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Abstract

Plasmonic enzyme-linked immunosorbent assays (ELISA) using the localized surface
plasmon resonance (LSPR) of metal nanoparticles has emerged as an appealing alternative to
conventional ELISA counterparts for ultrasensitive naked-eye detection of biomolecules and
small contaminants. However, batchwise plasmonic ELISA involving end-point detection
lacks ruggedness inasmuch as the generation or etching of NP is greatly dependent on every
experimental parameter of the analytical workflow.

To tackle the above shortcomings, this paper reports on an automatic flow methodology as a
reliable detection scheme of hydrogen peroxide related enzymatic bioassays for ultrasensitive
detection of small molecules. Here, a competitive ELISA is combined with the in-line
generation of plasmonic gold nanoparticles (AuNPs) followed by the real-time monitoring of
the NP nucleation and growth rates and size distribution using a USB miniaturized
photometer. Glucose oxidase was labeled to the secondary antibody and yielded hydrogen
peroxide that acted as the measurand and the reducing agent of the Au(lll)/citrate system in
the flow network. High-throughput plasmonic assays were feasible by assembling a hybrid
flow system composed of two microsyringe pumps, a perfluoroalkoxy alkane reaction coil
and a 26-port multiposition valve, and operated under computer-controllable flow conditions.

The ultratrace determination of diclofenac in high matrix samples, e.g., seawater, without any
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prior sample treatment was selected as a proof-of-concept application of the flow-based
platform for determination of emerging contaminants via plasmonic ELISA. The detection
limit (0.001 pg L) was one order of magnitude below than that endorsed by the first EU
Watch List for diclofenac as a potentially emerging contaminant in seawater, and also than
that of a conventional colorimetric ELISA, which in turn resulted inappropriate for
determination of diclofenac in seawater at the levels endorsed by the EU regulation. The
proposed automatic fluidic approach is characterized by the reproducible timing in AuNPs
nucleation and growth along with the unsupervised LSPR absorbance detection of AuNPs
with a dynamic range for diclofenac spanning from 0.01 — 10 pg L. Repeatability and
intermediate precision (given as normalized signal readouts) values in seawater were < 4 %
and < 14%, respectively, as compared to RSDs as high as 30% as obtained with the

batchwise plasmonic ELISA counterpart.



Enzyme-linked immunosorbent assays (ELISA) adapted to different formats, e.g., direct,
indirect, sandwich, and competitive ELISA are routine biochemical assays involving
antigen-antibody binding for high-throughput and ultrasensitive detection of low and high
molecular mass compounds in a variety of research fields including clinical,’
environmental®® and food analysis.* In fact, recent trends geared toward the development of
ELISA tests for emerging organic pollutants, e.g., pharmaceuticals, personal care products
and endocrine-disrupting chemicals, in environmental waters.>® The standard ELISA
protocol involves the colorimetric detection of the biochemical product of the prior enzymatic
reaction; e.g., hydrogen peroxide, by resorting to organic chromophores, such as 3,3’,5,5’-
tetramethylbenzidine  (TMB), o0-phenylenediamine (OPD) and 2,2’-azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid) (ABTS).124" However, colorimetric competitive and
sandwich ELISA sensing platforms may have limited sensitivity for determination of low-
molecular mass pollutants at environmentally relevant levels because the detection is merely
based on the color measurement of the resulting solution by conventional photometric
analysis. Especially, this comes true for detecting pollutants in marine ecosystems that are
found at low ng L™ (ppt) levels. For that reason, sample treatment, e.g., sample dilution, or
pre-concentration stages using solid-phase extraction are quite often indispensable to achieve
the required concentration range for appropriate detectability.3°

Plasmonic ELISA using the localized surface plasmon resonance (LSPR) absorption of metal
nanoparticles (NP) has emerged as an appealing alternative to conventional ELISA
counterparts for ultrasensitive naked-eyed detection of small molecules.®2 This is because
of the higher molar absorptivity of plasmonic AuNPs and AgNPs as compared to organic
dyes'*1® that ameliorates the detection sensitivity of the biochemical assays, and the unique
optical properties of plasmonic nanomaterials. Interest has grown in recent years towards
exploiting analyte-induced shifts of the LSPR absorption bands of NPs, that is, variation of
particle size distribution, shape, and composition, as analytical readouts.>'>* This is
demonstrated by a plethora of analytical methods combining ELISA with nanotechnology
which capitalized on the aggregation, etching, nucleation or growth of metal NP.13-19
However, plasmonic ELISA assays based on end-point measurements lack ruggedness
inasmuch as the visualized results are greatly dependent on the majority of the experimental
conditions, including (i) mixing time, (ii) reaction temperature, (iii) concentration and purity
of reagents, (iv) competing side reactions with redox agents, (v) order of reagent addition
and, most importantly, (vi) agitation mode (also in the course of optical detection through the

plate reader), thus jeopardizing the repeatability of the assays because of variable reaction
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rates for nanoparticle growth and etching.t®%2° Efforts towards halting further reaction
development via addition of ancillary chemicals, such as glutathione or thiosulphate!®?? do
not offset changes in kinetic constants. In addition, the temporal resolution of naked eye
protocols or conventional plate readers'* might be insufficient for reliable monitoring of the
reaction rates and detection under well-defined NP growth/etching conditions. For example, a
variation of the concentration of hydrogen peroxide from a mere 119.95 uM to 120.00 uM
under given reaction conditions®® is reported to induce AuNP nucleation and lead to profound
changes of the LSPR absorption bands, yet the reliability of the analytical protocol in a
batchwise mode is deemed questionable. In fact, the experimental results reported in some
papers dealing with batch plasmonic ELISA have been the subject matter of open debate in
scientific forums (e.g., Pubpeer posts),?® and a potential case of unethical publishing
behavior.?*

To tackle the above shortcomings, the various generations of flow analysis and miniaturized
systems thereof spanning from microfluidic to millifluidic devices® offer viable platforms for
(i) accommodation of NP-mediated assays,? (ii) kinetic discrimination reactions,?® and (iii)
in-line  synthesis of AUNP/AgNP?®% on account of the controllable laminar
diffusion/dispersion and reproducible timing for NP nucleation and growth as compared to
batch counterparts. In contrast to standard well-plate assays, interfering effects from bovine
serum albumin, along with primary and secondary antibodies immobilized on the plates, and
the polymeric material itself onto the nucleation of AUNP/AgNP are entirely circumvented by
resorting to bespoke fluidic approaches for reliable localized LSPR absorbance detection.:

In this work, an automatic flow platform inspired by the principles of flow chemistry®? is
proposed to offset the high variability in nucleation and growth kinetics of AuNP throughout
plasmonic ELISA in batch format. The mesofluidic device is able to take advantage of
metallic nanoprobes for reliable optical detection following monoclonal antibody-based
ELISA by in-line monitoring of the time-dependent AuNP nucleation and growth
unsupervised. The determination of diclofenac in waters at realistic environmental
concentrations®34 and below the Environmental Quality Standards (EQS) endorsed by the
First Watch List of the European Union® to identify potential emerging contaminants, that is,
0.1 pg L™t in fresh and drinking waters and 0.01 pg L™t in marine waters, is herein proposed
as a proof-of-concept study. The feasibility of the combination of competitive ELISA with
on-line plasmonic detection of hydrogen peroxide-triggered AuNP for tackling complex

samples is demonstrated by the analysis of seawater without any prior sample treatment.



EXPERIMENTAL

Detailed description of reagents, samples and synthesis of the BSA-DCF conjugates is given
in the Sl file.

Competitive ELISA protocols for DCF

A diagrammatic description of the competitive ELISA protocol prior to on-line plasmonic NP
detection is illustrated in Fig. 1. Initially, the microtiter plate was coated overnight at 4 °C
with 200 pL of 0.5 pg mL* BSA-DCF according to Huebner et al.® at a pH 9.6 (0.1 mol L
NaHCOz adjusted with dilute NaOH). Then, the plate was rinsed 3 times with 400 pL of 0.05
% Tween in PBS and blocked with 400 puL of 1 g L' BSA in PBS for 1 h at room
temperature (RT). Afterwards, the plate was again washed with 400 pL of PBS-Tween thrice.
The competitive ELISA was carried out by adding 100 puL of DCF standard solution within
the range of 0.0001 to 100 pg L or seawater sample, whereupon 100 pL of 400 ng mL™*
mAbpcr in PBS was added to the plate followed by incubation for 30 min at RT under gentle
mixing at 100 rpm using a plate shaker. After three washing steps with PBS-Tween, 200 pL
of 1:1000 diluted Abcox from the stock solution in 1g L BSA in PBS was added to the well
plate and incubated for 1 h at RT while shaking at 100 rpm. After incubation, the plate was
washed with 400 pL of PBS-Tween for 3 times to overcome unspecific binding followed by
two additional rinsing steps with sodium citrate buffer (10 mM, pH 6.5) to remove PBS salt
prior to the LSPR detection. Then, 200 uL of 400 mM glucose in 20 mM sodium citrate (pH
6.5) was added to each well and incubated for 1 h at 50 °C. Finally, 150 pL aliquots of each
well after the enzymatic reaction were stored in 1.5 mL-amber vials (Thermo Fisher
Scientific) equipped with 300 pL-polyspring insert (Thermo Fisher Scientific), which were
nested to the multiposition valve of the flow system (see below) for automatic high-

throughput hydrogen-peroxide mediated plasmonic NP detection.
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Figure 1 Schematic illustration of the microtiter plate-based competitive ELISA protocol for
DCF prior to flow-through LSPR detection of AuNP

For comparison, a competitive microtiter plate ELISA for DCF was performed following the
protocol described above but using an HRP-labelled secondary antibody (0.2 pg/mL in PBS;
200 pL/well) and colorimetric readout. After final washing, the substrate solution (200
uL/well) was added, and the plates were shaken for about 15 min for color development.
Finally, the enzyme reaction was stopped with stop solution (100 pL/well) and the
absorbance was read at 450 nm with a microplate reader (Synergy HT, Bio-Tek, Bad
Friedrichshall, Germany). For construction of the calibration curves diclofenac standard
solutions to cover the concentration range between 0.0001 to 100 pg L' were prepared in

sea-salt (S9883, Merck, Germany) and also in tap water for comparison.

Fluidic setup for in-line LSPR detection using AuNP probes

The bespoke fluidic platform for in-line monitoring of the hydrogen-peroxide dependent
generation of plasmonic AuNP is schematically illustrated in Fig. 2. It consists of (i) a 26-
position low pressure stream selector C35Z-31826D (MPV) mounted on a microelectric
actuator (VICI AG International, Schenkon, Switzerland), (ii) two bi-directional microsyringe

pumps (SP, Cavro Xcalibur, Tecan Group Ltd, Mannedorf, Switzerland) each furnished with



a 1-mL gas-tight glass syringe (Hamilton, Bonaduz, Switzerland) containing Milli-Q water
(SP1) as a carrier, and 20 mM HAuCI4 (SP2), respectively, and with a three-way head valve
to either communicate with the flow system or aspirate reagent/carrier, (iif) a 10 mm path-
length flow-through quartz cell (18 pL, Hellma GmbH, Miillheim, Germany), and (iv) a
miniaturized USB4000 UV/VIS spectrometer (Ocean Optics, Largo, Florida, USA). The
spectrometer is connected via a 300 um optical fiber (QP300-1-SR-BX, Ocean Optics) to the
ISS UV/VIS integrated sampling system (Ocean Optics) equipped with the light source and a
direct attach cuvette holder. SP2 was covered by aluminum foil to prevent photochemical
reactions of HAUCIs. The flow manifold (including the holding coil, HC) was built from
fluorinated ethylene propylene (FEP) tubing of 1/32” i.d. and 1/16” o.d., excepting the
reaction coil that was made of perfluoroalkoxy alkane (PFA, 1/32” i.d. and 1/16” o.d.) with
lengths shown in Fig. 2. The MPV was furnished with 10-32 nuts for connecting tubes, while
other fluidic connections were made with %4 28” nuts with appropriate ferrules.

CocoSoft freeware®® was selected as a user-friendly software for programming the motion
and flow rates of the SP1 and SP2 and selection of the ports of the MPV throughout the flow
method. SpectraSuite software (2008 Ocean Optic, 64-bit version 1.6.0.11) was used for
control of the spectrometer detection parameters and data acquisition. Both software
packages were synchronized for the sake of the unsupervised operation by CocoSoft proxying
user’s mouse clicks in pixels and times defined throughout the fluidic method as described

below.

Automatic flow method for high-throughput DCF determination based on LSPR
detection of AuUNPs

After completion of the competitive ELISA for DCF in a well plate format, the resulting
solution of the enzymatic reaction of glucose with GOx to yield hydrogen peroxide was
transferred to the flow-based system by inserting the samples in Eppendorf tubes that were
nested to ports 1 — 24 of the MPV, while the two remaining ports were used for aspiration of
1:5 (v/v) diluted aqua regia (as a rinsing solution of the flow manifold) and waste,
respectively. The plasmonic gold nanoparticles were generated by in-line merging of 50 pL
of hydrogen-peroxide and 20 mM citrate buffer containing sample solution (after aspiration
from a given MPV port into the HC by SP1) with 50 uL of 0.6 mM HAuCls in 0.5 mM
HNOs from SP2 in a T-confluence by simultaneous activation of the two syringe pumps
followed by pumping of the mixture toward the flow cell at 1.0 mL min? (see Fig. 2). The

dispersed zone was then brought to the flow-through spectrophotometric cell to fill the
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chamber volume (the remainder of the zone was kept in the PFA tubing) where it remained
halted for a maximum of 10 min to yield plasmonic AuNPs. The LSPR spectra of AuNPs
were recorded every 30 s with an integration time of 60 ms and a boxcar smoothing of 5 (11
pixels). The absorbance (A) was monitored continuously at 540 nm against a reference
wavelength of 800 nm. To this end, virtual clicks from CocoSoft software opened the
SpectraSuite window, clicked on the ‘convert active spectrum to overlay’ button, and
minimized again the SpectraSuite program. This 3-click procedure was repeated every 30 s
during the stopped-flow time of 10 min, thus accumulating a total number of 20 spectra that
were recovered and processed anytime subsequently. After data acquisition, the nanoparticle-
loaded plug was discarded, and the flow-through cuvette and tubing were flushed with 220
uL of 1:5 (v/v) diluted aqua regia at 1.0 mL min™ by SP1 for dissolving potentially adsorbed
nanoparticles and thus preventing fouling and cross contamination effects. The flow method
ended by washing the reaction coil with 8000 pL of Milli-Q water at 1.0 mL min* from SP1.
After automatic analysis of 24 samples, cleaning of the reaction coil with aqua regia
overnight is recommended for removal of remnants of AuNP attached to the tubing walls. For
every sample cohort analysis, the reaction time that allowed discrimination of blank against
the EQS of DCF in seawater was adopted as an experimental parameter for samples and
calibrants. The ratio of absorbance (A) for a given measurement against the maximum
absorbance signal (Ao) of the LSPR peak obtained in the absence of DCF was selected as
analytical readout (Absaao). A four parameter logistic sigmoidal regression of Absa/ao
against [DCF] was used as a standard calibration curve, yet linearization of the plot against

log [DCF] within a predefined working range of concentrations was also investigated.
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Figure 2 Schematic diagram of the automatic flow-through system for high-throughput
ultrasensitive detection of DCF in seawater using plasmonic NP probes following
competitive ELISA. SP (syringe pump), HC (holding coil), RC (reaction coil), FC (UV-Vis
flow-through cell), D (detector).

RESULTS AND DISCUSSION

Investigation of experimental variables of the DCF competitive plasmonic immunoassay
Of the several experimental variables influencing the hydrogen peroxide yield of the
competitive ELISA, both mAbpcr and Abcox are crucial factors for discrimination of blank
versus ultratrace DCF concentrations on the basis of the maximum absorbance of the LSPR
band (Ao at 540 nm minus 800 nm) and the tonality change of the ensuing AuNPs across the
flow system. Preliminary batchwise detection was accomplished by the addition of 100 pL of
0.5 mM Au(lll) (pH= 6.8) after the mAbpcr/Abcox-based ELISA. The mAbpcr concentration
was investigated within the range spanning from 100 — 1,000 ng mL?, i.e., 1:50,000 to
1:5000 dilution under stagnant conditions for the plasmonic detection. The Ao value along
with the slopes obtained by linearization of the working range of the sigmoid curve (ca. 0.1-
10 ng mL* DCF) increased with increasing the mAbpcr concentration until 400 ng mL™
(1:12,500 dilution) after which the surplus of mAb impaired the detection of ultratrace level
concentration of DCF by the competitive ELISA and render poorer ICso values (viz., analyte
concentration giving 50 % curve inhibition).® Likewise, a ca. 4-fold improvement of the slope
of the linearized sigmoid curve and two-fold enhanced Ao were observed by increasing the

Abgcox concentration from 1:10,000 up to 1:1000 dilution, thus indicating the absence of



excess Abgox under the experimental concentrations assayed. Therefore, the mAbpcr and
Abgox dilutions from the stocks were set to 1:12,500 and 1:1000, respectively, for the
remainder of the studies of the flow-through method.

The pH of the GOx catalyzed reaction after incubation with Abgox is another yet critical
parameter of the competitive ELISA, which will factor into the further development of the
AuUNPs and the particle size distribution thereof throughout the stopped-flow system (see next
section). The pH range over which appropriate glucose turnover by GOx is reported in the
literature®’3® spans from 5.5 to 7.5, whilst Au(lll) reduction by hydrogen peroxide with the
subsequent NP nucleation necessitates pH values around 6.5 as indicated by Peng et al.®®
Hydrogen citrate/citrate buffer (pKas=6.4) was selected for pH adjustment to 6.5 with the
additional advantage of using citrate as a co-reducing and stabilizing reagent of AUNPs in the
flow system.?84041 However, the concentration of the reducing buffer should be thoroughly
investigated as a primary influent parameter on the morphology of AuNP. The absorbance of
AuUNPs at 540 nm increased with sodium citrate concentrations ranging from 2 mM up to 20
mM at a reaction time of 7 min, which most likely indicates faster nucleation rates, and, thus,
smaller NP sizes would be generated. On the other hand, the increase of citrate concentration
(investigated up to 30 mM) favored NP stabilization whereby excessively long reaction times
might be called for across the flow system for appropriate method sensitivity against DCF.
Therefore, a 20 mM hydrogen citrate/sodium citrate buffer (pH=6.5) was adopted for the
enzymatic reaction and NP size control. The effect of glucose concentration and the
enzymatic reaction time on the ELISA were also investigated from 50 — 800 mM and 15 — 90
min at 50 °C,*? respectively. Glucose acts as the enzyme substrate but the surplus of the
enzymatic oxidation might serve also as a co-reductant of Au(l11)*3, thus ameliorating the
AUNP nucleation kinetics. The higher the concentration of glucose (up to 400 mM) the higher
was the slope of the linearized sigmoid curve. The enzymatic incubation time was fixed to 60
min inasmuch as the increase of H20> yield was proven negligible afterwards.

Investigation of critical parameters of the fluidic system for AuNPs nucleation and
LSPR detection

Throughout the competitive ELISA, the lower the DCF concentration the higher the yield of
H20, and thus the faster the nucleation and growth of NP is expected. As a consequence,
smaller NP will be generated under flow conditions, and the hypsochromic (blue) shift of the

LSPR band toward 540 nm is to be monitored unsupervised by the CocoSoft freeware.
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Several flow configurations were initially investigated for the in-line formation of plasmonic
NP under ultratrace concentrations of DCF (10-100 pg mL™). A simple one-line sequential
injection system encompassing the sequential injection of 50 pL of solution from ELISA and
50 pL of Au(lll) into the HC followed by pumping of the stacked zones by flow-reversal
toward the flow-cell rendered poor sensitivity as a consequence of insufficient mutual
penetration of the two plugs by axial dispersion in the way to the detection system. To
surmount this problem, a hybrid fluidic configuration that in turn promotes radial mixing
under laminar flow conditions was assembled instead by resorting to two simultaneously
operating stand-alone microsyringe pumps (see Fig. 2). The flow rate toward the flow-
through detector was affixed to 1.0 mL min™* to assure a sufficient residence time to initiate
nucleation across the reaction coil without excessive NP fouling onto the tubing walls.

The effect of critical parameters such as the Au(lll) concentration and the tubing material of
the reaction coil of the flow system on the plasmonic signals were studied in detail.
Negatively charged tubing-solution interfaces are expected to offer enhanced nucleation rates
of AUNP as signaled by Huang et al.3! because the concentration of the initially positively
charged citrate-Au(l1l) complexes generated in-line after the T-junction will increase locally
on the reactor walls. The negatively charged citrate-capped nuclei will be repelled from the
tubing and will be transferred along with the neutral gold seeds back into the bulk solution,
thus facilitating optical monitoring of the kinetics of AuNP nucleation and growth while
minimizing carryover effects of NP attached irreversibly on the manifold tubing. A variety of
tubing materials of 0.8 mm i.d. with varying Z potential values at pH 6.5, namely,
polyetheretherketone (PEEK), polytetrafluoroethylene (PTFE), fluorinated ethylene
propylene (FEP) and perfluoroalkoxyalkane (PFA) were assayed. Experimental results
demonstrated that the two tubing materials with the most negative surface potential at pH 6.5,
i.e.,, PFA and FEP,* yielded smaller AuNPs with narrower size distribution at a given
reaction time as identified by the high values of Ao and narrow LSPR bands. The relative
roughness of the four fluorinated tubing materials was also explored by scanning electronic
microscopic (SEM) images and illustrated in Fig. S1. The SEM micrographs revealed that
compared to PEEK and PTFE, PFA and FEP featured smoother inner surface, which is in
good agreement with previous authors.***> Based on our experimental findings, PFA was
selected as the tubing material of the in-line reactor for efficient generation of smaller
nanoparticle size and circumvent inter-assay AuNP fouling onto the inner surfaces by in-line

rinsing with diluted aqua regia.3!
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The effect of Au(lll) concentration and the Au(lll)/citrate ratio on the sensitivity of the flow-
through plasmonic method and the dynamic range for DCF was investigated within the range
of 0.3 — 0.7 mM Au(lll) by in-line merging of the gold solution with the hydrogen peroxide
containing sample obtained by calibration of the ELISA with distinct concentrations of DCF.
The higher the Au(lll) concentration (up to 0.6 mM) the smaller the relative nanoparticle size
and the larger difference of Absa at 540 nm were obtained for 10 pg mL™ against 10 ng mL™
DCF (see Fig. S2). The reagent concentration was affixed to 0.6 mM Au(lll) that rendered a
final citrate to gold molar ratio of ca. 33 and a final concentration of Au(lll) of 0.3 mM
throughout the flow-through PFA reactor.

Under the aforementioned experimental physicochemical conditions of the flow method, the
nucleation rates of plasmonic AuNP were monitored over time (up to 10 min) in a fully
automatic mode (see spectra in Fig. S3). The LSPR spectra obtained on-line at varied DCF
concentrations at a fixed reading time of 5.5 min are illustrated in Fig. S4. The difference
between the LSPR absorbance at the maximum wavelength (Amax=540 nm) and reference
wavelength (A=800 nm) was used as analytical readout to generate the signal-time curves at
increasing concentrations of DCF as shown in Fig. 3. The suitable time window of AuNPs
nucleation and growth for discrimination and quantification of 10 pg mL* DCF in seawater
against lower concentrations of DCF (1 pg mL™* and below) corresponds to 4 — 7 min (see
Fig. 3). By processing of the recorded LSPR spectra throughout the automatic system, the
best reaction time for plotting of the calibration graph and undertake the ultrasensitive

determination of DCF in seawater can be readily tuned intra- and inter-day unsupervised.
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Figure 3. Monitoring of the in-line generation of hydrogen-peroxide mediated AuNP over
time at varied DCF concentrations by resorting to the stopped-flow fluidic platform.
Absorbance data are given as readouts at 540 nm (analytical wavelength) minus 800 nm
(reference wavelength) up to 10 min

Analytical performance of the flow system and real sample analysis

The analytical performance of the automatic flow-through LSPR absorbance method for
ultratrace determination of DCF was studied in terms of dynamic range, sensitivity,
intermediate precision, limits of detection and quantification, and application of real seawater
samples. A 4-parameter logistic sigmoid curve of Abs(A/Ao) against DCF concentration was
plotted within the range of 0-100 ng mL™* DCF using DCF-free seawater (as identified by
HPLC-MS following solid-phase extraction) for matrix-matched calibration. The sigmoid

standard curve (see Fig. 4) was fitted to:

0.982

1+<[DCF(%)]>

Abs (&) = 0.044 +

0.710

0.792

with a correlation coefficient of 0.9942, yet a dynamic linear range over three-decade log
scale, namely, 0.01 — 10 pg L™t DCF using the equation (Abs(A/Ao) = -0.27xlog [DCF (ng
mL™1)] + 0.34 (R?=0.9984) could be harnessed instead for the sake of rapid quantification of
DCF (see inset in Fig. 4). The linear range equates to a concentration range of 50-400 uM
hydrogen peroxide as determined by external calibration with standard solutions of hydrogen
peroxide. The limits of detection (LOD) and quantitation (LOQ) based on the 3s, and 10sy
criteria (n=7) were calculated from the normalized calibration as the concentrations equating
to 1-3s, and 1-10sp, respectively, which corresponded to 0.001 and 0.003 pg L DCF,
respectively. For the sake of comparison, the analytical performances of the batchwise
plasmonic ELISA and the conventional colorimetric ELISA have been also investigated. A
linear range of 0.1-100 pg Lt and 0.03-0.16 pg L™ DCF along with an LOD of 0.08 pg L™
DCF and 0.018 pg L™ DCF have been obtained for the plasmonic and the colorimetric
ELISA, respectively (see Figs S5 and S6). It should be noted that the LOD of the batchwise
ELISA counterpart is one order of magnitude above the maximum acceptable method
detection limit specified by the EU Commission for DCF in seawater (viz., 0.01 pg L™ DCF).
The LOD of the colorimetric ELISA is much closer to the critical value but the required
detectability could not be reached as well. Further, the LOD and dynamic range of the flow-
through SPR system are on a par with those reported in the literature for determination of
DCF in seawater by HPLC/UHPLC-MS*# put with no need of prior solid-phase
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preconcentration and matrix clean-up/desalting protocols (see Table S1 for details), and at
least one order of magnitude better than most of the previous ELISA, immunosensors or cell
sensors for diclofenac,®49°%°1:5253 "which to the best of our knowledge have been merely
applied to freshwaters and industrial waters but saline or hypersaline waters (see Table S2).
This is most likely a consequence of high matrix interfering effects of saline matrices in the
detection scheme that can be overcome by using the flow-based kinetic-controlled detection
system herein reported. It should be also stressed the fact that the reproducibility of manual
immunoassays/biosensors might amount to RSD values as high as 23-100%.%49%°% Most
importantly, the minimum spiked concentration level of DCF in all of the previous works
spanned from 15-1000 ng/L,54%-5254%6 again indicating that none of the immunoassays is
suitable for determination of DCF at the environmental quality standard level set in seawater,
that is, 10 ng/L.

The precision of the proposed fluidic method was studied at three distinct concentration
levels of DCF in seawater that covered three orders of magnitude, viz., 0.01, 0.1 and 1.0 ng
mL. The intra-day relative standard deviations (%RSD of normalized signal readouts, n = 5)
at a reaction time of 7 min were 1.4%, 3.0% and 3.2%, respectively, thus indicating a good
repeatability in AuNP nucleation and growth under flow regime. The inter-day intermediate
precision values at 0.01, 0.1, and 1.0 ng mL™ levels in seawater increased up to 3.9, 13.6 and
10.8%, respectively, but were significantly better than those obtained with the batchwise
counterpart with RSD values of 16.0, 14.3, and 30.0%, respectively.
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Figure 4. Logistic sigmoid calibration curve of LSPR absorbance of AuNP as obtained by
the flow-through platform following the competitive ELISA under matrix matched
conditions. The inset illustrates the dynamic linear range from 0.01 up to 10 ug L DCF at a

stopped flow time of 7 min. Error bars are given as standard deviation (n=3)

The trueness (lack of bias) of the flow-through AuNP-based LSPR method was ascertained
by direct analysis of spiked coastal seawater sampled at various beaches in Mallorca island
(see Experimental) using the linear calibration curve. None of the real samples contained
detectable DCF, viz., [DCF] < 2 ng L, as determined by solid phase extraction using Oasis
HLB followed by reversed-phase (C18)-HPLC-MS detection according to the protocol by
Huebner et al.® Every sample was spiked at two distinct concentration levels, viz., 0.01 ng
mL™ and 0.1 ng mL* DCF, the former being the maximum allowed concentration of DCF in
seawater endorsed by the EU Watch List. The relative recoveries ranged in all instances from
90-106% (see Table 1), thus indicating the absence of multiplicative matrix interferences
throughout the ELISA and the flow-through LSPR sensing method, making the use of the

method of the standard additions unnecessary.
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Table 1. Relative recoveries of DCF in seawater samples as determined by ELISA in

combination with on-line LSPR absorbance detection of AuNP

Sample Added (ng mL™?) Found (ug L?) Recovery (%)

S’Estanyol 0.01 0.009+0.001 90+10

0.1 0.094+0.005 9445
Port de Pollensa 0.01 0.010+0.001 100+10

0.1 0.099+0.003 9943

Santa Ponsa (Winter) 0.01 0.0102+0.0009 10219
0.1 0.099+0.010 99+10

Santa Ponsa (Spring) 0.01 0.0106+0.0003 106£3
0.1 0.103+0.002 103+2

CONCLUSION

A bespoke flow-through system is herein proposed for the first time as a reliable platform for
automatic monitoring of the nucleation and growth rates of AuNPs. The plasmonic NP are
used as nanoprobes for high-throughput LSPR determination of diclofenac, which is taken as
a model of an environmental emerging contaminant. The flow manifold was built for
unsupervised analysis of up to 24 samples containing varying levels of hydrogen peroxide
from competitive ELISA. By using user-friendly software for programming of hydrodynamic
variables and data recording, the proposed (meso)fluidic platform features (i) automatic
injection of microliter volumes of sample and Au(lll), (ii) controllable mixing of solutions
and in-line generation of AuNP, and (iii) unsupervised recording of time-resolved LSPR
absorption bands, thus overcoming the reported limitations of batchwise plasmonic ELISA
for reliable quantitative analysis. Without any prior sample processing method, our fluidic
approach is capable of determining diclofenac in troublesome samples (e.g., seawater) at
concentrations down to 10 ng L, that is, below those endorsed by the EU Watch List for
potential emerging contaminants and the conventional colorimetric ELISA.

Current research work is underway in our lab to expand the scope of applicability of the
fluidic LSPR absorbance platform to ultratrace determination of other emerging organic
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contaminants listed by the Watch List in combination with mAb-based highly sensitive

ELISA using enzymes other than oxidases.

Supporting information: Detailed description and information of (i) reagent and solutions;
(i) morphology of the inner walls of the flow-through reactor; (iii) effect of the Au(lll)
concentration on the size of the plasmonic gold nanoparticles and LSPR absorption bands;

and (iv) time-resolved LSPR absorption spectra and influence of DCF concentration.
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