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ARTICLE INFO ABSTRACT

Keywords: Severe acute respiratory syndrome 2019-new coronavirus (SARS-CoV-2) is a major global challenge caused by a
CQVID-}Q pandemic disease, named ‘COVID-19° with no effective and selective therapy available so far. COVID-19-
Zinc oxide associated mortality is directly related to the inability to suppress the viral infection and the uncontrolled in-
Nanoparticles

flammatory response. So, we investigated the antiviral efficiency of the nanofabricated and well-characterized
lactoferrin-coated zinc nanoparticles (Lf-Zn-NPs) on SARS-CoV-2 replication and entry into host cells. Lf-Zn-
NPs showed potent inhibition of the entry of SARS-CoV-2 into the host cells by inhibition of ACE2, the SARS-
CoV-2 receptor. This inhibitory activity of Lf-Zn-NPs to target the interaction between the SARS-CoV-2 spike
protein and the ACE2 receptor offers potent protection against COVID-19 outbreaks. Moreover, the adminis-
tration of Lf-Zn-NPs markedly improved lung fibrosis disorders, as supported by histopathological findings and
monitored by the significant reduction in the values of CRP, LDH, ferritin, and D-dimer, with a remarkable rise in
CD4+, lung SOD, GPx, GSH, and CAT levels. Lf-Zn-NPs revealed therapeutic efficiency against lung fibrosis
owing to their anti-inflammatory, antioxidant, and ACE2-inhibiting activities. These findings suggest a promising
nanomedicine agent against COVID-19 and its complications, with improved antiviral and immunomodulatory
properties as well as a safer mode of action.

Bovine Lactoferrin
Antiviral activity
Pulmonary fibrosis

1. Introduction of vaccination and its applicability during pandemic conditions are still

challenging [3]. Additionally, the high mutation rate in the RNA viruses

Severe Acute Respiratory Syndrome-Coronavirus-2 (SARS-CoV-2) is
an enveloped RNA virus and a coronavirus disease (COVID-19) causa-
tive agent. Despite the available vaccination and treatment against
SARS-CoV-2, there are about half a million cases worldwide daily, and
the overall number of deaths from COVID-19 is over six million people
worldwide [1]. Currently, vaccination is widely applied as a prophy-
lactic strategy against COVID-19 infection [2]. However, the efficiency
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increased the risk of multi-resistant variant development with more
virulence characteristics. Hence, the need for an innovative, available,
safe, and low-cost antiviral agent is mandatory. The relationship be-
tween severe COVID-19 infection and acute respiratory distress syn-
drome has been widely reported [4]. This condition may be complicated
in some cases and develop into pulmonary fibrosis (known as post-
COVID-19 pulmonary fibrosis), which usually requires intensive care
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and oxygen supplementation [5]. The progressive consequences of
pulmonary fibrosis (PF) usually lead to an inexorable decline in lung
function, eventually leading to death [6]. Currently, two antifibrotics
are approved for PF treatments, namely Pirfenidone and Nintedanib, but
the clinical outcomes and cancer-developing potential challenge their
application and enforce the search for more effective and safer alter-
natives [7-9].

Several studies reported the efficacy of lactoferrin protein and zinc
supplements for the efficient co-treatment of COVID-19 patients
[10-12]. The glycoprotein lactoferrin (Lf), which serves a variety of
functions, including being a part of the innate immune response, is
found in external secretions, including milk and other biological fluids
[13]. Lf, a member of the transferrin family, is a monomeric 77.5-80
kDa protein made up of about 700 amino acids, which are folded into
two globular lobes with a helix acting as a linker and a conserved iron-
binding domain [14,15]. Lf has the highest affinity for ferric ions and
can bind Cu?*, Zn?", and Mn?" ions. When iron is bound to Lf, it un-
dergoes significant conformational changes, changing from its iron-free
apo-lactoferrin (apo-Lf) form to either an open or closed state called
holo-lactoferrin (ho-Lf) [16]. Lf possesses extensive antibacterial, anti-
fungal, and virucidal action in addition to antioxidant, anticancer, and
anti-inflammatory properties [17]. The mechanisms of antiviral activity
of Lf are direct binding to viral proteins, blocking of virus entry re-
ceptors, or inhibiting viral enzymes [18,19]. However, in vivo, Lf sta-
bility and half-life time remain major challenges for successful
application [20]. The Lf half-life time was estimated to be around
10-12.5 min, with complete removal from the human body after 7 h of
injection [21]. Therefore, several studies reported the formulation of
free Lf on specific carriers to enhance its stability and targeted release
during in vivo applications [22-24].

Recently, a wide range of nanoparticles (NPs), particularly metallic
nanoparticles, have been reported with excellent biological activities
and drug-delivering characteristics [25,26]. The metallic nanoparticles
possess solid structures and quick manufacturing processes, despite their
non-biodegradable nature. Furthermore, the ability of most NPs to
accumulate protein on their surfaces in corona-like structures facilitates
their application in targeting protein delivery with lower cytotoxicity
and higher efficiency [27,28]. Among others, zinc oxide-NPs (ZnO-NP)
exhibit exceptional antimicrobial capability due to their increased spe-
cific surface area and increased surface reactivity brought on by their
smaller particle size [29,30]. Additionally, recent research revealed
ZnO-NP has effective inhibitory activity against a variety of viral dis-
eases [31], including corona, herpes simplex [32], hepatitis E virus
(HEV), hepatitis C virus (HCV) [33], and influenza [34]. However, the
NPs’ stability and tendency to accumulate biological molecules (espe-
cially during in vivo applications) challenge their application in the
medical field [35]. Therefore, the current study aims to study the po-
tential in vitro antiviral activity of green synthesized Zn-NPs when
decorated with bovine Lf against COVID-19 infection. Additionally, the
nano-composite will be evaluated in vivo for alleviating the PF progress
in rat models, which is first reported, to the best of our knowledge.

2. Materials and methods

2.1. Purification, concentration, and molecular weight determination of
lactoferrin

Bovine skim milk was prepared from raw milk according to methods
of Almahdy et al. [36] with some modifications. In brief, bovine milk
was defatted by centrifugation at 10,000 rpm for 30 min and decasei-
nated by decreasing the pH to about 4.2 with 5.0 % acetic acid. The skim
milk was obtained after centrifugation at 4000 rpm for 20 min to pre-
cipitate casein proteins, and then the supernatant was dialyzed against a
50 mM Tris-HCl buffer pH 7.6 for 24 h. The purified bovine Lf was
prepared from the obtained skim milk, as reported previously [37,38].
The obtained skim milk was applied to the pre-equilibrated Mono S 5/50
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GL column, and Lf was eluted with 50 mM Tris-HCl buffer, pH 8.0,
containing a NaCl gradient of 0.0-1.0 M. After dialysis, the pooled
fractions of Lf were applied to a Sephacryl S100 column (5 x 150 mm,
GE Health Care, Sweden) equilibrated with 50 mM Tris-HCI buffer, pH
7.6, and eluted with the same buffer containing 150 mM NaCl. Also, the
obtained pooled fractions of Lf were applied to a heparin-sepharose
column (affinity chromatography) equilibrated with 50 mM Tris-HCl
buffer, pH 7.6, and eluted with the same buffer containing a NaCl
gradient of 0.0-1.0 M. For the preparation of apo-Lf, about 50 mg/mL
protein was dissolved in double distilled water (ddH20) and dialyzed
extensively for 24 h against 100 mM citrate buffer, followed by dialysis
against ddH,O for another 24 h, as previously reported [39]. The purity
and molecular weight of Lf were estimated by SDS-PAGE. The purified Lf
fractions were pooled, dialyzed, lyophilized, and kept at —80 °C until
use, whereas protein concentration was determined according to the
Bradford method [40]. The molecular weight of the purified lactoferrin
was tested using native polyacrylamide gel electrophoresis (PAGE) and
SDS-PAGE, as described by Laemmli [41].

2.2. Preparation and characterization of lactoferrin-zinc-NPs

2.2.1. Preparation of zinc nanoparticles (Zn-NPs)

Zinc nanoparticles (Zn-NPs) were synthesized according to [42] with
some modifications. In brief, 0.5 g of zinc acetate solutions were pre-
pared on a magnet stirrer in 10 mL of 1 M NaOH. Afterward, 0.55 g of
ascorbic acid powder (Sigma Aldrich, USA) was added under stirring for
20 min, and the pH was finally adjusted to 7.0 with 0.1 M HCl. The
generated Zn-NPs were separated through centrifugation (10,000 rpm
for 10 min) and then washed three times with ddH50.

2.2.2. Preparation of lactoferrin-zinc-NPs

Lactoferrin-zinc nanoformulations (Lf-Zn-NPs) were prepared by
mixing the purified Lf in 0.1 M sodium bicarbonate with a two-fold
excess of the prepared Zn-NPs for 2 h under stirring. The mixture was
extensively dialyzed against 0.1 M sodium bicarbonate to remove free
metal ions. After dialysis, the obtained protein nanoparticle complex
was lyophilized (solid white powder) and used as a source for Lf-Zn-NPs.
The zinc content and Lf in the prepared nanocomplex were estimated
using the atomic absorption technique and Bradford spectrophotometric
method at 595 nm [40], respectively.

2.2.3. Characterization of the formulated Lf-Zn-NPs

The prepared Zn-NPs and Lf-Zn-NPs were characterized using the
Zetasizer (ZS 6.2, Malvern, Germany) to evaluate their hydrodynamic
sizes, distribution, and net surface charge (Zeta potential) for the pre-
pared particles. The crystal structure in the prepared NPs was evaluated
through X-ray diffraction (XRD) using X PERT PRO-PAN Analytical
(Netherlands) in the range of 5° to 80° at 20 with a scan rate of 5°/min.
The morphological characteristics of the prepared particles were eval-
uated through scanning electron microscopy (SEM) at 5000x using a
JSM 6360LA electron microscope (Tokyo, Japan).

2.2.4. Evaluation of Zn-NPs and Lf-Zn-NPs cytotoxicity

The cytotoxicity of the prepared Zn-NPs and Lf-Zn-NPs against
normal lung cells Wi-38 and SARS-CoV-2 host cells (Vero E6) in com-
parison to the free Lf was determined using the (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) tetrazolium reduction assay
(MTT assay). All normal cells (1.0 x 10* cells/well) were seeded into 96-
well sterile plates and cultivated in Dulbecco’s modified Eagle’s medium
(SERANA, Germany) supplemented with fetal bovine serum (10 %
Gibco, New York, NY, USA) and 1 % Pen/Srep mixture (Lonza, USA) for
overnight. Cells were treated with various concentrations of each free
compound and nanoformulation, and the cytotoxicity of the compounds
against normal cells was determined using the MTT method (Mosmann,
1983). After 48 h of incubation, 200 pL of MTT solution (0.5 mg/mL;
Sigma, USA) was added to each well, and the plate was incubated at
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37 °C for 2-5 h. After removing the MTT solution, 200 pL of dimethyl
sulfoxide (DMSO) was added to each well, and absorbance at 570 nm
was measured using a microplate reader (BMG LabTech, Germany). The
half-maximal inhibitory concentration (CCsp) and safe dose (ECigo)
values of the tested compounds were determined using GraphPad InStat
software 7.

2.2.5. Determination of endotoxin concentrations of Zn-NPs and Lf-Zn-NPs

The endotoxin (ET) concentrations in each formulated sample were
determined using an endotoxin ELISA kit (Sunlong Biotech Co., Ltd)
following the manufacturing protocol. Briefly, the micro-ELISA plate
wells were filled with standard or NPs samples. Then, avidin conjugated
to a horseradish peroxidase (HRP)-conjugated antibody specific for ET
was added to each well. After washing, the TMB substrate solution was
applied to each well. The optical density (OD) was measured spectro-
photometrically at 450 nm, where ET concentrations (pg/mL) were
calculated from a standard curve with a sensitivity range of 0.0156-1.00
EU/mL.

2.3. Quantification of Lf-Zn-NPs binding and internalization

2.3.1. Lf-Zn-NPs binding

The binding of the prepared Lf-Zn-NPs to Vero E6 cells plasma
membrane was evaluated by indirect immunofluorescence as compared
to free Lf [43]. Briefly, after seeding Vero E6 cells for 24 h, serial con-
centrations of free Lf, Zn-NPs, and Lf-Zn-NPs were incubated for 1 h at
4 °C. Afterward, cells were washed three times in cold phosphate-
buffered saline (PBS). Cells were incubated with rabbit anti-Lf immu-
noglobulins for 60 min, and then washed five times with cold PBS. The
fluorescein isothiocyanate (FITC)-conjugated anti-rabbit gamma glob-
ulin antibodies were added for 60 min to stain the cells. Then, cells were
washed again and fixed with 3.7 % paraformaldehyde in PBS containing
2 % sucrose for 10 min at room temperature. Cells were then washed
twice in PBS and incubated for 10 min at room temperature in 0.5 %
Triton X-100 in the same buffer containing 10 % sucrose. After washing
five times in PBS, the cellular binding of Lf was measured at 520 nm
emission and 490 nm excitation using a fluorometer (BMG LabTech,
Germany).

2.3.2. Assessment of cellular internalization of the prepared NPs

The cellular internalization of the prepared NPs was evaluated in the
Vero E6 cell line through the fluorescein isothiocyanate (FITC) staining
method [44]. First, the Zn-NP and free Lf were tagged with FITC through
the dropwise addition of 50 pL of FITC (1 mg/mL dissolved in DMSO)
into 0.5 mg/mL of the Zn-NPs stock solution (4.8 nM in ddH,0) under
constant stirring in dark conditions at 4 °C. After 12 h, ammonia was
added to a final concentration of 50 mM. The mixture was then incu-
bated again for 2 h at 4 °C before glycerol (25 % v/v) was added. The
reaction mixture was centrifuged at 10,000 rpm for 45 min before being
washed with ddH»O to separate the untagged FITC. Vero E6 cells were
cultured for 24 h in DMEM medium supplemented with 10 % fetal
bovine serum (FBS) in a 5 % CO; incubator at 37 °C. The supernatant
media were removed, and then 100 mg/mL of the FITC-conjugated Zn-
NPs, Lf, and Lf-Zn-NPs were added, whereas NPs cellular internalization
at different time intervals was examined at 488 nm using flow cytometry
analysis (Partec, Germany).

2.4. Invitro antiviral activity of Lf-Zn-NPs against SARS-CoV-2

2.4.1. Anti-SARS-CoV-2 assay

Vero E6 cells were utilized to propagate the authentic SARS-CoV-2
virus (accession number: KC869678.4), and the cells were harvested
after the appearance of cytopathic effects (CPE). The viral stocks were
then titrated using the plaque infectivity assay and the MTT method,
based on the median tissue culture infectious dose (TCID50), and stored
at —80 °C until further use. In order to evalutate anti-SARS-CoV-2
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activity of the biosynthesized Zn-NPs and the prepared Lf-Zn-NPs,
Vero E6 cells were seeded in 24-well culture plates (10° cells/well) at
37 °Cand 5 % CO2 for 24 h. previously titrated SARS-CoV-2 virus for 1 h
and then mixed with a safe doses (EC;g) of each tested compound. For
the neutralization mode, each tested compound (Lf, Zn-NPs or Lf-Zn-
NPs) at different concentrations (0-100 pg/mL, 2 fold) was mixed
with the virus and kept at 37 °C for 1 h before being added to the 80-90
monolayers cells after the removal of the growth medium and then the
virus/compound mixtures were inoculated in triplicates for another 1 h.
For the post-infection mode, Vero E6 cells were infected with the virus
for 1 h at first, then washed 3 times with fresh media for removing
unbound viral particles and exposed to each compound at different
concentrations as mentioned above. Remdesivir was used as antiviral
drug at different concentrations (0.0 to 100 pg/mL). Both positive and
negative controls were included through viral infection of the untreated
cells or use healthy cells (virus untreated cells) in each plate, respec-
tively. One mL of DMEM with 1 % Pen/Strep, and 2 % FBS were added to
each well and incubated for 48 h at 37 °C and 5 % CO2. Supernatants
were harvested and the viral load was measured in each sample using
viral 1-Step RT-qPCR. The curve of viral neutralization (for neutraliza-
tion mode) and the curve of viral inhibition (for post-infection mode) of
each tested compound against SARS-CoV-2 were plotted using Graph
Pad Prism 7.0 and the ICsg values (50 % inhibitory concentrations) were
calculated from the non-linear regression curve-fit analysis.

2.4.2. RT-gPCR

Viral RNA extraction was performed from 1.0 mL of cell culture su-
pernatants with the Quick-RNA Viral Kit (cat. # R1035, Zymo Research,
USA) according to the protocol provided by the manufacturer. The viral
RNA was eluted in 50 pL of nuclease-free water. SARS-CoV-2 genome
detection and quantification were performed with the TagMan Fast
Virus 1-Step Master Mix System (cat. # 4444434, Applied Biosystems)
using specific primers targeting SARS-CoV-2 E protein at 6 pmol (each)
and probe at 5 pmol per reaction. Forward primer sequence: ACAGGTA
CGTTAATAGCGT; reverse primer: ATATTGCAGCAGTACGCACACA;
and probe: FAM-ACACTAGCCATCCTTACTGCGCTTCG-BBQ. The PCR
mix containing Master Mix, primers and probe was incubated with 6 pL
of an 1:50 (v/v) dilution of sample RNA. Cycling was conducted in
Applied Biosystems 7500 Real-Time PCR System. The reactions were
incubated at 50 °C for 10 min for reverse transcription, and 95 °C for 2
min, followed by incubation at 95 °C for 5 s and 60 °C for 30 s for data
collection over 45 cycles. A plasmid containing SARS-CoV-2 E protein
amplicon was used as standard curve in order to establish an absolute
quantification of viral RNA copies per mL of supernatant.

2.4.3. The inhibitory influence on SARS-CoV-2

The inhibition of SARS-CoV-2 through the prepared Lf-Zn-NPs was
evaluated compared to Zn-NPs and free Lf by testing their ability to
inhibit three key factors in the life cycle of SARS-CoV-2, including
binding to the ACE2 receptor, Cathepsin L (Cat L), and RNA-dependent
RNA polymerase (RdRp). First, the inhibition of the ACE2 receptor was
evaluated according to the manufacturer’s instructions for the ACE2/
SARS-CoV-2 spike inhibitor screening kit (BPS Bioscience, #79936) at
various concentrations (200, 100, 50, and 25 pg/mL). The
concentration-response curve for the SARS-CoV-2 spike (1-100 nM) was
created according to [45], and luminescence was measured using a
FluoStar Omega microplate reader (BMG LabTech, Germany). On the
other hand, the inhibition of viral infusion was evaluated through a
Cathepsin L inhibitor screening kit (AssayGenie, #BN00441). Addi-
tionally, the inhibition of RNA synthesis in SARS-CoV-2 was evaluated
through the RNA-dependent RNA polymerase commercial fluorescence
kit (SARS-CoV-2 RdRp TR-FRET Assay kit). This kit was used to evaluate
the possible inhibitory influence of the prepared LF-Zn-NPs on the ac-
tivity of RNA-dependent RNA polymerase (RdRp). RdRp operates as a
mixture of NSP7, NSP8, and NSP12 proteins. RdRp is a crucial enzyme in
the life cycle of SARS-CoV-2 and is considered one of the most promising
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druggable targets for SARS-CoV-2. The present kit contains Digoxigenin-
labeled RNA duplex, biotinylated ATP, RdRp assay buffer (2 components
plus DTT), and purified RdARp mixture proteins. The assay counts the
amount of biotinylated ATP that is directly incorporated into the double-
stranded RNA substrate. The rise in the TR-FRET signal is inversely
related to the incorporation of ATP into the RNA. Only two steps are
needed to detect RdRp activity with this kit. The reaction mixture’s
enzyme is first treated with a test substance. After adding the dye- and
eu-labeled acceptor and antibody, the TR-FRET signal is read.

2.5. In vivo investigation of the Lf-Zn-NPs effect on pulmonary fibrosis
(PF) modeled rats

2.5.1. Experimental animals and PF induction

This study was conducted on adult male Wistar albino rats (150-200
g) obtained from the Animal Colony, of the National Research Centre
(NRC, Cairo, Egypt). The animals were housed in suitable plastic cages
for one week for acclimation. Excess tap water and standard rodent
pellets were always available. All animals received human care in
compliance with the standard institutional criteria for the care and use
of experimental animals, according to the NRC ethical committee. For
PF induction, male Wistar albino rats were intratracheally injected with
Bleomycin hydrochloride (2.5 mg/kg body weight in 0.25 mL PBS) as
described previously [46]. The rats were sacrificed 29 days after the
Bleomycin injection. Control animals received the same volume of
intratracheal saline instead of Bleomycin.

2.5.2. Study animal groups

After PF induction, both normal and PF-modeled rats were randomly
divided into five groups of 10 rats each. Group (1) served as controls;
group (2) Bleomycin-induced PF animals served as positive controls
(BLM) injected intratracheally with 2.5 mg/kg/weekly for six weeks;
and groups (3), (4), and (5) PF-modeled animals that were treated with
free Lf, Zn-NPs, and Lf-Zn-NPs, respectively, each at 50 mg/kg/day for
six weeks.

2.5.3. Blood and tissue sampling

At the end of the treatment period, rats were weighed, then each
animal was fasted overnight. Following anesthesia (sodium pentobar-
bital 9.1 mg/kg diluted in sterile 0.9 % NaCl, via IM injection), blood
specimens were withdrawn from the retro-orbital plexus using hepa-
rinized and sterile glass capillaries; whole blood specimens were cool-
centrifuged at 1000 rpm for 10 min, and the sera were separated,
divided into aliquots, and stored at —80 °C. After blood collection, the
animals were sacrificed, whereas the lungs were dissected. One part of
the lung was washed in saline, dried, rolled in a piece of aluminum foil,
and stored at —80 °C for biochemical determinations. Another portion of
the lung was soaked in formalin-saline (10 %) buffer for histopatho-
logical processing and microscopic examination.

2.5.4. Complete blood count assessment

A cell blood counter (Model PCE-210 N, Japan) was used for
measuring red blood corpuscles (RBCs) count (106/cm3), hemoglobin
(Hb) content (g/dl), hematocrit (HCT) percentage, platelet (PLT) count
(103/cm3), and total leukocyte (TLC) count (1 03/cm®).

2.5.5. Evaluating of lung and oxidative stress biomarkers

ELISA kits (Sunlong Biotech Co., China) were used to measure lung
biomarkers in rats, including C-reactive protein (CRP), ferritin, D-dimer,
lactate dehydrogenase (LDH), fibronectin (FN), granulocyte-
macrophage colony-stimulating factor (GM-CSF), and transforming
growth factor beta (TGF-p). The microplates were read using a micro-
plate reader (Dynatech, MR-5000). Additionally, ELISA kits (Sunlong
Biotech Co., China) were used to measure lung glutathione (GSH),
malondialdehyde (MDA), and nitric oxide (NO) levels, as well as su-
peroxide dismutase (SOD), catalase (CAT), and glutathione peroxidase
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(GPx) activity in modeled rats. The microplates were read using a
Dynatech Microplate Reader Model MR 5000.

2.5.6. Evaluation of pro-inflammatory cytokines and apoptotic biomarkers

Tumor necrosis alpha (TNF-a), interleukin-1 beta (IL-1p),
interleukin-4 (IL-4), interleukin-6 (IL-6), interleukin-10 (IL-10), and
CD4+ levels in rats were measured using ELISA kits (Sunlong Biotech
Co., Hang Zhou, China). The microplates were read using a Dynatech
Microplate Reader Model MR 5000.

2.5.7. Histopathology

Regarding histopathological assessment, lung samples from all
groups were dissected immediately after being sacrificed. The specimens
were then fixed in 10 % neutral-buffered formalin-saline for at least 72
h. All the specimens were washed in tap water for half an hour and then
dehydrated in ascending grades of alcohol, cleared in xylene, and
embedded in paraffin. Sections were cut (5-pm thick) and stained with
hematoxylin and eosin (H&E) for histopathological investigation and for
evaluating inflammatory cell filtration, congestion, collagen deposition
(fibrosis), and alveolar thickening. These were graded into four classes:
normal (0), weak (1), moderate (2), or intense (3), and the averages
were considered. For each slide, the average of six fields was determined
at a magnification of 100x (Kalantar et al., 2021). Images were captured
at the pathology lab, National Research Centre, using the image analysis
system Leica QWin DW3000 (LEICA Imaging Systems Ltd., Cambridge,
England), which consists of a Leica DM-LB microscope with a JVC color
video camera attached to a computer system and processed using Adobe
Photoshop version 8.0.

2.5.8. Statistical analysis

The obtained data were subjected to a one-way ANOVA followed by
Turkey multiple post hoc tests at a level of p < 0.05 using statistical
analysis system (SAS) software. The correlation coefficient was applied
to the present data using the SPSS software package (version 9).

3. Results
3.1. Purification of lactoferrin

Defatted bovine milk was prepared by centrifugation at 10,000 rpm
for 30 min at 4 °C, and bovine skim milk was obtained by casein removal
from defatted milk after decreasing the pH of skimmed milk to 4.2 with
5.0 % acetic acid. Bovine Lf was purified from skimmed milk in three
simple steps: bovine skimmed milk was applied to a Mono S column, and
Lf was eluted at a NaCl gradient of 0.3-0.7 M (Fig. 1 A). The eluted Lf in
the third peak was confirmed by immunoassay using an anti-human
lactoferrin antibody. All fractions containing Lf were pooled, concen-
trated, and applied to the Sephacryl S100 column. Then all fractions
containing Lf were collected and applied to the heparin-sepharose col-
umn to obtain the protein with high purity. Homogeneity of the purified
Lf was visualized by 12 % SDS-PAGE and corresponded to a molecular
weight of 80 kDa for Lf (Fig. 1 B).

3.2. Green synthesis of Zn-NPs

Zinc nanoparticles (Zn-NPs) were prepared using a green approach
through the reduction of zinc acetate (ZA) salts with ascorbic acid
(vitamin C). To optimize the nanoparticles’ size and oxygen percentage,
several trials were carried out (changing vitamin C amount and pH
range) during the green synthesis of Zn-NPs. As a result, adding 0.55 g of
vitamin C with continuous stirring for 20 min and a pH of 7.0 were the
optimum conditions for Zn-NPs.

3.3. Preparation of Lf-loaded Zn-NPs

For the preparation of Lf-loaded Zn-NPs, the purified Lf was
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Fig. 1. A typical elution profile of bovine lactoferrin during purification on a Mono S column chromatography (A) with 12 % SDS-PAGE of the purified bovine
lactoferrin during purification steps (B). Lane 1, molecular mass marker; lane 2, skim bovine milk; lanes 3 and 4, the eluted fractions from the first peak of Mono S 5/
50 GL column; lane 5, the eluted Lf in the second peak of Mono S 5/50 GL column; lane 6, the eluted Lf from Sephacryl S100 column; lane 7, the eluted Lf from the

heparin-sepharose column and lane 8, purified Lf protein.

incubated at various concentrations with 0.005 mg of Zn-NPs. The re-
sults indicated that 1 mg Lf was completely bound to Zn-NPs, whereas at
higher Lf concentrations (1.2, 1.4, 1.6, 1.8, and 2 mg/mL), the binding
percentage decreased to be <86.66 %, 69.68 %, 59.05 %, 48.84 %, and
< 40.05 % (Table 1). Hence, the optimal dose (1 mg/mL) of Lf was
incubated with serial concentrations of Zn-NPs to detect the maximum
(saturated) concentration of Zn-NPs on Lf protein, where the unbound
Zn-NPs were separated through the centricon. At 0.5 mg of Zn-NPs, it
was observed that 100 % of the NPs were chelated by Lf (Table 1). As
was shown, at 1, 1.5, 2, and 2.5 mg, about 49 %, 64 %, 74 %, and 79 % of
Zn-NPs were overabundant, respectively (Table 1).

3.4. Characterization of the prepared Zn-NPs and Lf-Zn-NPs

The characteristics of the green synthesized Zn-NPs were evaluated
through a different instrumental analysis where the particle shape
indicated a globular or spherical shape of Zn-NPs, as indicated in the
SEM results (Fig. 2A and B). On the other hand, the particle sizes were
around 55.91 nm, and their zeta potentials were — 21.62 mV (Fig. 2E).
The EDX spectrum of zinc NPs confirmed the presence of an intense
signal for zinc with a low signal for oxygen (Fig. 2D) at their corre-
sponding surface energies of 8.630 keV. In Zn-NPs, EDX revealed the
presence of 96.54 % Zn and 3.46 % oxygen at 8.0 and 0.5 keV, respec-
tively. The phase identity, purity, and crystalline nature of zinc NPs were
illustrated by XRD (Fig. 2C). As demonstrated, three distinct intense
peaks with Bragg’s reflection 101, 102, and 103 correspond to zero-
valent Zn (JCPDS PDF #00-004-0831) in zinc NPs. On the other hand,
the Lf-Zn-NPs indicated a rough surface with spherical-shaped

Table 1
The binding percentages of serial concentrations of Lf to Zn-NPs and the un-
binding percentages of Zn-NPs after incubating with 1 mg Lf.

Lf (mg/ Zn-NPs binding  Total added Zn-NPs (mg) to 1 % Unbinding Zn-
mL) (%) mg/mL of Lf NPs
2 40.05 + 4.66 0.5 0+0
1.8 48.84 + 2.99 1 49.35 £ 0.65
1.6 59.05 + 3.35 1.5 64.87 + 5.13
1.4 69.68 + 3.12 2 74.62 £+ 0.475
1.2 86.66 + 1.55 2.5 79.24 £+ 0.76
1 99.01 £ 0.54 - _

All data are expressed as mean =+ standard error of the mean (SEM).

structures. The particle sizes increased to 230.8 nm, with higher nega-
tively charged surface structures (—36.85 mV) compared to those of Zn-
NPs (Fig. 2F and H).

3.5. The endotoxin determination

The concentration of the tested preparations, their OD (450 nm), and
the endotoxin (ET) concentration are presented in Fig. 3A. These results
showed that the ET is concentration-dependent; as concentration de-
creases, the ET concentration also decreases. Zn-NPs showed the highest
ET concentrations at 200 and 100 pg/mL. Lf showed the lowest ET
concentration at all tested concentrations. The combination of Zn-NPs
and Lf decreases the ET in Zn-NPs to be within the accepted range
(0.5 EU/mL). Thus, the addition of Lf could help modulate the effect and
increase the safety of used NPs.

3.6. Assaying the cytotoxicity of nanoparticles on cultured cells

The cytotoxicity of the prepared Lf-Zn-NPs was evaluated in Vero E6
cells as compared to free Zn-NPs and Lf. The results (Fig. 3B) revealed
that coating the purified Lf with the biosynthesized Zn-NPs significantly
blocked its cytotoxic effect on Vero E6 cells, compared to the uncoated
Zn-NPs. The highest CCsg values were recorded in free Lf, followed by Lf-
Zn-NPs at 1371 and 969.5 pg/mL, respectively, whereas free Zn-NPs
showed the lowest CCsq value (145.1 pg/mL). Based on MTT findings,
the tested Lf-Zn-NPs slightly impacted all normal cell viability in a
concentration-dependent manner (Fig. 3C). Furthermore, our results
indicate that the coating the purified Lf protein with Zn-NPs increased
their safety in the treated normal cell lines with ECj¢g value >100 pg/
mL. Fig. 4 confirms these trends of great safety of the prepared Lf-Zn-NPs
on the treated Vero E6 cells by capturing the changes that occurred
before and after treatment with all prepared samples at different con-
centrations using inverted phase contrast images via optical microscopy.

3.7. Internalization and cellular uptake of Lf-Zn-NPs

The cellular localization profiles of Zn-NPs, free Lf, and Lf-Zn-NPs
reflect their biodistribution and transport efficiency. This study used
flow cytometry to track the cellular absorption of NPs and protein-NP
nano-complexes in Vero E6 cells at different time intervals (Fig. 5).
This study showed that the cellular uptake of Zn-NPs and Lf-Zn-NPs is
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Fig. 2. (A and B) Representative SEM micrographs of Zn-NPs and their nano-complexes with Lf (Lf-Zn-NPs), respectively, at a magnification of 5000 X. (C) is the X-
ray diffraction charts of Zn-NPs, where (D) is its elemental analysis charts (EDS). Zetasizer-generated data for the zeta size of Zn-NPs and their nano-complexes with
Lf (E and G). Zetasizer-generated data for the zeta potential of Zn-NPs and their nano-complexes with Lf (F and H).

highly dependent on the time of incubation with cells. The fabrication of
Zn with Lf showed better cellular uptake than Lf alone. These findings
suggest that Zn-NPs facilitate and increase Lf internalization over time.

3.8. Evaluation of the activity of Lf-Zn-NPs against SARS-CoV-2

3.8.1. Invitro anti-SARS-CoV-2 assessment
The antiviral activity of Lf, Zn-NPs and Lf-Zn-NPs was assessed
against SARS-CoV-2 using the Vero E6 cells after adding different

concentrations of these compounds to the healthy cells. Viral inhibition
Efficacy for each compound were evaluated by quantification of viral
copy load in the cell supernatant using qRT-PCR. The nanofabricated Lf-
Zn-NPs exhibited a strong antiviral activity against SARS-CoV-2 rather
than the biosynthesized Zn-NPs and Lf. Fig. 6A shows that Lf, Zn-NPs
and Lf-Zn-NPs neutralized the viral particles with ICsg values of 39.97,
27.44 and 16.84 pg/mL, respectively compared to 12.37 for remdesivir.
Also, it was found that Lf, Zn-NPs and Lf-Zn-NPs were able to inhibit the
propagation of SARS-CoV-2 inside the viral-infect cells (post-infection
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Fig. 3. ECyoo and CCsq (ug/mL) and SI values of all tested Zn and Lf-Zn-NPs samples against the Vero cell line (A), where (B) is the general endotoxin (pg/mL) of the
Zn and Lf NPs at different concentrations. Cytotoxicity evaluation on Vero cells (C) at different concentrations before and after treatment with the prepared material

samples as compared to Lf. All values were expressed as mean =+ SD, n = 3.

mode) with ICsg values of 34.98, 20.93 and 13.56 pg/mL, respectively
compared to 11.24 pg/mL for remdesivir (Fig. 6B).

3.8.2. ACE2/SARS-CoV-2 spike inhibitor screening assay

An ACE2/spike inhibitor screening kit was used to detect the ability
of the tested components to inhibit the ACE2/spike interaction. To verify
the concentration-dependent rise in luminescence, a standard curve of
different concentrations of the SARS-CoV-2 spike was performed. Free
Zn-NPs were effective in blocking the binding of spike RBD to ACE2 in a
dose-dependent manner over a concentration range of 25-200 pg/mL,
revealing an estimated ICsg value of 89.73 + 1.59 pg/mL. As presented
in Fig. 7A, free Lf caused a slight and dose-dependent inhibition in the
spike-ACE2 interaction with a high ICs value of 1757 + 1.02 pg/mL.
The fabrication of Zn-NPs into Lf protein greatly enhanced the binding
activity of Lf on the spike/ACE-2 with an ICs value of 334 + 2.23 pg/
mL.

3.8.3. Cathepsin L inhibitory effect of Lf-Zn-NPs

The inhibitory effects of Lf-Zn-NPs, Zn-NPs, and free Lf on Cat L were
studied using a fluorometric inhibitor screening kit and FF-FMK as an
irreversible positive inhibitor control (1 mM). The results, presented in
Fig. 7B, showed that Lf-Zn-NPs displayed a significant inhibitory effect
against Cat L with an ICsg value of 139.6 pg/mL. On the one hand, Zn-
NPs and free Lf had higher ICs( values (326.8 + 9.818 and 188.5 +
3.731 pg/mlL, respectively) and hence a weaker inhibitory effect on Cat
L.

3.8.4. RNA-dependent RNA polymerase (RdRp) inhibition

The inhibition of RNA synthesis in SARS-CoV-2 was evaluated
through the RNA-dependent RNA polymerase commercial fluorescence
kit. The results (Table 2) revealed a significant potential for Lf-Zn-NPs to

suppress the enzymatic activity of SARS-CoV-2 RdRp, compared to Zn-
NPs and free Lf. This activity (94.57 + 7.3 %) was even more than the
remdesivir activity (91.78 & 7.45 %) at 100 pg/mL. The ICs( value of Lf-
Zn-NPs (28.29 + 2.36 pg/mL) was significantly lower than that of
remdesivir (67.52 + 5.31 pg/mL), which asserted the ability of Lf-
coated Zn-NPs to interfere and arrest viral replication at lower concen-
trations, compared to remdesivir as a standard antiviral drug and free Lf
or Zn-NPs.

3.8.5. In vivo effect of the Zn-NPs and Lf-Zn-NPs on the PF-rat model

The treatment effects of Zn-NPs and Lf-Zn-NPs on pulmonary fibrosis
were evaluated in an albino rat model upon injection with Bleomycin.
The rats were allocated to five groups, including one untreated (BLM
group) and three treated groups (Zn-NPs, free Lf, and Lf-Zn-NPs treated
groups), with one healthy group (control group) as a negative control.
The results indicated a significant drop in Hb (10.82 + 0.18 g/dL), HCT
(31.5 + 0.55 %), and RBC (4.7 + 0.32 106/pL) levels, with significant
increases in the WBC (14.33 + 2.7 103/pL), and platelet counts as a
consequence of Bleomycin intoxication (untreated group) compared to
the control group. The administration of Lf-Zn-NPs to Bleomycin-
injected rats restored the hematological parameters to near-normal
levels, as indicated in Table 3.

Furthermore, the pulmonary fibrosis-modeled animals showed a
significant and marked increase in levels of CRP (39.2 + 5.4 mg/L),
ferritin (820 + 62 ng/mL), LDH (4687 + 194 U/L), D-dimer (1.3 & 0.24
ng/mL), FN (150.4 + 7.3 ng/L), GM-CSF (241 + 29 ng/L), and TGF.p
(1015 =+ 50 ng/L) compared with the healthy group (4.5 + 1.4 mg/L,
555 + 28 ng/mlL, 2451 + 145 U/L, 0.12 £+ 0.01 ng/mL, 64.5 + 4.5 ng/L,
130 £ 15.3 ng/L, and 403 + 40 ng/L). Interestingly, Lf-Zn-NPs signifi-
cantly improved the levels of the biomarkers in the lung, which were
close to those of the control group (14.08 + 1.9 mg/L, 595 + 37 ng/mL,
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Fig. 4. Effects of BNES on morphological modifications of normal Vero cell line under phase contrast microscope. Vero E6 cells were treated with the prepared Zn-
NPs and Lf-Zn-NPs at concentrations of 0.0 mg/mL (control), 0.125 mg/mL, 0.25 mg/mL, 0.5 mg/ mL, and 1.0 mg/mL. The scale bar in all images is 500 mm.

2736 + 184 U/L, 79.3 &+ 6.4 ng/mL, 0.55 =+ 0.02 ng/L, 79.3 + 6.4 ng/L,
149 + 13 ng/L, 582 + 50 ng/L) as indicated in Fig. 8(A-G).

Moreover, rats with induced pulmonary fibrosis revealed sharp dis-
turbances in the oxidative status of lung tissues, as evidenced by the
marked drop in values of the antioxidant enzymes (GSH, SOD, CAT, and
GPx) matched with a significant increase in the oxidative biomarkers
(MDA and NO) when compared with the healthy group. Fortunately,
treatment of pulmonary fibrosis-modeled rats with Lf-Zn-NPs resulted in
a significant decompensation of the depleted lung GSH content and
upregulated the activity of lung CAT, GPx, and SOD. The Lf-Zn-NPs
successfully reduced lung MDA and NO levels when compared to the
corresponding values in the pulmonary fibrosis-modeled animal group
(Table 4). Furthermore, rats with pulmonary fibrosis had significantly
higher levels of serum pro-inflammatory cytokines, such as tumor ne-
crosis factor-alpha (TNF-a), interleukin-1 beta (IL-1), interleukin-4 (IL-
4), interleukin-6 (IL-6), and interleukin-10 (IL-10), when compared to
the control group. Injection of Lf-Zn-NPs into the pulmonary fibrosis-
modeled rats significantly alleviated these lung fibrosis deteriorations
(Fig. 9A-F).

Histopathological examination.

As shown in Fig. 10, the staining of specimens indicated the normal
structure of pulmonary parenchyma with an apparent intact alveolar
epithelium and thin interalveolar septa with no accumulation of extra-
cellular matrix (Fig. 10A). On the contrary, lung tissue of the group
exposed to BLM was severely affected with a decreased number of
alveoli, a significant thickness of alveolar septa, chronic bronchitis,

interstitial lung pneumonia, as well as marked and extensive infiltration
of lymphocytes in the alveolar wall with lymphoid aggregates, inflam-
matory cell infiltration, marked fibrosis, interstitial hemorrhage, and
dilated congested alveolar capillaries compared to the control group
(Fig. 10B and C). The BLM groups treated with Lf, Zn-NPs, or Lf-Zn-NPs
showed significant reductions in interalveolar wall thickness and
reversed most of the induced injuries with some variation, such as the
presence of scattered inflammatory cells and increased alveolar wall
thickness in the Lf-treated group (Fig. 10D), while minimal fibrosis and
increased alveolar wall thickness were observed in the Zn-NPs treated
group (Fig. 10E). The best results were obtained with Lf-Zn-NPs, which
demonstrated normal lungs (Fig. 10F). Furthermore, Table 5 shows the
scoring of fibrosis and inflammation of lung tissues; the examination
revealed that congestion, inflammation, alveolar thickness, and fibrosis
were markedly increased in the lung fibrosis-modeled-animals’ group in
comparison to the healthy or normal animals’ group. Interestingly,
treatment of lung-fibrosis-modeled-animals with Zn-NPs alone or
formulated with lactoferrin (Lf-Zn-NPs) resulted in a significant
decrease in the scoring of congestion, inflammation, alveolar thickness,
and fibrosis compared to the untreated fibrotic group. These results
indicated that the prepared Lf-Zn-NPs exhibited the highest degree of
improvement002E.

4. Discussion

There is a growing interest in the NPs’ applications as antiviral drug
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Fig. 5. Flow cytometry studies of cellular uptake of the prepared nanoparticles by viable Vero E6 cells. The cellular uptake was evaluated at different time intervals
(12, 3, and 1 h) with 100 mg/mL of Zn-NPs, Lf, and Lf-Zn-NPs conjugated to fluorescein isothiocyanate (FITC).
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Fig. 6. The antiviral activity of the Lf-Zn-NPs against SARS-CoV-2 in vitro. (A) Vero-E6 cells were infected with virus neutralized with Lf, Zn-NPs, Lf-Zn-NPs and
remdesivir at different concentrations. (B) Vero-E6 cells were infected with virus for 1 h and then exposed to with Lf, Zn-NPs and Lf-Zn-NPs at different concen-
trations (0-100 pg/mL, 2 fold) as post-infection mode. The supernatants were harvested after 48 h of treatment and the virus titre were analyzed by qRT-PCR (B). The
data are the mean + SE, at n = 3.
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activities of Zn-NPs, Lf, and Lf-Zn-NPs at four concentrations (50-500 pg/mL) against Cathepsin L (Cat L). Results are expressed as mean =+ standard error. *p < 0.05.

The data are the mean + SE, at n = 3.

Table 2
Inhibition of RdRp activity by Zn-NPs and Lf combination at different concen-
trations as compared to Remdesivir as standard antiviral drug.

Conc. pg/mL Zn-NPs Lf Lf-Zn-NPs Remdesivir
100.00 92,9 +£11.8 96.61 + 9.8 94.57 £7.3 91.78 £ 7.45
50.00 76.19 £+ 3.5 71.68 + 6.77 68.97 + 4.75 78.42 + 2.8
25.00 51.88 £7.1 58.89 + 8.4 51.47 £ 4.0 57.12+7.6
12.50 35.52 £ 4.2 41.79 £1.25 34.52 + 4.25 53.41 £9.3
6.25 25.54 £ 6.1 24.42 +£11.8 19.03 + 5.35 49.63 + 2.6
0 00 + 00 00 + 00 00 + 00 00 + 00
ICso 31.79 £ 4.6 35.88 £ 6.23 28.29 + 2.36 67.52 + 5.31
Significance b c a d

Data are expressed as mean + SD; data were subjected to one-way ANOVA
followed by post hoc (Tukey) test at p < 0.05. Within each column, means with
different superscript letters are significantly different.

Table 3

Effect of Lf-Zn-NPs on the levels of whole blood in induced pulmonary fibrosis
(PF) rats as indicated in the healthy group (control), pulmonary fibrosis-
modeled (BLM), BLM treated with Lf (BLM-Lf), BLM treated with Zn-NPs
(BLM-Zn-NPs), and BLM treated with Lf-Zn-NPs (BLM-Lf-Zn-NPs).

Hematological Control BLM BLM-Lf BLM-Zn-  BLM-Lf-
parameters NPs Zn-NPs
A
ECT
WCACAD 000 om oo o1 orr
woawan ST 1R s ei g
I A S

Data are expressed as mean + standard SD; data were subjected to one-way
ANOVA followed by post hoc (Turkey) test at p < 0.05. (*) is significantly
different from the control group; (#) is significantly different from the BLM
group.

delivery (improving solubility), due to their distinctive physical prop-
erties in addition to their ability to encapsulate various drug types [47].
Drug-loaded NPs have become one of the most promising drug formu-
lation technologies for targeted therapy due to their capacity to over-
come drug resistance with enhanced pharmacokinetics and
biodistribution. In this regard, the current study evaluated Zn-NPs’ po-
tential to facilitate the internalization of Lf and interfere with SARS-
CoV-2 infection.

First, the Lf was purified from bovine milk through several chro-
matographic steps and evaluated through SDS-PAGE. The results indi-
cated a single protein band at 80 kDa, which is in line with [48,49]. On

10

the other hand, the green Zn-NPs were successfully prepared on the
nanoscale (55.91 nm) through ascorbic acid, as confirmed by SEM re-
sults. Several studies attributed the ability of various plant extracts for
ZA reduction to Zn-NPs to their contents of ascorbic acid [50,51].
Different recipes were evaluated for the maximum formulation of the
isolated Lf protein on the Zn-NPs surfaces. One of the most important
characteristics of the NPs is their ability to accumulate protein molecules
(protein corona structure), which could be attributed to their large
surface-to-volume ratio and surface charges [52,53]. The nano-
formulation of Lf on the Zn-NPs was confirmed by measuring their hy-
drodynamic size, which was 4.13-fold higher (230.8 nm) than pristine
Zn-NPs, which could be attributed to the protein layer surrounding the
particles [28]. Additionally, the surface charge of the new nano-
formulation possessed higher negative charges (—36.85 mV) compared
to that of Zn-NPs (—21.62 mV), which supports the combination of Zn-
NPs with Lf protein [44]. The increase in negative charges on the nano-
complex reduces the aggregation tendency between Zn-NPs, which en-
hances their structure stability [27].

Additionally, coating the purified Lf into Zn-NPs surface significantly
reduced the NPs toxicity compared to free Zn-NPs. Vallhov et al., re-
ported that 3 EU/mL of endotoxin is required to trigger the cellular
immune response [54], which asserted the higher safety of the prepared
Lf-Zn-NPs in the current study. This result was in line with Nayak et al.,
[44] who revealed that the toxicity of silver-NPs was reduced after
loading with Lf. With the reported toxicity of Zn-NPs [55], the results
significantly highlighted the role of Lf in alleviating such toxicity and
increasing the Zn-NPs biocompatibility. The results indicated that the
formulation of Lf on the Zn-NPs significantly enhanced the cellular up-
take of Lf-Zn-NPs in a time-dependent process, compared to free Lf and
Zn-NPs. The nano-complex accumulation was increased over time and
maximized after 12 h, which asserted the importance of the protein
coating process for efficient NPs internalization. The mechanism behind
NPs’ cellular uptake is controversial and is usually attributed to NPs’
interaction with cellular macromolecules outside and inside cells [56].
Hence, since this interaction is already exists in the Lf-Zn complex, the
internalization rate was higher, which was also reported in the Lf-Ag
complex [44]. As an intercellular infectious agent, accumulation in-
side target cells is a main characteristic of successful antiviral drug
design [57].

The present study, was aimed to investigate the action of the bio-
synthesized Zn-NPs and the nanofabricated Lf-Zn-NPs against SARS-
CoV-2. The obtained findings revealed that Lf-Zn-NPs can display a
potential virucidal effect on SARS-CoV-2 through their direct neutrali-
zation effect or prevention of virus replication after infection. In fact,
both Zn-NPs and Lf-Zn-NPs were able to neutralize the infection of
SARS-CoV-2 upon entry into Vero E6 cells with ICs( values of 27.44 and
16.84 pg/mL, respectively. Furthermore, both Zn-NPs and Lf-Zn-NPs
exhibited a potent anti-replication activity against SARS-CoV-2 with
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Fig. 8. (A-G). Serum CRP, ferritin, D-dimer, LDH, FN, GM-CSF, and TGF.§ of control, pulmonary fibrosis, and pulmonary fibrosis-treated rats. (#) is significantly
different from the control group; (*) is significantly different from the Bleomycin group (BLM); Lf: lactoferrin; Zn-NPs: zinc nanoparticles; Lf-Zn-NPs: and lactoferrin-

coated zinc nanoparticles.

Table 4

Lung oxidant-antioxidant markers as indicated in the healthy group (control),
pulmonary fibrosis-modeled (BLM), BLM rats treated with lactoferrin (BLM-Lf),
BLM treated with Zn-NPs (BLM-Zn-NPs), and BLM treated with Lf-Zn-NPs (BLM-
Lf-Zn-NPs).

Oxidant- Control BLM BLM-Lf BLM-Zn-  BLM-Lf-
antioxidant NPs Zn-NPs
markers

o lat BT O
WoAGmovy  ae SE & si0e s
o D EME B mae o
oo e NS wEon
mup B e wme e e
CAT (U/g) A AT

Data are presented as mean =+ standard error; data were subjected to one-way
ANOVA followed by post hoc (Turkey) test at p < 0.05. (*) is significantly
different from the control group; (#) is significantly different from the Bleo-
mycin group.

ICs0 values of 20.93 and 13.56 pg/mL, respectively.

Preventing SARS-CoV-2 entry by inhibiting the binding of the virus
spike to host ACE2 is one of the approaches in drug design for the
treatment of COVID-19 [58]. The ability of Zn-NPs to inhibit the binding
between the recognition binding domain (RBD) of the SARS-CoV-2 spike
and host ACE2 receptors in a dose-dependent manner was demonstrated
in this study (ICso of 89.73 + 1.59 pg/mL), which is in line with other
studies [59,60], and could be attributed to the high affinity of Zn to
ACE2 receptors. Furthermore, Lf was reported to prevent SARS-CoV-2
entry into host cells through binding of its N-terminal to Heparan Sul-
fate Proteoglycans (HSPGs), which is a major viral-binding receptor
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[18,61,62], which could elucidate the lower ACE2 inhibition activity of
the Lf-Zn complex (ICsp of 334 + 2.23 pg/mL) compared to free Zn-NPs.
On the other hand, the results indicated a significant inhibitory effect of
Lf-Zn-NPs against Cat L (ICsp of 139.6 pg/mL) compared to Zn-NPs and
free Lf. Cat L is a viral protease that facilitates the cleavage of the viral
spike glycoprotein’s S1 component to inject the viral RNA inside the host
cells for subsequent replication [63,64]. Several studies reported the
ability of Lf to target Cat L activity, especially through the carboxyl-
terminal lobe of the intact Lf structure [65,66]. Furthermore, the
RdRp proteins are well-known targets for antiviral drugs in most RNA
viruses, with several antiviral drugs already in clinical trials [67]. The
results asserted the ability of Lf-coated Zn-NPs to interfere with and
arrest viral replication by suppressing the enzymatic activity of SARS-
CoV-2 RdRp at lower concentrations compared to remdesivir as a
standard antiviral drug and free Lf or Zn-NPs.

PF is a deadly and progressive lung disorder that is a main charac-
teristic of severe COVID infection [68]. However, a few drugs are
available for PF treatment, and even with limited efficiency [69]. Hence,
the current study evaluated the Lf-Zn-NPs’ ability to prevent or alleviate
the PF progress in the Bleomycin-induced PF-modeled rats. In the BLM-
untreated group, the results indicated significant deteriorations in all
hematological measurements (reduced RBCs and HCT levels, with an
increase of WBCs, and platelets count) leading to a condition of
hypochromic-microcytic anemia that resulted in a dependent degree of
tissue hypoxia, especially heart and brain tissues, which is in line with
other studies [70,71]. BLM directly binds with Fe*2, thereby causing
iron deficiency and anemia, whereas it indirectly activates the produc-
tion of reactive oxygen species (ROS). The BLM-Fe complex can bind to
the DNA helix and initiate membrane lipid peroxidation [72]. Lf is a
glycoprotein that binds to two iron ions with high affinity and increases
iron absorption by intestinal cells, where it is released from Lf and
transported to circulation via transferrin [73].

In the present study, BLM administration significantly increased the
CRP, ferritin, D-dimer, LDH, FN, GM-CSF, and TGF.p; this result is in
accordance with other studies [74]. The TGF-f is the master regulator of
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Fig. 9. (A-F). Serum TNF-q, IL-1, IL-4, IL-6, IL-10, and CD4+ of control, pulmonary fibrosis, and pulmonary fibrosis-treated rats. (#) is significantly different from
control group; (*) is significantly different from Bleomycin group; Lf: lactoferrin; Zn-NPs: zinc nanoparticles; Lf-Zn-NPs: lactoferrin-coated zinc nanoparticles;

BLM: Bleomycin.

fibrosis and is shown to be upregulated in the lung during fibrosis [75].
The results showed that lactoferrin, Zn-NPs, or Lf-Zn-NPs cause a pro-
tective effect against lung fibrosis by both inhibiting TGF-p production
and modulating the critical fibrogenic pathways downstream of TGF-p.
The BLM-induced PF group revealed significant increases in oxidative
potential (MDA and NO) with a significant reduction in the antioxidant
enzymes compared to the control group, which agrees with previous
results, demonstrating that BLM induces pulmonary injury via oxidative
stress [76]. Several studies in humans and animals have revealed that
hyperoxia and ROS adversely alter innate immunity and increase the
risk of pneumonia [77,78]. In association, the overproduction of NO has
been demonstrated to play a key role in the induction of pulmonary
fibrosis in animal models and humans [79]. Treatment with BLM also
increased (TNF-o), IL-1p, IL-4, IL-6, and IL-10, matched with a signifi-
cant decrease in CD4+, reliable markers of inflammation in pulmonary
fibrosis. The therapeutic effects of Lf, Zn-NPs, or Lf-Zn-NPs against BLM-
induced pulmonary fibrosis could be due to their antioxidative, anti-
inflammatory, immunomodulatory, and anti-apoptotic properties. Lac-
toferrin, an iron-binding protein of the transferrin family with a high
affinity for iron, inhibits ROS overproduction due to its iron-binding
capacity, as iron promotes hydroxyl radical formation and lipid oxida-
tion during inflammation [80-82]. The anti-inflammatory effect of Lf
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NPs is mainly attributed to its significant role in the induction of anti-
inflammatory cytokines interleukin (IL)-4, (IL)-6, and IL-10 and re-
ductions in the pro-inflammatory cytokines tumor’s necrosis factor-o
and IL-1p by suppressing the NF-xB signaling pathway [83]. Also, Lf-
loaded NPs have been reported to promote the macrophage shift from
an inflammatory to a tolerogenic phenotype, which is key for tissue
homeostasis [84]. In addition, Lf NPs can reduce oxidative stress-
induced apoptosis by decreasing the intracellular levels of ROS [85].
Moreover, Lf NPs antioxidant activity is most likely related to its iron-
scavenging ability and inhibition of iron-catalyzed ROS formation
[81,82]. Furthermore, Lf NPs enhance the proliferation, differentiation,
maturation, migration, and function of immune cells [86]. The
biochemical results are confirmed by the histopathological examination,
which proved that BLM causes PF-marked alveolar wall thickness,
fibrosis, inflammatory cells, and lymphoid aggregates. Also, the lung
interstitium is disturbed with areas of hemorrhage, which is supported
by another previous study [70]. The pathological importance of oxida-
tive stress and ROS in BLM has been highlighted by previous studies
[87], by targeting macromolecules, leading to higher rates of lipid
peroxidation [87]. Lf, Zn-NPs, or Lf-Zn-NPs treatment effectively alle-
viated the BLM-induced pulmonary fibrosis histopathological changes;
the pharmacological potential of LFNPs against various pathological
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Fig. 10. Photomicrographs of lung tissue revealing the normal control group (A). The BLM-treated group (B and C) showed marked alveolar wall thickness, fibrosis,
inflammatory cells, and lymphoid aggregates, also the lung interstitium is disturbed with areas of hemorrhage. The lactoferrin-treated + BLM animals (D) showed
normal lung structure with increased alveolar wall thickness and scattered inflammatory cells. The Zn-NPs-treated + BLM animals (E) revealed normal lung structure
with increased alveolar wall thickness and scattered inflammatory cells and minimal fibrosis. The Lf-Zn-NPs-treated + BLM group (F) revealed normal lung structure.
White arrow: the thickness of the alveolar wall. Black arrow: inflammation. Red arrow: fibrosis. Star: hemorrhage (H&E x100).

Table 5
Scoring of fibrosis and inflammation of lung tissues in treated pulmonary-
fibrosis modeled animal groups as compared to control animals.

Control BLM BLM-Lf BLM-Zn-  BLM-Lf-
NPs Zn-NPs
Congestion 0.16 + 2.83 + 0.66 0.83 &+ 0.33 +
0.018 0.18* 0.22% 0.18% 0.18%
Inflammation 0.16 + 2.83 + 0.66 + 1.5+ 0.2 +
0.018 0.18* 0.36" 0.22% 0.22%
Alveolar 0.0+ 0.0 3.0+ 0.66 + 1.0 + 0.0 +
thickness 0.0* 0.22% 0.78% 0.0%
Fibrosis 00+0.0 28+ 0.66 + 0.83 + 0.0 +
0.18* 0.22% 0.38% 0.0*

Data are presented as mean + standard error; data were subjected to a one-way
ANOVA followed by post hoc (Turkey) test at p < 0.05. (*) is significantly
different from control group; (#) is significantly different from BLM group; Lf:
lactoferrin; Zn-NPs: zinc nanoparticles; Lf-Zn-NPs: lactoferrin-coated zinc
nanoparticles; BLM: Bleomycin.

conditions, including oxidative stress, inflammation, fibrosis, ER stress,
autophagy dysfunction, and mitochondrial dysfunction.

5. Conclusion

In the current study, Zn-NPs were synthesized by ascorbic acid in a
green approach and coated into the purified lactoferrin (Lf-Zn-NPs) for
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using as a potential antiviral drug against SARS-CoV-2 and antifibrotic
agents to alleviate pulmonary fibrosis in rats. The formation of NPs was
confirmed through instrumental analysis, revealing Zn-NPs in the range
of 55.91 nm with a Zeta-potential of —21.62 mV, which proved the
applicability of ascorbic acid as a potent reducer for Zn-NPs preparation.
Additionally, nanofabrication of the purified Lf with Zn-NPs was also
confirmed by increasing their particle size with lower zeta-potentials
(230.8 nm and —36.85 mV, respectively). The in vitro studies revealed
the significant impact of Lf-Zn-NPs accumulation in target cells with
lower endotoxin properties, which pave the way for safer application of
Lf-Zn-NPs. The Lf-Zn-NPs revealed significant in vitro antiviral activity
against SARS-CoV-2 by interfering with viral entry by binding to the
ACE2 receptor and inactivating viral replication through the inactiva-
tion of RdRp. Furthermore, Lf-Zn-NPs revealed significant in vivo po-
tential to alleviate the Bleomycin-induced pulmonary fibrosis (PF) in
White albino rats by reducing the generated oxidative stress and over-
expressed inflammatory and modulatory cytokines, which proves the
applicability of Lf-Zn-NPs for prophylactic and acute-infection treatment
of COVID-19 infections. Therefore, this study provided evidence that the
anti-viral treatment feature of Lf-Zn-NPs may offer a novel alternative
therapy for the treatment of PF through enhancement of the apoptosis
pathway, improvement of the immune response, reduction of inflam-
mation, and restoration of impaired oxidative stress.
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