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Abstract
A novel approach is reported to quantify CuO NPs in aqueous samples by using digital image colorimetry (DIC), which is 
a rapid, low-cost, and facile method. We have used a colour recogniser application on a smartphone to register the gradual 
colour changes experimented, under λex = 365 nm radiation, by a dansyl-based chemosensor immobilised on cellulose paper, 
after interacting with aqueous dispersions of CuO NPs with concentrations between 5 and 100 µg L−1. The low limits of 
detection (LOD) and quantification (LOQ) (10.5 and 34.9 µg L−1, respectively) show a relevant sensitivity for this simple 
method, which also displays a good precision  and accuracy (analytical recovery, 99 ± 1%). A comparison of the results simi-
larly obtained for the modified paper through diffuse reflectance (DR) revealed worse detection parameters (LOD = 100.0 µg 
L−1 and LOQ = 333.4 µg L−1). In addition, fluorescence spectroscopy (λem = 520 nm) demonstrated the ability of the free 
chemosensor (1.26 µg L−1 in 20:80 (v/v) water–ethanol solutions) for the quantification of CuO NPs (LOD = 30 µg L−1 
and LOQ = 101 µg L−1), without improvement of the results obtained with DIC on the modified papers. The dissolved free 
chemosensor demonstrated selectivity towards CuO NPs in the presence both of metal ions  common in aqueous samples as 
K+, Na+, Ca2+, Mg2+, Fe3+, or Al3+ and of other usual nanomaterials as those of Cu, CdSe, TiO2, and ZnO NPs.
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Introduction

The remarkable chemical and physical properties of CuO 
nanoparticles (NPs), including chemical stability, excel-
lent electrochemical activity, and superthermal conduc-
tivity, have led to their extensive use in diverse fields of 
health [1–3], industry [4–8], and environment [9–13]. 
However, this widespread use of CuO NPs is not without 
health hazards [14–19] and environmental risks [20–22], 
as studies have reported that CuO NPs are considered toxic 
at any concentration above 1 mg/L. Both in vitro as well as 
in vivo studies point out that CuO NPs can induce oxida-
tive stress, inflammation, neurotoxicity, immunotoxicity, 
cytotoxicity, and genotoxicity in bacteria, algae, rodents, 
fishes, and human cell lines [23, 24]. The main toxicologi-
cal mechanisms of CuO NPs can originate reactive oxy-
gen species (ROS), inducting oxidative stress [25]. Thus, 

Assadian and col. [26] have shown that exposure to these 
nanoparticles can be related to suppression of the immune 
system in humans, because of the induction of oxidative 
stress in lymphocytes that can lead to cell death.

Accurate detection and monitoring of CuO NPs are 
therefore essential for assessing environmental exposure, 
ensuring regulatory compliance, and guiding the safe and 
sustainable development of nanotechnology. As a result 
of these worries, the enhancement of analytical methods 
focused on the detection of CuO NPs is rising a grow-
ing interest. In this way, the use of techniques as single 
particle ICP-MS [27–32], ICP-OES [33], and microscopy 
[34–36] has been reported for characterisation and quan-
tification of CuO NPs in plants, soil, natural waters, and 
cells. Among others, Navratilova et al. [27] utilised sin-
gle particle ICP-MS for detecting CuO NPs in colloidal 
samples extracted from soils. Peng et al. have employed 
ICP-OES to quantify the presence of copper on rice roots 
grown in soils with added CuO NPs [33]. Likewise, Zhao 
et  al. [34] have utilised EDS analyses to measure the Extended author information available on the last page of the article
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occurrence of copper on roots of aquatic florae exposed 
to CuO NPs. Likewise, in recent years, we have reported 
the use of rapid and sensitive optical methods to meas-
ure the concentration of CuO NPs in solution, through 
decreases in the fluorescence emission of tosyl-based fluo-
rescent probes [37, 38]. Now, we are focused on DIC using 
smartphones as a rapid, low-cost, and facile, but powerful 
analytical tool to measure colour changes related to a tar-
get analyte, using digital images captured by their built-in 
cameras [39–41]. The RGB model is one of the most used 
systems to describe colours in a 3D coordinate space, as 
each colour is expressed as a single point.

Here, we report an innovative colorimetric approach 
to quantify CuO NPs in water using only a smartphone, 
and cellulose paper with an immobilised chemosensor. 
We present the development of a dual-mode chemosensor 
that integrates both colorimetric and fluorescence detec-
tion, offering enhanced sensitivity and analytical reli-
ability. This sensing platform is further strengthened by 
the incorporation of smartphone-based quantification and 
image analysis, which allows for real-time, on-site detec-
tion without the need for sophisticated instrumentation. 
Additionally, we demonstrate a simple, low-cost fabrica-
tion process that is not only accessible and reproducible 
but also holds strong potential for scalable production and 
field deployment. These features collectively differenti-
ate our approach from previous work and underline the 
practical relevance and innovation of the proposed sensing 
platform.

Cellulose-based chemosensors have garnered consider-
able attention in recent years for environmental monitor-
ing [42–49]. Their key advantages include low cost and 
availability, portability and flexibility, no need for external 
power, integration with mobile devices, minimal reagent 
consumption, biodegradability and eco-friendliness, ease 
of functionalisation, and rapid and visual detection. How-
ever, limited sensitivity and selectivity, short shelf life and 
stability issues, environmental interferences, standardisa-
tion and calibration, single-analyte focus, data interpreta-
tion and integration, and mechanical fragility still hinder 
the broader application of paper-based chemosensors for 
environmental monitoring.

An unsophisticated smartphone was used not only to 
take photographs under UV light of the fluorescent emis-
sion changes displayed by this modified paper, but also to 
detect their average RGB values with a free colour recogni-
tion app. For this purpose, we have selected a previously 
synthesised dansyl-based fluorescent probe [50], which can 
be covalently immobilised on cellulose paper [51]. The free 
ligand displays a suitable N,N,O donor set, in joint with a 
sulphonamide group, which can effectively bind unsatu-
rated Cu2+ ions existing on the surface of the NPs.

Diffuse reflectance (DR) and fluorescence spectroscopy 
measurements were also carried out to compare the accu-
racy of the smartphone-based DIC for detecting CuO NPs, 
with these two classic determination methods. The DR 
studies correlated the decrease of a characteristic absorp-
tion band (λabs = 270 mm) of the chemosensor immobilised 
on cellulose paper, with increasing concentrations of CuO 
NPs. In addition, we studied the decline in the fluores-
cence intensity (λem = 530 nm) of the free chemosensor 
dissolved in ethanol–water solutions with growing con-
centrations of CuO NPs. Studies on potential interferences 
with this determination procedure were also performed 
in ethanol–water solutions, not only using several other 
ordinary nanomaterials, but also some metal ions habitu-
ally present in water samples.

Materials and methods

List of reagents

The list of reagents is as follows: Whatman® qualitative 
filter paper discs 55-mm diameter, Grade 2 (Sigma-Aldrich), 
(3-aminopropyl)trimethoxysilane (APTMS), 97% (Sigma-
Aldrich); N-hydroxysuccinimide (NHS), 98% (Sigma-
Aldrich); N-(3-dimethylaminopropyl)-N-ethylcarbodiimide 
hydrochloride (EDC·HCl), 98% (Sigma-Aldrich); N,N-
dimethylformamide (DMF), ≥ 99.8%, anhydrous (Sigma-
Aldrich); triethylamine (TEA), ≥ 99% (Sigma-Aldrich), 
Ultrapure Milli-Q® water, ethanol absolute (Sigma-Aldrich), 
ZnO NPs ≤ 40 nm (Sigma-Aldrich), TiO2 NPs < 150 nm 
(Sigma-Aldrich); Cu NPs 40–60 nm (Sigma-Aldrich); CuO 
NPs < 50 nm (Sigma-Aldrich), KCl, 99.0% (Sigma-Aldrich); 
NaCl, 99.0% (Sigma-Aldrich); CaCl2, ≥ 99% (Sigma-
Aldrich); MgCl2, ≥ 98% (Sigma-Aldrich); FeCl3, 97% 
(Sigma-Aldrich); Al(NO3)3·9H2O, ≥ 98% (Sigma-Aldrich).

Immobilisation of the chemosensor on cellulose 
paper

The description of the synthesis and subsequent characteri-
sation of the chemosensor used herein has been previously 
reported [50]. Figure 1 shows a schematic illustration of 
the procedure for its covalent immobilisation on cellulose 
paper [51].

A cellulose filter paper (55-mm diameter) was immersed 
in a 1 wt.% ethanolic solution of APTMS for 1 h at room 
temperature. The resulting amine-functionalised cellulose 
paper was thoroughly washed with ethanol and dried under 
vacuum at 40 °C. To activate the carboxyl group of the chem-
osensor for amide bond formation with amine-functionalised 
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cellulose paper, equimolar amounts of NHS and EDC·HCl 
(0.1 mmol each) were added to a DMF solution (20 mL) 
containing the chemosensor (0.1 mmol). The mixture was 
stirred at room temperature for 3 h, followed by the addition 
of TEA (0.3 mmol). The activated chemosensor solution 
remains stable and effective for up to 48 h after prepara-
tion; beyond this point, its suitability for functionalisation 
is compromised. The amine-modified cellulose paper was 
then immersed in the chemosensor solution and left to react 
overnight. Finally, the chemosensor immobilised on cellu-
lose paper was washed sequentially with water and ethanol 
and dried under vacuum at 40 °C.

Diffuse reflectance (DR) and scanning electron micros-
copy-energy dispersive X-ray spectroscopy (SEM–EDX) 
were used to characterise the chemosensor papers. The 
DR spectra of the chemosensor papers were registered on 
a LAMBDA 1050 + UV/Vis/NIR PerkinElmer spectropho-
tometer, which was equipped with an integrating sphere. 
SEM images and EDX spectrum were obtained using a 
ZEISS FESEM ULTRA Plus with EDX.

Smartphone‑based DIC

Sample preparation  Discs of the chemosensor-modified 
cellulose paper were immersed for 15 min in water dis-
persions of CuO NPs with concentrations of 5, 25, 50, 
and 100 µg L−1. No pH-adjusting agents were added. To 
ensure homogeneity, all samples were sonicated prior to 
measurement, thereby improving accuracy and reproduc-
ibility. Each suspension was sonicated for 5 min prior to 
paper immersion. Prior to being measured, all the soaked 
discs of cellulose paper had been conveniently air-dried. 
For each assay, at least three replicates were made for sta-
tistical purposes.

Image acquisition and color data standardisation

The air-dried paper discs were placed in an UV viewing 
booth (C-10E4 Mini UV Cabinet, Analytik Jena), under 
light of 365 nm wavelength, and then photographed with a 
smartphone to digitalise their chromatic information. The 
use of a UV viewing booth, with a smartphone mounted in 
the viewport, largely prevents daylight interference when 
taking photos.

Photographs of the chemosensor-modified paper were 
captured with the integrated camera (50 MP) of a Samsung 
Galaxy A25 smartphone running Android 14 OS. The same 
camera settings were used for all photographs (white bal-
ance, light sensitivity, etc.). HDR (High Dynamic Range) 
was enabled, and no filters or image optimisers have been 
used. Higher smartphone camera resolution enhances the 
detail and accuracy of the RGB colour measurements.

The free application RGB Color Detector [52], for 
Android OS 9.0 or up, was used to calculate the RGB coor-
dinates. RGB Color Detector is a free application available 
for Android and macOS that provides access to a wide range 
of colour formats and conversions, including RGB, CMYK, 
HSV, HTML, HEX, and HSL. The software analyses images 
and extracts the RGB values of each pixel. This colour anal-
ysis enables the calculation of linear regressions based on 
colour data.

Colour information was obtained from three replicate pho-
tographs, each taken at five distinct points across different 
areas of the paper samples following immersion in aqueous 
dispersions of CuO NPs. To enable response correction, meas-
urements were also performed on the chemosensor-modified 
cellulose paper prior to exposure to the CuO NP dispersions. 
The raw RGB values extracted from the images were nor-
malised and processed prior to any calibration. This process 

Fig. 1   Schematic representations of the procedure for covalent immobilisation of the chemosensor on cellulose paper. The dansyl antenna is 
highlighted in light green, and the part related to the immobilisation on the cellulose polymer (olive green) has been bluish grey coloured
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included background subtraction and correction for ambient 
light conditions. A reference colour chart (including white and 
black points) was included in all images to allow for image-
to-image normalisation. This mitigated the effect of baseline 
variation due to lighting, device camera, or environmental 
changes. Calibration curves were generated with standard-
ised imaging conditions, and measurements were repeated 
across multiple days. The results showed minimal baseline 
shifts, which have been considered. When necessary, calibra-
tion curves were adjusted to reflect small inter-day variations.

UV–Vis‑NIR measurements

Sample preparation  Four tap water suspensions of CuO 
nanoparticles (20 mL each) were prepared at concentrations 
of 100, 350, 500, and 1000 µg·L⁻1. No pH-adjusting agents 
were added. Each suspension was sonicated for 5 min prior 
to paper immersion. Chemosensor-modified cellulose paper 
discs were then immersed in the freshly prepared CuO NP 
suspensions for 2 h. After immersion, the discs were air-
dried before measurement.

The diffuse reflectance (DR) spectra of the paper discs 
were registered on a LAMBDA 1050 + UV/Vis/NIR Perki-
nElmer spectrophotometer, which was equipped with an 
integrating sphere.

Fluorescence quenching measurements

Sample preparation  Ethanol–water solutions (80:20, v/v) 
of 4 mL were prepared containing the free chemosensor 
(1.26 µg·L⁻1), NaOH (0.18 µg·L⁻1), and CuO NPs at con-
centrations of 16, 32, 64, 125, 187, and 250 µg·L⁻1. Prior to 
being measured, each suspension was sonicated for 5 min.

Fluorescence emission studies of ethanol–water solu-
tions were accomplished on a Shimadzu RF-600 Spectro 
Fluorophotometer.

Results and discussion

The synthesis and characterisation of the chemosensor used 
in this study have been previously reported [50]. Based on 
this groundwork, we performed its covalent immobilisation 
onto cellulose paper [51] using a procedure detailed in the 
experimental section. This enables stable integration of the 
sensing element into the paper matrix and ensures its func-
tionality within the analytical platform.

Before initiating the study on the determination of CuO 
NPs in laboratory-prepared samples using smartphone-based 
DIC, the immobilisation procedure of the chemosensor onto 
cellulose paper was first optimised and evaluated.

Immobilisation of the chemosensor on cellulose 
paper

Since sensor immobilisation involves immersion in an acti-
vated DMF solution composed of the chemosensor, NHS, 
EDC·HCl, and TEA, we examined the temporal stability 
of this solution and assessed how long it remains effective 
for reuse. The stability and reactivity of the activated che-
mosensor solution were evaluated by monitoring changes 
in the diffuse reflectance spectra over time. Four cellulose 
papers were functionalised using the same solution from its 
initial preparation up to 72 h later (at 0, 24, 48, and 72 h). 
As shown in Figure S1 (SI), the diffuse reflectance spectra 
of the three chemosensor-treated papers prepared during 
de first 48 h remained unchanged, with three characteristic 
absorption bands at approximately 270, 330, and 420 nm. 
This evidence shows that both the solution and the immo-
bilised species maintain their chemical integrity throughout 
this period. In contrast, spectral alterations observed at 72 h 
suggest chemical degradation or transformation of the active 
species. These results indicate that the chemosensor solution 
remains stable and effective for up to 48 h after prepara-
tion; beyond this point, its suitability for functionalisation 
is compromised.

Characterisation of the immobilised chemosensor

We employed a combination of DR and UV–Vis spectros-
copies, as well as fluorescent imaging and SEM–EDX, to 
confirm the immobilisation of the chemosensor on cellu-
lose paper. Immobilisation of the chemosensor induces a 
subtle colour change in the cellulose paper (from white to 
pale grey), which is visible to the naked eye (Fig. 2, right). 
Furthermore, when this modified paper is placed under an 
ultraviolet light source of wavelength 254 nm, it displays a 
bright clear green colour. The uniform fluorescence emission 
observed provides preliminary evidence of the successful 
immobilisation of the chemosensor on the paper substrate 
(Fig. 2, right).

The DR spectrum of the chemosensor anchored on cel-
lulose paper (green line, Fig.  2) exhibits characteristic 
absorption bands at approximately 270, 330, and 420 nm, 
attributed to π-π* electronic transitions [50]. This is in evi-
dent contrast with the DR spectrum of the cellulose paper 
(grey line, Fig. 2), which does not show bands in the range 
235–450 nm. A comparison between the spectra of the che-
mosensor in solution (blue line, Fig. 2) and anchored on 
cellulose reveals that the 330 nm band is less distinguishable 
in solution, due to its broader profile and lower intensity. 
Increasing the concentration of the chemosensor solution 
makes the band at 330 nm more clearly observable. The 
absorption band centered at 390 nm in the dissolved free 
chemosensor exhibits a red shift of approximately 30 nm 
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upon immobilisation of the chemosensor on cellulose paper, 
which is attributed to the formation of the amide bond. The 
absence of absorption bands in the UV–Vis spectrum of the 
washing water from the chemosensor-functionalised cellu-
lose paper indicates that the chemosensor does not leach 
into the solution and remains bound to the cellulose matrix. 
These findings confirm the occurrence of an interaction 
between the chemosensor and the cellulose paper.

SEM–EDX analysis confirmed the successful integration 
of the chemosensor, as evidenced by the detection of S, Si, 
and N within the cellulose matrix fibres (Figure S2, SI). 
It must be noted that the Kα lines of carbon (0.277 keV) 
and oxygen (0.525 keV) are located in close proximity to 
the nitrogen Kα line (0.393 keV), which complicates the 
accurate identification and quantification of nitrogen. SEM 
analysis indicated no morphological changes in the cellulose 
fibres post-chemosensor interaction, with diameters between 
10 and 20 μm.

Fluorescence and colorimetric characterisation 
of the chemosensor

3D f luorescence spectra of the chemosensor in an 
ethanol:water mixture (80:20) were recorded to explore 
all excitation/emission wavelength combinations and 
determine the excitation wavelength that produces the 
maximum emission intensity. The use of an ethanol–water 
mixture not only enhances the sensor’s fluorescence 
emission intensity, owing to its polarity, but also serves 
as an appropriate medium for dissolving the sensor and 
effectively dispersing the CuO NPs under investigation. 
Excitation wavelength versus fluorescence wavelength 

3D fluorescence spectra have been obtained by succes-
sively varying the excitation wavelength as fluorescence 
spectra were measured. Analysis of the 3D fluorescence 
spectra revealed that the chemosensor dissolved in an 
ethanol:water (80:20) mixture absorbs UV light at approxi-
mately 400 nm and exhibits a strong green fluorescence 
emission centered around 520 nm (Figure S3, SI).

The fluorescence response of the chemosensor was fur-
ther studied as a function of pH. An increase in fluorescence 
intensity was observed with rising pH, which is consistent 
with the progressive deprotonation of the molecule. Mono-
deprotonation occurs at pH values below 7, attributed to 
the carboxylic acid group with a pKa of approximately 4. 
Further deprotonation of the phenol and sulfonamide groups 
requires higher pH values, as their pKa values are around 
9. As a result, a 2.5-fold increase in fluorescence intensity 
was observed at pH 9 compared to that at near-neutral pH.

Studies on the fluorescence stability of an EtOH:H2O 
(80:20) solution of the chemosensor were carried out under 
controlled environmental conditions to evaluate its per-
formance over time. Aliquots of the sensor solution were 
stored in the dark at 5 °C, and fluorescence intensity was 
measured after 1, 3, 5, and 7 days to assess its stability 
under storage conditions. The results showed that the fluo-
rescence emission intensity remained stable with no sig-
nificant changes over a 5-day period. However, after 7 days, 
an increase in fluorescence intensity was observed, which 
was attributed to the hydrolysis of the chemosensor. It is 
important to note that the hydrolysis of the imino group 
yields N-(2-aminobenzyl)−5-(dimethylamino)naphthalene-
1-sulfonamide, a compound that exhibits higher fluores-
cence emission at 520 nm than the original chemosensor.

Fig. 2   Left: View of the diffuse reflectance spectra corresponding to 
the unmodified cellulose paper as a grey line, while the green one 
corresponds to the chemosensor immobilised on it. The UV–Vis 
spectrum of the free chemosensor dissolved in an 80:20 ethanol:water 

mixture (v/v) is shown as a blue line. Right: Photographs of the 
unmodified paper and the chemosensor paper under daylight and UV 
light
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The colour stability of the chemosensor paper was evalu-
ated by monitoring DR spectral changes over time. Given the 
potential susceptibility of the chemosensor paper to environ-
mental factors such as humidity, temperature fluctuations, 
light, and dust, the paper-based chemosensors were stored 
in dry, dark conditions with controlled and stable tempera-
ture. The absence of significant spectral shifts or intensity 
changes compared to the freshly prepared chemosensor 
paper indicates that the sensor remains stable and effective 
for up to 6 months after immobilisation. Digital analysis of 
photographs taken from the chemosensor paper further con-
firms the absence of significant colour changes. Extended 
exposure to UV light leads to significant bleaching of the 
chemosensor paper within 6 h. After this period, noticeable 
colour changes occur, and by 12 h, the paper exhibits yel-
lowing, indicating a loss of sensor functionality.

DIC for CuO NP detection

Prior to CuO NP detection via DIC, a preliminary investiga-
tion was performed to identify the optimal pH and immer-
sion time needed for stabilization of the R coordinate signal 
when cellulose paper is exposed to a CuO NP dispersion.

Time of immersion for DIC

Six paper samples were immersed in an aqueous solution of 
CuO NPs at a concentration of 20 mg·L⁻1. The immersion 
times evaluated were 15, 30, 45, 60, and 120 min, as well as 
overnight. After each time interval, the papers were removed 
from the solution and allowed to air dry. The variation in 
the R colour coordinate was analysed using digital imaging 
under 365 nm. Figure S4 (SI) shows that the R coordinate 
stabilises after 15 min of immersion.

Selection of pH for DIC

When selecting the pH values, we considered that the che-
mosensor contains –OH and -SO2(NH)- functional groups 
with pKa values around 9. At pH = 9, these groups are par-
tially or fully deprotonated, which facilitates electrostatic 
interactions with the CuO surface. In the absence of pH 
modifiers, the chemosensor remains almost completely 
protonated, which affects the strength of the interaction, 
although the same functional groups may still be involved. 
Since pH values below 7 led to partial dissolution and aggre-
gation of CuO NPs, and values above 9 may cause chemi-
cal instability through the formation of Cu(OH)2 or soluble 
complexes, measurements were conducted at pH values near 
neutrality and at pH 9.

To assess the effect of pH on the interaction between the 
chemosensor and CuO NPs, cellulose papers functionalised 
with the chemosensor were submerged overnight in two 

separate aqueous suspensions of CuO NPs (300 mg·L⁻1), 
one of the suspensions without added pH modifiers and the 
other adjusted to pH = 9. Then, the papers were retrieved and 
air-dried at room temperature.

A straightforward visual inspection indicated that the 
suspension at pH = 9 developed a yellowish coloration 
(indicative of chemical reactivity), accompanied by a loss of 
homogeneity in the CuO nanoparticle dispersion due to the 
formation of aggregates. Conversely, no noticeable colour 
change occurs in the suspension without added pH modi-
fiers, which remains homogeneous throughout. Using DR 
spectroscopy, we observed that the intensity of the bands at 
270 and 420 nm is twice as low in the spectrum of the paper 
immersed in the suspension without added pH modifiers, 
indicating a higher concentration of CuO NPs. Based on 
these findings, no pH-adjusting agents were added to the 
suspension for CuO NP detection.

Smartphone‑based colorimetric detection of CuO NPs

Smartphone-based DIC is recognised as a powerful, rapid, 
and low-cost analytical approach to detect a wide range of 
analytes, including heavy metal ions, herbicides, pesticides, 
antibiotics, biochemical indicators, natural compounds, and 
bacteria/viruses [39, 53–55]. In contrast, there are few stud-
ies in which DIC is used for the detection of nanomateri-
als [51, 56]. Here, we present, to our knowledge, the first 
example of a colorimetric array approach for the rapid and 
sensitive identification of CuO NPs in aqueous media. A 
schematic illustration of the proposed sensing strategy is 
shown in Fig. 3.

After soaking for 15 min cellulose paper discs with 
immobilised chemosensor in water dispersions of CuO NPs 
with increasing concentrations from 5 to 100 µg L−1, these 
discs experimented, under natural light, a gradual darken-
ing in the grey range, which is noticeable even to the naked 
eye. Similarly, a more evident darkening can be observed 
under an exciting UV light of 365 nm wavelength, as the 
colour of the paper changes from light green to a darker 
greyish green. This occurs as a result of the interaction 
between the CuO NPs and the chemosensor immobilised 
on the paper.

SEM–EDX was employed to study the chemosensor cel-
lulose paper after its interaction with CuO NPs. As shown 
in Fig. 4, crystalline CuO deposits were observed on the 
surface, indicating that the copper(II) species interacts with 
the chemosensor cellulose substrate. Copper presence was 
confirmed by the detection of its characteristic X-ray emis-
sion lines: Lα₁ at 0.931 keV, Kα₁ at 8.048 keV, and Kα₂ at 
8.905 keV in the EDX spectrum of the chemosensor cellu-
lose paper after its interaction with CuO NPs.

Based on DFT studies of the interaction between 
CuO NPs and the free chemosensor [50], we propose the 
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formation of coordination bonds between surface Cu2⁺ ions 
and the azomethine, sulfonamide, and phenolic groups of 
the chemosensor.

To quantify these latter changes and facilitate their 
analysis, digitalised colour information was extracted from 

photographs obtained through an UV viewing cabinet under 
λex = 365 nm light, with the built-in camera of an unsophisti-
cated smartphone. Punctual data were transformed to RGB 
values employing a colour recogniser application imple-
mented on the smartphone used for that purpose [39–41]. 

Fig. 3   Schematic representation 
of the sensing strategy

Fig. 4   SEM image (left) and EDX spectrum (right) of the chemosensor cellulose paper after interaction with CuO NPs
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Colour information was obtained from three replicas of pho-
tographs taken on five points of different parts of each paper 
piece. The RGB coordinates were calculated through the free 
RGB Color Detector application [52].

Since only the red coordinate (R) exhibited a clear sen-
sitivity to CuO NPs, the response was only considered for 
this channel, as an average of the values measured. The 
variation of the blue (B) and green (G) coordinates with the 
concentration of CuO NPs is not lineal and therefore does 
not deserve further attention. Figure 5 shows a satisfactory 
linear correlation between this R-coordinate and the CuO 
NP concentration, being R2 = 0.9957. The slope average of 
three different calibration lines was −773.1, with a standard 
deviation of 37.6.

Sensitivity was evaluated through LOD and LOQ, using 
10 replicas of blanks. The values LOD and LOQ of this 
chemosensor could be extracted from LOD = 3SD/M and 
LOQ = 10SD/M, correspondingly, being SD the standard 
deviation of the response, while M represents the slope 
shown by the calibration curve [57]. These values were 
estimated from the slope of the calibration curve (–773.1) 
and the standard deviation of the sample without CuO 
NPs (2.7). Hence, CuO NPs could be detected with a 
LOD of 10.5 µg L−1 and a LOQ of 34.9 µg L−1, indicat-
ing an even higher sensitivity than that reported by us for 
another chemosensor in solution (LOD = 13.83 µg L−1 and 
LOQ = 46.05 µg L−1) [37].

The precision of the colorimetric method was 
assessed through an interday study conducted over 
three non-consecutive days. On each day, a calibration 

curve was constructed within the concentration range 
of 5–100 µg·L⁻1 of CuO NPs. Furthermore, 15, 50, and 
100 µg·L⁻1 CuO NP suspensions were freshly prepared 
each day and measured in triplicate. The precision was cal-
culated using the relative standard deviation (RSD = 100 
S/x, being S the standard deviation, while x represents the 
mean of the data) at three concentration levels within the 
linear range (15, 50, and 100 µg L−1). The obtained values 
of RSD, 3%, 1%, and 1% for the concentration levels set 
(15, 50, and 100 µg L−1) are indicative of excellent preci-
sion in the reproducibility of the results.

Analytical recovery (AR) was assessed using tap water 
samples spiked with 15, 50, and 100 µg·L⁻1 of CuO NPs 
over three non-consecutive days. The recovery percentage 
was calculated using the following equation: AR = 100 
FC/AC, where FC stands for the found concentration of 
CuO NPs, and AC means the concentration of CuO NPs 
added. The mean recoveries obtained, 109 ± 9%, 102 ± 1%, 
and 99 ± 1% for the concentration levels set (15, 50 µg L−1 
and 100 µg L−1, respectively), reveal the accuracy of these 
measurements.

DR for CuO NP detection

We have also investigated the use of UV/Vis/NIR spectro-
photometry to monitor those colour changes undergone by 
the chemosensor-cellulose paper upon immersion in a CuO 
NP suspension. Before conducting the study, the immersion 
time of the chemosensor paper was investigated.

Time of immersion for DR

A study was carried out to determine the immersion 
time required for absorbance to stabilise when cellulose 
paper is exposed to a dispersion of CuO NPs. For this 
purpose, six paper samples were immersed in an aqueous 
suspension of CuO NPs at a concentration of 20 mg·L⁻1. 
The evaluated immersion times were 15, 30, 45, 60, and 
120 min, as well as overnight. After each interval, the 
samples were removed from the suspension and allowed 
to air dry. Visual inspection showed that prolonged expo-
sure to CuO NPs led to a progressively darker colora-
tion of the paper. Absorbance was measured using DR 
spectroscopy. Figure S5 (SI) shows that the area under 
the absorption peak at 270 nm decreased with increasing 
immersion time. However, after 2 h, the signal stabilised, 
with no significant difference compared to the sample 
immersed overnight.

DR colorimetric detection of CuO NPs

Chemosensor-modified cellulose paper discs were soaked 
for 2 h in CuO NP water suspensions, whose concentration 

Fig. 5   Variation of the red coordinate (R) in the RGB space, meas-
ured on photographs of the cellulose paper with the immobilised 
chemosensor under UV light (λex = 365  nm), upon being soaked for 
15 min in CuO NP water solutions with concentrations of 5, 10, 25, 
50, and 100 µg L−1. The SD for the slope and the intercept were 37.6 
and 2.2, respectively. Two images of the paper under UV light have 
been included to show the colour change
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increased from 100 to 1000 µg L−1. As a result, the discs 
underwent a gradual darkening within the grey range, 
which is visible to the naked eye. The absorbance of 
the DR spectrum of the dry papers exhibited a gradual 
decrease for all the bands. However, since the band at 
270 nm was that showing the most significant decrease 
in the absorbance, we decided to use these values to cor-
relate the response of the immobilised chemosensor to the 
CuO NP concentration. The satisfactory linear decrease in 
this absorbance band is shown in Fig. 6, where the CuO 
NP concentration increases from 100 to 1000 µg L−1. The 
results of LOD and LOQ calculations were 100.0 and 
333.4 µg L−1, respectively. These results indicate a good 
sensitivity, although less satisfactory than for the use of 
the colour recogniser app implemented on the smartphone. 
A direct comparison using identical CuO NP samples 
and chemosensor papers was not feasible, as the linear 
response ranges of the red coordinate and absorbance do 
not overlap due to differences in sensitivity.

The precision of the DR method was assessed through 
an interday study conducted over three non-consecutive 
days. On each day, a calibration curve was constructed 
within the concentration range of 100 to 1000 μg·L⁻1 
of CuO NPs. The obtained values of RSD (ca. 4%, 8%, 
and 3%, for the set concentration levels of 350, 500, and 
1000 µg L−1, respectively) also disclose a good preci-
sion in the reproducibility of the results, but again, not 
as good as that obtained using the colour recogniser app. 
Similarly, the obtained AR values of 92 ± 4%, 109 ± 8%, 
and 98 ± 3% for the set concentration levels (350, 500, 
and 1000 µg L−1, respectively) demonstrate an acceptable 
accuracy of the measurements.

Fluorescence spectroscopy for CuO NP detection

Fluorescence quenching experiments were also conducted 
to evaluate the effectiveness of the dansyl-based chemosen-
sor for detecting CuO NPs dissolved in an ethanol:water 
mixture (80:20). Drawing on our previous experience with 
this chemosensor in solution [50], we selected a concentra-
tion of 1.26 µg L−1 that resulted in an approximate 90% 
decrease in fluorescence emission intensity, upon interac-
tion with NP concentrations in the ppb range. Since a previ-
ous study of the influence of pH on the fluorescence spec-
trum of the chemosensor showed an increase of 2.5 times in 
fluorescence intensity at pH = 9 in relation to near-neutrality 
pH, this study was performed at pH 9. This facilitated a 
stronger interaction between the CuO NPs and the chem-
osensor, further enhancing the stability of the suspension. 
An excitation wavelength of 400 nm was used, as it resulted 
in the highest fluorescence emission of the chemosensor 
(see “Fluorescence and colorimetric characterisation of the 
chemosensor” section for details).

Fluorometric detection of CuO NPs

Fluorescence quenching experiments shown the effectiveness 
of the dansyl-based chemosensor for detecting CuO NPs dis-
persed in an ethanol:water mixture (80:20). Figure 7 shows 
a linear decrease of over 90% in the fluorescence intensity 
(λem = 520 nm) of the free chemosensor (1.26 µg·L⁻1) in an 
ethanol–water (80:20, v/v) solution upon the addition of CuO 
NPs at concentrations ranging from 0 to 250 µg·L⁻1.

Calculated LOD and LOQ for CuO NPs, with values of 30 
and 100 µg L−1, respectively, are a sign of good sensitivity 
[37]. Using a chemosensor concentration of only 1.26 µg L−1, 

Fig. 6   Absorbance of the characteristic band centred at 270 nm of the 
chemosensor immobilised on cellulose paper, with increasing con-
centrations of CuO NPs (100, 250, 350, 500, and 1000 µg·L⁻1. The 
SD for the slope and the intercept were 0.091 and 0.054, respectively. 
Two small images of the paper have been included to show the colour 
change experimented

Fig. 7   Calibration curve of the fluorescence emission spectrum of 
the free chemosensor dissolved in an EtOH:H2O (80:20) solution 
(pH = 9), with increasing concentrations of CuO NPs (16, 32, 64, 
125, 187, and 250 µg·L⁻1). The SD of the slope and the intercept were 
16.20 and 2.11, respectively
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the working range for detecting CuO NPs was 100–250 µg 
L−1. The working range of this chemosensor was deduced 
from the minimum measurable value (LOQ) and the highest 
concentration of CuO NPs that maintains linearity.

Selectivity of the dissolved chemosensor 
toward CuO NP detection

The selectivity of the free dansyl-based chemosensor 
toward CuO NPs was systematically assessed in 80:20 etha-
nol–water mixtures, in the presence of representative metal 
ions (K⁺, Na⁺, Mg2⁺, Ca2⁺, Al3⁺, and Fe3⁺) and common engi-
neered NPs such as those composed of Cu, CdSe, ZnO, and 
TiO₂ (Fig. 8). The concentrations of the dissolved chemosen-
sor and CuO NPs were fixed at 1.26 µg L⁻1 and 80 µg L⁻1, 
respectively. Each assay was performed in triplicate, and a 
deviation of ± 10% from the average fluorescence intensity 
was used as a criterion to determine potential interference.

As shown in Fig. 8, the presence of Cu and CdSe nan-
oparticles, as well as Na⁺, K⁺, Mg2⁺, Ca2⁺, and Fe3⁺ ions 
at 80 µg L⁻1, did not significantly affect the fluorescence 
response of the sensor toward CuO NPs, indicating negligi-
ble interference under these conditions. In contrast, Al3⁺ ions 
and ZnO and TiO₂ nanoparticles showed some influence at 
higher concentrations; however, their interference remained 
within acceptable limits when their concentrations were 
reduced to 40 µg L⁻1 or below. These results demonstrate 
that the chemosensor exhibits good selectivity toward CuO 
NPs, even in the presence of potentially competing species. 
Nevertheless, in complex matrices (as illustrated by the bar 

representing the combined presence of species in each panel 
of Fig. 8), there is a risk of false positive signals caused by 
competing species, particularly metal ions, at the sensor’s 
recognition sites. Therefore, this issue should be carefully 
considered and addressed in future studies.

Conclusions

The main innovative contributions that set our approach 
apart from previous studies and underscore the practical 
relevance and originality of the proposed sensing platform 
are summarised as follows:

i)	 Development of a dual-mode chemosensor that inte-
grates both colorimetric and fluorescence detection, sig-
nificantly enhancing sensitivity and reliability in analyte 
recognition.

ii)	 Incorporation of smartphone-based quantification and 
image analysis, enabling a portable, user-friendly, and 
on-site detection platform that operates without the need 
for sophisticated instrumentation

iii)	 Adoption of a simple, low-cost fabrication process that 
is not only accessible but also amenable to large-scale 
production and practical use in field conditions.

We have shown the usefulness of smartphone-based 
DIC for detecting CuO NPs with a chemosensor covalently 
immobilised on cellulose paper. Calculated LOD (10.5 µg 
L−1) and LOQ (34.9 µg L−1) showed the excellent sensitivity 

Fig. 8   Right: Bar chart showing the fluorescence intensity of the che-
mosensor (1.26 µg L⁻1) in response to CuO NPs (80 µg L⁻1), with the 
addition of different NPs as potential interferents. CdSe and Cu NPs 
were tested at the same concentration as CuO (80 µg L⁻1), whereas 

TiO₂ and ZnO NPs were tested at 40 µg L⁻1. Left: Interference study 
with Na⁺, K⁺, Fe3⁺, Mg2⁺, Ca2⁺ (80  µg L⁻1), and Al3⁺ (40  µg L⁻1). 
Measurements were carried out in ethanol–water mixtures (80:20, 
v/v) adjusted to pH 9, with excitation at 400 nm
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of this simple method. The values of RSD of 1% and AR of 
99 ± 1% at 100 µg L−1 are indicative of good precision in 
the reproducibility of the results and in the accuracy of the 
measurement, respectively.

DR spectrometry also allowed to discern the colour 
changes displayed by the dansyl chemosensor immobi-
lised on cellulose paper, with acceptable parameters for the 
detection of CuO NPs. However, it does not reach the lev-
els of sensitivity (LOD = 100.0 µg L−1 and LOQ = 333.4 µg 
L−1), precision (RSD = 3% at 1000 µg L−1), and accuracy 
(AR = 98 ± 3 at 1000 µg L−1) obtained with the smartphone 
colour recognition app.

In solution, the free chemosensor showed a linear fluores-
cence-quenching response to CuO NPs in the range 0–250 µg 
L−1. Calculated LOD (30 µg L−1) and LOQ (100 µg L−1) 
indicate a good sensitivity of the method. Using a chemosen-
sor concentration of only 1.26 µg L−1, the working range 
for detecting CuO NPs was 100–250 µg L−1. Likewise, the 
dissolved chemosensor displayed a satisfactory selectiv-
ity towards CuO NPs in the presence of several metal ions 
habitual in water, as well as other common nanomaterials as 
Cu NPs and CdSe NPs being present. Thus, concentrations 
of 80 µg L−1 of these latter ones or for K+, Na+, Ca2+, Mg2+, 
and Fe3+ ions do not interfere significatively to determine 
concentrations of CuO NPs. In the case of Al3+ ions and 
other nanomaterials as ZnO NPs or TiO2 NPs, they can be 
tolerated without interferences in concentrations of 40 µg 
L−1 without interference.

In view of the fast response, sensitivity, precision, and 
accuracy obtained by DIC using a simple smartphone, 
this method seems a useful tool to be considered in the 
detection of CuO NPs. It must be noted that this study 
has been conceived as an initial step in a broader inves-
tigation focused on applying DIC to the quantification of 
nanomaterials in real samples. Since real water samples 
contain various organic and inorganic substances, sus-
pended solids, and biological matter, it is to be expected 
that they may interfere with the analytical process and 
affect the accuracy and precision of the results. Further 
research on the topic remains necessary to anticipate and 
address these and other predictable challenges. This sim-
ple system, tested with lab-prepared samples, may serve 
as a basis for future studies on the subject.
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