. Louis, MO,
USA). Filter paper disks loaded with just methanol solvent were used as negative controls,
whereas colistin disks (10 µg) were utilized as positive controls. Consequently, ZnO disks
and both of negative and positive control disks were positioned over the inoculated MHA
plates. The plates were preserved for 24 h at 37 ◦C in incubator after being refrigerated for
2 h to enable ZnO NPs diffusion. Finally, the suppressive zone diameters were estimated
using Vernier caliper. For the detection of minimum inhibitory concentration (MIC), broth
microdilution assay was achieved using 96-well microtiter plates against the E. coli strain
which demonstrated the highest sensitivity to the bioformulated ZnO nanomaterials [51].



Crystals 2022, 12, 1513 5 of 20

In addition, inoculums from MIC wells were streaked over newly poured MHA plates to
estimate the minimum bactericidal concentration (MBC) and the inoculated plates were
then preserved at 37 ◦C for 24 h in an incubator. MBC was recognized as the lowermost
concentration of the bioformulated ZnO NPs expressing no microbial growth [52].

2.5. Detection of the Synergistic Patterns of the Bioformulated ZnO NPs with Colistin

The ability of the bioformulated ZnO NPs to improve the antimicrobial potency of
colistin antibiotic was assessed using the standard disk diffusion assay [53,54]. A group of
8 mm disks was filled with the MIC concentration of the biogenic ZnO NPs (15 µg/disk).
One batch of filter paper disks was impregnated with ZnO NPs (15 µg/disk) and colistin
(10 µg/disk) whereas another group was loaded with just the antibiotic colistin (10 µg/disk).
Negative control disks were solely filled with the methanol solvent. Inoculated MHA plates
were adjusted as previously described then the filled filter paper disks were positioned
over the surface of the inoculated plates. Incubation of the plates at 37 ◦C for 24 h was
achieved after refrigeration of these plates for 2 h at 4 ◦C to permit ZnO NPs nanoparticles.
Vernier caliper was utilized to measure the inhibitory zone diameters, and the following
equation was used to determine the synergistic effectiveness of bioformulated ZnO NPs:
synergism % = B−A

A × 100, whereas A is the colistin suppressive zone diameter and B is the
inhibitory zone diameter of both of ZnO NPs + colistin [55].

2.6. Statistical Analysis

GraphPad Prism 8.0 (GraphPad Software, Inc., La Jolla, CA, USA) was utilized to
investigate the representative data, and the results were tabulated as mean of triplicates ±
standard error. One-way analysis of variance and Tukey’s test were used to evaluate these
data in order to find significant differences between the estimated values.

3. Results and Discussion
3.1. Green Bioformulation of ZnO NPs

The bioformulation of biogenic ZnO NPs was conducted using water extract of sweet
marjoram as presented in Figure 1. In this regard, the biosynthesis of ZnO NPs was initially
confirmed through the formation of the reddish-brown precipitate after the addition of O.
majorana extract to the colorless zinc nitrate solution, as seen in Figure 2. The formation
of reddish-brown precipitate was formerly described as a preliminary indication for the
biofabrication of ZnO NPs [56,57]. Plant extracts are known to be rich in phytochemical
constituents as phenolic acids, flavonoids, methylxanthines and saponins [58]. These
constituents are known as antioxidants owing to their capability to neutralize free radicals,
reactive oxygen species (ROS), and chelate metals [59]. Aqueous extract of O. majorana is
reported to possess a high content of antioxidants contributing to its potent antiproliferative
and antioxidant activities [60]. Accordingly, it is assumed that the phytoconstituents
found in O. majorana leaves as phenolic compounds, flavonoids, amides, alkenes and
proteins are accountable for the biofabrication of ZnO NPs due to their ability to reduce
or chelate metal ions and to act as stabilizing and capping agents for the biogenic ZnO
NPs [61–63]. Another report demonstrated that phytochemical components designated
their electrons and granted to the biostabilization of Zn2+ ions; thereafter, Zn2+ complex
ions were converted to ZnO NPs via thermal annealing [64].
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Figure 1. Schematic illustration describing the workflow of ZnO NPs synthesis.

Figure 2. Green bioformulation of ZnO NPs using water leaf extract of sweet marjoram. (A) O.
majorana aqueous extract; (B) colorless solution of zinc nitrate hexahydrate; (C): formation of reddish-
brown precipitate, indicating synthesis of ZnO NPs.

3.2. UV Spectral Analysis

UV spectral analysis of ZnO NPs formulated utilizing O. majorana extract showed
the detection of three absorption peaks at 242, 395 and 420 nm (Figure 3). The sharp
emission peaks at 395 and 420 nm could be allocated to the surface plasmon resonance of
the biosynthesized ZnO NPs while the emission peak at 242 nm could be assigned to the O.
majorana extract as reported in previous reports [62,65]. The Tauc plot method was used to
estimate the band gap energy of the biosynthesized ZnO nanomaterials [66]. The estimated
band gap energy of the biogenic ZnO NPs was 3.10 eV, as shown in Figure 4. Our results
were in accordance with that of Fatimah et al., 2016, who revealed that the band gap energy
of ZnO NPs formulated using ethanolic leaf extract of Mimosa Pudica was 3.10 eV [67].
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Figure 3. UV spectrum of the biogenic ZnO NPs synthesized using O. majorana extract (peak no 1:
420 nm, peak no 2: 395 nm, peak no 3: 242 nm).

Figure 4. Band gap energy of the biogenic ZnO NPs using the Tauc plot method.

3.3. Transmission Electron Microscope (TEM) Analysis

The size and morphology of the bioformulated ZnO NPs were investigated using
TEM analysis [68]. The biogenic ZnO NPs were depicted in Figure 5 in a multiplicity of
shapes, including hexagons, spheres, and quasi-spheres. Additionally, the size distribution
histogram demonstrated that the biogenic ZnO NPs had an estimated average nanosize
of 12.467 nm and fluctuated in size from 5 to 50 nm in diameter (Figure 6). An earlier
work reported that the particle size diameters of ZnO NPs synthesized using fresh and
dry alhagi plant extract were 40 and 70 nm, respectively. The estimated nanosize of the
bioformulated ZnO NPs (12.467 nm) was less than those revealed in that study [69]. Our
results were in agreement with that of a prior report which demonstrated that Sageretia thea
(Osbeck) facilitated green bioformulation of ZnO NPs with a typical particle size diameter
of 12.4 nm [70]. The small nanosized ZnO NPs affirmed the high effectiveness of the green
route of ZnO NPs synthesis using water leaf extract of O. majorana.
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Figure 5. TEM micrograph of ZnO NPs synthesized using O. majorana extract.

Figure 6. Size distribution pattern of ZnO NPs formulated utilizing O. majorana extract.



Crystals 2022, 12, 1513 9 of 20

3.4. Energy-Dispersive X-ray (EDX) Analysis

The elemental configuration of the biogenic ZnO NPs was achieved utilizing EDX
analysis. The EDX spectrum revealed the presence of zinc and oxygen elements recording
relative percentages of 23.38 and 34.38%, respectively, affirming the successful formulation
of ZnO NPs (Figure 7). Contrastingly, the other peaks as C, Ca, P, and Al could be assigned
to the breakdown of capping agents of the O. majorana extract, such as amino acids, sugars,
proteins and polysaccharides owing to X-ray emissions [71]. Furthermore, the observed
peak of carbon element could be attributed to the carbon tape which was used for sample
preparation [72]. The Zn peaks detected at 1.1, 8.6 and 9.5 keV could be accredited to Zn
Lα, Zn Kα and Zn Kβ, respectively [73].

Figure 7. EDX spectrum of the biosynthesized ZnO NPs.

3.5. Fourier-Transform Infrared Spectroscopy (FTIR) Analysis

The main functional groups contributing to the reduction, stabilization and capping of
the bioformulated ZnO NPs were detected using FTIR analysis [74]. The FTIR spectrum
revealed different absorption peaks at 3430.50, 1628.74, 1509.02, 1396.52, 1263.40, 1048.02
and 580.03 cm−1 (Figure 8). The strong peak detected at 3430.50 cm−1 could be ascribed to
the hydroxyl functional groups which correlated to the polyphenolic constituents of the
plant extract contributing to the reduction and biostabilization of ZnO NPs [75]. Another
investigation demonstrated that the wide absorption peak noticed at 3430 cm−1 could
be allotted to the O-H stretching vibrations of phenolic constituents of Azadirachta Indica
leaf extract contributing to the stabilization and capping of ZnO NPs [76]. The other
absorption peaks observed at 1628.74 cm−1 and 1509.02 cm−1 were reported to be due to
the molecular vibrations of double-bonded carbon stretching (Table 1). [77,78]. Moreover,
the small band detected at 1396.52 cm−1 could be recognized to the C=O stretching of
carboxylic acids [79]. However, a tiny band at 1263.40 cm−1 in the spectra was attributed
to the C-N stretching of amines, which were described to serve as capping agents on ZnO
NPs surface [80]. The band detected at 1048.02 cm−1 was informed to be owing to C−C
stretching of alcohols which might be capped over ZnO NPs surface [81]. However, the
broad absorption band at 580.03 cm−1 was reported to be characteristic for metal oxide
bond (Zn–O), indicating the bioformulation of ZnO NPs [82]. Collectively, the detected
functional groups of biogenic ZnO NPs such as phenols, alcohols, amines, alkenes and
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carboxylic acids contributed significantly to the reduction, stabilization and capping of the
biofabricated nanomaterials [83].

Figure 8. FTIR spectrum of ZnO NPs formulated using O. majorana extract.

Table 1. Functional groups of the biosynthesized ZnO NPs formulated using O. majorana extract.

No. Absorption
Peak (cm−1) Appearance Functional Groups Molecular

Motion

1 3434.50 Strong, broad Phenols O-H stretching
2 1628.74 Medium Cyclic alkene C=C stretching
3 1509.02 Weak Alkenes C=C stretching
4 1396.52 Weak Carboxylic acids C=O stretching
5 1263.40 Weak Amines C–N stretching
6 1048.02 Medium Alcohols C−C stretching
7 580.03 Medium Metal oxide bonds Zn-O stretching

3.6. X-ray Diffraction (XRD) Analysis of the Biofabricated ZnO NPs

The crystallographic nature of the bioformulated ZnO NPs was investigated utilizing
XRD analysis. Additionally, the XRD configuration demonstrated the detection of seven
diffraction peaks at 2Tdegrees of 31.56, 34.32, 36.69, 46.63, 57.05, 64.79 and 77.73◦ as shown
in Figure 9, conforming to the planes of (100), (002), (101), (102), (110), (103), and (104),
respectively [84]. These results were in agreement with those documented in the Joint
Committee on Powder Diffraction Standards (JCPDS, card No. 89-7102). Collectively,
these results established the hexagonal wurtzite configuration of the bioformulated ZnO
NPs [85]. Our results were consistent with a prior report that described the eco-friendly
bioformulation of ZnO NPs utilizing Plectranthus amboinicus leaf extract, confirming the
formation of hexagonal wurtzite structure as demonstrated by XRD data that shown
the detection of diffraction peaks at 2Tdegrees of 31, 34, 36, 47, 56, 62, 66, 67, and 68◦,
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conforming to the crystal planes (100), (002), (101), (102), (110), (103), (200), (112) and (201),
respectively [86]. The crystalline size of the biogenic ZnO nanoparticles was estimated
according to Scherrer’s formula as follows: D = (kλ/β cos θ), where D is the nanosize of the
biogenic ZnO nanoparticles, λ is wavelength of X-ray (1.54178 Å), K is Scherer’s constant
(K = 0.94), β is full width at half maximum (FWHM) of the most intense diffraction peak,
which is detected to be 0.6912, and θ is the diffraction angle (36.69◦) [87]. In this regard, the
crystalline size was calculated using the peak with the highest intensity, which corresponds
to the plane (101) at 36.69◦, and it was found to be 12.65 nm. This result was consistent
with the results of the TEM analysis.

Figure 9. XRD spectrum of the biosynthesized zinc oxide nanoparticles utilizing O. majorana extract.

3.7. Zeta Analysis of ZnO NPs

Using a Zetasizer Nano ZS, the dynamic fluctuations in light scattering intensity (DLS)
were used to estimate the size distribution pattern of the biogenic ZnO NPs [88]. That
measurement provided the crest values of the hydrodynamic diameter distribution pattern,
the polydispersity index (PdI), which indicated the width of the particle size distribution,
and the average hydrodynamic diameter of the biogenic ZnO NPs [89]. The PdI scale
runs from 0 to 1, with 0 representing monodisperse and 1 representing polydisperse
materials [90].

The dynamic light scattering (DLS) technique revealed a polydispersity index of 0.453
with an average hydrodynamic size of 71.93 nm (Figure 10). The estimated hydrodynamic
size was higher than that of TEM, due to the capping and stabilizing action of phytocon-
stituents on the surface of ZnO NPs [91]. Additionally, the large measured hydrodynamic
size in comparison to the size detected by TEM micrographs could be assigned to the
deposition of additional hydrate layers over the surface of zinc oxide nanocrystals [92].
Our results were in accordance with a prior study that showed the average hydrodynamic
diameter of ZnO NPs to be 70 nm while the average particle diameter according to TEM
measurements was 37.5 nm. The authors attributed this to the aggregation of nanopar-
ticles [93]. Additionally, the surface charge of the biogenic zinc oxide nanoparticles was
estimated using zeta potential analysis and was found to be −14.8 mV (Figure 11). Our
results were consistent with those of a previous report which demonstrated the green
formulation of ZnO NPs utilizing leaf extract of Rhamnus virgata, recording a net surface
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charge of −13 mV [94]. The size distribution of the biosynthesized ZnO NPs was repre-
sented by the PDI [95]. Practically, the PDI value indicated the potential effectiveness of
the bioformulated ZnO NPs for biological applications and should be less than 0.5 [96].
Interestingly, the detected PDI value of the biogenic ZnO NPs was 0.453. Collectively,
the biosynthesized ZnO nanomaterials revealed unique physicochemical characteristics,
enabling the potential use of these nanomaterials in biomedical applications.

Figure 10. Dynamic light scattering of the biogenic ZnO NPs.

Figure 11. Zeta potential analysis of the biofabricated ZnO NPs.

3.8. Screening of the Antimicrobial Efficiency of the Biosynthesized ZnO NPs

The antimicrobial patterns of the bioformulated ZnO were screened against the con-
cerned bacterial strains using the standard disk diffusion assay. In this respect, the E. coli
strain revealed the maximum sensitivity to different ZnO NPs concentrations of 50 and
100 µg/disk, demonstrating the inhibitory zone diameter of 32.16 and 38.16 mm, respec-
tively (Table 2). On the other hand, P. aeruginosa revealed the lowermost sensitivity to
ZnO NPs at concentrations of 50 and 100 µg/disk, registering inhibitory zone diameters
of 13.18 and 16.24 mm, respectively. The other tested strains as A. baumannii, E. cloacae, K.
pneumoniae and S. typhimurium strains demonstrated sensitivity to the biogenic ZnO NPs
(100 µg/disk), registering inhibition zone diameters of 19.31, 24.12, 26.47 and 22.86 mm,
respectively. Our results were in accordance with those of Subramanian et al., 2022, who
reported that Sargassum muticum extracts facilitated green bioformulation of zinc oxide
nanoparticles (80 µg/mL), demonstrating a suppressive zone of 18 mm against A. baumannii
strain [97]. The mode of antibacterial action of the biogenic zinc oxide nanoparticles uses a
biphasic phenomenon that is predisposed by osmotic shock, which breaks microbial cell
membranes and internalizes the nanoparticles, resulting in reactive oxygen species (ROS)
generation, oxidative stress, and eventually cell death [98].
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Table 2. Antimicrobial efficiency of the biosynthesized ZnO NPs against different bacterial pathogens.

The Bacterial
Strains

Inhibition Zone Diameter (mm)

ZnO NPs
(50 µg/Disk)

ZnO NPs
(100 µg/Disk)

Colistin
(10 µg/Disk) −ve Control

A. baumannii 17.14 ± 0.27 19.31 ± 0.56 11.13 ± 0.19 0.00 ± 0.00

E. coli 32.16 ± 0.49 38.16 ± 0.18 27.13 ± 0.45 0.00 ± 0.00

E. cloacae 21.65 ± 0.52 24.12 ± 0.23 14.08 ± 0.14 0.00 ± 0.00

K. pneumoniae 23.87 ± 0.16 26.47 ± 0.38 18.98 ± 0.15 0.00 ± 0.00

P. aeruginosa 13.18 ± 0.11 16.42 ± 0.31 15.93 ± 0.29 0.00 ± 0.00

S. typhimurium 20.13 ± 0.24 22.86 ± 0.18 17.15 ± 0.36 0.00 ± 0.00

The potential antimicrobial effect of the bioformulated ZnO NPs could be allotted
to the small particle size of the bioformulated nanoparticles which was noticed to be
12.467 nm according to TEM measurements [99]. The small particle size of ZnO NPs has the
potential ability to penetrate the microbial cells due to the increased surface area to volume
ratio [100]. Accordingly, the small ZnO nanoparticles are more effective antibacterial agents
than larger ones [101]. The minimum inhibitory concentration (MIC) of the biofabricated
ZnO NPs was investigated against the E. coli strain as it showed the highest susceptibility
to the formulated ZnO nanomaterials. The MIC of the bioformulated ZnO nanomaterials
was noticed to be 15 µg/mL while the minimal bactericidal concentration was detected to
be 20 µg/mL.

3.9. Detection of the Synergistic Potency of the Biosynthesized ZnO NPs with Colistin

The biosynthesized ZnO NPs were examined for their synergistic antimicrobial effi-
cacy effectiveness with colistin antibiotic against the relevant bacterial strains, since these
pathogens had significant drug-resistance profiles [102]. Table 3 displayed the suppres-
sive zone diameters of both colistin and the biosynthesized ZnO NPs to investigate the
synergistic patterns of the biosynthesized ZnO NPs in boosting the antimicrobial action
of colistin.

Table 3. Synergistic antimicrobial proficiency of the biofabricated ZnO NPs with colistin against the
multidrug-resistant strains.

The Tested
Strains

Inhibition Zone Diameter (mm)

Colistin
(10 µg/Disk)

ZnO NPs
(15 µg/Disk)

Colistin (10 µg/Disk)
+ ZnO NPs
(15 µg/Disk)

−ve Control

A. baumannii 11.78 ± 0.23 10.35 ± 0.11 20.62 ± 0.14 0.00 ± 0.00

E. coli 17.89 ± 0.18 16.95 ± 0.38 34.18 ± 0.25 0.00 ± 0.00

E. cloacae 14.16 ± 0.56 15.18 ± 0.49 22.13 ± 0.32 0.00 ± 0.00

K. pneumoniae 15.29 ± 0.09 16.84 ± 0.24 27.38 ± 0.41 0.00 ± 0.00

P. aeruginosa 14.89 ± 0.16 8.98 ± 0.12 16.42 ± 0.46 0.00 ± 0.00

S. typhimurium 13.78 ± 0.51 14.97± 0.43 24.15 ± 0.17 0.00 ± 0.00

The biogenic ZnO NPs revealed the highest synergistic efficiency with colistin against
E. coli strain while the lowest synergistic activity was detected against P. aeruginosa strain
recording relative synergistic percentages of 91.05 and 10.60%, respectively (Figure 12).
Correspondingly, a previous report indicated that E. coli strain was significantly susceptible
to ZnO NPs combined with antibiotics as oxacillin, azithromycin, cefuroxime, cefotaxime,
oxytetracycline and fosfomycin compared to antibiotics alone. In addition, the synergistic
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action of ZnO NPs with different antibiotics as oxacillin, azithromycin, cefotaxime, fos-
fomycin, cefuroxime, and oxytetracycline against E. coli was described to be significantly
higher in comparison with antibiotic alone [103]. Our findings were also in accordance with
those of a previous report which indicated the poor synergism of ZnO NPs with ampicillin
against P. aeruginosa strain [104].

Figure 12. Synergistic patterns of the biogenic zinc oxide nanoparticles with colistin against the
tested strains.

Moreover, the biosynthesized ZnO NPs exposed synergistic potency with colistin
antibiotic against K. pneumoniae, A. baumannii, S. typhimurium and E. cloacae strains record-
ing relative synergism percentages of 79.07, 75.04, 75.25 and 56.28%, respectively. The
synergistic potency of the combined ZnO NPs and colistin antibiotic against K. pneumoniae
was not significantly different compared to their efficiency against A. baumannii and S.
typhimurium strains (p > 0.05) (Figure 13). In contrast, the synergistic potency of colistin
with ZnO NPs against E. coli strain was significantly higher compared to the other strains
(p ≤ 0.05).
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Figure 13. Synergistic antibacterial potency of the biosynthesized ZnO NPs with colistin against
different bacterial strains. Different letters revealed that values were significantly different (p ≤ 0.05).

When the combined antibacterial impact of ZnO NPs and antibiotic is greater than the
effect of antibiotic alone, it is indicated that the synergistic potency of ZnO NPs + antibiotic
combination (which could be accredited to that both of ZnO NPs and antibiotics) are
targeting various cellular components [105]. Hence, we hypothesized that both the colistin
antibiotic and the green ZnO NPs synthesized using water extract of O. majorana leaves
targeted different cellular targets in order to reveal synergistic antibacterial activity. In this
regard, the colistin antibiotic was reported to target the major structural component of gram-
negative bacterial cells’ outer membrane, which is known as lipopolysaccharide [106]. As a
result, the colistin antibiotic’s impact on lipopolysaccharides causes membrane breakdown,
permitting the uptake of ZnO NPs that target the cellular components, leading to the
induction of bacterial cell death [107]. The bioformulated ZnO NPs produce reactive
oxygen species (ROS), such as hydrogen peroxide (H2O2), a potent oxidizing agent known
to be toxic to bacterial cells [108]. The discharged ROS interacts with cellular components
as DNA, protein, and lipids, leading to their disruption and induction of cell death [109].
In addition, ROS impairs the oxidative hemostasis of a cell, leading to the generation of
oxidative stress and consequently causes bacterial cell death [110].

4. Conclusions

The present investigation proved the effectiveness of the green route for formulating
ZnO NPs utilizing aqueous extract from O. majorana leaves. These nanomaterials demon-
strated a potent antibacterial proficiency against the tested nosocomial bacterial pathogens.
Accordingly, the high antibacterial potency of the biogenic ZnO NPs could be ascribed
to the distinctive physicochemical features of these nanomaterials as the small nanosize
of 12.467 nm. Additionally, the bioformulated ZnO nanomaterials revealed a potent syn-
ergistic effect with colistin against the concerned strains, indicating the potential use of
ZnO NPs combined with colistin as effective antimicrobial agent against the nosocomial
multidrug-resistant pathogens. Additionally, the combination of colistin and ZnO NPs may
be a source for developing efficient coatings for usage in intensive care units, allowing for
the efficient management of hospital-acquired infections.
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