ANTIBACTERIAL CRYOGEL AND POROUS HYDROGEL, THEIR PREPARATION

METHOD, AND THEIR USE FOR DISINFECTING WATER

Cross-Reference to Related Application

[0001] This application claims the benefit of priority of United States of America Provisional
Patent Application No. 61/834,052, filed June 12, 2013, the contents of which being hereby
incorporated by reference in its entirety for all purposes.

Technical Field

[0002] The invention relates to an antibacterial cryogel, its preparation method, and its use for
disinfecting water. The invention further relates to an antibacterial porous hydrogel.
Background

[0003] Microbiological contamination of potable water sources is one of the major threats to
public health. About 1.8 million people, most of whom are children, die annually from
diarrheal diseases. Diarrheal disease risks could be reduced by improving microbiological
water quality at the point-of-use (POU). However, conventional disinfection methods are
limited by their effectiveness and/or formation of harmful disinfection byproducts (DBPs). In
addition, the emergence of microorganisms that are resistant to multiple antimicrobial agents
calls for development of improved disinfection methods that minimizes DBP formation.

[0004] Nanoscale materials have received increasing interest as alternative disinfectants due to
their high interfacial reactivity and unique physicochemical properties. In particular, silver
(Ag) nanoparticles (AgNPs) have been shown to have excellent antimicrobial properties
towards a variety of microorganisms. Despite this, practical applications of free AgNPs are
still limited due to issues related to dispersion and dissolution that may result in loss of their
effectiveness and potential (eco)toxicological impacts. These issues can be addressed by

stabilizing AgNPs in various inorganic/organic support materials.



[0005] The application of AgNPs-functionalized ceramic filters, hydrogels, ion-exchange
materials, papers, polyurethane foam, and polymeric spheres as bioactive components in flow-
through or column systems for point-of-use water disinfection have been tested. These studies
have demonstrated the effectiveness of Ag nanocomposites in terms of bacterial deactivation
but little attention was given to elucidate their bactericidal mechanisms. In addition, their
applications may be limited by either (i) a relatively low output of disinfected water or (ii) a
significant level of Ag release into the treated water that compromised the potability of water
and the reusability of the nanocomposites. Furthermore, systems operated in the column mode
may present some operational challenges especially when deployed for applications in difficult
circumstances such as in the aftermath of disasters.

[0006] Accordingly, there is a need to provide for an improved method of disinfecting water
for point-of-use applications.

Summary

[0007] It is herein disclosed the preparation of antibacterial agent-decorated cryogels, such as
but not limited to, silver (Ag) nanoparticles (AgNPs)-decorated cryogels, and their application
for water disinfection in point-of-use processes that capitalizes on the ability of such cryogels
to absorb water for disinfection, which disinfected water can subsequently be released via
external stimuli. 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 AgNPs-decorated cryogels
combines the advantages of high porosity, excellent mechanical and water absorption
properties of cryogels, and uniform dispersion of fine AgNPs on the cryogel pore surface for
rapid disinfection with minimal Ag release. Present AgNPs-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. Due to their simple operation and ease of



deployment, presently disclosed AgNPs-decorated cryogels offer great promise to provide
potable water especially in emergencies where there is limited access to the infrastructure.
[0008] Thus, in a first aspect of the invention, there is provided an antibacterial cryogel. The
antibacterial cryogel includes a polymeric cryogel matrix. The antibacterial cryogel further
includes an antibacterial agent incorporated into pores of the polymeric cryogel matrix.

[0009] In preferred embodiments, the antibacterial agent may comprise or consist of silver
(Ag) or silver ions (Ag") nanoparticles.

[0010] In a second aspect of the invention, a method of preparing an antibacterial cryogel is
disclosed. The method includes immersing a cryogel in a first solution comprising a precursor
of an antibacterial agent to form a modified cryogel. The modified cryogel includes a
polymeric cryogel matrix. The modified cryogel further includes the precursor of the
antibacterial agent incorporated into pores of the polymeric cryogel matrix. The method
further includes removing the modified cryogel from the first solution and immersing the
modified cryogel in a second solution. The second solution includes a reducing agent to reduce
the precursor of the antibacterial agent to an antibacterial agent.

[0011] In a third aspect of the invention, there is described a method of disinfecting drinking
water for point-of-use application. The method includes immersing an antibacterial cryogel
presently disclosed in contaminated water to allow the antibacterial cryogel to swell and
squeezing the swollen antibacterial cryogel to release water therefrom.

[0012] In a fourth aspect of the invention, there is provided an antibacterial porous hydrogel.
The antibacterial porous hydrogel includes a porous polymeric hydrogel matrix. The
antibacterial porous hydrogel further includes an antibacterial agent incorporated into pores of
the porous polymeric hydrogel matrix.

[0013] In a fifth aspect of the invention, a method of preparing an antibacterial porous

hydrogel is disclosed. The method includes immersing a porous hydrogel in a first solution



comprising a precursor of an antibacterial agent to form a modified porous hydrogel. The
modified porous hydrogel includes a porous polymeric hydrogel matrix. The modified porous
hydrogel further includes the precursor of the antibacterial agent incorporated into pores of the
porous polymeric hydrogel matrix. The method further includes removing the modified porous
hydrogel from the first solution and immersing the modified porous hydrogel in a second
solution. The second solution includes a reducing agent to reduce the precursor of the
antibacterial agent to an antibacterial agent. During polymerization of initial monomers to
form the porous hydrogel, pore forming agents (i.e. porosigens) are introduced and
subsequently removed such that pores are formed in the polymeric hydrogel matrix, thereby
forming a porous hydrogel.

[0014] In a sixth aspect of the invention, there is described a method of disinfecting drinking
water for point-of-use application. The method includes immersing an antibacterial porous
hydrogel presently disclosed in contaminated water to allow the antibacterial porous hydrogel
to swell and squeezing the swollen antibacterial porous hydrogel to release water therefrom.

Brief Description of the Drawings

[0015] In the drawings, like reference characters generally refer to the same parts throughout
the different views. The drawings are not necessarily drawn to scale, emphasis instead
generally being placed upon illustrating the principles of various embodiments. In the
following description, various embodiments of the invention are described with reference to
the following drawings.

[0016] Fig. 1 shows UV-visible absorption spectra of PSA/Ag cryogels with different Ag
loadings. The inset shows the photographs of the as-synthesized cryogel nanocomposites.
[0017] Fig. 2 shows a table of nomenclature and summary of PSA/Ag cryogel properties

(Table 1).



[0018] Fig. 3 shows SEM images of (a) PSA cryogels, (b) AgNC-20, (c) AgNC-90, (d)
AgNC-170, (e) EDX spectrum of a selected spot on the SEM image of AgNC-170.

[0019] Fig. 4 shows (a) FESEM image of AgNC-170 under a low magnification; the inset
shows a high-magnification FESEM image of AgNPs dispersed on the pore surface of AgNC-
170; the AgNPs-size distribution and TEM images of the AgNPs in (b) AgNC-20, (c) AgNC-
90, and (d) AgNC-170.

[0020] Fig. 5 shows (a) XPS and (b) XRD spectra of PSA cryogels with different Ag loadings,
(c) HRTEM image and (d) SAED pattern of AgNC-170.

[0021] Fig. 6 shows dynamic swelling profiles of cryogels. The swelling degrees were
normalized with respected to their respective equilibrium swelling degrees, which are shown
in the inset.

[0022] Fig. 7 shows photographs taken during compression tests of PSA/Ag cryogel.

[0023] Fig. 8 shows photographs depicting present approach of using PSA/Ag cryogels for
water disinfection: (a) dried PSA/Ag cryogel, (b) swelling of PSA/Ag cryogel in contaminated
water, (c) recovery of treated water via hand compression, and (d) deswollen PSA/Ag cryogel.
[0024] Fig. 9 shows (a) bacterial log reduction values (LRV) of nanocomposites; (b)
reusability of PSA/Ag over five cycles of operation; (c) comparison of the disinfection
efficacies in the squeezed and bulk waters; and (d) LRV versus the incubation (waiting) time
after the water is being squeezed out of the cryogel indicting there is a delay of biocidal effect.
However it is clear that the water absorbed in 15 s and squeezed out in 1 s can reach >5 Log
after less than 5 min incubation.

[0025] Fig. 10 shows an illustration that summarizes the possible mechanisms of biocidal
action of PSA/Ag cryogel nanocomposites.

[0026] Fig. 11 shows SEM images showing the differences in the morphologies of PSA

hydrogel and PSA cryogel.



[0027] Fig. 12 shows: (a) dynamic swelling profiles of PSA hydrogels and cryogels. The inset
shows the time-dependent swelling of a typical PSA cryogel; (b) a comparison of the
mechanical properties of PSA hydrogels (inset: i-iii) and cryogels (inset: iv-vii). The arrow
shows the point at which the hydrogel started to fail/disintegrate.

[0028] Fig. 13 shows: (a) comparison of the disinfection efficacies of PSA/Ag cryogel versus
hydrogel; (b) AgNP-size distribution for PSA/Ag cryogel (bottom) and hydrogel (top); the
insets show the typical images used for analyses. Note that the average AgNP sizes were
8.4+3.8 nm and 8.6 £3.8 nm, respectively. SEM images of PSA/Ag (c¢) hydrogel and (d)
cryogel; the scale bar denotes 100 um length.

Description

[0029] The following detailed description refers to the accompanying drawings that show, by
way of illustration, specific details and embodiments in which the invention may be practised.
These embodiments are described in sufficient detail to enable those skilled in the art to
practise the invention. Other embodiments may be utilized and structural, chemical, and
material changes may be made without departing from the scope of the invention. The various
embodiments are not necessarily mutually exclusive, as some embodiments can be combined
with one or more other embodiments to form new embodiments.

[0030] Providing drinking water to the affected population is among the top priorities after the
occurrence of natural disasters. In light of the increasing frequency and intensity of global
natural disasters, there is immense interest in developing compact and easily deployable
emergency water technology with simple and relatively low-energy operation to cater to this
need.

[0031] Present disclosure introduces a novel approach of disinfecting drinking water using

cryogel membranes in the event of an emergency.



[0032] Accordingly, in a first aspect of the disclosure, there is provided an antibacterial
cryogel.

[0033] As described above, 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. This is in contrast to
hydrogels which are formed at higher temperatures, such as 5 °C or above, i.e. 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 (e.g. 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, in embodiments using poly(sodium acrylate) (PSA) as the polymeric matrix, PSA
hydrogels and PSA/Ag 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").

[0034] Fig. 11 shows the comparison of the morphology between a PSA hydrogel and a PSA
cryogel. Evidently, the SEM images show that the PSA hydrogel is essentially non-porous in
contrast to the case of the highly porous PSA cryogel. It can be readily seen that the cracks
observed in the SEM image of the PSA hydrogel developed during the washing step because
the PSA hydrogel could not withstand the swelling pressure. As a result of the well-
interconnected porous network of cryogels, they display drastically improved swelling and
mechanical properties. For example, PSA cryogels reached their equilibrium degree of
swelling within 15 s while the PSA hydrogels took about 30-90 min (Fig. 12(a)). In addition,
the stress-strain curve in Fig. 12(b) shows the typical elastic behavior of a PSA cryogel in

contrast to a weak and fragile hydrogel. Digital photographs of a PSA hydrogel and cryogel



during compression tests provide a visual comparison of their mechanical properties. The PSA
hydrogel was completely broken when compressed to 18% strain (Fig. 12(b), inset: i-iii). In
contrast, the PSA cryogel did not show any crack development after being compressed to 95%
strain (accompanied by a loss of water or deswelling) and re-swelled to its original shape after
relieving the pressure (Fig. 12(b), inset: iv-vii).

[0035] In the study by Lee et al. (J/ Appl Pol Sci 2007, 106(3): 1992-1999), various types of
hydrogels, i.e. poly(sodium acrylate), poly(sodium acrylate-co-1-vinyl-2-pyrrolidone),
incorporated with silver nanoparticles as bactericidal agent were prepared. Although their gels
were found to have a high swelling degree (1016 g/g), but none of absorbed water can be
recovered by squeezing because the absorbed water is strongly bound to the polymeric chains.
Note that it has been shown that a pressure of 3 MPa could only recover about 5% of the water
absorbed by a PSA hydrogels (Li et al. Chem. Comm. 2011, 47: 1710-1712). On the other
hand, for presently disclosed cryogels, up to 85% of the absorbed water could be recovered
with a pressure of 70 kPa. One possible problem with the high-swelling hydrogels might be
that they break into pieces when allowed to swell in water for too long (> 30 min) that
therefore renders recovery of absorbed water for subsequent uses difficult.

[0036] The study by Lee et al. also found that the hydrogel nanocomposites were antibacterial.
Specifically, their best-performing gel, namely SV-Agl0 (10 ppm Ag) could only achieve
90% bacterial inactivation in 2h (without addition of quenching agent). In contrast, presently
disclosed cryogels were found to inactivate 99.9% bacteria in 15 s (with the addition of
quenching agent), a significant enhancement in the disinfection efficacy compared to the study
by Lee et al. Additional tests were also conducted to compare the disinfection efficacies of
PSA/Ag cryogels versus hydrogels. In contrast to cryogels, hydrogel having similar AgNP
content (170 mg/g) and size did not cause any substantial disinfection after a 5-min contact

time (Fig. 13). The low antibacterial activity of the PSA/Ag hydrogel might be because a



substantial number of AgNPs impregnated in the free volumes (nanopores) are inaccessible by
the bacterial cells thereby limiting contact-killing.

[0037] In other words, the antibacterial cryogel includes a polymeric cryogel matrix. Cryogels
are robust and lightweight materials capable of absorbing a large amount of water that
subsequently can be recovered by a change in external stimuli such as pressure, temperature,
pH, light, or potential field. As such, they offer huge promise in providing potable water for
emergency drinking water response.

[0038] In present disclosure, cryogels are functionalized with antibacterial agents
(alternatively, disinfectants) such as, without limitation, silver or silver ions nanoparticles to
impart antibacterial properties while simultaneously removing particulates from water. This is
achieved whereby the antibacterial cryogel includes an antibacterial agent incorporated into
pores of the polymeric cryogel matrix.

[0039] In its broadest definition, an antibacterial agent (or simply an antibacterial) is a
synthetic agent that interferes with the growth and reproduction of bacteria. Antibacterials are
now most commonly described as agents used to disinfect substances or surfaces, and
eliminate potentially harmful bacteria. In present context, suitable antibacterial agents for
disinfecting water for drinking purposes may include, but not limited to, metals or metal ions
such as silver (Ag) or silver ions (Ag*). In preferred embodiments, the antibacterial agents are
nanoparticles such as silver or silver ions nanoparticles (AgNPs for short). The Ag and Ag*
nanoparticles may be collectively terms as bioactive Ag species. While the present disclosure
and illustrations relate predominantly to Ag and Ag* nanoparticles as a suitable antibacterial
agent, it is to be understood and appreciated that the scope of is not limited to such
embodiments. For example, other antibacterial agents include metal nanoparticles such as
copper nanoparticles, or metal oxide nanoparticles such as titanium dioxide, zinc oxide, copper

(IT) oxide nanoparticles. Additional suitable antibacterial agents include organic compounds or



monomers such as, without limitation, sulfobetaine methacrylate, certain peptides, proteins or
polypeptides. Functionalization using organic compounds or monomers can be attained via
different means, e.g. blending, grafting, or copolymerization.

[0040] In certain embodiments where the antibacterial agents are the bioactive Ag species, it
is envisaged that the water-absorbing cryogels bring water and bioactive Ag species into close
proximity for disinfection to take effect within the micron-sized pore spaces in the polymeric
cryogel matrix, which are densely decorated with AgNPs. On this note, disinfection may occur
via three mechanisms as discussed in more details in later paragraphs.

[0041] In various embodiments, the polymeric cryogel matrix of the antibacterial cryogel may
be formed by a co-polymerization reaction. For example, the polymeric cryogel matrix may
comprise or consist of an acrylic polymer or copolymer, preferably poly(sodium acrylate)
(PSA for short). PSA cryogels may be synthesized by conducting a co-polymerization reaction
between sodium acrylate and N,N’-methylenebisacrylamide at —20 °C (see the Example
section for synthesis details). Further examples of cryogel materials include, without limitation,
other  acrylic-based high-swelling ~ monomers such as acrylamide and
hydroxyethylmethacrylate. The solvent used for the synthesis is not limited to water that
includes but not limited to other organic solvent (or mixtures) such as acetone, ethanol,
dimethyl sulfoxide, and formamide at which the synthesis is conducted at a sufficiently low
temperature to freeze the solvents.

[0042] A method of preparing an antibacterial cryogel will next be described. Incorporation of
an antibacterial agent into polymeric cryogel matrix of a cryogel may be carried via
intermatrix synthesis route. Accordingly, the method includes immersing a cryogel in a first
solution comprising a precursor of an antibacterial agent to form a modified cryogel. The

modified cryogel comprises a polymeric cryogel matrix. The modified cryogel further
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comprises the precursor of the antibacterial agent incorporated into pores of the polymeric
cryogel matrix.

[0043] The method further includes removing the modified cryogel from the first solution and
immersing the modified cryogel in a second solution comprising a reducing agent to reduce
the precursor of the antibacterial agent to an antibacterial agent. In other words, the
antibacterial agents are incorporated into the modified cryogel via in sifu reduction of the
precursor.

[0044] As described above, in various embodiments, the antibacterial agents are nanoparticles
such as Ag or Ag' nanoparticles. Any Ag compounds having good water-solubility are
suitable to be used as precursors. Examples of suitable precursors of the Ag or Ag'
nanoparticles include, without limitation, silver nitrate, silver acetate, silver fluoride, and
silver sulfate. In one embodiment, a suitable precursor of the Ag or Ag* nanoparticles may be
silver nitrate (AgNO3). Accordingly, suitable reducing agents for reducing the precursor from
Ag" to Ag may include, without limitation, sodium borohydride (NaBH4), citric acid,
hydrazine, or ascorbic acid.

[0045] Due to its ability to absorb water and swell significantly, as well as undergo several
cycles of swelling and de-swelling by exerting an external stimuli, presently disclosed
antibacterial cryogels find particular use in disinfecting contaminated water to produce potable
water.

[0046] Accordingly, a method of disinfecting drinking water for point-of-use application is
herein disclosed. The method includes immersing an antibacterial cryogel described herein in
contaminated water to allow the antibacterial cryogel to swell.

[0047] Thereafter, the swollen antibacterial cryogel may be squeezed to release water

therefrom, thereby producing disinfected water.
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[0048] The antibacterial cryogel may be further dried for re-use since it is able to undergo
several cycles of swelling and de-swelling process.

[0049] A further aspect of the invention relates to a method of preparing an antibacterial
porous hydrogel.

[0050] As mentioned above, Fig. 11 shows SEM image of non-porous PSA hydrogel and
cracks are observed in the SEM image of the PSA hydrogel which developed during the
washing step because the non-porous PSA hydrogel could not withstand the swelling pressure.
[0051] To overcome this cracking phenomenon, porous hydrogels are deliberately formed. In
various embodiments, porous hydrogels may be formed by introducing pore forming agents
(i.e. porosigens) during polymerization of initial monomers to form the hydrogel. As the
polymeric matrix of the hydrogel starts to form, the pore forming agents may subsequently be
removed, thereby leaving pores or voids in the polymeric matrix. For example, the removal of
the pore forming agents may include thawing, evaporation, or washing.

[0052] Additional embodiments may include forming the porous hydrogel by surface
crosslinking individual hydrogel particles to form crosslinked aggregates of hydrogel particles,
thereby forming pores between the hydrogel particles.

[0053] It is to be understood and appreciated that other methods of forming porous hydrogels
are also suitable and apparent to persons skilled in the art.

[0054] The porous hydrogel is then immersed in a first solution comprising a precursor of an
antibacterial agent to form a modified porous hydrogel. The modified porous hydrogel
includes a porous polymeric hydrogel matrix. The modified porous hydrogel further includes
the precursor of the antibacterial agent incorporated into pores of the porous polymeric
hydrogel matrix. The method further includes removing the modified porous hydrogel from

the first solution and immersing the modified porous hydrogel in a second solution. The
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second solution includes a reducing agent to reduce the precursor of the antibacterial agent to
an antibacterial agent.

[0055] Another aspect of the invention relates to an antibacterial porous hydrogel. The
antibacterial porous hydrogel includes a porous polymeric hydrogel matrix. The antibacterial
porous hydrogel further includes an antibacterial agent incorporated into pores of the porous
polymeric hydrogel matrix.

[0056] Similar to the antibacterial cryogel described above, the antibacterial porous hydrogel
possesses ability to absorb water and swell significantly, as well as undergo several cycles of
swelling and de-swelling by exerting an external stimuli. Hence, present antibacterial porous
hydrogels also find particular use in disinfecting contaminated water to produce potable water.
[0057] In a sixth aspect of the invention, there is described a method of disinfecting drinking
water for point-of-use application. The method includes immersing an antibacterial porous
hydrogel presently disclosed in contaminated water to allow the antibacterial porous hydrogel
to swell and squeezing the swollen antibacterial porous hydrogel to release water therefrom.
[0058] For brevity sake, the above description on suitable antibacterial agents, precursors,
reducing agents, and polymeric matrix materials is applicable to the antibacterial porous
hydrogel and is not repeated hereinafter.

[0059] In order that the invention may be readily understood and put into practical effect,
particular embodiments will now be described by way of the following non-limiting examples.
Examples

[0060] In the following examples, preparation of poly(sodium acrylate) (PSA) cryogels
decorated with silver nanoparticles (AgNPs) for point-of-use (POU) water disinfection is
described. AgNPs were incorporated into PSA cryogels via in situ borohydride reduction of
Ag*". The PSA/Ag cryogels combine the high porosity, excellent mechanical and water

absorption properties of cryogels, and uniform dispersion of fine AgNPs on the cryogel pore
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surface for rapid disinfection with minimal Ag release (< 100 ug L!). They were used in a
process that employed their ability to absorb water, which subsequently could be released via
application of mild pressure. The antibacterial performance of PSA/Ag cryogels was evaluated
based on the disinfection efficacies of E. coli and B. subtilis. The PSA/Ag cryogels had
excellent disinfection efficacies showing more than a 5-log reduction of viable bacteria after a
contact time of 15 s. They were highly reusable as there was no significant difference in the
disinfection efficacies over five cycles of operation. The biocidal action of the PSA/Ag
cryogels is believed to be dominated by surface-controlled mechanisms that are dependent on
direct contact of the interface of PSA/Ag cryogels with the bacterial cells. The PSA/Ag
cryogels therefore offer a simpler approach for drinking-water disinfection in disaster-relief
applications.

[0061] Experimental

[0062] Preparation of Poly(sodium acrylate) (PSA) Cryogels

[0063] The design principles and synthesis of PSA cryogels were previously described (Loo,
S.-L.; Krantz, W. B.; Lim, T.-T.; Fane, A. G.; Hu, X. Design and synthesis of ice-templated
PSA cryogels for water purification: Towards tailored morphology and properties. Soft Matter
2013,9 (1), 224-234). Briefly, ammonium persulfate (APS, 98% purity, Sigma-Aldrich) and
N,N,N’,N’-tetramethylethylenediamine (TEMED, > 99%, Sigma-Aldrich) were added to a
reaction mixture, containing sodium acrylate (SA, 97%, Sigma-Aldrich) and N,N’-
methylenebis(acrylamide) (MBA, 99%, Sigma-Aldrich), that was degassed and chilled in an
ice bath. The APS and TEMED concentrations in the final reaction mixture were 1.75 mM and
0.125% (v/v), respectively. The monomer concentration (SA + MBA) used was 8% at a
crosslinker ratio of 0.05 (mol MBA/mol SA). The resultant reaction mixture was transferred
into several poly(propylene) syringes (3 mL and 9 mm ID) that were then placed into a bath

fluid (20 °C, 1:1 mixture of ethylene glycol/MilliQ water (18.2 MQ-cm at 25 °C)) incubated
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in an ultra-low temperature freezer (Eutra ED-FU4100). After 24 h, the PSA cryogels were
thoroughly washed in MilliQ water and dehydrated in #-butanol followed by drying in a
freeze-dryer (Alpha 1-4LD, —45 °C) before they were fractured into smaller cylindrical disk
samples.

[0064] Preparation of AgNPs-impregnated Cryogels

[0065] PSA/Ag cryogels were prepared using the intermatrix synthesis (IMS) method.
Typically, 1 g of the dried PSA cryogels was allowed to swell in a 250 mL solution of 1, 5, or
10 mM of AgNOs3 (>98%, Merck). The suspension was shaken at 120 rpm on an orbital shaker
for 24 h. The resultant swollen cryogels were washed several times with MilliQ water to
remove the unbound Ag* ions on the surface. The cryogels were immersed in a 250 mL
solution of NaBHs (Alfa Aesar, 10:1 molar ratio of NaBHs to AgNOs) to form silver
nanoparticles (AgNPs). The resultant nanocomposites were thoroughly washed by immersion
in MilliQ water followed by vacuum filtration. After three repetitions of the washing step, the
nanocomposites were dried using the same procedure that was used for the PSA cryogels.

[0066] Characterization of Cryogel Nanocomposites

[0067] X-ray diffraction (XRD) spectra were acquired using a powder X-ray diffractometer
(Shimadzu 6000) with a monochromatic intensity Cu Ka radiation (A = 1.5418 A) in a 20
range of 5-80° at a scan rate of 1.5° min™!. X-ray photoelectron spectroscopy (XPS) studies
were conducted on a Kratos Axis Ultra spectrometer with a monochromatic Ko excitation
source (hv = 1486.71 eV). The binding energies were calibrated using a C 1s core level at
284.8 eV as a reference. Field emission scanning microscope (FESEM, JEOL JSM-7600F)
was used to image the morphology of the cryogel nanocomposites. The specimens were coated
with Pt for 30 s (20 mA) using an auto-fine coater (JEOL JFC-1600) prior to imaging. An
energy-dispersive X-ray spectroscopy detector (EDX) attached to the FESEM was used to

determine the elemental composition of the nanocomposites. The morphology and size of the
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AgNPs were studied using a transmission electron miscroscope (TEM, Carl Zeiss Libra 120)
at an accelerating voltage of 120 kV. TEM images were analyzed using image analysis
software (Imagel) to determine the particle-size distribution of the AgNPs. High-resolution
TEM images of the AgNPs were obtained at an accelerating voltage of 200 kV (JEOL JEM-
2010). UV-Vis absorption spectra of the nanocomposite solutions were obtained using a UV-
Vis absorption spectrophotometer (Shimadzu UV-1700). The mechanical properties of the
fully-swollen nanocomposites of 10 mm thickness were characterized using a computer-
controlled mechanical testing system (Instron 5567) at room temperature. A 5 kN load cell at a
ramp rate of 10 mm min"! was used and the sample was compressed up to 95% strain of its
initial length. Five replicate experiments were conducted.

[0068] Antibacterial Tests

[0069] Escherichia coli (E. coli, ATCC® 25922™) and Bacillus subtilis (B. subtilis, ATCC®
6633™) were selected as the model gram-negative and -positive bacteria for the antibacterial
tests. E. coli and B. subtilis were cultivated in tryptic soy broth and nutrient broth at 37 and 30
°C, respectively, and were harvested after reaching their mid-exponential growth phase. The
harvested cells were washed by centrifugation followed by resuspension in phosphate buffered
saline (PBS, 0.01 M, pH = 7.45). A 0.02 g cryogel sample was added into a 10 mL bacterial
suspension of cell density 10® colony forming units per mL (cfu mL™'); manual shaking was
provided during cryogel swelling in bacterial suspension. After 15 s of swelling in the
bacterial suspension, the swollen cryogels were quickly removed and squeezed to obtain the
treated water. Control experiments were conducted without adding any cryogel into the
bacterial suspension. After appropriate dilution in PBS, 0.1 mL of the control, treated water,
and bulk water were streaked on tryptic soy agar or nutrient agar followed by 24 h of
incubation to enumerate the number of viable bacteria. At least 6 replicate experiments were

conducted. The kinetics of bacteridical action was studied by using Universal Quenching
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Agent (0.1% peptone; 0.1% NaxS>03; 0.5% Tween 80, 0.07% lecithin) to quench the
disinfection reaction. To quench the reaction, bacterial suspension was diluted 10 times in
universal quenching agent (UQA).

[0070] Analytical Methods for Ag Determination

[0071] Total Ag loss (as Ag" ions and AgNPs) after a 24-h immersion in 10 mL of MilliQ
water was determined by measuring the total Ag content in the resultant solution. Ag loss for
each sample was expressed as a percentage of the total Ag in the fresh nanocomposite. All
samples were digested in HNOs3 (67%, Merck) at 170 °C for 2 h on a digestor unit (Hach DRB
200) prior to total Ag analyses. The total Ag concentration in the samples was determined by
using either an inductively coupled plasma-optical emission spectrophotometer (ICP-OES,
Perkin Elmer Optima 2000DV) or an inductively coupled plasma-mass spectrometer (ICP-MS,
Elan DRC-¢e) depending on the concentration range of the samples. Silver/sulfide solid state
ion selective electrode (Thermo Scientific Orion) was used for determination of Ag as Ag+.
All samples were buffered with ionic strength adjustor (ISA, Orion) before measurements. All
glassware and storage bottles were soaked in 10% (v/v) HNOs3 for at least 24 h before use.
Triplicate experiments were conducted.

[0072] Statistical Analyses

[0073] The statistical significance of the difference between the obtained results was
determined using the Student’s ¢ test at a 95% confidence level. All measurements are reported
as the mean * one standard deviation of at least three replicates.

[0074] Results and Discussion

[0075] Properties of PSA/Ag Cryogel Nanocomposites

[0076] PSA/Ag cryogels were prepared by reduction of Ag* ions stabilized in preformed PSA
cryogels using NaBH4 as the reductant. Upon borohydride reduction, the cryogels changed

color from white to dark brown (inset of Fig. 1). The dark brown color was due to the surface
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plasmon resonance of AgNPs as evidenced by the characteristic absorption peak in the vicinity
of 420-430 nm (Fig. 1). The Ag content in the nanocomposites ranged from 20 to 170 mg g’!
(Fig. 2). The increase of the Ag content in the nanocomposites correlates well to the increase
of the precursor AgNO3 concentration used (Fig. 2, R?>> 0.99). The concentration of Ag in the
cryogel nanocomposites was relatively high indicating that the PSA cryogels are suitable
matrices for stabilizing AgNPs. Hereafter, the as-synthesized PSA/Ag cryogel nanocomposites
were denoted as AgNC-x, where x (x = 20, 90, and 170) represents the Ag content (mg g!) in
the nanocomposites.

[0077] Ion-exchange reaction between Na+ and Ag+ ions:

[0078] R-COO-Na* + Ag* > R-COO-Ag* + Na* (1)

[0079] R-COO-Ag* + NaBH4 + 3H,0 - R—-COO-Na* + Ag’ + 3/2H, + B(OH)3 2)
[0080] The progress of this reaction is as shown in Fig. 3. PSA cryogels had a relatively high
ion exchange capacity, i.e., 9.0+0.8 meg/g, due to the presence of numerous —COO- groups. It
has been reported that the IMS could form materials with high Ag contents.

[0081] The FESEM images show that the pore size and interconnectivity of the cryogels was
relatively unaffected after AgNPs decoration (Fig. 4a and Fig. 3). This is because of the large
difference in the scale of the cryogel pores (1-100 pm) and AgNPs (mostly <10 nm). Bright
spots that appeared like studs on the surface of cryogel pore walls were evident under a higher
magnification (Fig. 4a, inset), showing that the AgNPs were very well dispersed in the cryogel
network. The good dispersion may be attributed to electrosteric stabilization of AgNPs in the
PSA cryogels. Furthermore, the highly crosslinked polymeric network of PSA provided
random confinement of AgNPs growth in the free volumes between the networks forming
particles that are mostly <10 nm (Fig. 4b-d). Also, the average AgNP size, and the size
distribution were found to increase slightly with Ag content (Fig. 2, Fig. 4b-d). It should be

noted that the AgNPs sizes derived from TEM images are in good agreement with the average
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Ag crystallite sizes determined from XRD (Fig. 2). The good dispersion of fine AgNPs
combined with the highly interconnected porous network of PSA cryogel is anticipated to
increase the probability of collisional contact with bacterial cells that would lead to high
disinfection efficacies.

[0082] XPS analyses were conducted to ascertain the chemical states of Ag in the cryogel
nanocomposites. Fig. Sa shows the high-resolution XPS spectra at the Ag 3d core level of the
PSA/Ag cryogels. Distinct doublet peaks centered at 367.6 and 373.6 eV, which are the peaks
for Ag 3ds and Ag 3dsn, respectively, were observed. A spin-orbit splitting energy of 6.0 eV
for the 3d doublet of Ag indicates the formation of metallic AgNPs. Furthermore, Fig. Sb
shows that the three nanocomposites had diffraction peaks at 26 angles of 38.1, 44.3, 64.5, and
77.4°, which are the characteristic peaks of face-centered-cubic Ag (JCPDS card no. 4-783).
The major crystal plane in the nanocomposites was (111), a high atom density facet, which has
been found to be highly effective for disinfection (Fig. Sb). The selected area electron
diffraction (SAED) pattern confirms the results from XRD analyses (Fig. 5d). The lattice
spacing of major crystal planes can be observed in the high-resolution transmission electron
(HRTEM) images of the AgNPs (Fig. Sc).

[0083] Fig. 6 shows the dynamic swelling profile of PSA/Ag cryogels. The nanocomposites
took less than 10 s to reach their equilibrium swollen state (Fig. 6). As shown in Fig. 2, an
increase in the Ag loading generally led to a decrease in the swelling degree of the
nanocomposites as a result of an increase in the non-swellable component (Ag). However, this
effect may be less important at low Ag loading as AgNC-20 had a higher swelling degree than
that of PSA cryogel. The enhanced swelling degree at low Ag loading may be ascribed to
increased permeability of the cryogel network as a result of the interaction between electron-
dense AgNPs that causes free volume expansion. This also explains the higher swelling rate of

PSA/Ag cryogels loaded with a higher Ag content (Fig. 6).
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[0084] PSA cryogels loaded with AgNPs not only showed better swelling behavior but also
showed improved mechanical properties. None of the PSA/Ag cryogels synthesized in this
study failed at the end of the compression test (Fig. 2 and Fig. 7). Moreover, AgNPs loading
into the PSA cryogels further improved their mechanical properties since it resulted in stronger
and more rigid nanocomposites as indicated by the increase in the Young’s modulus (Fig. 2).
The water recovery efficiencies of PSA/Ag cryogels were not compromised as a result of their
excellent mechanical properties and high pore-interconnectivity. About 85% of the absorbed
water could be recovered via low-pressure vacuum filtration (Fig. 2). Alternatively, the
absorbed water could be recovered by manual hand squeezing (Fig. 8c). The remarkable
mechanical and swelling-deswelling properties of PSA/Ag cryogels motivate us to propose a
novel process, as shown in Fig. 8, in which PSA/Ag cryogels can be used to disinfect water.

[0085] Ag Release into Treated Water

[0086] A particular issue with the use of AgNPs as antimicrobial agents is potential release of
significant levels of Ag into the treated water that may occur via (i) uncontrolled dissolution of
AgNPs into water in the form of Ag* ions, and (ii) dislodgement of AgNPs from the polymer
matrix. Significant Ag release into the treated water is undesirable since it may reduce the
reusability of the nanocomposites and pose health risks. The PSA/Ag cryogels displayed
excellent stability because the total Ag loss after a 24-h Ag-release test was lower than 2%
(Fig. 2). The coordination capacity of the carboxylate groups (-COQO) in PSA is responsible
for anchoring the fine AgNPs within its network that resulted in the high stability of PSA/Ag
cryogels. PSA has been shown to be an effective stabilizing agent for AgNPs. Furthermore,
excess Ag" ions released from AgNPs can be efficiently captured by the free —COO"
functionalities in PSA/Ag cryogels. As a consequence, the concentration of total Ag in the
squeezed water did not exceed 100 pug L', the WHO’s recommended limit for total Ag

concentration in drinking water.
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[0087] Disinfection Efficacies of the Cryogel Nanocomposites

[0088] The PSA/Ag cryogels synthesized in this study showed excellent disinfection of both
E. coli and B. subtilis; they showed a 5.4-7.0 log reduction of viable bacteria in the squeezed
water after swelling in bacterial suspension for 15 s (Fig. 9a). It should be noted that even the
PSA/Ag cryogels having the lowest Ag content (i.e., AgNC-20) could deactivate more than 5
logs of viable bacteria (Fig. 9a). B. subtilis was deactivated to a greater extent than E. coli that
is in agreement with the findings of other studies. Unmodified PSA cryogels could remove
some bacteria 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 (Fig. 9a). However, the extent of reduction was marginal when compared with
that of the PSA/Ag cryogels. The PSA/Ag cryogels were also highly reusable as indicated by
the relatively consistent log reduction values (LRVs) over five cycles of operation (Fig. 9b).
The LRVs were not statistically different between the five operational cycles (p-value > 0.05).
The good reusability of PSA/Ag cryogels may be attributed to the high stability of AgNPs in
PSA cryogel matrices.

[0089] AgNC-170 was selected for bactericidal kinetic study due its excellent disinfection
efficacy and minimal Ag release. UQA was added immediately after the absorbed water was
squeezed to neutralize Ag.

[0090] The mechanisms by which free AgNPs exert toxicity have been studied; however,
there is no general consensus as to whether the toxicity of the AgNPs 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
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and/or penetration of AgNPs 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.

[0091] The bactericidal mechanism of bulk materials functionalized with AgNPs is rarely
discussed in the literature. Present inventors hypothesize that the biocidal action of PSA/Ag
cryogels i1s dominated by surface-controlled mechanisms that are dependent on direct contact
of the interface of the PSA/Ag cryogels with the bacterial cells. This is supported by the fact
that PSA/Ag cryogels showed a significantly higher disinfection of the squeezed water than
that of the bulk water (p-value < 0.05, Fig. 8c). This indicates that the bacterial cells need to
come into close contact with PSA/Ag cryogels to significantly reduce their viability. The large
difference in the LR Vs between the bulk and squeezed waters would not have been observed if
the Ag® ions in the solution were responsible for bacterial deactivation (Fig. 9c¢). The
concentrations of Ag* (and toxicity levels) in the bulk and squeezed waters should be the
same, since the Ag* released can efficiently diffuse from the porous PSA/Ag cryogels into the
solution (both absorbed and bulk waters). It has been shown that the diffusion rate of Ag* ions
(released from AgNPs) through a dialysis membrane is faster than its dissolution from the
AgNPs.

[0092] Fig. 10 summarizes present hypothetical toxicity pathways of PSA/Ag cryogels to the
bacterial cells. It is envisaged that the water-absorbing cryogels bring water and bioactive Ag
species into close proximity for disinfection to take effect within the micron-sized pore spaces,
which are densely decorated with AgNPs. On this note, disinfection may occur via several
mechanisms. One possible mechanism involves direct contact between the bacterial cells and
the AgNPs anchored on the PSA cryogels (Mechanism 1 in Fig. 10). Another plausible
mechanism involves Ag" ions that are associated with the PSA/Ag cryogels via

chemical/physical sorption on the surface of the AgNPs or the PSA cryogel network
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(Mechanism 2 in Fig. 10). Note that there is evidence that Ag" ions can be chemisorbed on the
AgNP surface. In addition, present cryogels contained O and (to a lesser extent) N functional
groups that can bind Ag* ions. Such polymeric materials can control the release of bound Ag*
ions via a reversible adsorption-desorption mechanism. PSA/Ag cryogels with Ag* ions bound
to their polymeric network or to the AgNP surface can associate directly with the bacterial
cells in close proximity to provide a targeted delivery of Ag* ions directly to the bacteria.
Targeted delivery of Ag*ions may also occur via oxidative dissolution of Ag’ after attachment
of the AgNPs to biomolecules on the bacterial cells (Mechanism 3 in Fig. 10). The exact
biocidal mechanism(s) of PSA/Ag cryogels are still debatable; thus, a detailed investigation
needs to be carried out to elucidate their toxicity pathway(s). Nevertheless, based on the
proposed mechanisms some insights can be drawn regarding the remarkable disinfection
properties. On the basis of the proposed mechanisms it is reasonable to deduce that a large
number of fine and well-dispersed AgNPs anchored on PSA cryogel surface combined with
the highly porous network of PSA cryogels (bound with Ag* ions) provided a high surface
area of bioactive Ag species exposed to bacterial cells in close proximity contributed to the
rapid disinfection of the absorbed water. In addition, the ability of cryogels to rapidly absorb
water also contributed to the fast disinfection. Besides bringing the bacterial suspension into
close contact with the biocidal Ag species located on the pore surfaces, the fast water
absorption ability of cryogels also played a crucial role in exposing the bacterial suspension to
Ag species in a timely manner to allow rapid disinfection.

[0093] The ability of PSA/Ag cryogels to achieve more than a 5-log reduction of viable
bacteria within a brief 5 min (tentatively) contact time is remarkable. In addition, few PSA/Ag
cryogels is required to produce a reasonable amount of disinfected water due to its substantial
water absorption and high disinfection efficacy. For instance, 4 g of AgNC-170 are sufficient

to rapidly produce 500 mL of disinfected drinking water in one cycle of operation.
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Furthermore, they are highly reusable due to their high elasticity and stability of the AgNPs.
Present inventors have previously demonstrated that PSA cryogels can withstand more than 20
cycles of swelling/deswelling without any mechanical degradation. They can also significantly
improve the visual quality of the water due to substantial removal of particulates. The treated
water can then be efficiently recovered via manual hand compression. Therefore, it is believed
that the PSA/Ag cryogels prepared in this study may offer a simple approach for drinking-
water disinfection in disaster-relief applications. In addition, the PSA/Ag cryogels prepared in
this study are lightweight and highly portable allowing it to be easily deployed for emergency
response.

[0094] By "comprising" it is meant including, but not limited to, whatever follows the word
"comprising". Thus, use of the term "comprising" indicates that the listed elements are
required or mandatory, but that other elements are optional and may or may not be present.
[0095] By "consisting of" is meant including, and limited to, whatever follows the phrase
"consisting of". Thus, the phrase "consisting of" indicates that the listed elements are required
or mandatory, and that no other elements may be present.

[0096] The inventions illustratively described herein may suitably be practiced in the absence
of any element or elements, limitation or limitations, not specifically disclosed herein. Thus,
for example, the terms "comprising", "including", "containing", etc. shall be read expansively
and without limitation. Additionally, the terms and expressions employed herein have been
used as terms of description and not of limitation, and there is no intention in the use of such
terms and expressions of excluding any equivalents of the features shown and described or
portions thereof, but it is recognized that various modifications are possible within the scope
of the invention claimed. Thus, it should be understood that although the present invention has
been specifically disclosed by preferred embodiments and optional features, modification and

variation of the inventions embodied therein herein disclosed may be resorted to by those
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skilled in the art, and that such modifications and variations are considered to be within the
scope of this invention.

[0097] By "about" in relation to a given numerical value, such as for temperature and period
of time, it is meant to include numerical values within 10% of the specified value.

[0098] The invention has been described broadly and generically herein. Each of the narrower
species and sub-generic groupings falling within the generic disclosure also form part of the
invention. This includes the generic description of the invention with a proviso or negative
limitation removing any subject matter from the genus, regardless of whether or not the
excised material is specifically recited herein.

[0099] Other embodiments are within the following claims and non- limiting examples. In
addition, where features or aspects of the invention are described in terms of Markush groups,
those skilled in the art will recognize that the invention is also thereby described in terms of
any individual member or subgroup of members of the Markush group.

[00100] The content of all documents and patent documents cited herein is incorporated

by reference in their entirety.
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Claims
1.  An antibacterial cryogel comprising a polymeric cryogel matrix and an antibacterial
agent incorporated therein.
2. The antibacterial cryogel according to claim 1, wherein the antibacterial agent is a
nanoparticle.
3. The antibacterial cryogel according to claim 2, wherein the antibacterial agent
nanoparticle comprises or consists of a metal, metal ion, metal oxide, sulfobetaine
methacrylate, a peptide, a protein, or a polypeptide.
4.  The antibacterial cryogel according to claim 3, wherein the antibacterial agent
nanoparticle comprises silver (Ag), silver ions (Ag"), copper (Cu), copper (II) oxide (CuO),
titanium dioxide (TiO>), or zinc oxide (ZnO).
5. The antibacterial cryogel according to claim 4, wherein the polymeric cryogel matrix
comprises or consists of an acrylic polymer or copolymer, preferably poly(sodium acrylate),
an acrylamide polymer or copolymer, or a hydroxyethylmethacrylate polymer or copolymer.
6. A method of preparing an antibacterial cryogel, comprising:

immersing a cryogel in a first solution comprising a precursor of an antibacterial
agent to form a modified cryogel, wherein the modified cryogel comprises a polymeric
cryogel matrix and the precursor of the antibacterial agent incorporated therein;

removing the modified cryogel from the first solution and immersing the modified
cryogel in a second solution comprising a reducing agent to reduce the precursor of the
antibacterial agent to an antibacterial agent.
7.  The method according to claim 6, wherein the precursor of the antibacterial agent and

the antibacterial agent are nanoparticles.
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8.  The method according to claim 7, wherein the antibacterial agent nanoparticles comprise
or consists of a metal, metal ion, metal oxide, sulfobetaine methacrylate, a peptide, a protein,
or a polypeptide.
9.  The method according to claim 8, wherein the antibacterial agent nanoparticles comprise
silver (Ag), silver ions (Ag*), copper (Cu), copper (II) oxide (CuO), titanium dioxide (TiO»),
or zinc oxide (ZnO).
10. The method according to any one of claims 6-9, wherein the precursor of the
antibacterial agent is selected from the group consisting of silver acetate, silver fluoride, silver
sulfate, and silver nitrate.
11. The method according to any one of claims 6-10, wherein the reducing agent is selected
from the group consisting of sodium borohydride (NaBHa), citric acid, hydrazine, and ascorbic
acid.
12. The method according to any one of claims 6-11, wherein the modified cryogel
comprises a polymeric cryogel matrix comprising or consisting of an acrylic polymer or
copolymer, preferably poly(sodium acrylate), an acrylamide polymer or copolymer, or a
hydroxyethylmethacrylate polymer or copolymer.
13. A method of disinfecting drinking water for point-of-use application, comprising:

immersing an antibacterial cryogel of any one of claims 1-5 or an antibacterial
cryogel prepared by a method of any one of claims 6-12 in contaminated water to allow the
antibacterial cryogel to swell; and

squeezing the swollen antibacterial cryogel to release water therefrom.
14. The method of claim 13, further comprising drying the antibacterial cryogel for re-use.
15. An antibacterial porous hydrogel comprising a porous polymeric hydrogel matrix and an
antibacterial agent incorporated into pores of the porous polymeric hydrogel matrix.

16. A method of preparing an antibacterial porous hydrogel, comprising:
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immersing a porous hydrogel in a first solution comprising a precursor of an
antibacterial agent to form a modified porous hydrogel, wherein the modified porous hydrogel
comprises a porous polymeric hydrogel matrix and the precursor of the antibacterial agent
incorporated therein;

removing the modified porous hydrogel from the first solution and immersing the
modified porous hydrogel in a second solution comprising a reducing agent to reduce the
precursor of the antibacterial agent to an antibacterial agent.
17. A method of disinfecting drinking water for point-of-use application, comprising:

immersing an antibacterial porous hydrogel of claim 15 or an antibacterial porous
hydrogel prepared by a method of claim 16 in contaminated water to allow the antibacterial
porous hydrogel to swell; and

squeezing the swollen antibacterial porous hydrogel to release water therefrom.
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