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Abstract

Polybrominated diphenyl ethers (PBDES) are a type of flame retardants which are currently banned in EU and USA due
their hazardousness for humans and mammals. However, these compounds were highly used during more than 30 years
and still persist in the environment since they are resistant to degradation. Herein we present a biosensor for the detection
of PBDEs using screen printed carbon electrodes (SPCEs) based on the electrochemical monitoring of water oxidation
reaction (WOR) catalyzed by iridium oxide (IV) nanoparticles (IrO2 NPs). Our assay shows a limit of detection of 21.5
ppb of PBDE in distilled water. We believe that such an IrO2 NPs-based electrocatalytic sensing system can lead to a
rapid, sensitive, low cost and miniaturizable device for the detection of PBDEs.
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1. Introduction

Polybrominated diphenyl ethers (PBDESs) have been used since 1970s as flame retardants in different products
such as furniture, building materials or electronics ( ; ). However, it has been
demonstrated that the exposure to these compounds causes severe health problems like neurodevelopmental deficits,
thyroid homeostasis disruption, behavioral alteration, reproductive dysfunctlon and even cancer, reason why the use
of PBDEs has been banned since 2004 in EU and USA (

). Nevertheless, PBDE molecules are hard to degrade and can per5|st long time
bioaccumulated i |n mammallan organisms (|n fat tissues) and in the enwronment espeually in marine water (

). Among the drfferent PBDEs structures 3, 3'44' tetrabromodlphenyl ether (BDE 47) is one of the most
abundant and resistant to degradation ( ; ).

Although commercial kits for the detection of BDE-47 are available (e.g. ), there is still
a need of lower-cost, more portable, faster and more stable-in- trme detection systems. The use of nanomaterials on
sensing and biosensing is on the rise during Iast years ( ;

) due to the sensitivity improvement and

robustness, among other properties, that nanopartlcles can offer. In this work we have chosen iridium oxide (V)
nanoparticles (IrO, NPs) owing to their electrocatalytical properties towards water oxidation reaction (WOR) (

), without requiring any other reagent. Screen prlnted carbon electrodes (SPCEs

) are a

suitable platform to carry on the reactlon since they are easy to be fabricated and modlfred (both the design and the
composition) also avoiding the fouling effect that occurs on classical electrodes since they are single-use ones (

In this work we present a competitive electrochemical assay in which the measured current values (related to
WOR, being catalyzed by the presence of IrO, NPs) are inversely proportional to the concentration of BDE-47 in
liquid sample. We take advantage of magnetic beads (MBs) coated with anti-PBDE antibodies to capture BDE-47
and horseradish peroxidase (HRP)-PBDE conjugate to link IrO, NPs to PBDE (HRP can be conjugated on 1rO, NPs
surface, as has been reported on other nanomaterials: 7). Then, in absence of
BDE-47, the conjugate MBs/PBDE-1rO,NPs will be formed, leading to a high electrocatalytic signal. In presence of
free BDE-47 in the sample, the conjugate PBDE-IrO,NPs will be displaced, thus giving a decrease in the signal that
is related with the amount of analyte as illustrated at



2. Materials and methods
2.1. Materials

BDE-47, bovine serum albumin (BSA), KzIrCle, sodium citrate sesquihydrate, NaOH and phosphate buffer saline
(PBS) tablets were purchased from Sigma-Aldrich. MBs coated with anti-PBDE antibody and PBDE-HRP conjugate
were obtained from . The inks to fabricate the SPCEs (Electrodag 423SS carbon ink,
Electrodag 6037SS Ag/AgCl ink, Minico 7000 blue insulating ink) were purchased from Acheson Industries and the
substrate (Autostat HT5 polyester sheet) was purchased from McDermid Autotype.

2.2. Instruments

Allegra 64 R Centrifuge, Biosan TS-100 Thermoshaker, Malvern Zetasizer Nano 26, Autolab PGSTAT 302, hot
plate Fisherbrand, Screen Printer DEK248, Tecnai F20 TEM (FEI), Perkin Elmer NexION 300X ICP-MS
Spectrometer.

2.3. Iridium oxide (IV) nanoparticles
2.3.1. Iridium oxide (1V) nanoparticles synthesis

IrO, NPs were synthesized following the procedure reported by and also previously
applied in our group ( ; ). Briefly,
a solution containing 1.24 mM K:IrClg and 3 80 mM sodium citrate sesqumydrate in MilliQ water was taken to pH
7.5 by using 0.25 M NaOH. It was lead to ebullition in a reflux system for 30 min and the pH was checked after the
solution was cooled down. If necessary, pH was readjusted to 7.5 and the 30 min ebullition step was repeated until
pH was constant. Then, the solution was boiled for a last time during 2 h in presence of bubbling oxygen. The resulting
solution was deep blue.

The solution of 1rO, NPs was cleansed and concentrated 9 times by centrifuging it at 35000 rcf and 4 °C during
2.5 h, reconstituting the solution in a third part of its original volume with MilliQ water. To achieve the 9-fold
concentration, the process was repeated twice.

Table 1. Z Potential measurements of IrO2 NPs and the IrO2 NPs-PBDE conjugate at three different pH.

pH IrO2 NPs-PBDE IrO2 NPs
7 -42+2 -54 +2
8 -45+3 -55+1
9 -49+1 -55+2

2.3.2. Iridium oxide (1V) nanoparticles-PBDE conjugation

100 pL of PBDE-HRP conjugate from Abraxis Kit (enzyme conjugate solution) were mixed with 1.75 mL of 1rO,
NPs during 2 h at 650 rpm and room temperature. The mixture was left in repose overnight at room temperature and
then centrifuged at 35000 rcf and 4 °C during 2.5 h. The precipitate was reconstituted in 1.85 mL of MilliQ water
which pH was previously adjusted to 7.0.

2.3.3. Iridium oxide (1V) nanoparticles characterization

IrO, NPs were characterized using transmission electron microscope (TEM) to evaluate their shape and
homogeneity ( ). Z potential measurements at three different pH were carried out in order to verify the
conjugation of IrO; NPs and PBDE-HRP conjugate ( and ). The concentration of IrO; NPs, just
synthetized and after centrifugation, was measured by inductively coupled plasma mass spectrometry (ICP-MS).

2.4. Screen printed carbon electrodes fabrication



A layer of carbon ink was printed onto a polyester sheet using a screen printer, forming the working and counter
electrodes, later cured at 95 °C for 15 min. Then, a second layer composed by Ag/AgCl ink was printed for the
reference electrode and was cured under the same conditions. Finally, an insulating ink was printed and cured for 20
min at 95 °C. in the supporting information shows the design of the SPCE.

To evaluate the correct performance of the SPCE four different solutions were measured (by chronoamperometry,
as explained on point 2.6): MBs, MBs incubated with PBDE-IrO, NPs conjugate, MBs with IrO, nanoparticles and
MBs with PBDE.

2.5. Assay preparation
2.5.1. Magnetic beads blocking

500 pL of MBs with anti-PBDE antibody were incubated with 150 pL 5% BSA at 650 rpm and room temperature
during 2 h. The mixture was left in repose overnight at 4 °C and then washed twice with MilliQ water and twice with
0.1 M PBS solution at pH 7.4 using a magnetic rack. The solution was reconstituted in 500 pL of the PBS solution.

2.5.2. Samples preparation

500 pL of blocked MBs were mixed with 250 pL of sample solution (different concentrations of BDE-47 were
evaluated, being MilliQ water used as blank) and incubated 20 min at room temperature and 650 rpm. Then, 250 pL
of the PBDE-1rO, NPs conjugate were added and the incubation was repeated. The solution was washed in a magnetic
rack and reconstituted in 250 uL of PBS 0.1 M.

2.6. Assay performance: PBDE detection

50 pL of the sample (incubated with MBs, PBDE-IrO, NPs conjugate and washed) were placed on the SPCE. The
SPCE was placed over a magnet to ensure that the MBs are all deposited onto to the SPCE surface.

Following a previously reported procedure ( ), a fixed oxidative potential of +1.3 V for 200 s was
applied to achieve steady state current values. Hence, the current value at 200 s was considered as the analytical
signal.

50 pL of concentrated 1rO, NPs were measured on the SPCE under the same conditions. This value was used to
normalize the analytical signal by dividing the values obtained by this one.

3. Results and discussion
3.1. Iridium oxide nanoparticles (IrO, NPs) characterization

As seen on TEM image ( ), IrO2 NPs have an average size of 22 + 4 nm.

IrO, NPs and IrO, NPs-PBDE conjugate were stored 48h at three different pH (7, 8 and 9). Then, aliquots before
and after forming the conjugate were measured on Z potential obtaining the values shown on Table 1. Due the
absorption of PBDE on 1rO, NPs surface a variation in the charge is expected ( ) thus, since the
highest variation was observed at pH 7 it was chosen as optimal pH for the conjugate formation.

The concentration of Ir on IrO, NPs should be around 1.24 mM regarding the concentration of the precursor,
KalrCls. According to the results obtained from ICP-MS (measuring °®Ir isotope) the concentration was 1.26 + 0.08
mM in an aliquot of just synthetized nanoparticles and 0.60 + 0.01 mM after centrifugation. It indicates that during
centrifugation nearly half of Ir is lost (does not precipitate), thus further concentration of the IrO, NPs is necessary.

3.2. Sensing principle: specificity of the competitive assay

MBs, MBs incubated with PBDE-IrO, NPs conjugate, MBs with IrO, nanoparticles and MBs with PBDE solutions
were washed on magnetic rack and measured on SPCE. At a potential of +1.3 V it is expected that neither MBs nor
PBDE produce high current signals, while IrO, NPs should. On it is observed how MBs and MBs with PBDE
effectively barely produce analytical signal. In the case of MBs with IrO, NPs, since there is no presence of PBDE
both particles cannot be linked and, after the washing step on magnetic rack, IrO, NPs are removed also not generating
signal. Only in the case of MBs incubated with PBDE-IrO, NPs conjugate, a signal increase is observed (IrO, NPs
reach the electrode) demonstrating the good performance of the sensing system.

3.3. PBDE detection



Concentrations of 0 (blank; MilliQ water), 5, 25, 50 and 100 ppb of PBDE (BDE-47) were measured as explained
at point 2.6 (and prepared as on point 2.5.2.). The results obtained are illustrated on Fig. 4, showing a good response
of the current values related to the PBDE concentration in the sample since the current is decreased as higher is the
concentration of PBDE, as expected from a competitive assay. The current response in a working range between 5
and 100 ppb of PBDE (Fig. S3) follows the equation:

relative current = -0.0351 [PBDE(ppb)] + 9.1413

With an r value of 0.989. The method shows a reproducibility (RSD) of 3 % (n=3) for a PBDE concentration of 5
ppb. A limit of detection (LOD) (calculated by dividing the average standard error of the measurements by the slope
of the equation and then multiplying that value by 3.3; Hayashi et al., 2004) of 21.5 ppb is estimated. Although our
LOD is not the lowest reported for PBDE detection (Abraxis Kit has the lowest LOD reported, 0.02 ppb), our assay
is, as far as we know, the first one for the detection of PBDE that does not require the use of enzymes, which makes
our kit stable in time, cold storage independent and of high potential to be adapted for portability.

4, Conclusion

In this work we have demonstrated that 1rO, NPs can work as electrocatalytic tags for the detection of PBDEs in
a competitive assay. Chronoamperometric measurements were performed obtaining higher current signal (related to
water oxidation reaction) as higher was the amount of IrO, NPs, opposed to the concentration of BDE-47, an abundant
and not degradable type of PBDE. The LOD obtained was of 21.5 ppb.

Our system is a promising tool for fast and cheap measurement of PBDEs, avoiding the use of enzymes and of
additional reagents, since the catalytic reaction occurs in aqueous buffer. Furthermore, IrO, NPs are robust against
temperature and stable in time. We believe that in the future it could easily become a miniaturized device, even
coupled to a mobile phone (Quesada-Gonzalez and Merkogi, 2017).
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Figure 1. Schematic representation of the competitive electrocatalytic asszay. In absence of PBDE, PRDE-IrC: MPs conjugate is captured by
MBs producing a current ingrease due the catalysis of WOR (up), In presence of PEDE, Ir(): NPs are not captured and signal is inhibited
{down).
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Figure 1. TEM images of IrO2 NPs with the corresponding histogram (inset) (average diameter 22 = 4 nm).
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Figure 1. Relative current measurements on SPCE for MBs, MBs
and PBDE-IrO2NPs conjugate, MBs and IrO2 NPs, MBs and PBDE.
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Figure 1. (a) Chronoamperograms recorded in PBS 0,1 M pH 7.4 at a fixed potential of +1.3 V. for a blank sample and for samples containing 5,
25, 50 and 100 ppb of PBDE (inset graph details the currents recorded at 200 seconds, which represent the analytical signal). (b) Corresponding
relative current measurements PBDE concentrations. Samples correspond to the competitive assay detailed at the experimental section



