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Abstract

Silver nanoparticles (AgNPs) were biosynthesised by a Klebsiella oxytoca strain BAS-10,
which, during its growth, is known to produce a branched exopolysaccharide (EPS). Klebsiella
oxytoca cultures, treated with AgNOs; and grown under either aerobic or anaerobic conditions,
produced silver nanoparticles embedded in EPS (AgNPs-EPS) containing different amounts of
Ag(0) and Ag(I) forms. The average size of the AgNPs-EPS was determined by transmission
electron microscopy, while the relative abundance of Ag(0)- or Ag(I)-containing AgNPs-EPS was
established by scanning electrochemical microscopy (SECM). Moreover, the release of silver(l)
species from the various types of AgNPs-EPS was investigated by combining SECM with anodic
stripping voltammetry. These measurements allowed obtaining information on the kinetic of silver

ions release from AgNPs-EPS and their concentration profiles at the substrate/water interface.

1. Introduction

Recently, a number of novel materials containing silver nanoparticles (AgNPs) have been
introduced [1-3]. Their usage in commercial goods, such as cosmetics, apparels, medical and
electrical devices [4,5] prompted researchers to investigate on AgNPs toxicity towards human cells,
aquatic organisms [6] and, more in general, bacterial strains [7-10]. On the other hand, because of
the latter property, AgNPs have received increasing attention as antimicrobial agents towards many
Gram-positive and Gram-negative bacteria, fungi and viruses [11].

Nowadays, various methodologies are available for the synthesis of AgNPs [7, 12-15], and
are based on either chemical or biological approaches. The latter have received increasing attention
due to the growing need of developing environmental-friendly technologies in material synthesis
[12-14]. To this purpose, several microrganisms have been explored as potential cell-factories for
both intra and extra cellular synthesis of nanoparticles of various metals [14]. For the biological
synthesis of AgNPs, a variety of microorganisms, coming from bacteria and fungi, have been

reported [16-19]. The mechanism is related to multiple phenotypic characteristics of the
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microorganisms, which can produce polymers, such as polysaccharides [20], which can,
consequently, embedd and stabilise the metal nanoparticles. These AgNPs-containing materials, in
view of their biocompatibility, have potential applications as antimicrobials, especially in
biomedical fields and food packaging [6,10,20].

The toxicity of AgNPs depends on several properties of the nanoparticles such as size and
shape, surface area and charge, capping agents, bioavailability of the individual particles or silver
forms [21-23]. With regard to the latter aspect, it is not yet clear whether the AgNPs toxic effects
are due to the release of free Ag®, the nanoparticles themselves or a combination of both species
[24-27].Therefore, investigations on the AgNPs redox properties and their reactivity at interfaces
with aqueous environments is highly desirable.

Scanning electrochemical microscopy (SECM) is gaining increasing applications for the in
situ investigation of localised phenomena and reactivity of substrates with high spatial resolution
[28]. SECM is a scanning probe microscopy technique, which is based on the amperometric signal
generated at a microelectrode by redox-active species in solution, which can perform quantitative
local electrochemical experiments for studying heterogeneous and homogeneous reactions [29], for
high-resolution imaging of the chemical reactivity and topography of various interfaces and
surfaces [30,31]. In the field in which the present work falls, SECM has been used to characterize
antimicrobial silver films [32], to evaluate the interaction between Ag(I) ions and fibroblast cells
[33] and to establish the effect of AgNPs on HeLa cells activity [34]. Aspects concerning the
reactivity of pristine biosynthesised AgNPs in terms of oxidation state of silver and release of silver
ions at intefcaces have been less investigated. In fact, AgNPs could contain Ag(0), Ag(I) or both
forms, this implying a different reactivity upon their contact with water [35].

Recently, it has been reported that Klebsiella oxytoca (KO) cultures, treated with AgNO;
solutions, are able to synthesise AgNPs [36], which are embedded in branched exopolysaccharides

(EPS) (AgNPs-EPS) [37]. These materials, produced under aerobic (AgNPs*“-EPS) or anerobic



(AgNPs"™-EPS) conditions, could contain various forms of silver species and therefore could
manifest different reactivity.

In this paper we report an SECM-voltammetric investigation devoted at establishing the
oxidation state and reactivity of AgNPs-EPS biosynthesised by a strain of KO, and evaluating the

amount of diffusable Ag(I) released at the substrate /solution interface.

2.Materials and Methods

2.1 Materials and microbial strain

All chemicals were reagent-grade and used as received, unless otherwise stated. Potassium
hexachloroiridate(Ill) (Sigma Aldrich) was used as redox mediator in SECM investigations. The
Nutrient Broth was purchased from Difco. Glycerol, sodium hydrogen carbonate, ammonium
nitrate, magnesium sulphate heptahydrate, sodium dihydrogen phosphate, potassium acetate,
sodium citrate, sodium hydroxide and silver nitrate were purchased from Sigma Aldrich. The
chloride-free NAC medium, used for cell cultures, contained: 2.5 g "' sodium hydrogen carbonate,
1.2 g I'' ammonium nitrate, 1.5 g I'' magnesium sulphate heptahydrate, 0.6 g 1" sodium dihydrogen
phosphate, 0.132 g I potassium acetate and 14.7 g I'sodium citrate. Klebsiella oxytoca was

isolated from acid mine drainage of pyrite mines as reported in detail elsewhere [38].

2.2 Cultivation of K. oxytoca BAS-10 and production of AgNPs-EPS

Aerobic and anaerobic AgNPs-EPS were prepared as follows. 200 uL of a suspension
containing KO BAS-10 cells, kept in cryovials at -80°C in 25% glycerol and Nutrient Broth, were
finally inoculated in chloride-free NAC medium. The pH of the NAC medium was previously
adjusted to pH 7.6, by adding NaOH [39]. The KO BAS-10 cultures were grown both in aerobic and
anaerobic conditions, at a controlled temperature of 30°C. Aerobic condiotions were ensured by
stirring the cultures with an orbital stirrer under air-exposed media. For the anaerobic growth, the

cultures were placed in a pirex bottle that had been previously saturated with nitrogen, then sealed
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and mantained under nitrogen blancket. At stationary phase of growth, AgNOj (to provide 50 mg L
! of total Ag) was added to both types of KO BAS-10 cultures. These were left for 24-48 hours, till
the metal-enriched polysaccharide flocculated in the bottom of the flask. AgNPs-EPS obtained in
both aerobic and anaerobic conditions were subsequently separated by centrifugation and then
treated with cooled ethanol in order to obtain a final hydroalcoholic solution 70% v/v. The colloidal

materials were kept at 5°C overnight, dried out under vacuum and grinded in a mortar.

2.3 TEM measuremnts on AgNPs-EPS

For the analysis of TEM, 1 mg each of AgNPs**-EPS and AgNPs*"**-EPS was suspended in
1 ml of milli-Q water and sonicated for 10 min. Then, a 5 ul aliquot of each suspension was placed
on a platinum grid coated with Formovar resin and then allowed to dry prior to TEM observations.
The TEM images of the AgNPs were obtained using a JEOL JEM 100b (Tokyo, Japan) operating
under standard conditions. The size distribution of the AgNPs was determined by image analyses of

micrographs using the free source software Image J64 (NIH, USA).

2.4 SECM and voltammetric experiments on AgNPs-EPS

SECM and voltammetric experiments were performed in a two-electrode cell, which
comprised a working (or SECM tip) electrode and a reference/counter electrode. Platinum disk
microelectrodes with nominal radius of 12.5 um were employed as tip/working electrodes in either
SECM or voltammetric measurements. They were prepared by sealing platinum wires within glass
capillaries [40]. Afterward, they were tapered to a conical shape, polished with graded alumina
powder (5, 1 down to 0.3 um) and then characterised by cyclic voltammetry at low scan rates and
by SECM to evaluate the actual electrode radius of the microelectrode and the overall tip radius to
the electrode radius ratio (RG) [28,40]. The tips employed here had RG values over the range 8-10.
In all electrochemical measurements, a reference/counter electrode Ag/AgCl in saturated KCI was

used. A CHI920B workstation (CH Instruments) was employed for both SECM and voltammetric
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experiments. Measurements, for establishing the oxidation state of the various types of AgNPs
(immobilised onto a glass substrate as described below) by SECM, were performed in solutions
containing 1 mM K;IrClg as redox mediator, and 0.1 M KNOs; as supporting electrolyte. Diffusion
controlled oxidation of IrClg’ at the SECM tip (vide infra) was achieved by applying a constant
potential (E;;,) of +0.9 V (see inset in Fig.2). Current against tip to substrate distance plots (i.e.,
approach curves) were constructed using normalised currents, Iy = I/I,;, (I is the actual tip current;
Iy 1s the current measured in the bulk of the solution), against normalised distances L = d/a (d is
the tip-substrate distance and a is the microdisk radius). Normalised currents were also used for
drawing SECM line scans. For voltammetric and SECM measurements of Ag(I) species, the
electrolyte solution consisted of 0.1 M KNOs. The release of silver ions was monitored by using
anodic stripping voltammetry (ASV) [41]. Unless otherwise stated, all electrochemical

measurements were performed in aerated solutions.

2.5 Immobilisation of the AgNPs-EPS for SECM and voltammetric experiments

For both SECM and voltammetric measurements, AgNPs**-EPS and AgNPs"™““-EPS were
immobilised onto glass slides. The latter were first washed with ethanol, rinsed with distilled water
and dried with nitrogen. The clean slides were afterward soaked in 10% poly-L-lysine (Sigma
Aldrich) solutions for 5 min and then dried under chemical hood at 60°C for 1 h. 20 uL of aqueous
suspensions containing 10 mg ml" AgNPs-EPS were placed on the poly-L-lysine layer [33] and
dried at 30°C overnight. This procedure allowed obtaining several series of three spots (each about

3 mm diameter) of each type of AgNPs-EPS samples.

3 Results and Discussion

3.1 TEM Analysis



Fig. 1 shows typical TEM micrographs of the AgNPs**-EPS (Fig.1A) and AgNPs""““-EPS
(Fig.1B) samples investigated. The high electron-dense spots, due to AgNPs, are embedded on the
polysaccharide matrix, and display, predominantly, a spherical shape. Digital analysis provided an
average size of 11 = 5 nm. This value is within those obtained for AgNPs produced by using other

bacterial exopolysaccharides [20].

3.2. SECM investigation

The oxidation state of the silver species present in the AgNPs-EPS was investigated by
using SECM, operating in the feedback mode in a solution containing KsIrCle as redox mediator.
With this procedure, two phenomena could be observed depending on whether the sample examined
was unreactive (or insulating) or reactive (or conducting) [28]. In the first case, the current
decreased as the microelectrode, from the bulk solution, was brougth towards the substrate
(negative feedback); in the second case, the current increased due to the recycling of the redox
mediator at the SECM tip (positive feedback). Under our conditions, negative or positive feedback
occured depending on whether the AgNPs-EPS substrates contained Ag(I)NPs or Ag(0)NPs,
respectively. This can be understood by considering the scheme shown in Fig.2. When the substrate

contains Ag(0)NPs (Fig 2A), the following electrochemical reactions can occur:

IrCl63' — IrC162' +e (1), reaction at the tip

IrCl62' + Ag(0) — IrCl63' +Ag" (2), reaction at the substrate

Reaction (2) represents a heterogeneous bimolecular electron transfer process, which is
shifted towards the right hand side because the standard redox potential of the IrCls” /IrClg™ couple
is higher than that of the Ag(1)/Ag(0) species. Thus, when the tip is close to the substrate, the redox
mediator is regenerated and the current increases. On the other hand, in the presence of Ag(I)

species, reaction (2) does not occur and the substrate hinders the diffusion of the redox mediator
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(Fig. 2B) [28]. Fig. 3A shows typical normalised current against normalised distance plots recorded
while approaching the microelectrode to the AgNPs*-EPS or AgNPs™™“-EPS spots. For
comparison, approach curves recorded above a clean glass surface, at an EPS sample produced by
KO cells untreated with AgNOs, and theoretical diffusion controlled approach curves for either
positive (red straight line) or negative feedback (blue dashed line) are shown. It is evident that
above both the AgNPs-EPS*™" and AgNPs-EPS™" spots, positive feedback is recorded. On the
other hand, above either the clean glass surfaces or the Ag-free EPS, negative feedback responses
are obtained. These results indicate that in both types of materials reaction mechanism (1)-(2) is
operative, thus denoting the presence of Ag(0) species. However, the extent of positive feedback, at
a given tip to substrate distance, depends on the specific sample investigated, it being larger above
the AgNPs"™-EPS. This is coinceivably due to a higher amount and readily available Ag(0)NPs in

aer

the latter sample with respect to the AgNPs™ -EPS. Instead, as expected, negative feedback
responses were recorded above either the clean glass surface or the AgNPs-free EPS samples,
where reaction (1)-(2) cannot occur. It must be considered that negative approach curves (as those
for the glass slide) were also recorded in some zones of the AgNPs-EPS spots investigated,
indicating that, locally, either AgNPs-EPS rich of Ag(I)NPs or no AgNPs-EPS material was
present.

The distribution and density of Ag(0) in the AgNPs-EPS materials was evaluated by SECM
operating in line-scanning mode. These experiments were performed by positioning the SECM tip
at ~10 um above the sample and then recording the current along the x (or y) direction. Fig. 3B
shows typical SECM line scans recorded above a border region between the clean glass slide and
the AgNPs"™™“-EPS (black line) or AgNPs**-EPS (red line) spots. As is evident, current increments,
conceivably due to the positive feedback effect, were recorded when the microelectrode travelled
above both types of spots (from 350 to 700 um in Fig. 3B). Instead, low and almost costant currents

were recorded as long as the microelectrode was moved above the glass slides (from O to 350 pm in

Fig. 3B). Line scans with similar features and low current changes were also obtained above the
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AgNPs-free EPS samples (see blue line in Fig. 3B). In this case the current change was essentially
due to the roughness of the samples investigated, which could also affect the tip current responses
[43]. The latter finding also indicates that the topography of the investigated samples is flat enough
and does not affect significantly the overall current responses due to the AgNPs-EPS film.

Comparing the line scans recorded above the AgNPs-EPS samples, it is evident that
normalised currents were, in general, higher above the AgNPs*™“-EPS spot, confirming that the
latter sample contained larger amounts of Ag(0)NPs.

Considering again Fig. 3A, it is evident that the approach curves, recorded above both types
of AgNPs-EPS spots, in no case fit that for diffusion controlled positive feedback. This could be
attributed to several factors, including the facts that the Ag(0)NPs, embedded in the polysaccharide
matrix, do not form large interconnected silver clusters, or that the kinetic of the heterogeneous
bimolecular electron transfer process, involved in reaction (2), is not fast. At this stage, we are

unable to differentiate among the various factors.

3.3. Study of the release of Ag(I) species

Information on reactivity of AgNPs and the release of Ag(I) species at the AgNPs-
EPS/water interface was obtained by combining SECM and voltammetric experiments. The
measurements were performed on AgNPs-EPS modified glass-slide spots immersed in a 0.1 M
KNOj; aerated-aqueous solution. Under these conditions, Ag(I) species, eventually present in the
samples, or formed by corrosion of Ag(0)NPs, could diffuse to the aqueous solution and there
collected at the microelectrode tip (scheme in Fig. 4). In these experiments, the tip-substrate
distances were established using oxygen (from the air saturated solution) as redox mediator.
Oxygen was used in order to avoid any possible interference due to the oxidising action of the
IrC162'/IrC163 " couple towards Ag(0)NPs.

Evidences for the formation of Ag(I) species or the presence of soluble Ag(0)NPs were,

initially, gained by using cyclic voltammetry (CV) with the microelectrode positioned at 10 um
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above the substrates. Cyclic voltammograms were recorded in the potential window from 0.05 to
0.80 V, where both reduction of Ag(I) species and oxidation of Ag(0), accumulated at the
microelectrode surface, could occur [42]. Fig. 5 shows a typical CV recorded at 50 mV s™ with the
Pt microdisk positioned above a AgNPs*'-EPS spot, after 2 hours the introduction of the 0.1 M
KNOs; solution. The potential was initially scanned from the rest potential (0.25 V) towards positive
potentials, to oxidise, eventually, soluble or colloidal Ag(0)NPs-containing compounds; then from
the anodic limit the potential was scanned towards negative potentials where Ag(I) species could be
reduced; afterwards, the potential was scanned again towards positive values to oxidise Ag(0)
accumulated at the electrode surface. As is evident from Fig. 5, no wave is observed during in first
anodic scan, indicating that no or negligible amount of Ag(0) was present within the
microelectrode/substate gap. Instead, a cathodic peak at 0.2 V and an anodic one at 0.4 V, due to the
reduction of the Ag(I) species and the oxidation of Ag(0) accumulated onto the electrode surface,
respectively, were obtained during the subsequent negative and positive scans. The peak shaped
response, obtained in the cathodic scan, instead of a steady-state (or pseuso steady-state, typical for
microelectrodes) [44], suggested a thin layer behaviour [45] and that almost all Ag(I) species,
present within the tip/substrate gap, were depleted.

CVs similar to that shown in Fig. 5 were also obtained above a AgNPs"™-EPS sample (not
shown). However, in the latter case, valuable voltammograms could be obtained only after longer
(i.e. 4-5 h) immersion times of the sample in the water solution. This finding suggested that the
Ag() species released from AgNPs™-EPS, which is richer of Ag(0)NPs, involved a more
complex pathway, including the metal corrosion process.

To achieve a better sensitivity in the measurements, and for quantitative determination of
silver(I) species released from the AgNPs-EPS samples, anodic stripping voltammetry was
employed [46,47]. A first series of ASVs was carried out for obtaining information on the
dissolution rate of the Ag(I) species. To this purpose, the Pt microelectrode was positioned at 10 um

above the samples and ASVs were recorded with time. The ASVs were performed using a
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deposition time of 60 seconds, a deposition potential equal to -0.1 V vs Ag/AgCl and linear sweep
voltammetry at 50 mV s during the stripping step. Fig. 6A-B show typical ASVs thus recorded for
different elapsed times after the samples had been immersed in the water solution. For both
samples, the stripping peak height increases with time, confirming that increasing amounts of Ag(I)
species dissolved to the water phase. The concentrantion (CAg+b ) was estimated by comparing the
anodic charge involved in the ASV peaks, recorded above the AgNPs-EPS samples, to those
obtained in AgNOs; solutions of known concentrations. Fig. 6C shows plot of CAg+b against
immersion time (#;). It is evident that the Ag(I) concentration increases with time for both AgNPs-
EPS samples; however after about 20 and 25 min for the AgNPs-EPS*™" and AgNPs-EPS™™"
sample, respectively, the concentration levels off. This is probably due to the achievement of an
equilibrium between soluble Ag(I) and Ag(I)NPs-EPS bound species. It is interesting to note that
the amount of Ag(I) released from AgNPs*™-EPS is sensibly higher (4-6 times) than that of
AgNPs™-EPS. These results therefore, once again, confirm that the composition of the AgNPs-
EPS materials are differently rich of Ag(I)NPs or Ag(0)NPs.

The concentration profiles of Ag(I) species at the samples samples/solution interface at
equlibrium (i.e., at the time where C” achieved the plateau region, in the present case 30 min) were
also evaluated by performing a further series of measurements in which ASVs were recorded at
different tip to substrate distances (Fig. 7A,B). Fig. 7C shows concentration against distance plots,
and, as is evident, for both samples the amount of Ag(I) species in the solution decreases as the tip-
substrate distance increases. For distances greater than 100 um, the amount of Ag(I) was not
detectable under the above ASV conditions. These results, again, support the circumstance that
multiple equilibria involving Ag(I)-bound to AgNPs-EPS or sparingly soluble species affect the
overall dissolution process. Also in these measurements, the amount of Ag(I) released from

AgNPs““-EPS is higher than that of AgNPs™*“-EPS.

4. Conclusion
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In this work, AgNPs, embedded in an exopolysaccharide matrix, biosynthesised using a K.
oxytoca BAS-10 strain, have been characterised to establish their chemical properties and reactivity
at the sample/solution interface. This information has been gathered by using scanning
electrochemical microscopy and voltammetry. This study has proven that Ag(0) or Ag(I) forms are
present in the AgNPs-EPS materials and their abudance depends on whether the materials were
prepared under aerobic or anaerobic conditions. As expected, Ag(I) forms predominate in the
AgNPs™-EPS material, coinceivable due to the presence of oxygen, which could promote the
oxidation of Ag(0)NPs to provide easier diffusable Ag(I) species. This could imply a potentially

aer

higher antimicrobial activity of the AgNPs™-EPS composite. The antibacterial activity of both
AgNPs*™-EPS and AgNPs"™-EPS towards both Gram positive and Gram negative bacteria is

currently under investigation in our laboratory.
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