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Abstract: We have developed a new sensory material for the rapid and inexpensive determination of 

Zn(II), and we have carried out a proof of concept for the determination of Zn(II) in biological samples. 

The interaction with Zn(II) generates an OFF-ON fluorescence process on the material, which can be 

recorded both with a fluorimeter and with a smartphone by analyzing the RGB components of the taken 

photographs. This sensory material is prepared with 99.75% of commercially available monomers and 

contains 0.25% of a sensory monomer based on a quinoline structure. The sensory motifs are chemically 

anchored to the polymeric structure, and, accordingly, no migration of organic substances from the 

material occurs during the sensing process. Our method has been tested with freshly prepared Zn(II) 

aqueous solutions, but also with biological samples from exudates of chronic wounds. The proposed 

methodology provides limits of detection (LOD) of 13 and 27 ppb when employing a water-soluble 

polymer (WsP) and a hydrophilic polymeric film (HP), respectively, using emission spectroscopy. The 

measurements have been contrasted with ICP-MS as the reference method, obtaining reliable data. This 

study is the starting point towards a larger investigation with patients, which will address the challenge 

of establishing a direct relationship between the concentration of zinc(II), other cations and also of amino 

acids, with the protease activity and, finally, with the state/evolution of chronic wounds. In this context, 

the proposed sensory material and others we are now working with will act as a simple and cheap 

method for this purpose. 

Keywords: smart materials; sensory polymers; zinc(II) detection; biological samples; chronic wounds. 

1. Introduction 

Zn(II) is an essential element for human body. It is found in secretions such as urine, sweat, semen, 

and hair, but it is mostly located in muscles and bones [1]. The concentration of Zn(II) can be especially 

high in some organs, such as liver or skin, where up to 5% of all the Zn(II) present in the human body can 

be found. Regarding cells, Zn(II) can reach pico- to nanomolar concentrations inside, and micromolar 

concentrations in the extracellular space [2]. 

Also, Zn(II) is part of more than 300 enzymes with different functions, in which it is present as a 

structural, catalytic and/or regulatory component [3,4]. Given this multifunctionality of Zn(II), the 

deficiency of this ion has a great impact on the organism, and it is related to gastrointestinal disorders,[5] 

kidney and liver diseases [6], dermatitis [7], hypogonadism [8], or impartial wound healing [9,10]. In fact, 

the relationship between Zn(II) deficiency and impaired wound healing has been a research topic in 

recent years [11,12]. 

Other authors have studied the relationship between Zn(II) and prostate cancer, developing specific 

markers of Zn(II) to monitor the disease [13]. To assess the Zn(II) status in the body, serum, plasma, and 

erythrocyte levels are used as biomarkers [14–19]. In day to day, hospital laboratories analyze serum 

zinc(II) by UV-Vis spectrophotometry, especially to adjust the Zn(II) percentage in parenteral nutrition, 

but this methodology requires expensive equipment and skilled people. 
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Smart sensory polymers are a really hot topic [20–24], and have provided good results with easy 

procedures [25], so we propose a rapid, inexpensive and easy-to-use sensory material, which generates a 

visual fluorescent response measurable with a simple smartphone. Our material will provide rapid 

information about the Zn(II) concentration of the biological sample; corrective personalized treatments 

could be applied by the medical staff. The main objective of this study is to prepare a polymeric sensory 

material for the easy and rapid detection of Zn(II), taking into consideration that not all Zn(II) is 

accessible; for example, when coordinated as a structural or catalytic component in different enzymes. 

Thus, we have designed a sensory material with quinoline-based receptors for the recognition of this 

metal ion, the complex formation being highly favorable from the thermodynamic point of view [26–29]. 

Our quinoline derivative is based on the ‘Zinquin’ (CAS number: 151606-29-0) structure, a commercially 

available reagent [30], which behaves as a membrane-permeable fluorophore and is commonly used to 

detect Zn(II) in cells [31] and to control the change in intracellular Zn(II) concentrations in thymocytes 

and hepatocytes [32]. 

Our sensory material has been tested with freshly prepared Zn(II) aqueous solutions and, most 

importantly, with real samples obtained from exudates of chronic wounds, following procedures 

established by the Vascular Surgery Unit at Burgos University Hospital (HUBU). This is the first of a set 

of studies devoted to prepare a sensory material which will act as a simple and cheap method to analyze 

relationships between the concentration of zinc(II), other cations and amino acids, and the protease 

activity of chronic wounds as well as the state/evolution of these wounds. 

2. Experimental 

2.1. Materials 

Materials and solvents are commercially available and were used as received unless otherwise 

indicated. The following materials and solvents were employed: trans-crotonaldehyde (≥99%, Sigma-

Aldrich), 3,4-dinitrophenol (98%, Acros Organics), palladium on carbon (10%, Sigma-Aldrich), ethanol 

absolute (100%, VWR), methanol (100%, VWR), dichloromethane (100%, VWR), hexane (95%, VWR), 

ethyl acetate (99.9%, VWR), thionyl chloride (99%, VWR), sodium 4-vinylbenzenesulfonate (≥90%, 

Sigma-Aldrich), dimethylformamide (99%, VWR), diethyl ether (99.7%, VWR), sodium sulfate (≥99%, 

VWR), pyridine (99.5%, Merck), 2,2′-azobis(2-methylpropionitrile) (AIBN) (98%, Aldrich), 1-vinyl-2-

pyrrolidone (VP) (99%, Acros Organics), methylmethacrylate (MMA) (99%, Merck), pH 4.66 buffer 

(VWR), zinc(II) nitrate hexahydrate (98%, Sigma-Aldrich), quinine sulfate (99%, Sigma-Aldrich), cesium 

nitrate (≥99%, Fluka), manganese(II) nitrate hexahydrate (98+%, Alfa Aesar), tetrachloroauric(III) acid 

trihydrate (99.9+%, Sigma-Aldrich), potassium dichromate (≥99.5%, Sigma-Aldrich), barium chloride 

dihydrate (99%, Labkem), cobalt(II) nitrate hexahydrate (≥99%, Labkem), ammonium nitrate (≥98%, 

Sigma-Aldrich), calcium nitrate tetrahydrate (≥99%, Sigma-Aldrich), chromium(III) nitrate nonahydrate 

(98.5%, Alfa Aesar), mercury(II) nitrate (98%, Alfa Aesar), rubidium nitrate (99.95%, Sigma-Aldrich), 

dysprosium(III) nitrate (99.9%, Alfa Aesar), lithium chloride (≥99%, Sigma-Aldrich), cadmium nitrate 

tetrahydrate (98.5%, Alfa Aesar), iron(III) nitrate nonahydrate (VWR-Prolabo), cerium(III) chloride 

tetrahydrate (≥99.99%, Sigma-Aldrich), zirconium(IV) chloride (98%, Alfa Aesar), lanthanum(III) nitrate 

hexahydrate (99.9%, Alfa Aesar), potassium nitrate (99+%, Sigma-Aldrich), samarium(III) nitrate (99.9%, 

Alfa Aesar), magnesium nitrate hexahydrate (≥99%, Labkem), aluminum nitrate nonahydrate (≥98.9%, 

Sigma-Aldrich), silver nitrate (≥99.9%, Sigma-Aldrich), neodymium(III) nitrate (99.9%, Alfa Aesar), 

lead(II) nitrate (≥99%, Fluka), strontium nitrate (99+%, Sigma-Aldrich), copper(II) nitrate trihydrate (98%, 

Sigma-Aldrich), nickel(II) nitrate hexahydrate (98.5%, Sigma-Aldrich), sodium nitrate (99%, LabKem), 

tin(II) chloride (98%, Sigma-Aldrich) and zinc(II) chloride (≥98%, Sigma-Aldrich). 
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Real biological samples (exudates) were removed from chronic wounds in patients admitted at the 

Vascular Surgery Unit in HUBU. According to the status of the patient and considering the needs of each 

particular wound, a swab was carefully and exhaustively scraped all over the clean loss of substance, 

under strict aseptic and antiseptic conditions. 

2.2. Measurements and instrumentation 

The color of each pixel in the RGB color model is expressed indicating how much of the three 

variables red (R), green (G) and blue (B) define it. The R, G and B triplet defining a digital color in the 

model can vary from zero to a maximum, typically integers from 0 to 255 in digital cameras of 

smartphones and computers. In this work we analyze the color of the sensory polymers was using this 

model, thus considering the digital red (R), green (G) and blue (B) color parameters (RGB) of the material 

(from now on the RGB method). Digital pictures were taken to the sensory discs (12 mm diameter; this is 

the inside distance from one corner to the opposite one –diagonal– of a standard 1 x 1 cm fluorescence 

cuvette) with a Huawei Mate 20 X smartphone after their immersion in aqueous media with different 

Zn(II) concentrations. To obtain a good reproducibility of the results, and to avoid external influences in 

the photographs, these were taken in a dark room. The digital photographs were analyzed with a generic 

image software to obtain the RGB parameters of the complete surface of the sensory disc. Photographs 

were taken six-fold for error calculations, for each the RGB parameters were overaged from the pixels of 

the overall disc within the picture, and then the six triplet defining the color of the disc (R, G and B 

variables) were again averaged. For this system, the simple study of each component versus the 

logarithm of Zn(II) molarity shows that the green component varies linearly with Zn(II) concentration. 

This easy and cheap method allows the quantification of Zn(II) in aqueous media, by only taking a photo, 

and we have widely used it in previous works [33,34]. 

Fluorescence spectra were recorded by triplicate using a F-7000 Hitachi Fluorescence 

spectrophotometer. Measurements with the water-soluble polymer (WsP) were carried out in a 

conventional cuvette, with no special procedures. However, measurements with the hydrophilic 

polymeric film (HP) were conducted by positioning the membrane vertically in the spectrofluorimeter 

and at 45° regarding the light source and the detector, as we describe in a previous article [35]. The 

reflection of light on the film surface was prevented from reaching the detector by placing the discs in a 

position such that the light source would hit the discs on one side; the other side would emit the detected 

light, with the reflected one going in the opposite direction.. 

The starting material was thermally and mechanically characterized using thermogravimetric 

analysis (TGA, 10–15 mg of a sample under synthetic air and nitrogen atmosphere with a TA Instruments 

Q50 TGA analyzer at 10 °C·min−1), differential scanning calorimetry (DSC, 10–15 mg of a sample under a 

nitrogen atmosphere with a TA Instruments Q200 DSC analyzer at 20 °C·min−1), and tensile properties 

analysis (5 × 9.44 × 0.122 mm samples using a Shimadzu EZ Test Compact Table-Top Universal Tester at 1 

mm·min−1). The infrared spectra (FT-IR) of the synthesized compounds and prepared sensory films were 

recorded using a JASCO FT-IR 4200 (4000-400 cm−1) spectrometer. 

High-resolution electron-impact mass spectrometry (EI-HRMS) was carried out on a Micromass 

AutoSpect Waters mass spectrometer (ionization energy: 70 eV; mass resolving power: >10,000). 

Inductively coupled plasma mass spectrometry (ICP-MS) measurements were recorded on an Agilent 

7500 ICP-MS spectrometer. 1H and 13C NMR spectra were recorded with a Varian Inova 400 spectrometer 

operating at 399.92 and 100.57 MHz, respectively, with deuterated dimethyl sulfoxide as the solvent. The 

weight percentage of water taken up by the films upon soaking in pure water at 20 °C until reaching 

equilibrium (water-swelling percentage, WSP) was obtained from the weight of a dry sample film (ωd) 

and its water-swelled weight (ωs) using the following expression: WSP=100×*(ωs−ωd)/ωd]. 
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Three-dimensional X-ray data were collected on a Bruker D8 VENTURE diffractometer, and the 

powder X-ray diffraction (PXRD) patterns were obtained using a Bruker D8 Discover (Davinci design) 

operating at 40 kV, using Cu(K) as the radiation source, a scan step size of 0.02º, and a scan step time of 

2 s. 

Quantum yields (F) were measured in N,N-dimethylacetamide (DMA) using quinine sulfate in 

sulfuric acid (0.05 M) as a reference standard [36]. 

2.3. Sensory monomer synthesis 

The sensory monomer derived from 8-aminoquinoline was prepared and characterized according to 

the experimental procedure described in the electronic supplementary information, ESI (Section S1), and 

shown schematically in Figure 1. 

 

 

Figure 1. Synthetic route for sensory monomer 4 and its copolymerization with different commercial 

monomers (VP and MMA). 

2.4. Polymer synthesis 

Water-soluble polymer (WsP) 

The linear copolymer (WsP) was prepared by radical polymerization of hydrophilic monomer VP 

and sensory monomer 4 in a 99.75/0.25 molar ratio, respectively (Figure 1). 0.11 mmol (48 mg) of 4 and 45 

mmol (5 g) of VP were dissolved in DMF (22 mL) and the solution added to a round-bottom pressure 

flask. Subsequently, radical thermal initiator AIBN (370 mg, 2.25 mmol, 5% of the total mol amount) was 

added and the solution sonicated for 10 min; then, it was heated at 60 oC overnight, under a nitrogen 

atmosphere and without stirring. The relative high amount of AIBN provides small polymers, or even 

oligomers, with a molecular mass of around 1000 (measured by ESI-TOF), which favors solubility and 

does not increase viscosity excessively. After that, the solution was cooled down and added in a dropwise 
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manner to diethyl ether (300 mL) with vigorous stirring, yielding the desired product as a white 

precipitate. The water-soluble polymer was purified in a Soxhlet apparatus with diethyl ether as the 

washing solvent. The final product was dried overnight in a vacuum oven at 60 0C. Yield: 85%. 

Hydrophilic Film (HP)  

The starting material was obtained by radical copolymerization of the different monomers: VP as the 

hydrophilic monomer, MMA as the hydrophobic monomer, and 4 as the sensory monomer (Figure 1). 

The bulk radical polymerization was carried out in a silanized glass mold (100 μm thick) in an oxygen-

free atmosphere at 60 °C overnight to obtain the hydrophilic film. Regarding the molar ratio of the 

monomers, this can be adjusted for different purposes. In our case, the fluorimetric response of the 

material toward Zn(II) was modulated by adjusting the molar feed ratio of monomers to 

49.875/49.875/0.25 (VP/MMA/4), using 0.65% mol of AIBN. The relatively small amount of AIBN renders 

a high molecular mass polymer of around 1x106 (measured by GPC), which gives good mechanical 

properties to the film. 

3. Results and discussion 

3.1. Water uptake of the hydrophilic film 

The swelling percentage of the hydrophilic film is a critical parameter to obtain a sensory material 

with good manageability and reasonable response times. This is achieved by reaching the optimum ratio 

between the hydrophilic co-monomer (VP) and the hydrophobic co-monomer (MMA), since, if the 

material swells a lot (above 100%), response times will lower, but manageability will be bad. With 

swellings below 50%, the workability of the material may be high, but response times will be long. 

Therefore, given our experience in this area, we propose a material with 60% swelling for this work, 

which is achieved with a molar percentage of both VP and MMA of 49.875%. In this case, the molar ratio 

of the sensory monomer was set at 0.25%, to modulate the fluorescent signal according to the fluorimeter. 

The three-dimensional hydrophilic film network generates a protective environment for the 

detection of targets, as we will report, since it reduces the interactions between the sensory monomer 

receptors and the solvent (water) [37]. This, together with its ability to anchor organic molecules 

(insoluble in water) in a hydrophilic polymer, favors the Zn(II) detection process within the hydrophilic 

film. 

3.2. Thermal and mechanical characterization 

We consider that a material has good manageability when it presents some technical features 

regarding its thermal and mechanical stability. In this case, the hydrophilic film displays good 

manageability. TGA analysis shows that T5 and T10 (temperatures at which 5% and 10% weight loss, 

respectively, was observed) possess values of 345 oC and 358 oC, respectively. The material was also 

characterized by analyzing its glass transition temperature (Tg) by DSC, obtaining a value of 142 oC. Both 

TGA and DSC patterns are shown in ESI (Section S2). 

Mechanical properties were tested with testing strips cut from the hydrophilic film and dried at 60 
oC for 1 hour. Strips were 0.5 mm wide, 3 cm long, and 0.1 mm thick, and the resulting Young's modulus 

was 986 MPa. These data confirm the manageability visually observed upon film handling. 

3.3. CIE chromaticity coordinates and quantum yield 

CIE chromaticity coordinates were calculated from the fluorescence spectra for the determination of 

the perceived color of WsP in the presence of Zn(II) upon irradiation in terms of the corresponding CIE 
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1931 color matching functions [38]. The results show values for X and Y coordinates of 0.15 and 0.25, 

respectively, according to the observed blue color. Figure S4 of ESI, Section S3 displays the CIE 

chromaticity coordinates (x and y) drawn on the CIE 1931 xy chromaticity diagram. The quantum yield 

was calculated from a solution of 4 in THF in the presence of one equivalent of Zn(II); quinine sulfate was 

used as a fluorescence reference in acidic media (0.05 M sulfuric acid) as depicted in previous works [35]. 

The results show that the Zn(II):4 complex has a high quantum yield (F = 0.27), a datum similar to that of 

the reference, quinine sulfate (F = 0.53). 

3.4. X-ray diffraction analyses 

The solid-state structures of compounds 4 and Zn(II):4 were determined by using single-crystal X-

ray diffraction analyses (see Figure S5 in ESI, Section S4, and Figure 2, respectively). Crystals of Zn(II):4 

contain the [Zn(4)Cl2]– anion, a (4-H)+ cation and a crystallization water molecule; the presence of both the 

anionic complex, coming from the deprotonation of the N-H fragment of the sulfonamide group, and the 

quinolinium cation accounts for the amphoteric nature of the monomer. The metal coordination 

environment can be described as distorted tetrahedral, with the nitrogen atoms of the sulfonamide and 

quinoline moieties [N(1) and N(2), respectively] and the two chloride anions [Cl(1) and Cl(2)] occupying 

the four coordination positions. The average Zn-N and Zn-Cl distances are 2.03 Å and 2.24 Å, 

respectively, similar to those reported in the literature for other Zn(II) complexes with a tetrahedral 

environment around the metal centre [39–41]. The distortion of the coordination polyhedron is mainly 

provoked by the small bite angle of 4 [N(1)-Zn(1)-N(2) 81.2°], which deviates remarkably from the ideal 

tetrahedral angle (109.5°). This structure is stabilized by slipped π-π stacking interactions involving the 

quinoline moiety of the protonated monomer and that of the complex (mean centroid···centroid: 3.66 Å), 

as well as by an array of hydrogen-bonding interactions: among those of moderate strength [42,43], that 

in which the N-H fragment of the protonated ligand’s sulfonamide group and one of the chloride anions 

are implied [N(4)···Cl(1) 3.17 Å, N(4)-H(4)···Cl(1) 169°] and those involving the water molecule 

[N(3)···O(11) 2.73 Å, N(3)-H(3)···O(11) 161°; O(11)···O(2) 2.81 Å, O(11)-H(11B)···O(2) 155°]; several weaker 

contacts are also observed (see Figure 2). Overall, this structure shows that, in the solid state, the metal to 

ligand stoichiometry is 1:1. Crystal data/refinement details and bond distances/angles of 4 and Zn(II):4 

can be found in Tables S1 and S2 of ESI (Section 4), respectively. 

 

Figure 2. Solid-state X-ray structure of compound Zn(II):4. Hydrogen atoms, except those 
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involved in hydrogen-bonding interactions (the moderate ones are represented by continuous 

light blue lines and the weaker ones by dotted light blue lines), have been omitted for the sake of 

simplicity. 

3.5. Determination of Zn(II) by fluorimetry 

Using the water-soluble polymer (WsP) 

The titration with Zn(II) was carried out by increasing the Zn(II) concentration (from 2.5x10-7 to 

2.7x10-3 M) in an aqueous solution of WsP (2.02 g/L, which corresponded to 4.52x10-2 milliequivalents of 4 

per litre) buffered at pH 4.66 and recording the fluorescence spectra. Figure 3 depicts the formation of a 

fluorescence band centered at 460 nm when the sample is irradiated at 370 nm. The Job´s plot diagram 

(ESI, Section S5, Figure S6) shows that the stoichiometry of the complex formed between the receptors of 

the polymer (4) and the Zn(II) ion is 1:1. The complex formation constant between Zn(II) and 4 amounts 

to 1.5x105, a value that was obtained from the representation of the recorded fluorescence at 460 nm 

versus the Zn(II) concentration; the fitted curve is shown in ESI, Section S6 and Figure S8. The limit of 

detection (LOD) of this system was 13 ppb. Note that an ICP-MS of WsP was necessary for the calculation 

of the real amount of 4 motifs anchored to the polymer chain (see ESI, Section S7). Although the polymer 

was designed with 0.25% mol of 4, the real concentration obtained from ICP-MS was 0.23%. 

 

Figure 3. Titration of WsP with Zn(II) in an aqueous solution buffered at pH 4.66. The initial 

concentration of WsP in the cuvette was 2.02 g/L, which corresponded to 4.52x10-2 milliequivalents of 4 

per litre. For this titration, Zn(II) concentrations ranged from 2.5x10-7 to 2.7x10-3 M. LOD: 13 ppb. 

Using the hydrophilic film (HP) 

12 mm diameter discs were cut from HP and immersed for 12 hours in solutions with different Zn(II) 

concentrations (from 1x10-11 to 1x10-3 M) buffered at pH 4.66, to reach the complete equilibrium of the 

system. After that, discs were washed with the same buffer solution and measured in the fluorimeter. 

Figure 4 shows the linear evolution of fluorescence intensity at 460 nm (excitation at 370 nm) when 

represented versus the logarithm of Zn(II) molarity, for concentrations ranging from 1x10-5 to 1x10-1 M 

and with error bars. The calculated limit of detection (LOD) of this system was 27 ppb. 
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On the other hand, the Job´s plot calculations confirm the observed stoichiometry with WsP, i.e., 1:1 

(see ESI, Section S5, Figure S7). The complex formation constant between Zn(II) and 4 motifs was 

calculated from fitting the curve of fluorescence intensity versus Zn(II) concentration, yielding a value of 

5.13x104 (see ESI, Section S6, Figure S9). To carry out these calculations, an estimation of the number of 4 

motifs inside each 12 mm diameter disc was necessary. This was calculated from ICP-MS results (see ESI, 

Section S7), and the resulting data was 2.97x10-7 mol/disc, which represents a molar ratio of 0.20%. This 

result was confirmed with an additional ICP-MS analysis for Zn(II) after saturation of all 4 motifs in HP 

(see ESI, Table S4). 

Regarding response times, at high concentrations (100 mM) the response time of the sensory material 

was less than 10 min. However, the aim is to measure Zn(II) in biological media, where it can reach 

concentrations as high as 7-10 M. Preliminary studies show that the response time with these 

concentrations could be around 4-5 hours. However, it is necessary to make even less concentrated points 

to build the calibration curve, and given the point of ‚proof of concept‛ of the research, the sensory discs 

were immersed overnight (12 hours) to make sure that the equilibrium was reached. 

 
Figure 4. Titration of HP with Zn(II) in an aqueous solution buffered at pH 4.66. The 12 mm diameter 

discs were immersed in solutions with different Zn(II) concentrations (from 1x10-11 to 1x10-3 M). The 

graph shows the linear fitting of fluorescence intensity versus the logarithm of Zn(II) molarity between 

1x10-5 and 1x10-1 M of Zn(II), with error bars. LOD: 27 ppb. 

3.6. Determination of Zn(II) by the RGB method 

12 mm diameter discs were cut from HP and immersed for 12 hours in solutions with different Zn(II) 

concentrations (from 1x10-7 to 1x10-1 M) buffered at pH 4.66, to reach the complete equilibrium of the 

system. After that, discs were washed with the same buffer solution and photographed in a retro-

illumination lightbox for the extraction of RGB parameters. The graphical representation of the green 

component versus the logarithm of Zn(II) molarity results in a parabolic trend for concentrations ranging 

from 4.5x10-6 to 1x10-4 M, as displayed in Figure 5. We have taken into consideration only the green 

component because the red and blue components provide no relevant information. 
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Figure 5. Graphical representation of the green component (G) of RGB parameters of the discs 

photographs versus the logarithm of Zn(II) molarity with error bars. Fitted curve for 

concentrations ranging from 4.5x10-6 to 1x10-4 M. RGB data can be found in ESI, Section S8 and 

Figure S10. 

3.7. pH study 

A pH study was carried out with HP using the RGB method. A 12 mm diameter disc of HP was 

dipped in 250 ml of a 0.01 M Zn(II) solution. The pH of the solution was adjusted to 1 using HCl 0.1 M. 

The disc was photographed in the retro-illumination lightbox and pH was increased to 2 using NaOH 0.1 

M. The procedure was repeated at 10 different pH values and, finally, the green parameter was 

graphically represented versus pH, as shown in Figure 6. The Zn(II):4 complex is stable between pH 4 

and pH 12, but very unstable at very acidic pHs. This behavior at pH below 3, allows the reusability of 

the material in a simple way, without using chelating reagents, by only dipping the films charged with 

Zn(II) in aqueous HCl. 
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Figure 6. pH study carried out with the RGB method, by dipping a 12 mm diameter disc of HP in a 0.01 

M Zn(II) solution and varying the pH. Graphical representation of the green parameter obtained from 

the photographs versus the pH of the solutions. RGB data can be found in ESI, Section S9 and Figure 

S11. 

3.8. Interference study 

In this section we have considered several cations as possible interferents, regarding them as 

interferents if they can cause systematic errors (the definition of IUPAC is much centered on the 

magnitude of the systematic error caused in relation with the standard deviation of an unequivocally 

defined set of results) [44]. The study of possible interferents was performed in an aqueous solution 

buffered at pH 4.66, using 2 ml of a WsP solution (2.02 g/L, which corresponded to 4.52x10-2 

milliequivalents of 4 per litre). The initial fluorescence of the solution was recorded in all cases. Then, 180 

l of an aqueous solution containing Zn(II) (5x10-4 M) and interferent (5x10-4 M) was added to the cuvette, 

and the fluorescence was recorded again. Figure 7 shows the graphical representation of the normalized 

fluorescence intensity for all the measured interferents. 
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Figure 7. Interference study with 28 cations. Emission intensity enhancement ((I/I0)-1) of a 

buffered aqueous solution of WsP (pH: 4.66, volume: 2 ml, concentration: 2.02 g/L, which 

corresponded to 4.52x10-2 milliequivalents of 4 per litre) after adding 180 l of an aqueous 

solution containing Zn(II) (5x10-4 M) (blue bar), or Zn(II) (5x10-4 M) and interferent (5x10-4 M) (red 

bars). I0 is the emission intensity of the WsP buffered solution, and I the emission intensity after 

adding the cations. 

As shown in Figure 7, cations as Cu(II) or Hg(II) are interferents of the detection system and switch 

off fluorescence. On the other hand, cations as Mn(II) or Rb(I) increase the fluorescence of the system 

significantly, so they are also interferents. However, they are not important interferents in the proposed 

real application of this sensor, i.e., the detection of Zn(II) in biological samples. In fact, our sensory 

material displays a behavior similar to that exhibited by ‘Zinquin’ (CAS number: 151606-29-0), a 

commercially available probe [30], that has been commonly used to detect zinc(II) in solution in biological 

media [31,32]. 

3.9. Proof of concept. Determination of Zn(II) in real biological samples 

A real sample from chronic wounds was obtained from a human patient, following procedures 

established at Burgos University Hospital (HUBU) as described before. A swab was used to collect 

exudates from the chronic wounds, and then the swab was boiled for 10 minutes in a pH 4.66 buffer 

solution. The solution was filtered off, and each sample was measured fivefold with the reference method 

(ICP-MS). Additionally, a 12 mm diameter disc of HP was dipped in the solution for 24 hours. Finally, the 

disc was measured in a fluorimeter, and by the RGB method as previously depicted. The Zn(II) 

concentration in the solution was calculated from the calibration equations (sections 3.6 and 3.7), and the 

results are shown in Figure 8. 
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a) 

 
b) 

 

Figure 8. Results for the determination of Zn(II) in biological 

samples. a) Photos of an HP disc before and after dipping it 

in the biological solution. b) Zn(II) concentration data 

obtained from ICP-MS, fluorimetry and RGB method 

measurements. 

As displayed in Figure 8, our material supposes a real alternative to the reference method (ICP-MS), 

both by using a fluorimeter and a smartphone to check the fluorescence change in the material. The 

results obtained using the proposed RGB method are relevant, even considering that the procedure is less 

accurate, because the overall procedure can be easily carried out by unskilled personnel, by using a 

smartphone to take a photo of the sensory material after dipping it in the exudate. 

3.10. Comparative study of the sensor 

Table 1 shows a study of the published detection methods for Zn(II), in terms of low-cost 

philosophy, naked-eye detection and the possibility of a hypothetical use in biological applications. 
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Table 1. Comparative table of different Zn(II) analytical methods. 

Detection method Low-cost 
Biological 

applications 

Naked-eye 

detection 
Ref. 

ICP-Mass & Laser 

Ablation 
no - no [45] 

Fluorimetry-Probes in 

Solution 

 

no no no [48], [49], [51], [52] 

no yes no [53], [46], [47], [50] 

no yes yes 

[54], [55], [56], 

[57], [58], [59], 

[60], [61] 

Fluorimetry -CHEF-

type and ratiometric 

probes 

no yes no [62], [63] 

Fluorimetry-Review no yes no [64] 

Stopped-flow 

fluorescence 

study 

no yes no [65] 

Potentiometric sensors no no no [66] 

Electrochemical 

sensors 
no yes no [67] 

Optical Fiber-Based 

UV-Vis 

spectrophotometry 

no no no [68] 

Fluorimetry film-based 

sensor 
no yes no This work 

Digital pictures (RGB 

parameters defining 

digital colors) 

yes yes yes This work 

4. Conclusions 

We have developed a new sensory method for the determination of Zn(II) in biological samples. The 

method is based on a polymeric material made of 99.75% of commercially available monomers. The 

material response can be measured by typical fluorimetry analysis, but also with our proposed RGB 

method. This method requires no reactants, no expensive equipment and the measurements can be easily 

carried out by unskilled personnel with a smartphone, by taking a picture of the material after dipping it 

in the exudate. This sensor works in a wide range of pH, and some characteristics of the material, such as 

response times or hydrophilicity, could be adapted ‚a la carte‛. The study, results, and conclusions 

presented here encourage us to deepen in the challenge of establishing a direct relationship between the 

Zn(II) concentration and the state/evolution of chronic wounds, a work that is now being carried out by 

our research team, involving many patients with to provide a reliable sensory material to be used as a 

simple and cheap method to follow the evolution of these wounds. 
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Highlights 

 
 Sensory materials increase their fluorescence in presence of zinc (II) in biological media 

 The sensory materials are polymers with chemically anchored sensory motifs 

 The sensory materials are films shaped crosslinked polymers and also water-soluble 
polymers 

 As a proof of concept, the Zn(II) content of a human chronic wound was estimated 
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