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Abstract

An immunoassay was developed that utilized plasmonic coupling between immobilised gold nanorods
and colloid gold nanospheres to detect the marine toxin domoic acid (DA). The aspect ratio of the
nanorods was optimised and the effects of variation in acidity, silver to gold ratio,
cetyltrimethylammonium bromide (CTAB) concentration and seed addition in the growth solution on
the yield, size variance and LSPR peak position was investigated. Excellent nanorods (size variation
<15%; aspect ratio 3.5-5; yield 0.26-0.35 nM mL* ) were obtained for the LSPR range 785-867 nm using
strong acidic conditions (12 pL HCI (37%)), silver to gold ratio of 1:5, 0.05-0.1M CTAB and 20-30 puL
seed addition to 10 mL of growth solution. One set of nanorods (54.9 X 15.7 nm; LSPR 785 nm) were
immobilised onto a silica support and bio-functionalised with DA hapten. Colloid nanospheres (15 nm;
LSPR 519nm) were bio-functionalised with an anti-domoic-acid monoclonal antibody. The
functionalised nanoparticles were used to detect DA by plasmon coupling by quantifying the average
LSPR shift of individual plasmon couples with hyperspectral imaging or quantifying the pixels count
caused by the particle aggregation visible under darkfield microscopy. The first method led to a LSPR
blue-shift of ~¥55 nm caused by the immunoreaction. The second, simpler method, enabled very clear
qualitative detection (p<0.0005) of domoic acid when 10 uM domoic acid was added. Both methods
show potential though the novelty and simplicity of the second platform allowing rapid (~30 minutes)

detection with high-throughput possibilities using a simple set-up is of most interest.

Keywords: plasmonic coupling, hyperspectral imaging, darkfield microscopy, marine toxin, biosensor,

nanorod synthesis
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1. Introduction

Biosensing through localised surface plasmon resonance (LSPR) is a powerful tool for rapid analyses
that can be used for label free quantification, in real time [1]. However, the sensitivity of such systems
may be limited due to small changes in the refractive index (RI). To enhance the sensitivity, anisotropic
nanoparticles, with better Rl sensitivity, can be used instead of isotropic particles [2])[3]. Another
option is signal enhancement through plasmon coupling since bringing two plasmonically active
species together often effects the LSPR frequency stronger as a Rl change [4]. Indeed, plasmonic
coupling of nanospheres has been shown to lead to a three-fold bulk Rl sensitivity increase compared
to single, well separated nanospheres [5]. Moreover, particle size and combination may influence the
plasmonic coupling with larger anisotropic particles producing better Rl sensitivity and smaller
nanospheres enabling close proximity cluster formations and stronger coupling effect making such a
combination particularly attractive [6]. Indeed, this strategy was successfully used to improve
sensitivity by the van Duyne group. They showed a four-fold amplification of the shift when small (~20
nm) gold nanoparticle labelled antibody was used instead of comparable concentrations of antibody
in a proof of principle study using biotin/anti-biotin and silver nanoprisms [7]. In another study, it was
shown that gold nanorods were an excellent nanomaterial to create biosensing chips since the aspect
ratio (AR) and LSPR frequency of the particles can be controlled during synthesis to increase the Rl
sensitivity [8]. The Rl sensitivity of nanorods is directly linked to the aspect ratio. A higher AR increases
Rl sensitivity but red shifts the longitudinal LSPR (L-LSPR) peak. Unfortunately, nanorods with high ARs
are unfit to use with low-cost instrumentation using CMOS cameras or even CCD cameras since the
quantum efficiency of both cameras is drastically reduced at the L-LSPR peak (900-1000 nm) of such
nanorods [9]. Moreover, the full-width-half-maximum often widens for nanoparticles with highly red
or blue shifted LSPR peaks leading to a possible trade-off between LSPR tuning towards the blue or
red limits and sensitivity. This problem was elegantly illustrated by Becker et al.,. by showing that the
quality factor, which describes the number of oscillations that occur until the oscillation is damped,

has its highest maximum at an AR around 3.3 [10]. Thus, an AR of about 3-4 (which corresponds with
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an LSPR peak between 700 and 800 nm) can be considered as the ideal working range for an LSPR

based spectroscopic sensor.

Nanorod synthesis is often performed using a cost efficient bottom-up seed mediated growth method
where the amount of added seed in the second growth can be varied to tune the AR [11], [12]. Various
alternative bottom-up pathways for LSPR tuning have been investigated such as varying the amount
of added silver (which affects availability of various facets of the nuclei for reduction) or hydrochloric
acid (effecting the redox potential of the reducing agent and under-potential deposition of silver ions
on the Au® surface) or cetyltrimethylammonium bromide (CTAB; effecting reduction kinetics) [13]-
[18]. However, the efficiency of these pathways to obtain homogeneous rods with optimised synthesis
yields and the effects of combining these methods is rarely investigated even though it has been
observed that the effects these individual parameter have on the AR are highly inter-dependent [19].
Another way to exploit plasmonic coupling is the detection of particle aggregation with darkfield
microscopy (DFM) by measuring Rayleigh scattering intensity. This technique was recently used for
the detection of glutathione-cadmium(ll) complexes using unmodified gold nanospheres [20] and
bioconjugated gold and silver nanospheres for the detection of cancer biomarkers in serum [21]. The
method is interesting since it does not require the reconstruction of spectroscopic spectra of the
individual particles making data analyses more straightforward. This being said, it may also be
interesting to look at the pixel count as a more direct measurement of particle aggregation instead.

To the best of the authors’ knowledge that alternative has not been investigated to date.

In this study, the effects of plasmonic coupling on LSPR shifts of nanoparticles with various anisotropy
has been tested for the detection of domoic acid (DA) using a competitive immunoassay setup. This
marine toxin was selected as a model compound for which rapid screening tests are urgently needed
due to the increased risk for food safety in the rapidly growing aquaculture industry caused by a
globally increased marine toxin occurrence triggered by climate change and eutrophication [22]-[25].

Gold nanorods were synthesized and tuned for the L-LSPR to fall within 700-850 nm using seed, silver
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to gold ratio, CTAB concentration and acidity mediated approaches individually as well as in
combination. Combining these mechanisms greatly improved the yield and homogeneity of the
nanorods at given ARs. Nanorods (LSPR 784 nm; AR 3.5) were then immobilised on a silica support and
functionalised with a previously developed DA-protein conjugate (NR-DA-BSA) [26]. Gold nanospheres
were synthesized and functionalised with anti-DA monoclonal antibody (AntiDA-NP) [27]. A well-
known synthesis protocol was followed for nanosphere synthesis of relatively small (~20 nm) particles
to ensure maximum cluster formation and plasmon coupling potential while maintaining ease of
fabrication. That said, the performance of alternative nanosphere sizes may influence plasmon
coupling and this may be investigated in an additional study. Two methods were utilized to investigate
if plasmonic coupling of these particles could be used for DA detection using a microarray set-up. The
first technique used spectroscopic reconstruction of the average extinction spectra of the particle
aggregates. The second technique used pixel extraction to detect the particle aggregation. The
complete process of nanoparticle immobilisation, bioconjugation of immobilised nanorods with DA-
conjugate, bioconjugation of colloid nanospheres with anti-DA monoclonal antibody and DA detection

by both methods is shown in fig. 1.

2. Material and methods

2.1 Materials, equipment and software

Sinapinic acid, acetonitrile, formic acid, anhydrous sodium borate, sodium carbonate decahydrate,
CaS0,, domoic acid, boric acid, bovine serum albumin (BSA), TWEEN® 20, Phosphate buffer saline
tablets, AgNO3, HAuCl,, L-Ascorbic acid, ethanol, sodium citrate, HNO; (70%), HCI (37%), NaOH, H,SO,,
H,0, (30%), N,N'-Dicyclohexylcarbodiimide (DCC), 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC), N-hydroxysuccinimide (NHS), 3-glycidoxypropyltrimethoxysilane (GPTMS), dimethylformamide
(DMF), glass slides (75x25 mm; thickness 0.96 to 1.06 mm) and polyclonal goat anti-mouse antibody
conjugated to tetramethylrodamine isothiocyanate (anti-lgG-TRITC) were purchased from Sigma
Aldrich. HRP conjugated goat anti-mouse IgG (HRP-pAB) was purchashed from Dako, Agilent. O-(2-

Mercaptoethyl)-O’-(2-carboxyethy)heptaethyleneglycol (0.46 kDa PEGacid; MW 458.6) and
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2,5,8,11,14,17,20-heptaoxadocosane-22-thiol (mPEG; MW 356.5) were purchased from Polypure. SH-
PEG-NH, (1 kD PEGamine; MW 1kD) and SH-PEG-COOH (5 kD PEGacid; MW 5 kD) were obtained from
Lysan Bio. AntiDA-mAb was produced in-house and previously characterized [27]. A Cary 60 UV-Vis
spectrometer (Agilent) was used for spectroscopic measurements. The Transmission Electron
Microscope (TEM) was a Jeol JEM-1400 Plus equipped with JEOL ‘Ruby’ 8MP Bottom Mounted CCD
Digital Camera (JEOL, U.K.) with a0.32 nm ultimate resolution. Samples were prepared on a formvar
carbon mesh (Agar scientific) by carefully pipetting 4 uL of colloid nanoparticles (at an optical density
of approximately 1.5) onto the mesh. An accelerating voltage of 120kV was used and various
magnifications were applied to visualize the particles. A compartmentalised holder (Arrayit, 8x3 slots)
was used to functionalise the glass slides with nanoparticles. A fluorescence scanner (InnoScan710A;
Innopsys) was used for fluorescence measurements. A BX43 microscope (Olympus, Germany) fitted
with an oblique angle lighting system sourced from a fibre optic cable directed halogen light source
(100W) that was directed into an adjustable immersion-oil condenser (numerical aperture =1.4-1.2)
was used to create darkfield images. The light scattered by the particles was collected by a long
working distance objective lens of 40X or 4X depending on the measurement and images were taken
using a CCD camera (Q-imaging). Hyperspectral images were taken using the Cytoviva imaging system
(v4.8). Individual particle (or particle cluster) spectra were collected using a particle filter available in
the software and exported to be further treated using graphpad v6.1. Statistical and regression
analyses were performed in Graphpad. All nanoparticle measurements were performed in Image)

V1.52a.

2.2 Nanoparticle synthesis

Piranha and aqua regia solution were used consecutively to remove organic and inorganic residues on
the glassware. Nanospheres were synthesized following the Turkevich method [28]. This easy-to-use
method was chosen to ensure a broad application potential. Briefly, 500 uL of 100 mM HAuCl, was
added to 194.5 mL MQ and the solution was brought to boil. Sodium citrate (5 mL; 1% (w/v)), was
added at boiling point and the solution was left boiling for 30 minutes then cooled. Transmission
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electron microscopy (TEM) and UV-Vis characterisation of these particles was reported previously and
allowed for size estimations of 15.1 + 1.7 nm and 13.9 + 2.9 nm respectively [26], [29]. Nanosphere
concentration was estimated following [30]. For nanorod synthesis gold nuclei (seeds) are produced
by adding CTAB (2 mL; 0.2 M) to HAuCl, (2 mL; 0.5mM) with vigorous stirring and reducing the gold
salt with 240 pL of freshly prepared ice-cold NaBH, (0.01M) [11], [12]. The stirred solution turned
brownish yellow, indicating nucleation. The mixture was left for 30 minutes at room temperature to
assure maturation while preparing the growth solution. For the growth solution various amounts of
AgNO; (gold:silver molar ratios of 1:5, 1:10, 1:25 and 1:50) were added to 5 mL CTAB (0.2 or 0.1M)
and left undisturbed for 15 minutes after which 5 mL of 0.5mM HAuCl, and various amounts of HCI
(37%; 0-12 pL) or NaOH (5M; 2 and 4 pL) were added under slow stirring. Next 75 pl of ascorbic acid
(79 mM) was added to the solution and shaken vigorously upon which the solution turned colourless.
Various amounts of the seed solution (10-150 uL) were then added. The mixture was shaken (30
seconds) and left overnight at 28 °C. Nanorod concentrations were estimated using experimentally

determined epsilon values for nanorods with comparable L-LSPR peaks and aspect ratios [31].

2.3Nanoparticle SAM formation

The steps described here were for 2 mL of synthesised nanoparticles. For nanospheres, excess sodium
citrate was removed by centrifuging at 11.400 RCF for 30 minutes and resuspending in 2 mL MQ
(twice). Nanorods were centrifuge-d at 11.400 RCF for 15 minutes and resuspended in 2 mL MQ then
centrifuged at 8000 RCF for 12 minutes and resuspended in 2 mL of MQ. In the third centrifugation,
3000 RCF for 15 minutes centrifugation was performed and the pellets were collected. The
supernatant was centrifuged again at 5500 RPM for 15 minutes and the pellet was added to the
previous collected pellet. Nanorod and nanosphere pellets were resuspended in 5 mL MQ for long-
term storage at 4 °C. Nanorod centrifugations were performed at 30 °C to avoid CTAB precipitation.
Nanospheres were centrifuged at 4 °C. Various heterobifunctional polyethylene glycol (PEG)
molecules were used to stabilise the particles. For nanospheres a mixture of 0.46 kD PEGacid:mPEG
in @ 1:3,01v0) ratio was used. This mixture was used since it was found that a lower density of the
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functional group leads to higher conjugation success rate (likely due to better charge distribution on
the particles) [32]. For nanorods 0.46 kDa PEGacid:mPEG in a 1:3,.0 ratio, 5 kDa PEGacid, 5 kDa
PEGacid mixed with mPEG (1:3y1v0) ratio), 1 kDa PEGamine and 1 kDa PEGamine and mPEG in a 1:3
ratio were tried. PEG concentration was 10 puM for nanorods (since CTAB can be difficult to replace)
and 1 uM for nanospheres. The particles were mixed with the PEGs after clearing the Eppendorfs with
a nitrogen flow to prevent oxidation of the thiol groups. The mixtures were slowly agitated for 4 hours
after which stability was accessed visually. Nanoparticles were centrifuged after SAM formation to

remove access reagent at the previously detailed speeds and temperatures.

2.4 Particle immobilisation

The functionalization of glass slides was performed according the procedure describer by Tort et al.
[33] with slight modifications. Precleaned glass slides were thoroughly cleaned with water and soap,
immersed in piranha solution (30 minutes) and washed 6 times with MQ. They were then immersed
in a 10% NaOH solution (30 minutes) and washed thrice with MQ and ethanol. The clean slides were
dried in N,, treated with 300ul GPTMS (30 minutes), washed and sonicated for 20 minutes in ethanol
and finally dried under N, and stored under vacuum. For nanorod immobilisation, the slides were fitted
into a compartmentalised holder (Arrayit, 8x3 slots). PBS (100pl) containing PEGylated nanorods at
different dilutions were added to the compartments for 30 minutes followed by a thorough wash in

MQ and drying under N..

2.5Bioconjugate preparation

A previously characterised BSA-DA bioconjugate was used and synthesis is detailed in the

supplementary material [26].

2.6Bioconjugation

For PEGylated nanospheres the carboxylic group was activated by adding 2.5 mM EDC and 1.25 mM
NHS in phosphate buffer (50 mM; pH 7.5) containing 8% NaCl (PBS) to the pellet up to a volume of 2

mL, following Fernandez et al., [34]. The mixture was agitated for 30 minutes then centrifuged (11.400
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RCF; 30 minutes) and the supernatant discarded. The pellet was brought up to 2 mL with a borate
buffer (50 mM boric acid; 5.6 mM sodium borate; pH 8.7) and 8 ug of antibody (AntiDA-mAb or a-
specific monoclonal antibody directed against neamine (Aspec-mAb)) was added. This mixture was
agitated (4 hrs), pelleted (11.400 RCF centrifugation; 30 minutes) and resuspended in 2 mL PBS and
stored at 4 °C. The used antibody amount was chosen since it was calculated that ~8 ug antibody is
needed for the functionalisation of nanospheres with a monolayer (using nanosphere concentration

estimates and a diameter of an average 1gG molecule of 13.7 by 8.4 nm) [30], [35].

PEGylated immobilised nanorods were functionalised with BSA-DA via a one-step EDC/NHS
mechanism. Briefly, 100 pL of 2.5 mM EDC and 1.25 mM NHS in PBS containing 0.1 ug BSA-DA was
added to each slot in the holder for 2 Hrs after which the slide was washed with PBS containing 0.05%
tween (PBST). The used amount of DA-BSA per well was chosen as it was calculated that would create
a monolayer (using particle surface/concentration calculations [31] and the assumption that the

diameter of a BSA-DA molecule is about 3nm (Bionumbers ID: 103736)).

2.7 Fluorescence assays

Immobilised nanorods (functionalised with BSA-DA or not) were exposed to PBS or a AntiDA-mAb in
PBS (100 pL, 10 pg.mL? ) for 30 minutes, washed with PBST and incubated with anti-IlgG-TRITC (100
pL, 5 ug.mL?) in PBS for 30 minutes. Slides were then washed with PBST and dried under N,. The
acquired signal was quantified (50 random points per sample, 2 samples per condition) using the
fluorescence scanner at 576 nm. The noise produced by the unfunctionalised particles was quantified

as well and used to determine the S/N ratio.

2.8 Domoic acid detection methods
In the first method DFM images were taken of individual spots (with a 40X objective; n=3) of NR-DA-

BSA before and after incubation (30 minutes) with 100 pL of a 10X dilution of AntiDA-NP and washing
three times in PBST. A darkfield microscope and hyperspectral imaging software (Cytoviva) was used
to visualise the particle extinctions, select regions of interest (ROls) within spots and reconstruct the

spectra of the particle couples/aggregate extinctions in the ROIs using identical filter criteria before
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and after the immunoreaction [36]. The LSPR shift was determined as the difference between the

average spectra before and after the immunoreaction.

For the second method, spots of BSA-DA-NRs were incubated (30 minutes) with 100 pL of 1:10
dilutions of PEGylated nanospheres (PEG-NPs), AntiDA-NPs s, Aspec-mAb-NPs or BSA-DA-NPs with 10
UM DA addition and washed three times with PBST. DFM and hyperspectral images of individual spots
(with a 4X objective; n=3) with BSA-DA-NRs were taken before and after these incubations and used
to select ROIs in Cytoviva at an identical filter threshold. The obtained total pixel counts per spot
before and after immunoreactions were compared. At least 100 particles or particle aggregates per

spot were detected for each measurement for both detection methods.

3 Results and discussion

3.1Individual tuning mechanisms

3.1.1 Seed mediated and silver mediated approach.

Nanorods were tuned by varying the amount of seed solution (10-150 pL) added to the growth
solutions containing 1:5, 1:10, 1:25 and 1:50 of AgNO;: HAuCl, molar ratios, 0.05M CTAB and 12 ul
HCL (37%) (fig. 2a). The 1:5 and 1:10 ratio’s allowed to tune the LSPR peaks over a similar absolute
range using 10-60 pl seed addition, albeit that nanorods synthesised at a 1:10 silver: gold ratio were
more blue shifted, had lower OD values and a slightly larger full-width-half-maximum. Increasing seed
addition to 150 pl (fig. 2a; broken lines) did not increase LSPR red shift and caused a decrease in the
maximum OD values. Thus, utilizing seed addition for LSPR tuning was limited to a maximum of 60 pl
in all further experiments. For lower silver concentrations (ratios 1:25 and 1:50) poor synthesis was
achieved with poor maximum OD values and low L-LSPR to transversal LSPR (T-LSPR) ratios. Combining
seed mediated tuning with varying the silver to gold ratios between 1:5 and 1:10 maximum made it

possible to tune the L-LSPR between ~780 and 900 nm.
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3.1.2 HCl mediated tuning
The addition of HCI (37%) to the growth solution was varied (12-0 pl). Finally, the pH of two more

solutions was altered by adding 2 and 4 ul NaOH (5M) to the growth solution. The Ag to Au ratio was
1:5. CTAB concentration was 0.05M and 60 pl of seed was added to the growth solution. Normalised
UV-Vis spectra are shown in fig. 2b. Fig. 2c shows the L-LSPR peak position and absorbance at that
value. The L-LSPR peak can be tuned over ~900-650 nm in this manner (fig. 2b). However, reducing
acidity negatively effects the vyield (fig. 2c) and L-LSPR: T-LSPR ratio indicating higher levels of
impurities. This may be due to faster, less controlled AuCl, reduction at the Au® surface at lower
acidity. In order to obtain a better yield of nanorods that feature a L-LSPR peak around 700 nm it may

be interesting to combine pH mediated tuning with other methods that slow down reaction kinetics.

3.1.3 CTAB concentration
Nanorods were synthesised using either 20 or 60 pl seeds in a growth pot with a CTAB concentration

of 0.05 M or 0.1M and 1:5 gold to silver ratio (fig. 2d). The nanorods synthesized at 0.1M CTAB were
red shifted from the nanorods synthesized at 0.05M CTAB for both seed additions, indicating better
anisotropic growth at 0.1M CTAB. The full-width-half-maximum of the curves are quite similar, be it
slightly reduced in the 0.1M CTAB synthesis, with 184 nm at 20 pl seed addition and 171 nm at 60 pl
seed addition for the 0.05 M CTAB synthesis and 151 and 173nm at 20 ul and 60 pl seed addition for
the 0.1 M CTAB synthesis. However, when 60 pl seed addition and 0.05M CTAB was used the L-LSPR:T-
LSPR ratio was decreased and TEM analyses showed a high amount of spherical particles compared to

using 20 pl seed addition and 0.1M CTAB even though L-LSPR peak positions were similar (fig. S1).

3.2Interplay of various tuning methods and TEM analyses

The silver to gold ratio, acidity, CTAB concentration and seed addition tuning strategies were
combined in an effort to obtain nanorods with similar L-LSPR peaks using various strategies. Synthesis
combinations that led to nanoparticles with L-LSPR peaks around 700, 760, 784, 845 and 867 nm were
characterised by TEM (fig. 3). Table 1 summarizes the parameters used for each synthesis (a-h) of the

particles shown. The estimated final yield for each synthesis (except d-e) was based on the use of
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experimentally determined epsilon values obtained by Orendorff for nanoparticles with comparable
L-LSPR peaks and aspect ratios [31]. For synthesis d and e, the particles did not fall within these size
dimensions. Thus, discrete dipole approximation calculations would need to be made to obtain a
theoretical epsilon [37]. This was considered out of scope for this work. When comparing TEM images
of synthesis a, b and c (all with an L-LSPR ~700nm) it becomes clear that varying the seed addition, pH,
silver to gold ratio variation and final CTAB concentration is crucial to obtain homogenous nanorods
with a L-LSPR around 700 nm. Indeed, only the combination used for the synthesis shown in fig. 3c
led to the production of homogenous rods for this wavelength. This is probably due to a balance
between a reduced growth kinetic caused by higher CTAB concentrations countered by a slightly lower
redox potential of ascorbic acid at lower acidity and a reduction in directed anisotropic growth
associated with lower silver concentrations. These counter balancing conditions may have caused the
nanorods to be formed at just the right rate to avoid too many spherical by products. In the other
synthesis (fig. 3a-b) the kinetics of the reaction may have been overly increased causing the formation
of irregularities. The synthesis f-h produced homogenous nanorods with L-LSPRs between 785 and
867 nm. The yield of the particles synthesised in f was the highest (0.35 nM mL?) which was ~25%
higher as synthesis h (the next best yield) and synthesis c. Finally, in agreement with the observation
derived from fig. 2d, it seems that good homogenous rods with an L-LSPR peak above 800 nm are best
produced using 0.1M CTAB at acidic conditions and can be fine-tuned by varying seed addition (g and
h). Table 2 shows the average length, width and aspect ratio of the nanorods synthesised using
synthesis f-h, which were considered the most promising for coupling experiments in terms of high
yield estimations, narrow UV-Vis spectra and homogeneous TEM images showing little impurities. All
three synthesis produced nanorods with length and width variations of ~10% and ~13%. The AR of the
nanorods of synthesis f were closest to the previously determined optimum AR of 3.3 for plasmonic
biosensing [10]. Moreover, the quantum efficiency of CCD or CMOS camera is good at the L-LSPR of
these particles (785 nm). Thus, the nanorods of synthesis f were used in all further experiments. The

UV-Vis spectra of the nanospheres and nanorods used from hereon are shown in fig. S2.
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3.3 Biosensor construction

3.3.1 Nanoparticle functionalization
PEGylation of the nanoparticles was initially performed using a molar ratio of 1:3 0.46 kDa PEGacid:

mMPEG. This successfully stabilized the nanospheres but the nanorods aggregated. It is known that the
exchange rate of CTAB for PEG chains is much lower than that of citrate capped particles making the
PEGylation of CTAB stabilized nanorods capricious [38]. The molecular structure, length and charge of
the PEG molecule can drastically influence the chemical stabilisation of the nanorods [39] [40]. Thus,
attempts were made to stabilise the nanorods using additional PEG mixtures (fig. 4a). Only the 1 kDa
PEGamine SAM led to stable nanorods and was used from hereon. GPTMS derived glass slides were
functionalised with nanorods using 1:4, 1:8 and 1:16 dilutions of the PEGylated nanorods in PBS. DFM
images were taken with a fixed shutter time and gain (fig 4c). Up until the 1:8 dilution, inter-particle
distances are small and aggregation can be seen. At 1:16 almost no large aggregation was observed
and particles appeared red-green indicating inter-particle distance was sufficient. Thus, this dilution
was used from hereon. Additionally, the PEGylated nanospheres were equally immobilised on the
silica support using different dilutions to verify if these particles can produce sufficient Rayleigh scatter
intensity to be detected with DFM (fig. S3). The figure clearly shows the NPs produce good scatter
intensity and are easily detected by DFM. Moreover, at the last dilution (1:16) almost no large
aggregation is observed and most particles appear blue indicating that the inter-particle distance is
sufficient to prevent bulk plasmon coupling [41]. The immobilised nanorods were conjugated to BSA-
DA. Conjugation success of immobilised nanorods to BSA-DA was determined through a fluorescence
assay using anti-IgG-TRITC as a label (fig. 4b). The S/N ratios for BSA-DA conjugated nanorods
incubated with AntiDA-mAb and anti-IgG-TRITC was significantly different to the S/N ratio obtained
when bare or BSA-DA conjugated nanorods were directly incubated with anti-IlgG-TRITC (Tukey post

hoc; p<0.0001) confirming successful conjugation.
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3.3.2 Domoic acid detection.
The capability of two different methods to detect DA were investigated. With the first method, a

plasmonic coupling experiment between NR-BSA-DA and AntiDA-NP was conducted. A large average
blue shift (55nm) was detected (fig 5a) resulting from an overall blue shift of the L-LSPR peaks of
individual nanoparticles (fig. 5b). This was unexpected since plasmon coupling generally causes a red
shift. The blue shift may be accorded to repulsive polarisation of high-energy anti-symmetric field
longitudinal plasmons of the NR-BSA-DA with redshifted plasmons from the BSA-DA-NP that bound in
close proximity on the NR-BSA-DA as explained by the electromagnetic variant of the molecular orbital
model [42], [43]. An alternative explanation is that nanosphere-nanorod interaction led to the
formation of sphere-like aggregations with an average extinction spectrum that was blue shifted from
the NR-BSA-DA spectra. In any case the observed high coupling effect is likely caused by cluster
formation of multiple AntiDA-NP binding with single NR-BSA-DA particles [6]. However detailed high
resolution TEM imaging and theoretical calculations may be needed to further demonstrate the
physics behind this type of particle interaction. With the second method, only the pixels in the image
are quantified and no spectral reconstruction is performed. Fig. 5c shows the pixel count per spot for
the coupling experiments of NR-BSA-DA with AntiDA-NP, NR-BSA-DA with NP-Aspec-mAb, NR-BSA-DA
with AntiDA-NP and 10 uM DA addition and, NR-BSA-DA with PEG-NPs. DFM images of the positive
control (the coupling experiment between NR-DA-BSA and AntiDA-NP) and negative control (the
coupling experiment between NR-DA-BSA and NP-PEG) show that particle aggregation was highly
visible for the positive but absent for the negative control (fig. 5d). A paired two-way ANOVA on the
pixel counts was significant for the row factor (before and after the coupling experiments; p=0.0002),
column factor (type of NP conjugation; p=0.02) and interaction (p=0.001). Sidak’s multiplicity
corrected post-hoc analyses comparing each cell mean with the other cell mean in that row showed
that only for the NR-BSA-DA/AntiDA-NP interaction there was a significant increase in the pixel count
per spot (p=0.0005; fig. 5c). Finally, the signal disappeared if AntiDA-NP was mixed with DA prior to

the reaction (multiplicity corrected Sidak’s post hoc p value=0.39) while the RSD for the inter spot
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variation was satisfactory (<15%) which corresponds with the previously obtained optimal
reproducibility of such nanoarrays for LSPR based detection [44]. Overall the study showed that the
rapid qualitative detection of DA with this method is possible at a DA concentration of 10 uM. It is
likely that the assay can even detect lower concentrations of DA since the chosen limit could be
detected with good statistic certainty. However, this was not considered necessary since the chosen
concentration is already at only 15% of the current maximum residue limit for DA in shellfish in the EU
[45].

3.4 Conclusion

The interplay of seed addition, acidity, silver to gold ratio and CTAB concentration in the growth
solution enabled the synthesis of homogeneous nanorods with various aspect ratios and resulted in
the optimization of production protocols for nanorods over a 700-900 nm range. Spectroscopic and
electron microscopic analyses showed that 12 pl HCI, 20 ul seed addition, 0.05M CTAB and a silver to
gold ratio of 1:5 resulted in the synthesis of nanorods with an aspect ratio of 3.5. This is close to the
optimal aspect ratio for plasmonic bio-sensing and the L-LSPR peak wavelength (785nm) is well within
the detection range of CCD or CMOS cameras. These nanorods were then immobilised on a silica
support, functionalised with a domoic acid protein conjugate and used for plasmonic coupling
experiments with domoic acid antibody conjugated nanospheres. The plasmon coupling of these
particles resulted in a large blue-shift (55 nm) of the L-LSPR peak in the average extinction spectrum.
Additionally, in a second system only pixel counts were quantified from the images. This method
showed the specific binding of the AntiDA-NPs to the NR-BSA-DA could be statistically distinguished
while no statistically significantly aspecific binding of nanospheres functionalised with aspecific
antibody was observed. Moreover, pixel counts per spot returned to initial values if domoic acid was
added to the immunoassay at 10 uM, a concentration >6 fold below the EU MRL [45]. Thus, this
method merits further development and evaluation as there is clear potential as a cost-efficient,
simple and rapid (~30 minutes which may be reduced with further optimisation) high throughput

screening method for the detection of trace contaminants. Such alternative tools and methodology as
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precursors for the advancement of sensor techniques for chemical contaminant and toxin detection
using immunological approaches are continuously required. Although the method is currently
qualitative, it is expected the method can be used for quantitative detection of domoic acid as well
because of the large difference in the amount of pixels per spot between the tested DA concentration

and the blank. However, this would need to be verified with a detailed quantitative study.
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Fig. 1. Scheme depicting the development of the biosensor, the immunoassay and the two different

systems to analyse the plasmonic coupling data.
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Fig. 2. UV-Vis spectra of nanorods using various tuning approaches. a) Spectra of nanorods synthesised
using 1:5 (red), 1:10 (green), 1:25 (blue) and 1:50 (purple) molar silver to gold ratios and 0.05M CTAB
under acidic conditions (12 pl concentrated HCL added to growth solution). Seed addition was varied
between 10l (darkest colours), 20ul (lighter colours), 60ul (lightest colours) and 150 ul (broken lines).
b) Normalised spectra of nanorods synthesized at varying pH. Colours (from red to black) stand for
growth reactions with decreasing HCl (37%) addition with 12 ul (red), 8 pl (orange), 6 ul (light green),
4 pul (dark green), 2 ul (light blue), 0 pl (blue) HCL addition or 2 pl (magenta) and 4 ul (black) NaOH
addition. c) Wavelength (circles; left y-axes) and absorbance (squares; right y-axes) values at the L-
LSPR peak of the particles synthesised at varying pH as shown in (b). The pH values indicate final pH
concentration after completing the reaction. The colour of each point corresponds with the VIS-NIR
spectra shown in (b). d) Spectra of nanorods synthesised using 20 ul (blue) or 60 pl (red) seeds in a
growth pot containing 0.05M (solid) or 0.1M (dashed) CTAB concentration with 12 pl added HCI (37%)

and a 1:5 silver to gold ratio.
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Fig. 3. TEM images of various nanorod synthesis. a-c) Images of nanorods with a L-LSPR of ~700 nm
(708, 699 and 695 nm respectively). d-e nanorods with an L-LSPR of ~760 nm (769, 762). f) Nanorods
with an L-LSPR of 784 nm. g-h) Nanorods with an L-LSPR at 845 and 867 nm respectively. All images of
nanorods were taken at 100K magnification. Scale bars indicate 100 nm distance. Details of each

nanorod synthesis are given in table 1.
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Fig 4. Biosensor development. a) NR stabilization test using four PEG combinations. From left to right

the following combinations were left to react overnight with 1) no added PEG, (nanorods are CTAB
stabilised). 2) 5 kDa PEGacid. 3) 5 kDa PEGacid mixed with mPEG in a 1:3 ratio. 4) 1 kDa PEGamine. 5)
1 kDa PEGamine and mPEG in a 1:3 ratio. b) Signal over noise (S/N) ratio of anti-IgG-TRITC fluorescence
response to bare immobilised nanorods (NR/anti-IgG-TRITC), immobilised nanorods functionalised
with BSA-DA (NR-BSA-DA/anti-IgG-TRITC) and BSA-DA functionalised immobilised nanorods
functionalised after incubation with AntiDA-mAb (NR-BSA-DA/AntiDA-mAb/anti-IgG-TRITC). One-way
ANOVA was highly significant (p<0.0001). Significant Tukey post hoc tests are indicated
(****=p<0.0001). c) DFM images (40x) of immobilised nanorods at various dilutions in PBS. A fixed

shutter time (63 ms) and gain (8%) was used in all conditions.
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Fig. 5. Plasmonic coupling based domoic acid detection via two methods. a) Average LSPR spectra
constructed from individual immobilised NR-DA-BSA particles present in the same spot before (red)
and after (blue) reaction with AntiDA-mAb. b) Extinction spectra of individual particles used for the
average spectra represented in (a). ¢c) The amount of pixels per spot extracted from hyperspectral
images from spots of immobilised NR-BSA-DA after (closed bars) and before (open bars) reacting with
AntiDA-NP (red), NP-Aspec-mAb (green), AntiDA-NP mixed with 10 um DA (blue) and NP-PEG (violet)
(n=3). The significant difference in pixel/spot count before and after the immunoreaction is indicated
(Sidak’s multiplicity corrected p=0.005) d) A typical DFM image (4x objective) of the spots before (left)

and after (right) reaction with AntiDA-NP (top) and NP-PEG (bottom).
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Table 1. Specifications of synthesis used for nanoparticles shown in fig. 3. Added HCI (37%) and seed

(S) addition to growth solution is given in pl. CTAB concentration (0.05 or 0.1 M) in growth solution

and gold to silver ratio (1:5 or 1:10) is also indicated. n.a is not available.

Nanoparticles in

fig-3

Page | 26

Synthesis

2 HCl, 40S, 0.05M
CTAB, 1:5

0 HCI, 60S, 0.05M
CTAB, 1:5

8 HCl, 20S, 0.1M CTAB,
1:10

No HCl, 60S, 0.1M
CTAB, 1:5

6 HCl, 60S, 0.05 CTAB,
1:5

12 HCI, 20S, 0.05M
CTAB, 1:5

12 HCL, 20S, 0.1M
CTAB, 1:5

12 HCL, 30S, 0.1M
CTAB, 1:5

LSPRyax

(nm)

708

699

695

769

762

785

845

867

Yield

(nM/mL)

0.18

0.16

0.25

n.a

n.a

0.35

0.26

0.28

Description of shape

Irregular forms

Irreqular forms

More regular rods

Thin rods with minor

impurities
Thicker rods with
impurities
Homogenous rods

Homogenous rods

Homogenous rods



Table 2: Size measurement of the particles displayed in fig. 3. A random set (n=75) of particles using

the synthesis f-h were measured using Image J.

Synthesis I h f

Length (nm) 63.2 £6.8 (£10.7%) 63.6 £5.7 (£ 9.0%) 54.9+5.3 (+9.6%)
Width (nm) 13.4 + 1.8 (+13.4%) 12.8 1.6 (12.5%) 15.7 +2.1 (x13.3%)
Aspect ratio 4.7 5.0 3.5

L-LSPR,5x (nm) 845 867 785
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Highlights

e Homogeneous, finely tuned gold nanorods were obtained by combining

various synthesis protocols
e A biosensor exploiting plasmonic coupling as the sensing mechanism
was developed
e Plasmon coupling was detected through strait forward pixel extraction
e The biosensor was used to accurately detect domoic acid with cost-

efficient equipment
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