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A B S T R A C T   

This work describes the development of a microfluidic paper-based analytical device (μPAD) for the determi-
nation of copper in fresh and marine waters. A functionalized rhodamine-based chelator was synthesized and 
used as a chromogenic reagent, forming a highly intense pink complex with the analyte. The aim was to create a 
paper device that offers optimal performance and provides in-situ, rapid and cost-effective analysis in line with 
World Health Organization guidelines. The influence on the determination of several physical and chemical 
parameters was evaluated aiming to achieve the best performance. Under optimised conditions, a linear corre-
lation was established in the range of 0.05–0.50 mg L− 1 of copper, with a limit of detection of 10 μg L− 1. The 
accuracy of the proposed method was assessed by comparing the results obtained with the developed μPAD and 
the results obtained with Inductively Coupled Plasma measurements (RE < 10 %). Recovery studies were also 
performed using different types of water samples with no need for any prior sample pre-treatment: tap, well, 
river and seawater. The average recovery percentage of 101 % (RSD = 4.3 %) was obtained, a clear indication of 
no multiplicative matrix interferences.   

1. Introduction 

Copper is an abundant trace element in the environment and an 
essential micronutrient for most living organisms [1–3]. However, when 
present at high levels, copper is listed as a priority pollutant by the 
United States Environmental Protection Agency (US-EPA) due to its 
potential negative effects on aquatic ecosystems [4]. When people are 
exposed to excess amounts of copper, by drinking contaminated water or 
consuming contaminated food, it can be harmful to human health 
(kidney or liver damage, gastrointestinal problems, and neurodegener-
ative diseases) [5,6]. To ensure public safety, US-EPA has set the limit 
for Cu2+ in drinking water at 1300 μg L− 1 [7]. 

Conventionally, inductively coupled plasma-mass spectrometry 
(ICP-MS) or atomic absorption spectrometry (AAS) have been the pri-
mary laboratory-based techniques used for copper assessment in water 
samples. These techniques offer high analytical performance in terms of 
sensitivity, specificity, and precision. However, they require sophisti-
cated instrumentation and trained operators, leading to significant 

analysis cost [8]. To overcome some of these limitations, the develop-
ment of rapid and point-of-care testing methods based on low-cost 
detection technologies has been a researcher’s target. 

In this context, microfluidic paper-based analytical devices (μPADs) 
can be an effective alternative approach for water quality assessment 
[9–11]. Paper-based devices are easy to fabricate, user-friendly and less 
expensive, compared to conventional techniques. Moreover, μPADs 
enable in-situ measurements (outside the lab), providing fast analysis 
and requiring small amounts of reagents, minimizing waste production 
[12–16]. Some work has been reported describing the development of 
μPADs for copper determination in water samples [17–22]. However, 
these works involve wax (or inkjet) printing procedures for the μPAD 
assembly, which results in a more expensive and environmentally 
harmful process due to the use of wax with costly consumables and an 
extra step of heating (high temperatures between 120 ◦C and 200 ◦C). To 
overcome these disadvantages, a new paper device for copper determi-
nation in water is proposed in this work, without the use of wax or inkjet 
printing procedures, resulting in a more cost-effective, environmentally 
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friendly, and simpler assembly process. 
A rhodamine-based chelator – Mod-RHOB (Fig. 1) with enhanced 

affinity and selectivity to form a strong complex with copper(II) was 
used in this work. Although rhodamines belong to an important class of 
fluorescent molecules widely used as fluorescent markers, particularly 
in biomedical applications such biotechnology and medical imaging 
[23,24] to maintain the fluorescent lighting conditions for image anal-
ysis would be a challenge in “outside the lab” approach. So, the 
Mod-RHOB chelator used in this work, not only exhibits fluorescent 
properties but also forms a coloured complex with copper(II). Hence, it 
was used as a chromogenic reagent for colorimetric detection, changing 
from colourless (absence of Cu2+) to pink (presence Cu2+). 

The proposed work describes the development of a μPAD for in-situ 
copper determination in natural waters, using the previously synthe-
sized Mod-RHOB chelator as low-toxicity reagent to ensure an envi-
ronmentally friendly approach. The developed device offers a practical 
and effective tool for monitoring water quality across various types of 
water samples, including seawater samples. 

2. Material and methods 

2.1. Reagents and solutions 

All the solutions were prepared with analytical grade chemicals and 
Milli-Q water (resistivity ≥18 MΩ cm, Millipore, Bedford, MA, USA). 

Mod-RHOB chelator was synthesized from Rhodamine B through a 
two-step procedure (see Electronic Supplementary Material for details) 
and all the reagents used were acquired from Sigma-Aldrich (Germany). 
In the first step, rhodamine B hydrazide was synthesized using a pro-
cedure previously reported by our group [25]. To this process, rhoda-
mine B, excess of hydrazine hydrate and ethanol were mixed, and the 
reaction was promoted by microwave digestion during 20 min at 80 ◦C. 
After cooling to room temperature and evaporation of the solvent, the 
obtained solid was washed prior to the second step (see Electronic 
Supplementary Material Fig. 1). The second step was performed 
following the procedure reported in a previous work [26]. A solution of 
the produced solid, rhodamine B hydrazide, was mixed with phenylene 
1,4-diisothiocyanate and tetrahydrofuran (THF) and left to react for 5, 
then the solvent was evaporated and the obtained solid purified (see 
Electronic Supplementary Material Fig. 2). 

The reagent stock solution was daily prepared by dissolving 
approximately 2 mg of Mod-RHOB powder in 100 μL of 99.9 % dimethyl 
sulfoxide solution (DMSO, Sigma-Aldrich, Germany), corresponding to a 
final concentration of 20 g L− 1. The Mod-RHOB solution used in the 
μPAD was a dilution of the 20 g L− 1 in ethanol absolute (Scharlau, 
Spain), resulting in a final concentration of 0.50 g L− 1. 

The hydrogen carbonate buffer solution at pH 9 was prepared dis-
solving 3.4 g of NaHCO3 (Merck, Germany) in 50 mL of water to attain a 
final concentration of 0.8 mol L− 1 [27]. 

A copper stock solution of 5.00 g L− 1 was prepared by dissolution of 

2 g of CuSO4 (Panreac, Germany) in 100 mL of water. An intermediate 
solution of 5.0 mg L− 1 was obtained by dilution and used to prepare the 
working standards in range 0.050–0.50 mg L− 1. 

Artificial seawater was prepared according to Kester et al. (1967) 
[28], to the final composition of: 23.9 g L− 1 of NaCl (Merck, Germany), 
4.01 g L− 1 of Na2SO4 (Merck, Germany), 0.677 g L− 1 of KCl (Merck, 
Germany), 0.196 g L− 1 of NaHCO3 (Merck, Germany), 0.098 g L− 1 of KBr 
(Merck, Germany), 0.026 g L− 1 of H3BO3 (Aldrich, USA), 0.003 g L− 1 of 
NaF (Merck, Germany), 10.84 g L− 1 of MgCl2⋅6H2O (Merck, Germany), 
1.50 g L− 1 of CaCl2⋅2H2O (Merck, Germany), and 0.0027 g L− 1 of 
SrCl2⋅6H2O (Sigma, USA). The proper amount of all the listed solids was 
dissolved in 1 L of water. 

The solutions used in the interference studies were prepared from the 
respective solids: CaCl2⋅2H2O (Sigma, USA); MgCl2⋅6H2O (Merck, Ger-
many); ZnSO4⋅7H2O (Sigma, USA); Al2(SO4)3 (Merck, Germany); 
CoSO4⋅7H2O (Merck, Germany); MnCl2⋅2H2O (Merck, Germany); 
Fe2(SO4)3⋅H2O (Riedel-de-Haen); NiCl2 (Sigma, USA). 

2.2. μPAD assembly 

The assembly of the developed microfluidic device consisted in 
aligning three filter paper discs with 9.5 mm diameter in twenty-four 
hydrophilic units (6 columns x 4 rows distribution). These units corre-
spond to the μPAD hydrophilic zone and the plastic laminating pouch 
(Q-connect, 75 × 110 mm, glossy, 125 μm), where they units placed, 
creates the hydrophobic zone after lamination. 

The three layers that compose each paper unit (Fig. 2A) correspond 
to: a top layer, the reagent layer (R layer), consisting of Whatman 42 
filter paper discs; a middle layer, the buffer layer (B layer) consisting of 
Whatman 1 filter paper discs; and a bottom layer, an empty layer (E 
layer), consisting of Whatman 3 filter paper discs. The paper discs for the 
R layer were prepared adding 12 μL of Mod-RHOB ligand solution to 
each disc and oven dry at 50 ◦C for 10 min. The paper discs for the B 
layer were prepared adding 10 μL of buffer solution to each disc and 
oven dry at 50 ◦C for 10 min. 

After manually aligning the twenty-four paper units under the pre-
viously perforated 3 mm holes of the plastic pouch top sheet (L1), the 
μPAD hydrophobic zone was established by the lamination process. This 
process was conducted using a laminator (United Office – ULG 300 B1, 
Germany) that maintained a constant temperature of approximately 
60 ◦C. The lamination process both sheets of the plastic pouch (L1 and 
L2) are sealed together creating a physical separation between the 
different hydrophilic paper units. 

2.3. Copper(II) quantification 

For the copper determination, on the assembled μPAD, 20 μL of 
standard/sample was loaded through the sample holes, which was 
absorbed in approximately 2 min. The reaction between the Mod-RHOB 
and copper forms a pink complex in the R layer which becomes more 
intense with increasing copper concentration (Fig. 2B). 

Five minutes after loading the standard/sample, the top layer of the 
μPAD, corresponding the detection zone, was scanned using a flatbed 
scanner (Canon CanoScan LIDE 300, Japan). The intensity of the col-
oured complex was measured using an image software (ImageJ, Na-
tional Institutes of Health, USA). The acquired high-resolution image 
was processed applying a RGB stacking, and the intensity readings were 
acquired using the green filter, as complementary colour of the formed 
pink product. For each detection unit, the measurement area was set to 
correspond to the μPAD sample hole (3 mm = 90 x 90 pixels). The in-
tensity values were converted into absorbance values using the equa-
tion: A = log10I0/IS 

where I0 is the average of the blank intensities (n = 4) 

and IS is the intensity of the standard/sample signal. A calibration curve 
was then established, correlating the average absorbance values (n = 4) 
obtained for each copper standard concentration, and used to Fig. 1. Formula of Mod-RHOB chelator.  
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interpolate the average absorbance (n = 4) obtained from water 
samples. 

2.4. Sample collection 

Several water samples from different sources, namely tap water, well 
water, river water and seawater, were collected in plastic bottles with 
500 mL capacity and kept refrigerated at 4 ◦C until used. The samples 
were directly applied in the developed μPAD, with no other treatments. 
The physical-chemical parameters of the water samples used in the ac-
curacy assessment and recovery studies were listed, namely, pH and 
conductivity (see Electronic Supplementary Material Table 1). 

2.5. Accuracy assessment 

The accuracy of the developed μPAD for copper determination, was 
attained analysing the collected waters (estuarine and well waters) with 
the developed device and comparing the results with the results ob-
tained using Inductively Coupled Plasma – Optical Emission Spectrom-
eter (ICP-OES), in a PerkinElmer Optima 7000 dv (USA) equipment. For 
the ICP-OES determination, the water samples were diluted so that its 
concentration would fit within the linear range of the corresponding 
calibration curves (10–100 μg L− 1) and acidified with nitric acid to 
obtain a final concentration of 0.7 mol L− 1. 

Additionally, recovery percentages studies were carried out for 
several types of waters, namely tap, river, harbour, and seawater. 

3. Results and discussion 

The developed work aimed for copper quantification in different 
types of water, using the colour reaction with Mod-RHOB chelator. Since 
it was the first time that the Mod-RHOB was used as colour reagent in a 
μPAD, several physical and chemical parameters affecting the formation 
of the colour complex were studied to obtain the highest sensitivity. The 
μPAD operation parameters optimization studies were performed by 
comparing the slope of the calibration curves, using copper standards 
solutions within the concentration range of 50.0–500 μg L− 1. 

3.1. Preliminary studies - Mod-RHOB chelator 

Mod-RHOB solubility was tested in different solvents, namely water, 
ethanol, and dimethyl sulfoxide (DMSO). These tests were performed by 
visual observation when trying to dissolve 2 mg in 100 μL. DMSO was 
the only solvent that provided a total dissolution. The challenge became 
to dry the paper discs, at the oven temperature usually used (about 
50 ◦C) considering that DMSO has a high boiling point (about 189 ◦C). 
So, a 99.9 % DMSO solution was used to prepare several dilutions in 
water with the aim of reducing the DMSO amount. The percentage of 
DMSO (from 1 to 40 %) at the set drying time (10 min) were tested by 
loading 15 μL of each percentage of DMSO solutions in paper discs and 
dried at 50 ◦C in the oven (see Electronic Supplementary Material 
Fig. 3). The papers discs with 10 % or less of DMSO were the only ones 
that dried within 10 min. However, when the Mod-RHOB solution was 
prepared with 10 % of DMSO and 90 % of water, the colour solution 
presented suspensions. Then, the solvent for the dilution of the stock 
chelator solution was also evaluated and different solvents were tested, 
namely water, hydrogen carbonate buffer and ethanol. Ethanol was the 
chosen solvent because it was the only that provided a homogenous 
solution. 

After setting the Mod-RHOB chelator solution preparation, a first 
paper-based approach was made. Based upon a previous work with 
metal ions chelators, a similar design was set [15]. A three layer μPAD 
was established having the reagent solution in the top layer of the μPAD. 
Then, targeting in-situ water analysis, the need for the buffer solution 
was evaluated, to be placed at the second layer of the three-layer as-
sembly. For this study, two calibration curves were made, one with 
buffer solution in the second layer and one without, and the higher 
sensitivity was obtained with buffer solution, so that was the chosen 
option (see Electronic Supplementary Material Fig. 4). The choice of 
having a buffer solution in the second layer also ensures a constant re-
action pH. 

3.2. Reagent layer optimization 

The first physical parameter to be studied was the paper porosity of 
the reagent layer. Calibration curves were established using filter papers 
with three pore sizes: 2.5 μm (Whatman 5, W5), 11 μm (Whatman 1, 

Fig. 2. Schematic representation of the μPAD assembly for copper determination in waters: (A) Paper discs alignment and the respective μPAD layers: L1 and L2, 
laminating pouches sheets; R layer, reagent layer; B layer, buffer layer; E layer, empty layer; (B) Real image of the μPAD detection zone after loading the copper 
standard solutions. 
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W1) and 20–25 μm (Whatman 4, W4). According to the results obtained 
(Fig. 3A), the paper with the lowest porosity (W5) showed the highest 
sensitivity, so the chosen porosity was 2.5 μm. 

Then, different types of filter paper (with similar porosity of 2.5 μm) 
were tested: qualitative (Whatman 5, W5), ashless (Whatman 42, W42), 
hardened low ash (Whatman 50, W50) and hardened ashless (Whatman 
542, W542). Comparing the calibration curve slopes (Fig. 3B), the sen-
sitivities were very similar, except using W42 filter paper which showed 
a slightly higher sensitivity so, it was the one chosen. 

Afterwards, the concentration of the Mod-RHOB was studied within 
the range of 0.1–2.5 g L− 1 establishing calibration curves for each 
concentration (Fig. 3C). There was not a significant difference in 
sensitivity, except for the Mod-RHOB concentration of 0.1 g L− 1 that 
presented the lowest sensitivity (slope deviation >10 %). So, 0.5 g L− 1 

was the Mod-RHOB concentration that was chosen, as a compromise 
between sensitivity and reagent consumption. 

We chose to use a volume of 12 μL for the Mod-RHOB solution 
because it is the maximum volume that the 9.5 mm paper disc can 
support without overflowing. By using this volume, we ensure that we 
have over 30 times the reagent amount necessary for the reaction. 
Higher volumes of the reagent solution were not tested because they 
either resulted in overflow. 

3.3. Buffer layer optimization 

The buffer layer corresponds to the middle layer of the μPAD unit, 
and so the paper type was set for qualitative paper as a more economical 
choice. In this context, only the paper porosity was tested using the same 
porosities as those tested in the reagent layer: 2.5 μm (W5), 11 μm (W1) 
and 20–25 μm (W4). The calibration curve slopes obtained with each 
paper were compared (see Electronic Supplementary Material Fig. 5A). 
There were no significant differences in sensitivity between W5 and W1, 
while the paper with the higher porosity (W4) presented the lowest 
sensitivity (slope deviation >10 %). Whatman 1 (W1) was the filter 
paper chosen because it provided a faster sample absorption time (≈ 5 
min). 

Loading the W1 paper disc with different volumes of NaHCO3 buffer 
solution was tested and volumes from 5 to 12 μL were used, representing 
the minimum and maximum volume possible, respectively. According to 
the results obtained (see Electronic Supplementary Material Fig. 5B), 10 
μL was the lowest volume that provided the highest sensitivity. 

3.4. Sample volume and sample hole size 

The sample volume is a key parameter to enable the lowest detection 

limit possible. So, the sample volume ranging from 20 to 35 μL was 
tested(Fig. 4A). As the sample volume increased, the sample absorption 
time also increased: 2–25 min, respectively. Surprisingly, the increase of 
the sample/standard volume did not result in an increase of sensitivity, 
with the lowest volume tested presenting the highest sensitivity. 
Although the increase of sample/standard volume is expected to result 
in a higher absorbance signal as there is a higher amount to react, some 
dispersion through the reagent paper layer could result in an opposite 
effect. In the end, 20 μL was the volume chosen, providing a faster 
analysis time. 

The diameter of the μPAD sample hole was also studied because it 
was directly related to the sample absorption time and the intensity of 
the coloured product area. When diameters between 2 and 6 mm were 
tested (Fig. 4B), it was possible to conclude that by increasing the 
diameter, the sample absorption time, and the intensity of the coloured 
product decreased. The slope of each calibration curve was compared 
(Fig. 4C), and 3 mm was the diameter that was chosen as a compromise 
between sensitivity and sample absorption time. 

3.5. Stability assessment 

Stability studies were performed not only to evaluate the potential 
degradation of the Mod-RHOB solution (before μPAD assembly), but 
also to study the stability of the coloured product formed (after placing 
the water samples) and the stability of the μPAD storage (before being 
used). 

3.5.1. Reagent stability 
The stability studies of the Mod-RHOB solutions were performed 

because it was possible to observe that the colour of both Mod-RHOB 
solutions (stock solution in DMSO and working solution with ethanol) 
varied with time. The stability assessment was made for both solutions 
separately: stock solution of Mod-RHOB in DMSO (see Electronic Sup-
plementary Material Fig. 6A) and working solution of Mod-RHOB in 
ethanol (see Electronic Supplementary Material Fig. 6B). 

The stability of the Mod-RHOB stock solution (in DMSO) was made 
preparing one stock solution and making the working solution (dilution 
in ethanol) on different days from 1 day up to 7 days (1 week). For the 
stability of the Mod-RHOB working solution, calibration curves were set 
in consecutive days (1–7 days) using the same solution. According to the 
results obtained, both Mod-RHOB solutions were stable only for up to 2 
days. 

3.5.2. Stability of the coloured product 
Since one of the main advantages of microfluidic devices is 

Fig. 3. Study of the influence in the calibration curve slope of different filter papers and different concentrations of Mod-RHOB in the reagent layer: (A) papers with 
different pore sizes; (B) different types of filter papers and (C) different reagent concentrations; the grey bars represent the chosen option; the error bars represent 10 
% deviation of the measurements. 
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portability, allowing an in-situ water analysis, it was very important to 
evaluate the stability of the coloured product after placing the water 
sample. For this study, a calibration curve for copper determination was 
prepared and the μPAD detection zone was scanned several times (up to 
70 min). According to the results obtained (see Electronic Supplemen-
tary Material Fig. 7), no significant differences in sensitivity were 
observed (slope deviation <10 %) up to 30 min. In an attempt to in-
crease the scanning time, a new μPAD was prepared where, after 
applying the sample, the μPAD sample holes were covered with adhesive 
tape. However, no significant differences were also observed up to 30 
min, with or without adhesive tape. Therefore, the sensitivity of the 
coloured complex was stable if the detection zone reading took up to 30 
min. 

3.5.3. μPAD stability 
To study the stability of the developed μPAD (before the sample 

loading), several devices were prepared and stored closed in sealed 
plastic bags under different atmospheric conditions: in contact with air 
and in vacuum. For both atmospheric conditions, the μPADs were stored 
at room temperature (approximately 21 ◦C), exposed to light, and pro-
tected from light (covered with aluminium foil). Additionally, some 
devices in vacuum atmospheric conditions were also stored in a refrig-
erator (approximately 5 ◦C), exposed, and protected from light. 

Different time periods were tested, ranging from 24 h to 1 month 
(Fig. 5). For each storage period and condition, a calibration curve was 
set with the stored μPAD and compared with a calibration curve of 
freshly prepared μPAD (fresh CC in Fig. 5). 

As shown in Fig. 5, there was not statistical differences in sensitivity 
up to 1 month of storage between the fresh calibration curve and the 
μPADs stored in vacuum conditions, in the refrigerator and protected 
from light. This was also observed in the calibration curve slope related 
with the μPADs stored in vacuum conditions at room temperature, 
protected from light, but only up to 2 weeks. So, 1 month was the 
maximum storage time of μPAD lifetime. 

3.6. Interference assessment 

3.6.1. Potential interfering metal ions 
Although the Mod-RHOB chelator has a higher affinity towards 

copper, it was important to assess the potential interference of some 
bivalent and trivalent cations that can also be present in water. The 
interfering species and corresponding concentrations tested in this study 
were based on the maximum values reported in international legislation. 
Copper standards with a concentration of 0.25 mg L− 1 were prepared 
with different concentrations of the potential interfering ions. The 
absorbance values of the copper standard with (ACu&Interf) and without 

Fig. 4. Study of the influence in the calibration curve slope by different sample/standard volumes (A); study of the influence on the colour complex area by using 
different diameters (2, 3, 4 and 6 mm) for the μPAD sample hole (B); study of the influence in the calibration curve slope by using different sample hole diameters (C); 
the grey bars represent the chosen option; the error bars represent 10 % deviation of the measurements. 

Fig. 5. Study of the stability of the developed μPAD under different storage conditions. The black bar represents the average of five calibration curves and the black 
dashed horizontal lines represent the range of the error bars with 10 % deviation from average of the calibration curves. The grey bars indicate the different storages 
times. The error bars represent 10 % deviation of the measurements. 
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(ACu) the potential interfering ion were registered, and the interference 
percentage calculated (Table 1). The interference percentage was 
calculated according to the equation: Interference % = [(ACu&Interf – 
ACu)/(ACu)]. No significant interferences (Interference% < 10 %) were 
observed for all the tested metal ions expected in the water samples. 

3.6.2. Seawater matrix 
One of the main objectives of this work was develop a device that 

would allow analysing different types of water samples, namely tap, well 
and river water as well as seawater. So, copper standards with the same 
concentration range were prepared in artificial seawater and a calibra-
tion curve was set. When comparing the calibration curve slopes of 
copper standards prepared in water and seawater (see Electronic Sup-
plementary Material Fig. 8), it was possible to observe that the cali-
bration curve slope of copper standards in seawater decreased by 
approximately 40 %. This can be explained by the lower availability 
(thus activity) of the copper ions in a saline matrix. 

3.7. Analytical features of the developed μPAD 

After all the studies performed for the copper determination based on 
the coloured complex formed with Mod-RHOB, the analytical 

characteristics of developed microfluidic paper-based were summarized 
in Table 2. 

Two calibration curves for copper determination, in fresh waters and 
seawater, were obtained according to the copper standards used (ESM 
Fig. 8). The limit of detection (LOD) and the limit of quantification LOQ, 
were calculated according to the International Union of Pure and 
Applied Chemistry (IUPAC) recommendations [29], as three and ten 
times, respectively, the standard deviation of the average of the inter-
cept (n = 5) divided by the calibration curve slope average. The dynamic 
range of the developed method was established based on the calculated 
LOQ and up to the limit of the linear response. 

The repeatability of the method was assessed by calculating the 
relative standard deviation (RSD) based upon the copper concentration 
average obtained for a river water sample using 10 measurements (RSD 
= 2.1 %). Additionally, the interday reproducibility was calculated as 
the RSD of the slope (RSDinterday = 1.4 %) calculated from five calibra-
tion curves on consecutive days. 

The reagent consumption was calculated for one μPAD (24 paper 
discs units): 0.144 mg of Mod-RHOB and 1.20 mg of hydrogen carbon-
ate. The sample consumption was calculated per determination as 80 μL 
(20 μL of sample per reading unit and four paper units per 
determination). 

3.8. Application to natural waters 

3.8.1. Accuracy assessment 
For the accuracy assessment, eight water samples were analysed with 

the developed microfluidic device, and the results were compared with 
the results obtained by the reference procedure of the ICP-OES mea-
surements (Table 3). 

The linear correlation showed that the estimated slope and intercept 
do not differ statistically from values 1 and 0, respectively. Therefore, it 
was possible to conclude that the two sets of results were not statistically 
different. 

3.8.2. Recovery studies 
Additionally, for further accuracy assessment, recovery studies were 

also performed using several types of water samples. The samples were 

Table 1 
Assessment of possible interfering ions in the determination of copper according 
to international legislation values; UNFAO, United Nations Food and Agriculture 
Organization; EPA, Environmental Protection Agency.  

Possible interfering ion Legislation maximum values (mg L− 1) Interference (%) 

Ca2+ 15a − 6.3 
Mg2+ 5.0b +2.9 
Zn2+ 0.1b − 3.6 
Al3+ 1.0c − 3.0 
Co2+ 0.1a +1.4 
Mn2+ 0.2a +0.8 
Fe3+ 5.0a +4.6 
Ni2+ 0.2a − 1.2  

a UNFAO. 
b groundwater. 
c EPA – drinking water. 

Table 2 
Summary of the analytical features of the developed μPAD for copper determination in water; SD, standard deviation; LOD, limit of detection; LOQ, limit of 
quantification.  

Targeted sample Dynamic range (mg L− 1) Calibration curvea 

A = Slope ± SD [Cu2+] + Intercept ± SD 
LOD (μg L− 1) LOQ (μg L− 1) Reagent consumption per μPAD 

Fresh water 0.05–0.50 A = 0.152 ± 0.014 [Cu2+] + 0.002 ± 0.001 
R2 = 0.998 ± 0.002 

10 34 0.144 mg of ligand 
1.20 mg of NaHCO3 

Seawater 0.10–0.50 A = 0.069 ± 0.002 [Cu2+] - 0.002 ± 0.001 
R2 = 0.996 ± 0.003 

28 92  

a n = 5. 

Table 3 
Accuracy assessment; analysis results of several water samples using the newly developed μPAD method for copper determination; SD, standard deviation (n = 4); RE, 
relative error.  

Sample type Sample ID Reference Method (ICP-OES) [Cu2+] ± SD, mg L− 1 μPAD Method [Cu2+] ± SD, mg L− 1 RE (%) 

Well water W1 0.088 ± 0.001 0.087 ± 0.006 − 1.1 
W2 0.061 ± 0.002 0.062 ± 0.017 +1.6 
W3 0.103 ± 0.003 0.104 ± 0.011 +1.0 

Estuary water samples E1 0.143 ± 0.002 0.138 ± 0.034 − 3.5 
E2 0.251 ± 0.001 0.247 ± 0.023 − 1.6 
E3 0.143 ± 0.003 0.142 ± 0.006 − 0.7 
E4 0.114 ± 0.002 0.118 ± 0.017 +3.5 
E5 0.054 ± 0.001 0.052 ± 0.016 − 3.7 

A linear regression was established (see Electronic Supplementary Material Fig. 9) between the two sets of results: [Cu2+]μPAD = 0.978 (±0.016) [Cu2+]ICP-OES + 0.002 
(±0.002), where the values in parenthesis are 95 % confidence limits. 
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spiked with different volumes of a 5.0 mg L− 1 copper standard to final 
concentrations of 0.10 and 0.30 mg L− 1. Then, the recovery percentages 
were calculated according to the IUPAC recommendations [30]: Re-
covery % = (([Cu2+]Found – [Cu2+]initial)/Cu2+]added)) x 100; when the 
[Cu2+]initial is below LOD, the formula becomes: Recovery % =
([Cu2+]Found/Cu2+]added) x 100 (Table 4). 

The overall average was 101 % with a relative standard deviation of 
4.3 %. A statistical test (t-test) was used to evaluate if the mean recovery 
value did significantly differ from 100 %. With a 95 % significance level, 
the calculated t-value was 0.149 with a correspondent critical value of 
2.53. The statistical results indicate the absence of multiplicative matrix 
interferences. 

Furthermore, because different natural waters were used, it 
confirmed that the developed method was applicable to different types 
of water samples. 

4. Conclusions 

In summary, we have successfully developed a new microfluidic 
paper-based analytical device for the quantification of copper in water. 
This paper device, in combination with a low-toxicity chelator, Mod- 
RHOB, represents a ground-breaking technique as it allows the mea-
surement of copper levels in several types of water, including seawater 
samples. 

The developed μPAD has demonstrated exceptional affinity and 
specificity for copper, exhibiting a colorimetric response by forming a 
coloured complex from light pink (absence of Cu2+) to dark pink 

(presence of Cu2+). This μPAD was also shown to be effective, portable, 
and disposable, providing a rapid on-hand measurement, in a more 
economical way compared to conventional techniques for water moni-
toring. With our new approach, we have achieved a dynamic concen-
tration range of 0.05–0.50 mg L− 1, with low quantification limits, 
namely 34 μg L− 1. Furthermore, the device remains stable for up to one 
month when stored in vacuum conditions and refrigerated while being 
protected from light. Once the sample is loaded, the colorimetric 
response can be scanned for up 30 min, allowing ample time for analysis. 
The analytical features of the developed paper device were compared 
with those reported in other studies for copper determination (Table 5). 
This work presented similar or even lower limits of detection and proved 
to be an innovative and more environmentally-friendly approach, of-
fering a reliable tool for water analysis in various environments. 

In the pursuit of developing innovative technologies, the choice of 
appropriate tools is essential to evaluate the environmental sustain-
ability of the system. In this context, the application of the RGB additive 
colour model [31] and the GREEnness calculator [32] was used as an 
analytical metric which offers a valuable framework for assessing the 
environmental impact of the μPAD system. When the RGB model was 
used, the result was “white” (93.6 %). The RGB additive colour model 
represents three main attributes of the evaluated method: analytical 
performance – R (Red), safety/eco-friendliness – G (Green) and pro-
ductivity/practical effectiveness – B (Blue). The results of the RGB model 
can be interpreted as: white colour (mix of three primary colours) means 
that all primary attributes have a satisfactory degree; secondary colours 
(magenta, yellow or cyan) if the method is satisfactory in terms of two 

Table 4 
Recovery percentages calculated from spiked natural waters assessed with the developed method.  

Sample type [Cu2+]Initial (μg L− 1) Sample ID [Cu2+]Added (mg L− 1) [Cu2+]Found ± SD (mg L− 1) Recovery % 

Tap water (T#) <10 T1 0.100 0.104 ± 0.014 104 
0.300 0.291 ± 0.020 97.1 

T2 0.100 0.102 ± 0.013 102 
0.300 0.323 ± 0.016 108 

River water (R#) <10 R1 0.100 0.097 ± 0.003 97.1 
0.300 0.310 ± 0.016 103 

R2 0.100 0.096 ± 0.006 95.6 
0.300 0.287 ± 0.011 95.7 

Harbour (H#) <10 H1 0.100 0.095 ± 0.011 95.1 
0.300 0.298 ± 0.027 99.4 

Seawater (S#) <10 S1 0.100 0.106 ± 0.015 106 
0.300 0.310 ± 0.026 103 

S2 0.100 0.104 ± 0.017 104 
0.300 0.315 ± 0.024 105  

Table 5 
Comparison of the analytical characteristics of developed μPAD and other copper paper devices; ND, not documented.  

[Cu2+] range 
(mg L− 1) 

LOD 
(μg 
L− 1) 

Sample 
volume 
(μL) 

Type of water μPAD assembly Image Processing Observations Year Reference 

0.05–0.50 10 20 μL Tap, well, river 
and seawater 

Cut paper disks 
inserted into a 
laminated plastic 
pouch 

ImageJ software Vertical flow; Applied to 
different types of water samples, 
including seawater. 

– This work 

0.064–0.44 22 400 μL Natural water Wax printing method; 
Heating at 120 ◦C 

Photoshop software; ICS- 
1100; IC-UV 

Use of a SPE column as a pre- 
treatment method 

2023 [17] 

0.10–30 60 19.2 μL Natural and 
wastewater 

Inkjet printing method ImageJ software Use of o polymer inclusion 
membrane (PVC) 

2013 [18] 

0.0005–0.2 0.3 20 μL Drinking and 
groundwater 

Wax printing method; 
heating at 175 ◦C 

ImageJ software Semi-quantitative determination 2015 [19] 

1.0–6.0 ND 20 μL Drinking water Wax printing 
technique; heating at 
150 ◦C 

Cu2+ determination using a 
ruler printed directly on the 
device 

Semi-quantitative determination 
using a distance-based paper 
analytical device 

2017 [20] 

0.02–500 ND 20 μL Drinking water Wax printing method ImageJ software Solid-phase extraction (sample 
pre-treatment) coupled to a 
paper-based technique 

2018 [21] 

0.32–63.55 320 300 μL Tap and pond 
water 

Wax printing method; 
heating at 200 ◦C 

ImageJ software Use of several toxic reagents 2021 [22]  
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attributes; primary colours (red, green or blue) if it has only one attri-
bute and lacks the other two; grey colour means that the method utili-
zation may be considered. The obtained final score of 0.94 on the 
GREEnness calculator indicates a strong alignment with sustainable 
practices, suggesting that the developed μPAD presents favourable at-
tributes in terms of minimizing its ecological footprint. The GREEnness 
assessment is based on 12 principles of green analytical chemistry and is 
transformed into a unified 0–1 scale: a score of 0 would typically 
represent a complete absence of green principles and a score of 1 sig-
nifies full adherence to green principles. In the GREEnness calculator, it 
was not possible to include the Mod-RHOB chelator as the reagent, but 
these ligands have low toxicity since they are used as fluorescent 
markers in biomedical applications. 
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