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Abstract

Background The world society is still suffering greatly from waterborne infections, with developing countries
bearing most of the morbidity and death burden, especially concerning young children. Moreover, microbial
resistance is one of the most prevalent global problems that extends the need for self-medication and the healing
period, or it may be linked to treatment failure that results in further hospitalization, higher healthcare expenses,
and higher mortality rates. Thus, innovative synthesis of new antimicrobial materials is required to preserve the
environment and enhance human health.

Results The present study highlighted a simple and cost-effective approach to biosynthesize a chitosan/graphene
oxide/zinc oxide nanocomposite (CS/GO/Zn0) alone and immobilized in a macroporous cryogel as a new
antimicrobial agent. Bacillus subtilis ATCC 6633 was used as a safe and efficient bio-nano-factory during biosynthesis.
The formation of CS/GO/Zn0O was confirmed and characterized using different analyses including ultraviolet-visible
spectroscopy (UV-Vis), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), selective area diffraction
pattern (SADP), Zeta analyses, scanning electron microscope (SEM) and transmission electron microscopy (TEM).

GO combined with ZnO NPs successfully and displayed an adsorption peak at 358 nm. The XRD results showed the
crystalline composition of the loaded ZnO NPs on GO sheets. FTIR spectrum confirmed the presence of proteins
during the synthesis which act as stabilizing and capping agents. The nanocomposite has a high negative surface
charge (-32.8+5.7 mV) which increases its stability. SEM and TEM showing the size of biosynthesized ZnO-NPs

was in the range of 40-50 nm. The CS/GO/Zn0 alone or immobilized in cryogel revealed good antimicrobial
activities against B. cereus ATCC 14,579, Escherichia coli ATCC 25,922, and Candida albicans ATCC 10,231 in a dose-
dependent manner. The CS5/GO/Zn0O cryogel revealed higher antimicrobial activity than GO/ZnO nanocomposite
and standard antibiotics (amoxicillin and miconazole) with inhibition zones averages of 24.33+0.12, 15.67 +£0.03, and
17.54+0.49 mm, respectively. The MIC values of the prepared nanocomposite against B. cereus, E. coli, and C. albicans
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were 80, 80, and 90 ug/ml compared to standard drugs (90, 120 and 150 pg/ml, respectively). According to the TEM
ultrastructure studies of nanocomposite-treated microbes, treated cells had severe deformities and morphological
alterations compared to the untreated cells including cell wall distortion, the separation between the cell wall and
plasma membrane, vacuoles formation moreover complete cell lyses were also noted. In the cytotoxicity test of CS/
GO/Zn0 alone and its cryogel, there was a significant reduction (p0.05) in cell viability of WI-38 normal lung cell

line after the concentration of 209 and 164 ug/ml, respectively. It showed the low toxic effect of the nanocomposite
and its cryogel on the WI-38 line which implies its safety. In addition, water treatment with the C5/GO/Zn0 cryogel
decreased turbidity (0.58 NTU), total coliform (2 CFU/100 ml), fecal coliform (1 CFU/100 ml), fecal Streptococcus (2
CFU/100 ml), and heterotrophic plate counts (53 CFU/1 ml) not only in comparison with the chlorine-treated samples
(1.69 NTU, 4 CFU/100 ml, 6 CFU/100 ml, 57 CFU/100 ml, and 140 CFU/1 ml, respectively) but also with the raw water
samples (6.9 NTU, 10800 CFU/100 ml, 660 CFU/100 ml, 800 CFU/100 ml, and 4400 CFU/1 ml, respectively). Moreover,
cryogel significantly decreased the concentration of different heavy metals, especially cobalt compared to chlorine
(0.004 ppm, 0.002 ppm, and 0.001 ppm for raw water, chlorine-treated, and cryogel-treated groups, respectively)

which helped in the reduction of their toxic effects.

Conclusion This study provides an effective, promising, safe, and alternative nanocomposite to treat different human
and animal pathogenic microbes that might be used in different environmental, industrial, and medical applications.

Keywords Zinc oxide, Graphene oxide, Chitosan, Nanocomposite, Bacillus subtilis, Antimicrobial, Cryogel, Water
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Background

Water quality and quantity are major issues facing the
world today. Nowadays, there is an increase in water-
borne diseases due to the poor water quality. One of
the main reasons for the rise in the death rate is water-
related disorders brought on by pathogenic microbes [1].
These microbes are transmitted to humans through rec-
reational activities and contaminated water. Ensuring the
public’s health requires appropriate and sufficient water
treatment to lower the likelihood of waterborne dis-
eases [2]. According to research published by the WHO
in June 2019, at least 2 billion people suffer from utiliz-
ing drinking water sources contaminated with hazard-
ous chemicals and feces [3]. Diseases including typhoid,
cholera, polio, and dysentery can be spread via con-
taminated water. Also, 485,000 deaths from diarrhea are
thought to occur annually as a result of contaminated
drinking water. The WHO further projects that half of
the world’s population will reside in water-stressed areas
by 2025. These data highlight the serious health risks and
diseases that come with water scarcity, which includes
both the availability and quality of water for the world’s
population.

Enhancements in drinking water, treatment, sanita-
tion, hygiene, and water resource management have
the potential to lower the worldwide disease burden by
10% [4]. Thus, the goal of any water treatment proce-
dure is to rid the water of impurities including microbes
and hazardous chemicals to prepare it for its intended
purpose. Chemical, physical, and biological techniques
are improved and applied in water treatment to get rid
of chemical and biological impurities. Disinfection is
a critical phase in the water treatment procedure that

eliminates inactive waterborne microbes [5]. The two
types of disinfection that are most frequently employed
in water treatment are chemical disinfection (such as
chlorine dioxide, ozone, and chloramine) and physical
disinfection (such as UV radiation) [6]. Pools, drink-
ing water, and wastewater have all traditionally been
treated with disinfectants. Because it eliminates danger-
ous bacteria, it is therefore essential to the drinking water
treatment process and safeguards public health [7]. Nev-
ertheless, disinfectants were reported to have significant
worries due to their high cost, toxicity, dependability,
efficacy, and generation of toxic by-products [8]. On the
other hand, conventional treatment techniques such as
membrane filtration, biological approach, sedimentation,
and coagulation are comparatively unsuccessful due to
the high toxicity of water-soluble contaminants [8—10].
Alternative disinfection techniques that can accomplish
effective results while being portable, broad-spectrum,
environmentally benign, energy-efficient, easy to use, and
commercially feasible are still desperately needed.
Hydrogels and cryogels have been studied and intro-
duced as alternative treatment techniques for water
and wastewater treatment owing to their recyclability,
low cost, and ease of preparation [11]. A three-dimen-
sional (3D) porous cross-linked network with solid-like
properties is referred to as a “hydrogel” because it can
retain a significant amount of water or biological flu-
ids while retaining its structural and functional integ-
rity in a variety of environmental conditions or when
exposed to external stresses, such as light, temperature,
mechanical forces, electric or magnetic fields, and so
on [11, 12]. They can be broadly categorized into three
classes: hydrogel films, hydrogel beads, and hydrogel
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nanocomposites. However, the use of toxic materi-
als, poor degradation, brittleness, inadequate gel integ-
rity, rigidity, long-time removal consuming technique,
and occluded flow homogeneity diffusion for chemical
and microbes coupling have been major concerns limit-
ing their applications [11-13]. In contrast to hydrogels,
cryogels readily have a highly interconnected 3D mac-
roporous structure. Cryogelation is one of the simplest,
cheapest, easiest, and fastest techniques enabling the fab-
rication of biodegradable and safe materials with unique
characteristics [13]. At below-freezing temperatures,
cryogels are crosslinked, causing the solvent crystals to
function as porogens. Because of their porous structure,
cryogel can retain debris, toxins, and pollutants from
contaminated water [13-15]. Cryogels and hydrogels
with antimicrobial properties can be loaded with biologi-
cal extracts, antibiotics, metal and metal oxide nanopar-
ticles (NPs), or antimicrobial peptides [16]. Antimicrobial
cryogels offer a three-dimensional (3D) framework that
promotes sustained drug release, allowing for the local-
ized and regulated delivery of antimicrobial compounds
due to their gel-like structure [17]. Metallic NPs stand
out among these antimicrobial materials because of their
unique characteristics like a high surface area to volume
ratio, high selectivity, and efficacy [18, 19].

Unlike traditional water disinfection technology, nano-
materials can be created as point-of-use water inert in a
water environment and reduce the possibility of produc-
ing hazardous by-products [20]. Since their surface area
is increased, metal materials at the nanoscale can exhibit
a range of enhanced properties compared to their bulk
scale (1 to 100 nm) [21, 22]. Because of their antibacte-
rial qualities, zinc oxide nanoparticles (ZnO NPs) are one
type of metal oxide NPs that has drawn a lot of interest.
ZnO NPs have several beneficial characteristics, includ-
ing chemical stability, low cost, a large surface area, ease
of preparation, selectivity, heat resistance, and potent
antimicrobial activity against different pathogenic micro-
bial strains, thermoresistant spores, and human cells
without causing toxicity [23-27]. To prevent microbial
development, ZnO NPs are also used as antimicrobi-
als for cellulose fibers, water treatment, textiles, surface
coatings, and cosmetics [28—31]. Under this concept, a
wealth of literature exists describing ZnO NPs’ antibacte-
rial efficacy against a variety of pathogens, such as Can-
dida albicans, Pseudomonas aeruginosa, Escherichia coli,
Enterococcus faecalis, Klebsiella pneumoniae, and Staph-
ylococcus aureus [32-35]. ZnO NPs can be produced
using a variety of physical, chemical, or biological tech-
niques [36, 37]. Biological methods, on the other hand,
are more widely accepted than other approaches since
they are simpler, less expensive, biocompatible, and envi-
ronmentally benign because they don't utilize any toxic
materials [38]. These methods can be accomplished with
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the aid of plants, bacteria, fungi, or their enzymes. Bacte-
rial synthesis is a more advantageous biological process
than the others due to its easy manipulation of cells and
faster development rate [39]. Therefore, it is thought of
bacteria as characteristic nano-factories. One of two
ways that bacteria can synthesize NPs is extracellularly or
intracellularly. Because it does not require downstream
processing, the extracellular approach is favorable more-
over its simplicity and low cost [40].

Stability and aggregation are two frequent issues that
reduce the utilization of nanometals in water treatment
applications. Embedding in polymers and forming a cor-
poration are two recommendations [41, 42]. Graphene
oxide (GO) is a low-toxicity carbon polymer. Recent
research has indicated that because graphene and gra-
phene-based nanocomposites have little to no cytotoxic-
ity to human and animal cells, they could be employed as
antibacterial coatings for food goods and water treatment
[43]. For fiber-reinforced polymer composites, GO has
been widely employed as a nanofiller [44]. Particular uses
of GO included the elimination of metal ions, turbidity,
and salts from water [45-47]. It has been observed that
GO nanomaterials exhibit bactericidal action against a
wide range of Gram-negative and Gram-positive bacteria
48, 49].

According to the super individual properties of GO and
ZnO, combining them can enhance their performances
as antimicrobial agents as well as their capacity to treat
water. Thus, the current study aimed to synthesize CS/
GO/ZnO immobilized in macroporous cryogel and test
its antimicrobial action as well as heavy metal nanoreme-
diation in water treatment.

Materials and methods

Materials

Zinc nitrate hexahydrate salt (99.9%) and chitosan (w/v,
MW 50-190 KDa, deacetylation degree: >85%) were pro-
vided from Techno Pharmchem., India. Graphite fine
powder (98%, 230 mesh size) was purchased from LOBA
Chemie. Pvt. Ltd, India. All chemicals and solvents were
of analytical grade.

Microbial strains

Culture slants of Bacillus subtilis ATCC 6633, B. cereus
ATCC 14,579, Escherichia coli ATCC 25,922, and Can-
dida albicans ATCC 10,231 were obtained from the
Microbiology Laboratory, Faculty of Science, Damietta
University (Damietta, Egypt) and sub-cultured on nutri-
ent agar plates for 24 h at 37 °C before use.

Methods

Extracellular biosynthesis of ZnO NPs

A significantly modified protocol based on Hamk et al.
[50] study was used to synthesize ZnO NPs employing
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cell-free bacterial supernatant of B. subtilis ATCC 6633
as a safe and quick bio-nano-factory. The chosen strain
was grown to a 0.5 McFarland standard (1-2x10® CFU/
ml) and then inoculated into 250 ml conical flasks with
100 ml of autoclaved nutrient broth medium. The flasks
were incubated for 24 h at 37 °C and 150 rpm. Bacterial
supernatants were collected by centrifuging at 5000 rpm
for 20 min and filtering through a 0.2-pm syringe filter. A
6 mM stock solution of zinc nitrate was prepared in dis-
tilled water and mixed with the cell-free supernatant of
B. subtilis ATCC 6633. At room temperature, a few drops
from NaOH solution (5 mM) were added to maintain
the pH of this reaction mixture between 9 and 10. The
reaction mixture was incubated at 150 rpm and 37 °C for
the entire night. When ZnO NPs develop, the apparent
color changes from colorless to yellowish-white. Centrif-
ugation was used for 20 min at 5000 rpm to collect the
yellowish-white precipitate of ZnO NPs. After repeatedly
washing the resulting NPs in distilled water to get rid of
any undesired materials, they were oven-dried for 8 h at
80 °C. Before being characterized, the synthesized NPs
were calcined for 3 h at 550 °C in a muffle furnace.

Synthesis of graphene oxide (GO) sheets

Graphite powder (Gt) was oxidized using strong oxidiz-
ing chemicals as part of the GO production technique.
Here, the pristine Gt was oxidized in accordance with
the Hummers and Offeman method [51] to produce the
GO. In an ice-water bath, 50 ml of concentrated sulfuric
acid and 2 g of Gt were mixed and stirred for 2 h at 35 °C.
Next, 16.6 ml of concentrated nitric acid was added, the
mixture was heated for 3 min to 80 °C, and the mixture
was stirred for 1.5 h. The mixture was diluted with 350 ml
of distilled water. Drop by drop, 20 ml of 30% hydrogen
peroxide was added to the reaction mixture. To get the
final GO to have a pH of 7, it was first washed with a 5%
HCI solution and then with distilled water. The mixture
underwent a 15-min centrifugation at 10,000 rpm and a
24-h drying process at 60 °C in an oven.

Decoration of ZnO NPs on GO sheets (GO/Zn0)

Different amounts of ZnO NPs (0.005, 0.015, and 0.025 g)
were decorated on the GO sheets (0.5 g) with loading
percentages of 1%, 3%, and 5%. The decoration process
was fabricated using a simple sol-gel method in a gelatine
medium, which was used as a polymerization agent [52].
Firstly, 1.25 g of gelatine was added to 50 ml of distilled
water at 60°C to obtain a gelatine solution. In another
beaker, GO was dispersed and stirred in a minimum
cell-free bacterial supernatant of B. subtilis ATCC 6633
at room temperature. ZnO NPs were added into the GO
solution under stirring at 200 rpm and room tempera-
ture. Lastly, the prior combination was mixed with the
gelatine solution. The mixture was heated to 80°C while
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stirred at 200 rpm, resulting in the formation of a gelati-
nous phase that was dark brown in color. After drying,
the mixture was calcined for 1 h at 500°C.

Preparation of CS/GO/ZnO cryogel

Firstly, to prepare CS/GO/ZnO hydrogel, a described
earlier method by Agnihotri et al. [53] was used with
some modifications. 0.25 g chitosan (CS) was dissolved in
12.5 ml acetic acid (1%) at 80 °C until complete dissolu-
tion. 40, 80, and 120 mg of GO/ZnO were added sepa-
rately to 20 ml cell-free bacterial supernatant of B. subtilis
ATCC 6633 and stirred for 15 min at room temperature.
The nanocomposite solutions were added separately to
the CS solution and stirred for complete homogeneity.
1.5 g of polyvinyl alcohol (PVA) was dissolved in 16 ml
of distilled water at 80 °C and stirred for 15 min until the
solution became clear and homogeneous. Thereafter,
nanocomposite solutions were added to the PVA solu-
tion and stirred for 15 min at 40 °C. Finally, 1 ml glutar-
aldehyde was added to the reaction solutions and then
poured into a mold. To prepare the CS/GO/ZnO cryo-
gels, five consecutive cycles of freezing and thawing were
applied to the hydrogels to create porous network struc-
tures within the system and improve the chain entangle-
ment of the hydrogel’s polymeric species [54]. Each cycle
consisted of a 16-h freezing phase at -20 °C followed by a
3-h thawing step at 25 °C.

Characterization

The formation of ZnO, GO and GO/ZnO was studied
using ultraviolet-visible (UV-vis) (UV/VIS/NIR Spectro-
photometer V-630, Japan). Fourier transform-infrared
(FTIR) (FT/IR-4100typeA) spectra were used to analyze
ZnO, GO, and GO/ZnO formation. The morphologi-
cal and crystallographic investigations were performed
using transmission electron microscopy (TEM, JEOL
JEM-2100, Japan). Zeta potential analysis (Malvern
Instruments Ltd; zs90, Worcestershire, UK) was done to
measure the potential of GO/ZnO. X-ray diffraction pat-
terns (XRD) (model LabX XRD-6000, Shimadzu, Japan)
of ZnO, GO, and GO/ZnO formation were also studied.
SEM observations were evaluated to study the physical
properties of GO/ZnO in the PVA matrix.

Evaluation of the antimicrobial activity of GO/ZnO
nanocomposite and cryogel

The antimicrobial actions of GO/ZnO nanocomposite
were tested against different microbial models including
Gram-positive bacterium B. cereus ATCC 14,579, Gram-
negative bacterium E. coli ATCC 25,922, and a patho-
genic yeast C. albicans ATCC 10,231 using the agar well
diffusion method [55]. Using the spread plate technique,
Mueller Hinton agar (MHA) plates were made and inoc-
ulated with a 0.5 McFarland standard derived from tested



El-Zahed et al. Microbial Cell Factories (2024) 23:278

microorganisms. 100 pl of GO/ZnO solutions (1%, 3%,
and 5%) were prepared and added into wells (5 mm) in
the MHA plates. The agar plates were incubated at 37 °C
for 24 h. After the incubation period, zones of inhibition
(ZOI) were calculated in mm.

Similarly, the antibacterial activity of CS/GO/ZnO
cryogels was tested in a solid medium through the disc
diffusion method [56]. MHA agar plates were spread
plated with 0.5 McFarland standard of tested microbial
strain. 5 mm discs of CS/GO/ZnO cryogels were pre-
pared, placed on the surface of inoculated agar plates,
and incubated at 37°C for 24 h. ZOI was calculated in
mm after the incubation. Standard antibiotics amoxicillin
(AMX) and miconazole discs (120 mg) were also used as
positive controls.

Minimum inhibition concentration (MIC)

The MIC for the synthesized GO/ZnO nanocomposite
was studied using the broth dilution method [57]. Using
a 0.5 McFarland standard of the investigated microbial
strain, nutrient broth media flasks enriched with a range
of GO/ZnO concentrations (0—150 pg/ml) were inocu-
lated. The inoculated flasks were incubated aerobically
at 37 °C and 150 rpm for 24 h. The negative (no nano-
composite) and positive (AMX and miconazole) con-
trols were also tested. The MIC values of GO/ZnO were
recorded with no apparent microbial growth. MIC val-
ues were confirmed spectrophotometrically at 600 nm
against blank.

In vitro cytotoxicity test of CS/GO/ZnO cryogel

The cytotoxic effect of CS/GO/ZnO nanocomposite and
its cryogel was tested using a human fibroblast W1-38 cell
line which purchased from the American Type Culture
Collection (ATCC, Rockville, MD). The cells were culti-
vated in a Dulbecco’s modified Eagle’s medium (DMEM,
Lonza, USA) containing 10% fetal bovine serum, 50 pg/
ml gentamycin, 1% L-glutamine, and HEPES buffer at
the Regional Centre for Mycology and Biotechnology
(Al-Azhar University, Cairo). The cells were kept in a
humidified incubator with 5% CO, at 37 °C. The cyto-
toxic effect of CS/GO/ZnO cryogel was investigated
using 3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl tetrazo-
lium bromide (MTT) cell viability assay and the optical
density (O.D) was measured using a microplate reader
(SunRise, TECAN, Inc, USA) at 590 nm. The cell viabil-
ity was calculated from the equation: Cytotoxicity (%) =
[(O.D of control cells—O.D of treated cells)/O.D of con-
trol cells)] x 100. The CCy, values were calculated using
a linear equation from a plot between the percentages of
cell viability vs. concentrations [58].
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Water treatment and heavy metals nanoremediation

At the start of 2024, raw water samples were collected
under aseptic conditions from the Nile River, Damietta
branch, Damietta Government, Egypt (31°23'59.4"N
31°46’35.6” E) and immediately transferred to the Micro-
biology laboratory, Botany and Microbiology Depart-
ment, Faculty of Science, Damietta University. The
water temperature, pH, conductivity, turbidity, total dis-
solved solids (TDS), residual aluminum concentration,
and initial metal concentrations such as copper, manga-
nese, zinc, iron, and cobalt were measured were inves-
tigated. The total coliform (CFU/100 ml), fecal coliform
(CFU/100 ml), fecal Streptococcus (CFU/100 ml), and
heterotrophic plate count (CFU/1 ml) of water samples
were also measured. Water samples were divided into 3
groups; the 1st group was treated with 5 mm discs of CS/
GO/ZnO cryogels (30 discs/500 ml, supplemented by
80 mg of GO/ZnO), the 2nd group was treated with chlo-
rine (6 ppm) and ammonium alum (22 mg/1), while the
3rd was assigned to the control group without treatment.
Water samples were exposed to their specific treatments
for 15 min at room temperature (25 °C) and 90 rpm.
Finally, the physical, chemical, and biological measures
were also determined after the treatment and compared
to the recommended limits by WHO and APHA stan-
dards [59, 60].

Statistical analysis

Statistical analysis was performed on the data using
SPSS version 18 software. Every experiment’s value was
reported as the meantstandard deviation (SD), and one-
way analysis of variance (ANOVA) was used for analysis
followed by Duncan’s multiple range test. A significant
threshold of p<0.05 was applied [61]. All experiments
were performed at least 3 times and done in triplicate.

Results

Synthesis and characterization of ZnO NPs, GO, GO/ZnO
nanocomposite and cryogel

As a first observation for NPs biosynthesis, the color
changes from colorless to yellowish-white, confirming
the formation of ZnO NPs (Fig. 1). At 37 °C and 150 rpm,
B. subtilis could biosynthesize ZnO NPs in less than 24 h,
resulting in a large absorption peak in the 350-368 nm
range, which is a distinguishing band for pure ZnO NPs
[46]. While the adsorption peak at 358 nm confirmed
the successful combination between ZnO NPs and GO
sheets (Fig. 2) [52].

FTIR spectra of ZnO NPs and GO/ZnO nanocompos-
ite were measured and confirmed the presence of pro-
teins during their fabrication at 2867, 2974,1774, 1439,
1162, 883 cm™ for the bond of NH,, adenine, cytosine,
and guanine (Fig. 3). Stretching vibrations of metal-
oxygen appeared between 400 and 600 cm™ (428 cm™)
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Fig. 2 The UV-Vis spectra of Gt, GO, ZnO NPs, and GO/ZnO nanocomposite

indicating the presence of ZnO NPs [25]. The OH groups
appeared at =3422 cm™. Gt was oxidized into GO as
shown in the FTIR spectra (Fig. 3). The characteris-
tic peaks of hydroxyl (OH stretching), carboxyl (C=0
stretching), Alkenes (C=C stretching) and carbonyl
(=C=0 stretching) appeared at 3441, 1737, 1631, 1515,
1220,1141, 1054 cm™!, respectively. Functional groups
that include oxygen, such as hydroxyl, carboxyl, and

carbonyl, demonstrated that Gt powder was successfully
oxidized to GO. The decrease in the intensity of vibration
bands of —OH, NH,, and C-N groups at GO/ZnO nano-
composite FTIR spectrum indicated their involvement in
the bonding with ZnO NPs.

The results of Zeta potential analysis displayed the high
negative charge of the prepared nanocomposite which
reached —32.8+5.7 mV (Fig. 4).
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Fig. 4 The Zeta potential analysis of GO/ZnO nanocomposite

The XRD of Gt, GO, ZnO NPs, and GO/ZnO nano-
composite were analyzed between 10° and 80° in the 26
range (Fig. 5). The XRD pattern of Gt was indexed with
the support of JCPDS card No. 41-1487. The results indi-
cated the presence of a strong peak at 260=26.35° which
was specific to the (002) plane with d-spacing of 3.38 A
and signifies that Gt is a highly oriented carbon material.
Also, peaks at 20=44.17° (d-spacing of 2.05 A) and 54.19°
(d-spacing of 1.69 A) were observed that were specific
to the (101) and (004) planes and indicate the crystal-
line structure of graphite. The (001) characteristic peak at
260=11.7° (d-spacing of 8.8 A) was visible in the XRD pat-
tern of GO, confirming the proximity of oxygen-contain-
ing functional groups. ZnO crystalline peaks appeared at
31.7°, 34.4°, 36.2°, 47.5°, 56.5°, 64.1° and 67.8° correspond-
ing to the lattice planes (100), (002), (101), (102), (110),
(103), (112), and (201) (JCPDS No. 36—-1451). High purity

is confirmed by diffraction peaks associated with impu-
rities that are not apparent in the XRD graph. The ZnO
NPs integrated over GO sheets were investigated for their
typical crystal size and composition using XRD analy-
sis, which also provides an outline of the stated crystals’
states. The crystalline composition of the loaded ZnO
NPs, which were free of flaws and other interfering ele-
ments, was revealed by the lattice structure and diffrac-
tion. Furthermore, narrower and more intense diffraction
peaks suggest that the ZnO is well-crystalline, and bot-
tom-of-the-peaks widening indicates smaller crystalline
sizes. The Debye—Scherrer equation (D=kA/Bcost) was
used to determine the size of ZnO NPs which resulted in
an average size of =38+2 nm.

TEM confirmed the successful synthesis of mono-
layered GO sheets as shown in Fig. 6A. Also, ZnO NPs
appeared rod-shaped with an average size ranging from
30 to 40 nm, which is close to the XRD data. The SADP
results confirmed the good crystallinity of the biosynthe-
sized NPs as shown in Fig. 6B. The diffraction pattern of
nano-colloidal particles appeared as lighted spots on the
dark field.

SEM observations of CS/GO/ZnO cryogel were used
to determine the dispersion, distribution, and particle
size of GO/ZnO in the PVA matrix (Fig. 7A). Accord-
ing to mapping analysis, GO/ZnO showed good disper-
sion throughout the cryogel matrix. It also can be seen
that particles are nano-sized. The average particle size
of the ZnO NPs rods was found to be =37%3.1 in length
and 912 nm in width (Fig. 7B). The CS/GO/ZnO cryo-
gel appeared as a sponge-like structure (Fig. 7A) with
interconnected macropores that resulted from the freez-
ing of the reactants. The cryogel was porous with clear
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Fig.5 XRD of Gt, GO, ZnO NPs, and GO/ZnO nanocomposite

Fig. 6 TEM micrograph; (A), and SADP pattern; (B), of GO/ZnO nanocomposite. Scale bar =200 nm

observable microchannels. The pores were heterogenous
in their structure with diameters ranging between 10 and
60 pm or even greater.

Antimicrobial activity studies

GO/ZnO nanocomposite and CS/GO/ZnO cryogel
showed a distinct antimicrobial activity against B. cereus,
E. coli, and C. albicans. Significant differences were
observed between the samples treated with different con-

centrations of GO/ZnO nanocomposite and standard

antibiotics during the antimicrobial tests (Fig. 8; Table 1),
and the diameter of the inhibition zone. Also, it was
noted that CS/GO/ZnO cryogel discs (120 mg) revealed
a superior antimicrobial action compared to the stan-
dard antimicrobial AMX. CS/GO/ZnO cryogel showed
a stronger bactericidal effect against the Gram-positive
bacterium B. cereus than the Gram-negative bacterium E.
coli.

The MIC is the lowest antimicrobial agent concentra-
tion at which no detectable microbial growth is seen.
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Fig. 7 (A) SEM micrograph of CS/GO/Zn0O cryogel. (B) A magnified part showing ZnO NPs rods decorated on the surface of the cryogel. (C) A magnified
part showing the sponge-like structure with interconnected macropores of cryogel. Scale bar =100 um

Figure 9 displayed the MIC of GO/ZnO nanocompos-
ite compared to AMX and miconazole. GO/ZnO nano-
composite had a similar ability to completely inhibit
Gram-positive bacterium B. cereus and Gram-negative
bacterium E. coli at 80 pg/ml compared to AMX (90 and
120 pg/ml, respectively). While it had MIC value activ-
ity against C. albicans reached 90 pg/ml compared to
miconazole (150 pug/ml).

Cytotoxicity assay

CS/GO/ZnO composite or embedded in the cryogel
did not show any cytotoxicity against WI-38 human
fibroblast cell line up to the concentration of 31.25 pg/
ml (Fig. 10). The concentration of the tested samples
exhibited an inverse relationship with the percentage of
cell viability. The estimated CCjg, of the nanocomposite
and cryogel was 209.90£3.11 and 164.13%+2.32 pg/ml,
respectively.

Application of CS/GO/ZnO cryogel in water treatment
Different metals concentrations including Cu, Mn, Zn,
Co, and Fe were estimated in the water samples before

and after the treatment using CS/GO/ZnO cryogel
(Table 2). The results revealed a decreasing metal con-
centration in the CS/GO/ZnO-treated samples. Cobalt
was significantly decreased in this group compared to
the chlorine group. Treatment with this nano-gel signifi-
cantly decreased turbidity, total coliform, fecal coliform,
fecal Streptococcus, and heterotrophic plate counts not
only in comparison with the chlorine-treated samples but
also with the raw water samples (Table 2; Fig. 11).

Discussion

Microbial resistance to the microbicidal action of antibi-
otics and other antimicrobial agents had been recorded
[49]. The production of extracellular matrix [62], bio-
film adaptability [63], ion efflux pumps [64], electro-
static repulsion, and mutations are a few of the resistance
mechanisms that have been recently discovered. The
objective of this study is to find a new effective antimi-
crobial agent using a green, simple, and cost-effective
method which can be used in drinking water treatment
applications. Nanomaterials have recently emerged as
a weapon against multi-drug resistant microbes. These
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Fig. 8 Antimicrobial activity of different concentrations of GO/ZnO nanocomposite and CS/GO/Zn0O cryogel against the tested pathogenic microbial

strains

Table 1 Inhibition zone measurements of GO/ZnO nanocomposite and CS/GO/Zn0O cryogel against the tested pathogenic microbial

strains in comparison with AMX

Antimicrobial agents Concentration, pg/ml

Zone of inhibition (mm, mean +SD)*

B. cereus E. coli C.albicans

GO/ZnO 1% 1540° 20+0.19° 124003
nanocomposite 3% 15+0P 21+0.14° 14+0P

5% 1540° 1940,03° 13407
CS/GO/Zn0O cryogel 40 mg 2140.16° 17+0.06° 24+0.22°

80 mg 23+021° 18+0.14° 32+0.14¢

120 mg 28+0.06° 19+0.18° 26+0.13¢
AMX 120 mg 26.0+1.00° 153+046° -
Miconazole 120 mg - - 11.3+0.58°

*Means with common letters are not significantly different according to Duncan’s multiple range test (P<0.05, n=3)

nanomaterials have the potential to be employed as
nano-drugs that combat resistant microbial strains by
acting either independently or in concert with antimi-
crobial substances [65, 66]. Additionally, nanomateri-
als are employed as drug delivery systems that offer
improved physicochemical properties and increased
therapeutic efficacy [67]. Silver oxide, copper oxide, mag-
nesium oxide, calcium oxide, zinc oxide, gold, silver, tita-
nium, copper, zinc, and aluminum are among the most
researched metal and metal oxide nanoparticles (NPs)
against multidrug-resistant microbes [28]. Previously,
several studies have reported that B. subtilis, B. lichenifor-
mis, and B. cereus, as bio-agents for the synthesis of ZnO

NPs [68-70]. As an aerobic bacterium that is extensively
found in soil and decomposing organic waste, B. subtilis
is a harmless, safe, non-pathogenic microorganism and
considered as one of the unique probiotic bacteria with a
quick growth rate, few nutritional needs, effective secre-
tion of several proteins and metabolites, and no ability to
produce toxins [21, 50, 68]. B. subtilis is well-known in
the industry for generating a wide variety of metabolites
that act as bio-reducing agents in the biosynthesis of NPs
[68]. The current study reported the ability of B. subti-
lis ATCC 6633 to extracellular biosynthesize ZnO NPs
within 24 h. The biosynthesis of ZnO NPs was confirmed
using UV-Vis spectroscopy and displayed an absorption
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peak at =235 nm. This peak can be attributed to the to
n—1* transitions of the aromatic C=C bond of GO and
n—m* transitions of C=0 [72]. The biosynthesized GO /
ZnO composite has an absorption peak around 358 nm
almost as same as ZnO NPs indicating the existence of
crystalline ZnO in the composite, which was similar to
the previously published data [50].

The usage of NPs in various industrial and medical
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Fig. 10 Cytotoxicity assay of CS/GO/ZnO alone or immobilized in the
cryogel

peak at 358 nm due to the photoexcitation of electrons
from the valance band to conduction band. Also, ZnO
NPs have an absorption peak at 363 nm as reported by
Hameed et al. [71] which was consistent with the current
results. UV-Vis spectrum of GO shows an absorption

applications is frequently restricted by aggregation and
agglomeration. To ascertain the NPs stability, FTIR and
Zeta analyses were conducted. FTIR spectrum of ZnO,
the peaks at 428 cm™! correspond to O-Zn-O stretch-
ing as documented by Zhang et al. [73]. FTIR spectrum
of GO and GO/ZnO nanocomposite showed different
characteristic bands of oxygen species such as carbonyl
and carboxyl. Also, the alignment of ZnO on GO matrix
was observed and the obtained results may imply that
the ZnO NPs were successfully anchored on the surface
of GO sheets [74]. Also, the presence of proteins in the

Table 2 Physicochemical and biological characteristics of untreated and treated water samples

Test Standard limits Current measurements*

Raw water Drinking water Raw water Chlorine CS/GO/ZnO0 cryogel
Turbidity (NTU) - 1 6.9° 1.69° 0.58°
pH 7-8.5 6.5-8.5 8¢ 7.67° 6.5°
Conductivity - - 369° 378° 418°
TDS (ppm, 120°C) 500 1000 221° 232° 271°
Residual Al (ppm) - 0.2 0 0.098° 0015
Cu (ppm) 1 2 ubL UDL ubL
Mn (ppm) 05 04 0.003 uDL UDL
Zn (ppm) 1 3 0.022¢ 0.0064° 00172°
Co (ppm) - - 0.004° 0.002° 0.001°
Fe (opm) 1 03 0.059° 0.049° 0.055°
Total coliform (CFU/100 ml) 1000 <2 10,800° 42 28
Fecal coliform (CFU/100 ml) - <1 660° 6° 18
Fecal Streptococcus (CFU/100 ml) - <1 800° 572 28
Heterotrophic plate count (CFU/1 ml) - <50 4400°¢ 140° 53°

*Means with common letters are not significantly different according to Duncan’s multiple range test (P<0.05, n=5), NTU; Nephelometric turbidity unit, UDL;

Undetectable level
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Fig. 11 Total coliform, fecal coliform, fecal Streptococcus, and heterotrophic plate counts of CS/GO/ZnO cryogel-treated water samples compared to

chlorine-treated samples

production of NPs that could serve as stabilizing agents
was established by measuring the FTIR spectra of ZnO
NPs and GO/ZnO nanocomposite [52]. Based on the sur-
face charge of the NPs, the zeta potential measurement
indicates the colloidal stability of the synthesized NPs in
solution. Zeta potential values that are either positive or
negative show that the NPs are repulsed by one another,
which could prevent their aggregation [75]. According to

the zeta potential values, the stability of NPs was classi-
fied into four categories: very unstable (values within the
range of £0-10 mV), somewhat stable (values within the
range of £10-20 mV), stable (values within the range of
+20-30 mV), and high stable (values beyond +30 mV)
[76]. Thus, based on the obtained zeta potential value
(-32.8+5.7 mV), the synthesized GO/ZnO nanocompos-
ite has a high stability. On the other hand, Rosnan et al.
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[52] prepared the ZnO-decorated GO nanocomposite
which had a Zeta potential value of -28.23 mV. While
Kim et al. [77] reported the absolute values for the zeta
potential analysis were larger than 25, indicating the high
colloidal stability of the fabricated NPs. The zeta poten-
tial value of biosynthesized ZnO NPs obtained by Serra-
tia nematodiphila was measured as -33.4 mV, indicating
that the NPs are highly stable in water [73]. Good stabil-
ity and crystallinity of NPs were also confirmed by the
XRD results. The XRD patterns displayed the successful
biosynthesis of ZnO NPs and their anchor in GO sheets,
which were matched with El-Nour et al. [78] and Mahdi
et al. [38] results that used B. subtilis ATCC 6633 and
Bacillus sp. PTCC1538, respectively. The absence of any
additional peaks related to secondary, or impurity phases
demonstrated the purity of the prepared NPs. After the
oxidation of Gt to GO, the XRD pattern of GO showed
the disappearance of Gt diffraction peak at 20=26.35°
which confirmed the fabrication of GO [79]. The success-
ful exfoliation of GO sheets as a result of ZnO NPs being
anchored over their surface may account for the reduced
intensity of the GO peak in the nanocomposite [80].
Based on the TEM micrographs, a very thin sheet of
2D layered GO was fabricated and embellished with
ZnO NPs. Additionally, ZnO NPs were shown to be sig-
nificantly intercalated between GO sheets, supporting
the synthesis of GO/ZnO. Diffraction rings in the SADP
pattern clearly show that the samples are polycrystalline,
and all of them are allocated to an orthorhombic struc-
ture, which is consistent with the findings of the XRD.
This suggests that the particles are GO/ZnO nanocrystals
in a single phase which matched with the Jayachandi-
ran et al. [81] data. ZnO NPs of this study were signifi-
cantly smaller than ZnO NPs prepared by Mahdi et al.
[38] using Bacillus sp. (99 nm). Also, the biosynthesized
ZnO nano-rods using Xanthomonas campestris had
a diameter of 300 nm as reported by Mahdi et al. [82].
While Saleh et al. [83] reported the diameter of ZnO NPs
ranged from 22 to 59 nm that biosynthesized using B.
subtilis. The surface morphology of the GO/ZnO cryo-
gel was studied using SEM investigation, demonstrating
pore development throughout the cryogel processing.
The separation of the liquid and solid phases within the
cryogel was what caused the pores formation. The liquid
phase first changed into ice crystals, which progressively
enlarged until they come into contact with one another
[84]. The ice crystals in the hydrogel evaporated during
the freeze-drying process, leaving pores in the cryogel
structure. Furthermore, the liquid phase prevented the
cryogel from collapsing and facilitates the formation of its
pore network. It is observed that the hydrogel structure
changed and become more porous when CS is present in
the PVA cryogel. The hydrogel as a catalyst support pro-
vides ideal conditions for the uniform dispersion of ZnO
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NPs and GO while preserving the structure of the PVA
matrix. A previous study has shown that the addition of
CS increased the pores formation in the hydrogel and
helped in their distribution more uniformly [85]. ZnO/
PVA/CS and plasticizers with pore size approximately
8 um was conducted by Vicentini et al. [86]. Another
study prepared PVA/TiO, gel resulted in an average pore
size 20 pm and 35 um, PVA/Fe,O5 with 25 to 32 um and
pure PVA gel with a wide range of pore sizes ranging
from 10 to 75 um [87]. Khodaee et al. [88] synthesized
PVA/reduced GO (PVA/rGO) hydrogel with pore sizes of
range between 7 and 45 pm. The hydrogel as a catalyst
support provides ideal conditions for the uniform disper-
sion of ZnO NPs and GO while preserving the structure
of the PVA matrix.

It is well known that metals and metals oxides are rec-
ognizable strong antimicrobial agents against several
pathogenic microbial cells [30, 35, 89]. Recently vari-
ety of nano-structural materials especially biologically
synthesized have been proven promising antimicrobial
properties, this suffices for a larger area of interactions
with biological systems [36]. In this study, green syn-
thesized ZnO NPs, GO/ZnO and CS/GO/ZnO cryogel
were tested against different bacterial strains such as B.
cereus and E. coli in addition to C. albicans as a patho-
genic yeast. All concentrations of GO/ZnO exhibited
promising antimicrobial activity against E. coli and C.
albicans compared to conventional antimicrobial agents,
AMX and miconazole. GO/ZnO containing 3% ZnO
NPs had the highest antibacterial impact on E. coli with
inhibition zone of 21£0.14 mm among all the tested
materials. On the other hand, GO/ZnO containing 1%
ZnO NPs showed the lowest influence towards C. albi-
cans with inhibition zone measuring 12+0.03 mm. This
corresponds with Bhaisare [90] study which confirmed
the higher activity of GO/ZnO against Gram-negative
(E. coli) than Gram-positive (S. aureus). Elbasuney et
al. [91] confirmed the strong antimicrobial activity of
reduced GO/ZnO against E. coli (21.7+£0.58 mm), B. sub-
tilis (38.5+£0.50 mm), and C. albicans (19.3+0.58 mm). It
was also noted that the concentration of ZnO NPs in the
composite played a significant role in the activity of the
prepared nanocomposite [92, 93]. The adsorption capa-
bility of the GO/ZnO decreases with ZnO NPs additions
more than 3%. The decrease in GO surface area as ZnO
NPs percentage increased can be used to explain the
decline in adsorption effectiveness at higher ZnO NPs
percentages. Furthermore, by creating a new functional
group between the GO layers, an excess of ZnO NPs may
also cause ZnO NPs and GO sheets to aggregate, which
may make the active sites less accessible for adsorption
[94]. Gram-negative bacteria were more susceptible to
the antibacterial action of GO/ZnO than Gram-positive
bacteria, which may have resulted from the differences
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in the bacterial cell wall structures. When compared to
Gram-negative bacteria, the detrimental effects of GO/
ZnO were lessened by the thick walls and high levels of
peptidoglycan present in the cell walls of Gram-positive
bacteria [95].

The MIC values of the prepared material were mea-
sured and determined as 80 pg/ml against E. coli and B.
cereus and 90 pg/ml against C. albicans. Other studies
had reported an efficient antibacterial action of the GO/
ZnO nanocomposite with MIC values ranged between
25 and 100 pg/ml [96-98]. Results showed also that the
antimicrobial action increased by increasing the con-
centration of ZnO NPs in GO/ZnO. A previous study by
Brandio et al. [99] showed that the incorporation of 2-5
wt% of ZnONP in composites could endow antimicrobial
activity to the composite without jeopardizing their phys-
icochemical properties. Nevertheless, an overabundance
of ZnO NPs caused them to aggregate and wrap around
the GO sheet, perhaps reducing the GO’s active sites and
exhibiting an inhibition rate that is lower or comparable
to a lower concentration [98].

The prevailing consensus is that the antibacterial activ-
ity of NPs and their size are inversely correlated. That
smaller NPs have a higher surface area to volume ratio
and, therefore, more bioactivities could be one explana-
tion for this observation [100]. According to the current
study TEM and SEM results, the prepared NPs had a
small size range which may illustrate their strong antimi-
crobial behavior. Stankovi¢ et al. [101] reported that the
antibacterial activity of ZnO NPs with an average diam-
eter around 30 nm against S. aureus and E. coli had the
greatest antibacterial activity compared with other larger
sizes.

Both the biological properties and stiftness of the com-
posite can be enhanced at the same time by the biopoly-
mer that contains the NPs, and vice versa. As a result, the
composite’s options and usage frequency are increased.
Due to their biodegradability, bio-nanocomposites and
NPs provide ecological sustainability and allow for the
medication’s eco-compatibility. The improved qualities of
medicine and the resulting favorable effects on the envi-
ronment are the result [102]. PVA is becoming more and
more well-known due to its remarkable ability to pro-
duce films, environmental friendliness, and biocompat-
ibility. PVA is an atactic semi-crystalline polymer with
emulsifying and adhesive properties. It is resistant to
solvents, oil, and grease because of its chemical stability.
PVA is hydrophilic and has a high density of functional
groups that are reactive. In addition, it has a high tensile
strength, flexibility, and great oxygen and smell barrier
properties [103]. GO/ZnO hydrogel delivered antibacte-
rial agents, such as GO/ZnO nanosheets, ZnO NPs and
Zn>* ions, to the surrounding agar, resulting in the inhi-
bition zones against the tested microbial strains which
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matched with Le et al. [104] reports. Abd El-Mohdy et
al. [105] recorded the antimicrobial activity of pure PVA
hydrogel against B. subtilis and C. albicans. Also, Chow-
dhuri et al. [93] synthesized GO/CS/ZnO which showed
an antibacterial potency towards both Gram-negative
bacteria and Gram-positive. The PVA/ZnO nanofibers
were synthesized by Khan et al. [106], who also found
dose-dependent ZnO NP content and effective antibacte-
rial action against S. aureus and E. coli. Gutha et al. [107]
and Abdeen et al. [108] prove the uniqueness of a cap-
ping agent towards surface area and antibacterial activ-
ity by synthesis of a CS/PVA/ZnO nanocomposite with a
much higher antimicrobial activity against Gram-positive
and Gram-negative bacteria due to the presence of ZnO
NPs. There are different illustrations for the antimicrobial
action of GO composites. According to the most widely
accepted theory, when microbial cells were deposited
on graphene surfaces, membrane tension developed and
may have harmed the cell membrane structure. Notwith-
standing the fact that no superoxide anions were found,
oxidative stress that is not dependent on reactive oxygen
species (ROS) may also aid in the inactivation of bacte-
ria in addition to membrane stress, as demonstrated by
glutathione oxidation [109]. Similar to this, studies by
Krishnamoorthy et al. [92] showed that GO produced
ROS, and that these free radicals in turn led to bacte-
rial cell lipid peroxidation in strains of E. coli and B. sub-
tilis. According to Tu et al. [110], the strong dispersion
interactions between graphene and lipid molecules allow
graphene nanosheets to penetrate cell membranes and
extract substantial amounts of phospholipids. Though
superoxide anions produced by GO and rGO were
reported to be capable of inactivating P aeruginosa by
Gurunathan et al. [111].

CS/GO/Zn0O nanocomposite and cryogel were tested
for their cytotoxic activity against WI-38 human fibro-
blast cell line using MTT assay. When the concentrations
of CS/GO/ZnO nanocomposite and cryogel decrease,
the cell viability increases until they reach the CCj,.
The CC;, values were found to be 209.90+3.11 and
164.13+2.32 pg/ml for CS/GO/ZnO nanocomposite and
cryogel, respectively. High CCgy, confirmed their safety.
It was obvious that the CCs, of CS/GO/ZnO nanocom-
posite was significantly higher than that of cryogel. These
results indicated that the nanocomposite had the lower
significant cytotoxicity against WI-38 cell line. This dif-
ference might be due to the presence of glutaraldehyde
in the synthesis of cryogel [112]. Cytotoxic activity of
nanocomposites and cryogels on different human cells is
essential for their industrial, agricultural, and biomedical
applications. Higher lethal doses and lower CCg, values
were observed in several studies against human cells and
other animal cells. Hemati et al. [113] prepared liposomal
sulforaphane-loaded PVA/polyethylene glycol hydrogels
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and reported its CCy, of 107.2 pg/ml against human skin
fibroblasts. Also, PVA-Ag and CS-Ag nanocomposites
films showed low cytotoxic activities against Huh-7 liver
cells and CCy, values of 185.07 pg/ml and 119.85 pg/ml,
respectively as reported by Abdallah et al. [114]. While
Abed Shlaka et al. [115] studied the activity of the modi-
fied chitosan/PVA/Au against rat embryonic fibroblasts
(REF) and recorded its CCy; as 83.92 pg/ml.
CS/GO/ZnO cryogel was also applied for water treat-
ment as disinfectant and anti-biofouling agents. Different
bacterial inactivation occurred after the treatment of raw
water samples with the prepared cryogel including total
coliform, fecal coliform, fecal Streptococcus, and hetero-
trophic plate counts. Our results showed 99.98%, 99.8%,
and 99.75% efficiency for eliminating total coliform, fecal
coliform, and fecal Streptococcus, respectively, within
15 min at room temperature (25 °C) and 90 rpm, indicat-
ing that CS/GO/ZnO cryogel can be applied to inactivate
a variety of bacteria. Additionally, the agar plates present
the inactivation results of heterotrophic plate count with
an efficiency reached to 98.79%, revealing the effective-
ness of water disinfection of CS/GO/ZnO cryogel. CS/
GO/ZnO cryogel could be applied as a promising and
competitive antibacterial material compared to the cur-
rent traditional materials based on its total disinfection
efficacy at room temperature and without energy input.
On the other hand, Guo et al. [116] studied the freeze-
dried CS/3,4-dihydroxybenzaldehyde hydrogels capacity
for rapid water disinfection and recorded its ability for
a rapid inactivation of >99% bacteria in 60 min at ambi-
ent conditions. Chen et al. [117] studied the antibacterial
action of PVA hydrogels reinforced with graphene-doped
ZnO nanoplates and reported that graphene and ZnO
improved the swelling degree, tensile property, and
dye adsorption capacity of PVA hydrogel moreover
it endowed the hydrogel antibacterial characteristics.
While Zeng et al. [118] documented that the Ag/rGO
hydrogel showed inactivation rates against E. coli and
total coliform reached to >94.51% and 99.71%, respec-
tively during the disinfection of natural water samples.
Zhang et al. [119] reported the excellent antibiofouling
activity of the rGO/ZnO/polyethersulfone membrane
against Gram-negative P aeruginosa. The crosslinking
between three antibacterial motifs (ZnO NPs, GO, and
CS) and PVA cryogel increased their chemical stability.
Furthermore, there are minimal oxidation effects and
both motifs are comparatively inert in water. As a result,
they are not expected to leave behind residues or pro-
duce hazardous byproducts or have leftover residues.
After removing the CS/GO/ZnO cryogel discs with a
colander spoon, we examined the presence of chemical
residues and NPs leaching directly. The results of CS/
GO/ZnO cryogel-treated water had a very small rise in
TDS. While results for residual Al, Cu, Mn, Zn, Co, and
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Fe measurements confirmed there are no chemical impu-
rities remaining after the disinfection test which agreed
with Guo et al. [116] records. Overall, the results showed
that all contaminants and impurities (turbidity, alkalin-
ity, residual Al, Cu, Mn, Zn, Co and total coliform) in raw
water samples were reduced to a level matched with the
drinking water standards of the WHO and the EWQS
[59, 120]. Therefore, the CS/GO/ZnO cryogel has the
potential to enhance or replace the current traditional
disinfection methods.

The nature of the materials determines the adsorption
of heavy metals onto macroporous polymers, which usu-
ally includes several pathways. The chemistry of the aque-
ous phase plays a major role in the effective removal of
hazardous metal ions. Heavy metals have been removed
from water using a variety of techniques, including
membrane separations, ion exchange and adsorption,
chemical precipitation, coagulation, and bioremediation
[121]. Adsorbents for the removal of heavy metals have
included synthetic polymers (hydrogels, cryogels), as
well as biopolymers [122]. Cryogels are polymeric mate-
rials that use electrostatic forces to remove ionic pollut-
ants from water. Also, they are more elastic and have a
far higher water retention capacity, whose structures are
mostly stiff. Certain functional groups in the structure,
such -OH, -NH,, -COOH, and -CONH,, are improving
the removal of chemicals from water due to their abil-
ity to be absorbed both into the swollen 3D cryogel sys-
tem and onto the outside surface [123]. Additionally, the
open-ended holes in cryogels, as opposed to the closed-
end pores in traditional porous materials, help to pro-
mote rapid diffusion [124].

The current study highlighted a low-cost method for
environmental applications that can rival the existing
ones that use expensive materials. Cryogel-based tech-
niques can be worth the extra cost if they improve water
treatment by being able to handle particularly persis-
tent contaminants and dangerous substances that can-
not be removed with current traditional methods. A tap
or small-scale treatment plant application is possible for
small volume cryogels, according to recent research and
evaluation on the materials [125]. The unique proper-
ties of polymers (PVA and CS), such as their affordable
price, chemical versatility, compatibility, degradabil-
ity, non-toxicity, and manufacturing facility, make them
ideal for the fabrication of cryogel [126]. In addition, the
cost-effective microbial synthesis of ZnO NPs and cryo-
gelation processes is more efficient, consumes no energy,
and beneficial than other processes [127]. Some good
things about macroporous polymeric structures include
their high-water content, non-toxicity, efficiency, ease of
storage, and reusability [84]. The inexpensive cost of raw
materials combined with the significant advantages of the
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CS/GO/ZnO suggests it as feasible choice for water treat-
ment and purification.

Conclusions

An extracellular biosynthesis of ZnO NPs was prepared
using B. subtilis ATCC 6633, decorated on GO sheets
then fabricated a CS/GO/ZnO PVA cryogel as a final
product.

Different physicochemical investigations for the pre-
pared materials were studied such as UV-Vis spectros-
copy, FTIR, Zeta potential, XRD, SADP, and SEM. The
synthesized GO/ZnO and CS/GO/ZnO PVA cryogel
exhibit potent antimicrobial activities in a dose-depen-
dent manner. Results revealed that the Gram-positive,
Gram-negative bacteria, and unicellular fungus were
sensitive toward GO/ZnO and CS/GO/ZnO cryogel at
low concentrations, with MIC values of 80, 80, 90 pg/
ml, respectively. The current study provided also a
simple route to endow a cryogel with antibacterial and
antibiofouling capacities for water. By embedding ZnO
NPs and CS onto the GO backbone, enabling inactiva-
tion of bacteria in raw water samples. When CS/GO/
ZnO cryogel discs applied directly in raw water treat-
ment, they showed a rapid inactivation of =99% bacteria
within 15 min at room temperature without any energy
consumption. Real river, Nile River, Egypt, water sam-
ples were used to investigate the efficiency of CS/GO/
ZnO cryogel on water purification and bacterial inacti-
vation. CS/GO/ZnO cryogel revealed interesting results
in decreasing contaminants and impurities (turbidity,
residual Al, Cu, Mn, Zn, Co, bacteria) in water samples
suggesting it as a significant environmentally friendly,
nontoxic potential agent for practical water treatment at
the household or community scale. Furthermore, the tox-
icity, antimicrobial activity and nanoremediation action
of CS/GO/ZnO cryogel needs to be studied in vivo with
an animal model. In addition, limitations of fabricated
cryogel when it comes to a large-scale application, stabil-
ity, reusability, and recycling tests should be also investi-
gated in future studies.
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