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The prevalence of antibiotic resistance has increased during the last few years and is viewed as a growing problem which has fuelled
copious amounts of research on the development of new antibacterial agents. Silver is well recognized as possessing antibacterial
activity, and so by harnessing these properties and incorporating silver nanoparticles (AgNPs) within microdevices, possessing
microfluidic channels has much promise. Progress in developing these types of systems has been limited due to the technological
difficulties involved in controlling the inclusion of these nanoparticles within the devices. This work provides an insight into a
novel electrochemical interaction that can enable not only the localisation of silver within such structures but also enables the
smart release of AgNPs.

1. Introduction

Access related infections (ARIs) are among the most preva-
lent causes of nosocomial infections and are complicated by
the fact that bacteria associated with biofilm formation on
the catheter surfaces play a key role in the morbidity and
pathogenesis of these infections with hospital admissions
for vascular ARIs having doubled in the last decade [1–4].
The bacteria contained within the biofilm layer benefit from
having an increased resistance to antimicrobial agents and, as
such, are generally more difficult to treat and to eradicate [5].
While systemic antibiotics are largely effective at eliminating
circulating bacteria, their ability to sterilize lines in which a
biofilm has taken hold is less efficient and life-threatening
complications may arise. Most of these are treatable albeit
at a price in terms of morbidity for the patient and financial
costs incurred by the need for intravenous antibiotics and an
increased length of hospital stay [6, 7]. This is compounded
by the alarming long-term issues associated with the repeated
use of antibiotic regimes in such contexts as they have been
attributed to the selection of multi-resistant organisms, such

as methicillinresistant Staphylococcus aureus (MRSA) and
vancomycin-resistant enterococci [8, 9].

There has been much research into surface modifications
incorporating antibacterial components that attempt to
minimise the propensity for biofilm formation. In spite of
this, no currently available indwelling line is entirely free
from the complication of infection. The incorporation of
silver particles as an antibacterial coating is, however, now
commonplace whereby its ionized form has been shown to
bind to tissue proteins and bacterial RNA/DNA resulting in
structural changes that can inhibit cell replication and can
result in cell distortion and death [10–12]. Silver has long
been viewed as an ideal weapon to be used in the fight against
pathogenic bacteria, such that the impregnation of silver
nanoparticles (AgNPs) within medical devices and wound
dressings to prevent bacterial growth is routine [13–17].
Conventional approaches to the incorporation of silver are
well suited for macroscale application, but their deployment
within the emerging microscale devices creates an issue.
There is also some concern over their mid- to long-term
effectiveness as the coatings, irrespective of composition,
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can be rendered inactive by the exopolysaccharides that
constitute the biofilm. Numerous investigations have shown
silver-impregnated tubes to be ineffective at preventing the
development of biofilms with the formation of the latter
leading to capsule formation that could serve to promote re-
infection [4]. It could be proffered that their main value lies
more in slowing the development of the biofilm rather than
in its prevention [3–5].

2. Methodology

Harnessing the antibacterial properties of AgNPs within
microdevices possessing microfluidic channels that could
be prone to bacterial colonisation creates a technological
dilemma in terms of not only controlling their incorporation
within the device but in producing the nanoparticle in a form
that is readily accessible to the bacteria and thus maintains
the antimicrobial action. AgNPs can be synthesized using
a variety of different techniques, and at present, they are
mainly produced by bulk processing methods, through the
chemical reduction of a silver salt (typically silver nitrate),
which allows them to be subsequently implanted within
macrostructures [18, 19]. Electrochemical methods for
preparing AgNPs and nanostructured surfaces have also been
widely reported [18, 20], and while the present investigation
seeks to adapt the basis of the former, the remit was focused
more on a novel approach that could enable not only the
localisation of silver within such structures but also the
controlled formation of AgNPs which can be either localised
at the device interface or ejected into the solution channel.

The basis of the approach lies in the functionalisation
of an electrode surface with silver through conventional
electrodeposition methods [18, 20]. The surface is then
oxidised to strip the silver, but importantly, this is done
in the presence of a thiol ligand. The sulfur functionality
binds to the released silver ion resulting in the formation of
a silver thiolate complex (Ag-S-R). This is insoluble and is
effectively deposited at the electrode surface. Electrochemical
reduction of the silver-thiolate bond would, under normal
instances, be expected to lead to the release of the thiol
back into solution. Such transformations have long been
studied—particularly with thiolate monolayers on gold [21,
22]. In such cases, the gold from the gold thiolate is simply
reincorporated back within the underlying gold layer [22].
In this case, the normal expectation, and our original aim,
would be for the silver to be redeposited onto polycrystalline
platinum—ultimately leading to a nanostructured deposit
on the surface. It was found, however, that, depending on the
thiol used, a wholly different behaviour could be obtained,
and rather than reintegration of the silver onto the platinum
surface, electro-ejection of AgNPs can occur.

A variety of silver thiolate systems have been investigated
in an effort to elucidate the underlying dynamics of the
interfacial processes involved which enables the controlled
ejection of AgNPs. These were facilitated through a com-
bination of electroanalytical investigations, electrochemical
quartz crystal microbalance (EQCM) studies, atomic force
microscopy (AFM), electron microscopy (SEM-EDX), and
X-ray photoelectron spectroscopy (XPS).
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Figure 1: EQCM data highlighting the deposition and stripping of
silver.

3. Results

The preliminary investigations were performed using an
EQCM. The silver was electrodeposited onto a platinum
crystal used as the working electrode (−0.4 V). It could then
be stripped off from the surface through the application
of an oxidising potential (+0.5 V) as indicated in Figure 1.
The decrease in the frequency indicates the accumulation
of silver at the surface, and the return to the baseline
the subsequent removal of the silver ion into the bulk of
the solution.

The process was repeated but with a view to assessing
the impact of a thiol additive (homocysteine, 10 mM).
Silver was electrodeposited (−0.4 V) onto the crystal as
before from a simple solution of silver nitrate. The silver-
plated crystal was then removed, rinsed and placed in a
buffered (pH 7) solution of the thiol and the electrode
held at 0 V to equilibrate. The imposition of the oxidising
potential (+0.5 V) resulted in a further decrease in the
crystal frequency (Figure 2) and is in marked contrast to the
behaviour observed in Figure 1.

This is attributed to the stripping of Ag0 to Ag+, the
subsequent formation of the silver-thiolate complex (Ag-SR)
and its deposition at the electrode as a consequence of the
poor solubility of the resulting product. It was anticipated
that the imposition of a reducing potential (−1.0 V) would
therefore result in the reduction of the Ag-SR bond resulting
in the release of the thiol but the retention of the silver
at the electrode. Similar processes have been observed on
gold substrates, and the initial behaviour followed this
prediction with a sharp increase in crystal frequency. How-
ever, rather than simply releasing the thiol, the frequency
returned to almost that observed with a clean platinised
crystal indicating that the entire silver layer had been
lost.
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Figure 2: EQCM data highlighting the deposition and stripping of
silver in the presence of homocysteine.

Visual examination of both the crystal and the interfacial
solution layer revealed the appearance of colloidal silver
aggregates. This was corroborated by conducting elemental
analysis of the both the bulk solution and the solution
adjacent to the electrode interface. This is clearly contrary
to what would normally be expected. The release of silver
into the solution is usually mandated through an oxidising
potential (cf. Figure 1), whereas the reducing potential
should have resulted in the electrodeposition of the silver
consistent with the behaviour shown in Figure 1 and when
repeating the above experiment in absence of the thiol. This
therefore suggests that the properties of the amino acid thiol
must be instrumental in removing the silver.

The experiment was repeated with 3-mercaptopropane,
and the results are shown in Figure 3. The EQCM profile
is initially similar to that obtained with the homocysteine,
but there is a marked difference when the electroreduction
of the Ag-SR complex is attempted. As expected, there is
an increase in the frequency as the thiol is released back
into solution, and it then returns to the value observed
before the oxidative step was applied. In contrast to the
profile observed with homocysteine, it effectively termi-
nates at this point indicating that the silver is retained at
the electrode—in keeping with what would normally be
expected.

The experiments were repeated with 3-mercaptopro-
panol and the tripeptide, glutathione. The former was found
to possess an EQCM profile almost identical to that of
the propane analogue while glutathione mirrored that of
the homocysteine—indicating that both of the previous
responses were accurate but providing two distinct pathways
which could be considered to be representative of the nature
of the thiol used. The main difference between the two
groups is the presence of the acid-base functionality. Both
homocysteine and glutathione possess the latter.
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Figure 3: EQCM data highlighting the deposition and stripping of
silver in the presence of 3-mercaptopropane.

4. Discussion

An initial assumption was that the complexing properties of
the amino acid group must be responsible for the removal of
the silver. However, this is flawed in two respects. The electro-
oxidation of the silver in the presence of the amino acid thiol
leads to an insoluble product. The greater hydrophilicity
inherent to glutathione was also found to be ineffectual in
mobilising the product into solution. In addition, the reduc-
ing potential (−1 V) reduces the silver (I) to metallic silver
thus making it unavailable for complex formation. It could
be rationalised that the oxidation process leading to the Ag-
SR formation leads to the precipitation of a loose aggregation
of Ag-SR particles. The subsequent reduction of the Ag-SR
species at the immediate surface leads to the release of the
thiol which then induces the release of the overlying layer. In
this respect, the interfacial Ag-SR serves as electroreducible
anchor. Yet, the mercaptopropane and mercaptopropanol
results clearly contradict this hypothesis as the entire silver
is effectively recaptured and only the thiol is released.

The presence of the acid-base groups appears pivotal to
the release mechanism, but rather than through complex-
ation, the mode of action could be through their ability to
serve as conduits for the transfer of electroreducible protons
to the electrode. The underlying platinum on the crystal is
an excellent catalytic substrate for the electroreduction of
protons, and given the application of the reducing potential
(−1 V), it could well be that the adherence of the metallic
silver (or aggregate layer) is weakened as a consequence of the
formation of an adsorbed hydrogen adlayer on the platinum.

5. Conclusions

The results highlight the tunable nature of the electrode-
posited Ag-SR interaction. While it is clear that it is possible
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to control the physical ejection of the Ag-SR layer through
the application of an appropriate potential, the nature of the
ligand composition is shown to be crucial. The electrochem-
ical approach provides an option for controlling not only the
spatial location of the Ag-SR particles/aggregations but also
enables control over their release.
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