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Abstract: Silver nanoparticles (AgNP) confined within porous starch have been prepared
in a simple, green and efficient manner, utilising the nanoporous structure of
predominantly mesoporous starch (MS) to act as nanoparticle stabiliser, support and
reducing surface. MS/AgNP materials present high surface areas (Sger > 150 m*g™") and
mesopore volumes (Vmeso > 0.45 c¢cm’ g '). The interaction of the AgNP precursor and
forming nanoparticle nuclei with the mesoporous domains of the porous polysaccharide,
direct porosity to increasingly narrower and more defined pore size distributions, indicative
of a degree of cooperative assembly. Transmission electron microscopy images indicated
the presence of spherical AgNP of a size reflective of the porous polysaccharide mesopore
diameter (e.g., 5-25 nm), whilst XPS analysis confirmed the metallic Ag’ state. Materials
were prepared at relatively low Ag loadings (<0.18 mmol g), demonstrating excellent
antimicrobial activity in solid and liquid phase testing against Gram negative (E. coli) and
positive (S. aureus) model bacteria. The resulting materials are biocompatible and present a
useful solid porous carbohydrate-based polymer vehicle to control the AgNP size regime
and facilitate transference to a biological environment.
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1. Introduction

The use of green chemistry principles and renewables (e.g., polysaccharides) is ever more important
in the rapidly developing field of nanotechnology [1]. The general aim being the total elimination or
minimisation of waste and the implementation of the twelve green chemistry principles [2—4] in
materials preparation, in terms of using synthetic route design, non-toxic chemicals, environmentally
benign solvents, and renewable materials. In this context, the core of future technological progress will
be based upon the increasing ability to manipulate matter at the nanometre scale, whilst attempting to
emulate the activity of natural nanoscale systems [5].

Metallic nanoparticles (MNP) are chemical entities displaying higher chemical activity and
interaction specificity compared to their organic counterparts. Electronic state quantisation of the MNP
structure, and manipulation of these states via size and shape control, allows direction for specific
applications. One route to achieve this control is to fuse nanoporous and nanoparticle technology via
materials presenting pore diameters in the micro (<2 nm) and mesoporous ranges (>2, <50 nm).
Nanoparticle immobilisation allows exploitation of special properties that occur at this size, whilst the
nanoporous support may provide a useful transport vehicle. Combining highly active nanoparticle
centres with the nanopore environment, generates specific adsorption sites, partitioning the exterior
and the interior pore structure, inhibiting nanoparticle aggregation and restricting nanoparticle growth
to a particular size regime (potentially directed by support media pore size). MNP size control is
normally achieved via the introduction of hydrophobic capping agents (e.g., HS—C,Hz,+1) [6,7], but the
use of a green polar solvent like H,O is problematic in this context. Although alternative solvents such
as supercritical CO, have been successfully employed [8—10], the use of CO,-philic surfactants
increases costs and presents problems with regard to MNP recovery. The second concern in a green
MNP preparation method is the choice of reducing agent and synthetic media, as conventional
approaches typically employ organic solvents and toxic reducing agents (e.g., NaBH; or N,N-
dimethylformamide) [11], presenting environmental problems associated with safety and
waste disposal.

Silver nanoparticles (AgNP) are a particularly interesting class of MNP, desirable in applications
such as antimicrobial surfaces or wound dressings [12,13] or healing [14], where activity is determined
by MNP size and density of states, allowing the existence of Ag’; the active cation in antimicrobial
behaviour [15,16]. AgNP have attracted much attention in biomedical applications, and have been used
as optical indicators for (bio)molecules [17,18], and cytoprotective agents against HIV-1 infected
cells [19]. Liquid phase dispersions of AgNP, whilst providing small nanoparticle sizes, are not
conventionally suitable for the aforementioned applications [20]. Therefore a solid support must be
used to stabilise nanoparticles to the active size range (e.g., diameters <50 nm) and as a transfer
vehicle to the desired application environment. The use of inorganic supports [21,22] or carbon
nanotubes [23,24], are not only costly but arguably rely on further derivitisation to achieve the
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necessary biocompatibility and safety for the intended patient. Use of polysaccharides to stabilise
MNP is an interesting inexpensive option, particularly if the hydroxyl rich surface can be exploited as
support medium and reducing agent in tandem. Ultilisation of non-porous versions of (soluble)
starch [25,26], chitosan (derivatives) [27-29], and cellulose [30,31] in the synthesis of AgNP have
recently been reported. However, this is arguably not an efficient use of the polysaccharide, as in the
native non-porous state, hydroxyl group accessibility is limited, reducing the overall potential for
AgNP loading, and resource utilisation, whilst a lack of pore structure provides no scope for size
control and stabilisation. An accessible porous polysaccharide structure is also advantageous as it
would present a hybrid system intermediary between more classical “soft” organic materials and
“hard” inorganic systems.

In this context nanoporous polysaccharides (e.g., mesoporous starch (MS) [32] or pectin [33])
present a high surface area and (meso)porous framework within which nanoparticle growth may
potentially be limited to a desired size regime, enabling improved mass transfer kinetics of the active
species (e.g., Ag’) to the application environment. Furthermore, in many applications such as wound
dressings or purifying agents, AgNP must be easy to handle and the applied material recoverable.
A solid polysaccharide presents a useful nanoparticle support in this respect; biocompatible, insoluble
under ambient or biological conditions, and easily recovered. The use of nanoporous polysaccharides
in turn should allow direction of AgNP size and stabilisation and therefore enhanced activity. Herein,
we present the sustainable preparation, characterisation and application of MS confined AgNP
materials (MS/AgNP), demonstrating excellent antimicrobial activity against both Gram positive
(S. aureus) and negative (E. coli) model bacteria.

2. Results and Discussion
2.1. Characterisation of MS/AgNP Materials

MS/AgNP materials were a beige/yellow colour, indicative of the formation of AgNP species
(Figure 1 (A)) [34]. TEM images were initially used to confirm the existence of AgNP within the MS
support and aid description of the size, shape and dispersity of the supported MNP system. All
MS/AgNP materials presented nanoparticle sizes in the range ca. 10-25 nm (independent of Ag
loading) (Figure 2). AgNP size produced via the route reported here are comparable with literature
examples in terms of size and dispersity within the biodegradable polysaccharide network [21]. To
characterise and describe the surface and porous properties as influenced by AgNP loading, N,
sorption analysis was performed (Table 1). All samples presented high surface area (Sger > 150 m* g ")
and mesopore volumes (Vmeso> 0.47 cm’ g '). Type IV (H3) N, sorption profiles (Figure 1 B and
Figure S1 ESI) were typical for all samples, indicative of a slit shaped pore structure, comparable to
previously reported data [32,35,36]. Upon increasing Ag loading, textural properties as compared to
the control MS sample showed no real trend in terms of a change in surface area or mesopore volume,
and remained relatively constant. However, pore size distributions compared to the control MS sample,
showed that with increasing Ag loading, rather than an anticipated consistent pore volume shrinking,
the pore size distribution in fact becomes increasingly narrower and more classically Gaussian-like,
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suggesting some cooperative assembly between the growing AgNP and nanoporous polysaccharide
network (Figure 3 (A)).

Figure 1. (A) Photograph; and (B) Representative N, sorption profile of MS/AgNP
material (Ag loading: 0.180 mmol g™').
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Figure 2. Representative TEM micrographs of MS/AgNP materials; Ag loading
(A) 0.059 mmol g'; and (B) 0.180 mmol g .
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Table 1. N, sorption data for MS/AgNP materials prepared at increasing Ag loadings.

Ag Loading | “Sger/m’ g Vol / cm> g O p s / €M g’ Viiero / €0’ g °APD / nm "PD,x / NM
/mmol g
*0.000 170 0.53 0.50 0.008 9.6 8.2
0.029 152 0.47 0.44 0.007 8.8 6.7
0.059 161 0.49 0.45 0.007 9.0 5.8
0.180 175 0.47 0.45 0.008 7.7 5.0

[a] BET surface area using N, adsorption data in the relative pressure range 0.05-0.2; [b] BJH average pore
diameter (PD), pore diameter maximum in mesopore region (PDy,x), mesopore (Vpeso) and total pore volume

(Viota); [€] Micropore volume from the t-plot method. “[MS = control experiment performed in the absence
of AgNO;].
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Figure 3. (A) Pore size distributions of MS and MS/AgNP materials prepared at increasing
Ag loading; and (B) Relationship between pore diameter maximum in mesopore region and

Ag loading.
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The pore diameter maxima in the mesopore region were observed to be equally sensitive to Ag
loading, reducing in size in a near-linear manner, presumably as pores in the upper mesopore region
become filled with larger AgNP (Figure 3 B). This behaviour is in contrast with previously reported
MS/PANP materials, which showed a gradual decrease in all textural properties as a consequence of
PANP formation at increasing loading [37]. Nanoparticle preparation was performed here conveniently
in the aqueous phase due to the limited solubility of AgNOs in other solvents used in the preparation of
MS. It was anticipated that deposition of Ag” would occur at hydroxyl rich polysaccharide pore wall
sites, where reduction is believed to initiate. In this context Wallen e al. have speculated that Ag” (aq) may
play a role in guiding polysaccharide supramolecular organisation [25,26], whilst Vigneshwaran et al.
have proposed that AgNP may be stabilised within the helical structure of the soluble starch amylose
component [20].

Interestingly for the system reported here, AgNP growth within the mesopores was observed to
enhance the uniformity of polysaccharide network upon increasing AgNP loading, as reflected in the
narrowing pore size distributions. In this regard it is important to note that both the total pore volume
and average pore diameters of the as-synthesised MS/AgNP materials are influenced by the increasing
“Ag” content, but in fact it appears that it is the diameter maximum in the pore size distribution
becoming increasingly smaller and the overall distribution increasing narrower and sharper (Figure 3).
Under the synthetic conditions reported here, the hydrogen bonded porous polysaccharide gel network
is presumably responsive to changes in the ionic potential of the system (e.g., increase in AgNO3), and
therefore adapts itself to accommodate increasing MNP size, driving the system to an alternative
metastable energy state, in turn promoting increased uniformity of the mesopore size.

We propose that in the initial stages of the addition of Ag' to the polysaccharide gel, the silver
cations are adsorbed within the recrystallised starch (amylose) blocks, due to specific interaction of
silver with functional groups of starch, whilst the nitrate counter anions presumably interact with the
“block” surface (Figure 2S ESI). Repulsive forces, for example between negative charged blocks,
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stabilise the interblock separation distance which becomes increasingly more uniform with increasing
silver system content. The effect of the solvent exchange step is to essentially fix this structure (i.e., to
decrease starch (amylose) segmental mobility), and in turn the silver cations are reduced by the
polysaccharide-nitric acid complex (e.g., nitric acid generates aldehydes as one co-product of starch
oxidation). The atomic silver produced inside porous starch matrix potentially may migrate into the
mesopore domains and the AgNP grows there as a result of aggregation.

Therefore the size of the nanoparticles is limited by diameter of pore in which they are forming,
hence the AgNP sizes observed from TEM images are continuously uniform, and potentially become
increasingly uniform with increasing Ag concentration as observed from a statistical particle size
analysis (Figure 2). The observed stabilisation behaviour of the rather uniform mesoporous structure of
the porous starch form by the specific adsorption of silver is potentially of great interest to the field of
nanotechnology.

Under the synthetic conditions reported here, the hydrogen bonded porous polysaccharide gel
network is presumably responsive to changes in the ionic potential of the system (e.g., increase in
AgNO;3), and therefore adapts itself to accommodate increasing MNP size, driving the system to an
alternative metastable energy state, in turn promoting increased uniformity of the mesopore size. This
inexpensive and simple polysaccharide gel based route to control the size uniformity of AgNP is
promising and also potentially indicates that the formed AgNPs are robust to initial silver nitrate
concentration. Moreover, this mechanism also suggests the potential for very high loadings of atomic
silver (i.e., small nanoparticles/cluster) are successfully stabilised within the porous starch matrix.

MS/AgNP materials were further characterised by XPS to analyse the Ag chemical state and
confirm complete reduction (Figure 4). The XPS survey scans indicate the predominant chemical
signatures of the polysaccharide support (i.e., C 1(s) and O 1(s) photoelectron envelopes; Figure 4 (A)).
Ag loading at the surface was not significant enough to enable quantification of Ag from the survey
scan, indicating the development of AgNP buried deep inside the MS pore structure; (NB: Ag loading
was confirmed via elemental analysis). High resolution XPS spectra of the Ag 3(d) photoelectron
region for MS/AgNP materials, present peaks at 368.4 and 374.4 eV assigned to the Ag 3(d)s, and
Ag 3(d);, with relative intensities of 2:3, (typical for d electron orbitals) (Figure 4 (B)) [38]. As Ag
loading increases, the relative intensity of the Ag 3(d) peaks increase accordingly, and peaks become
more resolved from the baseline (Figure S3 SI), whilst the binding energies reported here are typical
for those previously observed for the metallic Ag” state [38,39]. Small variations in the binding energy
may be attributed to Ag interacting with the electronegative oxygen-rich polysaccharide surface,
resulting in a small distortion of the Ag e density [40]. Importantly XPS analysis did not indicate
peaks associated with physisorbed AgNO; (e.g., 367.0 and 373.0 eV), confirming the complete
reduction to metallic Ag” [38-40].

Further support for the presence of metallic AgNP comes from the characteristic surface plasmon
resonance at ca. A = 447.5 nm (£2.8 nm) in the DRUVS spectra for these MS/AgNP materials, with
a broad absorption band in the range 320600 nm (Figure 5), with a Apax in the 444—450 nm region.
As seen from TEM images (Figure 2), AgNP are relatively well-dispersed within the MS matrix,
presenting spherical nanoparticles of diameters between 10-25 nm. Sanchez-Cortes et al. have
previously reported that for 10 nm AgNP in solution, a well resolved surface plasmon resonance at
Amax ~400 nm is observed [41]. Here, the surface plasmon resonance band maxima for MS/AgNP was
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red-shifted and broader, compared to previously reported solution phase spectra by Sanchez-Cortes ef al.
and Kapoor [41,42]. Here the spectral red-shift occurs as a function of increasing Ag loading, although
relatively small (ca. ~6 nm), changes in the electronic environment as a consequence of
polysaccharide/ AgNP interactions (and between adjacent AgNP), may result in alteration of the system
dielectric properties.

Figure 4. (A) XPS survey scan of MS/AgNP material; and (B) High resolution XPS
spectra of the Ag 3 (d) photoelectron envelope (loading: 0.180 mmol g ).
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Figure 5. DRUVs analysis of MS/AgNP materials prepared at increasing Ag loading
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2.2. Antimicrobial Activity of MS/AgNP Materials

AgNP are well known to exhibit antimicrobial properties, where Ag” is thought to interact with
sulfur or phosphorous containing cell matter (e.g., proteins or DNA), inhibiting cell function or
replication [15,16]. The inhibitory effect of MS/AgNP materials were investigated during the aqueous
phase growth cycle of E. coli (Gram negative) and S. aureus (Gram positive) model bacteria (Figure 6).
Both E. coli and S. Aureus grew well in the presence of the MS control material. However, for both
bacteria, MS/AgNP materials were shown to dramatically inhibit growth, even at very low Ag loadings
(i.e., 0.029 mmol g ). Results were almost identical for all AgNP materials against E. coli (Figure 6 A),
but at a loading of 0.029 mmol g ' material appeared to be marginally less effective against
S. aureusgrowth (Figure 6 B).

Figure 6. Bacterial growth curves in Lysogeny broth (LB) growth media, for (A) E. coli;
and (B) S. aureus using MS/AgNP prepared at increasing Ag loading. Bacterial growth
was monitored measuring the O.D. .
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MS/AgNP materials were also tested for bacteria growth inhibition on agar growth plates to
establish activity of the supported material in the dry state. In this case 50 mg of MS/AgNP material
(e.g., Ag loading: 0.180 mmol g™") was loaded onto the inoculated agar growth plate (Figure 7). Plates
were then left to incubate overnight at 37 °C, to yield bacterial colonies on the plate surface grown in
the presence of the MS/AgNP material (or the MS control sample (Figure 7 A). For samples incubated
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in the presence of the MS control sample, no inhibition was observed (Figure 7 A). MS/AgNP
presented good growth inhibition independent of the Ag loading and appeared more active against
E. coli, as demonstrated by increased inhibition ring distance (Figure 7 B and C).

This simple and green material preparation strategy renders materials active against these model
bacteria. This is a promising result as in principle our approach can be extended to a range of our
recently reported polysaccharide-derived mesoporous materials [4,32,33,36,43]. It is anticipated that
AgNP size control and polydispersity may be enhanced through selection of different mesoporous
polysaccharides or Starbon® material [32,33,36,43]. Importantly, materials presented herein are stable
under non-humid storage conditions and show no signs of AgNP aggregation even after 2 months
storage, as evidenced by a consistent surface resonance plasmon peak from DRUVs spectra. Utilising
this approach, plus the surface chemistry flexibility afforded by porous polysaccharide and Starbons®
material technology, the preparation of mesoporous monoliths or films will enable development in
applications, such as bioactive films or surfaces (e.g., in food coatings) or direct integration in water
filter/purification [33,36].

Figure 7. Representative photographs of agar growth plates for (A) S. aureus + MS control
experiment; (B) S. aureus + MS/AgNP (0.180 mmol g '); and (C) E. coli + MS/AgNP
(0.180 mmol g ") (Scale = 50 mm).
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The MS support, whilst providing AgNP confinement and stabilisation, is transient and therefore in
principle can be easily removed simply by heating in water (>100 °C) to solubilise and break down the
hydrogen bond network, enabling the separation/controlled release of these AgNP. The accessibility of
AgNP within the MS matrix, in principle will allow secondary use of these materials in heterogeneous
catalysis [44,45], but also allows post-functionalisation strategies to be performed on the AgNP prior
to any such removal—in this respect the MS support acts as an inexpensive, sustainable nanoparticle
stabiliser. Therefore by selection and manipulation of the textural properties of the heterogeneous
support, in unison with the reduction step, (e.g., via polysaccharide selection) it should be possible to
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exert still further control over size and shape of AgNP. This simple and sustainable AgNP synthesis
strategy opens a wide range of opportunities, providing an inexpensive route to potentially revenue-
rich applications.

3. Experimental Section
3.1. Materials and Chemicals

AgNO; (299.0%) was purchased from Sigma-Aldrich (Gillingham, UK) and used as received.
Ethanol (analytical grade) was purchased from Fisher Scientific (Loughborough, UK) used as
received. Triple distilled water was used as prepared on site. High amylose corn starch (amylose
content ca. ~75%) was used as the precursor starch.

3.2. Preparation of Mesoporous Starch Supported Ag Nanoparticle Materials

Mesoporous starch (MS) was prepared in the aqueous gel form as reported elsewhere [32,36,43]. A
known quantity of MS gel (ca. 21.0 g, equating to 1.0 g of starch solid) was added to a 100 mL
laboratory glass beaker with stirrer bar, and left to stir for 1 h. To the gel, 25 mL of AgNO; (aq) of the
desired concentration was added, and left to stir for 15 h at room temperature to allow for complete
system homogenisation, yielding a beige/brown gel. The solvent exchange of water for ethanol (as
reported elsewhere) [32,33] was then conducted until the system contained practically 100% ethanol.
The material was then filtered and partially dried. The solid was then reimmersed in 100% ethanol and
left to stir for 1 h. This washing step was repeated once more followed by filtration and drying under
vacuum for 16 h at 60 °C.

3.3. Characterisation

N, sorption analysis was performed on a Micromeritics ASAP 2010 porosimeter. Samples were
degassed at 60 °C under vacuum (p < 102 Pa) for at least 3 h prior to analysis. Data processing was
performed using ASAP 2010 version 5.02 and Origin 7.5 software. Sorption isotherms were measured
at —196 °C. Specific surface areas (Sger) were determined via the BET method [46], using the cross
sectional area of the nitrogen molecule (0.162 nm?), and a 1020 point BET plot over the P/P, range of
0.06-0.30, where a linear relationship was maintained. Average pore size (APD) and mesopore volume
(Vmeso) Were calculated using the BJH model [47]. Total pore volume (Vio1) Was determined at a
relative pressure of 0.975. X-ray photoelectron spectroscopy (XPS) spectra were recorded on a Kratos
Axis Ultra DLD photoelectron spectrometer (Kratos Analytical, Shimadzu Corp., Japan) using a
hemispherical photoelectron analyser, employing a monochromatic AlKa X-ray source (75-150 W)
and analyser pass energies of 160 eV (for survey scans) or 40 eV (for high resolution scans). Samples
were mounted using a double-sided adhesive tape and binding energies referenced to the C 1(s)
binding energy of the adventitious carbon peak which was taken to be 285.0 eV. Prior to analysis
samples were degassed overnight at ultrahigh vacuum (P < 5 x 107'° Torr). XPS data analysis was
performed on CasaXPS software (version 2.3.14) using default Schofield sensitivity factors, a linear
background model and software default GL(30) (70% Gaussian, 30% Lorentzian) peak fitting mode.
Diffuse reflectance ultra violet spectroscopy (DRUVs) was performed using a Jasco V550 UV/VIS
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spectrophotometer (Jasco, UK), equipped with a solid state diffuse reflectance mode analysis cell, and
acquired in the 190-900 nm range, at a scanning speed of 100 nm min' and 0.5 nm data pitch.
A Jasco supplied background polystyrene block was used as the spectral reference material.
Transmission Electron Microscopy (TEM) was performed using a Tecnai 12 BioTwin transmission
electron microscope (FEI Company, USA). Samples were suspended in acetone or ethanol, and then
deposited onto carbon grids via solvent evaporation.

3.4. Investigation of Antimicrobial Properties of Porous Starch Supported AgNP Materials
3.4.1. Procedure for Liquid Phase Growth Inhibition Studies

Bacteria used in this study were Escherichia (E.) coli strain W3110 and Staphylococcus (S.) aureus
strain 8325-4. 1 mL of Lysogeny broth (LB) was inoculated with a sample of bacterial colony
removed from a standard bacterial growth plate using a sterile wire inoculation loop. 10 puL of the
resulting solution was injected into 10 mL of fresh LB media in a sterile sealable vessel. 25 mg of
MS/AgNP material was then added, and an optical density measurement was taken for # = 0 h. Samples
were then placed in a thermostated incubation room at 37 °C, and shaken at 200 r.p.m. to ensure
continuous aeration of cultures. Optical density measurements at 600 nm (O.D.g00) were recorded at
hourly intervals for 5 h. Liquid phase studies were performed in replicate.

3.4.2. Procedure for Zone of Inhibition Plate Studies

1 mL of LB was inoculated with a sample of bacterial colony removed from a standard bacterial
growth plate using a sterile wire inoculation loop. 50 uL of the resulting solution was placed onto a
freshly prepared LB agar plate. The suspension was spread across the surface of the agar with a sterile
glass spreader. A 1.0 cm diameter circular piece of LB agar was removed from the plate centre into
which 50 mg of MS/AgNP was placed. The plates were then incubated at 37 °C for 24 h.

4. Conclusions

The preparation route to mesoporous starch confined Ag nanoparticles presented here is simple,
green and efficient. Materials are prepared in a facile sustainable manner, based around the generation
of porous carbohydrate-based polymeric structures, rendering materials antimicrobially active against
model Gram positive and negative bacteria, (E. coli and S. aureus), even at low Ag loadings
(<0.18 mmol g ). The materials prepared are highly mesoporous and have high surface areas, with
mesoporous domains of the MS support allowing a degree of size and dispersity control, limiting
AgNP size to within a range of 10-25 nm.

The polysaccharide support is biocompatible and can be used directly in this form (under the test
conditions used), as demonstrated by zone of inhibition testing. AgNP are stable and their size is
comparable to size and dispersity of those produced using typical methods. The use of environmentally
friendly and renewable materials as the reducing stabiliser and transport media (e.g., mesoporous
starch), as well as the benign solvents used, offers numerous benefits ranging from environmental
safety to the ready integration of these nanomaterials into biologically relevant systems. Use of a range
of porous polysaccharides in this simple synthetic approach potentially will allow extension of the
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described method and further direction of AgNP size, and therefore activity [33,48]. This use of
renewable polysaccharides/solvents, plus the continuing development of porous polysaccharide-derived
materials, presents a number of opportunities for further development of green Ag nanoparticle synthesis,
particularly with regard to applications in antimicrobial textile fibres or film surfaces.

Acknowledgments

Many thanks to D.J. Morgan (for XPS analysis) of the EPSRC XPS service (University of Cardiff,
UK), to Ms. M. Stark, (Technology Facility, Department of Biology, University of York, UK) for her
assistance with all things “electron microscopy”.

References

1. Albrecht, M.A.; Evans, C.W.; Raston, C.L. Green chemistry and the health implications of
nanoparticles. Green Chem. 2006, 8, 417—432.

2. Anastas, P.T.; Warner, J.C. Green Chemistry: Theory and Practice, 1st ed.; Oxford University
Press: Oxford, UK; 1998.

3. Anastas, P.T.; Kirchhoff, M.M. Origins, current status, and future challenges of green chemistry.
Account. Chem. Res. 2002, 35, 686—694.

4. Clark, JH.; Budarin, V.; Deswarte, F.E.I; Hardy, JJ.E.; Kerton, F.M,;
Hunt, A.J.; Luque, R.; Macquarrie, D.J.; Milkowski, K.; Rodriguez, A.; et al. Green chemistry and
the biorefinery: A partnership for a sustainable future. Green Chem. 2006, 10, 853—860.

5. White, R.J.; Luque, R.; Budarin, V.L.; Clark, J.H.; Macquarrie, D.J. Supported metal
nanoparticles on porous materials. Methods and applications. Chem. Soc. Rev. 2009, 2, 481-494.

6. Badia, A.; Gao, W.; Singh, S.; Demers, L.; Cuccia, L.; Reven, L. Structure and chain dynamics of
alkanethiol-capped gold colloids. Langmuir 1996, 12, 1262—12609.

7. Malinsky, M.D.; Kelly, K.L.; Schatz, G.C.; van Duyne, R.P. Chain length dependence and sensing
capabilities of the localized surface plasmon resonance of silver nanoparticles chemically
modified with alkanethiol self-assembled monolayers. J. Am. Chem. Soc. 2001, 123, 1471-1482.

8. Cooper, A.L. Recent developments in materials synthesis and processing using supercritical COx.
Adv. Mater. 2001, 13, 1111-1114.

9. Shah, P.S.; Husain, S.; Johnston, K.P.; Korgel, B.A. Role of steric stabilization on the arrested
growth of silver nanocrystals in supercritical carbon dioxide. J. Phys. Chem. B 2002, 106,
12178-12185.

10. Morley, K.S.; Marr, P.C.; Webb, P.B.; Berry, A.R.; Allison, F.J.; Moldovan, G.; Brown, P.D.;
Howdle, S.M. Clean preparation of nanoparticulate metals in porous supports: a supercritical
route. J. Mat. Chem. 2002, 12, 1898—1905.

11. Lewis, L.N. Chemical catalysis by colloids and clusters. Chem. Rev. 1993, 93, 2693-2730.

12. Aymonier, C.; Schlotterbeck, U.; Antonietti, L.; Zacharias, P.; Thomann, R.; Tiller, J.C.; Mecking,
S. Hybrids of silver nanoparticles with amphiphilic hyperbranched macromolecules exhibiting
antimicrobial properties. Chem. Commun. 2002, 3018-3019.

13. Maneerung, T.; Tokura, S.; Rujiravanit, R. Impregnation of silver nanoparticles into bacterial
cellulose for antimicrobial wound dressing. Carbohyd. Polym. 2008, 72, 43-51.



Int. J. Mol. Sci. 2011, 12 5794

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Wright, J.B.; Lam, K.; Hansen, S.; Burrell, S. Efficacy of topical silver against fungal burn wound
pathogens. Am. J. Infect. Control 1999, 27, 344-350.

Sondi, I.; Salopek-Sondi, B. Silver nanoparticles as antimicrobial agent: a case study on E-coli as
a model for Gram-negative bacteria. J. Colloid Interface Sci. 2004, 275, 177-182.

Morones, J.R.; Elechiguerra, J.L.; Camacho, A.; Holt, K.; Kouri, J.B.; Ramirez, J.T.; Yacaman,
M.J. The bactericidal effect of silver nanoparticles. Nanotechnology 2005, 16, 2346-2353.
Graham, D.; Faulds, K.; Smith, W.E. Biosensing using silver nanoparticles and surface enhanced
resonance Raman scattering. Chem. Commun. 2006, 4363-4371.

Shao, M.-W.; Lu, L.; Wang, H.; Wang, S.; Zhang, M.-L.; Ma, D.-D.-D.; Lee, S.-T. An
ultrasensitive method: surface-enhanced Raman scattering of Ag nanoparticles from beta-silver
vanadate and copper. Chem. Commun. 2008, 2310-2312.

Sun, RW.Y.; Chen, R.; Chung, N.P.Y.; Ho, C.M.; Lin, C.L.C.; Che, C.M. Silver nanoparticles
fabricated in Hepes buffer exhibit cytoprotective activities toward HIV-1 infected cells. Chem.
Commun. 2005, 5059-5061.

Vigneshwaran, N.; Nachane, R.P.; Balasubramanya, R.H.; Varadarajan, P.V. A novel one-pot
'green' synthesis of stable silver nanoparticles using soluble starch. Carbohyd. Res. 2006, 341,
2012-2018.

Stathatos, E.; Lianos, P.; Falaras, P. Photocatalytically deposited silver nanoparticles on
mesoporous TiO; films. Langmuir 2000, 16, 2398-2400.

Hornebecq, V.; Antonietti, M.; Cardinal, T.; Treguer-Delapierre, M. Stable silver nanoparticles
immobilized in mesoporous silica. Chem. Mater. 2003, 15, 1993—-1999.

Xue, B.; Chen, P.; Hong, Q.; Lin, J.; Tan, K.L. Growth of Pd, Pt, Ag and Au nanoparticles on
carbon nanotubes. J. Mat. Chem. 2001, 11, 2378-2381.

Peng, X.; Chen, J.; Misewich, J.A.; Wong, S.S. Carbon nanotube-nanocrystal heterostructures.
Chem. Soc. Rev. 2009, 38, 1076—1098.

Raveendran, P.; Fu, J.; Wallen, S.L. Completely "green" synthesis and stabilization of metal
nanoparticles. J. Am. Chem. Soc. 2003, 125, 13940-13941.

Konwarh, R.; Karak, N.; Sawian, C.E.; Baruah, S.; Mandal, M. Effect of sonication and aging on
the templating attribute of starch for “green” silver nanoparticles and their interactions at bio-
interface. Carbohyd. Polym. 2011, 83, 1245-1252.

Huang, H.; Yang, X. Synthesis of polysaccharide-stabilized gold and silver nanoparticles: a green
method. Carbohyd. Res. 2004, 339, 2627-2631.

Laudenslager, M.J.; Schiffman, J.D.; Schauer, C.L. Carboxymethyl Chitosan as a Matrix Material
for Platinum, Gold, and Silver Nanoparticles. Biomacromolecules 2008, 9, 2682—-2685.

Fu, X.; Shen, Y.; Jiang, X.; Huang, D.; Yan, Y. Chitosan derivatives with dual-antibacterial
functional groups for antimicrobial finishing of cotton fabrics. Carbohyd. Polym. 2011, &5,
221-227.

Son, W.K.; Youk, J.H.; Lee, T.S.; Park, W.H. Preparation of antimicrobial ultrafine cellulose
acetate fibers with silver nanoparticles. Macro. Rap. Commun. 2004, 25, 1632—1637.

Li, S.-M.; Jia, N.; Maa, M.-G.; Zhang, Z.; Liu, Q.-H.; Sun, R.-C. Cellulose—silver
nanocomposites: Microwave-assisted synthesis, characterization, their thermal stability, and
antimicrobial property. Carbohyd. Polym. 2011, 86, 2, 441-447.



Int

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

. J. Mol. Sci. 2011, 12 5795

White, R.J.; Budarin, V.L.; Clark, J.H. Tuneable mesoporous materials from alpha-D-
polysaccharides. ChemSusChem 2008, 1, 408-411.

White, R.J.; Budarin, V.L.; Clark, J.H. Pectin-Derived Porous Materials. Chem. Eur. J. 2010, 16,
1326-1335.

Kelly, K.L.; Coronado, E.; Zhao, L.L.; Schatz, G.C. The optical properties of metal nanoparticles:
The influence of size, shape, and dielectric environment. J. Phys. Chem. B 2003, 107, 668—677.
Budarin, V.; Clark, J.H.; Deswarte, F.E.I.; Hardy, J.J.E.; Hunt, A.J.; Kerton, F.M. Delicious not
siliceous: expanded carbohydrates as renewable separation media for column chromatography.
Chem. Commun. 2005, 23, 2903-2905.

Budarin, V.; Clark, J.H.; Hardy, J.J.E.; Luque, R.; Milkowski, K.; Tavener, S.J.; Wilson, A.J.;
Starbons: New starch-derived mesoporous carbonaceous materials with tunable properties.
Angew. Chem. Int. Ed. 2006, 45, 3782-3786.

Budarin, V.L.; Clark, J.H.; Luque, R.; Macquarrie, D.J.; White, R.J. Palladium nanoparticles on
polysaccharide-derived mesoporous materials and their catalytic performance in C-C coupling
reactions. Green Chem. 2008, 4, 382—-387.

Thiel, J.; Pakstis, L.; Buzby, S.; Raffi, M.; Ni, C.; Pochan, D.J.; Shah, S.I. Antibacterial properties
of silver-doped titania. Small 2007, 3, 799-803.

Suh, M.P.; Moon, H.R.; Lee, E.Y.; Jang, S.Y. A redox-active two-dimensional coordination
polymer: Preparation of silver and gold nanoparticles and crystal dynamics on guest removal. J.
Am. Chem. Soc. 2006, 128,4710-4718.

Pattabi, M.; Rao, K.M.; Sainkar, S.; Sastry, R.M. Structural studies on silver cluster films
deposited on softened PVP substrates. Thin Solid Films 1999, 338, 40—45.

Canamares, M.V.; Garcia-Ramos, J.V.; Gomez-Varga, J.D.; Domingo, C.; Sanchez-Cortes, S.
Comparative study of the morphology, aggregation, adherence to glass, and surface-enhanced
Raman scattering activity of silver nanoparticles prepared by chemical reduction of Ag+ using
citrate and hydroxylamine. Langmuir 2005, 21, 8546—8553.

Kapoor, S. Preparation, characterization, and surface modification of silver particles. Langmuir
1998, 74, 1021-1025.

Budarin, V.L.; Clark, J.H.; Luque, R.; Macquarrie, D.J.; Milkowski, K.; White, R.J. PCT Patent:
Mesoporous Carbonaceous Materials, Preparation and the use thereof. W0O/2007/104798,
20 September 2007.

Chimentdo, R.J.; Kirm, I.; Medina, F.; Rodriguez, X.; Cesteros, Y.; Salagre, P.; Sueiras, J.E.
Different morphologies of silver nanoparticles as catalysts for the selective oxidation of styrene in
the gas phase. Chem. Commun. 2004, 7, 846—847.

Murugadoss, A.; Goswami, P.; Paul, A.; Chattopadhyay, A. “Green” chitosan bound silver
nanoparticles for selective C-C bond formation via in sifu iodination of phenols. J. Mol. Cat. A
2009, 304, 153—158.

Brunauer, S.; Emmett, P.H.; Teller, E. Adsorption of gases in multimolecular layers. J. Am. Chem.
Soc. 1938, 60, 309-319.

Barrett, E.P.; Joyner, L.G.; Halenda, P.P. The determination of pore volume and area distributions
in porous substances 1. Computations from Nitrogen Isotherms. J. Am. Chem. Soc. 1951, 73,
373-380.



Int. J. Mol. Sci. 2011, 12 5796

48. White, R.J.; Antonio, C.; Budarin, V.L.; Bergstrom, E.; Thomas-Oates, J.; Clark, J.H.
Polysaccharide-Derived Carbons for Polar Analyte Separations. Adv. Funct. Mat. 2010, 20,
1834-1841.

© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).



