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Silver carbonate nanoparticles stabilised over alumina nanoneedles
exhibiting potent antibacterial propertiest
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A simple method of preparing Ag,CO; nanoparticles utilising
high area y-alumina nanoneedles has been developed; these are
promising antimicrobial agents against diverse bacterial strains.

Around 80% of hospital acquired infections are associated
with bacterial adhesion at surfaces of medical devices and
biomaterials, with an annual estimated cost to hospitals and
the workforce of $30 billion in the US alone.'

Antimicrobial agents, often applied in coatings, are impor-
tant for imparting sterility and the ability to prevent infection.
Silver is the most widely used such agent for wound care, due
to its ability to kill a broad spectrum of infectious bacteria. Its
use against pathogens is well established,” dating back to
ancient Greece where silver coins were placed in water to
inhibit bacterial growth.? Since silver’s first clinical application
as a dilute nitrate solution to treat eye infections and infant
blindness,* both the utility and presentation format have
diversified. Silver sulfadiazine is widely employed to treat
infections,’ while silver coated catheters help to reduce biofilm
formation,®’ and new silver dressings® that can obviate and
complement grafting are now commercially available for
burns.” It is widely held that the release of free silver ions is
crucial to the performance of all antibacterial silver formats.

Nanoparticulate silver has shown much recent promise as
an antibacterial and antifungal agent,'® with both size-'' and
shape'?-dependent microbiological activity reported for large
metallic clusters. However such free nanoparticles are an
unsuitable presentation format for medical devices such as
wound dressings, where confined, topical application and
prolonged silver release are needed.'® There are fewer micro-
biological studies on supported Ag nanoparticles, and these
generally utilise polymeric frameworks, which show poor pH/
solvent and thermal tolerances'* or poor bacterial inhibition. "
Small (~7 nm) silver nanoparticles, synthesised on silica
nanospheres, have shown promise against S. enterica serovar
Typhimurium,'® while Ag-SiO,—cotton composites inhibit
E. coli.'” However, accurate microactivity tests have not been
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conducted for such inorganic supports, and the nanoparticles
themselves remain poorly characterised. We recently demon-
strated the use of a transitional mesoporous alumina phase to
stabilise dispersed Pd clusters in a high oxidation state.'® In
light of this discovery, we have explored whether the same
hydrophilic alumina support could generate ionic silver clus-
ters, and therefore promote bacteriostasis, while minimising
silver loadings and potential toxicity issues.'” Here we report
the synthesis of supported nanoparticulate silver carbonate,
which  exhibits remarkable bactericidal activity in
simulated wound environments against both Gram-positive
and -negative strains.

A mesoporous alumina support was prepared by a modified
surfactant-templated route through hydrolysis of aluminium
sec-butoxide and subsequent aging with lauric acid prior to
calcination (see ESIT).?° Porosimetry and X-ray diffraction
confirmed that the initial alumina support possessed well-
defined, hexagonal pores around 3.5 nm diameter, with a
BET surface area of 350 m? g '. Silver doping was achieved
by incipient wetness impregnation of the pre-synthesised
alumina with AgNOj; and subsequent calcination, and air-
storage. The silver loading was varied between 0.15 and
6.21 wt%.

The morphology and structure of the ultra-dilute Ag-doped
alumina support were first imaged by double aberration-
corrected (scanning) transmission electron microscopy
(Fig. 1). This evidences a striking transformation in the
support, from a thick-walled, mesoporous transitional alumi-
na framework, to interconnected y-Al,O3 needles (platelets)
upon silver doping. Similar nanoneedles have been observed
upon base etching of porous alumina, or annealing boeh-
mite,”! and we are currently exploring the mechanism of this
directed recrystallisation. Standard dark-field imaging also
highlights small Ag-rich nanoparticles that decorate the
v-alumina needles. These nanoparticles lie between 3-5 nm,
and exhibit lattice parameters characteristic of -Ag,CO3 and
single-crystallinity. The genesis of such nanoneedles in the
presence of Ag-rich nanoparticles may also open new routes to
preparing alumina nanostructures.

The global chemical environment of dispersed silver was
also examined by bulk and surface sensitive X-ray methods.
Linear combination fitting of the Ag K-edge X-ray absorption
near-edge structure (XANES) spectra for both ultra-dilute and
6.21 wt% Ag/meso-Al,O; materials revealed an excellent fit to
Ag,CO;5 (Fig. 2), in accordance with the preceding micro-
scopy. Auger parameter analysis of the corresponding Ag 3d
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Fig. 1 Morphology and structure by TEM: dark-field image of
0.15 wt% Ag/meso-Al,O3 showing nanoparticulate silver as bright spots.
Inset shows ACTEM bright-field image of B-Ag,CO;5 nanoparticles.

and My sNN transitions by X-ray photoelectron spectroscopy
(XPS) confirms that the surfaces of these nanoparticles are
also carbonate terminated, with a surface Ag : CO3 atomic
ratio of 1.7 : 1.7

It is generally accepted that the inhibitory action of silver
upon microorganisms is linked to the impact of aqueous Ag ™"
ions upon essential cellular proteins®? and DNA replication.>
The release rates of ionic silver from the ultra-dilute and high
loading Ag/meso-Al,O; samples were therefore compared
with those from bulk silver compounds (Fig. 3). As expected,
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Fig. 2 Normalised Ag K-edge XANES for Ag/meso-Al,O3 materials
and comparative Ag standards.
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Fig. 3 Silver dissolution rates from Ag/meso-Al,O3 and standards in
aqueous buffered solution; each sample contained the same mass of
silver.

silver nitrate dissolved essentially instantly on contact with an
aqueous solution. However an exciting observation was that
Ag" dissolution rates from the Ag,CO; nanoparticles far
outstrip those of bulk silver oxides or carbonate. The ultra-
dilute Ag/meso-Al,Oj releases silver ions much faster than the
commercial (and poorly soluble) silver sulfadiazine complex
(SSD), and significantly faster than the higher loading
6.21 wt% material which comprised larger silver carbonate
nanocrystals (~30 nm). It is important to note that silver
release from SSD is sensitive to wound pH and the presence of
sodium salts and proteins in tissue fluid.® Synergic interactions
between Ag* ions slowly released from the silver sulfadiazine
polymer matrix,”* and sulfadiazine ligands themselves, may
compensate for the low level of dissolved silver (which in turn
limits depletion of body electrolytes) and contribute to the
observed efficacy of SSD.?*

The antimicrobial activity of the Ag/meso-Al,O; sample
was assessed by both zone plate inhibition and the logarithmic
reduction method against Staphylococcus aureus NCTC 10788
and Pseudomonas aeruginosa NCIMB 8626, respective Gram-
positive and -negative bacteria found on the skin and in
chronic wounds. Zone assay plates were seeded with test
organisms to which each silver sample was added. Plates were
subsequently incubated, and any resultant clear zone sur-
rounding the sample (where bacterial growth was inhibited)
compared to bulk silver standards. The normalised zone of
inhibition of the supported Ag,CO; nanoparticles far exceeds
that of bulk AgO, Ag,CO; and Ag,O per unit mass of silver.f
Indeed the antibacterial performance of alumina-supported
materials exhibits a striking increase with decreasing silver
content and corresponding Ag,CO; nanoparticle size. Simple
geometric considerations suggest that zone size is directly
proportional to the carbonate surface area.t Ag/meso-Al,O3
samples were effective against both Gram-positive and -nega-
tive bacteria, performing slightly better against S. aureus.
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Fig. 4 Bacterial kill tests for Gram-positive S. aureus NCTC 10788.
For ease of comparison data are normalised to the mass of silver in
AgO.

These semi-quantitative measurements give a good indica-
tion of antimicrobial activity but do not provide information
on bacterial kill rates which are far more important in wound
management. A full quantitative kill test was subsequently
performed over a 7 day period with Gram-positive S. aureus
NCTC 10788. This organism was chosen as it is resistant to
silver and its thick peptidoglycan cell wall renders it particu-
larly hard to kill. Ag/meso-Al,O; was inoculated with
S. aureus and incubated for a week. Antimicrobial activity is
assayed from the decrease in viable bacteria after specific
times. The log;y reduction is obtained by subtracting the log
of the microorganism count at each time point from the
equivalent count in the fresh inoculum: one log reduction unit
therefore represents a 90% kill efficiency. These kill tests
confirm the remarkable activity of our supported Ag,CO;
nanoparticles, which are able to kill S. aureus for over 7 days,
outperforming their bulk counterparts by over 2 log units,
equating to >100-fold enhancement per mass of silver. The
ultra-dispersed 5 nm Ag,CO;5 nanocrystals even exceed SSD,
which is widely used as a topical dilute solution for severe
burns and ulcers. The anomalous behaviour of SSD, which
Fig. 4 reveals is an effective antibacterial agent despite its poor
silver release rate, may reflect the action of the dissociated
sulfadiazene product (itself a bacteriostatic antibiotic®),
coupled with greater silver solubility in the presence of the
nutrient broth used in the kill tests compared with the electro-
chemical study in Fig. 3. This is not the case for the remaining
silver standards or supported carbonate nanoparticles, where-
in dissolved silver ions represent the only active component. It
is also interesting to note that unsupported Ag,COs; is a more
potent bactericide than either oxide standard; the latter have

been postulated as the active silver species in wound dres-
sings.”® We believe the alumina nanoneedle support is crucial
for stabilising highly dispersed Ag,CO; and are currently
investigating the recrystallisation mechanism.

The link between silver carbonate nanoparticle size and
loading also offers a simple means to tune the release rate of
ionic silver and thus device application. Unlike many other
silver presentations, these nanoparticles are air- and photo-
stable. They are also cheap to produce on the kiloscale, non-
toxic or allergenic and do not stain the skin, and may have
potential within the expanding antimicrobials market.
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