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A B S T R A C T

Legionella pneumophila is a significant public health threat, responsible for severe diseases such as Legionnaires’ 
disease. Traditional detection methods are often labour-intensive, time-consuming, and require sophisticated 
equipment. This study introduces smart fluorogenic polymeric materials for the naked-eye detection of 
L. pneumophila via protease activity. These materials, prepared as hydrophilic films, cellulose-coated linear co-
polymers, and electrospun nanofibers, operate on an OFF/ON FRET system, emitting fluorescence under UV light 
upon interaction with L. pneumophila proteases. Characterisation confirmed the successful immobilisation of the 
peptide substrate and its response to proteases. The sensors showed moderate to high sensitivity and specificity, 
with detection limits of 2.91 × 105, 3.64 × 10⁵, and 4.04 × 105 CFUs/mL for the film, copolymer, and nanofiber 
formats, respectively. Cross-reactivity tests identified only Pseudomonas aeruginosa as an interferent. This novel 
approach offers rapid, simple, and cost-effective L. pneumophila detection with visible results under UV light, 
suitable for clinical and environmental samples. It highlights the potential for broader pathogen detection 
applications.

1. Introduction

Legionella pneumophila, a gram-negative pathogenic bacterium, is a 
significant threat to public health. Responsible for Legionnaires’ disease, 
a severe form of pneumonia, and Pontiac fever, a milder, flu-like illness 
[1], this pathogen has been a crucial subject of study since its identifi-
cation in 1976 following an outbreak in Philadelphia. It thrives in nat-
ural and artificial water environments, such as cooling towers, hot tubs, 
and plumbing systems [2], and its ability to persist in biofilms and 
survive intracellularly within amoebae contributes to its pathogenicity 
[3,4]. As an opportunistic pathogen, Legionella poses a significant 
public health risk, particularly for more susceptible populations such as 
older adults, smokers, or individuals with compromised immune sys-
tems, as they may experience severe complications during infection [5]. 
Human infection primarily occurs through inhaling aerosolised water 
droplets contaminated with the bacterium. Once infection occurs, 
L. pneumophila can grow and replicate within the alveolar cells of the 

lungs, causing symptoms such as muscle aches, gastrointestinal 
discomfort, high fever, and inflammation of the bronchi and alveoli [6].

More than 60 species of Legionella are known, several of which are 
associated with human infections [7]. However, the most clinically 
significant species is L. pneumophila, with serogroup 1 responsible for 
over 80 % of the identified cases of legionellosis in Europe. Furthermore, 
the EU/EEA in 2021 recorded its highest annual notification rate of 
Legionnaires’ disease at 2.4 cases per 100,000 population, with signif-
icant variation across countries. Italy, France, Spain, and Germany 
accounted for 75 % of the reported cases, primarily affecting males aged 
65 and above, and most cases were community-acquired [8].

Many factors are involved in the ecology and pathogenesis of 
L. pneumophila, but protein secretion stands out for its potential as a 
virulence factor [9–11]. Among the proteins secreted into the extracel-
lular medium, proteases secreted through the type II secretion system 
play a fundamental role in obtaining amino acids to be used as the 
primary carbon source by the bacterium [9,12,13]. One of the proteases 
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secreted in the highest proportion in the culture supernatant of 
L. pneumophila is the major secretory protein (Msp) [14–16]. This 
extensively studied protease consists of a zinc-metalloprotease of 
approximately 38 kDa, exhibiting proteolytic activity against various 
substrates and cytotoxic and hemolytic activity [17–20]. The potential 
of these proteins as virulence factors is a fascinating aspect of Legion-
ella’s pathogenicity.

Currently, several standardised and validated methods exist for 
Legionella detection; however, most are labour-intensive and time- 
consuming and require sophisticated equipment and highly qualified 
personnel. The most widely used is the plate culture method, according 
to ISO 11731:2017, which involves plating onto specific Legionella 
media and counting bacterial colonies and, depending on the sample 
type, may involve up to 14 distinct procedures [21]. On the other hand, 
the MPN (Most Probable Number) quantification method is developed 
explicitly for detecting L. pneumophila in water and is more straight-
forward than the former method [22,23]. Furthermore, the polymerase 
chain reaction (PCR), specifically real-time quantitative PCR (RT-qPCR), 
is widely utilised in the detection of Legionella in both environmental 
and clinical samples [24–26]. RT-qPCR is an ultra-sensitive and rela-
tively rapid method capable of detecting minimal amounts of DNA and 
RNA in a sample, thereby detecting both live and dead microorganisms 
[21]. Finally, another technique used for Legionella detection is the 
Enzyme-Linked Immunosorbent Assay (ELISA), which relies on anti-
bodies that recognise specific antigens of the bacteria. This methodology 
has lower sensitivity than the previous methods, but results can be ob-
tained within a single day [27,28].

Various sensors have been developed for recognising and detecting 
human pathogenic bacteria, including L. pneumophila, based on DNA 
detection and quantification, and antigen-antibody interactions [29]. 
However, DNA sensors do not discriminate between live and dead 
bacteria, and those based on antigen-antibody interactions often require 
sample pretreatment, sophisticated equipment, and specialised 
personnel [30–33]. These sensors possess a broad detection range (LOD 
1 × 101 to 1 × 106 CFUs/mL), relatively rapid response, and straight-
forward handling [33,34]. In addition, the colourimetric assays based on 
lateral flow assays (LFAs) were used to detect bacteria in aqueous 
samples such as serum, milk, or water, among others, due to their 
simplicity [35]. Typically, these assays employ gold nanoparticles as 
signal probes. However, these methods are constrained by potential 
sample pretreatment requirements, elevated temperatures, lengthy 
response times, low sensitivity, substantial sample preparation, and 
additional amplification steps [33].

In recent years, visual indirect methods for pathogen detection have 
also been developed based on the detection of biological markers 
secreted by these microorganisms. These markers include toxins [36], 
proteases [37], and even volatile organic compounds (VOCs) [38]. For 
instance, Mazur et al. [36] developed a paper-based sensor for the 
detection of listeriolysin O, a toxin secreted by Listeria monocytogenes, 
which offered a very rapid response and a meagre detection limit. 
However, this sensor was not evaluated directly with the pathogen nor 
in contaminated samples. Conversely, peptide probes and magnetic 
nanobeads integrated with a gold detection platform have been utilised 
for samples contaminated with Staphylococcus aureus. The advantages of 
this assay are its cost-effectiveness, rapid detection (within minutes), 
simplicity, and adaptability to other types of bacteria. Nevertheless, the 
colourimetric responses are not homogeneous, the stability is relatively 
low (6 months), and the method requires sample pretreatment and 
refrigeration [39]. Another example is a colourimetric sensor for 
Legionellaceae that utilises peptide probes attached to nanoparticles and 
deposited on a gold film. The interaction with the pathogen’s proteases 
reacts with the substrate, revealing the underlying gold layer. The ad-
vantages of these sensors are their high specificity and ability to be used 
on-site [37]. However, cross-reactivity studies were conducted with a 
limited range of pathogens. Moreover, VOCs have been used as targets 
for dye-based colourimetric sensors to detect different human patho-
genic bacteria in food samples, including Escherichia coli and 
L. monocytogenes [38]. The system uses a paper chromogenic array 
impregnated with different chromogenic dyes, which undergo colour 
changes when exposed to VOCs emitted by the pathogens. The sensor 
exhibits high efficiency, but the results are challenging to interpret and 
are integrated with machine learning algorithms, necessitating the 
presence of highly qualified personnel.

Our study demonstrates the feasibility of developing a polymeric 
material that reacts to the presence of proteases secreted by Legionella 
in the environment, causing a change in fluorescence through the co-
valent immobilisation of a peptide substrate with a FRET pair (FICT- 
dabcyl) in the material, and thus facilitating the naked eye detection of 
Legionella. A hypothetical application of such materials could be as 
smart labels that can be placed in high-risk areas, such as cooling towers 
or ventilation ducts. Although our study is primarily a proposal, this 
concept could enable the detection of Legionella at a glance, using only a 
UV lamp and eliminating the need for any analytical procedures. We 
recognise that this idea could lead to various final products, which is 
why we have explored different supporting materials: a film, linear 
copolymer-coated cellulose paper, and electrospun fibres. These 

a) c)b)

Fig. 1. Schematic representation and authentic images of the prepared materials: a) film; b) linear polymer; c) electrospun polymer nanofibers.
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Fig. 2. Outline of the smart materials preparation process. a) Peptide substrate structure; b) Development of the smart materials: Film to Smart Film_L.p; c) 
Development of the smart materials: LiPoCell to Smart LiPoCell_L.p; d) Development of the smart materials: EPN to Smart EPN_L.p. L.p refers to Legionella pneu-
mophila, meaning that these materials have already been in contact with the extract of L. pneumophila.
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materials were tested and compared for their efficiency and properties in 
the detection of L. pneumophila through the activity of its secreted 
proteases.

2. Experimental

Materials, instrumentation, and general methods (such as material’s 
thermal properties determination, infrared spectroscopy experiments, 
water swelling percentage (WSP), RAMAN spectra, inductively coupled 
plasma mass spectrometry, powder X-ray diffraction, electrospinning 
experiments, sodium dodecyl sulfate polyacrylamide gel electropho-
resis, bacterial strains and inoculum preparation, etc.) are provided in 
the Supplementary Information (SI-Section S1).

2.1. Design and synthesis of the materials

For this work, three types of materials were designed (Fig. 1): a dense 
film, a linear polymer for cellulose filter paper coating (LiPoCell), and 
electrospun nanofibers (EPN). All materials were synthesised by ther-
mally initiated bulk radical polymerisation, with a very similar 
composition based on three commercial monomers: N-vinyl-2-pyrroli-
done (VP), methyl methacrylate (MMA), and 4-aminostyrene (SNH2). 
VP contributes hydrophilicity to the material, while MMA adds hydro-
phobicity. Their combination produces a material with gel behaviour 
but with film properties. Additionally, SNH2 serves as a functional point 
or anchoring site for sensory motifs added to the material post- 
polymerization (Fig. 1).

2.1.1. Films
A formulation consisting of 49.75 mol% VP, 49.75 mol% MMA, and 

0.5 mol% SNH2 was utilised for the films. Additionally, 0.1 mol% of 
ethylene glycol dimethacrylate (E) was added as the crosslinking agent 
to improve workability. Crosslinked materials allow working with 
organic solvents without being dissolved in them. Bulk polymerisation 
was carried out at 60 ◦C using 1 wt% AIBN, serving as a thermal initiator 
for radicals, within a silanised glass mould with a thickness of 100 µm 
under an oxygen-depleted atmosphere overnight (Fig. 1a). After poly-
merisation, the film underwent a washing process involving three steps: 
water (4 times for 15 min each), acetone (4 times for 15 min each), and 
water again. The transition from water to acetone was done gradually.

2.1.2. LiPoCell
The monomer ratio was the same as that used for the film, although 

no crosslinker was added in this case. This allows the polymers to be 
redissolved after synthesis, facilitating the coating process on paper. The 
polymerisation was conducted at 60 ◦C overnight using DMF as a sol-
vent, with a monomer concentration of 2 M and an AIBN concentration 
of 0.1 M. The solution was precipitated ten times its diethyl ether vol-
ume, and the solid copolymer was purified using a Soxhlet apparatus 
with diethyl ether as solvent (Fig. 1b).

Finally, the copolymer was dissolved in acetonitrile at a final con-
centration of 50 mg/mL, then 10 μL drops were applied twice 
(2 × 10 μL) onto the surface of a filter paper disc (6 mm diameter, 
28 mm²) and incubated at 60 ◦C for 10 min to allow solvent 
evaporation.

2.1.3. Electrospun nanofibers
In this case, the polymer formulation was slightly modified to include 

twice the amount of SNH2, resulting in a concentration of 1 mol%. 
Consequently, the mol% of VP and MMA was recalculated to 49.5 mol% 
for each monomer. The polymerisation process was identical to that of 
the film (without solvent, using a silanised glass mould with 100 μm 
thickness), once again excluding the crosslinker, as electrospinning of 
nanofibers also requires linear polymers soluble in the appropriate sol-
vent. The bulk polymerisation process ensures the attainment of high 
molecular weights, which are recommended for obtaining high-quality 

electrospun nanofibers. The polymer was dissolved in DMF, precipi-
tated in ten times its volume of diethyl ether, and purified using a 
Soxhlet apparatus with diethyl ether as the solvent.

A 15 % by-weight polymer solution was prepared using DMF as the 
solvent for the spinning process. The nanofibers were obtained and 
collected using a Spinbox by Bioinicia (Fig. 1c). The grounded rotating 
collector, made of stainless steel, was positioned 17 cm from the needle 
tips. The applied voltage was 17 kV, and the flow rate was 2.5 mL/h. 
Fibers were obtained using a five-needle multi-emitter. All experiments 
were conducted in a controlled environment, with the electrospinning 
chamber’s temperature and relative humidity (R.H.) ranging from 23 to 
25 ◦C and 48–54 %, respectively. Information regarding the molecular 
weight and the SEM images of the electrospun nanofibers can be found 
in Figure S1 (SI-Section S2).

Finally, the fibres undergo a crosslinking treatment with glutaral-
dehyde vapours for 1 h at 60 ◦C to enhance their physical properties and 
manageability.

2.2. Inclusion of receptors for Legionella detection. Preparation of the 
smart materials

2.2.1. Smart film
The peptide substrate for Legionella proteases (Fig. 2a) was immo-

bilised following the protocol previously developed for enzyme immo-
bilisation [40] (more information about its characterisation in 
SI-Section S3, Figures S2 and S3). In the first step, benzene diazonium 
salts were generated on the amino groups provided by the SNH2 
monomer. Ten film discs (6 mm diameter) were dipped in 11 mL of an 
aqueous solution containing 10 mL of distilled water, 1 mL of HCl 
(37 %), and 50 mg of sodium nitrite for 1 h at room temperature. After 
this, the discs were washed three times with distilled water. In the sec-
ond step, the substrate was immobilised by forming diazo bonds. Each 
disc was dipped in 500 µL of peptide aqueous solution (50 µM) at room 
temperature overnight. The discs were then washed thoroughly with 
distilled water five times. In the third step, the non-reacted benzene 
diazonium groups were quenched with resorcinol by dipping each disc 
in 500 µL of resorcinol aqueous solution (45 mM) for 1 h at room tem-
perature. Finally, the discs were exhaustively washed every 10 min five 
times to obtain the smart polymers prepared as films (Fig. 2b).

Negative and positive control materials were prepared as described 
below. The negative controls were prepared similarly but omitted step 2 
(immobilisation of the peptide substrate). The films were labelled as 
“Film_Resorcinol”.

The positive control was actually a fluorescence reference, prepared 
by performing step 1 on the films and immersing each disc in 500 µL of a 
50 μM aqueous solution of fluorescein. The films were labelled as 
“Fluorescence reference.”

2.2.2. Smart LiPoCell
The methodology previously described by Arnaiz et al. [41] was used 

to prepare the LiPoCell smart material. The procedure for obtaining and 
labelling the smart materials, negative controls, and a fluorescence 
reference is analogous to that followed for the preparation of the Smart 
films, but using 6 mm diameter LiPoCell discs (Fig. 2c).

2.2.3. Smart electrospun nanofibers
The procedure for obtaining and labelling the smart materials, 

negative controls, and a fluorescence reference is analogous to that 
followed for preparing the Smart films but using 6 mm diameter EPN 
discs (Fig. 2d).

2.3. Legionella culture supernatant proteases

Previous studies have demonstrated that Legionella secretes a 
greater amount of proteases upon entering the stationary phase of its 
growth cycle [42]. Proteases begin to be expressed during the latency 
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phase, reaching their peak expression in the early stationary phase. 
Naturally, this process is influenced by factors such as the growth me-
dium, aeration, temperature, and other environmental conditions. 
Therefore, to obtain an extract enriched with secreted proteases from 
Legionella, first, liquid BYE medium was inoculated with L. pneumophila 
from a plate with BCYE medium until an O.D. of 0.3 was obtained and 
allowed to grow at 37 ◦C for 20 h at 225 rpm. Then, 0.4 mL of this initial 
inoculum was diluted in 20 mL of BYE liquid medium and incubated at 
37 ◦C for 30 h at 225 rpm to reach an optical density between 2.5 and 
3.5 corresponding to 3–5 × 109 CFU/mL. At different growth stages, 
samples were taken from the culture. The optical density was measured 
at 600 nm, and serial dilutions were plated on BCYE medium to deter-
mine the CFUs/mL. Afterwards, the bacterial culture was pelleted by 
centrifugation at 3,500 g for 10 min, and the supernatant was filtered 
using a 0.22 µm nylon filter to obtain the crude protease solution.

2.4. Enzymatic activity of protease extracts

The activity of protease extracts was tested in microplate format. 
Essentially, 10 μL of protein extracts were incubated with FITC-FFK- 

Dabcyl substrate at a final concentration of 25 μM in the buffer 0.1 M 
Tris-HCl, 0.15 M NaCl, 5 mM MgCl2, pH 7.5 (final reaction volume was 
100 μL). Subsequently, samples were incubated at 30 ◦C for 1 h, and 
fluorescence was measured every 5 min using an excitation filter of 485/ 
20 nm and an emission filter of 528/20 nm (Synergy HT microplate 
reader, BioTek®). All assays were carried out in triplicate, and blanks 
were used to justify spontaneous substrate breakdown.

2.5. Determination of the sensing systems

The activity of the smart materials was carried out in a microplate 
reader with 96-well plates, including a 6 mm diameter disc (Smart Film, 
Smart LiPoCell and Smart EPN) at the bottom of each well. The smart 
materials’ activity was analysed using 10 µL of protease extract and 
90 µL of buffer 0.1 M Tris-HCl, 0.15 M NaCl, 5 mM MgCl2, pH 7.5 (final 
volume 100 µL). All materials were tested with blanks for spontaneous 
breakdown of the substrate. The assay was carried out in triplicate at 30 
ºC, and the fluorescence emission at 528 nm was recorded every 5 min 
for 1 h.

Additionally, the smart materials were tested with protease extracts 

Fig. 3. Structure and properties of support materials. a) thermogravimetric curves of Film, Smart Film and Film_Resorcinol at 10 ◦C/min under a nitrogen atmo-
sphere, displaying T5 and T10 temperatures; b) differential scanning calorimetry spectra of Film, Smart Film and Film_Resorcinol, at 20 ◦C⋅min− 1, under nitrogen 
atmosphere, showing the glass transition temperature (Tg); c) FT-IR spectrum of Film, Smart Film and Film_Resorcinol; d), RAMAN spectra Film, Smart Film; e) PXRD 
spectra of Film and Smart Film showing 2θMAX.
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obtained at different stages of bacterial growth, following the same 
protease activity assay described above.

The detection limits of the three materials were estimated in vitro 
using protease cell-free supernatants from different initial growth stages 
of L. pneumophila after 1 h of incubation with the smart materials. The 
following equation was applied to calculate the detection limit: 
LOD=3.3 × SD/s, where SD is the standard deviation of the blank 
sample, and s is the slope of the calibration curve in the region of low 
CFUs/mL, respectively.

2.6. Determination of bacteria specificity of the smart materials

The specificity of the smart materials was evaluated against the 
microorganisms Klebsiella pneumoniae, S. aureus, Salmonella enterica, 
E. coli, and P. aeruginosa. Bacterial cultures were prepared as indicated in 
SI-Section 1. Once the bacterial cultures reached the stationary growth 
phase, the cell-free protease supernatants were obtained as performed 
for the Legionella culture (Section 2.3). Finally, the activity of the sen-
sors was measured as described in Section 2.5.

3. Results and discussion

3.1. Design and characterisation of the polymeric materials

Legionella bacteria secrete a set of proteases into the extracellular 
medium during their growth and replication, which could be detected in 
a water sample. To efficiently prepare a sensory polymer to detect the 
protease in water, the polymer must contain a sufficiently high amount 
of a hydrophobic monomer so that the resulting copolymer is insoluble 
in water. However, a certain degree of hydrophilicity in the material 
may favour the interaction between L. pneumophila proteases and the 
substrate, so the polymer formulation must include a specific molar 
percentage of a hydrophilic monomer. The sensory polymers should also 
contain functional groups that act as anchors for immobilising the 
peptide substrate able to detect the protease.

The monomers’ choice and proportions were based on previous 
studies [40,41]. The structural monomers, VP and MMA, are responsible 

for the material properties. Therefore, the combination of two structural 
monomers: one hydrophilic, VP, responsible for the swelling of the 
material and its compatibility with the aqueous medium, and one hy-
drophobic monomer, MMA, responsible for its good mechanical prop-
erties and workability, was selected. The third monomer, SNH2, has a 
less structural and more functional role: the NH2 groups of the monomer 
allow the anchoring of receptor units to the material, hence its low 
concentration in the polymer formulation.

This work studied the behaviour of a sensor system on three different 
supports (Film, LiPoCell, and EPN), all with an almost identical 
composition (Fig. 1). The binding between the fluorescent peptide 
substrate (based on a FRET pair) and LiPoCell was previously studied 
[41]. We now study and characterise the binding between the substrate 
and the support using the film as a model support.

The thermal properties (Fig. 3a) of the initial material, Film, show T5 
and T10 values of 350 ◦C and 361 ◦C, respectively, while the material 
with the substrate (Smart Film) shows values of 335 ◦C and 355 ◦C. 
Additionally, the material with all anchoring positions blocked by 
resorcinol was evaluated to confirm the presence of the substrate and 
not just resorcinol. In this latter case, the T5 and T10 values drop to 
231 ◦C and 329 ◦C, respectively. The same behaviour is observed in the 
Tg of the material (Fig. 3b), with values of 137 ◦C for Film, 134 ◦C for 
Smart Film, and 126 ◦C in the case of Film_Resorcinol. This indicates 
that the substrate is anchoring, even though it does not occupy all 
available positions.

The FT-IR spectra (Fig. 3c) are very similar and show characteristic 
structures for this type of material, such as the carbonyl stretching band 
of the ester at 1719 cm⁻¹ and the -O-CH3 stretching vibrations at 
1138 cm⁻¹, corresponding to MMA, as well as the bands at 1665 cm⁻¹ 
(carbonyl group) and at 1021 cm⁻¹ (C–N stretching), attributable to VP.

The Raman spectrum of Film (Fig. 3d) reflects the chemical structure 
of the polymer. The broad band around 1400 cm⁻¹ can be associated 
with the VP ring vibration at approximately 1420–1430 cm⁻¹ and the 
MMA νCOO-CH3 vibration at 1440 cm⁻¹. In the Raman spectrum of Smart 
Film, bands corresponding to the substrate can be observed and are 
commonly found in biological molecules. These include the νCOOH vi-
bration at 1730 cm⁻¹ and the νR-CO-NHR vibration at around 1650 cm⁻¹, 
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corresponding to the amide I band, which hydrogen bonding affects. 
Some of these bands disappear or lose intensity in the spectrum of Smart 
Film_L.p, as the interaction with the Legionella protein breaks the pep-
tide, generating fluorescence and releasing part of the substrate. 
Nevertheless, the νC-N vibrations of the RNH2 groups found between 
1220 and 1020 cm⁻¹ can still be observed.

The PXRD spectrum (Fig. 3e) shows the characteristic amorphous 
halo of this type of material, with a maximum 2θ value of 13.69 for Film 
and 13.74 for Smart Film. This data allows us to calculate the interchain 
distance using the equation <R>= 5/8(λ/sin θmax), which gives values 
of 8.08 and 8.05 Å, respectively. This result provides information about 
the orientation of the substrate inside the film after the reaction. Its 
linear and elongated structure makes the peptide position parallel to the 
polymer chain, not affecting the polymer interchain distance.

The WSP was 108 %, a common value for this combination of 
monomers. In this case, swelling is essential because it must be sufficient 
to allow interaction with biological targets without impairing the ma-
terial’s workability due to excessive water or solvent retention.

The chosen peptide substrate (see Fig. 2) has a fluorescein isothio-
cyanate derivative as its fluorophore, which contains sulfur. Quantifying 
sulfur serves two purposes: firstly, it demonstrates substrate binding to 
the material by comparing the sulfur content before (Film) and after 
(Smart Film) the anchoring process. Secondly, it determines the binding 

site; if the substrate binds via the fluorophore, the sulfur content remains 
unchanged between Smart Film and Smart Film_L.p. In contrast, if 
binding occurs through the aromatic ring containing a tertiary amine 
(quencher) [43], the sulfur content in Smart Film_L.p will resemble that 
of the starting material (Film). Therefore, a sulfur quantification study 
using ICP-MS was conducted to determine the substrate’s binding site on 
the polymeric support. The values obtained for Film, Smart Film, and 
Smart Film_L.p. were 4.2, 13.93, and 6.48 ppm, respectively. Thus, the 
increase in sulfur content in Smart Film compared to Film demonstrates 
the substrate anchoring, whereas the low sulfur values in Smart Film_L. 
p, similar to Film, indicate that the substrate binds the polymer through 
the quencher rather than through the fluorophore.

In addition, the Supplementary Information (Figure S1, SI-Section 
S2) includes the characterisation of electrospun nanofibers by Gel 
Permeation Chromatography (GPC) and Scanning Electron Microscopy 
(SEM).

3.2. Legionella protease extracts activity and characterisation

Previous studies have described the role of proteins secreted by 
Legionella into the extracellular medium and their importance in the 
virulence and infection process, such as the major secretory protein 
(Msp) and leucine or phenylalanine peptidases [9,11,13,42].
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Before designing our FRET-based sensor for the proteases secreted by 
Legionella, we first tested the activity of this substrate in solution with 
different Legionella protease extracts obtained at various stages of the 
microorganism’s growth. Figure S4 (SI-Section S4) shows the relation-
ship between the culture’s optical density (O.D) and the CFUs/mL of 
each extract. It is observed that the lower O.D values correspond to the 
lag and exponential phase of bacterial growth. Additionally, it is noted 
that from an O.D. of approximately 1.5, the culture enters the stationary 
phase, and its growth rate slows down. As shown in Fig. 4, the later the 
stage of Legionella growth, the more rapidly the activity with the pep-
tide is detected. Additionally, we can observe that at the end of the 
assay, extracts from earlier growth stages (exponential phase-lower O.D) 
eventually offer the same activity for the same substrate concentration. 
These findings align with other researchers’ findings, demonstrating 
that Legionella secretes increased amounts of proteases into the extra-
cellular medium upon entering the stationary phase [42]. Consequently, 
the L. pneumophila extract exhibiting the highest activity is the one that 
degrades the substrate most rapidly.

These results are consistent with those observed in Figure S5 (SI- 
Section S4) related to the analysis of Legionella protease extracts using 
polyacrylamide gels. Noticeably, the proteins secreted into the medium 
increase as Legionella progresses in its growth phase, and the band 
corresponding to the major secretory protein in its active form of 
approximately 38 kDa (indicated by a black arrow) becomes more 
prominent.

3.3. Activity of the smart materials for Legionella detection

The polymeric materials developed in this work are based on an ON/ 
OFF FRET system. The system is off when there are no microorganisms 
and, thus, no proteases in the medium to recognise the peptide. How-
ever, in the presence of Legionella-secreted proteases, the system is 

activated due to the proteases cleaving the substrate, generating an alert 
in the form of a fluorescent signal.

With this in mind, we tested the activity of three materials against 
Legionella extracts (Fig. 5). The smart materials’ response to Legionella 
protease extracts varies significantly across the different formats (film, 
linear polymer, and fibre). During the initial growth stages of Legionella, 
the Smart Film (Fig. 5a) material shows the highest sensitivity and 
fastest detection capabilities. The Smart LiPoCell and Smart EPN 
(Fig. 5b-c) materials also respond effectively but with slightly less in-
tensity and speed compared to the film when it is exposed to these 
protease extracts (O.D 0.1, 0.3 and 0.5). The Smart EPN (Fig. 5c) format 
also exhibits more significant variability in response, as evidenced by 
the experimental error. On the other hand, if we closely examine the 
response of the three materials to the various extracts of L. pneumophila 
after 1 h of incubation (Fig. 5d), it is observed that, in terms of fluo-
rescence emission intensity, the Smart LiPoCell exhibits the highest 
levels, followed by the Smart EPN, and finally the Smart Film. This 
difference in fluorescence is primarily due to the specific characteristics 
of each material format. The Smart Film is the most distinct in terms of 
format, as shown in Fig. 2. It is a dense and transparent material, 
whereas the other two are fibrous and opaque. This greatly impacts the 
optical properties of the materials and, consequently, the fluorescence 
detected by the equipment. However, to the naked eye—using human 
vision as the detector—the fluorescence of the three materials does not 
appear significantly different after interaction with the proteases, as can 
be observed in the video in the supplementary information (SI-VIDEO).

Supplementary material related to this article can be found online at 
doi:10.1016/j.snb.2024.136976.

Furthermore, the LODs of the smart materials were 2.91 × 105, 
3.64 × 105, and 4.04 × 105 for the Smart Film, Smart LiPoCell and 
Smart EPN, respectively (SI-Section S5, Figure S6). As observed, all 
materials present a LOD in range of 105 CFUs/mL, however as expected 
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by the results observed in Fig. 5, Smart Film presents the best LOD, 
followed by Smart LiPoCell and Smart EPN.

The video provided as supplementary information (SI-VIDEO) dem-
onstrates the response of three smart materials to the proteases present 
in the Legionella extract (O.D. 3.4). This response is visibly detectable to 
the naked eye by simply illuminating the material under UV light.

3.4. Smart materials cross-reactivity

The specificity of both sensors was evaluated using extracts of pro-
teins secreted by other microorganisms such as S. aureus, K. pneumoniae, 
S. enterica, E. coli, and P. aeruginosa. These microorganisms were chosen 
for their importance, as S. aureus, K. pneumoniae, and P. aeruginosa 
belong to the ESKAPE group of microorganisms (known for their high 
antibiotic resistance) [44,45]. E. coli was included in the study due to its 
increasing detection in various sites and its expanding antibiotic resis-
tance [46]. S. enterica was included because it is one of the human 
pathogens commonly found in water samples, similar to E. coli, 
P. aeruginosa, and L. pneumophila. In summary, all the microorganisms 
selected for the cross-reactivity study are significant human pathogens 
that cause severe problems in the healthcare system, and some can 
develop and grow more quickly than others in the same environment as 
Legionella.

The interference of both sensors was evaluated using secreted pro-
tease extracts from all microorganisms grown to the stationary phase 
(108-109 CFUs/mL). First, the supernatants of the different microor-
ganisms were evaluated for activity against the peptide in solution 

(Fig. 6a), and it was observed that only the protein extract of 
P. aeruginosa exhibited activity against the peptide FITC-Ahx-FFK- 
Dabcyl. Next, we studied the response of the three materials to these 
same extracts, and the results show that, once again, only P. aeruginosa 
elicited a response. The signal intensity was highest in Smart LiPoCell 
(Fig. 6c), followed by Smart Film and Smart EPN, which exhibited 
similar fluorescence intensity values (Fig. 6a, d).

All the microorganisms tested in the interference assay secrete 
different molecules, including proteases and other virulence factors, into 
the extracellular medium through different secretion systems [47]. 
However, the fact that only P. aeruginosa acts as an interferent for the 
three smart materials may primarily be due to specific proteases such as 
elastase A, elastase B, and alkaline protease, which exhibit high sub-
strate promiscuity [48–50]. These proteases likely correspond to the 
most prominent bands observed in Figure S7 (SI-Section S6). We delved 
deeper into the interference with P. aeruginosa and evaluated whether 
the peptide in solution, as well as the three materials, responded to the 
supernatants from different growth stages of P. aeruginosa (Fig. 7). The 
relationship between the O.D of the P. aeruginosa culture and the 
CFUs/mL of each extract was also established (Figure S8, SI-Section S7).

As observed in all cases, the extract with the highest proteolytic 
activity corresponds to the latest growth phase. In solution, there is also 
slight activity with the supernatants from earlier growth phases 
(Fig. 7a). However, with the smart materials, activity is only detected 
with the protein extract from the most advanced growth stage, with an 
O.D. of 3.4 (Fig. 7b-d), even in Smart Film, which is the material with 
lower LOD. This is likely due to P. aeruginosa secreting proteases into the 
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medium from the beginning of its growth and replication but more 
intensively in the late exponential phase, with a significant increase 
during the stationary phase [51]. Indeed, in the results obtained after 
electrophoresis of these extracts (Figure S9, SI-Section S6), we can only 
detect the presence of proteins in the extract corresponding to O.D. 3.4 
(stationary phase). Although this interference with Pseudomonas may 
seem like a disadvantage and a loss of sensor specificity towards 
Legionella, it is important to note that P. aeruginosa is also a dangerous 
pathogen for human health. Since the sensor provides a rapid and 
straightforward fluorescent response, we can assert that there is a 
pathogen, either Legionella or Pseudomonas, in the analysed sample. In 
any case, for the detection of a species of Legionella or Pseudomonas 
other than L. pneumophila or P. aeruginosa, it is likely that our sensors 
would yield a positive response, potentially resulting in a false positive. 
However, from the perspective of early detection and risk prevention, a 
false positive is considerably less detrimental than a false negative. 
Consequently, hygiene and health measures can be implemented until 
the specific pathogen is confirmed through other techniques, such as 
PCR or plate culture.

4. Conclusions

With this study, we have designed an indirect sensor to detect 
L. pneumophila through three different formats. This is achieved via the 
specific recognition of a covalently anchored fluorogenic peptide sub-
strate (based on a FRET system) in a polymeric matrix, which is recog-
nised by specific proteases secreted by the pathogenic bacteria. Three 
different formats have been developed for the same sensor (Smart Film, 
Smart LiPoCell and Smart EPN), offering versatility, ease of use, and a 
naked-eye response. From the perspective of the limit of detection 
(LOD), the Smart Film is the most advantageous option and undoubtedly 
holds promise due to the low material costs. We estimate it to be 2.8 
euros for a 20 mm diameter piece. The choice of format can also be 
adapted to the environment or the sample type. For instance, Smart Film 
would be recommended for use in clinical samples (such as sputum) due 
to its higher sensitivity. Additionally, Smart LiPoCell and Smart EPN can 
aid in a quick, easy, and simple initial screening for the presence of 
Legionella in environmental samples. These three smart materials 
demonstrate remarkable adaptability and simplicity in indirectly 
detecting pathogens. They exhibit high specificity, effectively detecting 
P. aeruginosa, a significant health risk pathogen. Currently, this is the 
first sensor based on the fluorescent detection of proteolytic activity for 
rapid use, developed in three different formats. Although we acknowl-
edge that it is not a final product and represents only the first step in a 
long journey, we believe it holds significant potential. Ultimately, it 
could lead to the development of products such as smart labels for the 
visual detection of pathogens without the need for sampling or analysis 
with advanced equipment, such as MALDI-TOF.
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