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The current study was devised to explore the antibacterial activity and underlying mechanism of spinel
ferrite nanoparticles (NPs) along with their biocompatibility and wound healing potentials. In this regard,
nickel ferrite and zinc/nickel ferrite NPs were synthesized via a modified co-precipitation method and
were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM) and energy Energy-
dispersive X-ray spectroscopy (EDX). The biocompatibility of the synthesized NPs with human dermal
fibroblast (HDF) and red blood cells (RBCs) was assessed. The biocompatible concentrations of the NPs
were used to investigate the antimicrobial activity against various pathogenic Gram-negative and Gram-
positive bacteria. The mode of bactericidal action was also explored. In vitro scratch assay was
performed to evaluate the wound healing potential of NPs. The SEM-EDX analysis showed that the
average particles size of nickel ferrite and zinc/nickel ferrite were 49 and 46 nm, respectively, with
appropriate elemental composition and homogenous distribution. The XRD pattern showed all the
characteristic diffraction peaks of spinel ferrite NPs, which confirmed the synthesis of the pure phase
cubic spinel structure. The biocompatible concentration of nickel ferrite and zinc/nickel ferrite NPs was
found to be 250 and 125 ng ml™, respectively. Both the NPs showed inhibition against all the selected

strains in the concentration range of 50 to 1000 pg ml~* Studies on the underlying antimicrobial
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Accepted 20th December 2020 mechanism revealed damage to the cell membrane, protein leakage, and intracellular reactive oxygen

species production. The in vitro scratch assay confirmed the migration and proliferation of fibroblast with
artificial wound shrinkage. This study shows that nickel ferrite and zinc/nickel ferrite NPs could be
a strong candidate for antibacterial and wound healing nano-drugs.
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1. Introduction

The rise of antibiotic resistance is becoming a global public
health crisis." Although, the misuse of antibiotics for the
treatment of human diseases is the major cause of the problem,
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the overuse of antimicrobial agents in veterinary medicines,
agriculture and industry is also worsening the situation. The
use of antibiotics in poultry and livestock industries for the
prevention of fatal infections in chickens, cattle, pigs, sea food
and farmed fishes is a common practice worldwide.>* This
excessive use of antibiotics has led to mutations and possibly to
resistance in bacterial strains.® This emerging health threat has
highlighted the urgent need for formulating innovative anti-
microbial agents for the control of infections.® In this context,
the field of nanotechnology has rapidly evolved as a new
approach to deal with the complexity of antibiotic resistance.”
Nanotechnology based materials such as nanoparticles (NPs)
have displayed immense potential to combat the microbial
infection more effectively as compared to conventional antibi-
otics.®* Among these materials, metal and metal oxide NPs are
attracting much attention, as several studies suggested their
superior activity toward resistant microorganisms.® The most
comprehensively studied particles having superior antimicro-
bial activity includes silver, gold, zinc oxide, copper, copper
oxide, titanium dioxide and iron oxide NPs.'**?
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Spinel ferrite (SF) are ferromagnetic compounds that are
usually oxides of various transition metals, containing iron e.g.
ZnFe,0,, NiFe,0,, Zn/NiFe,0,, CoFe,O,, MnFe,0,, and
MgFe,0,.”*** These NPs have unique optical, electrical and
magnetic properties and can easily be magnetized or demag-
netized due to their soft and insulating nature. SF NPs are
mostly used as magnetic, refractory and catalytic materials.'®
Ferrites are used in diverse technological applications such as
microelectronics, humidity sensors, microwave reflections,
drug delivery system and magnetic resonance imaging (MRI)."
Moreover, ferrites are also utilized in high density data storage
materials, catalyst, converters and antenna frames.** Conjuga-
tion of ferrites and some divalent metallic ions dramatically
enhance the properties of ferrites.'® The addition of metal ion to
ferrite strengthens its property of coercivity.® NiFe,O, (NF) and
Zn-NiFe,0, (ZNF) NPs have gained much attention due to their
diverse applications. NF NPs are applied in magnetic extraction,
MRI, cell labeling, drug delivery and magnetic hyperthermia.*
Likewise, Zn substituted nickel SF NPs have gained much
interest due to modifiable magnetic parameters, high electro-
magnetic performance, and good chemical stability. Similarly,
ZNF NPs have been employed in magnetic hyperthermia, MRI,
drug delivery and magnetic extraction."”

Although well-reported for above mentioned potentials,
substantial efforts are needed regarding its medical applica-
tions and biological activities specifically the bactericidal
mechanism, biocompatibility, and wound healing abilities. It
has been proposed that the existing biological features can be
improved by incorporating transition metals into ferrite NPs.**
Linking to the stated concept, we aimed to synthesize multi-
purpose NF and ZNF NPs and to observe their biocompatibility
and detailed bactericidal mechanism. Biocompatibility was
analyzed against human dermal fibroblast and red blood cells,
whereas the mechanisms of bactericidal action were estab-
lished against Gram-positive and Gram-negative strains
through multiple analytical techniques. We hope that this study
may provide a strong base for the use of NF and ZNF NPs as
possible candidates for control of bacterial infections and
improving the process of wound healing.

2. Experimental

2.1. Synthesis of nanoparticles

NF NPs were synthesized by previously reported method of co-
precipitation with slight modification.”> Stoichiometric
amounts of iron (10 mmol) and nickel (0.5 mmol) salts were
added in 100 ml of deionized water under constant stirring until
complete dissolution. Oleic acid was added to the solution at
the rate of 1 drop per 25 ml. Sodium hydroxide (3 mol) solution
was then added drop wise (2 ml min~") under constant stirring,
until the pH become alkaline (>12). Temperature of the solution
was maintained at 80 °C throughout the reaction. After attain-
ing the desired pH, the solution was centrifuged at 5000 rpm for
5 min. These precipitates were washed with enough distilled
water and ethanol till neutralization, then dried at 80 °C and
finally annealed at 500 °C to get the NF NPs.

1774 | RSC Adv, 2021, N, 1773-1782

View Article Online

Paper

For the synthesis of ZNF NPs, the aqueous solution of nickel,
zinc and ferric chloride was prepared in fixed molar ratio of
1:1:2 of Ni/Zn/Fe. As a surfactant, 2-3 drops of oleic acid were
added to each 75 ml of solution. Under constant stirring,
1.5 mol NaOH solution was added drop wise at the rate of 2
ml min~", until pH become >12. Temperature was maintained
at 80 °C throughout the reaction. The solution was centrifuged
at 6000 rpm and the obtained precipitates were washed with
distilled water and ethanol several times until pH become
neutral. In last, particles were dried at 70 °C to get powder form
and finally annealed at 500 °C.**

2.2. Characterization of NPs

X-ray Diffraction (XRD) technique was used for the determina-
tion of crystallite size and phase identification of synthesized
nanomaterials. These analyses were carried out by using
Bruker, D8 Advanced at the scan rate of 1.2/min in 26 range of
10-80°. Cu Ko (1 = 1.54056 A) was used as radiation source and
generated at 40 kV and 40 mA. Scanning electron microscopy
(SEM) along with energy-dispersive X-ray spectroscopy (EDX)
was used to confirm the surface morphology and elemental
composition of NPs (SEM MAG: 25.0 kx, MIRA3 TESCAN Insti-
tute of space technology, ISB).>*

2.3. Biocompatibility

Biocompatibility studies were carried out to check the safety of
NF and ZNF NPs. For this purpose, human dermal fibroblast
cells (HDF) were maintained and cultured in Dulbecco's
Modified Eagle's Medium (DMEM), supplemented with 10%
Fetal Bovine Serum (FBS) and 2% Penicillin-Streptomycin
(Pen/Strep) under standard condition of 5% CO, and 37 °C in
a cell culture incubator (Thermo Fisher Scientific PA, USA).
PrestoBlue assay was performed to evaluate the cell metabolic
activity as per previously reported protocol.”® Briefly, the HDF
cells were trypsinized with 0.5% trypsin-EDTA, followed by
counting with hemocytometer, centrifuged and re-suspended
the cell pellet in DMEM complete media. Afterwards, cells
(5000 cells per ml) were seeded in 48 well culture plates for
24 h. Then, different concentrations (1000, 500, 250, 125 and
62 ng ml~ ') of both NF and ZNF NPs were added and incubated
for different time periods. PrestoBlue assay was performed on
day 1 and day 5 and fluorescent intensity was measured using
micro plate reader (excitation 530 nm, emission at 570 nm,
BioTek UV/VIS synergy 2, VT, USA). Cell viability was assessed
via live/dead fluorescence assay. Briefly, cells on day 5 of NPs
treatment were incubated for 20 min with 1 ml of staining
solution containing ethidium homodimer-1 (20 pl) and calcein
AM (5 pl) in Dulbecco's Phosphate Buffer Saline (DPBS).
Finally, the images were taken using fluorescence microscopy
(Axio Observer 5, Zeiss Germany) with excitation/emission
wavelength of 528/617 for ethidium homodimer-1 and 528/
617 for calcein.

Moreover, hemolysis assay was performed according to the
ASTM E2524-08 standard protocol to evaluate the hemo-
compatibility of the NPs.”® For this purpose, whole human
blood was acquired from ZenBio and used according to the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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institutionally (UCLA) approved safety protocols. Blood was
stored in heparinized tubes, refrigerated, and used in the assay
not later than 48 h. Concentration of the hemoglobin in the
blood was estimated by Drabkin's reagent, using a standard
curve generated on different concentrations of pure human
hemoglobin (1000-62 pg ml™*). The blood was diluted with
DPBS to adjust the hemoglobin concentration to 10 + 2 mg
ml~". The required concentrations of NPs were added in
Eppendorf tubes containing 800 ul DPBS, followed by adding
100 pl of the diluted blood. Polyethylene glycol (PEG) (4.4% v/v
in DPBS) and triton X-100 (1% v/v in DPBS) treated lysed red
blood cells were used as positive control and diluted blood
served as negative control. All the samples were incubated in
a water bath (37 °C) for 3 h £15 min, followed by centrifugation
at 14 000 rpm for 15 min. The supernatant (100 pl) was trans-
ferred to a 96-well plate containing equal volume of Drabkin's
reagent and was kept in dark on the shaker (100 rpm) for
15 min. The absorbance was recorded at 540 nm against the
reagent blank by using a microplate reader (540 nm, BioTek UV/
VIS Synergy 2, VT, USA). The concentration of cell-free hemo-
globin in each sample was estimated using the standard curve.
Eventually, hemolysis (%) was determined by the following
equation;

hemoglobin concentration in sample

Hemolysis(%) = x 100

total blood hemoglobin(~ 10 mg ml™")

2.4. Antimicrobial activity

All the bacterial strains i.e. Escherichia coli (E. coli) (ATCC
15224), Pseudomonas aeruginosa (P. aeruginosa) (ATCC-15442),
Klebsiella pneumoniae (K. pneumoniae) B5055, Salmonella typhi
(S. typhi) (ATCC 14028) and Staphylococcus aureus (S. aureus)
(ATCC 6538) were kindly provided by Department of Pharmacy,
Quaid-i-Azam University, Pakistan. The methicillin-resistant
Staphylococcus aureus (MRSA) was donated by Dr Shujaat Ali
Khan, Department of Pharmacy, COMSATS University Islam-
abad, Abbottabad Campus, Pakistan. Various drug sensitivity
tests were performed by Shujaat et al. to confirm that clinical
isolate of MRSA is resistant to antibiotics.>”

The antimicrobial activity of synthesized NPs was performed
using ager well diffusion method with some modifications.?®**
For this assay, inoculums of selected strain were used with
optical density (OD) between 0.1-0.5 at 600 nm. The inoculum
was spread evenly on nutrient agar plates, wells of 70 mm?
diameter were bored and selected concentrations of NPs solu-
tion was added into the well. Selected concentrations of NF and
ZNF were 1000 pg ml~*, 600 ug ml~*, 300 pg ml~*, 100 ug ml~*
and 50 ug ml~". The plates were incubated for 24 h at 37 °C.
Silver sulfadiazine was used as positive control and dimethyl
sulfoxide (DMSO) as a vehicle control. Zone of inhibitions were
measured after 24 h of treatment.

Moreover, live dead assay was performed with representative
Gram-negative strain E. coli and Gram-positive S. aureus.
Concentrations of 250 ug ml~* for NF and 125 ug ml~* for ZNF
were used for live dead assay, as these concentrations are
biocompatible with human cells. Live and dead bacterial cells
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assessment was carried out with live/dead back light L-7012
(Invitrogen, USA) using fluorescence light microscopy as previ-
ously reported with little modifications.** Briefly, the overnight
grown cultures of E. coli and S. aureus were adjusted to concen-
tration of 1 x 10° CFU m1~". The bacterial cells were treated with
the selected dose of NF and ZNF NPs for 8 h. Tetracycline treated
bacterial cell served as positive control. At the end, treated cells
were collected and centrifuged at 10 000 rpm for 5 min at 4 °C.
Resultant pallet was washed with phosphate buffer saline (PBS)
and stained with SYTO 9 and propidium iodide (PI) for 15 min
under dark conditions. The stained bacterial cells were observed
under fluorescence microscope to record images. Fluorescence
from PI was detected using a filter with excitation wavelength of
540-580 nm and an emission filter of 600-660 nm. Fluorescence
from SYTO9 was detected using a filter with excitation wave-
length of 465-495 nm and an emission filter of 515-555 nm (Axio
Observer 5, zeiss, Germany).

2.5. Mechanism of action of NF and ZNF

The mechanisms of bactericidal action of synthesized NPs were
analyzed by fluorescence-activated cell sorting (FACS) analysis,
Bio-Rad protein assay and dichlorofluorescin diacetate dye
method (DCFDA). The selected doses for this analysis were
same as that of live/dead assay i.e. 250 pg ml~" for NF and 125
pg ml~! for ZNF. The E. coli was selected as a representative
strain from Gram-negative and S. aureus from Gram-positive
group.

2.5.1. Effects of NPs on the membrane permeability. The
effects of NPs on bacterial membrane was investigated via
FACS analysis as previously reported with slight modifica-
tions.*® Briefly, short log-phase bacterial culture of E. coli and
S. aureus were incubated for 12 h with NF and ZNF at a dose of
selected concentration, in LB growth medium containing
fluorescein isothiocyanate fluorescent dye (FITC) (0.05%).
Tetracycline (5 mg ml™'), a potent membrane permeabiliza-
tion agent, was used as a positive control. Finally, cells were
washed several times to remove the excess FITC present in the
media. Bacterial membranes are impermeable to FITC dye in
normal conditions. Membrane disruption of bacteria by some
agent would only allow FITC to enter the cell and give green
fluorescence.**** The emission of intense green fluorescence
indicates the membrane damage. The fluorescence micro-
scopic images were taken with excitation and emission wave-
length of 491 nm and 516 nm, respectively (Axio Observer 5,
zeiss, Germany).

2.5.2. Effects of NPs on bacterial protein leakage. Bio-Rad
Protein assay was used to check bacterial protein leakage by
NF and ZNF NPs treatment. For this purpose, the overnight
broth cultures of E. coli and S. aureus were washed twice with
normal saline via centrifugation (10 000 rpm for 15 min) fol-
lowed by re-suspending in saline. Suspensions of E. coli and S.
aureus were treated separately with 250 ug ml~" of NF and 125
pg ml~" of ZNF NPs for 8 h. Tetracycline treated bacterial cells
were used as positive control, while untreated bacterial cells
were considered as negative control. After treatment, each
bacterial suspension was centrifuged at 12 000 rpm for 15 min

RSC Adv, 2021, 1, 17731782 | 1775
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and the obtained supernatant was analysed for protein esti-
mation using Bio-Rad Protein assay kit (Bradford method).*”
The protein concentration was estimated from standard curve
that was established using known concentrations of bovine
serum albumin (BSA).

2.5.3. Reactive oxygen species (ROS) generation. The
intracellular ROS generation by NF and ZNF NPs was measured
via DCFDA dye method.*® This dye can be oxidized by intracel-
lular ROS species to 2/,7’-dichlorofluorescein (DCF), a highly
fluorescent compound, which provides quantitative measure-
ment of ROS formation. For this purpose, E. coli and S. aureus
were individually treated with 250 ug ml™"' of NF and 125 ug
ml ! of ZNF NPs for 8 h. At the end of treatment, bacterial cells
were centrifuged at 9000 rpm for 5 min. The obtained bacterial
pellet was suspended in 30 ug ml~* DCFDA dye solution in PBS
and incubated in the dark at 37 °C for 30 min. After incubation,
cells were centrifuged and re-suspended in 450 pl fresh PBS,
and fluorescence was measured at excitation/emission wave-
length of 485/528 nm using plate reader (Bio Tek UV/VIS Syn-
nergy 2, VT, USA).

2.6. In vitro scratch assay

In vitro scratch method was performed to evaluate the wound
healing potentials of the NPs. For this, in vitro cell migration
assay were performed as per reported protocol.** Briefly,
primary mouse embryonic fibroblast NIH-3T3 cells were
seeded with DMEM containing 10% FBS and 1% pen/strep in
6-well plate at the cell density of 10° cell per ml and kept in CO,
incubator at 37 °C. When monolayer of cells covered the wells,
a scratch was made with 200 pl pipette tips followed by
washing cells with FBS free DMEM, twice. Next, the sterilized
solution of required concentration of NF and ZNF NPs in
DMEM (without FBS) were added to the wells. A control group
was also run in which cells were cultured in DMEM (without
FBS) and left untreated. After being cultured for 0 and 18 h, the
images of cells were taken with fluorescence microscope in
bright field (Axio Observer 5, zeiss, Germany). In addition, the
original and final width of the scratch was measured with
Image] software by using MRI wound healing tool and
percentage of scratch shrinkage was calculated with the
following formula:

original width — final width
original width

% of scratch shrinkage = 100 x

2.7. Statistical analysis

Where necessary, data was taken in triplicates and their mean
standard deviation was measured with the standard deviation
tool of Microsoft excel 2010. The p value was measured by using
Student ¢-test, p = 0.05 was considered significant.

3. Results and discussion
3.1. Characterization of NPs

3.1.1. XRD analysis. The crystal structures of the synthe-
sized NPs (NF and ZNF) were confirmed by XRD analysis
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Fig. 1 X-ray diffraction patterns of (a) NF, (b) ZNF NPs.

shown in Fig. 1. The diffraction patterns indicated the
synthesis of pure phase NPs. Diffraction peaks of NF (Fig. 1a)
and ZNF NPs (Fig. 1b) revealed typical reflection of (220), (311),
(400), (422), (511) and (440) planes that indicate the formation
of pure phase cubic spinel structure. The entire diffraction
peaks of NF NPs matched with the XRD pattern of the previ-
ously reported literature.”»*>*' Likewise, the diffraction
pattern of ZNF NPs also matched with the previously reported
data.*®*> Average crystallite size of NF and ZNF were calculated
using Scherer's formula and found to be 25 and 54 nm,
respectively.

3.1.2. FE-SEM and EDX analysis. The SEM and EDX pattern
of NF and ZNF NPs showed the average particles size of 49 and
46 nm, respectively. The particles were spherical in shape,
homogenously distributed with little agglomerates due to their
magnetic property as shown in Fig. 2a-d. The elemental
composition observed through EDX analysis further stamped
the successful synthesis. Our findings are in accordance with
previously reported studies.****

0 s 10
ull Scale 3057 cts Cursor: 0.000

Fig. 2 Nanoparticle characterization using Scanning Electron
Microscopy (SEM) and Energy Dispersive X-ray analysis (EDX). Average
particle size of (a) NF is 49 nm + 3.8, (b) ZNF is 47 nm + 2.5. EDX
analysis of (c) NF, (d) ZNF showed their appropriate elemental
composition.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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3.2. Biocompatibility

Despite of the antimicrobial potential and diverse biological
applications of various NPs, their use as a therapeutic agent is
limited because of their toxicity.* In the current study, the
biocompatibility of NF and ZNF NPs with HDF cells was
analyzed via PrestoBlue assay. As the PrestoBlue reagent is
a resazurin-based solution that utilizes the reducing power of
the living cells to quantitatively measure cell metabolic activity.
If the cells are alive, these maintain a reducing environment in
cytosol.** The results showed that NF and ZNF NPs were not
cytotoxic to HDF cells at concentration of equal or below 250
and 125 ug ml ™', respectively as shown in Fig. 3C and J. It was
also observed that at safer concentrations, the fibroblast cells
proliferate significantly with the passage of time (Fig. 3C-E, J
and K). To the best of the literature search, this is the first study
to report the biocompatibility of NF and ZNF with HDF cells.
However, earlier studies reported that Vero cells (monkey
kidney epithelial cells) were more than 90% viable when treated
with 250 ug ml~" of NF NPs.”” The results also revealed that the
cell viability significantly decreased at higher doses and cells
seems to be almost dead (Fig. 3A, B, G and H). As more than
50% cells were died due to arrest of metabolic activities at
higher concentration (Fig. 3M and N); therefore 250 ug ml~—" of
NF and 125 pg ml~ " of ZNF NPs were considered the safer
concentrations and chosen for antimicrobial and other
experimentations.

NPs induce effects on human erythrocytes through different
mechanisms. The most common mechanisms include hemo-
lysis (rapture of erythrocytes membrane) and generation of free
radical that can further lead to erythrocytes apoptosis.*® Other
effects of NPs on human erythrocytes include morphological

.
‘

ODAY1 ODAYS

-
2

-
8

% Metabolic Activities
s &

%Metabolic Activities
2

1000 500 250 125 62 0
NF (ug/ml)

1000 500 250 125 62 O
ZNF (pg/ml)

Fig. 3 Fluorescent microscopic images of human dermal fibroblast
cells stained with ethidium homodimer-1 (20 ul) and calcein AM (5 ul)
in DPBS at 500x magnification. Live cells can be seen as green and
dead as red. HDF cells were treated with NF NPs at a concentration of
(A) 1000 ug ml=* (B) 500 pg ml~* (C) 250 pg ml~* (D) 125 pug ml~* (E) 62
ng Mm% (F) 0 pg ml™ (control) and ZNF NPs concentrations of (G)
1000 pg ml™* (H) 500 pg mUt (1) 250 pg mt™* (J) 125 ug ml™ (K) 62 ug
ml™ (L) 0 pg ml~* (control). The percent metabolic activity of HDF cells
at day 1 and 5 after treatment with different concentrations of (M) NF
NPs and (N) ZNF NPs. Error bars represent the standard deviation, and
(*) represent significance of reduction of % metabolic activities vs.
control at different concentration with *p =< 0.05, **p < 0.01, ***p =<
0.001.
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changes, oxidative stress induction and alteration of enzymatic
activities. Therefore, hemolytic activity of NF and ZNF NPs were
evaluated at different concentrations (1000, 500, 250, 125 and
62 pg ml ) to find out the best hemocompatible dose. Results
showed that there was no significant hemolysis at any tested
concentration. It can be seen in Fig. 4B and D that there is no
significant difference between the negative control and NPs
treated group at all concentrations. However, there is significant
difference in positive control and treated groups. In Fig. 4A and
B, no hemoglobin was observed in supernatant of NPs treated
samples and negative control, while hemoglobin was present in
supernatant of positive control, which indicated that no
hemolysis was observed in any sample except for positive
control. A previous study reported that NF NPs were biocom-
patible at 200 pg ml~" but ZNF induced hemolysis at 200 pg
ml > Some other studies reported that iron oxide NPs
induced reduction in hemoglobin concentration in rat* and
produced hemolysis and oxidative stress in human®

3.3. Antibacterial activities of NF and ZNF

The antibacterial activities of the NF and ZNF NPs were evalu-
ated against four Gram-negative bacteria including E. coli, P.
aeruginosa, Klebsiella and S. typhi and two Gram-positive
bacteria ie., S. aureus and MRSA. As shown in Table 1, the NF
and ZNF NPs exhibited dose dependent antibacterial activity
against the selected microbial strains. The ZNF NP was more
active against E. coli, Klebsiella, S. typhi and S. aureus. Similarly,
NF was more potent against P. aeruginosa and MRSA. Previously,
similar antimicrobial results were reported for NF NPs;**
however, there is no reported literature available for antimi-
crobial activity of ZNF. The structure and chemical composition
of cell wall are different in Gram-negative and Gram-positive
bacteria. The cell wall of Gram-negative bacteria (e.g. E. coli)

mainly consists of lipid A, lipopolysaccharide and
NF conc. (ug/ml)
[re] [xc] [ww] [m] (=] [w] [a]
4
§
“‘ i K3 1000 500 250 125 62 PC NC
-~ 4 789 PR . conc (ug/ml

ZNF conc. (ug/ml)

% Hemolysis

1000 500 250 125 62 PC NC

-

v Z 7/ / / s conc (pg/ml)

Fig. 4 Hemocompatibility of NF and ZNF NPs, (A) photograph of
hemolysis assay to detect presence of hemoglobin in the supernatant
of NF NPs treated sample, (B) hemolysis percentage of NF NPs treated
samples along with positive and negative control, (C) photograph of
hemolysis assay to detect presence of hemoglobin in the supernatant
of ZNF treated sample, and (D) hemolysis percentage of ZNF NPs
treated samples along with positive and negative control samples.
Positive control was PEG and triton X-100 lysed blood cells, negative
control was untreated blood. The values presented in the graph are
mean £+ SD of triplicate. Hemolysis in NPs treated samples was
significantly lower in comparison to positive control (***p < 0.001).
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Table 1 Zones of inhibition of pathogenic bacteria after treatment with NF and ZNF NPs“

E. coli P. aeruginosa K. pneumoniae S. typhi S. aureus MRSA
Conc. (pug
ml™ 1) NF ZNF NF ZNF NF ZNF NF ZNF NF ZNF NF ZNF
1000 12+03 12+02 12+0.5 12+05 12+04 13+£0.2 11+01 12+04 14+£02 14+04 12+05 13+£0.5
600 11+04 124+09 11+01 11+£0.2 11+03 124+02 11+£05 12+02 14+03 14+04 12+0.2 12403
300 10£0.5 11+0.5 10+0.1 9+05 10+03 10+£02 10+04 11+01 13+£01 11+0.5 12+05 12+£0.5
100 10 £+ 0.3 9+0.5 10=+0.1 9+0.2 10=+0.3 9+05 10+06 10+01 13£04 10+0.7 11+02 11+£0.5
50 10 £ 0.2 9+0.3 9+0.2 8+0.1 9+0.1 9+ 1.3 9+04 8+05 12+£09 10+0.1 10£0.1 10+£0.6
PC 13+£01 144+05 16+02 19+2 13+04 144+05 17+06 15+04 18+19 18+12 14+£09 16+1
vC 0+0 0+0 0+0 0+0 0+0 0+0 0+0 0+0 0+0 0+0 0+0 0+0

“ NF = NiFe,0,, ZNF = Zn-NiFe,0,, PC = positive control, VC = vehicle control.

peptidoglycan; however, Gram-positive bacteria (e.g. S. aureus)
cell wall comprises mainly of peptidoglycan.* The difference in
antibacterial activity of NF and ZNF NPs against various bacte-
rial strains may be due to differences in cell wall composition
and variation in interaction with membrane at molecular and
Moreover, particle size, crystal structure,
morphology, surface area and charge also play a significant role
in antibacterial activity.**>*

To further confirm the antimicrobial activity, live dead assay
was performed against the representative Gram-negative (E.
coli) and Gram-positive (S. aureus) bacterial strains. The green
fluorescent dye SYTO 9 can only bind with the viable and
healthy bacterial cells, whereas, PI dye binds to damaged and/or
dead cells, and hence, emit red fluorescence.* In Fig. 5A (E. coli
without any treatment) and Fig. 5E (S. aureus without treatment)
serves as negative control. The intense green fluorescence

cellular level.
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Fig. 5 Fluorescent microscopy images of E. coli and S. aureus after
treatment with NPs. (A) E. coli without any treatment (negative
control), (B) E. coli treated with tetracycline (positives control), (C) E.
coli treated with 250 pg mt~t of NF NPs, (D) E. coli treated with 125 pg
ml™ of ZNF NPs, (E) S. aureus without treatment (negative control), (F)
S. aureus treated with tetracycline (positives control), (G) S. aureus
treated with 250 ng ml™t of NF NPs and (H) S. aureus treated with 125
ng Mt of ZNF NPs. Percent dead cells of (I) E. coli and (J) S. aureus
after treatment with different concentration of NPs. Experiments were
performed in triplicate. The percent dead cells of E. coli and S. aureus
was significantly higher in NP treated groups and positive control (PC)
as compare to negative control (NC), (**p = 0.01, ***p = 0.001).
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shows the viable E. coli (Fig. 5A) and S. aureus (Fig. 5E) cells.
Fig. 5B and F showed maximum dead cells, which represented
the positive control of E. coli and S. aureus cells in the study.
Whereas, in Fig. 5C red fluorescence show that majority of the
E. coli cells treated with 250 ug ml~" of NF NPs were dead. Same
results were observed for S. aureus (Fig. 5G) when treated with
the same concentration. Fig. 5D (E. coli) and Fig. 5H (S. aureus)
also show that majority of the bacterial cells are dead when
treated with 150 ug ml™' of ZNF NPs. The observed results
indicated the prominent antimicrobial activity of NF and ZNF
NPs at biocompatible doses. These results are in accordance
with the previous literature that SF NPs possess broad-spectrum
antibacterial activities against Gram-positive and Gram-
negative bacterial strains.>**”*® In one such study, Elayakumar
et al., investigated that ce’* doped CuFe,0, caused inhibition
of S. aureus and Klebsiella pneumonia.>® Another study revealed
that ZnFe,0, and Ag hybrid nanostructures effectively halted
the growth of Candida albicans.>® Similarly, CoFe,O, NPs effi-
ciently killed Bacillus subtilis, S. aureus, E. coli and P. aerugi-
nosa,” while MgFe,O, NPs exhibited good antibacterial
property against P. aeruginosa, E. coli, S. aureus and Serratia
marcescens.>® Other studies reported that NiFe,O, based nano-
composite possesses prominent antibacterial activities against
E. coli and S. aureus,* while nickel substituted copper ferrite
displayed better antimicrobial activity against E. coli, K. pneu-
monia, S. aureus, and B. subtilis.®*

Furthermore, the size of NPs greatly influences their
biomedical application.®* Previously, Elsabahy and Wooley
suggested that intermediate sizes (20-200 nm) of NPs have the
greater potential for biomedical applications.®® ZnO NPs with
particle size of 50 £ 5 nm exhibited good antimicrobial activity
against Escherichia coli (8 and 16 mg ml™ ") and Staphylococcus
aureus (4 and 8 mg ml™"), respectively.** Likewise, ZnO NPs
coated with crustacean immune molecule having a particle size
of 20-50 nm restrained the growth of S. aureus and P. vulgaris.®®
Similarly, our synthesised NF and ZNF NPs have a particle size
of 49 + 3.8 and 47 + 2.5 nm, respectively, have potent antimi-
crobial activity even at a concentration of 50 pg ml~". It was
noticed that NF and ZNF NPs acted on both human and
bacterial cells, but the toxicity to human cells was low or
negligible in comparison to bacterial cells when the same
concentration was used. A previous study also reported similar

© 2021 The Author(s). Published by the Royal Society of Chemistry
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results.®® The different effects on human and bacterial cells
might be due to the alterations in the cell membrane structures
of mammalian and bacterial cells. The existence of endocytic
machinery, and multiple intracellular compartments in human
cells also prevent the entry of NPs within the cell. Thus, keeping
the NPs away from the direct interaction with the important
molecules present within the human cells. Furthermore, NF
and ZNF NPs have negative surface charge at neutral pH that
make them less toxic in comparison to positive charge NPs®’

3.4. Mechanism of action of NF and ZNF

3.4.1. Effects of NPs on the membrane permeability. It is
important to understand the mechanism of action of any anti-
microbial agent; therefore, the effects of NPs on the bacterial
membrane permeability were investigated. Bacterial membrane
has an important role in its structural and functional integrity.
Therefore, minute changes in the structural integrity of cell
membrane can adversely affect cell metabolism that may lead to
cell death.®® Bacterial cells are impermeable to FITC (fluorescent
dye) under normal conditions, but when membranes are
destabilized then this dye can easily penetrate the cells. In the
current study, an intense fluorescence was observed after E. coli
and S. aureus cells were treated with NF at concentration of 250
pg ml~' as shown in Fig. 6C and G. Similar results were
observed for ZNF NPs at concentration of 125 pg ml~" (Fig. 6D
and H). This indicated that NF and ZNF NPs treatment damaged
the bacterial membrane. Tetracycline, a potent membrane
permeabilization agent, was used as a positive control and
caused membrane disruption of both E. coli and S. aureus
(Fig. 6B and F). Negative control (untreated cells) did not show
any prominent green fluorescence (Fig. 6A and E). Previously,
similar results were reported for silver NPs, which induced
membrane damaged in both Gram-negative and Gram-positive
bacteria.***® Moreover, Arakha and coworkers reported that iron
oxide NPs causes bacterial membrane depolarization upon

Fig. 6 Fluorescent microscopy images of E. coli and S. aureus
showing the influx of FITC after treatment with NPs and tetracycline
(positive control). (A) Untreated E. coli (negative control), (B) E. coli
treated with tetracycline, (C) E. coli treated with 250 g ml™* of NF NPs,
(D) E. coli treated with 125 pg ml™* of ZNF NPs, (E) untreated S. aureus
(negative control), (F) S. aureus treated with tetracycline, (G) S. aureus
treated with 250 ng ml™ of NF NPs and (H) S. aureus treated with 125
ng mi~t of ZNF NPs. Tetracycline, NF and ZNF NPs induced membrane
damaged to both selected strains of Gram-positive and Gram-nega-
tive bacteria.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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interaction.” Similarly, Wang and his colleagues observed that
CoFe,0,4 NPs also disrupt the bacterial membrane.””> Another
study reported that CuFe,O, nano sheets induced damage to
bacterial membrane.” However, there was no reported litera-
ture about the effects of NF and ZNF NPs on bacterial
membrane. Therefore, from the current results it can be sug-
gested that the synthesized NF and ZNF NPs disrupted the cell
membrane that led to the bacterial cell death.” Surface charges
play an important role in the reactivity of NPs with the living
cells. The zeta potential, surface charge of NF and ZNF NP was
reported —10 mv at neutral pH.”>”® According to the literature
survey, the essential condition to improve the antibacterial
efficiency of any particle is to have a positive particle surface
charge that allows efficient electrostatic interaction with the
negative charges of the bacterial cell wall.”” This expected effect
was obviously contrasted with our experimental data and
represents a further important advantage of our antibacterial
NPs in terms of safety in mammalian cells and tissues,
assuming that cationic NPs are more cytotoxic than those with
neutral or negative surface charge.” However, detailed eluci-
dation of negative charge particle binding to bacterial cells is
still lacking. The efficient antimicrobial activity of the synthe-
sized NPs is essentially associated to a unique character of the
NPs in biological systems, which allows us to assume the
occurrence of effective interactions with bacterial membranes
and sustained intracellular release of ROS. In particular, the
chemico-physical properties of NPs allow for their interaction
with the surface of the bacterial cell by altering the structure
therein, thus favoring its permeability and subsequent cell
death. Similar results have been previously reported for nega-
tive charged AgNPs that showed potent antimicrobial activity.”

3.4.2. Effects of NPs on bacterial protein leakage. The
membrane damage may cause the leakage of mineral, protein
and genetic material; therefore the effects of NF and ZNF NPs on
protein leakage was also investigated. As shown in Fig. 7A and
B, the NF NPs at the dose of 250 ug ml~" caused the maximum
protein leakage of 0.9 and 0.7 pg ml~" from E. coli and S. aureus,
respectively.

Similarly, ZNF NPs, at the dose 125 pg ml™*, showed protein
leakage of 1.1 and 0.7 pug ml~' from E. coli and S. aureus,
respectively (Fig. 7A and B). The protein leakage of NPs treated
groups was significantly higher as compared to control groups.
Previously, similar results were reported for cobalt ferrite;*
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Fig. 7 The effects of NF and ZNF NPs on protein leakage from (A) E.
coli and (B) S. aureus after 8 h of treatment at the mentioned
concentrations. All experiment were performed in triplicate and data
are presented with £SD. *p = 0.05, **p = 0.01, **p = 0.001 were
considered statistically significant.
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however, no study reported the effects of NF and ZNF NPs on
protein leakage. It is important to note that the difference in the
protein leakage profile of Gram-positive and Gram-negative
bacteria might be due to the thickness of peptidoglycan layer
of bacterial cell wall. Peptidoglycan layer provide protection to
bacteria against antibacterial agents like antibiotics, toxins,
chemicals, enzymes and NPs.** Similarly, Steffy et al., found that
protein leakage was higher in Gram-negative bacteria compared
to Gram-positive bacteria.*

3.4.3. Effects of NPs on ROS generation. ROS production is
an indicator of the oxidative stress in the cells. Therefore, there
is a direct relation between ROS production and bacterial cell
death.®® Previous studies have shown that NPs could cause
generation of free radicals within microbial cells, which ulti-
mately lead to cell death.® In the current study, ROS production
was investigated in E. coli and S. aureus after 8 h treatment with
NF (250 pg ml™ ") and NF (125 pg ml ") NPs, individually. It was
observed that ROS level was significantly increased in treated
groups as compared to untreated negative control group (Fig. 8A
and B).

The H,O0, treatment was considered as positive control. It
was interesting that NPs generated more ROS than H,0, in E.
coli and less in S. aureus. The group without treatment was
considered as negative control group. A pervious study reported
that Ni doped CoFe,0, NPs also generate ROS in bacterial cell.*
Likewise, a study reported that ZnFe,O, NPs generate ROS,
which can be used in photodynamic therapy.*® Hence, it can be
concluded that NF and ZNF NPs exert antimicrobial activity
through free radicals (ROS) production that generate oxidative
stress in bacteria. The oxidative stress causes breakdown of cell
membrane with subsequent leakage of cytoplasmic material
(protein) thus resulting in distortion of metabolic activities and
consequently the cell death.

3.5. Scratch assay

Scratch assay is the most convenient method to illustrate the
wound healing potential of drug, molecule or NPs.*” Therefore,
in vitro scratch assay was performed to find the wound healing
potentials of NF and ZNF NPs. The results showed that the
proliferation and migration of cells in artificial wound area was
significantly higher in NF and ZNF NPs treatment as compare to
control (Fig. 9A-C). Both the NPs promoted the migration of
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Fig. 8 Generation of intracellular ROS by NF and ZNF NPs after 8 h of
treatment in (A) E. coli and (B) S. aureus. H,O5 treated cells were taken
as positive control (PC) and cells without treatment as negative control
(NC). All experiments were performed in triplicates, and data are
presented as +£SD. *p = 0.05, **p = 0.01 and***p = 0.001 were
considered as statistically significant.
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Fig. 9 In vitro scratch assay (A) negative control after O h and 18 h of
cell incubation, (B) photographs after O h and 18 h of cells treated with
NF, (C) photographs after 0 h and 18 h of cells treated with ZNF NPs,
(D) percent scratch shrinkage of treated and control sample. The
experiments were performed in triplicates, and data are presented as
+SD whereas, *p = 0.05, **p = 0.01 and ***p = 0.001 were
considered statistically significant.

fibroblasts, but the restoration of cellular density was faster in
ZNF NPs than NF NPs. Percent scratch shrinkage of both NF and
ZNF NPs treated sample was significantly higher than control
(untreated) as shown in Fig. 9D. Previous study reported similar
results for silver NPs loaded collagen/chitosan scaffolds.?”* It
was observed that silver NPs loaded collagen/chitosan scaffolds
increased the fibroblast migration using in vitro scratch assay.
Previously, no data is available for NF and ZNF NPs wound
healing potential; therefore further animal studies can be per-
formed to fully investigate the effect of NF and ZNF NPs on
wound healing process.

4. Conclusions

It can be concluded from the results that the prepared NF and
ZNF NPs were homogeneous with uniform elemental distribu-
tion. The prepared NPs were compatible with human dermal
and blood cells, which suggested that these can be potential
candidates for biomedical applications. The NPs were active
against both Gram-positive and Gram-negative bacterial strain
at biocompatible doses. It can be suggested that NF and ZNF
NPs causes bacterial cell death via membranes disruption,
protein leakage and ROS generation. The in vitro scratch assay
revealed that these NPs have strong wound healing potentials.
In summary, NF and ZNF NPs can act as potent antimicrobial
nano-drugs against infectious organisms and may also be used
in wound healing formulations.
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