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nanocomposite based on the AgCl-decorated poly(sodium acrylate)
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1. Introduction

Antimicrobial resistance has been seriously threatening public health and the COVID-19 pandemic has
worsened this issue. In order to global economic development and public health, it is obvious that there is an
urgent need to discover new antimicrobial agents based on the nanotechnology [1]. Especially those that have
high antibacterial activity against Gram-negative bacteria due to the unique structure of the cell envelope. One of
the greatest threats to public health is microbiological contamination of drinking water sources. Approximately
1.8 million people die annually from diarrheal diseases. Most of these deaths are children. Improving
microbiological water quality at the point of use could reduce the risk of diarrheal diseases [2,3]. However, the
effectiveness and/or formation of harmful disinfection by-products of conventional disinfection methods is
limited. In addition, the emergence of micro-organisms that are resistant to several antimicrobial agents calls for
the development of improved disinfection methods that minimize the formation of disinfection by-products [4].
Due to their high interfacial reactivity and unique physicochemical properties, nanoscale materials have attracted
increasing interest as alternative disinfectants. Especially silver (Ag) nanoparticles (Ag NPs) have been shown to
have outstanding antimicrobial activity [5]. However, the practical use of free Ag NPs is still limited due to
dispersion and dissolution problems. These problems can lead to loss of efficacy and potential (eco)toxicological
effects. These issues can be addressed by stabilizing Ag NPs in various inorganic/organic carriers [6-8]. The
application of AgNPs-functionalized ceramic filters, hydrogels, ion-exchange materials, papers, polyurethane
foam and polymer beads as bioactive components in flow or column systems for point of use water disinfection
has been tested [9].

These studies have demonstrated the efficacy of Ag nanocomposites in terms of bacterial deactivation. However,
little attention has been paid to elucidating their bactericidal mechanisms. In addition, their applications may be
limited by either: (i) a relatively low output of disinfected water or (ii) a significant release of Ag into the treated
water, compromising the potability of the water and the
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reusability of the nanocomposites. In addition, systems operated in the column mode may have some operating
limitations. The development of antibacterial agents with a combination of nanoparticles and a matrix have been
a challenge [10-13]. Fortunately, via the structural modification of nanoparticles and effective dispersion of
nanoparticles this fact has been approved for several application fields and also marketing. Consequently, silver
chloride (AgCl) as a sustainable silver ion source is a potential candidate for treating infections. In addition, AgCl
in the form of nanoparticles may be more toxic to bacteria than its bulk counterpart. This is because nanoparticles
of small size can pass through cell membranes, and the accumulation of intracellular nanoparticles can lead to cell
dysfunction [14]. Cryogels are formed by conducting a polymerization reaction in a semi-frozen system in which
the ice crystals (for aqueous systems) act as the porogens, resulting in a highly interconnected porous polymer
network or matrix [15]. This is in contrast to hydrogels which are formed at higher temperatures, such as 5° C. or
above, not in a semi-frozen aqueous system. Briefly, a hydrogel refers to a polymeric soft matter that is or can be
swollen with water. Cryogels belong to a special class of gel-like polymers that are prepared below freezing point
of the solvent (for example water). Such special process renders the cryogels their characteristic macroporous
structures and other unique attributes including mechanical properties and water absorption/releasing behaviour
desirable for the present application. For example, using poly(sodium acrylate) (PSA) as the polymeric matrix,
PSA hydrogels and PSA/nanoparticles hydrogels were prepared using the same reagents and formulation as the
PSA cryogels except that the gelation was conducted at room temperature (freezing is required for cryogels, hence
the word “cryo”) [16].

Here we reported the preparation of antibacterial agent-decorated cryogels, AgCIl nanoparticles-decorated
cryogel at different AgCl Wt.% in cryogel matrix, and their antibacterial application investigation. Cryogels are
formed by conducting a polymerization reaction in a semi-frozen system in which the ice crystals (for aqueous
systems) act as the porogens, resulting in a highly interconnected porous network. The design of present AgCl-
decorated cryogels combines the advantages of high porosity, excellent mechanical and water absorption
properties of cryogels, and uniform dispersion of fine AgCl nanoparticles on the cryogel pore surface for rapid
disinfection with minimal Ag release. Present AgCI nanoparticles-decorated cryogels are lightweight and permit
easy recovery of the absorbed (i.e. disinfected) water via the application of minimal pressure, e.g. by manual hand
compression. Escherichia coli (E. coli, ATCC® 25922™) and Bacillus subtilis (B. subtilis, ATCC® 6633™) were
selected as exemplary gram-negative and -positive bacteria for antibacterial testing. Due to their simple operation,
ease of deployment and high antibacterial performance, the synthesized AgCl-decorated cryogels offer great
promise for different application and especially can be used as a potable wastewater treatment filter cartridge to
obtain clean water especially in emergencies where there is limited access to the infrastructure.

2. Experimental
2.1. Materials

N,N,N’,N'-tetramethylethylenediamine (TEMED, =99) as accelerator of polymerization, sodium acrylate (SA,
=99%), N,N’-methylenebis(acrylamide) (MBA, 99%) as cross-linker were purchased from Sigma-Aldrich.
Ammonium persulfate (APS, 98%) as hydrophilic initiator, PVA (polyvinyl alcohol) surfactant, AgNO3 and NaCl
were purchased from Merck.

2.2. P(sodium acrylate) (PSA) cryogels synthesis

The design principles and synthesis of PSA cryogels have been described previously [17]. In brief, a desired
amount of ammonium persulfate initiator and N,N,N’,N’ tetramethylethylenediamine were added to a reaction
mixture containing sodium acrylate and N,N’-methylenebis(acrylamide) as cross-linker agent. The obtained
mixture was degassed and cooled in an ice bath. In this recipe, final ammonium persulfate and N,N,N’,N’-
tetramethylethylenediamine concentrations were 1.75 mM and 0.125% (v/v), respectively, and the monomer
concentration (sodium acrylate + N,N’-methylenebis(acrylamide)) used was 8%. The mol ratio of crosslinker to
sodium acrylate was 0.05. The resulting reaction mixture was transferred to several poly(propylene) syringes (5
mL), which were then placed in a bath fluid (-20°C, 1:1 mixture of ethylene glycol/double distillated water (19.02
MQ-cm at 25°C)) and incubated in an ultra-low temperature freezer (Portable/Benchtop Ultra-Low Temp Freezer
(-86°C), 120 V). After 24 h, the PSA cryogels were washed thoroughly in ultra-pure water and dehydrated in n-
butanol. Then dried in a lyophilizer (Pharmaceutical Laboratory Lyophilizer Freeze Dryer Mini Vacuum Freeze
Dry Machine CE Certified) before being broken into smaller cylindrical disc samples.
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2.3. Preparation of AgCl nanoparticles-impregnated PSA cryogels

For the preparation of PSA/AgCI cryogels nanocomposites, the inter matrix synthesis (IMS) method was used.
Typically, AgCI nanoparticles were synthesized by the chemical reaction between silver ions from AgNO3 and
chloride ions from NaCl in the presence of the stabilizer PVA according to the following procedure: 1.634 g PVA
and 0.122 g of AgNO; were dissolved in 210 ml of distilled water. To this solution, 14.4 ml of 0.1 M NaCl aqueous
solution (1.44 mmol) was added at a constant rate over 30 min with vigorous stirring [18]. The reaction mixture
was stirred for a further 2 h at room temperature and then different amount of dried PSA cryogel was allowed to
swell into the above solution to adjust the Wt.% of AgCI nanoparticles on the surface of PSA cryogel and the
preparation a series of AgCI decorated PSA cryogel nanocomposites. All suspensions were shaken at 250 rpm on
an orbital shaker for 24 h. The resulting swollen cryogel samples were washed several times with water to remove
the unbound Ag* ions on the surface of cryogel matrix. The resulting nanocomposites were thoroughly washed by
immersion in water followed by vacuum filtration for 3 times. After three repetitions of the washing step, the
nanocomposites were dried using the same procedure as for the PSA cryogel. The prepared sample based on the
used weight percentage of AgCI nanoparticles on the surface of PSA including 5 Wt.%, 10 Wt.%, and 15 Wt.%,
were marked as AgCI/PSA-5, AgCI/PSA-10 and AgCI/PSA-15. In this study as control sample for comparison
investigation, pure PSA cryogel without AgCI nanoparticles, and unsupported AgCl nanoparticles were prepared
to confirm the role of PSA for antibacterial activity enhancement.

2.4. Characterization

X-ray diffraction (XRD) is a powerful nondestructive technique for characterizing crystalline materials. It
provides information on structures, phases, preferred crystal orientations (texture), and other structural parameters,
such as average grain size, crystallinity, strain, and crystal defects. In this study, an XRD (Philips, X'Pert- MPD
PRO-PW3040/60) was used. The FESEM as the most common technigue to use in the characterization of surface
topography of materials and morphological differences on the surface was performed by (TESCAN MIRA LMU).
AFM was used to investigate the surface topography of the prepared samples compared to the PSA cryogel with
AFM (BRISK).

2.5. Antibacterial activity testing

Escherichia coli (E. coli, ATCC® 25922™) and Bacillus subtilis (B. subtilis, ATCC® 6633™) were selected
as exemplary gram-negative and -positive bacteria for antibacterial testing. E. coli and B. subtilis were cultured
in tryptic soy broth and nutrient broth at 37°C and 30°C, respectively, and harvested at mid-exponential growth.
The harvested cells were washed by centrifugation and then resuspended in phosphate buffered saline (PBS, 0.01
M, pH = 7.45) [19]. A 0.02 g of all AgCI/PSA samples was added to a 10 mL bacterial suspension with a cell
density of 108 colony forming units per mL (cfu mL%). The cryogel was manually shaken during swelling in the
bacterial suspension. The swollen cryogels were quickly removed and squeezed to obtain the treated water after
15 s of swelling in the bacterial suspension. Control experiments were performed without the addition of cryogel
to the bacterial suspension. After appropriate dilution in PBS, 0.1 mL of the control, treated water and bulk water
were plated on tryptic soy agar or nutrient agar and incubated for 24 h to enumerate the number of viable bacteria.
At least 6 replicate experiments were performed. The Kinetics of bactericidal activity was studied by quenching
of the disinfection reaction with universal quencher (0.1% peptone; 0.1% Na2S;03; 0.5% Tween 80, 0.07%
lecithin). The bacterial suspension was diluted 10-fold in Universal Quenching Agent (UQA) to quench the
reaction.

3. Results and discussion
3.1. AFM

The AFM analysis wit 3-D images are shown in Fig. 1. As can be seen from Fig. , it is obvious that the pure
PSA cryogel has a uniform surface with homogeneous porosity compare to the prepared AgCI/PSA cryogel
samples. Fig. 1, shows AgCl nanoparticles concentration decorated on the surface of PSA cryogel
influenced the surface topography of AgCl/PSA cryogel nanocomposite with surface roughness
measured to be 29 + 6 nm, 38.16 + 2 nm and 68 + 1 nm for (b) AgCI/PSA-5, (c) AgCI/PSA-10 and (d)
AgCI/PSA-15, respectively. Moreover, AgCI nanoparticles loading into the PSA cryogels further improved their
mechanical properties since it resulted in stronger and more rigid nanocomposites compared to the pure PSA.
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Fig. 1. AFM images of the lyophilized (a) PSA, (b) AgCI/PSA-5, (c) AgCI/PSA-10 and (d) AgCI/PSA-15 cryogel
nanocomposites

3.2. Crystalline nature study

The XRD pattern was used to investigate the crystalline nature of the obtained AgQCI/PSA cryogel
nanocomposite as a typical sample. The diffraction sharp peaks observed in the 20 range from 20° to 80° in the
XRD spectrum of the lyophilized AgCI/PSA cryogel powder were 27.97°; 32.32°; 46.24°; 54.79°; 57.55°; 67.63°;
74.50°; 76.54° (Fig. 2). They are assigned to the (111), (200), (220), (311), (222), (400), (331) and (420) planes,
respectively, of the face-centered cubic structure of AgCl crystal in PSA cryogel matrix [18].
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Fig. 2. XRD pattern to investigate the crystalline nature of the lyophilized AgCI/PSA-10 cryogel powder from
20=20°-80°

3.3. FESEM of lyophilized AgCI/PSA cryogel

Fig. 3 shows the FESEM image of the AgCI/PSA-10 cryogel sample. This shows that the pore size and
interconnectivity of the cryogel were relatively unaffected after decorating with AgCI nanoparticles. This is due
to the large size difference between cryogel pores (1-100 pm) and AgCl nanoparticles (mostly <20 nm). The AgCI
nanoparticles with 10 Wt.% loading was very well dispersed in the cryogel network, with bright spots appearing
on the surface of the cryogel pore walls. The good dispersion can be attributed to the electrostatic stabilization of
the AgCl nanoparticles in the PSA cryogel. Furthermore, the highly cross-linked polymer network of PSA
provided random confinement of the AgCI nanoparticle growth in the free volumes between the networks. The
particles were mostly <20 nm in size. Highly interconnected porous network of PSA cryogel combined with the
good dispersion of fine AgCI nanoparticles is anticipated to increase the probability of collisional contact with
bacterial cells that would lead to high disinfection efficacies and high antibacterial activity.

Fig. 3. FESEM of the
lyophilized AgCI/PSA-10
cryogel powder
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3.4. Antibacterial test results

The PSA/Ag cryogels synthesized in this study showed excellent antibacterial activity against both E. coli and
B. subtilis compared to the control samples pure PSA and AgCl nanoparticles. The prepared cryogel
nanocomposite samples showed a 4.5-7.0 log reduction of viable bacteria in the antibacterial test (Fig. 4). It should
be noted that even the AgCI/PSA-5 cryogel having the lowest Ag content could deactivate more than 4logs of
viable bacteria (Fig. 4). As can be seen from Fig. 4, the antibacterial performance for B. subtilis in high content
of AgCl is more and B. subtilis was deactivated to a greater extent than E. coli. Unmodified PSA cryogels without
AgClI nanoparticles have low antibacterial activity and this low value to remove some bacteria could possibly due
to (i) bacterial exclusion by smaller pores, (ii) bacterial entrapment in blind pores, and/or (iii) deposition of
bacterial cells on the interior surface of cryogel during compression [20]. However, the extent of reduction was
marginal when compared with that of the PSA/AgCI cryogels.

10

mE.coli mB.subtilis

Log reduction values

PSA AgCl AgCI/PSA-5  AgCI/PSA-10 AgCI/PSA-15

Fig. 4. Log reduction values VS. all samples to compare antibacterial activity

AgCI/PSA-10 was selected for bactericidal reusability study due its excellent disinfection efficacy. The
PSA/AgCI-10 cryogel was also highly reusable as indicated by the relatively consistent log reduction values over
six cycles of antibacterial test operation (Fig. 5). As shown in Fig. 5, the log reduction values were not statistically
different between the 6 operational cycles. The good reusability of PSA/AgCI cryogel may be attributed to the
high stability of AgCl nanoparticles incorporated in PSA cryogel matrices.

mE.coli mB.subtilis
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Fig. 5. The reusability study of AgCI/PSA-10 cryogel sample
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The mechanisms by which free AgCl nanoparticles exert toxicity have been studied; however, there is no general
consensus as to whether the toxicity of the AgCl nanoparticles was due to release of Ag* ions or to intrinsic
properties specific to the particle (primarily Ag®). Ag* ions are toxic to bacteria due to various mechanisms
including binding to thiols in proteins and disrupting the bacterial respiratory chain, thereby generating reactive
oxygen species (ROS) that can lead to oxidative stress and cell damage. On the other hand, the toxicity effects of
AgNPs have been suggested to arise from: (i) physical processes that involve disruption of the cell membrane
and/or penetration of AgCl nanoparticles into the cell, (ii) particle surface reactions that generate ROS, which
catalyzes the oxidation of cellular contents, and/or (iii) direct interaction with enzyme sites that changes the
conformation resulting in impaired metabolism. The bactericidal mechanism of bulk materials functionalized with
AgCl nanoparticles is rarely discussed in the literature. Present work hypothesizes that the biocidal action of AgCl
nanoparticles/PSA cryogels is dominated by surface-controlled mechanisms that are dependent on direct contact
of the interface of the AgCI/PSA cryogels with the bacterial cells [20]. This indicates that the bacterial cells need
to come into close contact with AgCI/PSA cryogels

Therefore, it is believed that the AgCI/PSA cryogels prepared in this study may offer a simple approach for
drinking-water disinfection as a wastewater cartridge filter in disaster-relief applications. In addition, the
AgCI/PSA cryogels prepared in this study are lightweight and highly portable allowing it to be easily deployed
for emergency response.

4. Conclusion

In this study, the antibacterial agent-decorated cryogels, AgCl nanoparticles-decorated poly(sodium acrylate)
(AgCI/PSA) cryogel at different AgCl Wt.%, and their antibacterial application was considered. The prepared
samples were characterized with XRD, AFM, and SEM. Escherichia coli (E. coli, ATCC® 25922™) and Bacillus
subtilis (B. subtilis, ATCC® 6633™) were selected as exemplary gram-negative and -positive bacteria for
antibacterial testing. The prepared cryogel nanocomposite samples showed a 4.5-7.0 log reduction of viable
bacteria in the antibacterial test. The PSA/AgCI-10 cryogel as the best sample was also highly reusable over six
cycles of antibacterial test operation. Due to their simple operation, ease of deployment, and high antibacterial
performance, the synthesized AgCl-decorated cryogels offer great promise for different applications.
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