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oxide nanostructures and their antibacterial activity
against some clinical pathogenic multi-drug
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According to WHO warnings, the antibiotic resistance crisis is a severe health issue in the 21st century,

attributed to the overuse and misuse of these medications. Consequently, the dramatic spreading rate of

the drug-resistant microbial pathogens strains. The microbiological, biochemical tests and antibiotic

sensitivity identified the bacteria's multi-drug resistance (MDR). About 150 different clinical samples were

taken from hospitalized patients, both males, and females, ranging from 9 to 68 years. Gram-negative

strains were (70.0%), while Gram-positive isolates were (30.0%). Among sixteen antibiotics, antibiotic

susceptibility of imipenem was found to be the most efficient drug against most of the Gram-negative

and Gram-positive isolates, followed by meropenem, depending on the culture and sensitivity results. All

the experimental bacteria showed multidrug-resistant phenomena. In this study, green synthesized silver

(Cur-Ag NPs) and zinc oxide (Cur-ZnO NPs) nanoparticles in the presence of curcumin extract. In

addition, their physicochemical properties have been characterized using different techniques such as

UV-Vis spectroscopy, transmission electron microscope (TEM), X-ray diffraction (XRD), Fourier transform

infrared (FT-IR), and colloidal properties techniques. Furthermore, curcumin-capped silver nanoparticles

(AgNPs) exhibited solid antimicrobial action against the experimental bacterial isolates, except Proteus

vulgaris (i.e., P. vulgaris). Curcumin-capped zinc oxide nanoparticles (ZnO NPs) found antimicrobial

activity against all tested strains. Finally, the minimum inhibitory concentration exhibited values from 3.9

to 15.6 mg ml�1, which is too small compared to other traditional antibiotics. In addition, the green-

synthesized Cur-Ag NPs and Cur-ZnO NPs showed good biocompatibility.
1 Introduction

The antibiotics resistance crisis is a severe health issue that has
resulted from overuse and misuse of these medications;
consequently, the dramatic spreading rate of the drug-resistant
microbial pathogens strains such as multidrug resistance
(MDR). Thus, according to WHO warnings, MDR pathogens
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became one of the greatest public health threats of the 21st
century.1–3

Recently, the emergence of a signicant increase in the
presence of antibiotic-resistant bacteria has led many research
groups toward using antimicrobial-based-nanomaterials.4,5

Their extraordinary physicochemical properties, such as large
surface area and ease to functionalize, enhance the contact with
the targeted organism. In addition, their small size facilitates
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their cellular membrane penetration, modulating molecular
pathways and interactions for bacterial cells.6 In this regard,
numerous nanomaterials based on metal oxide (e.g., titanium
oxide (TiO2), silver oxide (Ag2O), silica oxide (SiO2), and copper
oxide (CuO)),7 andmetal nanoparticles (e.g., silver nanoparticles
(AgNPs)) were used as powerful antimicrobial agents.8–10

Several studies have been devoted to using nanomaterials-
based antimicrobial agents. Silver is a well-known antimicro-
bial agent in ancient ages, as in silver nitrate (AgNO3).11

Historically, the ancient Egyptians sterilized drinking water and
wounds using metals such as silver.12 As an example of metal
nanoparticles, silver nanoparticles (AgNPs) are the most potent
non-toxic antimicrobial agent against many microbes,
including bacteria, fungi, and viruses, even at low concentra-
tions.13,14 Furthermore, green synthesized AgNPs via endosym-
biotic marine isolated actinomycetes have been used as active
anti-microbial and biolms agents.9 Also, AgNPs with variable
shapes (i.e., spheres and hexagons) exhibited a signicant
antibacterial activity against MDR-bacteria isolated from
different water sources related to dairy farm-related sites.8

Compared to metallic nanoparticles, zinc oxide nanoparticles
(ZnO NPs), as an example of metal-oxide-based nanomaterials,
were used in several studies as an antimicrobial agent against
pathogenic and spoilage microorganisms.15–17 In such studies,
ZnO NPs have been used in conjugation with antibiotic and
anti-inammatory medicines to promote/enhance the antimi-
crobial activity against multi-drug pathogenic microorgan-
isms.18,19 In addition, it could be used in sterilizing medical
devices20,21 and antimicrobial surface coating.22 Finally, curcu-
min extract is one of the natural compounds that can be used as
a capping agent and as a biocompatible reducing agent in the
synthesis of nanoparticles. Curcumin is a natural extract
derived from turmeric (Curcuma longa), used as one of the types
of spices and as a colouring agent used for food.23 Curcumin has
been widely used in traditional Chinese medicine for centu-
ries,24,25 as it contains various therapeutic properties26 such as
antioxidants,27 anti-inammatory,28 antiseptic,29 and anticancer
activities.30,31 Also, it has been approved and recognized as safe
by the FDA with a dose of 12 g day�1.32–34

The current study aimed to fabricate effective antimicrobial
nanoparticles based on metallic (i.e., AgNPs) and metal oxide
(i.e., ZnO NPs) nanoparticles via green synthesis routes in the
presence of curcumin extract. In addition, determine the
optimal concentration for each curcumin capped-Ag and ZnO
NPs to enhance the effective antibacterial activity against
pathogenic multi-drug resistance clinical bacteria.

2 Experimental
2.1. Materials

Zinc acetate dihydrate LR (Zn(CH3COO)2$2H2O, 98.5%) is
purchased from SD-Fine Chem Limited. Silver nitrate (AgNO3)
was purchased from Techno Pharm-Chem 99%. Ethanol abso-
lute (C2H5OH, EtOH Central Drug House (P) LTD. 95%), poly-
vinylpyrrolidone (PVP 40K, Alpha Chemika 99%), Curcuma
longa powder obtained from the local market. Pure curcumin
purchased from Herbal house centres, Egypt – Lot No.
© 2022 The Author(s). Published by the Royal Society of Chemistry
HHC092021). Mueller-Hinton Agar (Oxoid Limited, Cat. No.
CM0337), antibiotics including amikacin, amoxycillin/
clavulanic acid, tigecycline, cefepime, cefotaxime, ceazidime,
cefaclor, ciprooxacin, gentamicin, imipenem, meropenem,
levooxacin, tetracycline, tobramycin, cefazolin, cefoxitin are
purchases from Oxoid Limited.

2.2. Methodology

2.2.1. Preparation of Curcuma longa powder extract. In the
present study, the extraction process of curcumin from the
Curcuma longa plant was carried out by following the previously
reported extraction protocol by Pothitirat and Gritsanapan35

with a bit of modication.36,37 Briey, about 100 g of Curcuma
longa powder was mixed in 1000 ml of absolute ethanol under
vigorous stirring and reux at 60C for 24 h. Then the mixture
was ltered using Whatman lter paper. The net yield of cur-
cumin extracted from Curcuma longa powder was calculated by
obtaining the precipitate from the extraction process was dried
at room temperature and then weighted to obtain the yield of
extracted curcumin as follows;

Extracted curcumin (g) ¼ the initial used Curcuma longa – the

obtained precipitate powder

In addition, the lter containing the Curcuma longa extract
was dried via freeze-drying. The net yield obtained from cur-
cumin extract was about 9.5 to 10 g (i.e., 9.5 to 10%) per 100 g of
Curcuma longa.

The extracted curcumin is analyzed via two techniques to
conrm the existence of curcumin in the fabricated extract. The
rst one is based on identifying the photophysical properties of
curcumin. The UV-Vis spectra of curcumin in ethanol are
scanned within the 200–900 nm wavelength range using
a JASCO V730 UV-Vis spectrophotometer with an increment of
5 nm. All UV-Vis measurements are performed at 25 �C and
automatically corrected for the solvent medium, the absolute
ethanol. The emission (Em) spectrum of curcumin was recor-
ded within the range from 435 to 900 nm at room temperature
using the Hitachi F-7000 spectrouorometer system. The
emission spectra are measured utilizing a 450 W xenon lamp as
the excitation source.

Furthermore, thin-layer chromatography (TLC) was used as
another technique to identify components of the ethanolic
solution for as-obtained Curcuma longa extract and pure cur-
cumin extract powder. The separation was performed on a pre-
coated silica gel glass plate. TLC slurry preparation for so layer
coating; silica gel (adsorber) and a small amount of calcium
sulfate (gypsum, binder) is mixed with water. This mixture is
spread as a thick slurry on a clean glass plate. The resultant
plate is dried and activated by heating an oven for thirty
minutes at 110 �C prior to analysis. The used mobile phase was
composed of chloroform and methanol with a ratio of 9 : 1.
Then, 20 mL of curcumin standard solution was spotted on the
le side of the TLC plate, whereas; 20 ml of the as-obtained
curcumin extracted from commercial Curcuma longa was
spotted on the right side of the TLC plate. The TLC glass plate
RSC Adv., 2022, 12, 18022–18038 | 18023
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View Article Online
was placed in a closed chamber, contained the mobile phase in
the bottom, and perfectly closed to be pre-saturated with the
mobile phase for at least 30 minutes. Finally, the TLC plate was
saturated with the vapour of the mobile phase for at least 1 h.
The developed plate was dried at room temperature, aer which
the TLC bands were visually inspected using UV light at
a wavelength of 366 nm. Under ambient conditions, the spot
densities were densitometrical scanned sequentially using
a high-resolution camera.

2.3.1. Fabrication of curcumin-capped silver nanoparticles
(AgNPs). Curcumin capped silver nanoparticles have been
prepared via the chemical reduction method of silver ions (Ag+)
via phenolic groups present in Curcuma longa extract, as re-
ported previously38–41 with slight modications. Typically, 25 ml
of 0.2 M of ethanolic solution of AgNO3 was added to 75 ml of
curcumin ethanolic extract under vigorous stirring and reux at
60 �C. Then, 10 g of PVP 40 000 was added to the reaction vessel
under vigorous stirring and reux. The reaction temperature
was kept at 60 �C for 6 h. The reaction colour changed from
orange to brownish-yellow, indicating the formation of silver
nanoparticles capped with curcumin.

2.3.2. Fabrication of curcumin-capped zinc oxide nano-
particles (ZnO NPs). Curcumin-capped zinc oxide nanoparticles
have been prepared via the chemical reduction method of zinc
precursors (Zn2+) via phenolic groups present in Curcuma longa
extract, as reported previously42–44 with minor modications.
Typically, 25 ml of 4 mM of ethanolic solution of Zn(CH3COO)2
was added to 75 ml of curcumin ethanolic extract under
vigorous stirring and reux at 70 �C for 2 h. The reaction colour
changed from orange to yellowish precipitate, indicating the
formation of Zn(OH)2 powder. Then, the collected precipitate
was washed several times with distilled water, then dried at
100 �C, followed by calcination at 300 �C for three hours to
obtain a yellowish powder of ZnO NPs.

2.3.3. Characterization. Optical properties in terms of UV-
Vis absorption were obtained using a JASCO 730 double beam
spectrophotometer. The absorption spectra were recorded from
200 to 900 nm, with an increment of the wavelength of about
0.2 nm. Transmission Electron Microscope (TEM) JEOL, model
JEM 2100F was used to investigate the micrograph of obtained
Fig. 1 Shows (a) UV-Vis absorption and (b) emission spectra for the stan

18024 | RSC Adv., 2022, 12, 18022–18038
samples under an operating voltage of 160 kV. In addition, X-ray
diffraction (XRD) measurements have been carried out using an
Ultima IV (Rigaku, Japan) Powder Diffractometer operating with
a Cu target with Ka1¼ 1.54060 Å, in the 2q range of 20–80�. X-ray
scan was performed in 2q/q continuous mode at 2� min�1, with
a step size of 0.02. The size distribution and zeta-potential for
each as-prepared curcumin capped ZnO and Ag-NPs were
measured using the Malvern zeta sizer Nano ZS Nano instru-
ment with He/Ne laser (i.e., l ¼ 633 nm) at an angle of 173�

collecting backscatter optics. Furthermore, FT-IR of green
synthesized curcumin capped-ZnO and Ag NPs were obtained
from 400 to 4000 cm�1 using JASCO 6700 Fourier transform
infrared spectrometer (FT-IR).

2.3.4. Microbiological investigation
2.3.4.1. Sample collection. This study was performed in strict

accordance with the GOTHI guidelines, ethics regulations
issued by the Minister of Health & Population Cairo, Egypt: No.
238/2003, Articles 52–6121, approved by medical research ethics
committee. Different clinical specimens were taken from 150
patients with complaints of different infections from both sex,
and range ages from 9–68 years, admitted to the national heart
institute. Cairo, Egypt, is the general organization for teaching
hospitals and institutes (GOTHI). The different specimens were
collected from patients according to the type of their infections
and transported to the microbiology laboratory for bacterial
isolation. Clinical and laboratory data of each patient were ob-
tained and registered.

2.3.4.2. Isolation and identication. Conventional biochem-
ical methods primarily isolated and identied Gram-negative
and Gram-positive colonies according to standard microbio-
logical techniques.45,46 According to the manufacturer's
instructions, further bacterial isolates characterization was
carried out by API 20kits (Biomereux, France).

2.3.4.3. Antibiotics screening test. Antimicrobial suscepti-
bility of all pathogenic bacterial isolates was performed on
Mueller-Hinton Agar (MHA) by standard disk diffusion
method.47,48 Results of the antibiotic susceptibility were taken
according to National Committee for Clinical Laboratory Stan-
dards (NCCLS, 1999).49 The antibiotics used and concentration
of antibiotic per disc (mg per disc) are as follows: amikacin (30
dard pure curcumin (Black-line) and curcumin extract (Red-line).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 TLC visual bands of pure standard curcumin (Left-side) and
extracted curcumin in our lab (Right side).
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mg), amoxycillin/clavulanic acid (30 mg), tigecycline (15 mg),
cefepime (30 mg), cefotaxime (10 mg), ceazidime (30 mg), cefa-
clor (30 mg), ciprooxacin (5 mg), gentamicin (10 mg), imipenem
(10 mg), meropenem (10 mg), levooxacin (5 mg), tetracycline (30
mg), tobramycin (10 mg), cefazolin (30 mg), cefoxitin (30 mg) all
Fig. 3 TEM images of Cur-ZnO NPs (a and b), and Cur-Ag NPs (c and d

© 2022 The Author(s). Published by the Royal Society of Chemistry
from oxoid. The zones of bacterial isolates inhibition for indi-
vidual antibiotics were measured in mm by applying an ordi-
nary ruler. Interpretation of inhibition zone diameters was
made according to Kirby–Bauer zone diameter interpretative
standards as documented by Clinical Laboratory Standard
Institute guidelines (2018).50–52 According to previous studies,
multi-drug resistance (MDR) was dened as acquired resistance
to at least one agent in three or more antimicrobial categories,
according to previous studies.53

2.3.4.4. Antibacterial bioassay. The antimicrobial potential
was determined by disk diffusion assay. 108 CFU ml�1 fresh
microbial culture was adjusted with 0.5 McFarland standard,
and 100 ml of the standardized culture of each tested organism
spread on a Muller Hilton agar plate with sterile cotton swabs
and were allowed to dry for some time in the laminar ow hood.
Filter discs (6 mm) were impregnated with different concen-
trations (varying from 10 to 50 ml) of nanoparticles, then posi-
tioned on an inoculated media with tested organism.54 Aer
incubation of plates for 24 h at 37 �C, the inhibition zone
diameter surrounding the lter disc was measured. An intra-
variation assay was calculated from the triplicate of each assay
for the three performed independent experiments.

2.3.4.5. Minimum inhibitory concentration test. Minimum
inhibitory concentration (MIC) is the lowest concentration of
the drug, which will inhibit growth as measured by observed
turbidity in the test tube (CLSI, 2016).55 The MIC test was
determined according to a previous report by Usman et al.56
) at different magnification power of 100 and 200 nm, respectively.

RSC Adv., 2022, 12, 18022–18038 | 18025
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Fig. 4 Shows UV-Vis absorption spectra for the as-prepared Cur-Ag
NPs (Black-line) and Cur-ZnO NPs (Red-line).

Fig. 5 Shows XRD patterns of as-prepared Cur-Ag NPs (Black-line)
and Cur-ZnO NPs (Red-line).
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Each potential nanoparticle was determined using a micro-
broth dilution technique using sterile test tubes containing
sterile nutrient broth; a serial dilution from both curcumins
capped-ZnO and Ag NPs were 500, 250, 125, 62.5, 31.25, 15.62,
7.81, and 3.9 mg ml�1, respectively. One hundred microliters of
108 CFU ml�1 of each tested organism were piped into each test
tube and incubated at 37 �C for 24 h. broth inoculated with
bacteria was used as a positive control, and nutrient broth
containing nanoparticles was used as a negative control. The
lowest concentration kills the organisms ultimately, where no
bacterial growth is observed.

2.3.5. Biocompatibility investigation
2.3.5.1. Cell culture. In the current study, the Vero cell line

derived from Kidney epithelial cells of the African greenmonkey
used as a model of the normal cell line was obtained from ATCC
(American Tissue Culture Collection). A conuent layer of the
used cell line was maintained in Dulbecco's Modied Eagle's
Medium (DMEM) supplemented with 10% fetal bovine serum
(Biowest), antibiotics (2% penicillin-streptomycin (100 IU
ml�1), and 0.5% fungizone (Biowest). Then the cells were sub-
cultured as reported in the protocol by Schmidt and
Emmons.57 Then a hemocytometer was used to count the sub-
cultured cells that plated onto 96-well plates.58,59

2.3.5.2. MTT assay. According to Emam et al. protocol,58

Cur-Ag and Cur-ZnO NPs were sterilized under UV irradiation
for three hours before application to cell culture plates. Then
serial dilutions with concentrations at 5, 10, 15, 20, 25, and
30 ppm were adjusted in 2% DMEM media for curcumin-
capped silver (Cur-Ag NPs) and curcumin-capped zinc oxide
(Cur-ZnO NPs) nanoparticles, respectively. Here, the biocom-
patibility assay for all used nanomaterials was tested against
Vero cells via MTT assay (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide dye (Serva Electrophoresis, Ger-
many).60 Exponentially growing cells were collected using
0.025% Trypsin–EDTA and plated in 96-well plates at 4000–5000
cells per well. Cells were exposed to all tested materials for 48 h.
18026 | RSC Adv., 2022, 12, 18022–18038
At the end of exposure, MTT solution in PBS (5 mg ml�1) was
added to all wells, including no cell blank, and le to incubate
for 90 minutes. Then DMSO (100 ml per well) was added to
dissolve the formazan crystals with shaking for 10 min, aer
which the absorbance was read at 590 nm against no cell blanks
on a microplate reader (Biotek Model: ELX 800, USA). The
relative cell viability (%) related to control wells containing cells
without nanomaterials was calculated by:

Cell viability percentage (%) ¼ absorbance(sample)/

absorbance(control)

Each result was the average of three wells, and 100% viability
was determined from the untreated cells.
3 Results and discussion
3.1. Synthesis of curcumin capped nanostructures (Cur-Ag
and Cur-ZnO NPs)

The UV-Vis spectra of curcumin extract and pure curcumin
showed a broad band with a maximum absorbance peak at
a wavelength of 425 nm, which could be assigned to low energy
p–p* excitation of the curcumin (Fig. 1a), as previously re-
ported.61 In addition, the emission spectra of the standard pure
curcumin (red line) and curcumin extract (black line) have been
recorded for comparison by excitation at the same wavelength
of 425 nm in ethanolic solution, as shown in Fig. 1b. It is clear
that the emission spectra are broadband at 530 nm,62 and their
maximum peak shis slightly depending on each sample. In
addition, Fig. 2 shows the TLC bands of the dissolution of pure
curcumin and extracted curcumin from commercial Curcuma
longa powder taken aer 1 h exposure to mobile phase vapour.
Both curcumin samples showed a single TLC band indication of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 DLS data of (a) Cur-Ag NPs and (b) Cur-ZnO NPs and zeta potential data of (c) Cur-Ag NPs and (d) Cur-ZnO NPs.

Table 1 Colloidal Properties of as-prepared nano-metal oxides particles

Sample

Dynamic light scattering (DLS)

Zeta potential (ɳ, mV)Hydrodynamic diameter (HD, nm) Polydispersity index (PDI)

Cur-Ag NPs 32.48 � 15.98 0.276 �6.96
Cur-ZnO NPs 261.2 � 188.1 0.306 +1.39

Fig. 7 Shows FT-IR spectra of as-prepared Cur-Ag NPs (Black-line)
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the same composition upon irradiation of TLC plate under UV
light at a wavelength of 366 nm, which was in agreement with
the previous report.63

Generally, plant extract-mediated nanoparticle biosynthesis
may be divided into three steps; reduction, growth, and stabi-
lization. The most crucial step is the reduction phase, in which
metal ions are recovered from their salt precursors by the
interaction with plant metabolites and biomolecules with
reduction capabilities. Metal ions are converted from their
monovalent/divalent oxidation states to zero-valent states, fol-
lowed by nucleation of the reduced metal atoms. Then follows
the development phase, in which the separated metal atoms
combine to create metal nanoparticles, although additional
biological reduction of metal ions occurs. The growth phase
improves the thermodynamic stability of nanoparticles, but
extensive nucleation may promote aggregation of generated
nanoparticles, modifying their morphologies. The stabilization
phase is the last step in the biosynthesis of nanoparticles. When
nanoparticles are coated with plant metabolites, they acquire
their most strongly benecial and consistent form.64

In this study, green synthesized silver (AgNPs) and zinc oxide
(ZnO NPs) have been prepared via bio-reduction in an ethanolic
solution of curcumin (i.e., Curcuma longa) extract for silver
nitrate (AgNO3) and zinc acetate (Zn(CH3COO)2), respectively.
Green synthesis of silver nanoparticles in the presence of cur-
cumin extract was characterized by a change in colour, from the
orange colour of curcumin extract to yellowish-brown colour,
indicating the formation of Cur-AgNPs.41,65 The colour change
and Cur-ZnO NPs (Red-line).

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 18022–18038 | 18027
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Table 2 Distribution of the bacterial isolates from clinical specimens

Isolate source

Microorganism

S. aureus MSSA S. aureus MRSA P. aeruginosa K. pneumonia A. baumannii P. Vulgaris E. coli E. faecalis

Sputum 0 0 0 14 0 0 4 0
Urine 4 0 5 7 0 2 3 0
Wound 21 7 21 25 3 10 7 4
Blood 5 4 1 2 0 0 1 0
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was attributed to the nucleation of Ag NPs as the interaction
between Ag+ ions and the –OH� groups exists in avonoids and
Terpenoids that play a vital role in the synthesis of Ag NPs.38

Later on, with increasing the reaction time, the colour changes
to brownish-yellow colour due to the maturation of Ag nano-
clusters and, thereby, the formation of AgNPs.38,41,65 The same
behaviour as in the formation of Cur-ZnO NPs expects the
reaction colour to change from orange to light yellow due to
ZnO NPs.
3.2. Characterization of curcumin capped nanostructures
(Cur-Ag and Cur-ZnO NPs)

The morphological properties, including the size and shape of
each as-prepared curcumin capped-silver (Cur-AgNPs) and zinc
oxide (Cur-ZnO NPs) nanoparticles, are shown in Fig. 3. TEM
images showed that spherical shape is dominant for Cur-AgNPs
and Cur-ZnO NPs. The average particle size presented in TEM
images was around 20 � 5 nm for Cur-ZnO NPs, as shown in
Fig. 3a and b. Whereas the average particle size in the case of
Cur-AgNPs was about 15 � 5 nm, as depicted in Fig. 3c and d.
According to TEM images of Cur-Ag NPs and Cur-ZnO NPs
nanoparticles, the coating based on curcumin cannot be
noticed due to the low contrast between Ag NPs and ZnO NPs.
However, the presence of curcumin-based coating could be
noticed via the tendency of agglomeration for Ag NPs and ZnO
NPs, as shown in Fig. 3.

In addition, the optical properties illustrated in the moni-
toring of the UV-Vis absorption spectra of each of the as-
prepared quasi-spherical Cur-AgNPs and Cur-ZnO NPs, as
shown in Fig. 4. Cur-AgNPs exhibit a single broad surface
plasmon band (SPR) at 395 nm, indicating the formation of
small AgNPs (Fig. 4, Blackline). Cur-ZnO NPs showed a charac-
teristic feature at 450 nm and shoulder at 310 nm, indicating
the formation of ZnO NPs, as shown in Fig. 4, red line.

Moreover, the crystallographic structure of as-prepared bio-
synthesized Cur-AgNPs, and Cur-ZnO NPs have been investi-
gated via XRD measurements, as depicted in Fig. 5. Cur-AgNPs
exhibits ve distinct features at 2q ¼ 38.27, 44.47, 64.71, 77.73
and 81.9�, respectively (see Fig. 5, Blackline), which can be
assigned to the strongest line reections from (1,1,1), (2,0,0),
(2,2,0), (3,1,1), and (2,2,2) crystallographic planes of the face-
centred cubic (fcc) of silver (Ag, Fm�3m (225), see Fig. 5, Black-
line). While in the case of Cur-ZnO NPs, the hexagonal structure
was the predominant crystallographic structure. The typical
18028 | RSC Adv., 2022, 12, 18022–18038
XRD pattern for hexagonal structure shows three strongest lines
at 2q of 31.76�, 34.58�, and 36.67� due to the reection of (100),
(002), and (101) crystallographic planes. In addition, another
ve distinct patterns were represented at 47.89, 57.01, 63.29,
66.67, 68.25, 69.35 and 77.26� that corresponding to (102), (110),
(103), (200), (112), (201) and (004) reection plans.

Furthermore, colloidal properties, including dynamic light
scattering (DLS) and electrophoretic mobility based on zeta
potential measurements, have been investigated for Cur-Ag NPs
and Cur-ZnO NPs in a vehicle solution, as shown in Fig. 6 and
Table 1. The hydrodynamic diameter (HD) of Cur-AgNPs was
about 32.48 � 15.98 nm with a polydispersity index (PDI) of
0.276, which is smaller than Cur-ZnO NPs. The average HD of
Cur-ZnO NPs was about 261.2� 188.1 nm with a more extensive
polydispersity index (PDI) of 0.306 (Fig. 6a and b, and Table 1).
The zeta potential of Cur-AgNPs was about �18.6 mV, which is
lower than the zeta-potential in Cur-ZnO NPs, which was about
�32 mV, as shown in Fig. 6c and d, respectively, and Table 1.
Based on the previously mentioned colloidal properties based
on DLS data, the hydrodynamic particle size of as-prepared
nanoparticles is enlarged, consistent with their agglomera-
tion, as demonstrated in TEM micrographs in Fig. 3. This is
because of their hydrophilicity. In addition, the intensity of the
steric forces of the functional groups on the nanoparticles'
surface and a steric interaction generated by the creation of
a layer of water around the material.66

Finally, the surface properties of Cur-AgNPs and Cur-ZnO
NPs have been investigated via their transmittance as func-
tion in wavenumber by Fourier-transform infrared (FT-IR), as
shown in Fig. 7. Both Cur-AgNPs and Cur-ZnO NPs show the
same FT-IR, which showed the same strong stretching bands at
wavenumbers of 3401–3391, 2977–2975, and 1052–1053 cm�1

due to the presence of –OH intermolecular bonded of alcohol,
–CH of alkyne in curcumin molecule, and –C–O of 1� alcohol,
respectively (Fig. 7)—also, stretching weak band at 2898–2901
and 2133–2124 cm�1 assigned to intermolecular bonded –OH
alcohol that exist in ethanolic solution, and –C]C– of alkyne
group present in curcumin structure of as-prepared Cur-AgNPs
and Cur-ZnO NPs, respectively. The weak stretching bands
1294–1281 cm�1 were assigned to the –C–O group in bonded
aromatic ester andmedium stretching bands were monitored at
1659–1650 and 1921 cm�1 corresponding to conjugated –C]C–
, and –C]C]C– groups, respectively. Also, a medium bending
band of bonded –C]C– and C–H groups was monitored at
880 cm�1.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra00231k


Table 3 Biochemical characteristics of bacterial isolates

Group 1 2 3 4 5 6 7

Isolates identication
Staphylococcus
aureus

Enterococcus
faecalis

Escherichia
coli

Acinetobacter
baumannii

Pseudomonas
aeruginosa

Klebsiella
pneumoniae

Proteus
vulgaris

Biochemical
characteristics

Catalase + � + + + + +
Coagulase + � � + � � �
Indole � � + � � � +
Methylated + � + � � � +
Oxidase � � � � + � �
Vogus Proskauer + + � � � + �
Citrate utilization + � � + + + �
H2S production � � � � � � +
Urease + � � � � + +
Motility � � + � + � +
Lysine decarboxylase � � � � � + �
Gelatin liquefaction
test

+ + � � + � +

Glucose + + + + � + +
Lactose + + + � � + �
Maltose + + + � � + +
Mannitol + + + � + + �
Sucrose + + � � � + +
Salicin � � � � � + +
L-Arabinose � � + � � + �
D-Sorbitol � + + � � + �
Blood hemolysis + + � � � � �

Table 4 Frequency of bacterial agents isolated from clinical
specimens

Organisms No of strains Frequency%

K. pneumoniae 48 32
S. aureus MSSA 30 20
P. aeruginosa 27 18
E. coli 15 10
P. vulgaris 12 8
S. aureus MRSA 11 7.3
E. faecalis 4 2.7
A. baumannii 3 2
Total 150 100
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Moreover, many differences existed between Cur-AgNPs and
Cur-ZnO NPs, as follows; medium stretching bands C–H alde-
hyde and O–H, carboxylic acid groups in curcumin molecule,
were monitored at a wavenumber of 2530 cm�1 in Cur-AgNPs,
while in case of Cur-ZnO NPs was monitored at 2503 cm�1.
Another difference lies in the slight position shi from
1409 cm�1 in the case of Cur-AgNPs to 1435 cm�1 in Cur-ZnO
NPs, corresponding to the medium bending band of the –OH
group in the ethanolic solution of curcumin extract. The same
trend was detected for the medium bending band of the –OH
group for phenolic species that existed in curcumin avonoid
molecules from 1330 cm�1 in Cur-AgNPs to 1394 cm�1 in the
case of Cur-ZnO NPs. Finally, the remarkable increase in band
intensity at 2349 cm�1 in the case of Cur-ZnO NPs compared to
Cur-AgNPs, corresponds to the stretching band of the O]C]O
group that existed in curcumin molecules.
3.3. Distribution of pathogenic bacteria isolated from
clinical samples

One hundred and y different clinical samples (Table 2) were
isolated from patients, all suffering from different infections.
Table 3 shows that all bacterial isolates were characterized by
phenotypic and biological characteristics.67 Based on the
morphological and biochemical characterization as shown in
Table 3, the distribution of isolated bacterial strains from the
collected samples is tabulated in Table 4. The table showed that
45 isolates (30.0%) were Gram-positive, while Gram-negative
isolates were 105 (70.0%). This result agreed with previous
© 2022 The Author(s). Published by the Royal Society of Chemistry
reports,41,42 and reported that Gram-negative isolates were more
frequently distributed than Gram-positive isolates. The identied
bacteria were Klebsiella pneumonia (K. pneumonia) 48 strains
(32.0%), Staphylococcus aureus (S. aureus) MSSA 30 strains (20.0%),
Pseudomonas aeruginosa (P. aeruginosa) 27 strains (18.0%),
Escherichia coli (E. coli) 15 strains (10.0%), Proteus vulgaris (P.
vulgaris) 12 strains (8.0%), Staphylococcus aureus (S. aureus) MRSA
11 strains (7.3%), Enterococcus faecalis (E. faecalis) 4 strains (2.7%)
and Acinetobacter baumannii (A. baumannii) 3 strains (2.0%).
3.4. Antibiotics inhibition effects

The antibiotic resistance patterns of all identied strains have
been represented in Table 5. Methicillin-sensitive S. aureus
(MSSA) strains were resistant to ceazidime, levooxacin,
RSC Adv., 2022, 12, 18022–18038 | 18029
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Table 5 Antibiotic resistance pattern (%) of bacterial isolates

Antibiotic discs
S. aureus
MSSA

S. aureus
MRSA P. aeruginosa K. pneumonia A. baumannii P. vulgaris E. coli E. faecalis

Amikacin (30 mg) 46.7 63.6 37.0 62.5 66.7 33.3 40.0 100
Amoxycillin/Clavulanic acid (30 mg) 40 100 100 50.0 66.7 50.0 53.3 50.0
Tigecyclin (15 mg) 6.7 0 100 25.0 0 25.0 33.3 50.0
Cefepime (30 mg) 33.3 100 51.9 50.0 33.3 58.3 53.3 100
Cefotaxime (10 mg) 63.3 100 100 85.4 100 58.3 100 100
Ceazidime (30 mg) 76.7 100 100 64.6 66.7 66.7 73.3 100
Cefaclor (30 mg) 63.3 100 100 66.7 100 100 53.3 100
Ciprooxacin (5 mg) 56.7 63.6 66.7 72.9 100 50.0 86.7 80.0
Gentamicin (10 mg) 46.7 100 51.9 77.0 66.7 58.3 53.3 100
Imipenem (10 mg) 16.7 100 66.7 14.6 0 0 6.7 25
Meropenem (10 mg) 26.7 100 55.5 22.9 0 0 20.0 25
Levooxacin (5 mg) 66.7 100 70.4 62.5 100 41.7 86.7 75.0
Tetracycline (30 mg) 33.3 54.5 100 64.6 66.7 58.3 100 50.0
Tobramycin (10 mg) 66.7 100 51.9 64.6 66.7 50.0 53.3 50.0
Cefazolin (30 mg) 33.3 100 100 100 100 100 53.3 100
Cefoxitin (30 mg) 0 100 100 85.4 100 100 33.3 100

Table 6 Antimicrobial activity of curcumin capped Ag NPs against pathogenic bacterial isolatesa

Microorganism

Mean of zone inhibition in mm (mean � SD)

A B C D E

+ve Gram bacterial strains Staphylococcus aureus (MSSA) 11.7 � 1.53 13.7 � 1.53 14.7 � 0.58 16.3 � 1.15 18.7 � 3.2
Staphylococcus aureus (MRSA) 11.0 � 1.0 12.7 � 1.53 14.7 � 0.58 16.0 � 1.0 17.7 � 1.53
Enterococcus faecalis 8.7 � 2.5 10.0 � 2.6 12.7 � 2.5 14.7 � 1.15 15.7 � 1.15

�ve Gram bacterial strains Pseudomonas aeruginosa 11.7 � 0.58 13.7 � 1.53 15.7 � 1.53 20.3 � 0.58 22.3 � 1.15
Klebsiella pneumoniae 10.3 � 0.58 12.3 � 0.58 15.0 � 1.0 17.7 � 2.08 19.7 � 0.58
Acinetobacter baumannii 9.7 � 0.58 11.3 � 0.58 14.3 � 0.58 16.7 � 1.53 18.7 � 3.21
Proteus vulgaris — — — — —
Escherichia coli 10.3 � 0.58 12.3 � 1.53 13.7 � 1.53 14.7 � 0.58 16.3 � 0.58

a A: 10 ml �5 ppm; B: 20 ml �10 ppm; C: 30 ml �15 ppm; D: 40 ml �20 ppm; E: 50 ml �25 ppm of curcumin capped-Ag NPs. (�): no inhibition.
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tobramycin, cefotaxime, cefaclor, and ciprooxacin about 76.7%,
66.7%, 66.7%, 63.3%, 63.3, 56.7% respectively. However about
100% of S. aureus (MSSA) strains were sensitive to cefoxitin,
furthermore tigecycline, imipenem, meropenem, cefepime,
tetracycline, cefazolin and amoxycillin/clavulanic acid show
sensitivity about 93.3%, 83.3%, 73.3%, 66.7%, 66.7%, 66.7%,
60.0%, respectively. Moreover, only tigecycline was effective
against 100%methicillin-resistant S. aureus (MRSA), representing
100% resistance to other tested antibiotics. S. aureus is one of the
most common multi-drug resistant bacterial pathogens causing
different kinds of infections, especially that caused by
methicillin-resistant S. aureus, which increases antimicrobial
resistance in many countries.68 The mechanism of S. aureus
resistance was due to genetic factors and mutations.69 About 75%
of E. faecalis were sensitive to imipenem and meropenem; this
was similar to a previous study reported by Asadollahi et al.70

However, E. faecalis showed 100% resistance to amikacin, cefe-
pime, cefotaxime, ceazidime, cefaclor, gentamicin, cefazolin,
etc. cefoxitin, similarly to results found by Abdelkareem et al.71

Contrary to Gaglio et al.72 and Raafat et al.,73 E. faecalis isolates
showed (75%) resistance to ciprooxacin and levooxacin, but
18030 | RSC Adv., 2022, 12, 18022–18038
50% of the same strains were resistant to amoxycillin/clavulanic
acid, tigecycline, tobramycin, and tetracycline. This result is in
agreement with that found by Pesavento et al.74 In addition, Pie-
niz et al. reported themulti-drug resistance of E. faecalis due to its
ability to acquire and transfer antibiotic resistance genes.75 P.
aeruginosa isolates showed susceptibility to amikacin (63.0%).
Furthermore, the same strain showed 100% resistance to
Amoxycillin/clavulanic acid, tigecycline, cefotaxime, ceazidime,
cefaclor, and tetracycline, cefoxitin, and cefazolin, which was in
agreement with previous ndings that reported by Mohamed
et al.76 and Bhalchandra et al.77 In many countries, the increasing
distribution rate of multi-drug resistance (MDR) P. aeruginosa
poses a serious therapeutic problem. In the present study, K.
pneumoniae exhibited a high antibiotic resistance that agreed
with previously reported results.78 In this regard; K. pneumoniae
showed the highest multi-drug resistance behaviour against
cefazolin by 100%, followed by cefotaxime, ciprooxacin, genta-
micin, and cefoxitin (85.4%), cefaclor (66.7%), ceazidime,
tetracycline, tobramycin (64.6%), amikacin and levooxacin
(62.5%). Moreover; K. pneumoniae exhibited (85.4%) were sensi-
tive to imipenem followed by meropenem (77.1%) and tigecyclin
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Antibacterial activity of Cur-Ag NPs (a, c and e) and Cur-ZnO NPs (b, d and f) against +ve gram bacteria including S. aureus (MRSA) (a and
b), S. aureus (MSSA) (c and d) and E. faecalis (e and f). Note: 10 ml �5 ppm; 20 ml �10 ppm; 30 ml �15 ppm; 40 ml �20 ppm; and 50 ml �25 ppm.
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(75%), which was in agreement to previously reported studies.79,80

The previous study by Babakhani et al. revealed that imipenem
and meropenem are the most effective antibiotics for K. pneu-
monia.81 A. baumannii showed 100% sensitivity to tigecycline,
imipenem, and meropenem, these like previous studies.82 Tige-
cycline is an effective drug against MDR A. baumannii, so clini-
cians use it as an antibiotic treatment strategy.83 Furthermore,
about 100% of A. baumannii isolates were resistant to cefotaxime,
cefaclor, cefoxitin, levooxacin, ciprooxacin, and cefazolin.
These results similar to Fayyaz et al.84 In contrast to Kassam et al.,
P. vulgaris showed (100%) resistance to cefaclor, cefoxitin and
cefazolin. Also P. vulgaris found 100% sensitivity to imipenem
and meropenem, followed by tigecyclin (75%) and amikacin
© 2022 The Author(s). Published by the Royal Society of Chemistry
(66.7%), this result was in agreement with that found by Daary
and Patel.85 The increasing levels of multi-drug resistance Proteus
species isolates was reported in previous studies.86 Antimicrobial
resistance in E. coli has increased over the world. E. coli were
resistant to tetracycline, cefotaxime, ciprooxacin, levooxacin
and ceazidime about 100%, 100%, 86.7%, 86.7%, 73.3%
respectively, however showed sensitivity to imipenem (93.3%),
meropenem (80.0%), tigecycline (66.7%), cefoxitin (66.7%) and
amikacin (60.0%) this results similar to previous studies reported
by Saha et al.,87 and Yakha et al.88 Such studies stated that imi-
penem and amikacin are very effective drugs against E. coli
isolates. In our study, the multidrug resistance ability within all
identied bacteria was noticed.87,88
RSC Adv., 2022, 12, 18022–18038 | 18031
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Fig. 9 Antibacterial activity of Cur-Ag NPs (a, c e, g and h) and Cur-
ZnO NPs (b, d, f, h and j) against �ve gram bacteria including P. aer-
uginosa (a and b), K. pneumoniae (c and d), A. baumannii (e and f), P.
vulgaris (g and h) and E. coli (i and j). Note: 10 ml �5 ppm; 20 ml
�10 ppm; 30 ml �15 ppm; 40 ml �20 ppm; and 50 ml �25 ppm.
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3.5. Antibacterial activity of curcumin capped zinc oxide and
silver nanoparticles

The antibacterial activity of as-prepared curcumin capped ZnO,
and Ag NPs has been investigated using disc diffusion assay by
applying the nanoparticles with different serial dilutions, as
18032 | RSC Adv., 2022, 12, 18022–18038
represented in Tables 5 and 6 and Fig. 8 and 9, respectively. A
gradual increase in the antibacterial effect was monitored with
increased concentration (see Tables 6 and 7). Cur-AgNPs showed
signicant antimicrobial activity against most MDR-pathogenic
bacterial strains isolated from different clinical samples except
P. vulgaris.89–92 No inhibition zone was monitored upon treat-
ment with Cur-AgNPs, similar to a previous report.93–95 In this
regard, zeta-potential measurements for P. vulgaris bacterial
ltrate before and aer treatment with Cur-Ag NPs were per-
formed to explore the reason for resistance against Ag NPs
(Fig. 10). The bacterial ltrate of untreated P. vulgaris (�ve gram
bacteria) showed a negative zeta potential of �9.04 mV (100%).
In contrast, the bacterial ltrate of Cur-Ag NPs treated with P.
vulgaris showed multiple zeta potential values of �19.1 (55.1%),
�88.5 (11.7%) and +51.8 (33.2%) mV, respectively. Therefore,
a negatively charged Cur-Ag NPs did not show any antibacterial
activity against �ve gram P. vulgaris that have a negative super-
cial charge (Fig. 10) due to the presence of ionizable moieties
leading to a repeal between the bacterial outer membrane and
Cur-Ag NPs, which was in agreement with the previous reports.96

In such a case, the highest antibacterial activity of Cur-AgNPs
was monitored against P. aeruginosa with all applied dosing
concentrations compared to other MDR-pathogenic organisms
(see Table 6).90–92,97 Moreover, the current study's inhibition
zone of used Cur-AgNPs was higher than AgNPs embedded in
gum/Gelatin by Khan et al.98 Canvassing et al. stated that AgNPs
have highly antibacterial action against multiple Gram-positive
(i.e., +ve gram) and Gram-negative (i.e., �ve gram) bacteria.99

In addition, Cur-AgNPs have an antimicrobial activity of
AgNPs showed an inhibitory effect against all +ve gram bacterial
strains (see Fig. 8a, c, and e); however, E. faecalis showed
a minimum inhibition zone even at high dosing concentration
(i.e., 50 ml) 15.7 � 1.15 mm (Fig. 7e). While methicillin-sensitive
S. aureus (MSSA) showed an inhibition zone of about �18.7 �
3.2 mm at 50 ml (Fig. 8c), and methicillin-resistant S. aureus
(MRSA) showed an inhibition zone of about�17.7� 1.53 mm at
50 ml (Fig. 8a); these results were agreed with previous
reports.100,101 The antibacterial efficiency of AgNPs may be
related to the features of bacterial species. Inhibitory potential
of AgNPs due to physicochemical properties, including size and
surface, allow AgNPs to pass through cell walls or membranes
and directly reacts with intracellular components causing
inactivation of bacteria.102,103 Thus, AgNPs can be used as
effective broad-spectrum antibacterial agents for Gram-positive
and Gram-negative MDR bacteria, including the genera
Enterococcus, Staphylococcus, Acinetobacter, Escherichia, and
Pseudomonas, as shown in Fig. 9a, c, e, g, and i, respectively.

The as-prepared Cur-ZnO NPs showed antibacterial activity
against the whole isolated bacterial strains from the same
clinical samples, as shown in Table 7. In addition, the highest
antibacterial activity of Cur-ZnO NPs was monitored against E.
faecalis with all applied dosing concentrations compared to
other MDR-pathogenic organisms (see Table 7). In such case,
the antibacterial activity of Cur-ZnO NPs against +ve gram
pathogenic bacterial strains is represented as follows; E. faecalis
> S. aureus (MSSA) > S. aureus (MRSA) (see Table 7, and Fig. 8b,
d, and f) that in agreement with reported studies.104–106 Also, for
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Antimicrobial activity of curcumin capped ZnO NPs against pathogenic bacterial isolatesa

Microorganism

Mean of zone inhibition in mm (mean � SD)

A B C D E

+ve Gram bacterial strains Staphylococcus aureus (MSSA) 7.7 � 1.53 10.3 � 0.58 12.0 � 1.0 14.0 � 1.0 16.0 � 1.0
Staphylococcus aureus (MRSA) 7.0 � 1.0 9.7 � 0.58 11.7 � 0.58 13.3 � 1.15 15.3 � 0.58
Enterococcus faecalis 11.0 � 1.0 13.3 � 1.15 15.3 � 0.58 18.0 � 2.0 20.3 � 2.08

�ve Gram bacterial strains Pseudomonas aeruginosa 7.3 � 0.58 9.0 � 1.0 10.7 � 0.58 12.3 � 1.15 14.7 � 0.58
Klebsiella pneumoniae 7.7 � 0.58 9.0 � 1.0 11.0 � 1.0 13.0 � 1.0 14.7 � 1.15
Acinetobacter baumannii 7.0 � 1.0 9.0 � 1.0 11.0 � 1.0 13.3 � 1.15 15.0 � 1.0
Proteus vulgaris 7.0 � 1.0 9.3 � 1.15 12.0 � 1.0 14.0 � 1.0 16.0 � 1.0
Escherichia coli 8.0 � 1.0 10.3 � 0.58 12.0 � 1.0 14.0 � 1.0 16.0 � 1.0

a A: 10 ml �5 ppm; B: 20 ml �10 ppm; C: 30 ml �15 ppm; D: 40 ml �20 ppm; E: 50 ml �25 ppm of curcumin capped-ZnO NPs. (�): no inhibition.

Fig. 10 The zeta potential data for the bacterial filtrate of (a) untreated and (b) Cur-Ag NPs treated Proteus vulgaris.
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the �ve gram bacterial strains, the antibacterial activity of as-
prepared Cur-ZnO NPs descends as follows; E. coli > P. vulga-
ris > A. baumannii > P. aeruginosa > K. pneumonia, which is
similar to previous studies,107,108 (see Table 7 and Fig. 9b, d, f, h,
and j). Generally, the antibacterial activity of Cur-ZnO NPs
against both +ve and �ve gram bacterial strains depends on the
microorganism's susceptibility. In addition, the difference in
susceptibility of +ve and�ve gram bacteria was attributed to the
differences in their cell wall structure.109,110 As well as AgNPs, the
antibacterial activity increased with an increase in the ZnO NP's
applied concentrations.105 Thus, ZnO NPs have antibiotic
properties and could be used in biomedical applications for
combating multi-drug resistance bacteria.111 Furthermore, the
Table 8 Antimicrobial activity of plain curcumin against pathogenic bac

Microorganism

Me

A

+ve Gram bacterial strains Staphylococcus aureus (MSSA) 0.0
Staphylococcus aureus (MRSA) 0.0
Enterococcus faecalis 0.0

�ve Gram bacterial strains Pseudomonas aeruginosa 0.0
Klebsiella pneumoniae 0.0
Acinetobacter baumannii 0.0
Proteus vulgaris 0.0
Escherichia coli 0.0

a A: 10 ml �5 ppm; B: 20 ml �10 ppm; C: 30 ml �15 ppm; D: 40 ml �20 pp

© 2022 The Author(s). Published by the Royal Society of Chemistry
antimicrobial activity of nanoparticles is perfect for treating
infections and eliminating pathogens.112

Furthermore, the antibacterial activity of plain curcumin was
evaluated to nd any synergistic activity of as-prepared green
synthesized silver (Ag NPs) and zinc oxide (ZnO NPs) nano-
particles, as shown in Table 8. Plain curcumin showed no
antibacterial effect against both Gram-positive and Gram-
negative pathogenic bacteria. In contrast, upon the capping of
Ag NPs and ZnO NPs with curcumin, signicant antibacterial
activity was monitored against all tested pathogenic bacteria, as
shown in Tables 6 and 7, respectively.

Several studies presented the possible antibacterial mecha-
nism for both Cur-Ag NPs and Cur-ZnO NPs.113–116 Curcumin is
poorly soluble in water because of its hydrophobic property,
terial isolatesa

an of zone inhibition in mm (mean � SD)

B C D E

� 0.0 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0
� 0.0 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0
� 0.0 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0
� 0.0 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0
� 0.0 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0
� 0.0 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0
� 0.0 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0
� 0.0 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0

m; E: 50 ml �25 ppm of plain curcumin. (�): no inhibition.
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which could strongly bind to lipid layers (i.e., peptidoglycans)
present in the bacterial cellular membrane. This binding could
facilitate and provide the diffusion of both Ag NPs and ZnO NPs
into the cellular membrane for more antibacterial activity.113 In
addition, curcumin destabilises bacterial replication and
inhibits the DNA damage repair processes through the interac-
tion with the FtsZ protein.115,117,118 Alves et al. suggested that
AgNPs could enhance the antibacterial efficacy of curcumin in
the form of Cur-Ag NPs nanocomposites.114,115 Therefore, the
major antibacterial mechanism of Cur-Ag NPs and Cur-ZnO NPs
could be described as follows; (i) curcumin act as a reducing and
capping agent for each Ag NPs and ZnO NPs, (ii) Cur-AgNPs and
Cur-ZnO nanocomposites bind to the bacterium and release Ag+

and Zn2+ ions. Finally, the Ag+ and Zn2+ ions are released, leading
to the generation of reactive oxygen species, which cause
membrane damage, and bacterial lipases and induce leakage of
intracellular contents followed by bacterial death.113,114
3.6. Determination of minimum inhibitory concentration
(MIC)

As shown in Table 9; the minimum inhibitory concentration
(MIC) of Cur-AgNPs was determined to be 7.8 mg ml�1 for E.
faecalis and 3.9 mg ml�1 for S. aureus (MSSA), S. aureus (MRSA),
P. aeruginosa, K. Pneumoniae, A. baumannii, P. vulgaris, and E.
coli. These results were nearly similar to those reported by
Mortazavi-Derazkola et al.119 and Lkhagvajav et al.120 and lower
than the study reported by Jaswil et al.121 The MIC of Cur-ZnO
Table 9 Minimum inhibitory concentration (MIC) evaluation of used nan

Microorganism

Nanoparticles

Curcumin capped silv
nanoparticles (Cur-Ag

Staphylococcus aureus (MSSA) 3.9
Staphylococcus aureus (MRSA) 3.9
Enterococcus faecalis 7.8
Pseudomonas aeruginosa 3.9
Klebsiella pneumoniae 3.9
Acinetobacter baumannii 3.9
Proteus vulgaris —
Escherichia coli 3.9

Table 10 Minimum inhibitory concentration (MIC) evaluation of bare ind

Microorganism

Nanoparticles

Bare silver nanoparticles
(AgNPs) in ppm

Staphylococcus aureus (MSSA) 5.3 � 0.47
Staphylococcus aureus (MRSA) 5.1 � 0.24
Enterococcus faecalis 7.7 � 0.94
Pseudomonas aeruginosa 5.6 � 0.94
Klebsiella pneumoniae 5.0 � 0.00
Acinetobacter baumannii 4.1 � 0.63
Proteus vulgaris 0.0 � 0.0
Escherichia coli 6.1 � 0.82

18034 | RSC Adv., 2022, 12, 18022–18038
NPs was 15.6 mg ml�1 for P. aeruginosa and K. pneumonia, 7.8
mg ml�1 for S. aureus (MSSA), and S. aureus (MRSA), A. bau-
mannii and P. vulgaris. In addition, the MIC values were about
3.9 mg ml�1 for E. faecalis and E. coli. These MIC values were
lower than those found in previous studies.122–124

In addition, MIC assays have been performed for each of the
plain curcumin and AgNPs and ZnO NPs as controls to
emphasize the synergistic effect of curcumin on the antimi-
crobial activity of AgNPs and ZnO NPs nanoparticles if it exists
or exists is insufficient to enhance their antimicrobial activity,
as shown in Table 10. A slight increase in the MIC value for both
Ag NPs and ZnO NPs alone without capping with curcumin
compared to Cur-AgNPs and Cur-ZnO NPs, as shown in Table 9.
In addition, plain curcumin has a MIC value at a high
concentration of 375–750 ppm. The used curcumin concentra-
tion in Cur-AgNPs and Cur-ZnO NPs not exceed 150 ppm.
Therefore, curcumin has a slight synergetic effect on the anti-
microbial efficacy of silver and zinc oxide nanoparticles,
compared to Ag and ZnO NPs alone, as reported in Table 9. Also,
our nding agreed with other studies that reported that the
antimicrobial activity of metal-curcumin complex such as silver-
curcumin was lower than curcumin itself.125
3.7. Biocompatibility assay

The biocompatibility assay was performed by exposing Vero
cells as an in vitro test model of a normal cell line to a safety
issue for both Cur-Ag NPs and Cur-ZnO NPs, respectively. In
oparticles

er
NPs) in ppm

Curcumin capped zinc oxide
nanoparticles (Cur-ZnONPs) in ppm

7.8
7.8
3.9

15.6
15.6
7.8
7.8
3.9

ividual nanoparticles and plain curcumin

Bare zinc oxide nanoparticles
(ZnONPs) in ppm

Plain curcumin extract
in ppm

7.7 � 0.59 375 � 0.00
9.5 � 0.33 375 � 0.00
4.2 � 0.45 375 � 0.00

14.5 � 0.55 375 � 0.00
16.1 � 0.29 375 � 0.00
7.5 � 0.55 750 � 0.00
8.5 � 0.55 375 � 0.00
8.0 � 0.50 750 � 0.00

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Biocompatibility assay of Cur-Ag NPs and Cur-ZnO NPs at
different levels of exposure doses.
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such a study, various concentrations of 10, 15, 20, 25, and
30 ppm from Cur-Ag NPs and Cur-ZnO NPs, respectively, are
subjected to MTT screening colorimetric assay at 48 h time
interval, as shown in Fig. 11. Our results showed that Cur-Ag
NPs at the highest concentration of 30 ppm could kill about
40.5% of cells, whereas when applied at lower concentrations of
5 and 10 ppm killed only 5.7 and 11.5%, respectively, of cells
aer 48 h of cell exposure (Fig. 10). Treatment of cells with the
highest concentration of 30 ppm Cur-ZnO NPs kills about
38.5% of cells, whereas treatment of cells with lower concen-
trations of 5 and 10 ppm kills about 6.5 and 10.7% of cells aer
48 h of cell exposure (Fig. 11).
4 Conclusions

In this study, Ag NPs and ZnO NPs were successfully green
synthesized in the presence of Curcuma longa ethanolic extract
forming Cur-AgNPs and Cur-ZnO NPs, respectively. The average
particle sizes were about 15 � 5 (Cur-AgNPs), and 20 � 5 nm
(Cur-ZnO NPs), with spherical like-shape. Cur-AgNPs and Cur-
ZnO NPs showed excellent antibacterial efficacy against MDR-
pathogenic bacterial isolates from the clinical sample.
Curcumin-capped AgNPs exhibited solid antimicrobial action
against the experimental bacterial isolates, except P. vulgaris.
Whereas curcumin-capped ZnO NPs found antimicrobial
activity against all tested strains. Finally, the minimum inhibi-
tory concentration exhibited values from 3.9 to 15.6 mg ml�1,
which is too small compared to other traditional antibiotics.
Thus, the present green synthesized nanomaterials could act as
effective antimicrobial agents and prove an alternative for
developing new antimicrobial agents to combat the problem of
antibiotic resistance. In addition, the green-synthesized Cur-Ag
NPs and Cur-ZnO NPs showed good biocompatibility versus
normal Vero cell lines.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Our ndings indicate that Cur-Ag NPs and Cur-ZnO NPs
showed a remarkable MIC and antimicrobial activity against
both Gram-positive and Gram-negative pathogenic bacterial
isolates compared to traditionally used antibiotics. In addition,
the presence of curcumin in situ green synthesis of nano-
particles such as silver and zinc oxide nanoparticles facilitate to
increase in the bio-aviablibty of curcumin than curcumin itself.
In such a case, the cellular uptake efficiency of Cur-capped ZnO
or Cur-Ag NPs is dramatically increased due to the increased
solubility of curcumin aer loading on the nanostructure,
which increases the anti-inammatory applications of nano-
particles.126 Also, their efficient antimicrobial activity allowed us
to use wound healing applications, as reported by Gupta and co-
workers.127 They reported that Cur-capped AgNPs upon loaded
in bacterial cellulose-based (BC) hydrogels increase efficiency
and minimize the potential failure of previously used precisely
structured biomaterials. In addition, the high moisture content
and the good level of transparency further advocate the poten-
tial application of Cur-AgNPs loaded in BC hydrogels in the
management of chronic wounds with high microbial bio-
burden.127 Finally, and not the end; Stati et al. developed a new
formulation of eye drops based on Cur-Ag NPs to be used in the
in vivo treatment of human pterygium, which is known as an
invasive and quite severe human disease, which is now difficult
to treat, let alone eliminate.128 Furthermore, the biocompati-
bility assay results guide us to recommend the use of the as-
green synthesized nanoparticles in disinfectants or to be used
as an active ingredient in antimicrobial coating paints, which
will be present in further studies and experiments.
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19 E. Sánchez-López, D. Gomes, G. Esteruelas, L. Bonilla,
A. L. Lopez-Machado, R. Galindo, A. Cano, M. Espina,
M. Ettcheto and A. Camins, Nanomaterials, 2020, 10, 292.

20 M. Mart́ınez-Carmona, Y. Gun’Ko and M. Vallet-Reǵı,
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