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Abstract

In this study, the antibacterial activity of ZnO nanoparticles (NPs) with several antibiotics viz. ciprofloxacin, ampicillin,
and gentamicin was studied. The ZnO NPs were functionalized with an amine group using (3—aminopropyl) triethoxysilane
(APTES), followed by conjugation with antibiotics using EDC and NHS compounds. Nanoparticles were characterized by
transmission electron microscopy (TEM), scanning electron microscopy (SEM), X-ray diffraction (XRD), and UV-visible
spectroscopy analysis. SEM and TEM analysis confirmed the hexagonal-shaped ZnO NPs with a 20-24-nm range. Similarly,
the crystallinity of ZnO NPs was observed with an XRD analysis. The antimicrobial activity of bare ZnO NPs and antibiot-
ics and the synergistic impact of ZnO NPs + antibiotics were evaluated against six bacterial species. Klebsiella spp. was
extremely sensitive to all three antibiotics, and Streptococcus spp. was most responsive to ampicillin. The mechanisms of
the antimicrobial behavior of functionalized ZnO NPs were discussed. E. coli was selected for CFU measurement to identify
colony formation in different dilutions of ZnO NPs. ToxTrak™ test was used to assess the toxicity of chemically synthesized
ZnO NPs; 75.86% and 66.76% inhibition were obtained for gram-positive (B. subtilis) and gram-negative (E. coli) bacterial
strains, respectively.
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1 Introduction activities. In the current scenario, nanoparticles (NPs) have
evolved as a new antimicrobial effect to destroy microorgan-
isms. Due to its unique inhibition properties, researchers

have shown huge interest in synthesizing controlled, shaped

Nanotechnology is an area of science concerned with gen-
erating and utilizing a nano range of materials. It is widely

employed in several biomedical applications like drug
delivery, diagnostic techniques, antimicrobial wraps, sun-
screens, and disinfectants as a catalyst for increasing effi-
ciency. Nanobiotechnology is a branch of nanotechnology
that develops and applies technologies to study biological
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nanoparticles and their combinations with antibiotics/resist-
ance stains. Some metals/oxides, such as CaO, MgO, ZnO,
ZrO, CuO, AgO, and TiO,, have been demonstrated to
exhibit significant antibacterial properties [1-3]. The major-
ity of recent studies in the field of antimicrobial characteris-
tics of biocomposites have focused on ZnO NPs, and several
of them have produced promising results [1, 3-9]. The recent
development in porous and nanometric materials prepared
by conventional methods has opened new vistas in the field
of zinc oxide nanoparticles. Synthesis and characterization
of nano-scale substances have been an important subject of
discussion in applied sciences. The synthesis of metal oxides
has made it possible to utilize the properties of nanoparticles
in biomedical applications.

ZnO NPs, one of the most significant metal oxide NPs,
are widely employed in several fields of applied sciences
because of their physical and chemical properties. ZnO NPs
have superior antimicrobial, optical, high catalytic activity,
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anti-inflammatory, wound healing, antifungal, and excel-
lent UV-blocking properties. ZnO NPs are used as effective
materials for antimicrobial agents in surface coating systems,
plastics, medical fields, cosmetics, and textile industries [8].
However, when ZnO NPs are reduced to nano-sized, it shows
anomalous characteristics compared to their conventional
materials. These unique features of ZnO NPs have increased
surface area, which allows nanoparticles to interact with bac-
teria more effectively. It has resulted in a smaller amount of
ZnO NPs for the improvement of fungistatic and biostatic
behavior. The antimicrobial potential of ZnO NPs acts as an
agent in the range of micro and nano-scales for diagnostics
and clinical activities. ZnO NPs exhibit bactericidal or bac-
teriostatic activities against gram-positive and gram-nega-
tive bacteria. Furthermore, these nanoparticles showed anti-
bacterial activity against spores, which are known for their
resistance to pressure and temperature. Yamamoto (2001)
[10] studied the influence of particle size on the antibacte-
rial activity of zinc oxide. The antibacterial activity of ZnO
NPs increased with decreasing particle size and increasing
powder concentration. Supplementary Table S1 shows the
different functionalization of ZnO NPs.

The successful use of multifunctional nanoparticles
would be of utmost importance for developing theranostic
nanomedicines. However, much research is needed in the
clinical translation of nanoparticle probes and solving the
underlying problems such as biocompatibility, in vivo and
in vitro targeting efficiency and toxicity. The toxicity of ZnO
NPs was estimated in microbial gut microflora by apply-
ing the ToxTrak™ test. The earlier investigation found that
resazurin dye (7-Hydroxy-3H-phenoxazin-3-one 10-oxide)
is a blue color dye and non-fluorescent in nature. It is uti-
lized to measure cell viability in assays due to its oxidation
reduction indicator property for microbes and mammalian
cells. Earlier researchers utilized resazurin dye for quanti-
tatively estimating bacterial content in milk and indicator
for mammalian cell cultures viability [11, 12]. The present
research describes the synthesis of ZnO NPs and their func-
tionalization of ZnO NPs. Structural properties of ZnO NPs
and functionalized ZnO were analyzed. The antibacterial
activities of bare ZnO NPs, antibiotic alone, and conjugated
ZnO+antibiotic NPs were studied against six microorgan-
isms. Finally, the conjugates with specific antibiotics used
in diverse biomedicinal and biotechnological applications
were also analyzed.

2 Materials and Methods
2.1 Chemicals and Microorganisms

The following chemicals were procured from Merck (India):
zinc nitrate hexahydrate (>98%, AR grade), soluble starch

(AR grade), sodium hydroxide (pellet, >98%, AR grade),
dimethyl sulfoxide (AR grade), 3-ethyldimethylaminopropyl
carbodiimide, N-hydroxysuccinimide, and 3-aminopropyl-
triethoxysilane (3-APTES). Absolute ethanol (>99%, AR
grade) was purchased from a local vendor. All chemicals
were used as received without any pretreatment with high
purity. Glass wares viz. test tubes, beakers, Petri plates, coni-
cal flasks, and measuring cylinders utilized in the present
study were procured from Borosil (India). Double distilled
water was used to make the solutions and to rinse all glass-
ware before the experiment.

2.1.1 Antibiotics

The discs containing antibiotics viz. ciprofloxacin, ampicil-
lin, and gentamicin were procured from HiMedia (India)
for antimicrobial activity against six bacterial strains. Cip-
rofloxacin, ampicillin, and gentamicin antibiotics were also
purchased from HiMedia (India).

2.1.2 Collection of Microorganisms

The following bacterial strains viz. Pseudomonas aerugi-
nosa (MTCC-10462), Bacillus subtilis (MTCC-441), Sal-
monella typhimurium (MTCC-0968), Streptococcus spp.
(MTCC-01927), Klebsiella spp. IMTCC-07407), and E. coli
(MTCC-1687) were collected from Microbial Type Culture
Collection (MTCC), Chandigarh. All strains were grown
at room temperature on the borosilicate glass culture petri
plates after providing suitable nutrients and growth condi-
tions. Three antibiotic discs comprising ciprofloxacin, ampi-
cillin, and gentamicin were employed against six bacterial
strains to evaluate antimicrobial activity.

2.1.3 Sub-culturing of Microorganisms

Continuous sub-refined or culturing was used to main-
tain the pure culture of microorganisms on a nutrient agar
slant medium. These cultures were kept at 4 °C for further
research.

2.2 Functionalization of ZnO NPs
2.2.1 Synthesis of ZnO NPs

ZnO NPs were synthesized using the top-down approach,
which is widely used in laboratorial studies; 0.5 gm of solu-
ble starch was dissolved in 50 ml (1% soluble starch) of luke-
warm double—distilled water in a round bottom flask under
vigorous stirring. Zinc nitrate hexahydrate, 14.87 g, was
added slowly under constant stirring. The mixture was fur-
ther stirred for 60 min to obtain a homogeneous solution at
85 °C. After complete dissolution, 300 ml of 0.2 M sodium
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hydroxide was added dropwise while stirring continuously.
The reaction solution was incubated overnight after 2 h of
stirring. The supernatant solution was discarded carefully,
and the remaining solution was centrifuged at 10,000 rpm
for 10 min. The obtained nanoparticles were rinsed twice
with double—distilled water to eliminate extra starch. The
obtained solid was dried at 80 °C overnight. The resultant
solid particles were designated as ZnO NPs. Figure 1 shows
the detailed synthesis of ZnO NPs.

2.2.2 Amine-functionalization of ZnO NPs

ZnO NPs were functionalized with an amine group using
(3—aminopropyl) triethoxysilane (APTES) via co—conden-
sation reaction [13, 14]. In brief, 20 mg of ZnO NPs were
dispersed in 20 ml of DMSO under continuous sonication
(20 kHz, power = 100W) with an ultrasonic bath for 60 min.
The resulting solution was poured into a round bottom flask.
The reaction was carried out by adding 500 pL of 3—APTES
in the round bottom flask containing sonicated solution and
refluxed at 120 °C for 120 min. The amine—functionalized
ZnO NPs were centrifuged at 5000 rpm and washed several
times with absolute ethanol to ensure complete removal of
unreacted 3-APTES. These nanoparticles were dried under
a vacuum at 60 °C overnight.

Fig. 1 Schematic representation

of the synthesis of ZnO NPs,

surface modification of ZnO

NPs with APTES, and conjuga-

tion of antibiotics on ZnO NPs é

NaOH (0.2M)

2.2.3 Conjugation of Antibiotics with ZnO NPs

Three different antibiotics viz. ciprofloxacin, ampicillin,
and gentamicin were chemically conjugated with amine-
functionalized ZnO NPs using N-(3-dimethylaminopropyl)-
N'-ethylcarbodiimide (EDC) and N-hydroxysuccinimide
(NHS). Briefly, 10 mg of ciprofloxacin was dissolved in a
20-ml solution of DMSO (1:1 ratio) under sonication (20
kHz, power = 100 W) to make the solution homogeneous.
EDC (5 mg) and NHS (5 mg) were added slowly to the pre-
pared solution and sonicated for 15 min. The pH of the mix-
ture was set to 6 and stirred for 120 min in a dark chamber.
After activation of ciprofloxacin, 20 mg of amine-functional-
ized ZnO NPs were combined in 20 ml of DMSO (1:1 ratio)
and dropped into the antibiotic-containing solution dropwise
under sonication. The solution was left to agitate overnight
before being centrifuged. The antibiotic-conjugated ZnO
NPs were centrifuged at 5000 rpm and washed several times
with absolute ethanol to ensure the complete removal of
unreacted chemicals. These nanoparticles were dried under
a vacuum at 60 °C overnight. A similar methodology was
adopted for ampicillin and gentamicin to prepare the conju-
gate with amine-functionalized ZnO NPs. Figure 1 describes
the detailed steps for the functionalization of ZnO NPs.

To investigate the antibacterial activities of antibiotics
alone, separate experiments were performed using discs
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containing antibiotics viz. ciprofloxacin, ampicillin, and
gentamicin.

2.3 Characterization of Nanoparticles

XRD analysis of nanoparticles was carried out using an
X-ray diffractometer (Bruker D8 Discover) equipped with a
nickel filter and Cu—Ka radiation at room temperature. XRD
scan of the nanoparticles was recorded from 20 to 80°. The
crystallite sizes of nanoparticles were determined by using
Scherrer’s equation. Ultraviolet—visible (UV-Vis) spectra of
the samples were carried out using a UV-Vis spectrophotom-
eter V-530 (JASCO). The surface morphology of nanopar-
ticles was analyzed with transmission electron microscopy
(Talos F200i) and scanning electron microscopy (Prisma E
210).

2.4 Antimicrobial Activities

A standard disc diffusion method for antimicrobial suscep-
tibility was carried out to assess the zones of inhibition. The
broth/agar medium was made using 1 g of beef extract, 1 g
of peptone, and 0.5 g of sodium chloride diluted in 100 ml
of double distilled water. The media were sterilized before
being deposited into Petri dishes for 30 min. After the solidi-
fication of nutrient agar, 100 pl of inoculum of different
microorganisms was spread on nutrient agar plates to grow
culture overnight [2]. A uniform diameter of small holes
was prepared on the Petri plate to create a similar space for
inhibition. Therefore, a 5-mm diameter of 3—4 holes was
made across the Whatman filter paper in equidistant. Steriled
Whatman filter paper was placed, and the agar sample was
removed through a syringe to prepare the same size of holes
on the ##Petri plate; 50 mg/L of zinc oxide NPs with dif-
ferent initial concentrations and antibiotics containing discs
was plunged inside the holes of Petri plate. The Petri plates
containing the test microorganisms and antibiotic discs/ZnO
NPs were allowed to grow at 37 °C for 24—48 h. The plates
were analyzed to identify the inhibition zones around the
disc. The distance across the inhibition zone was determined
with a measuring scale, and the mean size of the inhibition
zone for every organism was recorded in centimeter length.

2.5 Colony Forming Unit (CFU) Assay

Bacteria E. coli was assayed for CFU measurements on the
nutrient agar medium containing 5% of peptone and 1.5%
agar. Different starting concentrations of ZnO NPs were
used on the samples, ranging from 0.1 to 0.8M. The sam-
ples were diluted to 10” folds to obtain isolated colonies of
microorganisms and incubated at 37 °C for 24 h. The num-
bers of CFU were counted as

CFU/ml = Colonies/Amount plated (ml) X Dilution factor

2.6 Toxicity Estimation of ZnO NPs

ToxTrak™ test was employed to assess the toxicity of chem-
ically produced ZnO NPs, and the percentage inhibition for
gram-negative (E. coli) and gram-positive (B. subtilis) bac-
terial strains was calculated [15, 16]. Four broth test tubes
with 25 g/ml E. coli and B. subtilis cultures were split into
two groups: K, for B. subtilis and K, for E. coli. The first
to second test tubes are labeled K, and the third to fourth
tubes are labeled K,. To determine the toxicity of ZnO NPs
against B. subtilis, the first test tube of the K, group was
labeled as a control, and the second test tube was labeled
as a sample containing 1 ml of ZnO NPs. To determine the
toxicity of ZnO NPs against E. coli, the third test tube of the
K, group was labeled as a control, and the fourth test tube
of the K, group was labeled as a sample with 1 ml of ZnO
NPs; 40 pl of resazurin dye was added to each test tubes of
both the groups (K; and K,) and incubated for 4 h. After
adding resazurin dye, absorption readings were taken at 1-h
intervals for 4 h in all samples. Resazurin dye indicates oxi-
dation/reduction in cell viability tests for mammalian and
bacterial cells. Among the initial applications of resazurin
dye was to measure bacterial content in the milk [11, 12].
The toxicity of ZnO NPs was determined using the resazurin
dye. The percentage inhibition is calculated using the fol-
lowing equation:

AAsample
Calculate the%inhibition = 1 — ( > x 100

control

where AAg,, is the changes/differences in absorbance for
the initial and final sample with ZnO NPs. AA__ . is the
changes/differences in absorbance for the initial and final

sample without ZnO NPs (with culture only)

3 Results and Discussion
3.1 XRD Analysis

The crystal phase and purity of the ZnO NPs were inves-
tigated by XRD analysis, as shown in Fig. 2A. The XRD
pattern of the ZnO NPs displays sharp diffraction peaks
indexed to (1 00),(002),(101),(102),(110),(103),
(200),(112),(201),(004), and (2 0 2) planes, which are
in well accordance with the standard data for ZnO (JCPDS
Card No. 36-1451). The wurtzite lattice parameters, e.g.,
the values of d-spacing between adjacent crystal planes (h
k 1), were calculated from Bragg’s equation, given as nA =
2d Sin@, where 7 is the order of diffraction (an integer, n =
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= Table 1 X-ray diffraction pattern of ZnO NPs
o
A2 Peak 2 0 (2] smQ/0 d =n M2 sin  d/nm Plane
0 (A)
. . § 31.75 15.87 0.261 2.951 0.2951 100
5 ST 34.44 1722 0294 2,620 02620 002
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3.2 UV-vis Analysis
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Fig.2 (A) X-ray diffraction (XRD) pattern. (B) UV-Vis spectra of
ZnO NPs

1),4-is the X-ray wavelength of CuKa (1.5406 A) radiation
wavelength, d is the interplanar spacing, and¢) is the Bragg
diffraction angle.

The average crystallite size was calculated from the XRD
peak width of (1 0 1) based on the Debye—Scherrer equa-
tion [17].

K2

D= —
P Cosb

where K is the shape factor (~0.89), 4 is the wavelength of
Cu—Kua (1.54059 A) radiation, D is the crystallite size, 0 is
the Bragg diffraction angle, f is the full width at half maxi-
mum (FWHM) of the selected diffraction peak correspond-
ing to the 1 0 1 plane the peak located at 20 = 36.25°, and @
is the Bragg’s angle of diffraction (Table 1). The crystalline
size of ZnO NPs obtained is 24.84 nm. The XRD pattern
shows that ZnO forms a pure phase without any impurities.
Kumar et al. (2013) [17] synthesized ZnO NPs and studied
the calcination effect on the crystal size using X-ray diffrac-
tion analysis. Calcination temperature enhances the intensity
of the peaks, resulting in increased crystallinity.

@ Springer

The conversion of zinc nitrate hexahydrate to ZnO NPs was
confirmed by the UV-vis spectra. The color change in the
reaction mixture solution was observed through visual obser-
vation in the aqueous solution. Figure 2B shows the absorp-
tion spectroscopy of ZnO NPs in the range of 200 to 700
nm at room temperature. The spectrum of ZnO NPs shows a
maximum absorption peak at 390 nm (A, <400 nm), which
can be consigned to the intrinsic band gap absorption of ZnO
NPs due to the transition of electrons from the valence band
to the conduction band (O,p— Zn;,) [18].

3.3 Scanning Electron Microscopy Analysis

Scanning electron microscopy (SEM) images help in the
interpretation of the surface morphology of ZnO NPs. The
uniform hexagonal-shaped ZnO NPs were produced during
synthesis, as shown in Fig. 3A. The average size of ZnO
nanoparticles was observed at 200 nm depicted. However,
the micrograph also shows the agglomeration between the
nanoparticles. A similar observation was depicted by Arora
et al. (2014) [19] in the synthesis of ZnO NPs.

3.4 Transmission Electron Microscopy Analysis

Transmission electron microscopy (TEM) images provide
additional information about the morphology, shape, dis-
tribution profile, and particle size. The hexagonal-shaped
ZnO NPs were observed through TEM analysis. It may
be possible that ZnO nanoparticles could immediately
agglomerate during synthesis due to the Vander wall forces
of attraction in the presence of water. In addition, the high
polarity of the water causes individual ZnO sub-crystals to
grow up separately and finally assemble to form secondary
ZnO NPs; all this is possible due to the capping ability of
starch. The TEM analysis also suggested the agglomera-
tion of ZnO nanoparticles, as shown in Fig. 3B. An aver-
age particle size of 26 nm was determined by TEM analy-
sis and agreed well with SEM analysis. High-resolution
transmission electron microscope (HR-TEM) confirms the
high crystallinity of ZnO NPs, as shown in Fig. 3C. The
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Fig.3 (A) SEM image. (B)
TEM image. (C) HR—-TEM
image with high magnifications.
(D) SAED pattern of ZnO NPs

SEM HV: 15.0 kV WD: 9.09 mm 1 MIRA3 TESCAN|

SEM MAG: 60.0 kx Det: SE 1pm
View field: 3.46 ym _ Date(midly): 1110117

selected area electron diffraction (SAED) pattern of ZnO
NPs clearly indicates the crystalline (bright spots) or poly-
nanocrystalline (as shown in Fig. 3D). The SAED pattern
depicts diffraction rings of the synthesized ZnO NPs at
(100),(002),(102),(110), and (1 0 3) lattice planes,
which indicates that the particles are well crystallized [7,
20, 21].
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3.5 Antimicrobial Activity of ZnO NPs Against
Pathogens

Antibacterial assays are carried out using the disc diffusion
method. Here, bacterial isolates were on nutrient agar media
at 37 °C temperature for 24 h. The zone of inhibition was
studied after 24 h of incubation. Various doses of ZnO NPs
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were tested on six bacteria (Klebsiella species, Salmonella
typhimurium, Pseudomonas aeruginosa, Escherichia coli,
Bacillus subtilis, and Streptococcus species). The ZnO NPs
were diluted as 100%, 70%, 50%, and 20% by the addition
of double distilled water. A 100% concentration of ZnO NPs
was shown to be highly effective against all microbiologi-
cal species. It was observed that the zone of inhibition was
maximum (3.4 cm) in Klebsiella and minimum (0.4 cm) in
E. coli species in Table 2. Supplementary Fig. S1 shows the
zone of inhibition of discs containing the ZnO NPs. Various
inhibitory mechanisms for ZnO nanoparticles’ antibacterial
activity could be explained as follows.

3.5.1 Release of ROS

The antimicrobial activity includes the release of reactive
oxygen species (ROS) from the surface of the ZnO NPs.
ROS causes oxidative stress by damaging cellular proteins,
cell membranes, and DNA. The ZnO NPs are catalyzed by
light energy viz. UV and visible light for redox reactions.
Its unique electrical configuration, which includes a vacant
valence band and an occupied conduction band, explains
this. The produced electrons and holes react with other oxy-
gen species viz. H,O and O, are adsorbed on the surface or
have the probability of recombination. Generated electrons
and hole pairs have the probability of generating reactive
oxygen species inside the suspension by following steps [1,
4]:

ZnO+hv — e~ +ht
h* +H,0 - "OH + H*
e +0, >0

O; + H* - HO;,

HO; + H+ +e - H202

Hydrogen peroxide has the ability to enter the cell mem-
brane and kill bacteria.

Table 2 Effect of initial concentration of ZnO NPs with bacterial species

The chemical species generated from the surface of ZnO
NPs damage the cell wall, and subsequently, the oxidative
damage then spreads to the inner peptidoglycan layer and
cytoplasmic membrane. The slow leakage of proteins and
RNA and rapid outflow of K* ions result as the primary
cause of bacterial death. The dissociation of carboxylic
groups caused the —ev charge on the bacterial cell wall.
ZnO NPs possess a positive charge with a zeta potential
of +24 mV at the surface. The electrostatic force between
positively charged ZnO and negatively charged bacterial
cells wall causes cell wall rupture, and damage occurred by
entering into the cell [3, 4, 22].

3.5.2 Release of Zn**

Another plausible mechanism for the antibacterial activity
of ZnO NPs is the release of Zn>* ions from the surface of
nanoparticles. It can damage the cell membrane and enter
the intracellular contents present in the microbial cell. Wang
et al. (2014) [23] studied the effect of ZnO nanoparticles in
ZnO/GO composites to achieve superior antibacterial activi-
ties with the typical bacterium Escherichia coli and HeLa
cell. It was observed that 30% of Zn>* ions quickly dissolved
from the ZnO/GO composites at the beginning. The close
contact increased the local Zn>" ion concentration pitting
on the bacterial cell membrane as well as the permeability
of the bacterial cell membrane, resulting the bacterial death.
Esmailzadeh et al. (2016) [5] investigated the antibacterial
growth of low-density polyethylene-containing ZnO NPs on
Bacillus subtilis and Enterobacter aerogenes. They observed
that B. subtilis as gram-positive bacteria were more sensi-
tive to ZnO NPs containing nanocomposite films compared
with E. aerogenes as gram-negative bacteria. They also
studied the release of metal ions from the surface of ZnO
NPs containing nanocomposite. Motshekga et al. (2015) [24]
developed chitosan-based nanocomposites with bentonite-
supported silver and zinc oxide nanoparticles to achieve
complete inactivation of bacteria viz. gram-negative Escheri-
chia coli and gram-positive Enterococcus faecalis in water.

Concentration of  Bacillus subtilis Klebsiella spp Pseudomonas Salmonella typh-  E. coli Streptococcus spp
ZnO NPs aeruginosa imurium

20% 0.1 £0.02 2+0.17 0.7 £ 0.06 0.6 +£0.01 0.2 £0.01 0.8 +£0.06

50% 0.3 +£0.03 244021 1.3+£0.10 0.9 +£0.05 0.2 £0.01 0.9 +£0.06

70% 0.9 +£0.07 23+£0.20 1.5+0.13 1.0 £ 0.04 0.3 £0.02 1.3+£0.10

100% 1.1+0.11 34+029 1.7 +0.19 1.1 +£0.05 0.4 +£0.03 1.5+0.12

All the data values are presented as mean + SE
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Table 3 Effect of different antibiotics with bacterial species

Antibiotics Bacillus subtilis Klebsiella spp Pseudomonas Salmonella typh-  E. coli Streptococcus spp
aeruginosa imurium

Gentamicin 2+0.12 43+0.28 2.7+0.14 1.1 +£0.08 0.6 +0.02 1.5+0.12

Ampicillin 23+0.14 44+0.26 2.8 +0.16 0.7 £0.04 0.5+0.02 4+0.23

Ciprofloxacin 1.5+0.13 5+0.32 0.1 +£0.02 1.3+£0.10 1.1+£0.11 1 +0.09

3.5.3 Direct Contact of ZnO NPs with Cell Membrane

On the other hand, interactions of ZnO NPs with the bac-
terial cell membranes and the damage on the bacterial
surface have been suggested as a responsible step for the
antibacterial activity. In this respect, Zhang et al. (2007)
[25] studied the effects of particle size, concentration, and
the use of dispersants on the antibacterial activity of ZnO
NPs against E. Coli. The antibacterial activity increases
with the ZnO NPs loading and reducing the size of NPs.
The direct interaction between ZnO NPs and the bacterial
cell wall membrane was the primary step for damaging
the surfaces.

3.6 Antibacterial Activity of Antibiotics

The three antibiotic discs comprising ciprofloxacin, ampi-
cillin, and gentamicin were employed against six bacterial
strains to evaluate antimicrobial activity. Supplementary
Fig. S2 shows the inhibition zones for antibiotics. Among
all, three antibiotics viz. Klebsiella spp and Streptococcus
spp exhibited maximum zone of inhibition as 4.4 cm and
4.0 cm, with ampicillin, respectively. For gentamycin and
ampicillin, Klebsiella spp also resulted in a higher zone

of inhibition, as shown in Table 3. Antibiotics inhibit bac-
terial cell wall synthesis of Klebsiella spp. by binding
to peptidoglycan-synthesizing enzymes [26]. This could
result in the deactivation of cell activity or killing the
Klebsiella spp. cell. The minimum inhibition zone of 0.1
cm was analyzed by ciprofloxacin against E. coli. E. coli
shows a higher genetic resistance capacity toward the
antibiotic for cell wall damage or direct attack. Among
all the six bacteria, Klebsiella spp. was highly susceptible
to all three antibiotics, as given in Table 3. The plausible
explanation is that antibiotics block the vital processes of
bacteria by disrupting the structures in the bacterial cell.
This step either kills the bacterium or slows down bacte-
rial growth in the medium. Depending on this efficacy,
the bactericidal activity of antibiotics showed different
zones of inhibition with different bacteria. In the case of
Klebsiella spp., all three antibiotics kill many bacteria
and generate a larger circle of inhibition zone.

3.7 Combination of ZnO NPs and Antibiotics

The effect of varying concentrations of ZnO NPs in conjunc-
tion with three antibiotics was observed for bacterial spe-
cies with the disc diffusion method. Supplementary Fig. S3
shows the zone of inhibition for a disc containing antibiotics

Table 4 Effect of initial concentration of ZnO NPs in the presence of different antibiotics with bacterial species

(A)
Concentra- Bacillus subtilis Klebsiella spp
tion Gentamicin ~ Ampicillin Ciprofloxa-  Gentamicin
cin
20c 0.5 +0.04 04 +0.02 0.3+0.01 1.1 +0.10
50c 1.2 +0.09 1.1+0.10 2+0.14 1.9+0.13
70c 22 +0.16 1.7+0.17 2.6 +0.19 41+031
100c 2.6 +0.17 24+0.16 29+0.21 4.6 +0.35
B)
Concentra- Salmonella typhimurium E. coli
tion Gentamicin ~ Ampicillin Ciprofloxa-  Gentamicin
cin
20c 0.9 +0.05 0.4+0.02 0.5+0.02 0.3 +0.01
50c 2+0.14 09+0.05 1.8+0.13 0.8 +£0.04
70c 29+021 1.5+0.13 25+0.18 1.5+0.13
100c 3.5+0.26 2+0.14 3+0.22 2.5+0.18

Pseudomonas aeruginosa

Ampicillin Ciprofloxa-  Gentamicin ~ Ampicillin  Ciprofloxacin
cin

0.8+0.04 1.5+0.16 0.3+0.01 04+0.02 0.8+0.04

20+0.14 3.9+0.30 22+0.16 0.7 +0.036 2.5+0.17

3+022 47+036 2.8+0.20 1.5+0.16 3+0.21

44+033 52+0.37 32+0.24 29+021 34+025

Streptococcus spp

Ampicillin Ciprofloxa-  Gentamicin ~ Ampicillin ~ Ciprofloxacin
cin

04 +0.02 0.7 +0.06 0.6 +0.03 1+£0.09 0.8 +£0.04

09+0.05 1.6+0.16 1.4 +£0.12 1.7+£0.17 15+0.13

1.2+0.12 2.6+0.19 2+0.14 32+024 2+0.14

2+0.14 32+0.24 3+£0.22 38+0.27 28+0.21
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Table 5 Synergetic study on antibacterial activities with bacterial species

A)
Bacillus subtilis Klebsiella spp
Gentamicin ~ Ampicillin Ciprofloxacin Gentamicin
ZnONP 100c 1.1 1.1 1.1 34
Antibiotic 2 2.3 1.5 4.0
Antibiotic + 2.6 24 2.9 4.6
ZnO NP
(100c)
B
Salmonella typhimurium E. coli
Gentamicin ~ Ampicillin Ciprofloxacin Gentamicin
ZnO NP 1.1 1.1 1.1 0.4
(100c)
Antibiotic 1.1 0.7 1.3 0.6
Antibiotic + 3.5 2 3 2.5
ZnO NP
(100c)

Pseudomonas aeruginosa

Ampicillin Ciprofloxacin Gentamicin ~ Ampicillin Ciprofloxacin
3.4 3.4 1.7 1.7 1.7
4.0 49 2.7 2.8 0.1
4.4 52 32 2.9 3.4

Streptococcus spp

Ampicillin Ciprofloxacin Gentamicin ~ Ampicillin Ciprofloxacin
0.4 0.4 1.5 1.5 1.5

0.5 1.1 1.5

2 32 3 3.8 2.8

and ZnO NPs. Here, the combination of the highest con-
centration of ZnO NPs with antibiotics showed the high-
est zone of inhibition than ZnO alone and antibiotics alone.
Klebsiella species showed the highest percentage inhibition
zone and Pseudomonas species with a combination of cip-
rofloxacin + ZnO NPs, followed by ZnO NPs + gentamicin
combination for both. All of these combinations showed a
higher zone of inhibition as compared to antibiotic and ZnO
NPs alone.

It is evident from Table 4 that the antimicrobial activ-
ity of each combination has been improved. For Klebsiella
spp, the combination of ZnO + antibiotics shows a higher
inhibition zone of 4.6 cm, 4.4 cm, and 5.2 cm for genta-
mycin, ampicillin, and ciprofloxacin, respectively. Fadwa
et al. (2021) [6] isolated E. coli and A. baumannii bacte-
rial species from various clinical samples to determine the
MIC and FICI of meropenem, colistin, ciprofloxacin, and a
combination of meropenem, colistin, and ciprofloxacin with
ZnO NPs. Abo-Shama et al. (2020) [27] investigated anti-
bacterial activity for Ag NPs and ZnO NPs. Both NPs had
enhanced the antibacterial activity with increased concentra-
tion against gram-negative bacteria (E. coli and Salmonella
spp) and gram-positive bacterium (Staph. aureus) and no
effect on C. albicans. Antibiotics (azithromycin, oxacillin,
cefotaxime, cefuroxime, fosfomycin, and oxytetracycline)
had a considerably greater synergistic impact against E. coli
in the presence of ZnO NPs compared to antibiotics alone.
All of these observations supported the current findings of
ZnO NPs, which demonstrate antibacterial activity, but the
synergistic effect against bacteria was significantly greater.

Ciprofloxacin shows the highest bacteriocidal activity
against klebsiella species (among six bacterial pathogens
and less susceptible in Pseudomonas). Ciprofloxacin is a

@ Springer

fluoroquinolone antibiotic with a broad spectrum of antibac-
terial action [28]. Masadeh et al. (2015) [29] investigated
that the antibiotic interacts with bacterial topoisomerases
resulting in the generation of oxidative radicals toward bac-
terial death. Ciprofloxacin antibiotic + ZnONPs + conju-
gates could be more efficient for bacteriocidal activity. In the
case of gentamycin, it shows the highest bactericidal activity
against Klebsiella species and is less susceptible to E. Coli.
It is an aminoglycoside antibiotic that works by interfering
with bacterial protein synthesis to inhibit bacterial growth.
Mader (2005) [30] found that gentamycin binds with 30S
and 50S ribosomal subunits. It damages the bacterial cell
wall membrane resulting in concentration-dependent bacte-
rial killing. Its mechanism of action inhibits bacterial protein
synthesis by binding to 30S and 50S ribosomes. However,
ampicillin inhibits bacterial cell wall synthesis by binding
to peptidoglycan-synthesizing enzymes [26, 28]. Kohanski
et al. (2010) [28] reported that ampicillin blocks the cross-
linking of peptidoglycan units. The cell wall synthesis inhib-
itor can change cell size and shape, induce cellular stress
responses, and culminate in cell lysis. Table 5 shows the

Table 6 Effect of initial concentration of ZnO NPs on E. coli

Dilution CFU/ml ZnO
NPs (ug/
ml)

10=6 3.2 x 10 CFU/ml 100

10=7 3.9 x 10’ CFU/ml 90

10—8 4.1 x 108 CFU/ml 80

10=9 4.6 x 10° CFU/ml 70
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Table 7 Toxif:ity analysis ?f Incubation period  B. subtilis E coli
tConir(()il al}gl leffgrt;\rIl}t) broths with dye (h)
reated with Zn S
Control (AAc)* ZnO NPs (AAS)* Control (AAc)* ZnO NPs (AAS)*
0 2.685 2.125 2.885 3.256
1 2.356 1.563 2.356 2.895
2 2.231 1.325 1.568 2.562
3 1.456 1.123 1.256 2.321
4 0.856 0.756 0.958 1.986

# Absorption value of control and different broths treated with ZnO NPs

synergetic antibacterial behavior of the combined process
of ZnO + antibiotic with ZnO alone and antibiotic alone.

3.8 Analysis of CFU Measurement with E. coli

E. coli was selected for CFU measurement to identify
colony formation in the presence of ZnO NPs in dilu-
tions. For the quantitative determination of the antibacte-
rial activity of ZnO NPs, the bacterial sample was serially
diluted in a range of concentrations from 107® to 107°.
Then, 100 pl of bacterial suspension (approximately 105
CFU/ml are found in 100 pl cell suspensions) was speared
on agar plates. After that, all petri discs were incubated
at 37 °C for 24 h. E. coli colonies were manually counted
after the incubation. The CFU of ZnO NPs against E.
coli species is presented in Supplementary Fig. S4 and
Table 6. The number of CFU/ml has increased dramati-
cally with the decreasing concentration of ZnO NPs. Paul
and Ban (2014) [31] investigated the antimicrobial behav-
ior of E. coli in the face of ZnO NPs. They discovered
that when the concentration of ZnO NPs increased, the
number of CFU decreased dramatically.

3.9 Toxicity Analysis

Table 7 shows the toxicity analysis of Bacillus subtilis
and E. coli for control and ZnO-loaded systems. These
concentrations of treated samples with ZnO NPs (AS)
were determined at 603 nm using a UV spectrophotom-
eter. To determine percentage inhibition, first, the differ-
ences in absorbance for the control (AAc) and ZnO NPs
were calculated. The percentage inhibition is represented
by the following equation: Percentage inhibition (PI) =
[1-(AAs/AACc)]x100.

3.9.1 Sample calculation

For control: AAc = —1.529 (K,) and —1.414 (K,)
For ZnO NPs: AAg = —-0.369 (K,) and —0.470(K,)

3.9.2 Toxicity of ZnO NPs sample

Toxicity of ZnO NPs in the K, group by entering the absorp-
tion values:

PI = [1-(=0.369/ — 1.529)] x 100 = 75.86 %

Toxicity of ZnO NPs in the K, group by entering the
absorption values:

PI = [1 - (—0.4700/ — 1.414)] x 100 = 66.76 %

Toxicity of ZnO NPs data clearly shows that the toxic
impact values and percentage inhibition of ZnO NPs are
slightly higher, 75.86% for K, (B. subtilis) than 66.76%
for K, (E. coli). The fact that the percentage inhibition of
ZnO NPs differed only slightly across the K, and K, groups
implies that the toxic effects of ZnO NPs are the same for
all bacterial species. Tyagi et al. (2013) [32] synthesized
silver nanoparticles with biological and chemical routes and
performed toxicity test on silver nanoparticles using the Tox-
Trak™ method; 85.45% and 51.39% of PI on the microflora
of the human gut (B. subtilis) were obtained with chemical
and biological synthesized nanoparticles.

4 Conclusions

ZnO NPs were synthesized using a top-down approach which
is widely used in laboratories. Synthesized ZnO NPs were
functionalized with amine group using (3-aminopropyl) tri-
ethoxysilane via co-condensation reaction to conjugate with
antibiotics viz. ciprofloxacin, ampicillin, and gentamicin
using N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide and
N-hydroxysuccinimide. Bare and functionalized ZnO NPs
were characterized with UV-visible spectroscopy, XRD,
TEM, and SEM. Bare ZnO NPs, antibiotics, and a combina-
tion of ZnO NPs + antibiotics are used against six bacterial
strains to evaluate antimicrobial activity. Klebsiella spp. was
highly susceptible toward bare ZnO NPs, antibiotics, and a
combination of ZnO NPs + antibiotics. The mechanisms of
the antimicrobial behavior of functionalized ZnO NPs were

@ Springer
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discussed. E. coli was selected for CFU measurement to iden-
tify colony formation in the presence of different dilutions
of ZnO NPs. ToxTrak™ test was used to assess the toxicity
of chemically synthesized ZnO NPs; 75.86% and 66.76% of
inhibition were obtained for gram-positive (B. subtilis) and
gram-negative (E. coli) bacterial strains, respectively.
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