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1. Introduction 

Legionella is a Gram-negative bacterium present in freshwater habitats and that can colonize man-made water system 

[1] and can be dispersed by aerosols generated by showers, faucets, cooling towers, etc. [2]. Legionella pneumophila 

is responsible for more than 90% of cases of Legionnaires’ disease and outbreaks of community-acquired and 

nosocomial L. pneumophila infection have been recently described in Portugal. While L. pneumophila have at least 16 

serogroups, the serogroup 1 is responsible for most of the American and European clinical cases [3]. 

The detection of this pathogen from clinical or environment samples is mainly performed by culture plate methods, 

which takes up to 10 days [3]. The detection of L. pneumophila infections can also be executed using the urinary 

antigen test due to its simplicity, speed, and in-situ [4], however, this only detects the serogroup 1, producing a 

detection blind spot for the remaining serogroups [5]. 

Antibodies detection methods usually relies on the detection of pathogen’ specific proteins and are used due to the 

low detection limit (103 CFU/mL). However, they are not appropriate for heat or chemically processed samples (e.g. 

water treatment stations). Furthermore, the Portuguese legal limit of L. pneumophila in the environment is 102 CFU/L 

(Portaria nº353-A/2013). Methods based on DNA stand as a viable alternative since their detection limit is already 

lower than protein-based methods [6]. Therefore, an alternative, highly sensitive and easy method with a short 

detection time is needed to improve patient’s survival and prevent L. pneumophila outbreaks.  

Localized Surface Plasmon Resonance (LSPR) has emerged as a capable technique in the field of label-free biosensing 

[7]. LSPR is associated with resonance of incident electromagnetic (EM) waves with collective oscillations at the 

interface of noble metal surfaces with a dielectric medium [8], leading to strong EM fields with an absorption band at 

a specific wavelength [9]. In LSPR sensing, these EM fields are sensitive to changes in the refractive index (RI) of the 

surrounding medium [10]. Due to the stronger EM field confinement, a smaller penetration of the evanescent field into 

the dielectric is observed [11], translating in an increase of sensitivity for RI changes near the nanoparticles’ surface 

[12,13]. These characteristics are suitable for the development of a diagnostic tool to quickly detect biological entities 

whose detection with lower concentrations is crucial. 

LSPR absorption band can be excited by the transmitted EM radiation, described as Transmission-LSPR (T-LSPR) 

[14,15], which can simplify the detection system, opening the possibility of constructing a miniaturized device [16]. 

However, the development and production of reliable T-LSPR platforms requires reproducible and stable optical 

properties [17]. Magnetron sputtered nanocomposite thin films, with noble nanoparticles embedded in a dielectric 

matrix [18], such as those composed of Au [19,20] or Ag [21] dispersed in a dielectric matrix, have already showed 

potential as T-LSPR platforms. The LSPR absorption band can be tuned by changing several deposition parameters 

[22] and post-deposition annealing treatments [23]. The Au/TiO2 system has been a subject of intense research in the 

last years in the investigation group, and “optimized” conditions for its preparation have been reached [24]. 

Other critical issue in T-LSPR biosensors is functionalization of the nanoparticles with biorecognition elements [25], 

such as antibodies [26], aptamers [27] or even DNA [28]. These molecules are used to functionalize the sensor, 

leading to the immobilization of the analyte molecules near the nanoparticles’ surface [10]. 
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2. Results 

2.1 Optimization of nanoplasmonic thin films with tailored Transmittance-LSPR (T-LSPR) bands 

To produce sensible LSPR transducers from magnetron sputtered thin films, the titanium dioxide matrix was chosen, 

as it is the most studied in the nanoplasmonic sputtered thin films topic. As for the noble metal, gold and silver are 

the most researched metals in terms of plasmonic nanoparticles. Therefore, sets of TiO2 sputtered thin films with 

embedded Au, Ag and Au-Ag nanoparticles were produced, to choose the best candidates to use in a LSPR biosensor 

system.  

The general deposition parameters were similar throughout all produced systems, only changing the amount of noble 

metal placed on the erosion track of the titanium target, the applied current and deposition time. The base pressure 

was approximately 6.0 x 10-6 mbar, while the working pressure was 4.1 x 10-3 mbar. The argon and oxygen flows were 

25 and 5 sccm, respectively. The substrate holder has rotating constantly at 5.5 rpm. The applied current was varied 

between 1.5 and 2.0 A, and the deposition time between 10 and 20 nm, corresponding to thin films with approximately 

50 and 100 nm of thickness. To produced Au/TiO2 and Ag/TiO2 thin films, 1 or 2 pellets of Au or Ag were used. In the 

case of Au-Ag/TiO2 thin films, three combinations of Au and Ag were used: ½ pellet of Au + ½ pellet of Ag, ½ pellet 

Au + ¼ pellet of Ag, and ½ pellet of Au + 1 pellet of Ag. 

With this, a total of 28 different depositions were made, producing 8 thin films of Au/TiO2 and 8 thin films of Ag/TiO2 

(for a total of 4 chemical composition each and 2 different thicknesses) and 12 thin films of Au-Ag/TiO2, with 6 different 

chemical compositions and 2 different thicknesses.  

Rutherford Backscattering Spectrometry (RBS) measurements were performed to confirm the chemical composition 

of the thin films, and the results are presented in the Table 1. 

 

Table 1 – RBS results for the plasmonic thin films. 

       Chemical composition (at. %) 

  
Current (A) Nobel metal pellets 

Ti  
(±0.5 at.%) 

O  
(±3 at.%) 

Au 
(±0.5 at.%) 

Ag 
(±0.5 at.%) 

Au
/T

iO
2 

2 1 Au 18.03 69.33 12.73 0 

2 2 Au 16.27 66.22 17.57 0 

1,5 1 Au 16.51 65.57 19.22 0 

1,5 2 Au 16.21 55.36 27.68 0 

Au
/A

g-
Ti

O
2 

2 1/2 Au + 1/2 Ag 25.06 54.5 7.86 11.82 

2 1/2 Au + 1 Ag 26.15 60.02 4.13 9.17 

2 1/2 Au + 1/4 Ag 24.26 67.77 3.68 3.69 

1,5 1/2 Au + 1/2 Ag 21.66 51.65 10.04 16.09 

1,5 1/2 Au + 1 Ag 20.3 52.52 10.29 18.42 

1,5 1/2 Au + 1/4 Ag 27.3 54.94 9.31 7.66 

Ag
/T

iO
2 

2 1 Ag 20.46 56.83 0 22.13 

2 2 Ag 16.6 54.22 0 28.39 

1,5 1 Ag 20.51 54.62 0 24.2 

1,5 2 Ag 12.80 56.07 0 30.22 
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To promote nanoparticle formation and growth from the noble metals disperse in the TiO2 matrix, post-deposition 

annealing was utilized. The temperatures chosen were 400 and 600 °C. 400 °C is below the melting point of glass, 

which would allow to create cheaper sensors. In the other hand, 600 °C was chosen because it promotes the growth 

of bigger nanoparticles, in comparison with 400 °C. No temperature was chosen above 600 °C because the formation 

of grooves due to the grain boundaries from the crystallization of TiO2. These thermal treatments were performed in a 

vacuum furnace at 8 x 10-6 mbar, to insure no adsorption of O2 by the thin films.  Furthermore, previous studies showed 

the increase of thin film sensitivity to the surrounding media after Ar plasma etching. The plasma treatment was 

performed at 50 W for 30 min, with a working pressure of 0.8 mbar of Ar. 

After annealing and plasma etching, the transmittance spectra of the thin films were measured to observe the LSPR 

band due to the formation and growth of the nanoparticles. 

 

 

Figure 1 – Transmittance spectra for the LSPR bands for the plasmonic system: a) Au/TiO2 and b) Ag/TiO2. 
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Figure 2 - Transmittance spectra for the LSPR bands for the bimetallic plasmonic system. 

 

After optical characterization of the LSPR bands of the thin films, the refractive index sensitivity of each Au/TiO2 and 

Au-Ag/TiO2 were estimated. For this, the optical response of the thin films was measured using two media with different 

refractive indexes: deionized water (η= 1.3325 RIU) and a 20% (w/w) sucrose solution (η= 1.3639 RIU). The resulting 

spectra were analyzed using NANOPTICS software and this allowed to estimate the RIS for each thin film [29]. However, 

due to limitations of the optical system (the spectrophotometer was highly sensitive for wavelengths between 420 and 
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720 nm), some samples are excluded due to the RIS estimate, due to their LSPR bands characteristics (low intensity 

of the higher wavelengths tail. 

 

Figure 4 – Example of the results obtain for the plasmonic thin films in NANOPTICS software. 

After analysis with NANOPTICS, the resulting RIS values were compiled in the table that follows (Table 2). 

 

Table 2 – RIS values for the Au/TiO2 thin films throughout all compositions, thicknesses, and annealing 

temperatures. 

 
Chemical composition  Thickness (nm) 

Annealing 
temperature (°C) 

RIS (nm.RIU-1) 

Au
/T

iO
2 

13 at. % Au 

50 
400 - 

600 25 ± 7 

100 
400 17 ± 3 

600 - 

18 at. % Au 

50 
400 28 ± 5 

600 - 

100 
400 58 ± 12 

600 15 ± 2 

19 at. % Au 

50 
400 - 

600 - 

100 
400 - 

600 55 ± 11 

28 at. % Au 

50 
400 25 ± 10 

600 22 ± 12 

100 
400 13 ± 5 

600 77 ± 1 
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Table 3 – RIS values for the Au-Ag/TiO2 thin films throughout all compositions, thicknesses, and annealing 

temperatures. 

 
Chemical composition  Thickness (nm) 

Annealing 
temperature (°C) 

RIS (nm.RIU-1) 

Au
-A

g/
Ti

O
2 

4 at.% Au + 4 at-% Ag 

50 
400 -110 ± 3 

600 -33 ± 2 

100 
400 - 

600 -82.2 ± 0.9 

4 at.% Au + 9 at.% Ag 

50 
400 24 ± 7 

600 - 

100 
400 32 ± 3 

600 23 ± 1 

9 at.% Au + 8 at.% Ag 

50 
400 250 ± 18 

600 -16 ± 1 

100 
400 96 ± 9 

600 - 

8 at.% Au + 12 at.% Ag 

50 
400 53 ± 4 

600 - 

100 
400 36 ± 2 

600 5 ± 2 

10 at.% Au + 16 at.% Ag 

50 
400 -245 ± 58 

600 29± 4 

100 
400 - 

600 - 

10 at.% Au + 18 at.% Ag 

50 
400 185 ± 38 

600 - 

100 
400 - 

600 12 ± 3 

 

No measurable RIS was found in the Ag/TiO2 thin film samples. 

The best candidates from each plasmonic system were selected. For Au/TiO2, the thin film with 28 at. % of Au, 100 

nm of thickness, and annealed at 600 °C revealed a 2.43 ± 0.04 nm LSPR band shift, corresponding to a RIS of 77 

± 1 nm.RIU-1. As for Au-Ag/TiO2 thin film, the deposition corresponding to approximately 50 nm and a chemical 

composition of 9 at. % of Au and 8 at. % of Ag (an approximate ratio of 1:1), and annealed at 400 °C with a LSPR 

band shift of 7.9 ± 0.6 nm, corresponding to a RIS of 250 ± 18 nm.RIU -1. 

To mention the big difference of RIS by the addition of Ag to the Au/TiO2 plasmonic system, plus the bonus of using 

glass substrates, as the best results for Au-Ag/TiO2 thin films occurs at 400 °C. 

 

Additionally, a study was performed and published to describe the formation of Au-Ag nanoparticles in the bimetallic 

plasmonic system. In this work, STEM, STEM-EDX and TEM with in-situ annealing were used to describe the formation 

and growth of these nanoparticles.  
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2.2 Immobilization of L. pneumophila specific biorecognition elements on the surface of the 

nanocomposite thin films 

 

To produce and immobilize specific biorecognition elements a bibliographic review [30,31] and bioinformatic study of 

Legionella pneumophila whole genome (https://www.ncbi.nlm.nih.gov/nuccore/JFIL01000008.1?report=fasta). 

From this L. pneumophila mip gene was chosen. This gene sequence (Figure 3) is specific to L. pneumophila 

potentiates intracellular infection of protozoa and human macrophages. 

 

 

Figure 3 – mip gene sequence for Legionella pneumophila, with highlighted DNA probe selected to be used as 

biorecognition element. 

From the gene sequence, a single-stranded DNA (ssDNA) primer was design to be used as a biorecognition element 

for this gene (Figure 3 – grey highlighted area).  

Next, the protocol to functionalize the nanoparticles was prepared. Taking in account the well-known interaction 

between Au nanoparticles and thiol groups, the designed primer was order with a 3’ thiol group modification: 5’ 

ATAGCATTGGTGCCGATTTGGGGAAGAA–thiol. Moreover, a complementary ssDNA sequence to the SH-ssDNA primer 

was also ordered to act as analyte in the next experiments. 

Using the T-LSPR detection setup described in section 2.3, immobilization experiments were conducted in Au/TiO2 

thin films annealed at 600 °C. The first experiment consisted in determine, by LSPR band shift, the maximum quantity 

of ssDNA primer molecules linked to the Au nanoparticles. For this, the microfluidic chamber was filled with Tris-EDTA 

(TE) buffer and the LSPR signal was measured for 5 min. After this, 0.05 nmol of SH-ssDNA in TE buffer was injected 

in the microfluidic chamber every 10 minutes. The spectra were analyzed using NANOPTICS software and the results 

are shown in Figure 4. 

The results show a saturation point at around 0.6 nmol of SH-ssDNA in the Au/TiO2 thin films, as the LSPR signal 

stabilizes after this amount of DNA probe. 

 

https://www.ncbi.nlm.nih.gov/nuccore/JFIL01000008.1?report=fasta
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Figure 4 – Results for the first experiment related to the immobilization of the biorecognition elements: a) 

NANOPTICS analysis of the collected LSPR spectra overtime and b) relation between the LSPR band shift and the 

amount of the ssDNA immobilized. 

 

After finding this saturation point, the next experiment consisted in adding the complementary ssDNA to a pre-

functionalized Au/TiO2 thin film. The immobilization of SH-ssDNA was performed by adding 0.6 nmol to the microfluidic 

chamber and let it react for 2 hours while measuring the LSPR signal. After this, TE buffer was injected in the system, 

followed by 0.1 nmol increments of complementary ssDNA that act as an analyte. As before, the LSPR signal was 

analyzed using NANOPTICS and the results are presented in figure 5. 

 

Figure 5 – Results for the second experiment related to the detection of the complementary ssDNA strand: a) 

immobilization of SH-ssDNA for 2 hours and b) relation between LSPR band shift and amount of complementary ssDNA 

injected. 
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The results show that after 0.4 nmol of complementary ssDNA there is a stabilization of the LSPR signal. This may be 

due to steric impediment between SH-ssDNA molecules bonded to the Au nanoparticle.  

The next experiments will consist of the analysis of the LSPR signal after the addition of complementary ssDNA as 

before but using smaller increments to try and find a finer value for the detection. Smaller increments may also be 

useful in finding the limit od detection. Moreover, another experiment may be conducted to discern the selectivity of 

the sensor. This will be performed by using other ssDNA sequences that are not complementary to the biorecognition 

element. 

Finally, the experiments will be repeated for the Au-Ag/TiO2 thin film samples, to determine if this plasmonic thin film 

can improve the sensibility of the LSPR detection system for the L. pneumophila DNA molecules. 

 

2.3 Preparation of the T-LSPR detection setup for liquid samples. 

2.3.1 Microfluidic channel design and production 

Keeping in mind the need for miniaturization of the LSPR detection system, microfluidics is to be employed. For this 

SU-8 molds were created following the design in figure 6, by UV photolithography. After this, the microfluidic channels 

were produced using polydimethylsiloxane (PDMS). This polymer is a well stablished used in microfluidics and is 

optically transparent. Following well-established protocols [32], the microfluidic channels are produced by simple 

methods and without the use of cleanroom facilities. 

 

Figure 6 – Microfluidic channel design for the nanoplasmonic detection system with: a) one input and one output; 

and b) three inputs and one output. 

 

To bond the microfluidic channels to the thin films, O2 plasma treatment at 30 W for 30 seconds was performed, 

following an established protocol. However, as it is more difficult to activate TiO2 in comparison with SiO2 from glass, a 

new approach is described in the next subsection 

In terms of micropumping, the experiments will be conducted after the assessment of the selectivity and limit of 

detection of the plasmonic thin films. 

 

2.3.2 Preliminary T-LSPR detection setup 

To overcome the difficulties in bonding the microfluidic channels to the thin films, a pressure-based system was 

designed in SolidWorks software and 3D printed (figure 7). This system as so far assured the correct sealing of the 
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thin films with the microfluidic channels, by applying constant pressure, and allowed conducting the experiments 

described in the previous section. 

 

 

Figure 7 – Thin film and microfluidic channel holder: a) 3D CAD drawing; and b) photographs of the system in use. 

 

To connect the produced sample holder to the LED light source and the modular spectrophotometer and conduct the 

experiments, a custom-made support was also designed and 3D printed (figure 8). This piece allows to connect fiber 

optic cables to the light source and spectrophotometer, and also align the light beam inside the sensing chamber. 

 

 

Figure 8 -  Prototype of the detection system in use in the CBMA for the immobilization and analyte detection 

experiments. 

 

This prototype consists of an intermediary step in the construction of the final sensing apparatus and will allow to carry 

on all the necessary experiments until the integration of all aspects of the final LSPR biosensor system. 
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