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Abstract

Here, we propose a recyclable approach using acrylonitrile-butadiene-styrene (ABS) residues from
additive manufacture in combination with low-cost and accessible graphite flakes as a novel and
potential mixture for creating conductive paste. The graphite particles were successfully
incorporated in the recycled thermoplastic composite when solubilized with acetone and the mixture
demonstrated greater adherence to different microchip substrates, among which cellulose-based
substrate making possible the construction of paper-based electrochemical sensor (PES). The
morphological, structural and electrochemical characterization of the recycled electrode material
were demonstrated similar to the ones of the traditional carbon-based surfaces. Faradaic responses

based on redox probe activity ([Fe(CN)s]*"*

) exhibited well-definite peak currents, diffusional
mass-transfer, as a quasi-reversible system (96 £ 5 mV) with a fast heterogeneous rate constant
value of 2 x 10 cm s™. To improve the electrode electrochemical properties, both the PES and the
classical 3D-printed electrode surfaces were modified with a combination of multi-walled carbon
nanotubes (MWCNT), graphene oxide (GO) and copper. Both electrode surfaces demonstrated the
suitable oxidation of nitrite at 0.6 and 0.5 V vs Ag, respectively. The calculated analytical
sensitivity for PES and 3D-printed electrodes were 0.005 and 0.002 pA/[pumol L], respectively.
The proposed PES was applied for the indirect amperometric analysis of S-nitroso-cysteine
(CysNO) in serum samples via nitrite quantitation, demonstrating a limit of detection of 4.1 umol L~
!, with statistically similar values when compared to quantitative analysis of the same samples by
spectrophotometry (paired t-test, 95% confidence limit). The evaluated electroanalytical approach
exhibited linear nitrite concentrate range between 10 and 125 pmol L™, that is suitable for realizing
clinical diagnosis involving Parkinson's disease, for example. This proof of concept shows the great

promise of this recyclable strategy combining ABS residues and conductive particles in the context

of green chemical protocols for constructing disposable sensors.
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1. Introduction

Additive manufacturing approach also nominated as 3D printing has been providing an
infinite of notorious contributions, including to the civil construction, medicine and dental industry,
acrospace market, automobile technology, consumer goods and electrochemical sensors.'™
Recently, many strategies have been proposed in the domain of printable industry for constructing
individual protective equipment that can be devoted to COVID-19 for example (a reference from
you?) leading to an increase in the 3D printing market. As a result and according to
GlobeNewswire,’ the materials demand involving thermoplastic filaments was proximally USD 968
million in 2021, indicating that the 3D printing technology is extremely versatile and accessible in
outbreak cases.

The most usual 3D printers are based on fused depositing modeling (FDM) combined with
thermoplastic filaments such as polylactic acid (PLA), polyethylene terephthalate (PET),
acrylonitrile-butadiene-styrene (ABS) for successfully constructing many groundbreaking plastic
objects for multiple finalities from medicine assay to chemical analysis.®”” Notably, these moldable
devices have piqued the interest of laboratories due to some peculiarities, including low-cost,
accessibility, versatility, chemical stability, mechanical resistance, hydrophobicity and most
important superior quality and long utility span.'®'> Among the previously cited filaments, PLA
allows the construction of well-defined objects and is bio-degradable, however it exhibits low
mechanical and thermal resistance.*'* On the other hand, PET and ABS are more efficient in
terms of mechanical, chemical, and thermal resistance. Furthermore, ABS is considered as toxic

13,15

with a low degradability. For this reason, it is important to propose strategies to recycle those



materials following the green chemical principles to reduce or eliminate the use or generation of
hazardous compounds.'®

Highlights papers in the literature revealed that the thermoplastic materials can be reusable
by numerous ways, (i) recycling carbon fibers and using them as additive option in the fused
filament fabrication (FFF) process of PLA,"” and (ii) reusing glass fiber obtained from turbine
blades to reinforce the mechanical properties of PLA material.'®. However, to the best of our
knowledge, the aforementioned studies do not explore the residues of thermoplastic as binder
structures for manufacturing disposable electrochemical sensors, which are of high potential in the
modern analytical chemistry field, including forensic,' % pharmaceutical,12 environmental,>""** food
and biological ones™ > .

In this study we propose for the first time a recyclable approach using residues of ABS as
binder to prepare carbon-based conductive ink and create disposable paper-based electrochemical
sensor (PES). First the proof of concept of integration of the recycled ABS mixed with graphite
particle as a material for electrodes on different microchip materials was demonstrated, highlighting
the efficient electrode integration on paper-based materials thanks to morphological, structural and
electrochemical characterizations. To improve the faradaic response of the sensor, we developed
two simple strategies: (i) removing the insulating ABS structures based on fast electrochemical
oxidation; (ii) improving the catalytic electrode performance for nitrogene-based groups through
modification of the electrode surface with a mixture of multi-walled carbon nanotubes, graphene

oxide and copper, as well-known reported in the literature for the oxidation of nitrite.?

As a matter of comparison, fully 3D-printed carbon-black electrodes were also fabricated
and tested in the same experimental conditions. As a further proof of concept, this disposable PES
was applied for the indirect detection by chronoamperometry of S-nitroso-cysteine (CysNO) in
human serum samples. This biomolecule from the S-nitrosothiols (RSNOs) group can play an

essential role in several physiological and physiopathological processes, actuating as biomarker and



NO-donors.?” This new recyclable strategy combining ABS residues and conductive particles was

finally compared to to classical spectrophotometry analysis of these human serum samples.

2. Experimental
2.1 Materials and reagents

Potassium ferrocyanide, potassium ferricyanide, potassium chloride, acetic acid, acetonitrile,
copper sulfate pentahydrate, sulfuric acid, sulfanilamide, N-(1-naphthyl)ethylenediamine (NED),
multi-walled carbon nanotubes (MWCNT) (OD: 6-9 nm, length: 5 um), graphene oxide (GO),
sodium sulfate, iron sulfate hexahydrate, uric acid, hydrochloric acid, and cysteine were purchased
from Sigma-Aldrich (Saint Louis, MO, USA). Acetone, sodium nitrite, sodium nitrate and hydrogen
peroxide were acquired from Neon (Suzano, SP, Brazil). All reagents were analytical grade and
used as received. The stock and standard solutions were prepared in ultrapure water processed
through a purification system (Direct-Q 3, Millipore, Darmstadt, Germany) with a resistivity equal
to 18.2 MQ cm.

Vegetal paper also nonmined as waterproof (weight = 180 g m2), thermosensitive polyester
films (thickness = 250 um) and nail polish were obtained from Ecrisam (Goiania, GO, Brazil), Yidu
Group Co., (Hsi- Chih, TPE, Taiwan) and RISQUE® (Sdo Paulo, SP, Brazil), respectively. Graphite
powder (g < 50 um), silver ink model PC-9070/1 and adhesive vinyl film were provided by Synth
(Diadema, SP, Brazil), Joint Metal (Sao Paulo, SP, Brazil) and Imprimax (S&o Paulo, SP, Brazil),
respectively. Thermoplastic filaments (¢ = 1.75 mm) as acrylonitrile butadiene styrene (ABS) and
polylactic acid/carbon black (PLA-CB) composite filament (brand name ProtoPasta) were supplied
by 3D Fila (Belo Horizonte, MG, Brazil). Whatman® grade 1 chromatography paper (thickness:

0.18 mm) was received from Sigma-Aldrich.

2.2 Instruments



The stencil masks were designed and constructed using a cutting printer Cameo (Silhouette,
Belo Horizonte, MG, Brazil) and managed by Silhouette Studio® software (version 4.1). The
thermal laminator model 101118415 was acquired from Gazela (Divindpois, MG, Brasil). The
layout of 3D printed electrode was designed in SolidWorks software and manufactured using an
Original Prusa i3 mk2/S 3D printer (Prusa Research, Prague, Czech Republic). A portable cabin
integrated with UV LED (7 W) purchased from Kiss NY Pro (New York, USA) was used to
degrade CysNO samples. The electrochemical measurements were performed through a portable
bipotentiostat/galvanostat, model pStat 400 (DropSens S.L., Oviedo, Spain) and monitored by

DropView® software.

2.3 Collection of ABS residues, preparation of conductive ink and electrochemical sensor

ABS residues were collected from two sources: (i) during the outbreak of COVID-19 when
our group successfully fabricated face shield and magnetic holder to donations in local hospitals;
(if) from microfabrication researcher involving microfluidic devices. ABS leftovers were crushed
using an industrial processor (Mondial, Sdo Paulo, Brazil) and stored in plastic bottles (see in

Figure S1 available in electronic supporting information).

Next, the preparation of conductive ink based on combination of graphite flakes and ABS
residues, and the fabrication of electrodes via stencil printing technique were performed in five
steps. (i) The geometry of the device (auxiliary, AE; reference, RE; and working, WE, @ = 4 mm)
was designed using CorelDraw software. (ii) The stencil masks were constructed by combining the
optimized substrate with polyester film (heat press at 120 °C for 5 s) followed by two layers of self-
adhesive vinyl upon optimized substrate (vegetal paper). The plastic mask was performed by a
reductive printing process via a cutting plotter. (iii) For realizing the synthesis of conductive ink, a
mixture of 1.5 g 0ABS residue and 15 mL acetone were prepared and exposed to a continuous
stirring process (700 rpm) for 30 min. 1.5 g graphite powder was then added to mixture and left

again under stirring (700 rpm; 15 min). (iv) The conductive ink was dispersed over the stencil



mold/substrate using a spatula and after drying overnight (25 + 2 °C) the vinyl masks were
removed. (v) Additionally, steps involving the construction of a pseudo RE, a hydrophobic barrier,
and an electrochemical cleaning process were realized through painting of RE with silver ink,
delimitating the target geometric area using nail polish, adding 50 pL acetic acid (6 mol L™) on the

electrode surface and applying a potential of 1.8 V vs Ag for 100 s.

For realizing the comparative experiments, fully 3D-printed electrodes were manufactured,

and the surface activated according to a recent study.?

2.4 Preparation of modified sensor surface

The WE surface modification by MWCNT/GO was realized based on three steps, as
reported in a recent study.?® (i) The MWCNT/GO composite was synthesized by dispersing 1.0 mg
GO into 5.0 mL water and sonicating for one hour. After, 1.0 mg MWCNT was added and
sonicated for one hour [11]. An aliquot of 10 uL of the MWCNT/GO dispersion was dropped on
the electrode surface and dried by overnight (25 + 2 °C). (ii) The electrode was electrochemically
reduced under a potential of -1.2 VV vs Ag for 140 s in the presence of 0.1 mol L™ H,SO,, as
supporting electrolyte. (iii) A solution composed of 10 mmol L™ Cu(ll) prepared in 0.1 mol L™
H,SO, was dropped on the MWCNT/GO surface and a potential of -0.7 V vs Ag was applied for

200 s, for the reduction of Cu(ll) ion to Cu(0).

2.5 Synthesis and decomposition procedures of S-nitrosocysteine

The synthesis of CysNO was performed as described elsewhere by Peterson.* Briefly, an
equimolar amount of cysteine and sodium nitrite (5 mmol L™) were mixed in a dark flask (to
prevent decomposition by the action of light), followed by the addition of 0.1 mol L™ hydrochloric

acid. After 5 minutes, 0.1 mol L™ phosphate buffer (pH 7.4) prepared in 0.5 mmol L™ EDTA was



added to the target solution in order to neutralize and avoid decomposition through traces of
contaminating metals. The concentration of CysNO was estimated by colorimetric characterization
using an UV-Vis spectrophotometer model UV-M51 from BEL Photonics (Milan, Italy).
Absorption measurement was realized in a spectral scan ranging from 250 to 500 nm, highlighting a
peak at a 335 nm wavelength with a € = 719 L mol™ cm™ (Figure S2; available in the electronic
supplementary information, Sl). For the decomposition of CysNO, the solution was exposed for 15

minutes to UV-LEDs.

2.6 Electrochemical experiments

The proposed PESs were submitted to both cyclic voltammetry (CV) and amperometry

analysis. CV experiments were performed in the presence of 1.0 mmol L™ [Fe (CN)e]*™

prepared
in 0.1 mol L™ KCI, to optimize the substrate, characterize the electrochemical response and verify
the repeatability and reproducibility of the raw recycled electrodes. The catalytic performance of
modified electrodes in terms of redox activity, repeatability, and reproducibility was studied using
the oxidation of nitrite (1.0 mmol L™ nitrite prepared in 0.1 mol L™ Na,SO,), as a model reaction.
Finally, the amperometric approach was selected for quantitation of nitrite at 0.6 V vs Ag for 50 s.
As comparative experiments, electrochemical analysis was realized using 3D printed electrodes
with detection conditions at 0.5 V vs Ag for 30 s. The selectivity study was also realized with a

standard solution of 50 umol L™ nitrite dopped with different interfering agents (nitrate, uric acid,

chloride, and Fe(11) prepared at 5 pmol L™ each).

To prove the concept of the electroanalytical PES method, the electrodes were explored for
analysis of CysNO in serum samples. Artificial serum was purchased from Doles (Goiania, GO,
Brazil) and the sample preparation and decomposition steps were adapted from Ismail et al.*
Posteriorly, artificial serum samples were diluted in 0.1 mol L™ Na,SO, (proportion 1:5; v/v) and

the samples were doped with the CysNO degraded molecule at three different concentrations, i.e.

20, 40 and 80 pmol L™. Figure 1 shows a scheme of the sensor construction process and the indirect



electrochemical detection of CysNO. All electrochemical measurements were realized at room

temperature (25 = 2 °C).
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Figure 1. Schematic representation of fabrication (i) and modification of electrode aiming for sensing of

nitrite (ii).

2.7 Characterization

Electrical resistance (ER), scanning electron microscopy (SEM), Raman spectroscopy and
electrochemical characterization were realized. ER of conductive trail was estimated by a digital
multimeter model MD-360 (INSTRUTHERM, Séo Paulo, Brazil). SEM analysis was performed
using a JEOL microscope model JSM 6610 (Waltham, MA, USA). Raman spectroscopy was
performed with a confocal Raman spectrometer model LabRAM HR Evolution (Horiba, Kyoto,
Japan). Electrochemical characterization was performed from CV measurements in the presence of
1.0 mmol L™ [Fe (CN)g]*™ prepared in 0.1 mol L™* KCI with a scan rate ranging from 10 to 100 mV
s at -0.6 to 0.5 V vs C. The procedure of water contact angle (WCA) analysis was realized in two
steps, capturing the image via a digital camera followed by measuring the CA value through ImageJ

software.



2.8 CysNO indirect measurements

For performing the reference measurements of CysNO, the colorimetric Griess method was

1.32 The Griess reagents were prepared by mixing 50 mmol L™

adapted according to Peterson et a
sulfanilamide and 4 mmol L™ NED (solubilized in citric acid) in a 1:1 (v/v) proportion. Then,
aliquots of 1.5 mL (Griess solution) and 1.5 mL (target sample) were mixed. Analytical responses
were performed using standard concentrations of nitrite ranging from 1 to 50 pmol L™ and
absorption detection at 510 nm. The serum sample was doped with CysNO at three concentrations

(20, 40 and 80 pmol L-1) and recovery result was statistically compared to those values of CysNO

measured by the proposed PES method.

3. Results and discussion
3.1 Fabrication of electrochemical paper-based sensor

In order to obtain the better interconnection between conductive ink and the insulating
surface, different substrates have been explored, and materials such as cellulose-based (vegetal and
chromatographic papers) and polystyrene films were carefully evaluated. The electrodes were
manufactured via a stencil printed approach. Then, the morphological and electrochemical analysis
were carefully performed. Morphological analysis by SEM involving cross-sectional views are
exhibited in Figures 2A and S3 and the thickness values are estimated as 314, 226 and 206 pm for
conductive ink deposited on vegetal paper, chromatographic material, and polystyrene film,
respectively. While the polystyrene used as substrate exhibited poor adhesion with the conductive
ink, the low thickness of carbon ink observed on chromatographic paper can be justified by the
large porosities of these cellulose-based fibers (1 to 10 um) in which the target ink disperses. On the
other hand, the better thickness values of carbon ink measured on vegetal paper as insulating

substrate can be due to a suitable interconnect between ABS and paraffin structures incorporated



under cellulose fibers, and the fact that waterproof paper does not have large porosities, as

demonstrated in recent studies.>*®

So as to go deeper in this characterization, an electrochemical cleaning of the electrodes was
performed on these three devices. Aiming at removing the residual and non-conductive material
from the electrode surface, a cleaning process was performed upon the freshly manufactured
electrode. This approach was adapted from recent study (cit) involving electrochemical oxidation in
the presence of acetic acid solution (6.0 mol L™). Figure S4 presents the electrochemical response
of the redox mediator [Fe(CN)s]*"* that is extremely sensitive to chemical surface, on the non-
cleaned and cleaned electrodes. The electrochemical parameters evaluated were peak-to-peak

separation (AEp) and anodic peak current (ipa).

Through CV measurements for electrodes constructed with chromatographic and polyester
substrates , large AEp (170 to 180 mV) were observed probably due to the low conductivity of the
electrode material.***" However, the carbon-based ink decorated on vegetal paper revealed better
redox parameters with a AEp of 101 mV and an increase of target current signal by 1.6 times, when
compared with the electrodes manufactured on chromatographic and polyester substrates. Examples
of binders that are gaining prominence in literature are mineral oil,* polystyrene,*® glass
varnish,*“® nail polish*’, starch (cit), native ABS(cit) and PDMS*. However, the carbon-based ink
proposed herein makes possible the use of thermoplastic residues from 3D printed objects, showing
the potential of this materials as low-cost binders, and most important the application of green

chemistry’s principles as preventing wastage and utilization of residues.

3.2 Electrochemical paper-based sensor characterization

As mentioned above the better results obtained in terms of ink thickness and electrochemical

response were observed with the recycled conductive paste deposited on vegetal paper. In this way,



the electrical resistivity, as well as SEM, Raman and electrochemical analyses of the conductive
surface were characterized in detail on this vegetal paper. The measured value of electrical
resistivity of 68 £ 10 Q cm is coherent with the traditional macroscopic information found in
literature reported (< 1000 Q cm).®~* This behavior can be associated to the intrinsic properties of
graphite-based surfaces such as micrometer-size flakes, high-specific contact area, pore depth and
greater electron accessibility, for example. It can also be linked to the elevated proportion of the

conductive particles (o < 50 pm) on ABS binder (1:1; w/w) upon the vegetal paper.

Figure 2 presents SEM results in terms of thickness of the carbon-based composite (Figure
2A), interconnection between substrate and conductive ink (Figure 2B), and material surface before
(Figure 2C) and after (Figure 2D) the electrochemical cleaning process. The images allow to
estimate a thickness of 314 um, the well-defined interconnection between the vegetal paper and the
conductive material, and also the surface with partial removal of insulating ABS residues weakly

adhering on the conductive trail. %%

Figure 2E present the Raman measurements ranging from 1200 to 1800 cm™ demonstrating
distinct peak intensities at 1346 cm™ and 1578 cm™ as D and G bands, respectively.*® These peaks
can be attributed to sp® and sp® atoms hybridization in carbon-based composites and indicate that
the calculated ratio of Ip/lg = 0.142 is indeed in agreement with graphite-based inks prepared in

well-known binder materials.?®

Figures 2F and 2G summarize the cyclic voltammograms at different scan rates (10 to 100

mV s associated with the redox behavior of [Fe(CN)e]*"™*

exhibiting a value of AEp (96 + 5 mV at
10 mV sY) that is characteristic of a quasi-reversible system.***® A linear regression between scan
rate and peak current (R? = 0.99) confirms that the electron mass-transfer is diffusional. Then, the
calculated heterogeneous rate constant value was 2.0 (£0.1) x 10° cm s?, based on the Nicholson

method (cit). Therefore, the proposed surface can be suitable as sensing material, similar to the

other reported studies (cit).



The recycled electrodes were tested in different electrolytes of different pH values, i.e. 0.1
mol L™ NaOH, KCI and H,SO,, as summarized in Figure S5. It is to be noted that the solid
electrode does not show any faradaic activity (at potentials ranging from -0.5 V to 0.8 V vs C)
involving contaminated species from conductive ink. The repeatability (number of cycles) and
reproducibility (different PES microdevices) of the electrochemical response were then determined
using [Fe(CN)s]*"*, as a model probe (see Figures 2H and 21). The calculated statistical results of
relative standard deviation (RSD) exhibit values of 4.6% (repeatability experiment; n=10) and
7.1% (reproducibility analysis; n=5). In addition, a one-way ANOVA (n=5) was performed on
reproducibility responses, showing no significant difference between all manufactured devices (F-
value = 1.33; p-value = 0.29; F-critical = 3.88), which suggests the potential for high-throughput

manufacturing of these recycled carbon-based electrodes.
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Figure 2. SEM measurements (A-D). Raman spectra (E). Cyclic voltammograms (F) and respective plots

peak current intensity vs scan rate (G). Reproducibility (H) and repeatability (1) analysis.

3.3 Modification and characterization of the recycled electrodes for improving PES

performances

Pure and applied studies involving solid state electrodes have demonstrated that the surface
chemistry of allotrope carbon such as MWCNT and GO are important electrocatalyst materials (Eif).
Besides, the incorporation of nanostructured carbon with copper can improve the redox activities of
nitrite, for example.® Therefore, the disposable recycled electrode surface was sequentially

modified using a mixture of MWCNT/GO followed by electrochemical deposition of Cu. So as to



demonstrate the interest of such surface modification, it was characterized in terms of (i) interfacial
tensions of the electrode surface via water contact angle (WCA) measurements and (ii) catalytic
properties of the electrodes before and after the modification with Cu/MWCNT/GO via CV
electrochemical experiments on nitrite solutions. As a matter of comparison, similar studies were
conducted using 3D printed carbon black sensor, including WCA (Figure S6) and catalytic

responses (Figure 3).
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Figure 3. Electrochemical behavior of nitrite before and after the surface modification involving PES
(A) and 3D printed sensor (B). Influence of different scan rates in the faradaic peak signal of nitrite
oxidation (C-D) on the PES sensor. Error bars are associated with standard deviation from three

experiments.



WCA measurement on bare PES and 3D-printed surface showed values of 88 + 3 and 85 +
3% respectively, indicating that both heterogeneous interfaces exhibited equivalent hydrophilic
character. When both electrodes are modified with Cu/MWCNT/GO structure, the WCA values
shift to 60 £ 3 and 56 + 3°. These values are still statistically indifferent (paired t-test; p = 0.05) as
expected as the modification process and nature is the same. Furthermore, these WCA values lower
than 90° indicate a compatibility of these electrodes for performing drop-cast experiment and

stationary measurements, for example.

As observed in Figures 3A-B, the evaluated electrochemical behavior indicated that both
devices showed well-defined peak and acceptable catalytic behavior for nitrite oxidation at 0.63 and
0.51 V vs Ag, respectively. In addition, the electrochemical signals of the modified exlectrodes are
enhanced by 6.3 and 4.8 times for the proposed device and 3D-printed electrode, respectively.
These comparative experiments successfully demonstrate that both kinetic regimes are
irreversible, 2649

Thus, the electrode surface covered with CU/MWCNT/GO nanostructures shows excellent
catalytic properties for the oxidation of nitrite when compared with responses obtained upon bare
electrodes. Bagheri et al.?® reported glass carbon electrode decorated with Cu/reduced GO/MWCNT
for drastic improvement of the nitrite and nitrate oxidations. The authors showed that the best redox

activities exhibited by Cu/reduced GO/MWCNT surface can be explained by the large surface area,

action sites, and a high number of edges and defects.

As it can be seen in Figures 3C-D and S7, other comparative studies were performed using
both modified electrodes with cyclic voltammograms of what? at scan rates ranging from 20 to 80
mV s, The obtained plots in terms of peak current vs scan rate successfully indicate that the redox

process is diffusion-controlled.*

We also investigated the performance of the modified surface in terms of reproducibility and
repeatability of the electrochemical signal using the oxidation of nitrite, as model reaction. These

studies were realized via three different devices and through five measurements in sequence (Figure



4). The recorded electrochemical data when provide respective RSD values of 3.4 and 1.8% for
repeatability and reproducibility analysis, demonstrating the suitable performance of the PES

decorated with CuUMWCNT/GO.
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Figure 4. Catalytic performance of modified electrodes to oxidation of nitrite in term of reproducibility

(A) and repeatability (B) measurements.

3.4 Recycled PES for sensing CySNO

As the electrode proposed herein exhibits satisfactory performance for the oxidation of
nitrite, we explored those redox properties to achieve the indirect analysis of low molecular weight
RSNOs. RSNO can be converted to nitrite through many strategies of decomposition, making
possible the use of nitrite as indirect marker.?® For this reason, chronoamperometry was selected for
evaluating the possibility of indirect detection of CySNO in three different steps: (i) the use of

standard nitrite to calibrate the electrode, (ii) the use of pre decomposed CySNO in supporting



electrolyte and (iii) the use of pre decomposed CySNO prepared in diluted serum samples and in
supporting electrolyte (which rate? Wifh supporting electrolyte . All analytical responses were
performed at a detection potential 0.6 V vs Ag for 50 s with nitrite concentrations ranging from 10
to 125 umol L. The obtained chronoamperograms and respective plots (current signal vs
concentration) are presented in Figures 5A-D. It is important to mention that we also realized
parallel amperometric experiments through fully 3D printed electrodes with detection potential at

0.5 V for 30 s (see the analytical curve in Figure S8 in the Sl).
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Figure 5. Chronoamperogram of standard nitrite solutions (A), decomposed CySNO (B), decomposed
CySNO, prepared in diluted serum samples (C) and respective analytical responses ranging from 10 to 125

umol L™ (D). Error bars it is associate to standard deviation from three experiments.

Under amperometric conditions, the linear regression associated to detection of nitrite and
CySNO exhibited a good R? value (0.99) and similar analytical sensitivity with values 0.008 and
0.005 pA/[pmol L™, indicating that the present electroanalytical method can be performed to
indirect analysis of CySNO. As can be seen in Figure S7, the electrochemical performance with
modified 3D-printed sensor showed values of R? = 0.99 and sensitivity of 0.002 uA/[pmol L™] in
the same order as those obtained for Cu/MWCNT/GO modified PES. Furthermore, quantitative
analysis for the sample composed of decomposed CySNO in diluted serum samples (Figure 5C and
D) indicated sensitivity level of 0.006 uA/[umol L™] that is similar to sensing properties observed

on amperometric measurements in the absence of complex biological matrix.

The estimated limit of detection (LOD) values to indirect detection of CySNO in standard
and serum samples were 4.4 and 4.1 pmol L™, respectively. (LOD was calculated using the
3.3*SDyank/slope of analytical curve). Duarte-Junior et al.>* proposed a microfluidic device with
integrated electrochemical detector for separating and detecting RSNOs, after a decomposition to
nitrite based on mercury with LODs of 20 pmol L. Ismail et al.®® further constructed a
microfluidic paper-based microdevice for indirect colorimetric detection of RSNOs, with the same

decomposition protocol with a LOD of 4 pmol L™.

In another study, Rebecca et al.>® manufactured a microfluidic device combined with
platinum electrode for amperometric analysis of RSNOs. For facilitating the photolysis of
nitrosothiol groups and realizing the amperometric detection of nitrite, the authors reported a simple
degradation through UV-LED and an analysis with a procedure time low than 2 min and LOD value
of 73 nmol L™. Here, the proposed modified PES provides suitable detectability for CySNO and

the estimated LOD is better or similar when compared to low-cost analytical tools (you must put



referecnes then). Also, the herein reported linear concentration range (10-125 umol L) can be

useful to clinical application that involved Parkinson's disease. (cit)

3.5 Selectivity of the recycled PES

Nitrite analysis in biological matrix can be susceptible to any interference, as biomolecules
and ions are commonly found in biological fluids associated to sensing applications in terms of
RSNOs-based analysis.??% The selectivity of Cu/MWCNT/GO/PES as nitrite sensor was
investigated by amperommetric measurements of nitrite in the absence and presence of nitrate, uric
acid, chloride and Fe(Il) with a proportion of 1:10. The electrochemical responses before and after
the addition of interfering compounds are presented in Figures 6A-B, with interference levels of -
11, -2, -0.6 and 3% for nitrate, uric acid, chloride and Fe(ll), respectively. We observed that the
redox activity of nitrite is not drastically influenced by the presence of the above mentioned
interference compounds, denoting the great potential of the modified electrodes to analysis of

CysNO in complex biological compound.
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Figure 6. Electrochemical responses (A) and respective histogram (B) of the selectivity of PES.
Cronoamperograms results in the absence and presence of decomposed CySNO samples #1 (diluted serum),
#2 (serum dopped with 20 umol L), #3 (serum dopped with 40 pmol L™) and #4 (serum dopped with 80
umol L™) (C). Respective histograms involving the measured value of CySNO in serum samples (D). Error

bars are associated to standard deviation from three experiments.

3.6 Sample analysis

To demonstrate the feasibility of the manufactured electrochemical device as CysNO sensor
in human serum samples, the Cu/MWCNT/GO/PES was tested in terms of recovery measurements
through the addition of three different levels of decomposed CysNO into artificial serum samples,
20, 40 and 80 pmol L™, as indicated in Figures 6C-D. All obtained amperometric responses
exhibited recovery values ranging from 90 to 105% (see summarized results in Table 1). The same
experiments were performed using the Griess-colorimetric method,** with similar samples
preparation step. Summarized responses under both instrumental systems showed detected levels of
CysNO without statistical difference (paired t-test; p=0.05), indicating that the proposed recycled

PES allows quantitation with equivalent performance as for reference method.

Table 1. Recovery experiment involving serum samples doped CysNO in different concentrations

with the PES microdevice and the Griess-method.



Experiments Added Found (umol L™) Recovery

(umol L™ PES Griess-method (%)
#1 - <LOD <LOD -
#2 20 18+3 19.1+05 90
#3 40 38x4 37.4+05 95
#4 80 84+9 76.4+£0.5 105

4. Conclusions

We demonstrated for the first time the performance of recycled electrodes for paper-based
sensors, composed of ABS residues and graphite flakes, making it a potential valuable protocol for
recycling thermoplastic waste from 3D-printing industry, according to the green chemical
principles. We demonstrated the huge performance of the recycled composite as binder structure
through: (i) Detailed macroscopic, microscopic, and electrochemical characterizations confirm that
the recycled ABS is a great alternative for constructing conductive ink; (ii) The comparative study
between the proposed sensor and a fully 3D-printed device has shown similar faradaic performance,
indicating that the recycled and disposable electrode proposed herein can be explored to
electrocatalysis; (iii) The proposed electrochemical cell when combined with electrochemical
detector has successfully demonstrated huge potential to indirect analysis of S-nitrosothiol in
diluted serum samples. Therefore, this cleaner approach for reusing complex thermoplastic
materials to future fabrication of conductive ink is attractive in order to overcome the vast number
of ABS residues. In addition, the proposed recyclable method for manufacturing paper-based sensor
allows low-cost materials and green chemical principles, opening novel opportunities in the modern

chemical sensor field dedicates to biological applications.
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