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Abstract

A microplate method is described for the quantification of p-nitrophenol (p-NPh) in urine samples where
it can be found after exposure to certain insecticides such as methyl parathion or paraoxon. The assay is
based on the use of a polydopamine (PDA) film doped with gold nanoparticles (AuNPs). The latter exerts
a catalytic effect on the reduction of nitrophenols by NaBH4. PDA has adhesive properties and can be
used to fix the AuNPs on several solid substrates, here ELISA polystyrene microwells. The optical and
catalytic properties of different populations of AuNPs spontaneously grown on PDA films were
investigated, mainly in terms of the relationship between AuNPs@PDA nanocomposite preparation and
its catalytic activity and stability. The reduction of o-, m-, and p-nitrophenols by NaBH4 in aqueous
solution was exploited as model study. The approach demonstrates that useful kinetic information on the
catalytic effect can be obtained on 96-wells simultaneously by a conventional ELISA reader at a fixed
wavelength of 415 nm. The method was successfully applied to the quantification of p-NPh in (spiked)
urine samples and gave high reproducibility (RSD = 3.5%) and a 6.30 uM (836 ng/L) detection limit.
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Introduction

The use of nanocomposite materials represents an emerging and very useful possibility to develop cheap,
user friendly, and disposable analytical platforms for simple results reading and easy access for a variety
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of analytical problems. In this context, polymeric/metallic nanostructures-based nanocomposites may
play an extremely interesting role. Gold nanostructures have been widely employed in bioanalytical
approaches with different strategic roles [1], and now can be widely found integrated with (bio)polymers
to investigate new and original features with perspective applications in different fields [2]. Among
others, in a wider spectrum of applications, gold nanoparticles (AuNPs) are extensively used as efficient
and size-dependent redox catalysts [3]. In particular, the preparation of supported AuNPs for the catalysis
of organic reactions is mainly realized by the use of inorganic species such as metal oxides, active carbon,
and silica spheres. As alternative, organic polymers [4,5] and magnetic nanoparticles [6,7] represent
popular commercialized options. In this framework, polydopamine (PDA) has been introduced for the
effective coating of magnetic microspheres and nanotubes [8-10]. This intriguing self-assembling and
adhesive polymer is able to form stable nanometric films on almost any surface [11] and has displayed
to be an extremely efficient and convenient alternative support for metallic nanocatalysts, mainly gold
[12]. Moreover, due to the reduction potential of cathecols of PDA (E°=-0.699 V vs normal hydrogen
electrode, NHE), Au(Ill) can be efficiently reduced to Au(0) (E°=0.994 V vs NHE) at the polymer
surface, thus allowing gold nanoparticles to grow in situ on any support without using any reducing agent
or metallic seed particles. The nanocomposite is here named AuNPs@PDA and, to our best knowledge,
is here reported for the first time as catalytically active substrate for analytical purposes. In particular,
here it is realized a new and original way to modify ELISA microwell with AuNPs@PDA in a
reproducible and high-throughput manner for p-nitrophenol quantification in urine through its
heterogeneous catalytic reduction. The reactions were conveniently monitored by UV-vis spectroscopy
[13] by an ELISA reader at fixed wavelength on 96-wells simultaneously. The catalytic activity of
different populations of AuNPs grown on PDA was investigated and rationalized for the model reduction
in water of all the three NPh isomers (orto, meta, and para NPh) to aminophenols (APh), in presence of
NaBHa. This approach allowed to identify the best preparation conditions of the catalytic substrate, and
to infer important and original considerations on AuNPs@PDA. Interestingly, it is observed a strict
relation between the metal ion precursor Au(Ill) concentration ([Au]) and the chemical resistance of the
final nanocomposite during the catalytic reduction. Therefore, this parameter was extensively
investigated to obtain a stable nanocomposite useful for our purposes. Moreover, it is evident that the
plasmon signal elicited by gold nanoparticles on the microwell can be conveniently monitored to assess
the destiny of the nanocatalyst during the process, and this represents an inspiring result also useful in
catalysis research fields based on the use of supported gold nanoparticles. The optimized protocol was

exploited to set up an original, high throughput in-plate method to quantify nitrophenols in aqueous
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solution, determining the main kinetic and analytical parameters. Finally, results on standard samples
were directly compared with those obtained on spiked urine samples containing p-NPh, the main bodily

fluid of interest for its monitoring [ 14-18].

2. Experimental
2.1 Reagents, materials, and instrumentation

Dopamine hydrochloride (DA), hydrogen tetrachloroaurate trihydrate (HAuCl4*3H>0, >99.0%), Trizma
hydrochloride (Tris-HCI, >99.0%), sodium borohydride (NaBHj4), o-nitrophenol, m-nitrophenol, p-
nitrophenol, and o-aminophenol were all purchased from Sigma-Aldrich (Milan, Italy,
www.sigmaaldrich.com/italy). All chemicals were used as received without any further purification.
Milli-Q water with a resistivity of 18.2 MQ c¢cm was used in preparation of all the solutions (Merck
Millipore, Italy, http://www.merckmillipore.com/IT/it) and all experiments were carried out at room
temperature. Disposable polystyrene ELISA microwell working on iMark™ Microplate Absorbance
Reader (Bio-Rad, Milan, Italy, http://www.bio-rad.com), were supplied by Sarstedt (Milan, Italy,
https://www.sarstedt.com). UV-Vis absorption spectra were recorded with an OceanOptics spectrometer
(https://oceanoptics.com) including a tungsten halogen light source for the Vis-NIR (HL-2000-FHSA),

a customized fiber optic probe working in reflectance, and a miniature spectrometer (Flame-T).
2.2 Au@PDA ELISA-type microwells preparation

PDA films were prepared from fresh solutions of dopamine hydrochloride, 5 mg/mL in 10 mM Tris—HCl
buffer, pH 8.5. ELISA microwells (96) were quickly filled with 100 pL. of DA solution and PDA
polymerization was performed for 24 h in static conditions at room temperature. Therefore, wells were
emptied, rinsed with deionized water, and dried under filtered air flow. Successively, 100 pL of aqueous
solution of HAuCl4*3H>O at different concentrations was added to each PDA-coated well and lasted for
24 h in the dark at room temperature. The plates were finally rinsed with Milli-Q water, dried with air,

and kept sealed in the dark until further use.

2.3 Characterization of PDA and AuNPs growth on microwell



The UV-vis absorption spectra of fabricated samples were recorded by using a Shimadzu 2600 UV—vis—
near-IR spectrophotometer (www.shimadzu.com). The scanning electron microscopy (SEM)
experiments were carried out by using a Zeiss NVISION 40 dual beam Focused Ion Beam (FIB) system,
equipped with a high-resolution SEM Gemini column (www.zeiss.com). The morphological analyses
were performed under suitably selected observation conditions, in order to limit the charging effects due
to the highly insulating nature of the substrate. In particular, a beam current of 5 pA and an accelerating
voltage of 500 V were used to investigate the samples. Secondary electron (SE) images were acquired

by using the Everhart Thornley SE detector.
2.4 Nitrophenol isomers reduction on Au@PDA coated microwell

Microwell plates coated with AuNPs@PDA were filled with 100 uL of NPh aqueous solutions and their
catalytic reduction was followed through the decrease of absorbance intensity of nitrophenolate ion
(@415 nm) up to 1 h, with 1 min interval time on the ELISA reader. To homogeneously compare the
catalytic performance of different AuNPs@PDA coatings grown onto the plates, all the NPh solutions
tested contained, separately, 100 uM (13.9 mg/L) of each NPh and 0.1 M of NaBH,. As negative controls,

the same NPh solutions without NaBH4, and NaBH4 alone were also tested following the same procedure.
Microwells coated only with PDA, excluding AuNPs growth, were also subjected to investigation to
evaluate possible reducing activity of PDA itself. For NPhs calibration, once selected the most efficient
preparation protocol for AuNPs@PDA coatings, each NPh isomer was calibrated within the
concentration range 10-500 uM. Molar extinction coefficients () for NPhs were calculated by calibrating
each NPh isomer in the experimental conditions used for their catalytic reduction at t=0, and plotting

absorbance values against concentration.

2.5 Urine samples analysis

Urine samples collected from volunteers were spiked with p-NPh at different final concentrations ranging
from 1.00 mM to 10.0 uM (139 to 1.39 mg/L). Spiked and unspiked urine samples were subjected to the
same steps except for p-NPh addition. p-NPh positive and negative urine samples were promptly heated
at 95 °C for 10 min, centrifuged at 14000 rcf for 10 min, and then filtered on 0.22 pum filters. Urine
samples were then transferred in microwells and added with NaBH4 by following the previous reaction
protocol reported in water. The reduction reaction was followed at 415 nm for 300 sec. In the same

microwell plate carrying urine samples, at least three columns (3x8=24 wells) were used for p-NPh
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calibration in distilled water, and data from calibrator and real samples were collected at the same time.

3. Results and discussion

3.1 Optimization of AuNPs@PDA substrates for NPhs reduction

One of the main attractive features of AuNPs@PDA substrates is the possibility to modulate their final
characteristics by changing the system variables. Dopamine concentration, pH, growth time, supporting
material, and metal precursor concentration/incubation time are all interesting and valuables parameters
that may be considered, singularly or in combination. In a previous work [19], it has been reported the
effect of PDA thickness on the plasmonic features of the AuNPs subsequently grown on its surface,
showing a linear correlation between PDA thickness and its reducing power toward Au(Ill), also showing
the relation between PDA thickness and different AuNPs plasmonic behaviors obtainable. Since the state
of art lacks information regarding the role of different AuNPs populations on the polymer surface in
terms of catalytic activity, here it has been rationally investigated this aspect and exploited for analytical
purposes. Substrates obtained by using 0.5 mM Au(Ill) for the in-situ growth of AuNPs@PDA surface
displayed excellent behaviors for the all three NPhs isomers in terms of resistance and substrate
conversion (see electronic supplementary materials). Therefore, this concentration has been used for

kinetics experiments.

3.2 Reduction kinetics of NPhs isomers on AuNPs@PDA in standard conditions

The three isomers were serially tested in real time on ELISA microwell to deeper investigate kinetic
trends of reactions. Through the proposed approach, a useful double check of the reaction course can be
also easily obtained, by monitoring at the same time the substrate reduction and the behavior of the
catalyst over time by classical spectrophotometry, as reported in Fig. 1. While the absorbance of NPh
decreases, possible change related to AuNPs may be evidenced by the observation of the plasmon band.
Its position and intensity in water before (black line) and during the reaction attests the optimal
persistence of AuNPs. This approach results innovative respect to the current literature in the field and
consists in the great advantage to check the persistence of the composite nanomaterial in case of different

catalytic reactions.
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Fig. 1. Catalytic reduction of p-NPh (100 uM; 13.9 mg/L) by AuNPs@PDA monitored by classical
spectrophotometry. At about 415 nm the decrease of the p-nitrophenolate ion is evidenced by the arrow.

The AuNPs population grown on the PDA layer is responsible for the plasmon band at about 550 nm
that is clearly distinguishable from the p-NPh signal.

Using a large excess of NaBH4 (0.1 M) compared to [NPh], a pseudo-first order reaction kinetic may be
applied for evaluating the catalytic rates of the three isomers. As expected, the observed rate constants
(k, min'x107) resulted significantly different among isomers and, as reported in Fig. 2a, m-NPh displays
the worst performance both in terms of rate conversion and optical features. In Fig. 2b the supposed
mechanism for NPh catalytic reduction by means of AuNPs@PDA is sketched. As reported for similar
supported nanocatalysts based on AuNPs [20], it involves the transfer of hydrogen species from BH4 to

AuNPs surface, which allows the subsequent reduction of NPh to aminophenol (APh).
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Fig. 2. (a) Linear correlation of In(A¢/Ao) vs time (min) for the three NPhs isomers tested, and the relative

rate constants calculated from the slopes. (b) Representation of the hypothesized reduction mechanism

of NPhs in presence of AuNPs@PDA.

3.3 Quantification of p-nitrophenol in water and urine on AuNPs@PDA substrate

To quantitatively exploit the optimized catalytically active nanocomposite, it has been investigated the
possibility of testing o-, m-, and p-NPh both in water and in human urine. In fact nitrophenols, especially
o- and p-NP, are well-known environmental pollutants with important impact on human and animal
health. They are the degradation products of pesticides and fungicides, mainly methyl parathion and
paraoxon [21], cars and industrial wastes, and lignin and humic acid present in soil. In particular, the
analytical determination of p-nitrophenol is of outmost importance for several purposes, i.e.
environmental screening, epidemiological studies, toxicological assays etc. To date, the quantitative
determination of this compound generally remains the prerogative of classical techniques like HPLC or
expensive ones like HPLC-MS with the use of radiolabels. As less expensive and portable alternative,
electrochemical sensing methods have been also reported, based on the oxidative determination of p-
nitrophenol on glassy, platinum, and gold electrodes modified following different strategies [22-25]. In
this framework, it has been investigated the possible use of this approach as alternative to the existent
methods.

The dose response effect was first tested in standard conditions, i.e. NPhs diluted in distilled water in the

range 10.0-500 uM (1.39-69.6 mg/L) for the three isomers (Fig. 3a). As already inferred from kinetic
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data, p-NPh shows the most sensitive response to concentration changes, with the highest molar
extinction coefficient (€) under the investigated conditions, i.e. &(p-NPh)=3245 M"! cm™!, compared to
&(0-NPh)=1169 M! cm™ and &(m-NPh)=366 M™' cm™!. Despite all the isomers show high linearity, m-
and o-NPh result scarcely usable for quantitative purposes due to low slope and ¢ values. On the contrary,
p-NPh displays optimal features that may be exploitable for its detection in real samples. The averaged
relative standard variation (RSD) within the whole calibration range is 3.5% (n=3), which allows to
calculate a limit of detection (LOD) in distilled water for p-NPh of 6.30+£0.01 uM (836+1 ug/L) (LOD =
3o/m; where o is the standard deviation of the blank and m is the slope of the calibration plot). This
result is in line respect to several electrochemical methods for water analysis, but these latter are not
suitable for high throughput screening, permitted by the here presented method (up to 96 independent
results in 2 minutes); moreover, here is not required any complex and tedious preparation of electrode
surfaces and delicate pre-concentration steps [26-28].

This result encouraged us to move forward by testing the effectiveness of the protocol in real matrices.
In this framework, on the base of the current literature, it has been selected human urine as reference
specimen bodily fluid for p-NPh quantification [14,29-31]. To this aim, the same protocol adopted for
aqueous solutions was applied to real samples, introducing a simple thermal pretreatment followed by
filtration before the assay. Urine samples were tested with and without p-NPh spikes at the same
concentration points used in standard conditions, i.e. distilled water, and results were directly compared

(Table 1 and Fig. 3b).

Table 1

Recovery data at different concentrations of p-NPh in urine samples.
Standard deviations (SD) are calculated on n=5 independent
replicates on the same microwell plate.

Spiked p-NPh | AbsorbancexSD | AbsorbancetSD | Recovery in

(uM) in urine (a.u.) | in water (a.u.) urine (%)
0.500 1.623+0.066 1.634+0.100 99.3
0.250 0.879+0.025 0.809+0.019 108.6
0.100 0.32540.022 0.320+0.005 101.5
0.050 0.184+0.007 0.177+0.006 103.6
0.025 0.114+0.008 0.097£0.042 118.3
0.010 0.043+0.007 0.043+0.034 100.0
0.000 0.010+0.008 0.010+0.036 100.0
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Fig. 3. (a) Linear calibration of 0-, m-, and p-nitrophenols in distilled water. Absorbance values are taken
at 120 s and 415 nm; standard deviations are calculated on three independent replicates. (b) Direct
comparison of the dose response in distilled water and in human urine spiked with the same p-NPh
concentration points used for the calibration. Standard deviations are calculated on five independent

replicates on the same microwell plate.

Data reported in the plot are relative to absorbance at 415 nm after 120 s of reaction, and standard
deviations are inferred both for calibrator and real samples from five independent replicates on the same
ELISA plate. As clearly evidenced by the overlapping of the linear trends, the quantification of p-NPh
in urine does not show any negative effect due to the real matrix. Obviously, due to the natural color of
urine, as expected, a background absorbance at 415 nm is recorded for all the samples. However, this
effect is here corrected by the simple subtraction of the absorbance of unspiked urine from all the
measurements. As reported in the plot of Fig. 3b, the subtraction sets to zero-absorbance the unspiked
urine and allows the correct quantification of all the other samples. Moreover, it is noteworthy that
unspiked urine added with NaBH4 and tested in AuNPs@PDA modified ELISA microwells does not
show any reactivity, giving no absorbance change over time. Recovery has been calculated and reported

in Table 1 for all the urine spiked samples by comparison with the calibration curve of p-NPh in distilled
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water. The RSD averaged on five independent calibrations and all the concentration points (n=6) resulted
6.8%, a very good result, with negligible difference in the limit of detection between distilled water and
urine samples. As expected, the micromolar detection limit here showed in urine (6.30 uM; 836 ng/L)
results far from more sensitive but time and cost expensive analytical platforms, e.g. 37 nM (5.2 ug/L)
by HPLC-MS/MS, [30] representing the major limitation of the procedure. However, it is close to the
low-micromolar limit (2-4 uM; 300-600 pg/L) established by the US Environmental Protection Agency
and the European Commission, for urine positiveness in adult (=16 years) making the method suitable

for classifying samples into the various priority levels required for public health intervention [31].

Conclusions

The development of new and performing analytical methods cannot ignore the need to evaluate original
uses of conventional analytical instrumentation, widely present in control laboratories. Here it is
demonstrated how disposable microwell used for immunochemical routine ELISA assays can be
successfully revisited for the quantitative determination of p-nitrophenol (p-NPh) in human specimens
such urine. This result is achieved by means of the self-assembling of dopamine to form adhesive
nanofilms of PDA on almost any type of surfaces, polystyrene in this case, coupled to its reducing ability
towards Au (III) to form AuNPs at the surface. The resulting composite nanomaterial, here named
AuNPs@PDA, was exploited as catalytically active substrate to obtain the colorimetric determination of
p-NPh on a conventional plate reader at 415 nm, in minutes and with high reproducibility and good
sensitivity.

Despite the use of AuNPs supported on PDA films has been reported before for catalysis purposes [12],
the investigation here is expanded to the relationship between the nanocomposite preparation and its
catalytic activity. The study, as well as being interesting in itself, proves here to be further extended to
original and quantitative analytical purposes.

The results reinforce the whole strategy presented and let foresee the development of further promising
applications on this platform. In fact, similar results may be obtained for the catalytic reduction of other
molecules of interest in different fields. The convenient position of the absorbance band of AuNPs@PDA
and that of the putative analyte should be carefully evaluated as pre-requisite. However, the use of
different metal precursors for PDA decoration with NPs, and/or specific final NPs shapes would give the

chance to shift the plasmon band along the wavelength window, to avoid absorbance overlapping. This
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approach represents a fast, low cost, and reproducible assay suitable for fast screening, alternative to

classical and new methods.
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Schematic presentation of 96-wells preparation for optical quantification on ELISA
reader of p-nitrophenol (p-NPh) catalytic reduction to p-aminophenol (p-APh), as
model study, by NaBH4 and different population gold nanoparticles (AuNPs) grown
on polydopamine (PDA) films attached onto polystyrene (PS) wells.
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Table 1

Table 1

Recovery data at different concentrations of pNPh in urine samples.
Standard deviations (SD) are calculated on n=5 independent
replicates on the same microwell plate.

Spiked pNPh | AbsorbancetSD | AbsorbancetSD| Recovery in
(uM) in urine (a.u.) | in water (a.u.) urine (%)
0.500 1.62340.066 1.634+0.100 99.3
0.250 0.879+0.025 0.809+0.019 108.6
0.100 0.325+0.022 0.320+0.005 101.5
0.050 0.184+0.007 0.177+0.006 103.6
0.025 0.114+0.008 0.097+0.042 118.3
0.010 0.043+0.007 0.043+0.034 100.0
0.000 0.010+0.008 0.010+0.036 100.0




