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A B S T R A C T   

Since 2020, human pharmaceuticals were included in the list of emerging contaminants from the UNESCO and 
their detection and elimination were incorporated in the 2030 Agenda for Sustainable Development Goal Tar
gets. Among these, analgesic and antipyretic drugs are the most widely used drugs worldwide and, despite their 
advantages, unused or expired pharmaceuticals are a potential source of water pollution. Paracetamol is one of 
the most common drugs used for analgesic and antipyretic purposes and has been found to have a much higher 
concentration in water streams in many European countries. Considering that, an all-in-one paper-based 2 
dimensional (2D) fluidic configuration, able to detect paracetamol, was developed in order to deal with envi
ronmental matrices without complex/expensive analytical procedures. An ad-hoc paper-based testing area, 
coupled with a channel was designed and wax-printed onto a porous filter paper. Successively three electrodes 
were screen-printed, and the whole system was applied for the detection of paracetamol in wastewaters (prior 
and after the filtration system) without pretreating the sample. In order to detect paracetamol with the easiest 
approach, the configuration of the paper-based device was optimized in terms of type of substrate used for 
printing, microfluidic paper strip length/width and combination of them in an integrated architecture, capable to 
detect paracetamol in the matrices tested in few seconds with a detection limit down to micromolar range, ca. 1 
μM. The integrated device shown great promise for simple, fast, sensitive, and sustainable detection of para
cetamol in its role of emerging contaminant, especially in the environmental matrices.   

1. Introduction 

In recent years, environmental science has faced increasing chal
lenges from emerging contaminants, diverse substances impacting eco
systems and human health [1–3]. The term "emerging contaminants" 
includes pharmaceuticals, personal care products, pesticides, and in
dustrial chemicals [4–7]. These substances often evade traditional water 
treatment, and due to recent recognition, their full environmental and 
health implications are not fully understood [8–10]. 

Urban and industrial wastewater serves as a crucial case study for 
managing substances from human activities, industrial processes, and 
agriculture, raising concerns about the effectiveness of current water 
monitoring and treatment [4,6,9,11]. Monitoring and research efforts 

aid regulatory authorities in informed decision-making about managing 
potential risks [12,13]. Pharmaceuticals have emerged as contaminants, 
infiltrating aquatic ecosystems and challenging traditional water quality 
concepts. Despite being designed to improve human well-being, phar
maceuticals contribute to a new environmental challenge. Improper 
disposal, incomplete metabolization, and inefficient removal during 
water treatment lead to pharmaceutical compounds entering waste
water [14–16]. Conventional water treatment struggles to effectively 
remove pharmaceuticals, posing concerns for long-term impacts on 
wastewater quality and habitats. Since 2020, UNESCO listed human 
pharmaceuticals as emerging contaminants, addressing their detection 
and elimination in Goal 6 of the 2030 Agenda for Sustainable Devel
opment [14,17–19]. 
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Paracetamol, or acetaminophen, is available over-the-counter and 
widely used as analgesic globally, known for relieving pain and reducing 
fever [20]. 

The presence of pharmaceuticals in the environment, including 
paracetamol, results from incomplete removal during wastewater 
treatment and improper disposal of medications; consequently, these 
compounds may persist in treated effluent, entering surface waters. 
Based on literature, the concentration of paracetamol in natural waters 
worldwide varies significantly due to factors such as local usage pat
terns, wastewater treatment efficiency, and environmental conditions. 
Concentrations ranging from ca.1–100 µg/L were found in wastewaters 
from Korea, Spain, and the Western Balkan, raising concerns about po
tential ecological consequences for aquatic organisms, long-term expo
sure, development of resistance, and human exposure through water 
consumption [21–23]. However, many countries have no specific 
regulation for the discharge limit of paracetamol, in particular close to 
the pharmaceutical factories [24]. 

Enhancements in wastewater treatment, public awareness on medi
cation disposal, and advances in analytical techniques can improve the 
monitoring of pharmaceutical contaminants in water sources. Analyzing 
water samples for specific pharmaceutical compounds is a common 
approach in monitoring. The choice of analytical method depends on 
factors like the targeted pharmaceuticals, required sensitivity, and the 
sample type. These include titrimetric [25], chemiluminescent [26], 
high performance-liquid chromatography [27], liquid chromatography 
[28], liquid chromatography-mass spectroscopy [29], capillary elec
trophoresis [30], UV–Vis spectrometry [31], flow and batch injection 
analysis [32,33]. Commonly, these techniques are costly, complicated, 
time taking process and operated by highly skilled technicians. Inci
dentally, electrochemical methods provide a simple, rapid, selective 
detection with low-cost of systems and eco-friendly. Electrochemical 
sensors and biosensors are promising tools for in situ monitoring of 
paracetamol in water systems like wastewater [34]. These devices offer 
advantages such as real-time monitoring, high sensitivity, and the po
tential for miniaturization, making them suitable for on-site applications 
[35–38]. Different approaches were reported for paracetamol electro
chemical sensing in several matrices thanks to its electroactivity at solid 
electrodes. P. A. Raymundo-Pereira et al., reported an electrochemical 
method using carbon SPEs pretreated with sulfuric acid solution, able to 
detect simultaneously the hydroquinone, paracetamol and estradiol in 
tap water in range between 0.1 and 0.8 µM [38]. Moreover, in the work 
of N. Karikalan et al., the electrochemical properties of paracetamol at 
the bare screen printed carbon electrode (BSPCE) were investigated and 
its electrochemistry was studied in various pHs, confirming that the 
mechanism of the electro-oxidation of paracetamol was not stable in 
strong acidic and strong alkaline media, while it is stable in intermediate 
pHs due to its dimerization [34,39]. Wan-Yu Su et al., reported elec
trocatalytic oxidation of paracetamol at screen-printed electrode (SPE) 
modified with electrogenerated poly(3,4-ethylenedioxythiophene) 
(PEDOT) film, obtaining a limit of detection of 1.39 µM [40]. These 
examples prove that advancements in analytical techniques continue to 
contribute to the development of more sensitive, selective, and efficient 
methods for monitoring pharmaceuticals as emerging contaminants in 
the environment. On the other hand, few examples are reported about 
the use of sustainable and green substrates for producing electro
chemical sensors able to detect paracetamol in environmental matrices. 
Among these materials, paper is a valid alternative to the classic poly
ester because it is biodegradable, biocompatible, besides being conve
nient and easy to use [41,42]. Utilizing paper-based substrates, in 
particular when filter paper is used for manufacturing analytical strips, 
allow the preloading and preconcentration of reagents into the device 
due to its porous nature; moreover, the integration with paper allows to 
collect and filter real samples in order to avoid further treatments of the 
samples. For example, Oliveira et al., recently described a disposable 
electrochemical paper-based analytical device (ePAD), using a novel 
formulation of conductive ink that combines graphite powder, polyester 

resin, and acetone, applied, as a proof of concept, for paracetamol (PAR) 
sensing. They achieved a LOD of 0.2 µM and applied their system to 
detect paracetamol in pharmaceutical tablets and in plasma samples, 
obtaining good correlation with traditional analytical methods [43]. In 
addition, paracetamol was also electrochemical detected by Dias et al., 
who optimized a system, based on vegetal paper, used as substrates for 
pencil drawing electrodes, for detecting metamizole, paracetamol and 
midazolam maleate in whiskey, obtaining a LOD equal to 298 µM [44]. 
Other examples of electrochemical paper-based devices for paracetamol 
detection in various pharmaceutical, biological, and food matrices, were 
reported in literature, even if none of them focus on the detection of 
paracetamol environmental matrices, including wastewaters [43–49]. 
In the present work, a novel electrochemical device, embedded into a 2D 
paper-based architecture for measuring paracetamol in wastewaters was 
reported. This is the first report which consider the electrochemical 
detection of paracetamol as an emerging pollutant. The adoption of 
porous paper-based channel, in strict combination with screen-printed 
electrode, provided an all-in-one platform which was capable to store 
the reagents necessary for the assay and to lower the matrix effect 
usually observed with traditional electrochemical measurements. 
Thanks to the collaboration with Acea Infrastructure, one of the Italian 
leading companies for the water management and remediation, the 
proposed device was characterized and applied to real wastewaters, 
prior and after the process of remediation, demonstrating the effect of 
whole sensing platform. The developed device allowed a detection limit 
equal to 0.7 micromolar, without the addition of any reagents because 
they were previously loaded on the channel, and also it highlighted an 
active role in limiting the interferences due to these real and complex 
matrices. 

2. Experimental section 

2.1. Materials and apparatus 

Paracetamol, PBS tablets (140 mM NaCl, 10 mM phosphate buffer, 3 
mM KCl), and potassium chloride were purchased from Sigma-Aldrich 
(St. Louis, MO, USA). All solutions were prepared in Milli-Q water. 0.1 
M potassium chloride was employed as supporting electrolyte and all 
measurements were performed at room temperature. Incoming and 
outgoing water from drinking water treatment plants were purchased by 
Acea Infrastructure (Rome, Italy). Conductive inks (Ag/AgCl and 
graphite) were acquired from Acheson (Italy). Whatman No.1 chroma
tography paper was purchased from Merck (Italy). Scotch adhesive tape 
was purchased in the local market. Adobe Illustrator was used to design 
the wax pattern of both the testing area of the paper-based screen- 
printed electrode and paper-based channel. A solid ink printer, namely, 
ColorQube 8580 from Xerox (USA) was used to print the hydrophobic 
layer of wax onto paper-based substrates. All the electrochemical mea
surements were carried out with the use of a portable potentiostat, 
EmStat3 (PalmSens, The Netherlands), connected to a laptop. Currents 
were recorded and displayed on a laptop by using the software PSTrace 
5.9. 

2.2. Fully printed paper-based platform 

The final pattern of the paper-based device was drawn on Adobe 
Illustrator and wax-printed onto a Whatman No. 1 chromatographic 
paper. Then, waxed paper was cured in an oven at 100 ◦C for 1 min, 
allowing the wax to diffuse through the paper, producing a hydrophobic 
layer all around the hydrophilic testing area. This step is very important 
to define the testing area and confine the solution in the delimitated 
electrochemical cell area, avoiding its diffusion toward the electrical 
contacts and affecting the readout [50]. After that, the three-electrode 
system was manually screen-printed onto the hydrophilic zone using a 
spatula and two masks, first one for the Ag/AgCl ink (Electrodag 477 
SS), that was used to print the connections and the reference electrode, 
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and the other one for the carbon ink (Electrodag 421), that was used to 
print the working and counter electrodes. After each printing step, the 
screen-printed electrodes (SPEs) were cured at 60 ◦C for 30 min. 
Thermally curing was necessary to make the printed ink stable for 
electrochemical measurements [50]. A video illustrating the fabrication 
of paper-based 2D configuration was including in the SI. The diameter of 
the working electrode is 0.4 cm, the whole three-electrode system is ca. 
2.5 cm (length) and 1 cm (width). Subsequently, the backside of the 
printing surface was covered with adhesive tape (without covering 
electrical connections) to prevent the solution leaking out. The complete 
platform consisted of a hydrophilic rectangular zone (microfluidic 
channel, 2.6 cm (length) x 0.2 cm (width)), connected to a hydrophilic 
semicircle zone (electrochemical cell, 1 cm diameter) where the elec
trodes were screen-printed as reported in the Fig. 1. 

2.3. Paracetamol determination 

Paracetamol was electrochemical oxidated to N-acetyl-p-benzoqui
none-imine (NAPQI) within a quasi-reversible two-electron process at 
the electrode surface [34,39]. The electroanalytical technique adopted 
to measure paracetamol was the differential pulse voltammetry (DPV). 
In particular, 0.1 M potassium chloride was used as working solution 
and the technique parameters were optimized as follows: the measure
ment was carried out in a range potential from 0.0 V to 0.8 V, with an E 
step of 0.02 V, E pulse of 0.2 V, t pulse of 0.02 s and scan rate of 0.05 V/s. 
The final procedure to detect paracetamol within the 2D paper-based 
devices consisted in: 1) pre-load the channel with a solution of potas
sium chloride and let dry, 2) adding the sample containing paracetamol 
at the edge of the strip, and finally 3) waiting 1 min in order to let the 
sample re-dissolve KCl, mixing and reaching the working electrode 
surface to perform the measurement. The device was single-use, one 
electrode provided the result for one measurement. 

3. Results and discussion 

3.1. Optimization of the experimental set up 

The first step of the optimization was focused on the selection of the 

substrate for printing the carbon screen-printed electrodes. The sub
strates tested were polyester and chromatographic paper as reported in 
Fig. 2. 

As shown Figs. 2A and 2C the efficiency of the two substrates was 
evaluated for increasing levels of paracetamol in a range from 0 to 100 
µM, obtaining a good linearity for both the substrate described by the 
following equations: y = 0.23x – 0.29 (r2=0.99) and y = 0.12x – 0.22 
(r2=0.99) for polyester and chromatographic paper, respectively, where 
the y represents the anodic current in microampere and x represents the 
concentration of paracetamol expressed in micromolar. The sensitivity 
resulted higher using the polyester substrate because in this case the 
solution was in direct contact with the electrode area, while when paper 
was used the solution needed to diffuse the porous structure of paper 
prior to arrive the electrode: as observed in prior study, this might affect 
the sensitivity of detection [51]. However, we proceeded with 
paper-based substrate because of the final goal to have an all-in-one and 
more sustainable platform. Prior to realize the fully integrated device, 
two other configurations were characterized, e.g., polyester-based SPE 
combined with an external paper-based channel, and a fully paper-based 
SPE and channel, as shown in Figs. 2B and 2D. What is should be noted is 
that when the polyester was coupled to paper-based channel its sensi
tivity decreased, while the fully paper-based device still retained the 
initial sensitivity towards paracetamol. Whatman No. 1 chromatography 
paper was chosen in agreement with the satisfactory output obtained in 
previous works: Whatman No. 1 filter paper was tested several times to 
handle complex matrices and block gross impurities (lowering electrode 
fouling) and for pre-loading reagents [41,51,35]. Herein, the construc
tion of the whole setup on paper, i.e. the three-electrode configuration 
and the channel, represented the best experimental condition consid
ering both the flow rate and the interaction with the printed electrodes 
onto the porous substrate [52]. In addition to the analytical perfor
mance, the Whatman No.1 paper is widely available, low cost (it should 
be considered a 60 cm x 60 cm sheet costs ca. 2 Euro (Merck), and each 
of the developed device is ca. 2.5 cm x 1.5 cm) and easily adaptable with 
the wax printer. The choice of the voltammetric technique to be used to 
achieve a sensitive paracetamol detection and the optimization of the 
DPV electrochemical parameters were shown in Figure S1, S2 and S3 of 
the Supporting Info (SI). Pulse voltammetric techniques have been 

Fig. 1. Configuration of the paper-based 2D configuration for the electrochemical detection of paracetamol.  
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widely used because of their advantageous features, such as low detec
tion limit, minimization of capacitive current and reduction of back
ground currents by sampling the current immediately before the 
potential change [53]. 

Once the effectiveness of the obtained configuration in detecting 
paracetamol was satisfactory, we tried to improve our system evaluating 
different parameters such as the length of the channels, the run time of 
the solution within the channel and the working volume of solution to be 
placed on the edge of the channel. As shown in Fig. 3, different channel 
lengths were evaluated, namely 2.6, 4.8 and 6.0 cm. 

As can be observed, the shortest strip gave the best results in terms of 
linearity and repeatability (n = 3), even if the length did not affect the 
sensitivity significantly. Using the chosen configuration, both the run 
time (Fig. 3D) and drop volume (Fig. 3E) were evaluated. With regard to 
the run time, in a range comprised between 1 and 5 min, 1 min gave the 
highest signal, and this was combined with the choice of a drop volume 
of 50 µL of solution to perform the measurements. 

3.2. Analytical performance 

Subsequently to the optimization of the experimental parameters, 
the fully printed paper-based device was tested for determination of 
paracetamol within the 0–50 µM range in 0.1 M KCl standard solution as 
reported in following Fig. 4. 

As shown in Fig. 4, a linear correlation was obtained between the 
height of the current peaks and the concentration of paracetamol. The 
relationship was described by the following equation, y = 0.14 x – 0.05, 
r2=0.99, and each point on the curve was the result of three replicates 
using different electrodes. The detection limit, calculated as 3σB/slope 
(σB represents the standard deviation calculated for blank measure
ments, slope is the slope of the calibration curve), was calculated equal 

to 0.7 µM and the limit of quantification resulted equal to ca. 2.1 µM, 
with a repeatability calculated as the relative standard deviation (RSD 
%) of ca. 7 %. 

3.3. Application to real samples analysis 

The analytical applicability and efficacy of the final device was 
demonstrated by applying it to the determination of paracetamol in 
wastewater samples. More specifically, the integrated system was tested 
firstly at known concentrations of paracetamol in incoming and out
going water, from drinking water treatment plants purchased by Acea 
Group. The samples were spiked with different amount of paracetamol 
solution in order to evaluate both the linearity of the method and the 
effects of the matrices. A potential issue was given by the presence of 
many interferents species which can give an important matrix effect of 
suppression of the signal (and they can also interfere with SPE). The 
incoming and outgoing samples, without any kind of pretreatment, were 
drop cast at the edge of the paper-based channel as above described. 
Briefly, a chromatographic paper-based substrate was used to load all 
reagents together: the wastewater sample spiked with wide levels of 
paracetamol (0–50 µM) was added on the paper-based strip and, after 1 
min, measurement was performed with the use of the optimized pa
rameters, as reported in Fig. 5. 

As shown in Figs. 5A and 5B, a good linearity was obtained both for 
incoming and outgoing wastewaters. It should be noted a good agree
ment between them, and a similar slope if compared with the results that 
have been obtained in standard solution. The relationship was described 
by the following equations, y = 0.18x - 0.66, r2=0.97 for the incoming 
water and y = 0.17x + 0.16, r2=0.98 for the outgoing. The detection 
limit resulted equal to ca. 1.5 and 1.3 µM for incoming and outgoing 
wastewaters, respectively, confirming the good efficacy of this kind of 

Fig. 2. Choice of the substrate evaluated at increasing concentration of paracetamol (0–100 µM) on A) polyester SPE, B) polyester SPE + filter paper strip, C) filter 
paper SPE, D) filter paper SPE + filter paper strip (n = 3). Experimental DPV parameters: E begin: 0.0 V, E end: 0.8 V, E step: 0.02 V, E pulse: 0.2 V, t pulse: 0.02 s, 
Scan rate: 0.05 V/s. 
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architecture to handle complex environmental matrices such as waste
water, without a prior filtering of the sample because this step was 
already included in the configuration of the device. The effect of the 
paper-based channel toward the complex matrix should also be 
considered: if the wastewater was applied directly to the screen-printed 
electrode, either polyester or paper-based, a high signal due to the 
interfering species occurred, whereas if the paper-based channel was 

used, this was effective with a lowering of the observed anodic peaks 
(Figure S4, Supporting Information). 

Consequently, to improve the easiness of the system, exploiting the 
advantage of paper porosity to loads reagents, the potassium chloride 
was pre-loaded on the channel prior to analyze the solution. As shown in 
Fig. 6, three different experimental setup were taken into account, 
namely:  

a) Paracetamol in 0.1 M KCl solution  
b) Pre-conditioning of the strip with 1 M KCl solution, get dried and 

load of the paracetamol sample  
c) Paracetamol in ultrapure water solution 

As shown in Fig. 6, the pre-loading of 1 M KCl solution on the filter 
paper strip, gave similar results in terms of sensitivity and repeatability 
than the ones obtained with the classical drop-casting method of para
cetamol prepared in 0.1 M KCl solution. In this way we were able to 
obtain a pre-conditioned strip, where it was possible to load directly the 
paracetamol sample prepared in ultrapure water. In order to compare 
the present approach with existing literature, in Table 1 some of the 
experimental features, including the electrochemical technique used, 
the substrate adopted for realizing the electrodes, the analytical per
formance and the matrix of application, were reported. It was high
lighted how this is the unique case of paper-based applied to 
wastewaters and also the substrate used does not need any modification, 
with a detection limit that is satisfactory. 

As the last characterization of the paper-based device, recovery 
studies were carried out in presence of three paracetamol spiking levels, 
4, 10 and 50 µM, in both incoming and outgoing wastewaters (volta
metric curves are reported in Supporting Information, Figure S5). With 
the use of the standard addition method, recoveries of 82, 90 and 98 % 
were obtained in incoming wastewater, respectively to 4, 10 and 50 µM, 

Fig. 3. Optimization of the filter paper strip length: A) 2.6 cm, B) 4.8 cm and C) 6.0 cm, D) Optimization of the time of run of the drop on the filter paper strip tested 
at 1, 3, 5 min in presence of 30 µM of paracetamol; E) Optimization of the volume of paracetamol solution to be placed onto the filter paper strip tested at 10, 20 and 
50 µL in presence of 30 µM of paracetamol. 

Fig. 4. Calibration curve from 0 to 50 µM of paracetamol in 0.1 M KCl, using 
the fully paper-based platform. Inset i: recorded DPV in absence and in presence 
of 2.5, 5, 10, 20 and 50 µM of paracetamol (n = 3). Experimental parameters: E 
begin: 0.0 V, E end: 0.8 V, E step: 0.02 V, E pulse: 0.2 V, t pulse: 0.02 s, Scan 
rate: 0.05 V/s. 
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while recoveries of 86, 93 and 98 % were obtained in outgoing waste
water, respectively to 4, 10 and 50 µM, as reported in following Table 2. 

4. Conclusions 

In this work, an all-in-one paper-based portable device for the 
analysis of paracetamol in wastewaters was reported. In particular, a 
reagent-free platform was obtained merging a paper-based screen- 
printed electrode with a 2D paper-based channel. Our innovative plat
form was user-friendly and easy to fabricate, featuring a design that 
incorporates hydrophobic barriers to form a channel that supports the 
use of small sample volumes. The filter paper’s porosity allowed for the 
direct application of wastewater samples, both incoming and outgoing, 
eliminating the need for pretreatment and reducing matrix effects. By 

Fig. 5. Application of the fully paper-based platform for the detection of paracetamol in incoming and outgoing wastewaters. A) Matrix effect evaluation at 
increasing concentrations (0–50 µM) of paracetamol added in an incoming water sample. B) Matrix effect evaluation at increasing concentrations (0–50 µM) of 
paracetamol added in an outgoing water sample. Experimental parameters: E begin: 0.0 V, E end: 0.8 V, E step: 0.02 V, E pulse: 0.2 V, t pulse: 0.02 s, Scan rate: 0.05 
V/s. 

Fig. 6. Pre-conditioning evaluation by comparing b) 1 M KCl pre-conditioned 
filter paper strip (blue) with a) classical drop casting of paracetamol solution 
prepared in 0.1 M KCl and c) paracetamol prepared in ultrapure water. 

Table 1 
Comparison of paracetamol detection at paper-based electrochemical strips.  

Electrode Substrate Technique LOD Application Ref 

Dual electrode detectors pencil-drawn Whatman No.1 chromatography 
paper 

CV and CA 6 µM Tablets of Efferalgan drug [45] 

AuNP-PGA/SWCNT electrode Nafion-modified nitrocellulose 
membrane 

CV and DPV 15 µM Pill-type pharmaceutical samples [46] 

GPT/WPE (ink composed of nail polish 
and graphite) 

Waterproof paper CV and DPV 5.4 × 10− 8 M Pharmaceuticals samples and saliva, urine, and 
sweat samples 

[47] 

ePADs using graphite pencil Vegetal paper SWV 298 µM Whiskey [44] 
Fully PoP-drawn PADs Filter paper DPV 20.5 µM Gin sample spiked with paracetamol [48] 
Stencil-printing Graphite and UPR 

ePADs 
Vegetal paper CV and SWV 0.2 µM Pharmaceuticals samples and biological 

samples 
[43] 

Paper-based microfluidic analytical 
device (μPAD) 

Whatman No.1 chromatography 
paper 

Colorimetric 3.9 mg/L Whiskey [49] 

Paper-based 2D configuration Whatman No.1 chromatography 
paper 

DPV 0.7 µM (std) 
1.5 µM (real 
samples) 

Wastewaters This 
work  

Table 2 
Recovery studies in spiked wastewaters.  

Incoming wastewater 

Spiked [Paracetamol] Calculated [Paracetamol] Recovery% 

50µM 48.9 ± 1.5 98 
10µM 9.0 ± 0.2 90 
4µM 3.3 ± 0.2 82  

Outgoing wastewater 

50µM 49.2 ± 1.1 98 
10µM 9.3 ± 0.6 93 
4µM 3.5 ± 0.3 86  
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integrating screen-printing, wax printing, and drop casting techniques, 
we can tailor the platform for specific uses in challenging matrices. The 
device was designed to be sustainable and reagent-free, with all neces
sary reagents included and the paper strip pre-conditioned, enabling on- 
site application with a limit of detection (LOD) of 0.7 µM in standard 
solution and ca. 1.5 µM in real samples. The cost-effective production 
process, combined with the system’s simplicity that requires no 
specialized personnel, makes the device particularly suitable and user- 
friendly for use in various settings, including those with limited 
resources. 

The method was applied towards wastewaters analysis and also the 
recoveries were characterized: in all the matrices tested, the recoveries 
of spiked solutions of paracetamol highlighted the satisfactory accuracy 
of the device. These results represent a significant step towards more 
effective and accurate detection of paracetamol in wastewater, rede
fining the concept of environmental analysis, making it more accessible, 
affordable and sustainable. 
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