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We demonstrate the use of a self reducing silver complex as a precursor for the low cost, rapid deposition of silver

nanoparticle films which display the metal enhanced fluorescence phenomenon. The morphology and optical properties
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are examined by AFM and UV-Vis spectroscopy. The potential application of this approach is demonstrated by using the

films as substrates for a fluorescence based model human IgG sandwich immunoassay, using both conventional benchtop

PMT based detection and low cost CCD camera detection.

1. Introduction

The emergence of point-of-care (POC) diagnostic tests are
revolutionising the field of health care with early disease
detection leading to enhanced treatment and better patient
outcomes. One aspect of the POC revolution is lab-on-a-chip
(LOC) based devices, which is particularly promising as
inexpensive and rapid alternative to conventional lab based
diagnostic testing of fluid based samples.1 The principal
advantages surrounding these devices include, reduced
consumption of expensive reagents and rapid turnaround time
as testing is moved from the laboratory to the care setting.
Increased miniaturisation and integration has presented new
challenges in the development of biological sensing platforms,
such as maintaining or improving sensitivity and specificity of
tests. To address these challenges many techniques have been
developed and novel strategies to enhance the respective
signals obtained.>™ Fluorescence based microfluidic assays are
of particular interest due to the inherent sensitivity of
fluorescence, the widespread availability of high brightness
dyes and due to the compatibility with LOC based technology,
with many examples having been already realised.>™

Metal enhanced fluorescence (MEF) has been demonstrated
as a valuable process for enhancing the fluorescence signal
from dyes used as biomarkers, leading to increased sensitivity
and often lower limits of detection (LOD) over conventional
metal free fluorescence based assays.lz'16 Consequently the
MEF phenomenon has been studied intensively, where it has
been shown that the strong coupling between the electric field
of the localised surface plasmon resonance (LSPR) and a
fluorophore molecule in close proximity but not in contact
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with the metal surface, leads to a reduced excited state
lifetime and an increase in the radiative decay rate.”’ Gold and
silver are the main metals used for this application, however
silver films are the main focus of this work due to its superior
dielectric properties.18 Much attention has been paid to
methods of preparing silver nanoparticle films as MEF
biosensing platforms including top down approaches such as
e-beam lithography or bottom up techniques such as
electrochemical deposition, evaporation of granular metal
films, natural lithography, and the deposition of films from
colloidal suspension.ls' 1921 eor incorporation into disposable
POC based LOC devices it is highly desirable to develop low
cost, scalable, quick and inexpensive methods to deposit
plasmonic films which are compatible with biological
applications. Similar processing characteristics have been
identified in the area of printable electronics where novel
solutions such as laser writing of metallic films or self-reducing
metallic inks have been developed.zz'25 In this work we
demonstrate the possibility of translating this technology from
the field of electronics to biological sensing, by adapting self-
reducing silver inks as a simple, single step process for the
deposition of plasmonic particle film for use in MEF
applications and its incorporation into a sandwich fluorescence
based assay. To move away from commercial bench-top
detection systems towards a POC-type device, the use of the
MEF assay on the novel silver nanoparticle films is combined
with a simple microfluidic chip and a low cost optical
interrogation system consisting of a custom-packaged LED
source and a low-cost CCD camera.

2. Experimental
2.1 Synthesis of silver nanoparticle films

Reactive silver ink was prepared by the method presented by
Walker et al.®® In brief, 10ml of ammonia hydroxide solution
(33%) was added to 4g of silver acetate with vigorous mixing.
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Figure 1: (a) Schematic representation of the spray deposition system used to
deposit the silver nanoparticle films. (b) Schematic layout of the CCD based
detection system.

To this solution 800pL of formic acid is added in 50 uL portions
with vigorous mixing between additions. The solution was then
cooled to 4°C and left overnight to allow the silver aggregate
and precipitate. The clear top layer was then decanted from
the aggregated metal particles and filtered using a 0.2 um
PTFE membrane filter. The as prepared ink was found to be
stable for weeks without any visible precipitates forming.
Silver nanoparticle films were prepared on glass slide
substrates which were pre-cleaned by sonication in DI-water.
The reactive ink was diluted with ethanol prior to use. Once
diluted, the stability of the ink was reduced and precipitates
formed form in solution after a couple of hours. Figure 1,
shows a schematic representation of the spray deposition
setup, which consisted of a pin adjustable atomizer located at
a fixed distance from the heated substrate. The silver films
were deposited using spray deposition using 5 second pulses
of spray with air at 2 bar as the carrier gas, onto preheated
slides. The density of the spray pattern varies over the total
spray area with a uniform area being deposited in the central
region of the spray. The atomizer opening and distance from
the slide was used to control the quantity of silver ink
deposited on the substrate surface and the size of the uniform
central area. The remaining area of the slide was masked using
laser cut Kapton tape templates. In addition, the slide
temperature, ink concentration and solvent was found to
influence the silver film morphology and optical properties
with the optimum results being obtained at 180°C with an ink
to ethanol ratio of 100:1.
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2.2 Silver nanoparticle film characterisation

The morphology of the silver particle films was characterised
using atomic force microscope (AFM) (Veeco Dimensions V)
operating in tapping mode at 325 kHz. Scanning electron
microscope (SEM) images were acquired using a Carl-Zeiss EVO
series microscope. Extinction spectra were obtained using a
Varian Cary 50 fluorescence spectrometer. Fluorescence
enhancement and assay measurements were performed using
a Genetic Microsystems GMS 418 Array Scanner with
photomultiplier tube (PMT) while the assay was also measured
using a low cost custom built system. This system comprised of
a monochrome CCD camera (imaging source DMK 21AU618
Mono), BrightLine® fluorescence filter set and custom LED
based light source. The light from a LED (Philips Lumileds) with
central wavelength of 627 firstly spatially
homogenized by a 50 mm long 1 mm diameter multimode
fibre, and collimated by an Aspheric Lens with NA of 0.5, then
it was filtered by a BrightLine® single-band bandpass filter with
central wavelength of 632 nm. A schematic illustration of this
system is shown in figure 1 (b). The performance of the custom

nm was

built system was benchmarked against the GMS array scanner,
1gG metal enhanced fluorescence
sandwich assay, details of which are given below. A full

using a model human

description of the GMS array scanner is available from
reference 26.%°
2.3 Human IgG Sandwich assays

For silver free assays, glass slides were first cleaned by
sonication in DI-H,0, dried with a nitrogen stream. After which
they were treated with an oxygen plasma using a Harrick PDC-
200 plasma chamber for 5 minutes. A 5 layer polyelectrolyte
coating was applied to each of the slides consisting of
polyethylimine (PEI) / (polystyrene (PSS)/
ponaIIyamine(PAH))2.19 In previous work by the authors, it has

sulfonate

been established that alternating layers of positively and
negatively charged polyelectrolytes provide a reproducible film
thickness, and it is used here to separate the metal layer from
the dye layer. It is also used to facilitate the conjugation of
capture antibodies. A laser cut Kapton tape well-based
template was applied to each slide to define the detection
zone and retain the various solutions in place. To each well,
100uL of 5 upg/ml goat anti-human IgG, F(ab’), capture
antibody in was added and incubated at room temperature for
one hour before being rinsed in triplicate with phosphate
buffered saline (PBS) and PBS with 0.1% Tween (PBST). Excess
solution was then removed and the detection zone was
washed in triplicate with PBS and PBST. 100 pL of 1% bovine
serium albumin (BSA) in PBS was added to each slide and
incubated for 1 hour so as to reduce non-specific binding,
before being rinsed in triplicate with PBS and in PBST. Human
IgG in a range of concentrations from 10 pg/ml to 10 ng/ml
were added to each slide and incubated for one hour before
being rinsed with PBS and PBST. 100uL of 0.02 mg/ml Alexa
Fluor 647-conjugated goat anti-human IgG detection antibody
in PBS was added to the slide and incubated for one hour
before being rinsed in triplicate with PBS and in PBST.

This journal is © The Royal Society of Chemistry 20xx
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For MEF assays, the slides were first prepared as per section
2.1. The detection zone was defined by laser cut Kapton tape
templates as above. Each detection zone was functionalised by
applying 40 pL of 2 mM 12-mercaptododecanoic acid for 30
seconds before being rinsed with ethanol and drying with a
nitrogen stream. The mercapto group readily attaches to the
silver particles leaving a surface coating of carboxylic acid
groups. For direct comparison with the silver free assay, the
detection zone was coated with a single PAH polyelectrolyte
layer. The remainder of the protocol was the same as that
used for silver free assays. For the remainder of assays
performed on silver films, the PAH polyelectrolyte layer was
replaced by covalently bonding the capture antibodies to the
carboxylic functionalised silver. In brief, 10mM 2-(N-
morpholino)ethanesulfonic acid (MES buffer) was adjusted to
pH 5.5 with NaOH. Immediately before a solution of 1 mg/ml
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC) and N-hydroxysulfosuccinimide in MES buffer was
prepared. 100 pL of this solution was applied to the
functionalised silver detection zone and allowed to react for 30
minutes before rinsing the remaining solution off with PBS.
The remainder of the protocol was the same as that used for
silver free assays.

Vacuum driven microfluidic chips were assembled from the
covalently bound capture antibody coated silver film slides.
PMMA sheets 3mm thick, were first laser cut to match the
slide size with additional 7 mm holes cut 15 mm from both
ends of the slide shaped PMMA. Next, a 50 um thick double
sided pressure sensitive adhesive tape (PSA) was cut to form a
1 mm wide channel leading to and from a 7.5 mm wide
chamber, applied to the PMMA top cap. The PSA was then
used to seal the PMMA top cap to the glass slide forming the
internal channels. The channel was then filled with a 1% BSA
solution and sealed at both ends with kapton tape and stored
refrigerated until required. Prior to use, the kapton tape was
removed from both ends and a small tubing connector and
tube was fitted to one end. The chip was then connected to a
vacuum line. The reagents required for the assay were loaded
into the chip in the second port and drawn through the chip
using vacuum. The sequence of reagents included a 200uL PBS
wash, 50uL of human IgG in PBS, 100uL PBS wash, 50uL of 0.02
mg/ml Alexa Fluor 647-conjugated goat anti-human IgG
detection antibody in PBS and finally a 100uL PBS wash. The
vacuum level was tuned so that the entire process including
successive washes lasted 60 minutes. Upon completion of the
final washing step the assay was finished and the fluorescence
was measured using the custom built CCD fluorescence
system.

3. Results and discussion
3.1 Film Morphology and optical properties

In this work silver particle films were deposited via a rapid
spray deposition method using a silver ammonium formate
composition developed for the microelectronics industry. The
use of spray deposition was found to be exceptionally fast,

This journal is © The Royal Society of Chemistry 20xx

Figure 2: SEM images of silver particle films (a) High magnification plan view
(insert) cross-sectional view (b) Low magnification plan view (c) Cross-sectional
view showing larger structures. (d) higher magnification cross-sectional view of
aring edge.

with sample preparation on average taking two and half
minutes and consuming 250ul of diluted silver complex
equating to 250nL of the undiluted ink. Initial experiments
revealed that in the undiluted state, the silver ink was too
concentrated to be deposited as a thin film using spray
deposition. Dilution with water also proved unsatisfactory for
spray deposition as excessive cooling of the substrate surface
resulted in pooling of the diluted ink, leading to non-uniform
films. Consequently, ethanol was chosen as the carrier solvent
as it is reasonably environmentally benign and its lower boiling
point reduced the degree of cooling of the substrate surface.
While the use of ethanol helped reduce the tendency for fluid
to pool on the substrate surface it was also necessary to cycle
the spray so as to allow the diluted ink to evaporate and
reduce to a silver film.

The SEM images in figure 2 show that the deposition process
leads to a hierarchical morphology consisting of a particulate
film (figure 2(a) & insert) in conjunction with larger macro-
structures (figure 2 (b) & (c)). As can be seen in figure 2 (b) the
larger macro structures form distinctive rings across the
substrate surface and are composed of an aggregation of
smaller particles (figure 2 (d)) similar to those observed in the
bulk of the film. This well known phenomenon results from the
diffusion of suspended particles outward during drying.27 From
experiments conducted on the stability of the ethanol diluted
ink, it was readily apparent that the solution was very sensitive
to heat. Temperatures as low as 50°C were sufficient to initiate
the precipitation of silver nanoparticles. During deposition, the
suspended droplets reaching the substrate surface are rapidly
heated leading to the reduction of the silver ions in solution.
As the droplet dries, capillary forces drive the particle toward
the edges, leading to a build up of particles at the droplet
boundary. A schematic of this process is shown in the
supporting information figure S1. However, at present it is
unclear whether complete reduction of the silver occurs in the
liguid phase or if a secondary solid phase reduction occurs.

At 180°C and at lower deposition temperatures, the use of
ethanol as a carrier solvent, changes the reaction conditions
from those originally reported by Walker et al. Specifically, the
use of ethanol promotes the deposition of a secondary phase

J. Name., 2013, 00, 1-3 | 3
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Figure 3: Solid line: the relative enhancement of PAH-DY647 conjugated
polyelectrolyte layer on silver with increasing polyelectrolyte spacing, with
resp_?ct tfo_IPAH—DY647 on plain glass. Dashed line: Signal intensity of PAH-DY647
on silver films

(shown in green in figure S1) which may also contribute to the
silver reduction. At lower temperatures (100° C), where the
rate of silver reduction and ethanol evaporation is slower, the
particles tend to be larger leading to the formation of a loose
aggregate which is held together by the impurity precipitate.
Consequently, under these conditions, a substantial decrease
in the adhesion of the films was observed making them
unsuitable for further processing steps. At 140°C the impurity
phase is partially removed by decomposition. Removal of the
impurity phase is not achieved until the substrate deposition
temperature is maintained at ~180°C. XRD analysis (as shown
in the supporting information figure S2(a)) of samples
prepared at different temperatures confirm that at the
optimum temperature the dominant product is silver with the
strongest reflection at 38.1° being indexed to the (111) plane
of Ag. (PDF: 004-0783) The broad peak centred around 25°
observed in all samples originates from the glass substrate. At
the lower temperature of 140°C, the peaks associated with
silver are significantly attenuated. At this temperature, an
increase in XRD pattern baseline is observed above 47°, which
may originate from the products of the impurity
decomposition. At a deposition temperature of 100°C, peaks
associated with silver were not observed in the XRD pattern.
The dominant reflections were observed at 18.9° and a band
stretching from ~20°-23° which was assigned to the strongest
reflections of ammonium acetate which occur at 18.9°, 21.8°,
22.1° and 22.9° respectively. This implies that the substrate
temperature drops significantly during the spray deposition,
given that the onset of thermal decomposition for ammonium
acetate is 53°C.%2 Other possible components of the impurity
residue include ammonium formate and silver formate both of
which are known to have decomposition temperatures below
180°C.>**°

AFM analysis of the films deposited at 180 °C (supporting
information S2 (b) and (c)) confirm the principle features
observed from the SEM images with both the hierarchical
morphology and nanoparticle film being observed. The size
distribution of particles deposited at the optimal temperature,
as measured from the analysis of the AFM images of the film,
(supporting information figure S2 (d)). The majority of particles

4| J. Name., 2012, 00, 1-3

were between 35 — 55 nm in size with a mean size of ~45 nm.
Particles below 15 nm were not detected, while the number of
particles detected above 100 nm was extremely limited. The
particles did not display any distinct morphologies and
typically ranged from spherical / quasi-spherical to
oblong/elliptical.

3.2 Metal enhanced fluorescence (MEF) of dye layer

It is well known that the LSPR peak position is influenced by
factors such as the dielectric environment surrounding the
particle, particle shape, inter-particle distances and distance
from the substrate.>" The evolution of the LSPR was examined
as a function of the deposition time. At the shortest deposition
time of 2 seconds (supporting information figure S3 (i)) the
extinction spectra of the functionalised particle films consist of
a primary LSPR peak at 454 nm with a weaker shoulder around
360 nm corresponding to the dipole and quadrapole
resonances respectively. The broad FWHM is indicative of the
stochastic deposition process and broad distribution in particle
size and morphology. As the deposition time is increased
(figure S3 (ii)-(v)) the LSPR peak position remains largely
unaffected but begins to broaden until the film absorption and
scattering, is essentially that of a thin film and no longer
characteristic of the LSPR effect.

The enhanced fluorescence was assessed using two different
red dyes, both having almost identical spectroscopic
properties. For the assay experiments described in sections 3.3
and 3.4, Alexa-fluor-conjugated IgG detection antibodies were
used, while for investigating the relative fluorescence
enhancement as a function of dye-metal separation, the red
dye DY-647 was used. For all experiments performed on silver,
the deposition time used to prepare the film was 25 seconds,
corresponding to the spectrum shown in figure S3 (v). The
influence of the silver film substrates on the fluorescence
intensity of the Dyomics dye DY-647 was measured as a
function of the dye-film separation using polyelectrolyte
spacer layers deposited with an ionic strength of 0.5M NacCl.
The relative enhancement with respect to silver free
substrates was calculated using the equation:

i Is - Ib
Relative Enhancement = ——
ISf - Ib

where [ is the fluorescence intensity with silver, I, is the
background signal, /s is the silver free fluorescence intensity.
Under the ionic conditions used, each polyelectrolyte bi-layer
corresponded to approximately 4 nm spat:ing.32

As shown in figure 3 (dashed line) the fluorescence signal was
found to vary significantly with changes in the metal-particle
dye distance, substantially increasing after the addition of a
single bi-layer separation (PAH / PSS / PAH-DY647) and then
decreasing rapidly thereafter. The initial relative enhancement
of the directly adsorbed PAH-DY647 was approximately 30 as
seen in figure 3 (solid line). Following the trend of the
fluoresce signal, the relative intensity enhancement rises to 70
after the addition of a single bi-layer separation which
corresponds to a distance of approximately 4 nm. As the dye
layer is further separated from the silver film the relative

This journal is © The Royal Society of Chemistry 20xx
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enhancement quickly drops off. After 10 bi-layers the relative
enhancement drops to ~3. The accurate determination of
enhancement owing solely to the plasmonic effects is
challenging given that the addition of any non-uniformity to
the substrate surface will lead to an increase in the surface
area available for dye adsorption. However in this case, the
large decrease in the relative enhancement, as the dye-silver
separation is increased to 10 bi-layers, suggest that the
enhancement owing to the plasmonic effects of the silver is no
longer relevant. At this distance from the metal layer, the 3-
fold enhancement measured is likely due to increased dye
adsorption given the inherent surface roughness of the silver
particle film. Assuming that the successive polyelectrolyte
layers themselves do not lead to significant reductions in
surface area then the true enhancement is likely to be closer
to 25 fold. Furthermore the large enhancement observed
when the dye layer is bound directly to the silver via the cross
linking functionalisation of the film, and at a distance where
quenching of the dye emission is often observed, suggests that
the dye molecules occupy a distribution of distances with
respect to their nearest silver particle. Therefore the observed
relative enhancements can be described as the result of a
combination of effects which includes plasmonic effects,
distribution of dye distances and variation in the dye
adsorption levels.

3.3 Enhanced assay measured on commercial PMT scanner

To demonstrate the potential application of the spray coated
films, a model human IgG fluorescence based sandwich assay
was performed in triplicate on the silver film surface and
compared to an identical assay carried out in the absence of
silver. For accuracy of comparison it was essential that the
capture antibody was presented with a similar binding surface
chemistry. Therefore both the glass slide substrates and the
silver film slides were coated with a PAH polyelectrolyte
monolayer. For the silver slide the PAH is readily adsorbed
onto the carboxylic functionalised silver film, while for the
glass slide a minimum of five polyelectrolyte bi-layers is
required to ensure a uniform surface coverage.19 Figure 4(solid
line) shows the effect of the silver film on the intensity of the

This journal is © The Royal Society of Chemistry 20xx
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fluorescence signal obtained while the assay in the absence of
silver, measured at the same gain, is shown as the figure 4
(dashed curve), and is shown magnified in the insert. At all IgG
concentrations the assays performed on silver films were
found to yield a significantly greater fluorescence signal as
compared to those carried out in the absence of silver, on the
polyelectrolyte layer alone. The ratio of the slope of the linear
region of the silver / silver-free assay calibration curves was
~31 indicating a substantial improvement in the analytical
sensitivity of the test. Without enhancement the LOD was
0.007 pg/ml, with an average coefficient of variation (CV) of
13%. With enhancement the LOD was reduced to 0.002 pg/ml,
an improvement of a factor of ~3, with an average CV of 17%.
The relative enhancement at each concentration examined, as
shown in figure 5 (a - solid line), decreases as the
concentration is reduced. However, as the concentration is
decreased beyond the high sensitivity region (not shown), the
relative enhancement rapidly climbs reaching a maximum at
the lowest concentration measured. This effect was
investigated further as, in conjunction with the enhanced
scattering of the silver films, it contributed to both the
observed increase in CV% and limited the improvement in the
LOD. The stability of silver nanoparticles in saline buffer
solutions is a well known issue.®

To identify the origin of the increased background signal, the
autofluorescence spectrum was measured directly after silver

J. Name., 2013, 00, 1-3 | 5
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deposition, after soaking the films in PBS for 15 hours and
after soaking the film in 1% BSA in PBS for 15 hours. These
spectra (figure 5 (b)) reveal that the PBS soak did not have a
significant  effect on the autofluorescence signal.
However,after an equivalent soaking duration in a 1% BSA, the
autofluorescence signal was significantly enhanced. Prior
studies have shown that BSA stabilises the formation of
fluorescent nanoclusters with a broad emission band across
the red spectral region.34 During the blocking step to prevent
non-specific binding, the BSA in PBS solution leads to the
formation of stable fluorescent silver nanoclusters across the
silver film. Consequently, at low IgG concentrations auto-
fluorescence from the silver film leads to an increase in the
fluorescence signal with respect to the silver free assay. At
concentrations above the LOD, where the sensitivity is much
higher and the relative contribution from the auto-
fluorescence is small, the average relative enhancement was
37, approximately half the enhancement seen at the optimal
spacing in the dye conjugated polyelectrolyte layers shown in
figure 3.

3.4 Enhanced assay measured on custom CCD system

One of the many challenges in developing POC devices is
reducing costs so as to ensure universal availability. For
fluorescence based assays, the use of conventional camera
technology could remove the requirement for costly
PMT/scanning systems or similarly expensive, high end
scientific cameras. In an attempt to move away from
commercial benchtop detection measurement and towards a
POC-type system, the performance of the MEF assay was
assessed in a low cost custom system which consisted of an
inexpensive, conventional uncooled industrial CCD camera
(Sony ICX 618ALA chip) with an 8 bit dynamic range and 16mm
lens assembly. The performance of the CCD based
measurement system with metal enhancement from the silver
was tested under static fluid incubation times (figure 6 solid
line + triangles) and under flowing conditions using a simple
microfluidic chip arrangement (figure 6 dash line with circles).

6 | J. Name., 2012, 00, 1-3

For comparison, the assay was also performed using a high
affinity polystyrene substrate without MEF using the same
incubation times as that of the static silver films (figure 6 dash-
dot line with squares). It is readily apparent from the
comparison of the various assay curves obtained under the
different conditions that fluorescence signal as measured by
the CCD system is greater for the assays performed on the
silver films. However, the overall system performance is
somewhat different to that of the results with the commercial
PMT scanner.

The LOD of the MEF assay under static conditions was ~0.05
pg/ml which increased to 0.5 pg/ml when silver was not
present. Compared to the assay carried out on the commercial
PMT scanner, described in the previous section, the LOD for
the silver and silver free assay curves were an order and two
orders of magnitude higher respectively. A number of factors
contributed to this drop in assay performance such as the
quality of the collection optics, an increase in background
signal owing to enhanced scattering from the simultaneous
illumination of the entire detection zone, the limited dynamic
range of the CCD camera and inherent camera noise. At high
concentrations, the relative enhancement (figure 5a dashed-
dot line) was found to be attenuated as compared to the data
on the commercial scanner system. The CCD integration time
was set so as ensure that average pixel value at high analyte
concentrations was close to the maximum 8 bit value.
However, the
detection zone indicates that some pixels reached saturation
values during the measurement time. At the highest
concentration measured, this pixel saturation distorts the
relative enhancement as a proportion of the fluorescence
photons from the assay performed on silver are not measured,
whereas no saturation loss occurs in the silver free assays.
Consequently the relative enhancement at 10 pug/ml level is
attenuated as compared to the 1ug/ml. This problem is an
inherent feature of the limited dynamic range of the CCD used,
but it is easily overcome by reducing the pixel integration time.
The order of magnitude improvement in the LOD between the
MEF and standard assays observed on the CCD system is offset
to some degree by a decrease in the test sensitivity. Some
reduction in the slope of the silver enhanced assay curve was
observed in all cases. The ratio of the analytical sensitivities
was ~17, indicating that despite the inherent drawbacks of
measuring with a low cost CCD camera, the presence of the
silver nanoparticle film leads to a much higher degree of
sensitivity. The %CV remained similar between CCD and
commercial scanner system with the silver films yielding a %CV
of ~11 while the silver free had a %CV of ~17. The assay curve
obtained from the MEF assay on the microfluidic chip (figure 6
— dashed line with circles) was similar in performance to the
results obtained for the measurements made on the silver film
A reduction of ~23%
in the peak fluorescence signal intensity as
compared to the films prepared under static conditions.
Conversely an increase in LOD from 0.050 pg/ml to 0.2 pg/ml is
also observed. Given the significant reduction in incubation
time the improvement in LOD still compares favourably to the

standard deviation measured across the

under static fluid conditions. was

observed
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assays performed without silver. Above the LOD, the assay
sensitivity is of similar magnitude to the static silver assay with
a ratio of slopes between the silver and silver free assays of 18.
A summary of the key finding is shown in table 1.

LOD
Experiment ug/ml Sensitivity

PMT Scanner - No Ag 0.007 1.1x10’

PMT Scanner - Ag film 0.002 3.5x10°
Enhancement factor 3.5 31

CCD System — No Ag 0.5 4.6x10*

CCD System - Ag film 0.05 7.9x10°
Enhancement factor 10 17

CCD System - Ag film microfluidic chip 0.2 8.3x10°
Enhancement factor* 2.5 18

Table 1: Summary of the silver film performance under the various test
conditions examined in this work. (¥*As compared to the assay performed
without silver under static conditions)

While further work is required to optimise the microfluidic
based assay, the current results indicate excellent potential for
the use of spray deposited silver films. Performance
enhancements are expected by optimising areas such as the
deposition conditions so as to improve batch to batch
reproducibility and reduce %CV between samples. Reducing
the silver auto-fluorescence is also expected to vyield an
improvement in the LOD in both systems examined, whereas
improvements in the collection optics for the CCD based
system may further enhance the overall performance.

4. Conclusions

In this work we adapt the use of a self reducing silver ink for
use as a precursor for rapidly depositing rough silver
nanoparticle films via spray coating. At the optimum
deposition conditions the silver ink leads to a nanoparticle film
with hierarchal structure consisting of 45 nm particles and
larger ring shaped structures consisting of aggregates of
smaller particles. For short deposition times the particles have
broad LSPR bands located at 364 and 454 nm corresponding to
the quadruple and dipole resonances respectively. As the
deposition time is increased optical spectrum becomes that of
a continuous bulk silver film. The rough nanoparticle silver
films, produced under optimum conditions, were found to
significantly enhance the fluorescence intensity of two dyes,
Dyomics DY647 and Alexa fluor 647. As expected, the
fluorescence enhancement had a distinct dependence on the
dye-silver spacing with the peak relative enhancement of ~70
occurring at a nominal 4 nm from the metal-particle surface.
The advantages of the silver substrates in fluorescence-based
immunoassays were demonstrated by performing sandwich
assays using 1gG as a target analyte. Using a commercial PMT
scanner based detection system, the silver nanoparticle films
lead to a 3.5 fold decrease in the LOD and a 31 fold increase in
analytical sensitivity as compared to a silver free assay. Using a
CCD based detection system, a 10 fold decrease in the LOD
was observed with a 17 fold increase in sensitivity albeit with
reduced overall performance due to the limitations in the

This journal is © The Royal Society of Chemistry 20xx

Under microfluidic flow
conditions the silver films also outperformed the silver free
assay with 2.5 fold decrease in LOD and 18 fold increase in

sensitivity. From these results we conclude that the use of low

camera and collection optics.

cost rapidly deposited silver films, has the potential to provide
a useful platform for fluorescence based POC applications
using low cost detection technology such as standard CCD
cameras.
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