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Abstract 

Optical biosensors based on localized surface plasmon resonance (LSPR) are 
the future of label-free detection methods. This work reports the development 
of plasmonic thin films, containing Au nanoparticles dispersed in a TiO2 matrix, 

as platforms for LSPR biosensors. Post-deposition treatments were employed, 
namely annealing at 400∘C, to develop an LSPR band, and Ar plasma, to 
improve the sensitivity of the Au − TiO2 thin film. Streptavidin and biotin 

conjugated with horseradish peroxidase (HRP) were chosen as the model 
receptor-analyte, to prove the efficiency of the immobilization method and to 
demonstrate the potential of the LSPR-based biosensor. The Au-TiO2 thin films 
were activated with O2 plasma, to promote the streptavidin immobilization as 

a biorecognition element, by increasing the surface hydrophilicity (contact 
angle drop to 7∘ ). The interaction between biotin and the immobilized 

streptavidin was confirmed by the detection of HRP activity (average 
absorbance 1.9 ± 0.6 ), following a protocol based on enzyme-linked 

immunosorbent assay (ELISA). Furthermore, an LSPR wavelength shift was 
detectable ( 0.8 ± 0.1 nm ), resulting from a plasmonic thin-film platform with 
a refractive index sensitivity estimated to be 33 nm/RIU. The detection of the 

analyte using these two different methods proves that the functionalization 
protocol was successful and the Au − TiO2 thin films have the potential to be 

used as an LSPR platform for label-free biosensors. 
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Introduction 

Biosensors have been widely developed as a tool for the environmental, food, and medical 
areas [1-3]. Due to their easy, rapid, low-cost, highly sensitive, and selective analysis, 
biosensors have a huge impact on the evolution of detection and diagnosis methods [4]. 
Usually, biosensor devices are composed of biorecognition elements (e.g., DNA, enzymes, 
and antibodies), for selective/specific binding with target analytes, and a transducer 
component converting the binding event into a readable signal. Based on the 



type of transducer, biosensors can be classified as electrical, thermal, and optical, among 
others [5]. 

Optical biosensors based on localized surface plasmon resonance (LSPR) are mentioned 
as one of the next generation of plasmonic label-free detection methods [6]. The optical 
phenomenon of LSPR occurs when an incident electromagnetic field interacts with noble 
metal nanoparticles (e.g., silver or gold), which can be dispersed in a dielectric matrix as 
a thin film [7-9]. As a result, the conduction band electrons of the nanoparticles oscillate 
in resonance with the incident electromagnetic wave, and this interaction enhances the 
local electromagnetic field and leads to a strong absorption band [10-12]. The LSPR 
properties are influenced by several factors, such as the surrounding dielectric matrix, the 
nanoparticles' features (concentration, size, shape, and distribution), and the refractive 
index of the environment [13-15]. Therefore, it is possible to tune the LSPR response of 
nanocomposite thin films to be sensitive to subtle refractive index changes [16-18], such 
as those induced by the molecular interactions near the nanoparticles' surface, providing 
effective transduction of the binding events into an LSPR band shift [19,20]. So, no 
conjugating reporter molecules are required, making LSPR-based sensing label-free, 
portable, and low-cost and allowing real-time analysis [21]. Moreover, the optical 
hardware is smaller, more affordable, and simpler compared to other optical sensors [22]. 

Many efforts have been made to develop LSPR-based sensors using different approaches 
such as (1) solution phase-based colloidal nanoparticles, (2) nanoparticle-coated optical 
fiber platforms, and (3) flat substrate-based platforms [23]. Concerning the last approach, 
plasmonic thin films are promising for sensing platforms, namely magnetronsputtered 
nanocomposite thin films containing noble metal nanoparticles ( Au and/or Ag ) dispersed 
in dielectric or semiconducting matrixes [24-26]. As solid supports, the nanoparticles are 
immobile in an inert solid matrix, preventing nanoparticle aggregation, a highly observed 
nuisance in colloidal solutions [27]. Moreover, flat substrate-based LSPR sensors show 
higher reproducibility, signal-to-noise ratio, and sensitivity compared to sensing 
approaches based on isolated nanoparticles [28-31]. Through adjustments in the 
deposition parameters and post-deposition treatments, it is possible to modify the 
plasmonic thin films' nanostructure to be used as both platforms and transducers, 
detecting and converting the molecular interactions into an LSPR band shift [32-35]. 

Biotin (or vitamin B7/vitamin H) is a small molecule that binds with high affinity, 
specificity, and stability to streptavidin, a tetrameric protein with four identical binding 
sites for biotin [36,37]. The femtomolar affinity of biotin to streptavidin is one of the 
highest reported for a non-covalent interaction [38], and therefore it is commonly used as 
a model system for evaluating the performance of a biosensor [39-41]. Sensors can be 
coated with streptavidin protein, and biotin can be functionalized with any molecule, 
including enzymes such as horseradish peroxidase (HRP). The strong, specific, and stable 
bond between streptavidin and biotin can be easily confirmed by HRP activity [42]. 

Considering the demand for sensitive and fast biosensors, the development of plasmonic 
thin films as sensing platforms is beneficial. Therefore, in this work, the biosensing ability 
of the nanoplasmonic thin films, composed of gold nanoparticles dispersed in a titanium 
dioxide matrix ( Au − TiO2 ), was tested through the attachment of molecular 
biorecognition layers. These thin films were produced by reactive direct current (DC) 
magnetron sputtering and subjected to post-deposition treatments to promote the growth 
of the Au nanoparticles throughout the TiO2 matrix [24]. Streptavidin protein was 
immobilized on the surface of the thin films, as a biorecognition layer, followed by binding 
with biotin conjugated with HRP, in a procedure similar to enzyme-linked 



immunosorbent assay (ELISA) [43]. Then, the plasmonic platform's ability to detect the 
analyte (biotin molecule) was evaluated through two different methods: the detection of 
HRP activity and the LSPR band shift. This work aimed to develop an LSPR biosensor 
based on plasmonic Au-TiO  2 thin films, as well as to demonstrate the efficiency of the 
immobilization protocol, using the streptavidin and biotin-HRP interactions. 

Materials and Methods 

Preparation and Characterization of the LSPR 

Biosensor Platform 

Deposition of Au−TiO2 by Reactive DC Magnetron Sputtering 

Thin films, composed of gold (Au) dispersed in a titanium dioxide (TiO2) matrix, were 
deposited by one-step reactive DC magnetron sputtering in a custom-made high-vacuum 
chamber. Two different types of substrates were used for the depositions, namely glass 
lamellae (ISO8037) and monocrystalline silicon (Si) wafers with (100) orientation. Before 
the depositions, these substrates were cleaned with oxygen ( O2 ) plasma, at a partial 
pressure of 60 Pa for 5 min , to remove impurities from the substrate's surface. Then, to 
activate the substrate's surface and improve the thin film's adhesion, argon (Ar) plasma 
was applied at a partial pressure of 60 Pa for 15 min . Those plasma treatments were 
performed at a base pressure of 20 Pa in a Diener (Zepto Type Model) instrument, 
operating at a power of 50 W , using a 13.56 MHz RF generator. 

A high purity ( 99.99% ) and rectangular ( 200 nm × 100 nm × 6 mm ) titanium target was 
used as a cathode for the production of thin films. Gold pellets with a total surface area of 
16 mm2 and a thickness of 0.5 mm were placed symmetrically in the preferential erosion 
zone of the target for the homogeneous incorporation of the noble metal in the TiO2 
matrix. The substrates were placed on a grounded rotating substrate holder, with a 
constant rotation speed of 12 rpm . 

Before the depositions, the sputtering chamber was pumped down to 3.2 × 10−4 Pa. The 
deposition of the thin films occurred at a working pressure of 4.0 × 10−1 Pa, using a plasma 
of Ar (working gas) and O2 (reactive gas). The Ar and O2 flows were kept constant during 
the deposition at partial pressures of 3.6 × 10−1 Pa and 4.0 × 10−2 Pa, respectively. The 
deposition time was 30 min , based on previous work [24]. The applied direct current 
density was 100 A m−2, and the (negative) target potential was 400 V . 

Post-Deposition Annealing Treatment to Promote the 

Growth of the Au Nanoparticles 

Au − TiO2 thin films were subjected to an in-air annealing treatment to promote the 
diffusion of Au atoms and hence the growth of Au nanoparticles throughout the matrix, 
enhancing the LSPR response, as reported in other works [14,44,45]. The thermal 
treatments were performed in a programmable furnace (Termolab FP21) at 400∘C. The 
chosen annealing temperature was reached by raising the temperature at a rate of 5∘C/min 
until the desired temperature was attained, fixing this temperature for 5 h . The samples 
were allowed to cool freely inside the furnace before reaching room temperature. 



Surface Modification through Plasma Etching 

The surface of the nanoplasmonic thin films was modified by plasma etching, using an Ar 
atmosphere at a partial pressure of 60 Pa for 60 min . The etching exposes the Au 
nanoparticles at the thin film's surface, increasing the nanoparticles' surface area available 
to the targeted biological analytes. This surface modification also increases the thin film's 
sensitivity, as reported in previous work [24]. A Diener (Zepto Type Model) instrument, 
using a 13.56 MHz RF generator, was used for plasma etching, operating at a base pressure 
of 20 Pa and 50 W of power. Four independent samples were used to estimate (mean ± 
standard deviation) the effect of plasma treatment on the LSPR band. 

Characterization of Au − TiO2 Thin Films 

The in-depth chemical composition profile in thin films deposited on silicon wafers was 
evaluated by Rutherford backscattering spectrometry (RBS) with a Van de Graff 
accelerator. The measurements were made in a small chamber, where three detectors were 
installed: a standard detector at 140∘ and two pin-diode detectors located symmetrically 
to each other, both at 165∘. Spectra were collected for 2MeV4He+beams at normal 
incidence (0∘). The obtained RBS data were analyzed with IBA DataFurnace NDF v10.0b 
[46], and the double 
scattering and pileup were calculated with the algorithms given in N.P. Barradas et al. 
(2005) [47] and N.P. Barradas et al. (2006) [48], respectively. 

The thickness of the thin films, before and after Ar plasma treatment, was evaluated in 
cross-sections of thin films deposited on silicon wafers. A scanning electron microscope, 
NanoSEM-FEI Nova 200 (FEG/SEM), operating at 10 keV was used. 

Modification and Measurement of the Thin Films' 

Hydrophilic Property 

The O2 plasma treatment has been reported as a protein immobilization promoter [49]. 
Therefore, the surface hydrophilic property of the Au − TiO2 nanoplasmonic thin film was 
modified by applying an O2 plasma at a partial pressure of 60 Pa and 37.5 W power. The 
exposure times were 10,30,60,120,150,180,210, and 300 s to evaluate the influence of a 
reactive plasma on thin films' surface properties. The base pressure was 20 Pa in the 
Diener (Zepto Type Model) instrument, using a 13.56 MHz RF generator. Three 
independent samples were used to estimate (mean ± standard deviation) the effect of 
plasma treatment on optical properties. 

The thin films' wettability was characterized by contact angle measurements, as a function 
of the time of exposure to O2 plasma. The contact angle measurements were performed 
using the sessile drop in static mode, at room temperature and humidity in an OCA 20 
instrument with a CCD video camera (resolution of 752 × 582 pixels) from Dataphysics 
Instruments GmbH (Filderstadt, Germany). Deionized water ( 3𝜇 L drop) was used as the 
test liquid. The contact angle was calculated according to the Young-Laplace method [50], 
using the software SCA 20. At least 5 measurements were performed for each condition, 
using 3 samples, and the average contact angle was calculated. The contact angle values 
were plotted and analyzed using one phase decay in GraphPad Prism 9 software. 

Protein Immobilization and Binding Assay 



An in-house protocol built on standard HRP-based colorimetric ELISA protocol [43] was 
used for the detection of proteins' immobilization on thin-film surfaces. The streptavidin-
biotin pair was used as molecules for receptor-ligand binding, in which biotin is 
conjugated with HRP. 

Concentration Optimization 

First, the ideal concentrations of streptavidin-biotin to be used were determined. So, a 
matrix of different concentrations of streptavidin (Millipore, Burlington, MA, USA) and 
biotin-HRP (Thermo Scientific, Waltham, MA, USA) ranging from 0.0025 to 25𝜇 g/mL 
and from 0.0075 to 75𝜇 g/mL, respectively, were used in the assay, carried out in 96-well 
plates (Thermo Scientific, Waltham, MA, USA). 

Streptavidin was incubated for 1 h in each well, followed by washing steps with phosphate-
buffered saline (PBS, pH 7.4), with 0.05% Tween-20 (PBS-T, from Sigma, St. Louis, MO, 
USA). To block unspecific binding sites, 2% bovine serum albumin (BSA, from 
SigmaAldrich, St. Louis, MO, USA) in PBS-T was added for another hour and then washed 
with PBS-T. The conjugated ligand, biotin-HRP, was incubated for 30 min and then 
washed with PBS-T. The substrate 3, 3′, 5, 5′-tetramethylbenzidine (TMB, from Sigma-
Aldrich, St. Louis, MO, USA) was added to the wells, to be converted into a colored product 
by the enzyme HRP. The enzymatic reaction lasted for 12 min and was stopped by adding 
phosphoric acid ( H3PO41M, from PanReac AppliChem, Darmstadt, Germany). The 
absorbance of the reaction product was measured at 450 nm , using a SPECTRAmax Plus 
384 (Molecular Devices, San Jose, CA, USA). Samples with no streptavidin or biotin-HRP 
(blank) and samples with no specific binding (containing either only streptavidin or 
biotin-HRP) were used as controls. The optimal streptavidin-biotin ratio was calculated 
from the absorbance results. 

Influence of O2 Plasma on Streptavidin Immobilization 

Kim et al. reported the enhancement of proteins' immobilization on surfaces after O2 
plasma treatment [49]. Therefore, an O2 plasma was applied for 60 s to Au − TiO2 thin 
films, at a partial pressure of 60 Pa and 37.5 W power. 

Then, a matrix of different concentrations of streptavidin and biotin-HRP, ranging from 
1.25 to 25𝜇 g/mL and from 0.375 to 1.5𝜇 g/mL, respectively, were used in the assay. The 
Au − TiO2 thin films were incubated for 1 h with streptavidin, and the procedure followed 
was the same as the experimental protocol described in Section 2.2.1. Glass substrates 
previously treated with O2 plasma were used as immobilization control, and Au − TiO2 thin 
films and glass substrates without previous O2 plasma treatment were used to assess the 
effect of O2 plasma on streptavidin immobilization. Blank sample and non-specific binding 
(containing either only streptavidin or biotin-HRP) samples were also used as binding 
controls. 

Streptavidin Immobilization on Thin Film's Surface 

Based on the ideal ligand-receptor ratio and surface binding area, an extrapolation was 
made for protein immobilization on the thin film's surface. To enhance protein 
immobilization, the Au − TiO2 thin film's surface was previously activated with O2 plasma 
treatment ( 60 s and 37.5 W ). Then, streptavidin was immobilized for 1 h , and the 
procedure followed was the same as the one mentioned above in Section 2.2.1. Nine 



independent thin films and 9 glass substrates (as immobilization control) were used to 
assess the repeatability. Blank sample and non-specific binding (containing either only 
streptavidin or biotin-HRP) samples were also used as binding controls. 

Optical Response of the LSPR Biosensing Platform 

The optical analysis of the Au − TiO2 thin films, namely the measurement of the LSPR 
band in transmittance mode, was performed in a custom-made optical system, with a light 
source (tungsten lamp), a custom sample holder, and an Ocean Optics HR4000 
spectrometer, connected by optical fibers [51]. 

Refractive Index Sensitivity of Au − TiO2 Thin Films 

The refractive index sensitivity (RIS) of the produced Au − TiO2 thin films was determined 
by monitoring their optical transmittance while immersed in solutions with different 
refractive indexes. Sucrose solutions of 20% (w/w) ( 𝜂 = 1.3639 RIU), 30%(𝑤/𝑤) ( 𝜂 =
1.3812 RIU), 40%(𝑤/𝑤)(𝜂 = 1.3999 RIU), and 50%(𝑤/𝑤)(𝜂 = 1.4201 RIU) were used in 
the experiments. The transmittance spectra were monitored for 1 min (for each halfcycle), 
and each spectrum was acquired using an integration time of 4 ms and an average of 500 
scans. Data were processed by the NANOPTICS software to identify changes in the T-LSPR 
wavelength peak [52]. RIS was calculated using the equation RIS = Δ𝜆/Δ𝜂 (nm/RIU), 
assuming a semi-infinite layer of the aimed solution, where Δ𝜆 represents the peak 
wavelength shift and Δ𝜂 the difference of the refractive index of surrounding media [27]. 

LSPR Response of the Streptavidin-Immobilized Thin Films 

to Biotin-HRP 

The LSPR response of the streptavidin-immobilized Au − TiO2 thin films in the presence 
of the analyte was evaluated. This experimental step was crucial for assessing their 
potential as a biosensing platform. Therefore, the surface of the thin films (the LSPR 
platform) was immobilized with streptavidin and blocked with BSA as described above, 
followed by a 30 min incubation with PBS, to build the biosensor. The optical spectra were 
recorded, corresponding to the basal spectra of the biosensor. Finally, the LSPR biosensor 
was incubated for 30 min with the ideal concentration of biotin-HRP, and the optical 
response was measured. In each measurement, the LSPR biosensors were immersed in 1 
mL of PBS and the optical spectra were monitored for 10 min in transmittance mode. An 
integration time of 4 ms and an average of 500 scans were used to acquire each spectrum. 
The repeatability parameter was determined in 3 independent measurements. Data were 
processed by the NANOPTICS software to assess the LSPR response of the biosensor, 
identifying changes in the T-LSPR band peak [52]. 

Finally, TMB was added to confirm the binding of biotin-HRP to streptavidin-immobilized 
thin films and for correlation with LSPR response. After 12 min incubation, a colored 
product was detected. 

Results and Discussion 

Characterization of Au − TiO2 Thin Films 



Chemical, Optical, and Morphological Properties of Au − TiO2 

Thin Films 

Materials' properties affect biosensor development, so different characterization 
techniques were applied to analyze the microstructural characteristics and optical 
response of the plasmonic thin films. The atomic concentration (at. %) of each chemical 
element present in the thin film, after thermal treatment at 400∘C, was determined by RBS 
analysis. The annealed Au − TiO2 thin films are composed of 20.2 ± 0.5at. % of gold. The 
O atomic concentration was found to be 50 ± 5at. %, and the amount of Ti was found to 
be 30.4 ± 0.5at. %. Nevertheless, given the uncertainties of the measurements, the matrix 
can be considered nearly stoichiometric. 

Regarding the optical responses, Au − TiO2 thin films were evaluated by 
spectrophotometry in transmittance mode. The as-deposited film is transparent to the 
visible light and lacks an LSPR band, as the non-crystallized nanoparticles formed during 
the sputtering process are too small (typically below 10 nm ) [53]. The LSPR band appears 
after annealing treatment at 400∘C due to the growth and coalescence of the Au 
nanoparticles dispersed throughout the TiO2 matrix, which typically crystallizes in the 
anatase phase, as previously observed [26,54-56]. The transmittance band minimum is 
positioned at a wavelength of 618 nm , corresponding to T = 6.7% (Figure 1a). 
 

 

Figure 1. Effect of Ar plasma treatment on the optical and morphological properties of the 
Au − TiO2 thin films annealed at 400∘C : (a) optical transmittance spectra and (b) cross-
section micrographs before and after Ar plasma. 

To develop nanoplasmonic thin films as a sensing platform, biorecognition elements must 
be immobilized on their surfaces to detect the analyte. Nevertheless, since the plasmon 
decay length of the nanoparticles is typically below a few tens of nanometers, and as 
demonstrated by discrete dipole approximation simulation models [57], the matrix where 



the nanoparticles are embedded might hinder the platform's sensitivity. On the other 
hand, proteins can be immobilized as biorecognition elements by adsorption on the Au 
nanoparticles [58]. Due to these reasons, the Au nanoparticles embedded in the TiO2 
matrix need to be partially exposed to the environment [27], allowing the immobilization 
of the molecular recognition elements. As shown in previous works [24,26], to enhance the 
density of gold nanoparticles at the film's surface, an Ar plasma treatment was applied, 
giving rise to an LSPR band blueshift of about 16.3 nm ± 3.7 nm (Figure 1a). This shift is 
due to an increase in the number of nanoparticles exposed to air, which become partially 
embedded in the TiO2 matrix, thus decreasing the average refractive index surrounding 
them. However, as can be observed in Figure 1b, the plasma treatment did not cause a 
considerable etching of the matrix. In fact, in SEM micrographs, the annealed Au-TiO2 
thin films presented an average thickness of 93 ± 1 nm, and after the Ar plasma treatment, 
they exhibited an average thickness of 94.8 ± 0.8 nm. This implies that the plasma etching 
probably removed only some weakly adhered layers and some chemical contaminants on 
the thin film's surface (such as hydrocarbon layers) [24]. 

2. Au − TiO2 Thin Films' Hydrophilic Properties 

The biosensor development is determined by the adhesion of the biorecognition layer to 
the platform's surface. The presence of hydroxyl groups on the biosensor's surface 
promotes the adsorption of biomolecules [49,59]. Therefore, the Au − TiO2 thin films were 
subjected to an activation plasma ( O2 plasma) at different exposure times, and the effect 
was evaluated through wettability measurements, based on the contact angle of deionized 
water droplets. The contact angle is defined as the tangent of the liquid-vapor interface 
and the solid surface at the three-phase contact line [60]. Surfaces with contact angles 
lower than 65∘ are considered hydrophilic due to the presence of polar functional groups 
[61]. 

Without O2 plasma treatment ( 0 s ), the Au − TiO2 thin film's surface is already considered 
hydrophilic since it produced a contact angle of 29 ± 4∘ (Figure 2). After 10 s of O2 plasma 
treatment, the contact angle value significantly dropped to 8 ± 1∘. Increasing the time of 
O2 plasma treatment did not induce major changes in contact angle value, and the plateau 
was reached after 60 s at 7∘. From here, the thin films were treated with O2 plasma for 60 
s before immobilization with the biorecognition layer. 
 



 

Figure 2. Hydrophilic properties of the Au − TiO2 thin films. (a) Photographs of a water 
droplet and the (b) contact angle (in degrees) measured as a function of O2 plasma 
treatment time in seconds (s) on the surface of Au − TiO2 thin films. 

The effect of O2 plasma on the LSPR band was also evaluated, and it was observed that the 
exposure time of 60 s caused an LSPR band shift, to the right (redshift), of 4 ± 1 nm 
(Figure 3). Therefore, the O2 plasma changed the thin film surface wettability, increasing 
the hydrophilicity through the formation of hydroxyl groups, and induced minor changes 
in the LSPR band. 
(a) 
 



 

 
(b) 
 



 

Figure 3. LSPR band evolution as a function of O2 plasma treatment time ( 0,10,30, and 
60 s ) of the Au − TiO2 thin film annealed at 400∘C : (a) transmittance spectra from 450 to 
700 nm and (b) close-up of the highlighted area in graph a. 

Streptavidin Immobilization and Binding Assay 

The model receptor-analyte system, streptavidin-biotin, was chosen since it presents a 
high binding affinity between the molecules, and it is widely studied and used in biological 
fields [62]. Therefore, streptavidin was used as a biorecognition element to be 
immobilized on the surface of the Au − TiO2 thin films, and the analyte was biotin-HRP. 
The efficiency of the streptavidin-biotin binding at the biosensor's surface is studied in 
this section. 

In a first approach, the concentrations of streptavidin and biotin-HRP were optimized. 
The streptavidin-biotin binding was determined by the absorbance of TMB oxidation by 
HRP, following a protocol based on ELISA in a 96-well plate. To evaluate the optimal 
streptavidin concentration on the well's surface, different amounts were tested (from 



0.0025 to 25𝜇 g/mL ) and conjugated with different amounts of biotin-HRP (from 0.0075 
to 75𝜇 g/mL ). Absorbance data obtained were plotted as a function of streptavidin and 
biotin-HRP concentrations (Figure 4a). The results indicate that the increase in the 
amount of streptavidin had a greater impact on the absorbance values. The maximum 
absorbance (3.6) was achieved at 2.5𝜇 g/mL of streptavidin, and raising its concentration 
leads to a reduction in the conjugate formation (Figure 4a). 
 

 

Figure 4. Streptavidin/biotin-HRP binding assay. (a) Absorbance values measured as a 
function of different streptavidin and biotin-HRP concentrations ( 𝜇g/mL ); (b) 
absorbance values measured as a function of streptavidin/biotin ratio, for streptavidin 
concentrations between 0.025 and 25𝜇 g/mL; (c) absorbance values measured as a 
function of streptavidin concentration ( 𝜇g/mL ), for all combinations of 
streptavidin/biotin-HRP at the ratio of 0.33. 

The streptavidin/biotin-HRP ratios as a function of absorbance, for the tested streptavidin 
concentrations, were plotted to determine the optimal ratio, which was found to 
be 0.33 for every condition (Figure 4 b ). Plotting the absorbance values of 0.33 ratios as 
a function of streptavidin concentration, it was concluded that the ideal condition was 
2.5𝜇 g/mL of streptavidin with 7.5𝜇 g/mL of biotin-HRP (Figure 4c). This value is very 
close to the expected 1:4 streptavidin/biotin known ratio; the difference could be related 
to streptavidin adsorption to the well's surface, which prevents the binding of biotin to all 
the binding sites. Moreover, this could also be due to the conjugation of biotin with HRP, 
a large enzyme, which hinders the binding of other biotin molecules to the same 
streptavidin protein. 

As previously shown, the O2 plasma treatment increased the hydrophilicity of the thin 
film's surface. To evaluate the influence of O2 plasma treatment on protein immobilization 
and validate its importance in the adhesion of the biorecognition layers, O2 plasma 
treatment was applied on the glass substrates and Au − TiO2 thin films, followed by the 
incubation with streptavidin, ranging from 1.25 to 25𝜇 g/mL, according to the described 
experimental protocol. Results show that the thin films without plasma treatment (Figure 
5b) behave similar to glass substrates either with (Figure 5c) or without plasma treatment 
(Figure 5a). This demonstrates that streptavidin binds to the thin film's surface, but only 
if treated with O2 plasma (Figure 5d). Furthermore, no signal was detected in the non-
specific binding controls. Thus, all thin films must be subjected to O2 plasma treatment 
before the immobilization protocol. 
 



 

Figure 5. Influence of O2 plasma treatment on the immobilization of streptavidin on the 
thin film's surface. Absorbance values measured as a function of streptavidin and biotin-
HRP concentrations, without O2 plasma treatment in (a) glass substrate and (b) Au − TiO2 
thin film and with O2 plasma treatment in (c) glass substrate and (d) Au − TiO2 thin film. 

Therefore, the immobilization protocol of the Au − TiO2 thin film's surface was designed 
based on the aforementioned findings. Comparing the wells' area ( 0.63 cm2 ) with the thin 
films' surface area ( 1.125 cm2 ) and the optimal streptavidin/biotin-HRP ratio, an 
extrapolation of the protein concentration was made to achieve maximum binding. Hence, 
the determined ideal concentration of streptavidin to be immobilized on the Au − TiO2 
surfaces was 4.5𝜇 g/mL, and that of biotin-HRP was 13.5𝜇 g/mL. After TMB oxidation by 
HRP, the average absorbance value in the immobilized Au − TiO2 thin films was 1.9 ± 0.6. 
As expected, no binding was observed with the glass substrate controls or with the non-
specific binding control samples. 

The results reveal the success of the streptavidin immobilization on the surface of the thin 
films and the efficient streptavidin-biotin binding. The described ELISA-based protocol 
resulted as being a proper method for immobilizing biorecognition elements in plasmonic 
thin-film surfaces towards the development of sensing platforms integrating LSPR 
transducers. 



LSPR Biosensing Platform Sensitivity 

Refractive Index Sensitivity of the Au − TiO2 Thin Films 

The sensing performance of the LSPR thin-film platforms is dependent on the ability to 
distinguish between different refractive indexes (𝜂) of the surrounding media. Therefore, 
the transmittance spectra of the Au − TiO2 thin films were measured in the presence of 
sucrose solutions of four different concentrations with increasing refractive index values. 
Figure 6 plots the LSPR peak wavelength of the Au − TiO2 thin films as a function of the 
refractive index of the different sucrose solutions. As evidenced, increasing the refractive 
index of the surrounding medium resulted in an LSPR band redshift. The linear fit yielded 
a correlation coefficient R2 of 0.96 and a slope of 33 ± 5 nm/ RIU , corresponding to the 
RIS, defined as the shift in LSPR wavelength per refractive index unit (RIU). However, the 
sensitivity of the film is still low when compared to the solution-based nanoplasmonic 
systems ( ≈ 200 nm/ RIU ) [63]. This might be related to the thickness of the film, which 
is about 95 nm , well above the plasmon decay length of the nanoparticles. Hence, the 
nanoparticles that effectively contribute to the detection signal are the ones closer to the 
surface of the film. Most of the nanoparticles are embedded in the matrix, so their signal 
contribution is defined by the dielectric matrix refractive index, and they do not "sense" 
the refractive index variations on the surface of the film [16,64]. Therefore, decreasing the 
film's thickness towards a value comparable to the plasmon decay length should be 
considered to improve the sensitivity. Another possible way to optimize the sensitivity is 
to tune the nanoparticles' features, such as the aspect ratio, concentration, and size 
distribution [65]. 
 



 

Figure 6. LSPR peak wavelength of the Au − TiO2 thin films as a function of the refractive 
index of the different sucrose solutions (20,30,40, and 50%(𝑤/𝑤) ). The solid line is a 
linear fit to the data. 

LSPR Response of the Streptavidin-Immobilized Thin Films 

to Biotin-HRP 

The performance of streptavidin-immobilized Au − TiO2 thin films as sensing platforms 
was tested. The addition of the analyte (biotin-HRP) to the biosensor's surface caused an 
LSPR band shift of 0.8 ± 0.1 nm towards a longer wavelength, as seen in Figure 7. This 
LSPR shift is related to an increase in the refractive index of the region surrounding the 
nanoparticles, induced by biotin molecules that were bound to the immobilized 
streptavidin. This relatively low LSPR band shift, compared to other reports [66], might 
be related to the poor sensing ability of the LSPR platform (RIS = 33 nm/ RIU) . In 
addition, different concentrations of biotin-HRP were added to the biosensor's surface, 
but the low signal-tonoise ratio did not allow any measurable LSPR sensing response. 
Thus, the biosensor only presented an optical response in the presence of the ideal 
concentration of the analyte. 
 



 



Figure 7. Ten-minute LSPR peak wavelength monitoring of the produced Au − TiO2 
biosensor after incubation with PBS (control) and after the incubation with 13.5𝜇 g/mL 
biotin-HRP (analyte detection). n1, n2, and n3 are the three independent samples tested. 

Additionally, to prove that this binding was specific, TMB was added to start the enzymatic 
reaction. The observed colored product proved the presence of biotin linked to 
streptavidin immobilized on the thin film's surface. This detection method confirms that 
the functionalization protocol was successful and Au − TiO2 thin films immobilized with 
streptavidin can be used as LSPR biosensors. Despite this, additional optimization of the 
LSPR thin-film platform's sensitivity should be envisaged. 

Conclusions 

In this work, an LSPR sensing platform based on streptavidin-immobilized Au − TiO2 thin 
films was developed. Nanoplasmonic thin films consisting of Au nanoparticles embedded 
in a TiO2 dielectric matrix were deposited by reactive DC magnetron sputtering, an 
environmentally sound technology. Post-deposition treatments, such as annealing and Ar 
plasma, allowed the development of the sensing platform based on Au − TiO2 thin films. 
The annealing at 400∘C promoted the growth and coalescence of the Au nanoparticles 
dispersed throughout the TiO2 matrix, leading to the appearance of the LSPR band. An Ar 
plasma treatment was used to remove weakly bound contamination layers. Furthermore, 
the O2 plasma increased the hydrophilic surface properties, enhancing the immobilization 
of streptavidin on the thin film. The specific binding of biotin-HRP to streptavidin was 
detected by the activity of the HRP, using a protocol based on ELISA. The performance of 
the biosensor, consisting of immobilized-streptavidin on Au − TiO2 thin films, was 
corroborated by an LSPR wavelength peak shift of 0.8 ± 0.1 nm in the presence of the 
analyte. 

The obtained results are promising; however, more improvements are needed before this 
biosensor can be employed in real-life applications. Future improvements include (1) 
optimization of the sensitivity (RIS) of the Au − TiO2 thin films, by adjusting both 
deposition and post-deposition treatment parameters, and (2) evaluation of concentration 
dependency, selectivity, specificity, and reversibility of the sensing platform. 

From the detection of HRP activity and LSPR sensing, it can be concluded that the 
functionalization protocol was successful and streptavidin-immobilized Au − TiO2 thin 
films can be further exploited as LSPR biosensors. 

Author Contributions: Conceptualization, J.B. and P.S.; methodology, P.P.-S., D.I.M., 
A.C.-B., D.C. and J.B.; software, M.S.R.; validation, J.B., P.S. and F.V.; formal analysis, 
P.P.-S., D.I.M., A.C.-B., D.C. and J.B.; investigation, P.P.-S. and D.I.M.; resources, J.B., 
A.V.M., A.C., P.S. and F.V.; data curation, M.S.R., J.B. and P.S.; writing-original draft 
preparation, P.P.-S., D.I.M., A.C.-B. and D.C.; writingreview and editing, J.B., P.S. and 
F.V.; visualization, J.B., A.V.M., A.C., P.S. and F.V.; supervision, J.B., P.S., A.C. and F.V.; 
project administration, J.B., P.S., A.C. and F.V.; funding acquisition, J.B., A.C., P.S. and 
F.V. All authors have read and agreed to the published version of the manuscript. 

Funding: This work was funded by the Portuguese Foundation for Science and Technology 
(FCT) in the framework of the Strategic Funding UIDB/04650/2020, 
UIDB/04050/2020, and UID/EMS/00285/ 2020, and by the projects NANO4BIO: 
POCI-01-0145-FEDER-032299, with FCT reference PTDC/FISMAC/32299/2017, and 



CO2Plasmon, with FCT reference EXPL/CTM-REF/0750/2021. Patrícia Pereira-Silva, 
Diana I. Meira, and Diogo Costa acknowledge FCT for their Ph.D. scholarships, 
2020.08235.BD, SFRH/BD/143262/2019, and SFRH/BD/136279/2018, respectively. 
Augusto CostaBarbosa also acknowledges FCT for his Ph.D. scholarships 
SFRH/BD/133513/2017 and COVID/BD/ 152169/2021. The authors would like to express 
their gratitude to Nuno P. Barradas (C2TN, University of Lisbon) and Eduardo Alves 
(IPFN, University of Lisbon) for RBS measurements and analysis. 

References 

1. Justino, C.I.L.; Duarte, A.C.; Rocha-Santos, T.A.P. Recent Progress in Biosensors 
for Environmental Monitoring: A Review. Sensors 2017, 17, 2918. [CrossRef] 
[PubMed] 

2. Thakur, M.S.; Ragavan, K.V. Biosensors in Food Processing. J. Food Sci. Technol. 
2013, 50, 625-641. [CrossRef] [PubMed] 

3. Kim, J.; Campbell, A.S.; de Ávila, B.E.F.; Wang, J. Wearable Biosensors for 
Healthcare Monitoring. Nat. Biotechnol. 2019, 37, 389-406. [CrossRef] [PubMed] 

4. Kawamura, A.; Miyata, T. Biosensors. In Biomaterials Nanoarchitectonics; 
Elsevier: Amsterdam, The Netherlands, 2016; pp. 157-176. [CrossRef] 

5. Bhalla, N.; Jolly, P.; Formisano, N.; Estrela, P. Introduction to Biosensors. Essays 
Biochem. 2016, 60, 1-8. [CrossRef] [PubMed] 

6. Damborský, P.; Švitel, J.; Katrlík, J. Optical Biosensors. Essays Biochem. 2016, 60, 
91-100. [CrossRef] 

7. Pitarke, J.M.; Silkin, V.M.; Chulkov, E.V.; Echenique, P.M. Theory of Surface 
Plasmons and Surface-Plasmon Polaritons. Rep. Prog. Phys. 2007, 70, 1. 
[CrossRef] 

8. Hutter, E.; Fendler, J.H. Exploitation of Localized Surface Plasmon Resonance. 
Adv. Mater. 2004, 16, 1685-1706. [CrossRef] 

9. Xiao, L.; Youji, L.; Feitai, C.; Peng, X.; Ming, L. Facile Synthesis of Mesoporous 
Titanium Dioxide Doped by Ag-Coated Graphene with Enhanced Visible-Light 
Photocatalytic Performance for Methylene Blue Degradation. RSC Adv. 2017, 7, 
25314-25324. [CrossRef] 

10. Toudert, J.; Simonot, L.; Camelio, S.; Babonneau, D. Advanced Optical Effective 
Medium Modeling for a Single Layer of Polydisperse Ellipsoidal Nanoparticles 
Embedded in a Homogeneous Dielectric Medium: Surface Plasmon Resonances. 
Phys. Rev. B-Condens. Matter Mater. Phys. 2012, 86, 045415. [CrossRef] 

11. Deng, Y.; Cao, G.; Wu, Y.; Zhou, X.; Liao, W. Theoretical Description of Dynamic 
Transmission Characteristics in MDM Waveguide Aperture-Side-Coupled with 
Ring Cavity. Plasmonics 2015, 10, 1537-1543. [CrossRef] 

12. Chen, F.; Yang, W. Plasmonic Induced Reflection Based on Al2O3 Nanoslit Side 
Coupled with Silicon Nanodisk Resonator. Results Opt. 2021, 5, 100126. 
[CrossRef] 

13. Pereira, R.M.S.; Borges, J.; Peres, F.C.R.; Pereira, P.A.S.; Smirnov, G.V.; Vaz, F.; 
Cavaleiro, A.; Vasilevskiy, M.I. Effect of Clustering on the Surface Plasmon Band 

http://2020.08235.bd/


in Thin Films of Metallic Nanoparticles. J. Nanophotonics 2014, 9, 093796. 
[CrossRef] 

14. Borges, J.; Pereira, R.M.S.; Rodrigues, M.S.; Kubart, T.; Kumar, S.; Leifer, K.; 
Cavaleiro, A.; Polcar, T.; Vasilevskiy, M.I.; Vaz, F. Broadband Optical Absorption 
Caused by the Plasmonic Response of Coalesced Au Nanoparticles Embedded in a 
TiO2Matrix2 J. Phys. Chem. C 2016, 120, 16931-16945. [CrossRef] 

15. Petryayeva, E.; Krull, U.J. Localized Surface Plasmon Resonance: Nanostructures, 
Bioassays and Biosensing-A Review. Anal. Chim. Acta 2011, 706, 8-24. [CrossRef] 
[PubMed] 

16. Chen, H.; Kou, X.; Yang, Z.; Ni, W.; Wang, J. Shape- and Size-Dependent 
Refractive Index Sensitivity of Gold Nanoparticles. Langmuir 2008, 24, 5233-
5237. [CrossRef] [PubMed] 

17. Chen, H.; Chen, Z.; Yang, H.; Wen, L.; Yi, Z.; Zhou, Z.; Dai, B.; Zhang, J.; Wu, X.; 
Wu, P. Multi-Mode Surface Plasmon Resonance Absorber Based on Dart-Type 
Single-Layer Graphene. RSC Adv. 2022, 12, 7821-7829. [CrossRef] 

18. Wu, X.; Zheng, Y.; Luo, Y.; Zhang, J.; Yi, Z.; Wu, X.; Cheng, S.; Yang, W.; Yu, Y.; 
Wu, P. A Four-Band and Polarization-Independent BDS-Based Tunable Absorber 
with High Refractive Index Sensitivity. Phys. Chem. Chem. Phys. 2021, 23, 26864-
26873. [CrossRef] 

19. Jain, S.; Paliwal, A.; Gupta, V.; Tomar, M. Refractive Index Tuning of SiO2 for Long 
Range Surface Plasmon Resonance Based Biosensor. Biosens. Bioelectron. 2020, 
168, 112508. [CrossRef] 

20. Jia, S.; Bian, C.; Sun, J.; Tong, J.; Xia, S. A Wavelength-Modulated Localized 
Surface Plasmon Resonance (LSPR) Optical Fiber Sensor for Sensitive Detection 
of Mercury(II) Ion by Gold Nanoparticles-DNA Conjugates. Biosens. Bioelectron. 
2018, 114, 15-21. [CrossRef] 

21. Mayer, K.M.; Hafner, J.H. Localized Surface Plasmon Resonance Sensors. Chem. 
Rev. 2011, 111, 3828-3857. [CrossRef] 

22. Haes, A.J.; Van Duyne, R.P. Preliminary Studies and Potential Applications of 
Localized Surface Plasmon Resonance Spectroscopy in Medical Diagnostics. 
Expert Rev. Mol. Diagn. 2004, 4, 527-537. [CrossRef] [PubMed] 

23. Kim, D.M.; Park, J.S.; Jung, S.W.; Yeom, J.; Yoo, S.M. Biosensing Applications 
Using Nanostructure-Based Localized Surface Plasmon Resonance Sensors. 
Sensors 2021, 21, 3191. [CrossRef] [PubMed] 

24. Rodrigues, M.S.; Costa, D.; Domingues, R.P.; Apreutesei, M.; Pedrosa, P.; Martin, 
N.; Correlo, V.M.; Reis, R.L.; Alves, E.; Barradas, N.P.; et al. Optimization of 
Nanocomposite Au/TiO2 Thin Films towards LSPR Optical-Sensing. Appl. Surf. 
Sci. 2018, 438, 74-83. [CrossRef] 

25. Proença, M.; Borges, J.; Rodrigues, M.S.; Domingues, R.P.; Dias, J.P.; Trigueiro, 
J.; Bundaleski, N.; Teodoro, O.M.N.D.; Vaz, F. Development of Au/CuO 
Nanoplasmonic Thin Films for Sensing Applications. Surf. Coat. Technol. 2018, 
343, 178-185. [CrossRef] 

26. Barbosa, A.I.; Borges, J.; Meira, D.I.; Costa, D.; Rodrigues, M.S.; Rebelo, R.; 
Correlo, V.M.; Vaz, F.; Reis, R.L. Development of Label-Free Plasmonic Au-TiO2 



Thin Film Immunosensor Devices. Mater. Sci. Eng. C 2019, 100, 424-432. 
[CrossRef] 

27. Kedem, O.; Vaskevich, A.; Rubinstein, I. Critical Issues in Localized Plasmon 
Sensing. J. Phys. Chem. C 2014, 118, 8227-8244. [CrossRef] 

28. Lopez, G.A.; Estevez, M.C.; Soler, M.; Lechuga, L.M. Recent Advances in 
Nanoplasmonic Biosensors: Applications and Lab-on-aChip Integration. 
Nanophotonics 2017, 6, 123-136. [CrossRef] 

29. Aćimović, S.S.; Ortega, M.A.; Sanz, V.; Berthelot, J.; Garcia-Cordero, J.L.; Renger, 
J.; Maerkl, S.J.; Kreuzer, M.P.; Quidant, R. LSPR Chip for Parallel, Rapid, and 
Sensitive Detection of Cancer Markers in Serum. Nano Lett. 2014, 14, 2636-2641. 
[CrossRef] 

30. Lee, W.; Shaban, S.M.; Pyun, D.G.; Kim, D.H. Solid-Phase Colorimetric Apta-
Biosensor for Thrombin Detection. Thin Solid Film. 2019, 686, 137428. [CrossRef] 

31. Kim, J.; Moon, B.S.; Hwang, E.; Shaban, S.; Lee, W.; Pyun, D.G.; Lee, D.H.; Kim, 
D.H. Solid-State Colorimetric Polydiacetylene Liposome Biosensor Sensitized by 
Gold Nanoparticles. Analyst 2021, 146, 1682-1688. [CrossRef] 

32. Costa, D.; Rodrigues, M.S.; Roiban, L.; Aouine, M.; Epicier, T.; Steyer, P.; Alves, 
E.; Barradas, N.P.; Borges, J.; Vaz, F. In-Situ Annealing Transmission Electron 
Microscopy of Plasmonic Thin Films Composed of Bimetallic Au-Ag Nanoparticles 
Dispersed in a TiO2 Matrix. Vacuum 2021, 193, 110511. [CrossRef] 

33. Pereira-Silva, P.; Borges, J.; Rodrigues, M.S.M.S.; Oliveira, J.C.J.C.; Alves, E.; 
Barradas, N.P.N.P.; Dias, J.P.J.P.; Cavaleiro, A.; Vaz, F. Nanocomposite Au-ZnO 
Thin Films: Influence of Gold Concentration and Thermal Annealing on the 
Microstructure and Plasmonic Response. Surf. Coat. Technol. 2020, 385, 125379. 
[CrossRef] 

34. Meira, D.I.; Domingues, R.P.; Rodrigues, M.S.; Alves, E.; Barradas, N.P.; Borges, 
J.; Vaz, F. Thin Films of Au-Al2O3 for Plasmonic Sensing. Appl. Surf. Sci. 2020, 
500, 144035. [CrossRef] 

35. Guo, L.; Jackman, J.A.; Yang, H.H.; Chen, P.; Cho, N.J.; Kim, D.H. Strategies for 
Enhancing the Sensitivity of Plasmonic Nanosensors. Nano Today 2015, 10, 213-
239. [CrossRef] 

36. Howarth, M.; Chinnapen, D.J.F.; Gerrow, K.; Dorrestein, P.C.; Grandy, M.R.; 
Kelleher, N.L.; El-Husseini, A.; Ting, A.Y. A Monovalent Streptavidin with a Single 
Femtomolar Biotin Binding Site. Nat. Methods 2006, 3, 267-273. [CrossRef] 

37. Dundas, C.M.; Demonte, D.; Park, S. Streptavidin-Biotin Technology: 
Improvements and Innovations in Chemical and Biological Applications. Appl. 
Microbiol. Biotechnol. 2013, 97, 9343-9353. [CrossRef] 

38. Wilchek, M.; Bayer, E.A.; Livnah, O. Essentials of Biorecognition: The 
(Strept)Avidin-Biotin System as a Model for Protein-Protein and Protein-Ligand 
Interaction. Immunol. Lett. 2006, 103, 27-32. [CrossRef] 

39. Kim, H.M.; Jin, S.M.; Lee, S.K.; Kim, M.G.; Shin, Y.B. Detection of Biomolecular 
Binding Through Enhancement of Localized Surface Plasmon Resonance (LSPR) 
by Gold Nanoparticles. Sensors 2009, 9, 2334-2344. [CrossRef] 

40. Pol, L.; Eckstein, C.; Acosta, L.K.; Xifré-Pérez, E.; Ferré-Borrull, J.; Marsal, L.F. 
Real-Time Monitoring of Biotinylated Molecules Detection Dynamics in 



Nanoporous Anodic Alumina for Bio-Sensing. Nanomaterials 2019, 9, 478. 
[CrossRef] 

41. Heidari, A.; Yoon, Y.J.; Park, W.T.; Su, P.C.; Miao, J.; Ming Lin, J.T.; Park, M.K. 
Biotin-Streptavidin Binding Interactions of Dielectric Filled Silicon Bulk Acoustic 
Resonators for Smart Label-Free Biochemical Sensor Applications. Sensors 2014, 
14, 4585-4598. [CrossRef] 

42. Hermanson, G.T. Enzyme Modification and Conjugation. In Bioconjugate 
Techniques; Elsevier: Amsterdam, The Netherlands, 2013; pp. 951-957. 

43. Mouse TNF Alpha Uncoated ELISA - Invitrogen by Thermo Fischer Scientific. 
Available online: https://bit.ly/3MGt0Zu (accessed on 3 May 2021). 

44. Borges, J.; Rodrigues, M.S.; Lopes, C.; Costa, D.; Couto, F.M.; Kubart, T.; Martins, 
B.; Duarte, N.; Dias, J.P.; Cavaleiro, A.; et al. Thin Films Composed of Ag 
Nanoclusters Dispersed in TiO2 : Influence of Composition and Thermal Annealing 
on the Microstructure and Physical Responses. Appl. Surf. Sci. 2015, 358, 595-604. 
[CrossRef] 

45. Domingues, R.P.; Rodrigues, M.S.; Proença, M.; Costa, D.; Alves, E.; Barradas, 
N.P.; Oliveira, F.J.; Silva, R.F.; Borges, J.; Vaz, F. Thin Films Composed of Au 
Nanoparticles Embedded in AlN: Influence of Metal Concentration and Thermal 
Annealing on the LSPR Band. Vacuum 2018, 157, 414-421. [CrossRef] 

46. Barradas, N.P.; Marriott, P.K.; Jeynes, C.; Webb, R.P. The RBS Data Furnace: 
Simulated Annealing. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. 
Mater. At. 1998, 136-138, 1157-1162. [CrossRef] 

47. Barradas, N.P.; Pascual-Izarra, C. Double Scattering in RBS Analysis of PtSi Thin 
Films on Si. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. At. 
2005, 228, 378-382. [CrossRef] 

48. Barradas, N.P.; Reis, M.A. Accurate Calculation of Pileup Effects in PIXE Spectra 
from First Principles. X-Ray Spectrom. 2006, 35, 232-237. [CrossRef] 

49. Kim, W.J.; Kim, S.; Lee, B.S.; Kim, A.; Ah, C.S.; Huh, C.; Sung, G.Y.; Yun, W.S. 
Enhanced Protein Immobilization Efficiency on a TiO2 Surface Modified with a 
Hydroxyl Functional Group. Langmuir 2009, 25, 11692-11697. [CrossRef] 
[PubMed] 

50. Krishnan, A.; Liu, Y.H.; Cha, P.; Woodward, R.; Allara, D.; Vogler, E.A. An 
Evaluation of Methods for Contact Angle Measurement. Colloids Surf. B 
Biointerfaces 2005, 43, 95-98. [CrossRef] 

51. Rodrigues, M.S.; Borges, J.; Proença, M.; Pedrosa, P.; Martin, N.; Romanyuk, K.; 
Kholkin, A.L.; Vaz, F. Nanoplasmonic Response of Porous Au-TiO  2 Thin Films 
Prepared by Oblique Angle Deposition. Nanotechnology 2019, 30, 225701. 
[CrossRef] 

52. Rodrigues, M.S.; Pereira, R.M.S.; Vasilevskiy, M.I.; Borges, J.; Vaz, F. 
NANOPTICS: In-Depth Analysis of NANomaterials for OPTICal Localized Surface 
Plasmon Resonance Sensing. SoftwareX 2020, 12, 100522. [CrossRef] 

53. Koneti, S.; Borges, J.; Roiban, L.; Rodrigues, M.S.; Martin, N.; Epicier, T.; Vaz, F.; 
Steyer, P. Electron Tomography of Plasmonic Au Nanoparticles Dispersed in a 
TiO2 Dielectric Matrix. ACS Appl. Mater. Interfaces 2018, 10, 42882-42890. 
[CrossRef] 

https://bit.ly/3MGt0Zu


54. Borges, J.; Rodrigues, M.S.; Kubart, T.; Kumar, S.; Leifer, K.; Evaristo, M.; 
Cavaleiro, A.; Apreutesei, M.; Pereira, R.M.S.; Vasilevskiy, M.I.; et al. Thin Films 
Composed of Gold Nanoparticles Dispersed in a Dielectric Matrix: The Influence 
of the Host Matrix on the Optical and Mechanical Responses. Thin Solid Film. 
2015, 596, 8-17. [CrossRef] 

55. Costa, D.; Oliveira, J.; Rodrigues, M.S.; Borges, J.; Moura, C.; Sampaio, P.; Vaz, F. 
Development of Biocompatible Plasmonic Thin Films Composed of Noble Metal 
Nanoparticles Embedded in a Dielectric Matrix to Enhance Raman Signals. Appl. 
Surf. Sci. 2019, 496, 143701. [CrossRef] 

56. Borges, J.; Costa, D.; Antunes, E.; Lopes, C.; Rodrigues, M.S.; Apreutesei, M.; 
Alves, E.; Barradas, N.P.; Pedrosa, P.; Moura, C.; et al. Biological Behaviour of Thin 
Films Consisting of Au Nanoparticles Dispersed in a TiO2 Dielectric Matrix. 
Vacuum 2015, 122, 360-368. [CrossRef] 

57. Rodrigues, M.S.; Borges, J.; Lopes, C.; Pereira, R.M.S.; Vasilevskiy, M.I.; Vaz, F. 
Gas Sensors Based on Localized Surface Plasmon Resonances: Synthesis of Oxide 
Films with Embedded Metal Nanoparticles, Theory and Simulation, and 
Sensitivity Enhancement Strategies. Appl. Sci. 2021, 11, 5388. [CrossRef] 

58. Sotnikov, D.V.; Berlina, A.N.; Ivanov, V.S.; Zherdev, A.V.; Dzantiev, B.B. 
Adsorption of Proteins on Gold Nanoparticles: One or More Layers? Colloids Surf. 
B: Biointerfaces 2019, 173, 557-563. [CrossRef] 

59. Vesel, A.; Mozetic, M. New Developments in Surface Functionalization of Polymers 
Using Controlled Plasma Treatments. J. Phys. D Appl. Phys. 2017, 50, 293001. 
[CrossRef] 

60. Huhtamäki, T.; Tian, X.; Korhonen, J.T.; Ras, R.H.A. Surface-Wetting 
Characterization Using Contact-Angle Measurements. Nat. Protoc. 2018, 13, 1521-
1538. [CrossRef] 

61. Vogler, E.A. Structure and Reactivity of Water at Biomaterial Surfaces. Adv. 
Colloid Interface Sci. 1998, 74, 69-117. [CrossRef] 

62. Lakshmipriya, T.; Gopinath, S.C.B.; Tang, T.H. Biotin-Streptavidin Competition 
Mediates Sensitive Detection of Biomolecules in Enzyme Linked Immunosorbent 
Assay. PLoS ONE 2016, 11, e0151153. [CrossRef] 

63. Haes, A.J.; Van Duyne, R.P. A Unified View of Propagating and Localized Surface 
Plasmon Resonance Biosensors. Anal. Bioanal. Chem. 2004, 379, 920-930. 
[CrossRef] 

64. Hegde, H.R.; Chidangil, S.; Sinha, R.K. Refractive Index Sensitivity of Au 
Nanostructures in Solution and on the Substrate. J. Mater. Sci. Mater. Electron. 
2022, 33, 4011-4024. [CrossRef] 

65. Martinsson, E.; Sepulveda, B.; Chen, P.; Elfwing, A.; Liedberg, B.; Aili, D. 
Optimizing the Refractive Index Sensitivity of Plasmonically Coupled Gold 
Nanoparticles. Plasmonics 2014, 9, 773-780. [CrossRef] 

66. Focsan, M.; Campu, A.; Craciun, A.M.; Potara, M.; Leordean, C.; Maniu, D.; 
Astilean, S. A Simple and Efficient Design to Improve the Detection of Biotin-
Streptavidin Interaction with Plasmonic Nanobiosensors. Biosens. Bioelectron. 
2016, 86, 728-735. [CrossRef] [PubMed] 


