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Pharmaceutical wastewater contamination via azithromycin antibiotic and the continuous emergence
of some strains of bacteria, cancer, and the Covid-19 virus. Azithromycin wastewater treatment

using the biosynthesized Hematite nanoparticles (a-HNPs) and the biocompatible activities of the
resulted nanosystem were reported. Biofabrication of a-HNPs using Echinacea purpurea liquid extract
as a previously reported approach was implemented. An evaluation of the adsorption technique

via the biofabricated a-HNPs for the removal of the Azr drug contaminant from the pharmaceutical
wastewater was conducted. Adsorption isotherm, kinetics, and thermodynamic parameters of the
Azr on the a-HNPs surface have been investigated as a batch mode of equilibrium experiments.
Antibacterial, anticancer, and antiviral activities were conducted as Azr@a-HNPs. The optimum
conditions for the adsorption study were conducted as solution pH=10, 150 mg dose of a-HNPs, and
Azr concentration 400 mg/L at 293 K. The most fitted isothermal model was described according to
the Langmuir model at adsorption capacity 114.05 mg/g in a pseudo-second-order kinetic mechanistic
at R20.9999. Thermodynamic study manifested that the adsorption behavior is a spontaneous
endothermic chemisorption process. Subsequently, studying the biocompatible applications of the
Azr@oa-HNPs. Azr@a-HNPs antibacterial activity revealed a synergistic effect in the case of Gram-
positive more than Gram-negative bacteria. IC5, of Azr@a-HNPs cytotoxicity against MCF7, HepG2,
and HCT116 cell lines was investigated and it was found to be 78.1, 81.7, and 93.4 pg/mL respectively.
As the first investigation of the antiviral use of Azr@a-HNPs against SARS-CoV-2, it was achieved a
safety therapeutic index equal to 25.4 revealing a promising antiviral activity. An admirable impact

of the use of the biosynthesized a-HNPs and its removal nanosystem product Azr@a-HNPs was
manifested and it may be used soon as a platform of the drug delivery nanosystem for the biomedical

applications.

Abbreviations

a-HNPs Biofabricated alpha hematite nanoparticles

Azr Azithromycin

Azr@a-HNPs  Adsorbed azithromycin at the surface of the biofabricated alpha hematite nanoparticles
Cfx Cefixime

NPs Nanoparticles

1Department of Chemistry, Faculty of Science, Al-Azhar University, Assiut Branch, Assiut 71524,
Egypt. 2Department of Chemistry, Faculty of Science, New Valley University, El-Kharja 72511, Egypt. 3Department
of Botany and Microbiology, Faculty of Science, New Valley University, El-Kharja 72511, Egypt. “Department
of Biology, College of Science, Sultan Qaboos University, Muscat 123, Oman. ""email: mostafa.faroukl5@
azhar.edu.eg

Scientific Reports|  (2022) 12:10970 | https://doi.org/10.1038/s41598-022-14997-y nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-022-14997-y&domain=pdf

www.nature.com/scientificreports/

MTT Colorimetric assay for measuring cell metabolic activity
Mcf-7 Human breast carcinoma cells

HepG2 Human liver hepatoma carcinoma cells

HCT116 Human colorectal carcinoma cells

ICs, Half maximal inhibitory concentration

CCy, Half-maximal cytotoxic concentration

FT-IR Fourier-transform infrared spectroscopy

O0.D Optical density

HPLC High performance liquid chromatography
SARS-CoV-2  Severe acute respiratory syndrome coronavirus 2
COVID-19 Coronavirus disease pandemic

pH,, Zero-point charge

B. subtilis Bacillus subtilis

S. aureus Staphylococcus aureus

E. coli Escherichia coli

P aeruginosa  Pseudomonas aeruginosa

TI Therapeutic index

M; Saturation magnetization

TEM Transmission electron microscopy

SEM Scanning electron microscopy

EDX Energy dispersive X-ray

FDA The United States Food and Drug Administration

Recently, the world is witnessing great development and a faster race in the fields of pharmaceutical industries.
This is evident in the circumstances of the emerging coronavirus and different cancer diseases. These difficult
circumstances demonstrated the strength of the solidarity and complementarity of the various sciences in sci-
entific research to find a safe way out in light of this global crisis. Several studies have been shown investigating
a solution to this pandemic the dual role and the great efficacy of many antibiotic drugs'~’. Recent studies have
shown the effectiveness of some antibiotics from the macrolide family, such as azithromycin (Azr)*®%, and the
cephalosporin family, such as ceftriaxone and cefixime (Cfx)*™*%, for use as an antidote to some cancerous and
viral diseases. From this standpoint, we would like to draw attention to the fact that this effect could be multiplied
when it is integrated and installed or biocompatible via nano-drug-delivery to make the most of the involvement
of the carriers at the nanoscale”?. Also, nanomaterials have received wide attention in recent studies in enter-
ing the racetrack as an alternative, fast, effective, and safe drug to overcome these new diseases that harm the
survival of the human race. This associated significance according to their unique physicochemical as particle
size, shape, surface area, and surface potential”'*.

The world has witnessed the widespread use of macrolide and cephalosporin antibiotic medicines; con-
sequently, large quantities of the production are required for these drug products to meet urgent needs. This
large-scale use has contributed to increasing pollution of the aquatic environment from the wastewater of the
pharmaceutical factories and hospitals. The high excessive consumption of these antibiotics may lead to necrosis
of the renal tubules”".

Azr is a member of the macrolide antibiotics, semi-synthetic, and is derived from erythromycin Fig. 1. Azr
is extremely lipophilic with limited antibiotic water solubility and a fairly weak oral bioavailability of 37% after
ingestion'®!’,

Azr is used to treat multiple and diverse diseases of the bacteria, such as Gram-positive and Gram-negative
microorganisms. Nitrogen atom involvement in the ring causes major improvements in the Azr pharmacokinet-
ics, microbiological, and chemical properties. It is available in different oral dosage forms; powder for infusion
solution, oral suspension powder, tablet, and capsules'®.

Azr can be removed using several physicochemical methods or techniques such as the photocatalytic degrada-
tion process”'®%, and advanced oxidation with the ozonation process**2. Adsorption is easy to perform in these
processes, it has cost-effective, high performance, and poses no risk of highly toxic by-products. It can also be
considered one of the safest and most effective strategies for removing antibiotics from aqueous environments®.
In the removal of Azr from aqueous solutions, various adsorbents have been widely used at the nanoscale?®-2,

In the purification of water, metal oxide nanoparticles are mostly used as filters or may be mixed into a poly-
mer matrix. Such represents ceramic materials enhance the isolation and the microstructure of the polymeric
membrane*»*¥-3%, The desirable characteristics of iron oxide nanoparticles such as high surface area, strong
adsorption capacity to organic pollutants, and more specifically, the ability to magnetize; all these characteristics
have recently given iron oxide nanoparticles much attention”!.

The present approach assesses the removal and remediation of the Azr antibiotic via adsorption technology
using nano-bioadsorbents. According to our literature survey, this research could be the first study that utilized
the removal of the Azr contaminant from the aquatic environment using the biofabricated Hematite nanopar-
ticles (a-HNPs).

The importance of the current research lies in the optimal use of a-HNPs in terms of their quadruple use;
firstly, as a bio-adsorbent used to get rid of traces of the Azr antibiotic found in the wastewater of pharmaceutical
factories. Secondly, the use of the Azr@a-HNPs as an antibacterial vehicle against Gram-positive and Gram-
negative bacteria. Thirdly, the synergetic comparative efficacy of the combination of Azr@a-HNPs against the
use of a-HNPs alone as anticancer. Finally, utilization of the combination of Azr@a-HNPs as nano-drug-delivery
in studying its effectiveness in confrontation with the Coronavirus as an antiviral.
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Figure 1. Structure of Azithromycin (Cs;sH;,N,0O,,, molecular mass 748.996 g/mol).

Materials and methods

Chemicals and reagents. All chemicals used in the current work were analytical grade. Azr standard
(C3gH,N,0,; molecular mass 748.996 g/mol; purity 98.4%; Century pharmaceuticals LTD., India), potassium
dihydrogen phosphate, sodium hydroxide (Scharlau, Spain), hydrochloric acid; purity 37%, acetonitrile, and
methanol HPLC grade from (Merck, UK). Phosphate buffer pH 8.0 was prepared by mixing 100 mL of 0.2 M
potassium dihydrogen phosphate and 93.6 mL of sodium hydroxide 0.2 M, then diluted to 1000 mL with deion-
ized water.

Methods. Instrumentation. Most of the characterizations and analyses were conducted at the Central Lab-
oratory for Microanalysis and Nanotechnology, Minia University, Egypt. The a-HNPs and Azr@a-HNPs were
characterized via several instrumental analysis tools starting with the use of the digital balance of 5 digits [CX
265] (Citizen, India), and Eppendorf Centrifuge [5425] (Life science, Germany). FT-IR analysis was recorded
on [Nicolet iS10 FT-IR spectrometer] (Thermo Fisher, USA) in a wavenumber range of 4000-400 cm™! using
an ATR module. The morphology of the a-HNPs and Azr@a-HNPs were investigated using scanning electron
microscopy [SEM; JSM IT 200] (JEOL, Japan) and transmission electron microscopy [TEM; JEM-100C XII)]
(JEOL, Japan), pH-meter [SevenMulti] (Mettler Toledo, Switzerland). Azr quantitative analysis was determined
using the LC-20A HPLC instrument with the PDA (Shimadzu, Japan). The method was performed on the re-
versed-phase column ODS-3 (250 mm X 4.6 mm x 5 pm) (Thermo Scientific, USA).

Bioadsorbent preparation and characterization. The as-biofabricated a-HNPs were prepared and characterized
using various instrumental techniques as in our previously reported green biosynthesis approaches”?.

Batch adsorption mode experiments. ~ As a general operating procedure, the para-film was used as a preventive
action to avoid the adsorbate evaporation during the adsorption process. All tests were performed at least in
triplicates with a relative standard deviation of less than 3 percent to assure the repeatability, robustness, and
ruggedness of the implemented adsorption process according to the validation guidelines®*=*¢. The test after
adsorption was filtered through a nylon filter paper 0.45 pm pore size using the Buckner filtration system, then
a further filtration was conducted using a syringe filter of 0.2 pm before introduction to the HPLC instrument.
Initial and final concentrations of Azr liquid adsorbate were estimated using the previously validated HPLC
method as reported by Al-Hakkani®.

Interactive effect of the change in solution pH. The adsorption experiment was conducted firstly to achieve the
most convenient pH circumstances to get out the highest removal percentage of Azr according to the following
equations®:

ge = (Co — Co)xV / m. (1)

q. is adsorbed amount of Azr (mg/g); C, is the initial concentration of Azr (mg/L); C, represents the equilib-
rium concentration of Azr (mg/L); V is the volume of the Azr (L); m is the a-HNPs mass (g).

Adsorption (%) = (Cp — C.) /Cp x 100. )
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The pH study was conducted at different values in the range (2.0-10.0) of pH for Azr solutions maintaining
other of the reaction conditions fixed at 293 K, 50 mL of Azr concentration 100 mg/L in Erlenmeyer flasks, 50 mg
of a-HNPs through at 300 min with constant stirring at 500 rpm. The adjustment of solution pH was achieved
using 0.1 M HCl or 0.1 M NaOH to reach the desired pH of the solution.

Adsorbent dose effect. The adsorption process was investigated to achieve the best result of the adsorbate
removal at different adsorbent masses of the a-HNPs in the range of 50-200 mg with fixing the rest adsorption
process parameters at 293 K, 50 mL of Azr concentration 100 mg/L at pH solution 10, and full time 300 min with
constant stirring at 500 rpm.

Isothermal models study and adsorbate concentration effect. Different concentrations of 100 mL Azr (100-
1000) mg/L at pH 10, 150 mg mass of a-HNPs as adsorbent through a full reaction time of 300 min with con-
stant stirring at 500 rpm, and the temperature at 293 K was being investigated to determine the ideal convenient
isothermal model of the adsorption process.

In trying to understand the relationship between adsorbate/adsorbent, four different isothermal models were
studied using Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich (D-R) isothermal models. Also, the
best and most accurate, suitable model for assessing the adsorption process for Azr adsorption on the a-HNP
surfaces was investigated as the following equations:

Langmuir model’”:

Ce/qe = (1/qiKy) + (1/q1)Ce, (3)

R, = 1/ (1 + K1 Ciax)- (4)

q. is the monolayer adsorption capacity of a-HNPs (mg/g); K; represents Langmuir energy of adsorption con-
stant (L/mg); Ry is the separation factor; C,,, acts as the highest initial Azr concentration in the solution (mg/L).
Freundlich model*:

log q. = log Kp + (1/n) log C,. (5)

K represents the Freundlich adsorption capacity of a-HNPs (mg/g); n is the Freundlich constant character-
istics of the system, indicating the adsorption intensity.
Temkin model®:

ge = BrinAr + BrinC,, (6)

br = RT/ Br. (7)

Ay is the binding constant (L/mg) and it was related to the maximum binding energy; By is Temkin adsorption
constant (KJ/mol) that is related to the sorption heat; R represents the gas constant (8.314 J/mol K); T expresses
the absolute temperature at 298 K; by is the adsorption process constant.

Dubinin-Radushkevich (D-R) model?®:

Ing. = In qm—ﬁez, )
e = RT(1+ 1/C,), 9)
Ep= (=287 "2 (10)

q, is the D-R adsorption capacity of a-HNPs (mg/g); § represents the mean free energy parameter (mol?/
KJ?); € acts as the Polanyi potential; E;, parameter determines the adsorption energy per molecule of the Azr
when it is transferred to the surface of the solid a-HNPs from infinity in the solution (kJ/mol).

Thermodynamic and kinetic studies. Temperature and contact time dependence effects for thermodynamic
and kinetic studies also were to be evaluated. Studies were proceeded at different temperatures in the range
293-323 K and investigated according to thermodynamics equations as follows:

AG = —RTInkK,, (11)
InK, = — AG/RT = — (AH/RT) + (AS/R), (12)
Kc = ads/ Ce- (13)

AG determines the free energy change (J/mol); R is gas constant (8.314 J/mol K); T represents the absolute
temperature (K); K. describes the thermodynamic equilibrium constant; AH determines the enthalpy change
(J/mol); AS represents the entropy change (J/mol K); C_4, acts the concentration (mg/L) of the adsorbed Azr.

The time intervals range was studied between 2 and 300 min with reserving other of the reaction conditions
constant and initial Azr concentration of 400 mg/L. Four different kinetic models were being applied for the
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investigation the analysis of the kinetic data to find the best convenient fitted model for describing the kinetic
mechanism of the Azr adsorption onto the surfaces of the a-HNPs.

The adsorption efficiency %, isothermal, kinetics, and thermodynamics parameters of each study were being
evaluated and investigated according to the equation lists as the following equations:

Pseudo-first-order model is by the Lagergren model*:

log(ge — q1) = log ge— (K1/2.303) t. (14)
Pseudo-second-order by McKay and Ho model*!:
(t/q:) = 1/ (Kog7) + (1/q.) t. (15)
Elovich model?:
qe = (1/B) (Inap) + (1/B) In (9). (16)

Weber’s and Moris’s/intraparticle diffusion model**:

g = C + K ()2 (17)

C. is the equilibrium concentration (mg/L) of the remained Azr in solution after the adsorption process; q.
represents the amount of Azr contaminant adsorbed by a-HNPs (mg/g) at equilibrium; g, represents the amount
of Azr adsorbed by a-HNPs (mg/g) at predetermined time interval t; K; describes the rate constant of pseudo-
first-order adsorption process (min™'); t is the time interval (min); K, describes the rate constant of pseudo-
second-order adsorption process (g/mg min); « acts as the initial sorption rate constant (mg/g min); P acts as
the constant related to surface coverage and the activation energy for chemisorption (g/mg); K;, describes the
intraparticle rate constant (mg/g min'?); higher values of K, reflect an enhancement in the adsorption rate of
Azr onto the a-HNPs surface; C is the value gives information about the boundary thickness, as the larger the
intercept, the greater is the boundary layer effect.

Regeneration of the adsorbent. Regeneration of the adsorbent is an important parameter in the adsorption
process applications. The study was evaluated using 100 mg of the a-HNPs that resulted after the adsorption
process. The regeneration step was proceeded using 200 mL of anhydrous ethanol at solution pH 2.0 for 12 h at
100 °C with constant stirring at 1500 rpm under the reflux system. Subsequently, it was filtered and dried in the
oven at 150 °C overnight. The re-adsorption process was tested after generation to assess regeneration efficiency.

Azr-wastewater purification approach. The sample was collected from the pharmaceutical wastewater of
production machine rinse from a pharmaceutical industrial factory in (Cairo, Egypt). Initially and before the
adsorption process application, the physicochemical parameters as solution pH, conductivity, total dissolved
solids (TDS), and HPLC assay were analyzed. For the adsorption test, in a 100 mL beaker; a 25 mL of real phar-
maceutical wastewater samples that were previously filtered through a nylon membrane filter of 0.45 pm, the
a-HNPs were added to get a concentration of 8.0 mg/mL with continuous stirring for 12 h at 500 rpm and tem-
perature at 313 K. Consequently, the sample was filtered using nylon filter paper in 0.45 pum, then an additional
filtration step was performed using syringe filter 0.2 pm before introduction to the HPLC instrumental system
for analysis.

Zero-point charge (pH,,.) of Azr@a-HNPs.  The zero-point charge is known as the pH solution where a neutrally
charged nature of the surface of a-HNPs. The used pH drift method could be derived as previously reported by
Al-Hakkani et al.?®. The zero-point charge could be estimated using the intersection of the curve between the
initial and final pH solution of the standard and test solution that contains Azr@a-HNPs.

The fraction conversion relationship between the pH value and its mV value could be calculated as the fol-
lowing equations:

FractionpH = 7.00 — (estimatedezpc), (18)

mV = FractionpH x 57.14. (19)

Antibacterial activity. The antibacterial activity of the Azr@a-HNPs was conducted against four bacterial
strains; Bacillus subtilis (B. subtilis) & Staphylococcus aureus (S. aureus) as Gram-positive bacteria and Escheri-
chia coli (E. coli) & Pseudomonas aeruginosa (P. aeruginosa) as Gram-negative bacteria. The bacterial species
were obtained from the Microbiology lab, Faculty of Science, New Valley University, El-kharga, Egypt. The test
activity was conducted as the previously reported approaches” using Azr (200 pg/mL) as a positive control,
while Azr@a-HNPs were added into the wells at two different concentrations (50 and 200 ug/mL). The incuba-
tion at 30 °C for 24 h for plates was conducted. The inhibition zones were investigated in mm and recorded.

Anticancer activity. MCF7, HepG2, and HCT116 were supplied by Science way company that purchased from
the ATCC and Asterand. MTT assay test was conducted to evaluate the cell proliferation as reported in the pre-
vious literature via Al-Hakkani et al.”?’. Cytotoxicity and viability profiles using the as-bioengineered Azr@a-
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HNPs were conducted in the range of concentration (31.25-1000 pg/mL) against three different cell lines (MCF?7,
HepG2, and HCT116). The viability (%) and cytotoxicity (%) could be calculated using the following equations:

Viability (%) = 100 — [(Control O.D — Test O.D)/ Control O.D x 100], (20)

Cytotoxicity (%) = 100 — Viability (%). (21)

Antiviralactivity. Mode ofaction against SARS-CoV-2 “Mechanism of virusinhibition via Azr@a-HNPs”.  Pos-
sible mechanism of hCoV-19/Egypt/NRC-03/2020 (Accession Number on GSAID: EPI_ISL_430820) virus inhi-
bition by the Azr@a-HNPs was studied at three different levels as follows:

1. Viral replication

The assay was implemented in a 6 well plate where Vero E6 cells were cultivated as (10° cells/mL) for 24 h
at 37 °C. Virus was diluted to give 10° PFU/well and applied directly to the cells and incubated at 37 °C for 1 h.
Unabsorbed viral particles were removed by washing cells three successive times using supplements free-medium.
Azr@a-HNPs were applied at different concentrations in the range (31.2-250 ug/mL). After 1 h contact time,
3 mL of DMEM medium supplemented with 2.0% agarose was added to the cell monolayer. Plates were left to
solidify and incubated at 37 °C till the appearance of viral plaques. Cell monolayers were fixed in 10.0% formalin
solution for 2 h, and they were stained with crystal violet. Control wells were included additionally Vero E6 cells
were incubated with the virus and finally, plaques were counted. The reduction percentage in plaques formation
and the viability percentage in comparison to control wells could be calculated as the following:

Inhibition (%) = (Plaques inviral control — Plaquesin teste) /Plaques in viral control x 100,  (22)

Cytotoxicity (%) = (Control cells absorbance — Test cells absorbance) /Control cells absorbance x 100,
(23)
Viability (%) = 100 — Cytotoxicity (%). (24)

2. Viral Adsorption

VeroE6 cells were cultivated in a 6 well plate (10° cells/mL) for 24 h at 37 °C. Azr@a-HNPs were applied at
different concentrations in the range (31.2-250 ug/mL) of 200 pL medium without supplements and co-incubated
with the cells at 4 °C for 2 h. Unabsorbed Azr@a-HNPs were removed by washing cells three successive times
with supplements free-medium. Then virus was diluted to give 10° PFU/well and co-incubated with the pretreated
cells for 1 h followed by adding 3 mL DMEM supplemented with 2% agarose. Plates were left to solidify and then
incubated at 37 °C to allow the formation of the viral plaques, fixed and stained as mentioned in viral replication
mode. The reduction percentage in plaques formation was calculated as Eq. (22) in comparison to control wells
where untreated cells were directly infected with the virus.

3. Virucidal

The assay was conducted in a 6-well plate where VeroE6 cells were cultivated (10° cells/mL) for 24 h at 37 °C.
A volume of 200 uL serum-free DMEM containing 10° PFU/well. The virus was added to the concentrations of
Azr@a-HNPs in the range (of 31.2-250 pug/mL). After 1 h incubation, the mixture was diluted using serum-free
medium 3 times each tenfold still allowing the existence of viral particles to grow on cells. Then a volume of
100 pL of each dilution was added to the cell monolayer. After 1 h contact time, DMEM overlayer was added to
cell monolayer. Plates were left to solidify and then incubated at 37 °C to allow the formation of viral plaques,
fixed and stained as previously mentioned. The percentage of the reduction in plaques formation in comparison
to control wells was calculated according to Eq. (22).

Results and dissection

Interactive effect of solution pH change on the adsorption process. The pH of the adsorbate solu-
tion has a strong impact on the adsorption process which directly affects the adsorbate solubility and dissocia-
tion facilitating the interactive relationship with the adsorbent®. Azr pKa equals about 8.5; this means, at a pH
of 8.5 of Azr; 50% is ionized and 50% is unionized*’. At lower pH solutions 2.0-4.0 the adsorption removal
process was low which started from 20.8% and slightly increase, reaching 22.2% of Azr removal within adsorp-
tion capacity alteration from 20.8 to 22.2 mg/g. This means that at this pH range the removal efficiency is not
pH-dependent which is agreed with previously reported work by Siavash et al.?® which may be attributed to
electrostatic repulsion force between the Azr and a-HNPs surface. An observable increment in the removal %
of the Azr with about 13% at solution pH 6.0 corresponded to an adsorption capacity of 34.6 mg/g. Moreover,
the electrostatic attraction force between the Azr drug and the a-HNPs surface was progressively raised to the
highest level of pH adsorption greater than 8.0. This behavior was realized in the current study, especially at pH
10.0 where the removal % near about 79% with an adsorption capacity of 78.8 mg/g.
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Figure 2. (A) Azithromycin adsorption capacity against its equilibrium concentration. (B) Azithromycin
adsorption removal (%) against its initial concentration.

Also, the Azr increasing trend from pH 6.0-10.0 may be assigned to the pH (zero-point charge) of the
a-HNPs which is lower than the pKa of Azr. pH (zero-point charge) of a-HNPs was found to be 5.2 as previously
determined® so, at lower pH of 5.2; the surface of a-HNPs will be protonated and become positively charged
in nature. On the other hand, at pH higher than 5.2; deprotonation of the surface of a-HNPs became negatively
charged so, more electrostatic attraction force will be obtained between Azr molecules and the a-HNPs surface?.

Another assumption may be considered for the interpretation of the adsorption process between a-HNPs
and Azr that results from the molecular structure of the Azr as shown in Fig. 1. There is anybody cannot deny
the probable interaction that could be occurred through n-m interaction or m—m stacking (like benzene rings
or carbonyl groups) between the functional groups that could be present on the adsorbent surface during the
biosynthesis of the a-HNPs and the Azr*%. Also, hydrogen bonding may be formed especially since the Azr
contains many hydroxyl groups.

Adsorbent dose effect. The adsorbent mass effect manifested a significant influence against the removal
of Azr by a-HNPs that displayed an improved adsorption potent of the Azr by raising the dosage of adsorbent
a-HNPs to 150 mg. This increase may be due to the higher surface areas of the a-HNPs 28.01 g/m? which gener-
ated a large number of available active sites for the adsorption system®.

The adhesion trapping locations on the adsorbent surface were also limited and not large enough to realize
the high adsorption of the Azr when the adsorbent mass was low, so the adsorption performance was underprivi-
leged. The rise in the total mass dose of a-HNPs contributes to an improvement in the increase of the active sites
for the Azr adhesion which indicated that more of the Azr was adsorbed on the surfaces of a-HNPs. Any mass
increase beyond 150 mg of the adsorbent was followed by a small increase in the removal capacity as revealed,
where the removal % trend was 78.8% — 86.1% — 90.5% — 91.6% of the adsorbent mass effect 50 mg— 100 m
g— 150 mg— 200 mg respectively.

Isothermal models study and adsorbate concentration effect. Figure 2A revealed an improvement
in the adsorption potential of a-HNPs for the Azr at different concentrations. The adsorption capacity plateau
manifested an observable change increase from 30.2 to 104.0 mg/g at the concentration of Azr from 100 to
400 mg/L. Subsequently, relative stability with a minimum slight increase in the adsorption capacity was dem-
onstrated from 104.0 to 110.0 mg/g against Azr’ initial concentration of 400-1000 mg/L.

The unexpected drop in the percentage of Azr removal occurred after the third point 400 mg/L concentration
Fig. 2B where the removal percent behavior, decreased to 90.46% — 85.03% — 78.03% — 40.96% —> 33.01%. This
means the most convenient concentration of the adsorbate that can be used was 400 mg/L.
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Isothermal models

Item Langmuir | Freundlich | Temkin D-R

R? 0.9992 0.8278 0.8645 0.8437
q.=114.05 |n=35 Ar=0814 | q,=96.2

Model parameter k;, =0.045 1/n=0.288 | B;=18.8 B=-2.04x10"
R =0.027 |k;=19.8 br=129.3 | Ep=156.5

Table 1. Investigated isothermal data according to the different applied models.
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Figure 3. Isothermal models: (A) Langmuir, (B) Freundlich, (C) Temkin, (D) D-R.

The adsorption data were analyzed as in Table 1 revealed using different isotherm models to assess and deter-
mine the most fitted isothermal model that could describe the relationship between the adsorbent/adsorbate in
the current adsorption study.

Langmuir isotherm model was the most convenient to express the adsorption process, where the “R*” was
found to be closed for the unit (0.9992) Fig. 3. Also, the calculated Langmuir monolayer q; (114.05 mg/g) on
the homogenous a-HNPs surface was found to be around the experimental q. (104.04 mg/g). So, the adsorption
type was classified as a favorable in behavior, where the R; equaled 0.027 which was more than zero and less than
the unit. As the results were be manifested in Table 1.

The use of the different isotherm models not only to find and describe the best isotherm assumption, but
several significant parameters can be derived to help in understanding more details about the adsorption process
of nature.

The Temkin isotherm model also was investigated to analyze the collected experimental data. According to
Temkin’s assumption “the heat of the adsorption will decrease by rising the adsorbent mass”. The parameter by
is a constant that is related to the heating of the adsorption process. According to the Temkin model, if the by
value is >80 kJ/mol that means the adsorption is chemisorption in nature**?**% in our investigations, the by was
found to be 129.3.

As we can see using the Freundlich model, it can be used for assuring that the favored and desirable of the
adsorption process through n parameter if it was located in between 1 and 10%?%%; it was found to be equal to
3.5. Also, the 1/n value was found to be 0.288; which revealed that the adsorption was not close to zero. So, the
adsorption did not follow the Freundlich model assumption as “heterogeneous for the surface energy of the
binding active sites with reversible adsorption at multilayer formation” The high kg (19.8) value indicated that
a high adsorption capacity occurred*.

The D-R isothermal model also was tested and provided us with the average adsorption energy for each Azr
molecule adsorbed using a-HNPs “free energy (Ep)”. It was found to be 156.5; since the higher value of Ej, is
greater than 80; it is indicating that the adsorption can be expressed as a chemisorption type*.

To determine the advantage of using of a-HNPs as a good adsorbent for Azr removal from contaminated
wastewater, the maximum capacity of adsorption for a-HNPs and other adsorbents against Azr should be
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Adsorbent Maximum capacity (mg/g) | References
Zeolite analcime 407.54 2
MCM-41 by microwave 208.54 .
MCM-41 by hydrothermal 235.58

ZnO NPs 160.4 2

a-HNPs 114.05 Current study
Raw nano diatomite 68.0 2
Modified nano diatomite 91.7

GO®@Fe;0,/Zn0O/S$n0O, 9.375 2
PAC/Fe/Si/Zn nanocomposite 7.93 7
Nanosized faujasite zeolites crystals-1 | 8.5 .
Nanosized faujasite zeolites crystals-2 | 7.0

Table 2. Azr adsorption maximum capacities for various adsorbents. Significant value is in bold.

Kinetic models
McKay and Ho pseudo-second- | Weber’s and Moris’s intraparticle
Item Lagergren pseudo-first-order | order diffusion Elovich
R? 0.8855 0.9999 R?=0.9173 0.8580
K,=0.019 K,=0.002 Kiney=20.5 a=5073.1

Model parameter

Calculated q,=39.5 Calculated q,=157.0 C,=55.77 B=0.07
Experimental q,=156.1 R2%,=0.9005

Ky =1.14

C,=138.1

Table 3. Different parameters of the applied kinetic models.

conducted. Table 2 summarizes the Azr adsorption maximum capacities for various adsorbents including
a-HNPs that are dedicated to the present study. It was observed that the a-HNPs can be used as an effective
removal adsorbent agent for the Azr-contaminated environment wastewater. Green-fabricated a-HNPs revealed
a moderated maximum adsorption capacity for Azr compared with some of the reported adsorbents, indicating
that it can be used as a promising adsorbent agent for the Azr removal from the contaminated aquatic environ-
ments, especially as wastewater of hospitals and pharmaceutical industries.

Kinetic studies. The kinetic profile of Azr adsorption via the a-HNPs at different time intervals was investi-
gated. The results manifested that the adsorption of Azr onto the a-HNPs surface was directly time-dependent.
It was revealed that most of the Azr adsorption occurred within a time of 60 min. After the first hour, slight
increases in the Azr uptake, and approximately the adsorption process were relative-stable practically.

The adsorption process was increased rapidly in the first 10 min due to the presence of many available free
active binding sites on the a-HNPs surface and the high adsorbate concentration in the solution. After this time,
little unbounded active sites can be available at the adsorbent surface. At the time in the range, of 60-300 min,
a slowly increased rate in the Azr removal was observed.

Table 3 summarizes the obtained results of the applied different four kinetic models. The obtained data
revealed that; the pseudo-second-order kinetic model was the most fitted as the R? was found to be the closest to
the unit, Fig. 4 and Table 3. The four kinetic models could be arranged in order according to less of the correlation
coefficient of the square of the Pearson product-moment “R?” as the following; pseudo-second-order > intra-
particle diffusion > pseudo-first-order > Elovich. Also, the calculation of the maximum adsorption capacity q.
value was found to be 157.0 mg/g which was very close to the experimental value of 156.1 mg/g at 300 min for
the adsorption reaction time.

In the pseudo-second-order and Elovich models, both of them supposed that “the chemical adsorption is
a result of the prevailing adsorption process”?, and the adsorption efficiency is proportional to the number of
free active sites subsequently, occupied by the adsorbent. This was found to be compatible with the obtained
results from the isothermal study, which interpreted that the adsorption process was chemisorption in nature.
Also, the same behavior of the adsorption was found to be compatible with our previous approach while the Cfx
was adsorbed at the surfaces of the a-HNPs as a chemisorption type*. On the other hand, the high affinity of
Azr against a-HNPs may be attributed to complex formation. It was reported that the Azr can act as a bidentate
ligand to form a complex with various metal ions including Fe (III) ion species especially at high temperatures
and [Fe(Azr),(H,0),]2Cl,-2H,0 complex was formed*.
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Figure 4. Kinetic models: (A) Lagergren, (B) McKay-Ho, (C) Elovich, (D) Weber and Moris.

Temperature (K) Removal (%) | AG (kJ/mol)

293 78.0 -3.1

303 84.6 -43 AH=+87.6 kJ/mol
313 978 “os AS=+307.6 ]/mol K
323 98.6 -11.5

Table 4. Thermodynamic parameters of the Azr adsorption using a-HNPs.

Thermodynamic study. The Azr uptake thermodynamic study by a-HNPs was proceeded at four different
temperature degrees in the range 293-323 K to recognize the nature of the adsorption processs robustness and
its practicability.

At the maximum temperature was the highest percentage of Azr removal, which had adopted an endothermic
direction in the adsorption process. Rising the temperature beyond 313 K has corresponded to relative stability
in the removal percentage of the Azr showing that the maximum critical temperature can be expressed at 313 K.
This finding was ensured by experimental thermodynamics, as seen in Table 4.

Table 4 revealed a direct proportionality between the increase in temperature and the removal rate of the
adsorption. This behavior may be attributed to the chemical interaction between the activated sites of the a-HNPs
surface or the capping layer onto the a-HNPs surface that were adsorbed at the nano-phase biofabrication.

The negative sign of the free energy change AG confirmed that the adsorption type could be spontaneously™.
Also, the positive signs of AH and AS assured that the adsorption behavior was obeyed by the endothermic
class®. This clarified the cause of the increase in the removal rate against the increase in the temperature. The
enthalpy function AH was calculated and it was found to be 87.6 kJ/mol which confirmed the chemisorption
nature where AH > 80 kJ/mol*****> which was found to be agreed with the previously obtained results from the
isothermal and kinetic studies.

Regeneration process capability of the adsorbent. The reusability process capability of the a-HNPs
adsorbent was studied for 5 cycles (Fig. 5). Up to the third cycle; the regenerated adsorbent was found to be
efficient. Subsequently, the performance decreased sharply and reached approximately 59.3%. The result may be
attributed to the reduction of the available active binding sites on the adsorbent surface during cycles of regen-
eration especially, the adsorption was chemisorption type. So, the a-HNPs may be reused a maximum of three
times with a reasonable performance of Azr removal according to the mentioned dedicated procedures.

Azr-wastewater purification approach. The physicochemical characteristics of wastewater and assay
of the Azr before and after adsorption treatment were evaluated and listed in Table 5. The operating procedures
manifested, that the efficiency of the adsorption method in the industrial, and pharmaceutical wastewater treat-
ment using a-HNPs as a promising adsorbent.
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Figure 5. Regeneration trend of the a-HNPs.

Characteristic parameter | Before | After
Concentration (mg/L) 156.3 Not detected
Conductivity (uS/cm) 415.5 205.1

TDS (mg/L) 221.8 105.7

pH 10.76 | 8.33

Table 5. Wastewater physicochemical characteristics and assay of the Azr before and after treatment.

Zero-point charge (pH,,.) of Azr@a-HNPs.  An increase in the final solution pH in the test solution of
Azr@a-HNPs suspension was the following “2.0 — 2.3, 4.0 > 4.4, 6.0 — 6.7”. While the final pH value of the test
solution from pH 8.0 to 12.0 was found to be decreased to be less basic; that might be attributed to the neutrali-
zation between the alkaline adsorbed Azr species at the acidic surface of a-HNPs. The pH curve of the Azr@a-
HNPs crossed the straight line at the pH value equaled pH,,,. 7.8. The surface charge of Azr@a-HNPs suspension
could be determined using Eqgs. (18) and (19) which were found to equal to — 45.71 mV.

Al-Hakkani et al.”*? reported that the suspended particles had good stability if their charged surface passed
the critical value + 25 mV. The high negativity of the charged surface may be attributed to the polyphenolic con-
stituents that act as stabilizing/capping agents. Highly positive/negative values onto the charged surface generate
major repulsion forces, whilst repulsion between particles with the same electrical charge inhibits the particle
agglomeration and hence it gives good dispersibility.

FT-IR analysis. FT-IR analysis plays an important role to confirm the adsorption and participation of some
of the functional groups that are adsorbed at the surface of the a-HNPs to form Azr@a-HNPs Fig. 6A 7%, As we
can see there are many functional groups dedicated to Azr that have clear contributions from the adsorption pro-
cess onto the surface of a-HNPs. This was manifested especially in the fingerprint region of Azr (1600-500 cm™;
blue arrows) except in the Fe-O band (522 cm™)”%. These constituents gift the possibility to further interaction
between the a-HNPs and Azr molecules through double bonds, a hydrogen bond, or electrostatic interaction.

Magnetic measurements. The VSM of the as-biosynthesized Azr@a-HNPs was measured and the satura-
tion magnetization (M) was determined as 0.353 emu/g as shown in Fig. 6B, while the M, of the a-HNPs alone
was found to be 0.445 emu/g?. It was believed that the encapsulation of a-HNPs via the adsorbed Azr molecules
may be the cause of decreasing in the M; value. The deterioration of the magnetization energy may be a result of
the formation of the adsorbed capping layer at the surface leads to Ref.?’. This assumption also was confirmed by
Ansari et al.>®> who reported in their work the value of the M; that was 0.67 emu/g for the biosynthesized porous
a-Fe,0; NPs using Nepeta cataria L. leaves extract.

TEM analysis. The a-HNPs and Azr@a-HNPs TEM images were investigated as revealed in Fig. 7.
Semi-spherical, spherical, and cubic monodispersed particles were conducted, and no considerable agglom-
eration was found. The average particle sizes of a-HNPs and Azr@-HNPs were recorded as 27.8+7.7 nm and
38.1+9.3 nm respectively, with a median of 25.9 nm and 39.2 nm at the lowest particle size of 17.7 nm and
16.4 nm, and maximum particle size of 49.0 nm and 50.5 nm for a-HNPs and Azr@-HNPs respectively. The
encapsulating attraction force between both the Azr and a-HNPs surfaces might be the reason for the increase
in the particle sizes of a-HNPs via the Azr adsorption technique’.
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Figure 6. (A) FT-IR spectra: Azr, a-HNPs, Azr@a-HNPs, (B) The magnetization curve (VSM) of the
as-prepared Azr@a-HNPs.

Surface morphologies. Indeed, most properties and the use of NPs are based on their shape and size.
It’s very clear the surface morphologies variations After Azr adsorption onto the a-HNPs surfaces (Figs. 8, 9).
The adsorbed Azr molecules are the main cause of the changes between of a-HNPs and Azr@a-HNPs surfaces.
SEM, EDX analyses, and mapping morphologies revealed and assured the adsorption process of Azr as Fig. 9C
that manifested the most element distribution as carbon that represents the principal element of the Azr mole-
cules. The clear homogeneity of carbon atoms indicated that the a-HNPs surface homogeneity that confirms the
adsorption process follows Langmuir isothermal model. The encapsulated a-HNPs via Azr could be confirmed
their further biological activity role, especially in antiviral, anticancer, and antibacterial applications.

Antibacterial activity. The inhibition zone values in mm were manifested in Table 6.Its clear for a man
that the anti-bacterial activity is Azr@a-HNPs concentration-depended as variation in the inhibition zone val-
ues. The most susceptible microbial species against Azr@a-HNPs at (200 pug/mL) were found to be 38, 32, 46,
and 43 mm for E. coli, P. aeruginosa, B. subtilis, and S. aureus respectively. The adsorbed Azr on the a-HNPs
revealed a synergistic effect in the case of Gram-positive bacteria over Gram-negative compared with a-HNPs
alone as in the current study and the previously reported approaches”?. These results also were found to be
agreed with the conducted study via Morteza et al.>* using Azr NPs as an antibacterial agent against several types
of bacteria. They reported that the prevalence of a double membrane might prohibit some structures from cell
penetration, partly because of the reasons why Gram-negative bacteria are typically more antibiotically resistant
than other Gram-positive bacteria.

In our previous study of the adsorbed Cfx at the a-HNPs surfaces at a concentration of 200 (ug/mL), Cfx@a-
HNPs against the same bacterial species manifested a lower antibacterial activity in the case of B. subtilis and
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Figure 7. TEM images and particles distribution of a-HNPs (A,B), and Azr@a-HNPs (C,D).

S. aureus. On the contrary, Azr@a-HNPs antibacterial activity against E. coli and P. aeruginosa showed lower
activity the revealed by Cfx@a-HNPs*,

Our approach showed excellent and satisfactory results as an antibacterial agent compared with a recent
study reported by Alangari et al.”® where they used a concentration of 100 pL of the prepared a-HNPs against
E. coli, B. subtilis, P. aeruginosa, and S. aureus. Where our a-HNPs and Azr@a-HNPs system manifested high
potent against the same bacterial pathogenic species. Also, a green synthesis approach of a-HNPs using Hibiscus
rosa Sinensis flowers revealed a lower antibacterial efficacy against each of S. aureus, E. coli, P. aeruginosa, and
K. pneumonia®®. Compared with the antibacterial activity reported in a recent study of the biofabrication of the
a-HNPs using Achyranthes aspera extract at different concentrations of a-HNPs (20-50 mg/mL), the current
study outperformed the reported compared approach®.

Anticancer activity. The cell viability (%) for each of the cell lines individually was conducted using serial
dilution in different concentrations of the as-biofabricated Azr@a-HNPs at [31.25-1000 pug/mL]. The examina-
tion was reported using a visible spectrophotometric beam at 560 nm (Eq. 20).

Albukhaty et al.*® also confirmed in their investigation of the Dextran-Coated super paramagnetic nano-
particles the potential for cancer detection and treatment via the unique characteristics of iron oxide using
the Annexin V-FITC Apoptosis for Apoptosis estimation. Also, Ibrahim et al.*® assured the role of the nano-
complexation use approach and effective treatment in the Caov-3 cancer cell line.

The cytotoxicity effect of the Azr@a-HNPs against MCF7, HepG2, and HCT116 cell lines could be calcu-
lated according to Eq. (21). It was found to be extremely concentration-susceptible of Azr@a-HNPs also at the
lower level of concentrations. Additionally, the cytotoxicity of cells was observed at 94.8%, 93.7%, and 95.0%
at the concentration of 1000 pg/mL as MCF7, HCT116, and HepG2 cell lines respectively as shown in Fig. 10.
IC5, was estimated for MCF7, HCT116, and HepG2 and was found to be 78.1, 93.4, and 81.7 ug/mL. The results
manifested that the Azr@a-HNPs have admirable cytotoxic activity against different cell lines like the following
sequence MCF7 >HepG2 >HCT116. These findings data is harmonized with the nanoparticles at 13.8 nm for
the as-bioengineered Azr@a-HNPs, it could also be used as a highly-touted antitumor agent.
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Figure 8. a-HNPs morphological analysis (A) SEM, (B) EDX, (C) Mapping.

As we can observe, comparing the anticancer activity results of the Azr@a-HNPs against a-HNPs as it is; the
adsorption of Azr onto the a-HNPs surface caused a reduction of the ICs, increasing the cytotoxicity effect of
the a-HNPs against different cell lines as manifested in Table 7. This effect could be attributed to the anticancer
role of Azr alone that was reported in previous works®¢*®!. So, the present study confirms the synergistic Azr
effect in the Azr@a-HNPs and its stellar efficacy as a promising anticancer agent.

In a recent study that was conducted by Ansari et al.*®, they reported that the green synthesized porous
a-HNPs and the loaded nanosystem doxorubicin@HNPs had high potential as anticancer against melanoma
cell lines via MTT. Also, they confirmed that the doxorubicin@HNPs had a better effect compared with porous
a-HNPs alone.

Also, in a similar study using the hydrothermal approach as the green synthesis of a-HNPs, the anticancer
activity against the HepG2, HeLa, and MCF?7 cell lines were implemented showing the ICs, 71 pg/mL, 68.12 pg/
mlL, and 53.35 pg/mL respectively for the tested cell lines®. These findings confirmed the anticancer activities
of the a-HNPs and their loaded nanosystem.

Antiviral activity. The minimum inhibition concentration of the substance to inhibit 50% of the pathogen
in-vitro (ICs,) was used to assess the antiviral activity. ICs, values are depending on the measurement conditions
as a type of inhibition, and ATP-enzymes concentrations as in competitive inhibition. On the other hand, CCs,
is used to express the cytotoxic concentration of the substance causing 50% death of the viable cells in the host®.
The therapeutic index (TI) is a value that indicates the drug substance selectivity (Azr@a-HNPs in our case). TI
is used in assessing the utility of a drug substance, T1 stresses the relevance of safety margins besides the efficacy,
and it can be calculated as CC5y/ICs,.

TI should be>1 in the ideal situation where the IC;, value should be less than the CC;, value to assure that
killing the pathogen before the host cells were affected, damaged, or killed via drug substance®. The higher
values of TI are the safer for the drug and preferred the lower values. If the TI<1 denotes the drug substance is
inactive and the drug should have been properly dosed and any symptoms of drug toxicity closely monitored by
the individual receiving the treatment.
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Figure 9. Azr@a-HNPs morphological analysis (A) SEM, (B) EDX, (C) Mapping.

e R N A N N NN R

200 (ug/mL) 24 38 20 32 2 46 19 43

50 (ug/mL) 13 17 9 12 10 16 10 19

Table 6. Antibacterial activity of the Azr@a-HNPs against different bacterial species.
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Figure 10. Azr@a-HNPs effect on different cell line at concentrations: (I) Zero pg/mL (IT) 1000 pg/mL (III)
31.25 ug/mL.

MCF7 132.0 108.5 78.1
HepG2 189.0 117.7 81.7
HCT116 377.0 156.4 93.4
Reference Al-Hakkani et al® | Al-Hakkani etal.*® | Current study

Table 7. Anticancer activity ICs, [ug/mL] of a-HNPs, Cfx@a-HNPs, and Azr@a-HNPs.
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Figure 11. Azr@a-HNPs of: (A) Cell viability (%), (B) Virus inhibition (%) against SARS-Cov-2.

According to replication action mode results that revealed the Azr@a-HNPs have IC5,=10.3 ug/mL and
CCyp=261.4 pg/mL Fig. 11. The inhibition curve showed a direct concentration-dependence of Azr@a-HNPs
where the lower in concentration the lesser the antiviral activity. The results manifested that Azr@a-HNPs have
high activity against SARS-CoV-2 in-vitro with a therapeutic index TI=25.4.

The Azr@a-HNPs TT in the current study was found to be higher than that was reported in our previous study
wherein the case of the Cfx@a-HNPs (TI=2.6)*. The higher efficacy of the Azr@a-HNPs against SARS-CoV-2
comparing that was realized in the case of Cfx@a-HNPs may be attributed to the combination of the hyperactivity
of the adsorbed Azr at the surfaces of the a-HNPs.

Viral risk reduction is a key and fundamental human health aim. SARS-CoV-2 viruses are now identified as
spherical morphologies and are 70-140 nm in diameter. Surfaces of SARS-CoV-2 are spiky®*. So, according to
variation of the diameters of SARS-CoV-2 and our Azr@a-HNPs system that is in the interest of our preparation
in terms of nanoscale subservience. It is believed that this circumstance will facilitate the penetration of the RNA
of the virus and inhibits its pathogenic action. SARS-CoV-2 is considered one of the fiercest viruses that threaten
human life on the earth. Therefore, researchers in various fields have paid attention to try finding materials that
have a direct effect on inhibiting this damn virus.

Several detection and treatment techniques of SARS-COV-2 could be used as Faizah et al.% reported as
clustered regularly interspaced short palindromic repeats®, Molecular diagnosis of COVID-19, SARS-CoV-2
genome-based diagnostics®, Next-generation sequencing and SARS-CoV-2 detection®, COVID-19 diagnosis
using viral proteins’’, Lateral flow assay’!, SARS-CoV-2 detection, diagnosis, and drug delivery systems-based
nanotechnology’?.

In a recent similar study of zinc oxide nano-spray effect against SARS-CoV-2, El-Megharbel et al. reported
that the TT was 0.56 < 1.0%. So, they recommended the use of ZnO NPs a potent disinfectant against SARS-Cov-2.
This could be attributed to the probable toxicity of the prepared ZnO NPs onto the cellular host. On the other
hand, the calculated TI in the present study revealed the safety of Azr@a-HNPs against the cellular host and the
cytotoxic effect against the SARS-Cov-2.

Also, as the use of the nanoparticles as an antiviral agent, Horacio et al.”? introduced their study for using
hygiene product as mouthwash and nose rinse. The applied concentration of the silver NPs was (0.6 mg/mL)
showing a high impact in decreasing the SARS-CoV-2 infection rate.

The current in-vitro study demonstrated that the infected Vero E6 cells with the SARS-CoV-2 virus, when
exposed to a concentration of Azr@a-HNPs in the range (31.2-250 pg/mL), showed viral activity reduction.
Mode of action was conducted to determine the most suitable inhibition mechanism of the SARS-CoV-2 virus
via Azr@a-HNPs using three modes as revealed in Table 8. Adsorption mode was found to be the smallest
action mode for virus inhibition where the determined viral inhibition percentage was found to be 33.3% only
at Azr@a-HNPs concentration of 250 pg/mL. The working control in the adsorption mode was at virus count
(1.5% 10° PFU/mL) compared with (1.0 x 10° PFU/mL) viral titer post-treatment. On the right hand, virucidal
action mode revealed a moderated inhibition with viral inhibition of 40.0% at working virus control count
(0.5% 10° PFU/mL) against (0.3 x 10° PFU/mL) via 250 pg/mL of Azr@a-HNPs.

In replication action mode, the reduction activity was found to be concentration-dependence where at a high
concentration of 250 pg/mL, the reduction reached 90.9% when compared to the control sample after 48 h of
incubation. Also, at a low concentration, 69.7% viral inhibition was achieved at 31.2 pg/mL of Azr@a-HNPs.
So, the viral replication action mode could be used to interpret the inhibition (%) of SARS-CoV-2 virus growth
via Azr@a-HNPs. So, the replication mode was found to be the fittest mode and could be used as a promising
inhibition material for COVID-19 treatment where the Azr@a-HNPs are mainly targeting the viral replication.

The FDA has validated nanoparticles of iron oxides as biocompatible materials for anemia’. Some studies
have demonstrated the antiviral properties of iron oxide nanoparticles in-vitro as; Rotavirus’®, Dengue virus’®,
Zika virus”’, and influenza virus (HIN1)7%,

Moreover, we believe that the Azr@a-HNPs may be used in COVID-19 treatment giving admirable results,
especially the Azr itself has been used actually in COVID-19 in the treatment protocol as WHO recommended
at the first pandemic of the emerging coronavirus. Also, recent studies reported Azr efficacy in this regard as
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Viral titer post-treatment
Mode of action | Azr@a-HNPs Conc. (ug/mL) | Virus control (PFU/mL) x 10° | (PFU/mL) x 10° Viral inhibition (%)
250 0.3 40
125 0.6 0
Virucidal 0.5
62.5 0.6 0
31.2 1.0 0
250 0.3 90.9
125 0.4 87.9
Replication 33
62.5 0.4 87.9
31.2 1.0 69.7
250 1.0 333
125 2.2 0
Adsorption 1.5
62.5 2.5 0
31.2 2.8 0

Table 8. Mode of action of Azr@a-HNPs against SARS-CoV-2.

an antiviral agent for a wide range of different virus species (influenza, rhinovirus, enterovirus, Ebola, and
Zika)>*767980 Recent studies confirmed the efficacy of different nanoparticles in the early treatment of COVID-
19 as nitric oxide, iron oxides, copper, silver, and gold nanoparticles of nanocomposites’**1-%7. Also, Yasmin
Abo-zeid and her co-authors recommended the clinical trials against COVID-19 in their study that manifested
the molecular docking approach of hematite (Fe,O;) and magnetite (Fe;O,)*. Also, Computational approaches
to predict ligand-receptor binding and structure-based drug design for COVID-19 management. This recom-
mendation is according to the great ability of iron oxide nanoparticles for the production of highly reactive
oxygen species.

Conclusion

This study aimed to use the green biosynthesized a-HNPs to remove the Azr drug from the contaminated phar-
maceutical wastewater. The output data of the adsorption studies showed that; the most suitable isothermal model
was the Langmuir at R? 0.9992, with a maximum adsorption capacity of 114.05 mg/g. On the right hand, the
kinetic investigation confirmed that the adsorption reaction followed the pseudo-second-order. The adsorption
behavior was found to be endothermic spontaneous via chemisorption type. The results manifested the utility
of the use of the nano bioadsorbent a-HNPs as a promising agent in the remediation of the Azr wastewater
contaminated environment. Azr@a-HNPs revealed a diversity in the Eco-biomedical activities as antibacterial,
anticancer, and antiviral. The antibacterial study manifested a high synergistic impact of the adsorbed Azr at
the a-HNPs surface, especially in the case of Gram-positive. Also, the compatibility of Azr@a-HNPs revealed
an admirable effect as an anticancer agent against MCF7, HepG2, and HCT116 cell lines causing a reduction in
the IC;, compared with the use of a-HNPs alone against the same cell lines. In a study considered the first of its
kind, Azr@a-HNPs manifested an antiviral effect against the pathogenic SARS-Cov-2 with a selectivity safety
factor TI equal to 25.4 that qualifies it for use as an alternative biomedicine treatment.

Data availability
The data used to support the findings of this study are included in the article.

Received: 17 March 2022; Accepted: 16 June 2022
Published online: 29 June 2022

References

1. Ziko, L. et al. Antibacterial and anticancer activities of orphan biosynthetic gene clusters from Atlantis II Red Sea brine pool.
Microb. Cell Fact. 18, 56 (2019).

2. Hoskin, D. W. & Ramamoorthy, A. Studies on anticancer activities of antimicrobial peptides. Biochim. Biophys. Acta Biomembr.
1778, 357-375 (2008).

3. Braz, H. L. B. et al. In silico study of azithromycin, chloroquine and hydroxychloroquine and their potential mechanisms of action
against SARS-CoV-2 infection. Int. J. Antimicrob. Agents 56, 106119 (2020).

4. Sekhavati, E. et al. Safety and effectiveness of azithromycin in patients with COVID-19: An open-label randomised trial. Int. J.
Antimicrob. Agents 56, 106143 (2020).

5. Ozkan, T. et al. Assessment of azithromycin as an anticancer agent for treatment of imatinib sensitive and resistant CML cells.
Leuk. Res. 102, 106523 (2021).

6. Liu, P. et al. Combination treatments with hydroxychloroquine and azithromycin are compatible with the therapeutic induction
of anticancer immune responses. Oncolmmunology 9, 1789284 (2020).

7. Al-Hakkani, M. E. et al. Cefotaxime removal enhancement via bio- nanophotocatalyst a-Fe,O; using photocatalytic degradation
technique and its echo-biomedical applications. Sci. Rep. 12 . https://doi.org/10.1038/s41598-022-14922-3 (2022).

8. Zhou, X. et al. Azithromycin synergistically enhances anti-proliferative activity of vincristine in cervical and gastric cancer cells.
Cancers 4, 1318-1332 (2012).

9. Li, X. et al. Ceftriaxone, an FDA-approved cephalosporin antibiotic, suppresses lung cancer growth by targeting Aurora B. Car-
cinogenesis 33, 2548-2557 (2012).

Scientific Reports |

(2022) 12:10970 | https://doi.org/10.1038/s41598-022-14997-y nature portfolio


https://doi.org/10.1038/s41598-022-14922-3

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

45.

46.

47.

48.

49.

50.

Nadeem, R. A., Abdul Qadir, M., Ahmed, M. & Sajid, I. Cephalosporin conjugated sulfonamides: Synthesis, characterization and
anticancer activities. Lett. Drug Des. Discov. 17, 264-270 (2020).

Ali, S. et al. Bactericidal potentials of silver and gold nanoparticles stabilized with cefixime: A strategy against antibiotic-resistant
bacteria. J. Nanopart. Res. 22, 201 (2020).

Rushdi, S. A. & Hameed, S. F. Experimental study for loading & unloading of cefixime on activated carbon as drug delivery. Syst.
Rev. Pharm. 11, 42-50 (2020).

Gurunathan, S. et al. Antiviral potential of nanoparticles-can nanoparticles fight against coronaviruses?. Nanomaterials 10, 1645
(2020).

Al-Hakkani, M. E, Gouda, G. A. & Hassan, S. H. A. A review of green methods for phytofabrication of hematite (a-Fe,O;) nano-
particles and their characterization, properties, and applications. Heliyon 7, €05806 (2021).

Babaei, A. & Afrasiabi, M. A glassy carbon electrode modified with MCM-41/nickel hydroxide nanoparticle/multiwalled carbon
nanotube composite as a sensor for the simultaneous determination of dopamine, piroxicam, and cefixime. Ionics 21, 1731-1740
(2015).

Hamzehloo, M., Karimi, J. Study of adsorption and kinetic release of azithromycin onto MCM-41 mesoporous. In 18th Iranian
Physical Chemistry Conference, 632-634 (2016).

Hernandez, F. et al. Occurrence of antibiotics and bacterial resistance in wastewater and sea water from the Antarctic. J. Hazard.
Mater. 363, 447-456 (2019).

Cizmié¢, M. et al. Photocatalytic degradation of azithromycin by nanostructured TiO, film: Kinetics, degradation products, and
toxicity. Materials 12, 873 (2019).

Luo, X., Hao, T, Yue, L., Hong, G., Lu, Y. Azithromycin wastewater treatment with la doping titanium dioxide/active carbon
composites. In 4th International Conference on Sensors, Measurement and Intelligent Materials, 861-870 (2016).

Sayadi, M. H., Sobhani, S. & Shekari, H. Photocatalytic degradation of azithromycin using GO@ Fe;0,/Zn0O/SnO, nanocomposites.
J. Clean. Prod. 232, 127-136 (2019).

Almomani, E. A., Shawaqfah, M., Bhosale, R. R. & Kumar, A. Removal of emerging pharmaceuticals from wastewater by ozone-
based advanced oxidation processes. Environ. Prog. Sustain. Energy 35, 982-995 (2016).

Liu, P, Zhang, H., Feng, Y., Yang, F. & Zhang, ]. Removal of trace antibiotics from wastewater: A systematic study of nanofiltration
combined with ozone-based advanced oxidation processes. Chem. Eng. J. 240, 211-220 (2014).

Saddik, M. S. et al. Biosynthesis, characterization, and wound-healing activity of phenytoin-loaded Copper nanoparticles. AAPS
PharmSciTech 21, 1-12 (2020).

Li, X. et al. Synthesis of zeolite from carbothermal reduction electrolytic manganese residue for the removal of macrolide antibiotics
from aqueous solution. Materials 11,2133 (2018).

Hamzehloo, M., Karimi, J., Aghapoor, K., Sayahi, H. & Darabi, H. R. The synergistic cooperation between MCM-41 and azithro-
mycin: A pH responsive system for drug adsorption and release. J. Porous Mater. 25, 1275-1285 (2018).

Davoodi, S., Dahrazma, B., Goudarzi, N. & Gorji, H. G. Adsorptive removal of azithromycin from aqueous solutions using raw
and saponin-modified nano diatomite. Water Sci. Technol. 80, 939-949 (2019).

de Sousa, D. N. R. et al. Equilibrium and kinetic studies of the adsorption of antibiotics from aqueous solutions onto powdered
zeolites. Chemosphere 205, 137-146 (2018).

Saddik, M. S. et al. Tailoring of novel azithromycin-loaded zinc oxide nanoparticles for wound healing. Pharmaceutics 14, 111
(2022).

Al-Hakkani, M. E, Gouda, G. A., Hassan, S. H. A. & Nagiub, A. M. Echinacea purpurea mediated hematite nanoparticles (a-HNPs)
biofabrication, characterization, physicochemical properties, and its in-vitro biocompatibility evaluation. Surf. Interfaces 24, 101113
(2021).

Al-Hakkani, M. E Biogenic copper nanoparticles and their applications: A review. SN Appl. Sci. 2, 505 (2020).

Awad, A. M. et al. Adsorption of organic pollutants by nanomaterial-based adsorbents: An overview. J. Mol. Lig. 301, 112335
(2020).

Al-Hakkani, M. F. HPLC analytical method validation for determination of Cefotaxime in the bulk and finished pharmaceutical
dosage form. Sustain. Chem. Eng. 1, 33-42 (2020).

Al-Hakkani, M. F. Forced degradation study with a developed and validated RP-HPLC method for determination of cefpodoxime
proxetil in the bulk and finished pharmaceutical products. J. Iran. Chem. Soc. 16, 1571-1578 (2019).

Al-Hakkani, M. E Guideline of inductively coupled plasma mass spectrometry “ICP-MS”: Fundamentals, practices, determination
of the limits, quality control, and method validation parameters. SN Appl. Sci. 1, 791 (2019).

Al-Hakkani, M. E. A rapid, developed and validated RP-HPLC method for determination of azithromycin. SN Appl. Sci. 1, 222
(2019).

Al-Hakkani, M. E, Gouda, G. A., Hassan, S. H. A, Farghaly, O. A. & Mohamed, M. M. A. Fully investigation of RP- HPLC analyti-
cal method validation parameters for determination of Cefixime traces in the different pharmaceutical dosage forms and urine
analysis. Acta Pharm. Sci. 59, 97-111 (2021).

. Langmuir, I. The constitution and fundamental properties of solids and liquids. Part I. Solids. J. Am. Chem. Soc. 38, 2221-2295

(1916).

. Freundlich, H. About adsorption in solutions. J. Phys. Chem. 57, 385-470 (1907).

. Temkin, M. Kinetics of ammonia synthesis on promoted iron catalysts. Acta Physiochim. 12, 327-356 (1940).

. Lagergren, S. K. About the theory of so-called adsorption of soluble substances. Sven. Vetenskapsakad. Handingarl 24, 1-39 (1898).
. Ho, Y.-S. & McKay, G. Pseudo-second order model for sorption processes. Process Biochem. 34, 451-465 (1999).

. Weber, W.]. & Morris, J. C. Kinetics of adsorption on carbon from solution. J. Sanit. Eng. Div. 89, 31-60 (1963).

. Kong, E Y. et al. Pharmacokinetics of a single 1g dose of azithromycin in rectal tissue in men. PLoS One 12, 0174372 (2017).

. Sun, C.,, Wang, Z., Zheng, H., Chen, L. & Li, E. Biodegradable and re-usable sponge materials made from chitin for efficient removal

of microplastics. J. Hazard. Mater. 420, 126599 (2021).

Saddik, M. S. et al. Novel green biosynthesis of 5-fluorouracil chromium nanoparticles using harpullia pendula extract for treat-
ment of colorectal cancer. Pharmaceutics 13, 226 (2021).

Ou, H. et al. Selective removal of erythromycin by magnetic imprinted polymers synthesized from chitosan-stabilized Pickering
emulsion. J. Hazard. Mater. 289, 28-37 (2015).

Mehrdoost, A., Jalilzadeh Yengejeh, R., Mohammadi, M. K., Babaei, A. A. & Haghighatzadeh, A. Comparative analysis of UV-
assisted removal of azithromycin and cefixime from aqueous solution using PAC/Fe/Si/Zn nanocomposite. J. Health Sci. Surveill.
Syst. 9, 39-49 (2021).

Al-Hakkani, M. E, Gouda, G. A., Hassan, S. H. A., Mohamed, M. M. A. & Nagiub, A. M. Cefixime wastewater management via
bioengineered Hematite nanoparticles and the in-vitro synergetic potential multifunction activities of Cefixime@Hematite nano-
systemSurf. Interfaces 30, 101877 (2022).

Saeed Arayne, M., Sultana, N., Shamim, S. & Naz, A. Synthesis characterization and antimicrobial activities of azithromycin metal
complexes. Mod. Chem. Appl. J. 2,133 (2014).

Panday, K., Prasad, G. & Singh, V. Mixed adsorbents for Cu (II) removal from aqueous solutions. Environ. Technol. Lett. 7, 547-554
(1986).

Scientific Reports |

(2022) 12:10970 | https://doi.org/10.1038/s41598-022-14997-y nature portfolio



www.nature.com/scientificreports/

51.

52.

53.

54.

55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
. Caruana, G. et al. Diagnostic strategies for SARS-CoV-2 infection and interpretation of microbiological results. Clin. Microbiol.
68.
. Chiu, C. Y. Viral pathogen discovery. Curr. Opin. Microbiol. 16, 468-478 (2013).
70.
71.

72.
73.

74.
75.
76.
77.
78.

79.
80.

81.
82.
83.

84.

85.
86.
87.

88.

Inbaraj, B. S. & Sulochana, N. Basic dye adsorption on a low cost carbonaceous sorbent-kinetic and equilibrium studies. Indian J.
Technol. 9, 201-208 (2002).

Al-Hakkani, M. E, Hassan, S. H. A., Saddik, M. S., El-Mokhtar, M. A. & Al-Shelkamy, S. A. Bioengineering, characterization, and
biological activities of C@Cu,0@Cu nanocomposite based-mediated the Vicia faba seeds aqueous extract. J. Mater. Res. Technol.
14, 1998-2016 (2021).

Ansari, M. J. et al. Anticancer drug-loading capacity of green synthesized porous magnetic iron nanocarrier and cytotoxic effects
against human cancer cell line. J. Clust. Sci. 33, 1-11 (2022).

Azhdarzadeh, M., Lotfipour, E, Zakeri-Milani, P., Mohammadi, G. & Valizadeh, H. Anti-bacterial performance of azithromycin
nanoparticles as colloidal drug delivery system against different gram-negative and gram-positive bacteria. Adv. Pharm. Bull. 2,
17 (2012).

Alangari, A. et al. Iron oxide nanoparticles: Preparation, characterization, and assessment of antimicrobial and anticancer activity.
Adsorpt. Sci. Technol. 2022, 1562051 (2022).

Buarki, F,, AbuHassan, H., Al Hannan, F. & Henari, F. Z. Green synthesis of iron oxide nanoparticles using Hibiscus rosa sinensis
flowers and their antibacterial activity. J. Nanotechnol. 2022, 5474645 (2022).

Ahmad, W, Singh, V., Ahmed, S. & Nur-e-Alam, M. A comprehensive study on antibacterial antioxidant and photocatalytic activity
of achyranthes aspera mediated biosynthesized Fe,O; nanoparticles. Results Eng. 14, 100450 (2022).

Albukhaty, S. et al. Investigation of dextran-coated superparamagnetic nanoparticles for targeted vinblastine controlled release,
delivery, apoptosis induction, and gene expression in pancreatic cancer cells. Molecules 25, 4721 (2020).

Ibrahim, A. A. et al. Pt(II)-thiocarbohydrazone complex as cytotoxic agent and apoptosis inducer in Caov-3 and HT-29 cells
through the P53 and caspase-8 pathways. Pharmaceuticals 14, 509 (2021).

Qiao, X., Wang, X., Shang, Y., Li, Y. & Chen, S.-Z. Azithromycin enhances anticancer activity of TRAIL by inhibiting autophagy
and up-regulating the protein levels of DR4/5 in colon cancer cells in vitro and in vivo. Cancer Commun. 38, 1-13 (2018).

Li, F et al. Azithromycin effectively inhibits tumor angiogenesis by suppressing vascular endothelial growth factor receptor 2-medi-
ated signaling pathways in lung cancer. Oncol. Lett. 14, 89-96 (2017).

Muller, P. Y. & Milton, M. N. The determination and interpretation of the therapeutic index in drug development. Nat. Rev. Drug
Discovery 11, 751-761 (2012).

Ko, M. et al. Screening of FDA-approved drugs using a MERS-CoV clinical isolate from South Korea identifies potential therapeutic
options for COVID-19. Viruses 13, 651 (2021).

El-Megharbel, S. M., Alsawat, M., Al-Salmi, F. A. & Hamza, R. Z. Utilizing of (zinc oxide nano-spray) for disinfection against
“SARS-CoV-2” and testing its biological effectiveness on some biochemical parameters during (COVID-19 pandemic)—“ZnO
nanoparticles have antiviral activity against (SARS-CoV-2)”. Coatings 11, 388 (2021).

AlMalki, F A., Albukhaty, S., Alyamani, A. A., Khalaf, M. N., Thomas, S. The relevant information about the severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) using the five-question approach (when, where, what, why, and how) and its impact
on the environment. Environ. Sci. Pollut. Res. (2022).

Rahimi, H. et al. CRISPR systems for COVID-19 diagnosis. ACS Sens. 6, 1430-1445 (2021).

Infect. 26, 1178-1182 (2020).
Corman, V. M. et al. Detection of 2019 novel coronavirus (2019-nCoV) by real-time RT-PCR. Eurosurveillance 25, 2000045 (2020).

To, K.K.-W. et al. Temporal profiles of viral load in posterior oropharyngeal saliva samples and serum antibody responses during
infection by SARS-CoV-2: An observational cohort study. Lancet. Infect. Dis 20, 565-574 (2020).

Xiang, J. et al. Evaluation of enzyme-linked immunoassay and colloidal gold-immunochromatographic assay kit for detection of
novel coronavirus (SARS-Cov-2) causing an outbreak of pneumonia (COVID-19). MedRxiv 91, 264 (2020).

Karim, N. et al. Sustainable personal protective clothing for healthcare applications: A review. ACS Nano 14, 12313-12340 (2020).
Almanza-Reyes, H. et al. Evaluation of silver nanoparticles for the prevention of SARS-CoV-2 infection in health workers: In vitro
and in vivo. PLoS One 16, €0256401 (2021).

Ghaemi, E, Amiri, A., Bajuri, M. Y., Yuhana, N. Y. & Ferrara, M. Role of different types of nanomaterials against diagnosis, preven-
tion and therapy of COVID-19. Sustain. Cities Soc. 72, 103046 (2021).

Gutierrez, L. et al. Adsorption of rotavirus and bacteriophage MS2 using glass fiber coated with hematite nanoparticles. Water
Res. 43, 5198-5208 (2009).

Murugan, K. et al. Magnetic nanoparticles are highly toxic to chloroquine-resistant Plasmodium falciparum, dengue virus (DEN-
2), and their mosquito vectors. Parasitol. Res. 116, 495-502 (2017).

Shelby, T., Banerjee, T., Zegar, I. & Santra, S. Highly sensitive, engineered magnetic nanosensors to investigate the ambiguous
activity of zika virus and binding receptors. Sci. Rep. 7, 1-8 (2017).

Kumar, R. et al. Iron oxide nanoparticles based antiviral activity of HIN1 influenza A virus. J. Infect. Chemother. 25, 325-329
(2019).

Echeverria-Esnal, D. et al. Azithromycin in the treatment of COVID-19: A review. Expert Rev. Anti-Infect. Ther. 19, 147-163 (2021).
Bleyzac, N., Goutelle, S., Bourguignon, L. & Tod, M. Azithromycin for COVID-19: More than just an antimicrobial?. Clin. Drug
Investig. 40, 683-686 (2020).

Sarkar, S. Silver nanoparticles with bronchodilators through nebulisation to treat COVID 19 patients. J. Curr. Med. Res. Opin. 3,
449-450 (2020).

Pieretti, J. C., Rubilar, O., Weller, R. B., Tortella, G. R. & Seabra, A. B. Nitric oxide (NO) and nanoparticles—Potential small tools
for the war against COVID-19 and other human coronavirus infections. Virus Res. 291, 198202 (2020).

Layqah, L. A. & Eissa, S. An electrochemical immunosensor for the corona virus associated with the Middle East respiratory
syndrome using an array of gold nanoparticle-modified carbon electrodes. Mikrochim. Acta 186, 224 (2019).

Sekimukai, H. et al. Gold nanoparticle-adjuvanted S protein induces a strong antigen-specific IgG response against severe acute
respiratory syndrome-related coronavirus infection, but fails to induce protective antibodies and limit eosinophilic infiltration in
lungs. Microbiol. Immunol. 64, 33-51 (2020).

Du, T. et al. Gold/silver hybrid nanoparticles with enduring inhibition of coronavirus multiplication through multisite mechanisms.
Bioconjugate Chem. 31, 2553-2563 (2020).

Jagaran, K. & Singh, M. Nanomedicine for covid-19: Potential of copper nanoparticles. Biointerface Res. Appl. Chem. 11, 10716~
10728 (2020).

Fujimori, Y. et al. Novel antiviral characteristics of nanosized copper(I) iodide particles showing inactivation activity against 2009
pandemic HIN1 influenza virus. Appl. Environ. Microbiol. 78, 951 (2012).

Abo-zeid, Y., Ismail, N. S. M., McLean, G. R. & Hamdy, N. M. A molecular docking study repurposes FDA approved iron oxide
nanoparticles to treat and control COVID-19 infection. Eur. J. Pharm. Sci. 153, 105465 (2020).

Acknowledgements
This paper is based upon work supported by Science, Technology & Innovation Funding Authority (STDF)
under Grant no (44593).

Scientific Reports|  (2022) 12:10970 | https://doi.org/10.1038/s41598-022-14997-y nature portfolio



www.nature.com/scientificreports/

Author contributions

M.EA.: Conceptualization, methodology, software, data curation, writing—original draft, visualization, investiga-
tion, validation, writing—review and editing. G.A.G.: Conceptualization, methodology, software, supervision.
S.H.A.H.: Conceptualization, methodology, software, review and editing, supervision. M.M.A.M.: Conceptual-
ization, supervision. A.M.N.: Conceptualization, supervision.

Funding
Open access funding provided by The Science, Technology & Innovation Funding Authority (STDF) in coopera-
tion with The Egyptian Knowledge Bank (EKB).

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.EA.-H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports|  (2022) 12:10970 | https://doi.org/10.1038/s41598-022-14997-y nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Environmentally azithromycin pharmaceutical wastewater management and synergetic biocompatible approaches of loaded azithromycin@hematite nanoparticles
	Materials and methods
	Chemicals and reagents. 
	Methods. 
	Instrumentation. 
	Bioadsorbent preparation and characterization. 
	Batch adsorption mode experiments. 
	Interactive effect of the change in solution pH. 
	Adsorbent dose effect. 
	Isothermal models study and adsorbate concentration effect. 
	Thermodynamic and kinetic studies. 

	Regeneration of the adsorbent. 
	Azr-wastewater purification approach. 
	Zero-point charge (pHzpc) of Azr@α-HNPs. 
	Antibacterial activity. 
	Anticancer activity. 
	Antiviral activity. 
	Mode of action against SARS-CoV-2 “Mechanism of virus inhibition via Azr@α-HNPs”. 



	Results and dissection
	Interactive effect of solution pH change on the adsorption process. 
	Adsorbent dose effect. 
	Isothermal models study and adsorbate concentration effect. 
	Kinetic studies. 
	Thermodynamic study. 
	Regeneration process capability of the adsorbent. 
	Azr-wastewater purification approach. 
	Zero-point charge (pHzpc) of Azr@α-HNPs. 
	FT-IR analysis. 
	Magnetic measurements. 
	TEM analysis. 
	Surface morphologies. 
	Antibacterial activity. 
	Anticancer activity. 
	Antiviral activity. 

	Conclusion
	References
	Acknowledgements


