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Abstract In the present work, sustainable and green
method was used to prepare silver nanoparticles (Ag-
NPs), followed with incorporation into tertiary
nanocomposite consisted of starch, oxidized cellulose
and ethyl cellulose. The prepared tertiary silver-
nanocomposite (Ag-NC) was fully characterized via
instrumental analysis (UV-vis, FT-IR, XRD, SEM,
EDX and TEM) and evaluated for antibacterial,
antifungal, and antiviral activities. Ag-NC signifi-
cantly suppressed growth of tested bacterial strains
(Escherichia coli, Pseudomonas aeruginosa, Staphy-
lococcus aureus and Bacillus subtilis) as compared
with controls. Antifungal activity revealed that the
prepared tertiary Ag-NC has a promising antifungal
activity towards unicellular (Candida albicans)
and multicellular fungi ( Aspergillus niger, A. ter-
reus, A. flavus and A. fumigatus). In same line, both
Ag-NC and free Ag-NPs have shown a dose-depen-
dent reduction in Vero cell line with maximum non-
toxic dose at 6.25 and 12.5 pg/mL, respectively. Both
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Ag-NPs and Ag-NC exhibited antiviral effects against
Herpes simplex virus, Adenovirus and Cox-
sackie B virus in a dose-dependent manner. Com-
bined treatment of Ag-NPs incorporated into tertiary
nanocomposite based on starch, oxidized cellulose and
ethyl cellulose opens new possibilities to be more
efficient nanomaterials for preventing microbial
growth. In conclusion, the prepared tertiary Ag-NC
has a promising antibacterial, antifungal as well as
antiviral activities.
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Introduction

Due to the inappropriate use of conventional antibi-
otics, new strains of bacteria have emerged with
increased levels of resistance and have shown a wide
distributed to community-associated bacteria, leading
to global public health problems (Abo-State et al.
2012; Ezzat et al. 2014). There have been efforts from
various scientific fields to find solutions that may
contribute to alleviate this problem. In this context, the
search for antimicrobial substances has become a
current and important goal in materials science
(Dhingra et al. 2020; Shehabeldine et al. 2020). The
development of polymer-based nanocomposites with
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antimicrobial activity offers interesting possibilities
because the polymer matrix can be varied in order to
meet not only specific technological requirements but
also nanostructures with size and shape dependent
properties that can be exploited (Xue et al. 2020).
Microbial-based biosynthesis of NPs is advantageous
compared to chemical and physical methods due to its
non-toxic, environmentally friendly, cost-effective
and more stable nature (Bhavya et al. 2021). Biogenic
Ag-NPs have received great attention due to their
biological, physical, chemical, and antimicrobial
properties (Yaqoob et al. 2020). Biological synthesis
of Ag-NPs includes bacteria, fungi, algae and plant
(Hashem et al. 2021a; Jogaiah et al. 2019; Konappa
et al. 2021; Nayak et al. 2020). Currently, there is also
an urgent need to develop bio-nanocomposites that
can control or inhibit pathogenic microbes by incor-
porating nanoparticles with known antibacterial activ-
ity in or enhancing the antibacterial properties that the
polymer matrix already possesses. A number of
previous studies have reported numerous investiga-
tions of the use of metallic nanoparticles as an
antimicrobial agent (Elbahnasawy et al. 202la;
Hashem et al. 2021b). The intrinsic biological prop-
erties of these materials depend on several factors such
as the mineral involved, particle size, structure, and
surface area. All possible combinations of these
factors can help delay antimicrobial resistance (Mak-
vandi et al. 2020).

Fungal infections significantly increased in the last
two decades, with high rates of mortality, especially in
immunodeficiency patients (Chang et al. 2017).
Pathogenic fungi invade more than 1.2 billion indi-
viduals overall the world with at least 1.7 million
deaths/year (Campoy and Adrio 2017; Chang et al.
2017; GAFFI). Invasive fungal infections for human
are candidiasis and aspergillosis (Schmiedel and
Zimmerli 2016). The recent annual incidence of
invasive aspergillosis, candidiasis, and mucormycosis
is over 300,000, 750,000, and 10,000 cases, respec-
tively (Bongomin et al. 2017).

The main important of composite materials is
localized in the stabilization nanoparticles. It is well
known that the colloidal nanoparticle suspensions
usually unstable. Consequently, needs of incorpora-
tion of nanometals into stabilized and regulation
system is obligate. The polysaccharides are the
preferred group of polymers which used in these
systems (Abu-Elghait et al. 2021; Dacrory et al. 2021;
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Elsayed et al. 2021; Hasanin et al. 2021a, 2021b;
Youssef et al. 2021). In addition, starch is one of the
edible available biopolymer. TEMPO oxide cellulose
is one of nanocellulose fibers which functionalized
using  2,2,6,6-tetramethylpiperidine-1-oxyl radical
(TEMPO). Ethyl cellulose is the ether cellulose
derivate. Virus infections continue to pose significant
global health challenges. With the recent viral out-
breaks, including coronavirus, influenza, Ebola and
dengue, there is utmost and urgent need for novel
effective antivirals. Recently, Ag-NPs have intro-
duced as an alternative antiviral to overcome the
development of drug resistance to conventional
antivirals. Ag-NPs are emerging as one of the easiest
options for the control of viral diseases due to their
extraordinary antiviral activity in a broad-spectrum
way. Several reports have confirmed the robust
antiviral effect of Ag-NPs against numerous human
pathogenic viruses such as Human immunodeficiency
virus type 1 (HIV-1), Herpes simplex virus type 1 and
type 2 (HSV-1 and HSV-2), Respiratory syncytial
virus (RSV), adenovirus, Influenza virus, parain-
fluenza virus, Tacaribe virus (TCRV), Monkeypox
virus (MPV), Hepatitis B virus (HBV), Norovirus,
Coxsackievirus, Chikungunya, Dengue, Poliovirus,
Rift Valley fever virus, Vaccinia virus (VACV),
SARS-CoV-2 (Jeremiah et al. 2020; Chen et al.
2013; Maduray and Parboosing 2020). In this study,
new compensation between three biopolymers was
carried out to improve the efficiency of Ag-NPs as
antimicrobial and antiviral.

Materials and methods
Materials

Starch (St), and ethyl cellulose (EC) were purchased
from Sigma-Aldrich. TOC was prepared according to
our previous work (Hasanin and Moustafa 2020).
Other chemicals, culture media and reagents used in
this study were purchased from Modern Lab Co., India
in analytical grade without any purification required.

Microbial strains and growth conditions

Escherichia coli (ATCC 25922), Pseu-
domonas aeruginosa (ATCC 27853), Staphylococcus

aureus  (ATCC23235), and  Bacillus subtilis
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(ATCC23857) were cultivated in Luria—Bertani
(LB) broth medium (1% tryptone, 0.5% yeast extract,
1% NaCl, pH 7). Unicellular (Candida albicans
ATCC90028) and multicellular fungi (Aspergillus
niger RCMB 02724, A.terreus RCMB 02574, A.
flavus RCMB 02782 and A. fumigatus RCMB 02568)
were obtained from the Regional Center of Mycology
and Biotechnology, Al-Azhar university, Cairo,
Egypt. Fungal strains were inoculated on malt extract
agar (MEA) plates then incubated for 3-5 days at
28 £ 2 °C, and then kept at 4 °C for further use
(Hashem et al. 2020; Khalil and Hashem 2018).

Bacterial Strain isolation and identification

The bacterial strain used in this work was isolated
from soil samples (taken from a depth of 5-10 cm)
collected from the eastern desert of Egypt (Latitude:
29° 58" 49.06” N and longitude: 32° 7' 3.39” E). The
strain was isolated by serial dilution plate technique
onto LB agar plates (1% tryptone, 0.5% yeast extract,
1% NaCl, 1.5% agar and pH 7) at 37 °C. For
molecular identification, genomic DNA was extracted
and amplified for 16S-rDNA using the specific 16S-
rDNA primers 27F (5'-AGAGTTTGATCCTGGCT-
CAG-3") and 1492R (5-GGTTACCTTGTTAC-
GACTT-3). PCR products were purified by pure
link quick gel extraction kit (Elbahnasawy et al. 2020)
and sequenced using same primers by ABI 3730xl
DNA sequencer (GATC Biotech, Germany). The
sequence consensus was compared with NCBI Gene
Bank data base using the NCBI BLAST program.
Phylogenetic analyses were performed using the
neighbour-joining method based on 1000 replicates
using MEGA 7.0 software (Elbahnasawy et al. 2021b).

Biosynthesis of Ag-NPs

Ag-NPs were prepared as described previously (EI-
Nahhal et al 2020). In brief, Cell-free extract (CFE)
was obtained from overnight-grown bacterial isolate
strain and used in fabrication of Ag-NPs from their
precursor AgNOj3 (1 mM). Formation of Ag-NPs was
monitored visually by turning brown reaction with
reference to the controls and confirmed by UV-visible
spectrophotometer (scanning spectra range of
300-700 nm).

Preparation of Ag-NPs nanocomposite

The Ag-NPs loaded nanocomposite (Ag-NC) was
prepared using a green method in which Ag-NPs were
loaded using solvent phase exchange. In brief, both of
TOC and St were dispersed in deionized water with
concentration of 1% (wt/vol) for each component.
Biosynthesized Ag-NPs (0.5 g) were added to the
mixture (100 ml) under steering at 1500 rpm for 1 h.
EC (100 ml) was first dissolved in ethanol as 1% (wt/
vol), then added to the mixture and followed by
steering overnight. The reaction mixture was concen-
trated to half volume in vacuum oven at 70 °C. Any
precipitates were filtrated and washed by methanol
two times then washed by deionized water and
preserved in refrigerator to further investigations.

Characterizations of Ag-NC

UV-visible spectroscopy (UV-vis) spectra of the
prepared Ag-NPs and Ag-NC were measured on
V-630 UV-vis spectrophotometer (Jasco, Japan) in
the range of 300—700 nm. The Ag-NC and its com-
ponent were characterized using FT-IR spectrometer
(Nicolet Impact-400 FT-IR spectrophotometer) in the
range of 400—4000 cm ™" using KBr method (0.002 g
sample was grinded with 0.98 g KBr) using Spectrum
Two IR Spectrometer — Perk in Elmer, Inc., Shelton,
USA. The X-Ray diffraction (XRD) of Ag-NC and its
component were investigated on a Diano X-ray
diffractometer using Cu-Ko radiation source ener-
gized at 45 kV and a Philips X-ray diffractometer (PW
1930 generator, PW 1820 goniometer) with Cu-Ko
radiation source (A = 0.15418 nm) XRD Model
diffractometer, Shimadzu 7000, Japan. The topo-
graphical study was carried out using scanning
electron microscopy (SEM) with energy dispersive
electron spectroscopy (EDX) Model FEI IN SPECTS
Company, Philips, Holland, environmental scanning
without coating. The surface morphology of Ag-NPs
and Ag-NC was carried out using JEOL 1010 trans-
mission electron microscopy (TEM), Model
JEM2010, Japan. The samples were processed accord-
ing to (Shehabeldine et al. 2021a; Elbahnasawy et al.
2021a).
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Antifungal activity

The antifungal activity of Ag-NC, Ag-NPs, AgNOs,
Nystatin were evaluated using agar well-diffusion.
Fungal suspensions of C. albicans ATCC 90028, A.
niger RCMB 02724, A. terreus RCMB 02574, A.
flavus RCMB 02782, and A. fumigatus RCMB 02568
were prepared in sterilized phosphate buffer solution
(PBS) pH 7.0, and then the inoculums was adjusted to
107 spores/ mL after counting in a cell counter
chamber. One mL of each fungal suspension was
uniformly distributed onto MEA Plates. Sterile Cork-
borer was used for making wells (§ mm) in inoculated
MEA plates, and 100 pL of the tested compounds at
concentration 10 mg/mL was added. All MEA plates
were incubated at 30 °C for 72 h, and then the
inhibition zone diameters were measured.

Antibacterial activity

The antibacterial activities of Ag-NC, Ag-NPs,
AgNO;, and Amikacin were evaluated using paper
disk assay (El-Zayat et al. 2021).Bacterial suspensions
of either E. coli (ATCC 25922), P. aeruginosa
(ATCC 27853), S. aureus (ATCC23235), or B. sub-
tilis (ATCC23857) were spread onto the plates
Mueller-Hinton agar plates. Paper disks (7 mm in
diameter) preloaded by 50 pl of either Ag-NC, Ag-
NPs, AgNO; or Amikacin were put on agar plates.
Plates were incubated at 35 £ 2 °C for 24 h. The
diameters of the inhibition zone, representing the
antibacterial activity, were measured edge-to-edge
across the center of the disk. Microorganisms showing
a clear zone of more than 12 mm were inhibited. All
tested compounds (50 pL each) were loaded into paper
disks in triplicates.

Minimum inhibitory concentration

Antibacterial and antifungal activities of Ag-NC and
Ag-NPs were tested by using of standard microdilu-
tion method which enables to determine the minimum
inhibition concentration (MIC) of antimicrobial sub-
stances. The MIC value express a minimum concen-
tration of a tested compound that inhibited the growth
of tested bacteria and fungi. MICs of Ag-NC, Ag-NPs,
Nystatin (for fungi), and Amikacin (for bacteria) were
determined using different concentrations
(10-160 pg/ml) for each compound (Balouiri et al.
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2016). Determination of MIC was carried out on
microtitration plates employing a method when we
tested a dispersion of Ag-NC 2-to-128 times, in the
geometrical progression, diluted by addition of
100 mL of the Mueller-Hinton cultivation medium
inoculated by tested bacterial and fungal strain at a
concentration of 10°¢10° CFU mL~"'. The minimum
bactericidal/fungicidal concentration (MBC and
MEFC) was calculated by plating out samples of the
MIC and the next two higher concentrations onto LB
agar for tested bacteria and MEA for tested fungi. The
lowest concentration that resulted in no colony growth
on LB and MEA was determined to be the MBC and
MFC.

Cytotoxicity assay

The in vitro cytotoxic activity of Ag-NC and Ag-NPs
was determined against kidney epithelial cells derived
from African green monkey called Vero cells (ATCC
CCL-81) followed our previous protocol (Sheha-
beldine et al. 2021b). Vero cells were cultured in
DMEM supplemented with L-glutamine (2.9 mg/mL),
penicillin—streptomycin, and 10% fetal calf serum. At
90% confluence, the cells were harvested using 0.25%
trypsin EDTA at 37 °C. Aliquots of Vero containing
1 x 10° cells was pipetted into a 96-well flat-
bottomed plate and incubated at 37 °C for 24 h. Next,
Vero cells were treated with two-fold serial dilutions
of Ag-NC or Ag-NPs (3.125, 6.25, 12.5, 25, 50, 100,
200, 400 and 800 pg/mL) followed by incubation for
24 h at 37 °C. Untreated cells were included as a
control. The cytotoxicity was quantitatively evaluated
by using MTT (3-(4,5-dimethylthiazolyl-2)-2,5-
diphenyltetrazolium bromide) colorimetric assay. In
brief, overnight-grown Vero cells were washed three
times by PBS and followed by addition of the yellow
tetrazolium MTT solution (100 pL each well) for 2 h
at 37 °C for reduction of MTT by metabolites of active
cells. Following this incubation, DMSO (100 pL each
well) was added and the plate was placed on shaker
(150 rpm, 5 min) to thoroughly mix the formazan into
the solvent. Optical density (OD) of each well was
then measured at 560 nm and subtract background at
620 nm by using a microplate reader. Each experiment
was performed in triplicate and the relative cellular
viability percentage was calculated as a percentage to
untreated control cells (cell viability (%) = (treated
cells absorbance — blank absorbance)/(untreated
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cells absorbance — blank absorbance) x 100), while
the inhibition percentage was calculates as follows,
inhibition (%) = 100 — cell viability (%). The cyto-
toxic concentrationsy (CC50) is the concentration of
compounds which exert half of its maximal inhibitory
effect and inhibit 50% of cell growth. CCs, was
estimated by a straight line (linear regression) model.
The maximum non-toxic dose (MNTD) of each
compound was determined and used for further
antiviral studies.

Antiviral activity

The inhibitory effect of Ag-NC and Ag-NPs was
determined against Herpes simplex virus (HSV-1),
Adenovirus (Adeno) and Coxsackie B virus 2
(CoxB2) using the MTT assay. Overnight-grown Vero
cells in 96-well plates were infected with a mixture
containing HSV-1 or Adeno, or CoxB2 pretreated with
equal volume (1:1 v/v) Ag-NC (3.12, 6.25, 12.5 ng/
mL) or Ag-NPs (1.56, 3.12, 6.25 pg/mL) for 24 h.
After shaking (150 rpm) for 5 min, the plates were
incubated (37 °C, 5% CO,) for one day to allow the
virus to take effect (Hamouda et al. 2021). The cells
were washed and added to DMEM medium (2% FBS)
and then incubated (37 °C, 5% CO,) for 48 h. Cellular
viability was detected at ODsgy nm and the antiviral
effects were observed using inverted microscope
examination.

Results and discussion
Isolation and identification of the bacterial isolate

Out of bacterial isolates, strain MAE 16 has shown
potent capabilities to fabricate Ag-NPs. Strain MAE
16 was further identified to the species level. Cells
were shown to be gram-positive, endospore formers,
motile, rods and arranged in pairs or chains. Genet-
ically, 16S rRNA sequence (924 bp) was subjected to
NCBI BLAST analysis and the neighbor-joining
phylogenetic tree indicated that MAE 16 formed a
clade with species members of the Bacillus (B.) genus
(Fig. 1A). MAE 16 has shared the highest level of
sequence similarity (98%) with B. cereus strains
including, B. cereus SZL35, B. cereus LB-2, B. cereus
NIOER178, B. cereus FMC-3, B. cereus SJ 25, and B.
cereus GZUB38. Accordingly, strain MAE 16 was

identified as B. cereus strain MAE 16 and its 16S
rRNA sequence was deposited at the NCBI with a
received accession number MN(049485. It well known
that Ag-NPs have characteristic optical properties in
the visible light spectrum. The CFE of B. cereus MAE
16 has shown a rapid formation of Ag-NPs which was
visually observed by turning reaction color to dark
brown within few hours of exposure to the precursor
silver nitrate. Excitation of surface plasmon excitation
(SPR) is a characteristic spectroscopic signature of
Ag-NPs formation and the color change of reaction is
attributed to the SPR excitation (Shehabeldine et al.
2021a; Elbahnasawy et al. 2021a). Ag-NPs exhibited
SPR with an intense absorption peak at 430 nm in
UV-vis spectra range after 24 h of incubation with
1 mM AgNO; (Fig. 1B).

Characterizations of Ag-NPs
FTIR analysis

FTIR spectroscopic analysis was used to evaluate the
functional groups which remark in the molecules after
and before composition. Figure 2 illustrates the FTIR
spectra of Ag-NPs, St, TEMPO, EC and Ag-NC. Ag-
NPs spectrum contain the main function groups band
which mainly referred to the neat bacterial medium
extract. The bands at 3225, 2924, 1600, 1374, 1035
and 509 cm™' which corresponding for hydroxyl
group, CH stretching vibrations of CH; and CH,,
secondary amine NH Stretch, Vinyl CH bend, for C-O
of glucose ring (Singh et al. 2013). Moreover, the
small peak at 779 cm™' and sharp peak at 509 cm ™'
represent the reduction of silver to Ag-NPs. Other-
wise, the composite materials contain the main
functional groups as assigned in the literatures as well
as our previous work. Starch spectrum contains the
main characteristics bands which referred to neat
starch which in agreement with our previozus works
(Abu-Elghait et al. 2021; Shehabeldine and Hasanin
2019) at 3437, 2932, 1641 and 1026 cm™! corre-
sponding for hydroxyl group starching vibration, CH
group starching vibration, binding adsorbed water and
CO of glucose unite, respectively. In addition,
TEMPO presented the characteristics bands at 3440,
2928, 1746 and 1636 cm ™" which assigned to stretch-
ing vibration of the hydroxyl group, CH stretching,
carbonyl groups in the free COOH group, and glucose
carbonyl of cellulose, respectively. EC spectrum has
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shown a peak at 3660 cm ™" in which attributed to the
stretching vibrations of OH group. The sharp peak at
2974 cm™' and broad band at 2300 cm™' were
assigned for CH group stretching and H-C-H asym-
metric and symmetric stretch of terminal CHj3 of
primary ethyl group, respectively. The other bands at
1049, and 1370 cm™' corresponded to C-O-C
stretching and C-H bending, respectively.
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On the other hand, the Ag-NC spectrum was
observed the significant changes in the main band of
native nanocomposite materials. The band of OH
groups was observed at 3429 cm ™' which referred to
high shift to low frequency of all polysaccharide
components these informed that the interaction of Ag-
NPs in nanocomposite involved via OH groups.
Additionally, the CH starching vibration band was
split to two small band at 2977 and 2925 cm™'.
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Fig. 2 FTIR of silver nanoparticles (Ag-NPs), starch (St),
TEMPO oxidized cellulose (TOC), ethyl cellulose (EC), Ag-
NPs loaded nanocomposite (Ag-NC).

However, the TEMPO band at 1746 cm™' was
assigned at is position without change as well as the
band of glucose ring CO was split two to small bands
at 1113 and 1059 cm™" as result to incorporate of Ag
ion. Inhere, the peak of Ag-NPs in main spectrum was
shifted to higher frequency at 512 cm™'. These
observations were emphasized the incorporation of
the three components with Ag-NPs.

XRD

The crystallographic pattern of Ag-NPs, St, TEMPO,
EC and nanocomposite (Ag-NC) were carried out as
shown in Fig. 3. The Ag-NPs pattern shows a typical
crystallographic pattern with patterns at 36, 44, 64 and

Ag-NPs
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Fig. 3 Crystallographic of silver nanoparticles (Ag-NPs), Ag-
NPs, starch (St), TEMPO oxidized cellulose (TOC), ethyl
cellulose (EC), Ag-NPs loaded nanocomposite (Ag-NC).

78° corresponding to the (111), (200), (220) and (311)
planes of silver were confirmed using standard powder
diffraction data of the Joint Committee on Powder
Diffraction Standards (JCPDS no. 04-0783). All
peaks corresponded to a face centered cubic (fcc)
symmetry (Basavegowda and Rok Lee 2013). On the
other hand, all used polysaccharide were observed a
typical XRD pattern. In addition, the composite was
observed as polysaccharide pattern with some peaks
for Ag-NPs. The peaks at 38° and 45° which shifted to
high theta while bands at 63° and 75° were shifted to
low theta.

Topography study

The topography study of Ag-NC was carried out using
SEM, EDX and TEM. The SEM image and EDX as
shown in Fig. 4. Fig. 4A illustrates Ag-NPs localized
on the nanocomposite surface and aggregated in some
positions and good disrupted in most locations. The
EDX chart clarified the silver ion involved in the
atomic content of nanocomposite. In addition, the
TEM of neat Ag-NPs illustrated the nanoparticle in
average size 15 nm (Fig. 4B). In this context, the
nanocomposite images in low and high magnifications
TEM for nanocomposite. The low magnification
image showed clusters of polysaccharides doped with
Ag-NPs. In addition, the high magnification image
affirmed that the nanocomposite structure is belong
nanoscale where the particles are low 100 nm as well
as the Ag-NPs were determined clearly into nanocom-
posite particles. Besides, the diffraction pattern of
nanocomposite was emphasized the crystalline struc-
ture of nanocomposite. These results may be due to
incorporating the Ag-NPs into tertiary composite. The
instrumental analysis confirmed that the preparation of
tritely composite doped Ag-NPs was done and the
sized of nanocomposite particles are less than 100 nm.

Antifungal activity

In the last two decades, composites based on cellulose,
polysaccharides and metal nanoparticles were wildly
used as antimicrobial activity to decrease bacterial and
fungal infections (El-Naggar et al. 2020; Sureshkumar
et al. 2010). In this study, our prepared tertiary
nanocomposite which made of biosynthesized Ag-
NPs, ethyl cellulose, TEMPO oxidized cellulose and
starch was evaluated as antifungal towards C. albicans
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Fig. 4 SEM and EDX of Ag-NC (A) and TEM of AgNPs (left) and Ag-NC (middle and right) (B).

Table 1 Antifungal activities and MICs of Ag-NPs and Ag-NC

Tested fungal strain ~ Ag-NC Ag-NPs AgNO; Nystatin
1Z (mm) MIC 1Z (mm) MIC 1Z (mm) MIC 1Z (mm) MIC
(10 mg/mL) (ng/mL) (10 mg/mL) (ug/mL) (10 mg/mL) (pg/mL) (10 mg/mL) (pg/mL)

A. flavus 30.07 = 1.10 0.312 2583 £0.76 0.625 0 ND 11.17 £ 0.76 10

A. terreus 3097 £ 1.55 0.312 2490 £ 135 1.25 0 ND 9.60 £ 0.36 10

A. fumigatus 26.00 =+ 1.00 0.625 1893 £ 1.10 2.5 0 ND 1497 £ 055 5

A. niger 3220 £ 1.71 0.156 28.10 = 1.15 0.625 0 ND 11.50 £ 0.50 10

C. albicans 2590 + 0.85 1.25 2467 £ 153 25 0 ND 12.67 £ 0.58 10

1Z inhibition zone, ND not detected

and Aspergillus spp. as shown in Table 1 and Fig. 5.
Results revealed that, Ag-NC exhibited antifungal
activity against tested C. albicans and the four strains
of Aspergillus. The antifungal effects of Ag-NC were
higher than Ag-NPs and nystatin. Inhibition zones of
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the Ag-NC against C. albicans, A. niger, A. terreus, A.
flavus and A. fumigatus were 25.90 % 0.85,
32.20 &+ 1.71, 30.97 £ 1.55, 30.07 £ 1.10 and
26.00 = 1.00, respectively. Meanwhile, inhibition
zones of Ag-NPs were 24.67 £ 1.53, 28.10 £ 1.15,
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Fig.5 Antifungal activity of Ag-NC and AgNPs against A. flavus RCMB 02782 (A), A. terreus RCMB 02574 (B), A. fumigatus RCMB
02568 (C), A. niger RCMB 02724 (D) and C. albicans ATCC 90028 (E). AgNO; and Nystatin were used as controls.

24.90 £ 1.35, 25.83 £ 0.76 and 18.93 £ 1.10 mm
respectively. Silver nitrate solution did not show any
antifungal activity against all tested fungal strains,
confirming that reduction into nano-forms silver is
beneficial in terms of antifungal activity. On the other
hand, nystatin exhibited weak antifungal activity with
inhibition zones of 12.67 & 0.58, 11.50 & 0.50,
9.60 + 0.36, 11.17 £ 0.76 and 14.97 &+ 0.55 mm,
respectively against C. albicans, A. niger, A. terreus,
A. flavus and A. fumigatus.

Moreover, MICs values of Ag-NC, Ag-NPs and
nystatin were evaluated as shown in Table 1. Results
illustrated that, MIC of Ag-NC towards all tested
fungal strains was better than MIC of Ag-NPs and
nystatin. MICs of Ag-NC towards C. albicans, A.
niger, A. terreus, A. flavus and A. fumigatus were 1.25,
0.156, 0.312, 0.312 and 0.625 mg/ml, respectively.
Additionally, A. niger was the highest affected by the
nanocomposite, while C. albicans was the lowest one.
Moreover, MICs of Ag-NPs against C. albicans, A.
niger, A. terreus, A. flavus and A. fumigatus were 2.5,
0.625, 1.25,0.625 and 2.5 mg/ml, respectively. On the
other hand, MICs of nystatin toward all tested fungal
strains were in range 5-10 mg/ml. Eventually, low
concentrations of Ag-NC (0.312-1.25 mg/ml) and
Ag-NPs (0.625-2.5 mg/ml) exhibited promising anti-
fungal activity toward C. albicans and Aspergillus spp.

which cause invasive candidiasis and aspergillosis
respectively. In accordance with our results, (Ashrafi
et al. 2020) evaluated the antifungal activity of Ag-
NPs based on chitosan nanocomposite, and found MIC
was 0.438 mg/ml against C. albicans.

Antibacterial activity

In this study, Ag-NC and biosynthesized Ag-NPs were
evaluated towards two-gram negative bacteria strains
(E. coli ATCC 25922 and P. aerugi-
nosa ATCC 27853) and two-gram positive bacteria
strains  (S. aureus ATCC23235 and B. sub-
tilis ATCC23857) by agar-well diffusion method.
The antibacterial activities of these nanoparticles were
evaluated by determining the presence of inhibition
zones as shown in Table 2 and Fig. 6. Inhibition zones
of the designed nanocomposite against E. coli,
P. aeruginosa, S. aureus and B. subtilis were
31 £042,29 £ 1.2,26 & 1.1 and 22 £ 1.3, respec-
tively. Results of antibacterial activity indicated that
Ag-NC suspension significantly suppressed growth of
tested bacterial gram positive and gram negative as
compared with non-treated control and Ag-NPs. The
largest antibacterial activity was observed by Ag-NC
suspension at 50 pg/ml, while exhibited the maximum
diameter of the inhibition zone (31 £ 0.42 mm)
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Table 2 Antibacterial activities and MICs of Ag-NC and AgNPs.

Tested bacterial strain Ag-NC Ag-NPs AgNO3 Amikacin
1Z (mm) MIC 1Z (mm) MIC 1Z (mm) MIC 1Z (mm) MIC
(50 pg/ (ng/ (50 pg/ (ng/ (50 pg/ (ng/ (50 pg/ (ng/
mL) mL) mL) mL) mL) mL) mL) mL)
Staphylococcus aureus ATCC23235 26 + 1.1 40 22 £042 80 0 ND 24 £ 0.17 160
Escherichia coli ATCC 25922 31 £042 20 26 £ 0.15 80 0 ND 25 +£0.37 80
Bacillus subtilis ATCC23857 22+ 13 40 18 £ 0.28 160 0 ND 26 £0.25 80
Pseudomonas aeruginosa 29+ 12 40 24 £ 0.82 160 0 ND 23 £0.27 80

ATCC 27853

1Z inhibition zone, ND not detected

Fig. 6 Antibacterial activity of Ag-NC and AgNPs against Staphylococcus aureus ATCC23235 (A), Escherichia coli ATCC 25922
(B), A Bacillus subtilis ATCC23857 (C), and Pseudomonas aeruginosa ATCC 27853. AgNO; and Amikacin were used as controls.

against E. coli. Also, Antibacterial activities of the Ag-
NC and Ag-NPs were determined by means of a
standard dilution assay which enables to state the
minimum concentration of the tested compound
needed for a growth inhibition of tested bacteria. For
testing of antimicrobial activity, we prepared concen-
trated aqueous dispersion of the biosynthesized Ag-
NPs, the final mass concentrations of silver present in

@ Springer

such concentrated dispersions of the studied nanocom-
posites corresponded to the values of concentrations
(160-10 pg/ml). In vitro minimum inhibitory concen-
tration (MIC) results revealed that Ag-NC signifi-
cantly inhibited the growth of tested microorganism
after 48 h of incubation. Indeed, the inhibitory effect
on bacterial growth was increased with the increase of
the concentration of Ag-NC at four different
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concentrations (10, 20, 40, 80 and 160 pg/ml) caused
(33.15%, 41.19%, 56.51%, 92.12%) reduction of
bacterial growth respectively. Hence, the result
revealed that Ag-NC has great potential in controlling
the growth of gram positive and gram-negative
bacteria. Final, The MIC values acquired for Ag-NC
fall into range from 20 to 40 pg/mL as shown in
Table 2. Taking into account the acquired results,
prepared Ag-NC do not practically lose their antimi-
crobial activity. Likewise, iron oxide nanoparticles
maintain their magnetic properties after loading into a
nanocomposite. This is important from the point of
view of the application potential of these nanocom-
posites in medical field (Cobos et al. 2020; Farag et al.
2020). Overall, our prepared Ag-NC exhibited antimi-
crobial activities higher than Ag-NPs alone due to that
Ag-NPs in the composite is functionalized with
TEMPO oxidized cellulose, starch and ethyle cellu-
lose where increased the availability through spatial
distribution (Tamayo et al. 2019).

In vitro cytotoxicity assay

The potential cytotoxic effect of Ag-NC and Ag-NPs
was evaluated against Vero cells to determine the
maximum non-toxic dose (MNTD). As shown in
Fig. 7A, the viability of Vero cells was much more
better when treated with Ag-NC than free Ag-NPs.
The viability of Vero cells was more than 95% with
concentrations of 3.12 and 6.25 pg/mL for Ag-NPs
and 3.12, 6.25, and 12.5 pg/mL for Ag-NC, indicating
that Ag-NC is less toxic against Vero cells. The
cytotoxicity against Vero cell line was observed when
the concentrations was higher than 6.25 pg/mL and
12.5 pg/mL for Ag-NPs and Ag-NC, respectively,
considering these concentrations as MNTD. The
viability (%) of Vero cells were 97.4 £ 1.6,
90.3 + 23, 783 2.8, 61.7+28, 379 +23,
13,9 £ 1.6, 9.25 £ 1.1 and 4.9 £ 0.5 corresponding
to Ag-NPs concentrations 6.25, 12.5, 25, 50, 100, 200,
400 and 800 pg/mL, respectively. Meanwhile, the vi-
ability (%) of Vero cells were 98.6 £+ 1.8, 89.5 &+ 4.3,
77.3 £ 3.6, 68.2 £ 3.3,45.8 &£ 2.5, 33.3 £ 2.4, and
9.3 £+ 1.5 to Ag-NC concentrations 12.5, 25, 50, 100,
200, 400 and 800 pg/mL, respectively. MTT assay
exhibited that the cytotoxicity increased with increas-
ing nanoparticles concentrations, with the 50% cyto-
toxic concentration (CC50) at 69.3 and 171.4 pg/mL
for Ag-NPs and Ag-NC, respectively. Microscopic

observations exhibited dose-dependent morphological
changes in treated Vero cells (Fig. 7B). Overall,
cytotoxicity of Ag-NPs against Vero cells was
decreased by incorporation into nanocomposite. With
concentration over MNTD, Vero cells turned on
morphological abnormalities and became more
floated, shrunken and rounded (Shehabeldine et al.
2021b).

Antiviral activity

To investigate the antiviral effects of Ag-NPs and Ag-
NC, viruses (HSV-1, Adeno, and CoxB2) were
pretreated with either MNTD, 0.5 x MNTD, or
0.25 x MNTD of each compound and were assessed
by MTT assay in Vero cell line (Fig. 8). Any
cytopathogenic effect (CPE) or any structural changes
in Vero cells were recorded by inverted microscope as
sign of viral invasion. No CPE was found in control
group (uninfected Vero cells), but cells infected with
HSV-1, Adeno, or CoxB2 have shown irregular
outline, cytoplasmic projections, intense cytoplasmic
vacuolization, dense lysosomes, myelin figures, dis-
integrated nuclear membrane, and unseen nuclei
(Fig. 8A). In contrast, when HSV-1, Adeno, and
CoxB2 were pre-treated with either Ag-NPs (6.25 pg/
mL) or Ag-NC (12.5 pg/mL) for 1 h prior to infection,
no significant CPE was found (Fig. 5A). Following
incubation of HSV-1, Adeno, and CoxB2 with either
Ag-NPs (1.56, 3.12, 6.25 pg/mL) or Ag-NPs-
nanocomposite (3.12, 6.25, 12.5 pg/mL) for one hour,
Vero cells exhibited significant dose-dependent reduc-
tions in viruses replications (Fig. 8B). The dose of
6.25 ng/mL Ag-NPs was the most effective in all
tested viruses with a decrease of 61.7 &+ 6.6,
20.1 £ 1.6, and 11.9 &+ 1.2% of replications of
HSV-1, CoxB2, and Adeno, respectively in Vero
cells. Same dose (6.25 pg/mL) for Ag-NC showed
modest antiviral activity in Vero cells (12.9 &+ 5.6,
9.1 £ 5.2, and 1.8 &+ 1.6% against HSV-1, CoxB2,
and Adeno, respectively). The dose of 12.50 pg/mL
Ag-NPs was the most effective against all tested
viruses with a decrease of 37.3, 22.7, and 4.6% of
replications of HSV-1, CoxB2, and Adeno, respec-
tively in Vero cells. The results revealed both Ag-NPs
and Ag-NC have a varied antiviral effect and both
were much more active against HSV-1 followed by
CoxB2, and finally Adeno. In contrast to antibacterial
and antifungal activities of Ag-NC, Ag-NC has shown
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Fig. 7 The cytotoxicity effect of free silver nanoparticles (Ag-
NPs) and Ag-NPs loaded nanocomposite (Ag-NC) on Vero cells
for 24 h. (A) The viability percent of Vero cells treated with
either AgNPs or Ag-NC at indicated concentrations for 24 h as
determined by MTT assay. Significance is indicated in figures,
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3.12 ug/mL

*p < 0.05, and otherwise not mentioned is not significant.
Morphological changes of Vero cells treated with AgNPs
(B) and Ag-NC (C) (x10 magnification). Each experiment
performed in triplicate and the error bar represents the standard
deviation.
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Fig. 8 The antiviral effect
of free silver nanoparticles
(Ag-NPs) and Ag-NPs
loaded nanocomposite (Ag-
NC) against Herpes simplex
virus (HSV-1), Adenovirus
(Adeno) and

Coxsackie B virus 2
(CoxB2) in Vero cell line.
Overnight-grown Vero cells
in were infected with either
HSV-1, Adeno, or CoxB2
that pre-treated with AgNPs
(1.56, 3.12, 6.25 pg/mL) or
AgNPs-composite (3.12,
6.25, 12.5 pg/mL) for 1 h
prior to infection. After
incubation for for 24 h, cells
were washed and incubated
for 48 h. Next, cellular
viability was detected at
ODs¢o nm and the antiviral
effect was observed by
inverted microscope. (A)
The antiviral effect CPE of
Vero cells infected with
untreated or treated (MNTD
of AgNPs or Ag-NC) HSV-
1, Adeno, or CoxB2 (x 10
magnification). (B) The
antiviral effect of AgNPs
and AgNPs-composite was
calculated as percentage
relative to control
(untreated) infected Vero
cells in the range of
maximum non-toxic dose
(MNTD). Significance is
indicated in figures,

*p < 0.05, and otherwise
not mentioned is not
significant
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lower antiviral activity compared to free Ag-NPs. This
decreased antiviral effect of Ag-NC could be attrib-
uted to the lower uptake of Ag-NC by Vero cells and to
the lower concentrations of Ag-NPs in nanocomposite
compared to free Ag-NPs. Ag-NPs can inhibit the viral
multiplication inside the host cells by preventing the
replication or blocking the entry of virus particles
inside the host cells. However, the mechanism behind
the antiviral effect of Ag-NPs has been proposed to
interfere with viral replication by two separate mech-
anisms, (1) Ag-NPs can bind to sulfur-containing
residues on surface glycoproteins of virus, blocking of
virus-host cell binding and penetration and thus will
leaving the virus in the extracellular space where it is
unable to propagate (Morris et al. 2019), (2) Ag-NPs
can cross the cell membrane and interacting with viral
factors and double strand DNA, and thus blocking
viral replication and the proper assembly of viral
progeny (Galdiero et al. 2011). Overall, incorporation
of Ag-NPs into nanocomposite is very effective as
antimicrobial activity as well as antiviral activity.

Conclusion

In the current study, a tertiary nanocomposite made of
starch, TEMPO oxidized cellulose and ethyl cellulose
was loaded by biosynthesized Ag-NPs through
ecofriendly method. The prepared Ag-NPs
loaded nanocomposite (Ag-NC) was fully character-
ized using FT-IR, XRD, SEM, EDX and TEM.
Biological applications were carried out as antibacte-
rial, antifungal and antiviral activity. The results
suggest that the use of Ag-NPs together with TEMPO
oxidized cellulose, starch and ethyl cellulose results in
a better antimicrobial material. Moreover, Loading of
Ag-NPs into nanocomposites will decrease the cyto-
toxicity of Ag-NPs against normal Vero cells. Data
confirm that Ag-NPs loaded nanocomposites is a
potential new antimicrobial material.
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