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A B S T R A C T   

The sensitivity of ELISA-based devices strongly depends on the right orientation of antibodies on the sensor 
surface. The aim of this work was to increase the analytical performance of a commercial ELISA-based medical 
device (VIDAS®), thanks to the specific orientation of antibodies on gold nanostructured disposables. For this 
purpose, fPSA VIDAS® assay was used as model and the disposable providing the antigen binding surface (SPR®) 
was functionalized with gold nanostructures coated with monovalent half-fragment antibodies (reduced IgG, 
rIgG). The functionalization of polystyrene SPRs® with gold nanostructures was achieved through a one-step 
incubation of gold dispersions in a mixture of non-toxic solvents. Five different concentrations of gold nano-
particles (NPs) were tested with a maximum fluorescence enhancement for NPs density around 3–8 *103 NPs/ 
μm2 (752 ± 11 RFV vs 316 ± 5 RFV of bare SPRs®). The comparison of the dose-response curve obtained with 
commercial and gold coated-SPRs® revealed a significant improvement (p < 0.0001) of the analytical sensitivity 
of the VIDAS® system using nanostructured disposables. This improved version of SPRs® allows to distinguish 
small variations of fPSA concentrations opening the way to the application of this biomarker to other kinds of 
cancer as recently described in the literature.   

1. Introduction 

Enzyme linked immunosorbent assay (ELISA) is one of the most used 
immunoassays and still represents the gold standard for a large number 
of clinical biomarkers due to its high sensitivity, specificity and 
throughput [1]. In recent years, ELISA technology inspired the devel-
opment of medical devices, fully or partially automated, that use anti-
bodies (Abs) as recognition element taking advantage of their high 
specificity for their antigens [2,3]. In the last two decades, researchers 
developed immunosensors that reach sensitivity at single molecule level 
employing complex readout mechanisms, therefore limiting their use to 
research studies [4–9]. VIDAS® system (bioMérieux, Marcy l’Etoile, 
France) is one of the most common medical device, based on ELISA 
technology, used in clinical laboratories. It is an automated, 

multiparametric immuno-analyzer for the detection of a wide panel of 
biomarkers for cancer, serology, cardiac diseases, and fertility. Among 
its advantages, VIDAS® includes fast results, easy-of-use, and reduced 
costs. The VIDAS® system can generate results in a time frame included 
between 20 min and 2 h, depending on the assay, which are shorter 
times than those of traditional ELISAs. 

One of the main disadvantages of commercially available ELISA 
based devices is that capture antibodies are randomly adsorbed on hy-
drophobic surfaces resulting in a mixture of orientations that does not 
allow an efficient capture of antigens [10–12]. In VIDAS® system, 
capture antibodies are randomly adsorbed inside a disposable plastic tip, 
named Solid Phase Receptacle (SPR®), that serves as capture surface as 
well as pipetting system. The performances of this kind of medical de-
vice can be significantly improved by the right orientation of antibodies 
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through a proper immobilization chemistry [13–15]. In our previous 
work, we showed that the sensitivity of ELISA can be improved by ori-
enting capture antibodies through the thiol groups of the hinge regions 
released by chemical reduction [16]. Since it is well established that free 
thiol groups of reduced monovalent antibody fragments (rIgG) can bind 
spontaneously to gold nanostructures [17–20], the aim of this work was 
to improve the performances of VIDAS® system functionalizing the 
SPRs® internal surface with gold nanostructures for the direct and 
controlled binding of rIgG. This approach, known as incremental inno-
vation [21], could improve the performances of VIDAS® system main-
taining its advantages and the compatibility with all the commercially 
available assays. Since the improvement for the free Prostate Specific 
Antigen (fPSA) quantification was already shown in oriented ELISA 
[16], the same model was used for this study to compare the perfor-
mances of gold nanostructured SPRs® with the commercial assay. 

2. Materials and methods 

2.1. Chemicals and materials 

Gold (III) chloride trihydrate (≥99.9%), sodium citrate dihydrate 
(≥99.9%) and ethanol (99%) were purchased from Sigma-Aldrich. The 
concentration of gold NPs dispersions was adjusted using a diafiltration 
cell (Millipore, 50 ml) equipped with an ultrafiltration membrane 
(Millipore YM10, NMWL 10000, regenerated cellulose). All the bare 
SPRs® disposables were provided by bioMérieux Italia (Bagno a Ripoli, 
Italia) and are producedmade using a commercial polystyrene-based 
polymer. 

Mouse monoclonal anti-free prostate specific antigen (anti-fPSA) 
antibody and VIDAS® fPSA assay ref. 30,440 were supplied by bio-
Mérieux Italia (Bagno a Ripoli, Italia). Sephadex G-25 in PD-10 desalting 
columns (GE Healthcare, Little Chalfont, UK), 2-Mercaptoethylamine (2- 
MEA), ethylenediaminetetraacetic acid disodium salt (EDTA), Coo-
massie Brillant Blue R-250, Ca2+ and Mg2+ free Dulbecco’s Phosphate 
Buffered Saline (PBS), fat free milk and Tween-20 were purchased from 
Sigma Chemical Co. (St. Louis, MO, USA). Deionized water purified by a 
Millipore Milli-Q gradient system (>18 MΩ cm) was used in all the 
experiments. 

3. VIDAS® fPSA assay 

In VIDAS® fPSA assay, the pipetting system is constituted by the 
disposable SPRs® that are internally coated by non-specific adsorption 
of capture monoclonal anti-fPSA antibody. Washing solutions, detection 
anti-fPSA antibody conjugated with alkaline phosphatase, and fluores-
cent substrate are contained in a 10-wells disposable strip. The quanti-
fication of immunocomplexes is achieved by the hydrolysis of 4- 
methylumbelliferyl phosphate (4-MUP) to 4-methylumbelliferone (4- 
MU) by alkaline phosphatase. The fluorescent signal generated by the 
hydrolyzed 4-MU is proportional to the concentration of analyte in the 
sample and it is assessed by a single channel fluorometer [22]. Fluo-
rescence is expressed in Relative Fluorescence Value (RFV) that is the 
difference between the final and the background fluorescent readings. 
The kit also includes the calibrator S1 (fPSA 6.9 ng/ml), the positive 
control C1 and the sample diluent (VIDAS® assay package insert 09573 
F, version of 2006/12). 

4. Preparation and characterization of gold-functionalized 
SPRs® 

The procedure for the decoration of commercial SPRs® with gold 
nanoparticles was optimized in this work. Briefly, citrate-capped gold 
NPs were prepared using citrate as stabilizing and reducing agent (gold/ 
citrate molar ratio: 0.13) [23]. Following this protocol, gold NPs of 
about 10 ± 2 nm in diameter with a negative zeta potential (around − 30 
mV) were obtained (see data in Supplementary Information file SI, 

Fig. S1). The concentration of the aqueous gold dispersions was adjusted 
using a diafiltration cell to reduce the volume of the starting dispersion 
up to 80% and aliquots of gold NPs dispersions at different concentra-
tions were used for the adhesion step inside the SPRs® disposables. The 
adhesion of gold NPs to the plastic surface of the SPRs® was performed 
incubating the gold dispersions in the sealed SPRs® in the presence of a 
certain amount of organic polar solvent (i.e. ethanol) which promotes 
the migration of NPs from the solution to the surface. All the coated 
SPRs® disposables were prepared at room temperature with 24 h of 
incubation time. Using this approach, all gold NPs migrate from the bulk 
solution to the plastic surface as demonstrated by the absence of the 
characteristic plasmon absorption peak of gold NPs in the visible spectra 
acquired on the incubated dispersion at the end of the procedure (see 
spectra in SI file, Fig. S2). Five different gold functionalized SPRs® 
(gold-SPRs®) were prepared using dispersions at different concentration 
to obtain plastic loading around 0.6, 1.3, 2.6, 7.9 and 15.9 *103 

NPs/μm2. These values were estimated considering the exposed inner 
surface of the SPRs® and the concentration of gold NPs in the starting 
dispersions. 

It is worth noting that the values of NPs density are slightly over-
estimated at the meniscus since a local solvent evaporation at water/air 
interface might concentrate NPs in the upper part of the disposable. 
Nevertheless, this does not affect the performances of SPRs® during the 
assay since the underlying SPRs® surface is homogeneously coated by 
gold nanoparticles. 

All the gold-decorated SPRs® were characterized through scanning 
electron microscopy (SEM). SEM micrographs were acquired using a 
high-resolution scanning electron microscope (ΣIGMA, Carl Zeiss) based 
on the GEMINI column, which features a high brightness Schottky field 
emission source, beam booster, in-lens and Everhart–Thornley (ET) 
secondary electron detectors. The micrographs were acquired with the 
in-lens detector exposing to the electronic beam 0.5 cm × 0.5 cm por-
tions of the inner surface of gold coated SPRs® disposables with an ac-
celeration potential of 2 kV and a working distance of about 3 mm. 
When using the ET detector, an accelerating potential of 10 kV and a 
working distance of about 6 mm were used. 

The surface coverage, fractality and lacunarity of SEM micrographs 
were calculated on the binary images using ImageJ (v. 1.53. t) [24] and 
the FracLac plug-in (Karperien, 2013). Fractality values take into ac-
count the 2D dimensionality of the gold aggregates while the lacunarity 
descriptor [25] helps in the evaluation of their spatial organization. 
Lacunarity (Λ) is calculated considering the variation of pixel density in 
an image using a grid with a certain size and is defined as: 

Λ=

∑
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Ng
=

∑

g

(
σ
μ

)2

ε,g

Ng
(1)  

where g is the orientation of the grid with respect to the image, μ is the 
average of pixels per cell at each g, ε is the size of the grid (in our case, 
10 × 10 pixels) and σ is the standard deviation. Λ can be obtained 
summing the lacunarity obtained for a single grid orientation (λε,g) 
divided by the number of orientations (Ng) used for the calculation (in 
our case, g: 12). An example of the grid used for the calculation of 
lacunarity on our samples is reported in Fig. S3 (see SI file). 

5. Anti-fPSA antibody reduction and coating of gold-SPRs 

rIgG were obtained by chemical reduction according to the previ-
ously described protocol [16]. Briefly, 1 mg/ml anti-fPSA antibodies 
were reduced by 53 mM 2-mercaptoethylamine (2-MEA) in PBS with 10 
mM EDTA. The reduction mixture was incubated at 37 ◦C for 90 min 
under mild agitation. Then, the reducing agent and EDTA were removed 
using a Sephadex G-25 in PD-10 desalting column following the in-
struction of the manufacturer. The presence of monovalent anti-fPSA 
(anti-fPSAred;75 kDa) was assessed by non-reducing 8% sodium 
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dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE); pro-
tein bands were stained with Coomassie brilliant blue R-250. 

Gold-SPRs® were coated incubating 300 μl of 15 μg/ml anti-fPSAred 
[19,26] in PBS for 15 min at 37 ◦C on board of VIDAS®. In this case, the 
coating of anti-fPSAred on gold-SPRs® (anti-fPSAred@gold-SPRs®) is 
guided by the thiol–gold chemistry allowing the fine control of the 
antibody orientation on the plastic surface. 

Non-specific binding was blocked by 60 min incubation at 37 ◦C with 
5% (w/v) fat free milk diluted in PBS-Tween 0.01% (v/v). The coating of 
gold-SPR® was performed daily. 

6. Testing of anti-fPSAred@gold-SPRs® 

Twelve replicates were prepared for each kind of gold-SPRs® (0.6, 
1.3, 2.6, 7.9 and 15.9 *103 NPs/μm2) coated with anti-fPSAred antibody 
and tested using the VIDAS® fPSA assay kit. Calibrator S1 of VIDAS® 
fPSA assay diluted 1:10 in PBS (0.69 ng/ml; 316 ± 5 RFV) was used as 
sample. Among the tested anti-fPSAred@gold-SPRs®, the most per-
forming one was chosen for the subsequent comparative test with 
standard SPRs®. For this purpose, five concentrations of calibrator S1 
diluted in PBS (i.e. 6.90 ng/ml, 3.45 ng/ml, 1.38 ng/ml, 0.14 ng/ml, and 
0 ng/ml) were used as samples and each concentration was repeated 
twelve-fold both on standard SPRs® and anti-fPSAred@gold-SPRs®. 

7. Evaluation of the analytical performances 

The analytical sensitivity and the limit of detection (LoD) of VIDAS® 
fPSA assay performed on anti-fPSAred@gold-SPRs® were calculated 
from a calibration curve of five fPSA concentrations (i.e. 0.63 ng/ml; 
0.32 ng/ml; 0.06 ng/ml; 0.02 ng/ml; 0.01 ng/ml) obtained by dilution 
of calibrator S1. The whole calibration curve was run in 7 consecutive 
days obtaining a total of 14 repetitions for each concentration. A new 
batch of anti-fPSAred@goldD-SPRs® was prepared every day. 

The analytical sensitivity of an assay is the ability of a method to 
assess small variations of the concentration of analyte, and it is 
expressed by the slope of calibration curves [27]. LoD is the lowest 
analyte concentration likely to be detectable. In this study LoD values 
were estimated using the approach based on standard deviation of the 
response and the slope. This method was chosen since it allowed the 
estimation of LoD, sensitivity and fPSA concentrations from the same 
experimental data of the calibration curve. LoD values were calculated 
according to the formula LoD = 3.3 SDy/slope (SDy, standard deviation 
of y intercept) [28,29]. 

8. Tests on biological samples 

Human samples used in this study were obtained from University 
Hospital of Pisa and were “waste of the sample examined”. Privacy was 
maintained by the impossibility of tracing the patient’s identity and, 
therefore, any further information. 

The samples were assessed twice on commercial SPRs® and anti- 
fPSAred@gold-SPRs® using the VIDAS® fPSA assay. fPSA concentrations 
were calculated from the experimental calibration curve when using 
anti-fPSAred@gold-SPRs® or the calibration master curve of the kit for 
commercial SPRs®. In fact, for the commercial SPRs® the master curve 
of the assay is embedded in the VIDAS® system and it is tuned on the lot 
of the kit using the corresponding calibrator. Concerning the assay 
performed with anti-fPSAred@goldD-SPRs® we use as calibration curve 
the dose-response curve obtained from the LoD calculation. 

9. Statistical analysis 

Data are presented as means ± standard deviation or means and 
coefficient of variation (CV) as appropriate. Linear regression analysis 
was used to investigate the relationship between the RFV and fPSA 
concentrations. The slopes of the calibration curves of VIDAS® fPSA 

assay performed on gold nanostructured SPRs® or commercial SPRs® 
were compared with the F-test based on the distribution of Fisher- 
Snedecor at a confidence level of 95%. 

All data were analyzed using GraphPad Prism v. 9.0 (GraphPad 
Software Inc., La Jolla, USA). 

10. Results & discussion 

10.1. Analytical response of anti-fPSAred@gold-SPRs® 

The response of anti-fPSAred@gold-SPRs® prepared using different 
concentrations of NPs (0.6, 1.3, 2.6, 7.9 and 15.9 *103 NPs/μm2) was 
evaluated against 0.69 ng/ml fPSA to identify the most performing 
system. Fig. 1 shows the coverage of the plastic surface of the SPRs® by 
gold NPs as a function of gold NPs density together with the corre-
sponding SPRs®. 

SEM micrographs in Fig. 1 reveal that gold NPs tend to aggregate in 
3D structures before completely covering the plastic surface as the 
concentration of the starting dispersion is increased. The 3D growth of 
gold nanostructures is well visible in Fig. 1C–a, where an ET detector 
was used to stress the 3D morphology of the coating. Even for the highest 
gold NPs concentration (NPs density = 15.9 *103 NPs/μm2), the full 
coverage of the plastic substrate could not be achieved because of the 
formation of a 3D porous layer with an average thickness of about 20–30 
gold NPs. 

Fig. 2A shows the fluorescence signal enhancement induced by the 
addition of the gold coating and the right antibody orientation. In the 
same plot the variation of coverage of the plastic surface is also reported. 
The RFV measured using commercial VIDAS® SPRs® when testing 0.69 
ng/ml fPSA was 316 ± 5 RFV while anti-fPSAred@gold-SPRs® produced 
higher RFV when the relative amount of plastic surface covered by the 
gold nanostructures increase. The maximum signal improvement was 
observed using disposables with NPs density at about 8 *103 NPs/μm2 

where a plateau is reached in the amount of plastic surface covered by 
gold nanoparticles (Fig. 1D). Increasing the amount of NPs up to 15.9 
*103 NPs/μm2, a definite and unexpected reduction of RFV is observed. 
This behavior could be ascribed to a change in the morphology of the 
gold layer from an open to a porous gold coating as shown in Fig. 1E. The 
morphology of the gold coating can be analytically described by using 
two geometrical descriptors, i.e., the lacunarity, Λ, and fractality, DF 
[25], of the surface (see Fig. 2B). Λ is inversely proportional to the 
agglomeration of gold NPs on the surface while DF accounts for the 
compactness of the gold layer. Λ shows a marked decrease starting from 
gold density of about 3 NPs/μm2 as a result of the lower gappiness of the 
nanostructures assembling on the plastic surface; in parallel, DF in-
creases indicating the formation of gold aggregated deposits. A more 
compact gold layer is then responsible for an increase of the surface 
available for the binding of well oriented monovalent antibodies and, 
therefore, explains the observed fluorescence enhancement. Increasing 
the concentration of nanoparticles deposited per unit area, the response 
is not linear levelling off at 8 *103 NPs/μm2 and a drop in the fluores-
cence signal was observed when the NPs density reaches 15.9 *103 

NPs/μm2. This behavior is linked to the formation of a porous 3D gold 
layer (see Fig. 1E) which internalizes most of the monovalent antibodies 
making the antigen binding sites unavailable. This effect was further 
confirmed by the fractality and lacunarity values found for sample E 
showing the presence of a “closed” (DF ~ 2) and rather compact (Λ ~ 0) 
gold structure. 

Among the investigated gold-SPRs®, sample D (referred as “goldD- 
SPR®“; 8 *103 NPs/μm2) generated the highest fluorescent signal with 
the lowest standard deviation (752 ± 11 RFV) and thus it was selected as 
the best performing candidate for the subsequent experiments. 

The response of anti-fPSAred@goldD-SPRs® was compared to com-
mercial SPRs® testing five fPSA concentrations with the VIDAS® fPSA 
assay (see Table 1). 

For all the tested fPSA concentrations, the fluorescence signal 
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Fig. 1. SEM micrographs at the same magnification (100 kX) of the different gold-SPRs® obtained using different amounts of gold NPs: 0.6 (A), 1.3 (B), 2.6 (C), 7.9 
(D) and 15.9 (E) *103 NPs/μm2 (scale bar: 400 nm). Insets: pictures of gold-SPRs® after functionalization with NPs. Panel C–a: sample C acquired using classical the 
ET detector (magnification 150 kX, scale bar 200 nm). 

Fig. 2. Panel A: RFV values (black dots) measured using VIDAS® fPSA assay on anti-fPSAred@gold-SPRs® together with the increment of surface coverage (ΔS) at the 
different gold NPs concentrations (red dots) (reference value of commercial SPRs®: 316 ± 5 RFV). Panel B: fractality, DF, (blue dots) and lacunarity, Λ, (green dots) 
of the 2D NPs arrangements at different gold NPs concentrations. 
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generated by anti-fPSAred@goldD-SPRs® was roughly 2-fold higher than 
the one obtained with commercial SPRs® functionalized with randomly 
adsorbed antibodies. Furthermore, the intra-assay CV obtained with 
anti-fPSAred@goldD-SPRs® was comparable with that of the commercial 
assay, despite the in-house coting. This confirms the robustness of the 
techniques used to produce the anti-fPSAred@goldD-SPRs® and their 
potential for scalability for industrial manufacturing. The coating of 
goldD-SPRs® with whole anti-fPSA Abs did not generate any signal 
enhancement confirming that the signal improvement was due to the 
proper orientation of reduced anti-fPSA Abs on gold NPs (Table S1 in SI 
file). 

Finally, also the background noise of anti-fPSAred@goldD-SPRs® was 
comparable to that of commercial SPRs®. These results suggested that 
anti-fPSAred@goldD-SPRs® improve the analytical performances of fPSA 
assay. 

11. Analytical performances: LoD and analytical sensitivity 

The analytical performances of anti-fPSAred@goldD-SPRs® were 
further investigate using the VIDAS® fPSA assay from a calibration 
curve obtained testing five fPSA concentrations and using the VIDAS® 
fPSA diluent as blank. VIDAS® fPSA assay on commercial SPRs® was 
run in parallel (Table 2 and Fig. 3). The five fPSA concentrations were 
chosen since the detection limit reported on the package insert of 
VIDAS® fPSA assay (i.e., 0.05 ng/ml). 

For each fPSA concentration, higher RFV values were observed using 
anti-fPSAred@goldD-SPRs® in comparison with the commercial ones. 
Linear correlation analysis of these calibration curves allowed to esti-
mate the LoD values and the analytical sensitivity for the two SPRs types 
(Table 2). The calculated LoD values were in the same order of magni-
tude, even if lower for the commercial SPRs®. This difference was due to 
the higher standard deviation of y intercept value obtained with anti- 

fPSAred@goldD-SPRs® (Table 2) which could be related to the daily in- 
house coating of goldD-SPRs® with anti-fPSAred. In VIDAS® system 20 
RFV is the minimum detectable signal which is significantly different 
from the blank (technical data). It is interesting to observe that this 
criterion was satisfied for a lower concentration by the anti-fPSAr-
ed@goldD-SPRs® in comparison with the commercial SPRs® and the 
calculated LoD value (Table 2). This technical cut off value was reached 
with 0.025 ng/ml fPSA when using anti-fPSAred@goldD-SPRs® but 
only with 0.063 ng/ml with the commercial SPRs®. This result suggests 
that the sensitivity of VIDAS® fPSA assay performed on the anti-fPSAr-

ed@goldD-SPRs® was improved. 
The anti-fPSAred@goldD-SPR® disposables also allowed a significant 

improvement of the analytical sensitivity in comparison to the com-
mercial kit (p < 0.0001), it does it means that fPSAred@goldD-SPR® 
allows to appreciate smaller variations of analyte concentrations. 

The overall results suggested that samples with concentration of 
fPSA in the low range (<0.2 ng/ml) can be reliably measured using anti- 
fPSAred@goldD-SPRs® and this could be particularly useful for the 
follow-up of prostatectomized patients where variations of PSA in the 
low range are clinically meaningful [30,31]. 

12. Tests on biological samples 

The response of anti-fPSAred@goldD-SPRs® on biological samples 
was assessed running VIDAS® fPSA assay on five human plasma sam-
ples; the same was done in parallel using commercial SPRs®. Collected 
data (see Table 3) confirmed that higher RFV values were measured 
using anti-fPSAred@goldD-SPRs®. 

Table 1 
Mean fluorescence signal (n = 12) and coefficient of variation (CV) obtained 
using anti-fPSAred@goldD-SPRs® or commercial SPR® and reagents strips of the 
VIDAS® fPSA assay.   

anti-fPSAred@goldD-SPRs® Commercial SPR® 

fPSA (ng/ml) RFV CV% RFV CV% 

0 5.3 33 1.5 78 
0.14 146 3 61 3 
1.38 1429 2 582 2 
3.45 2620 2 1688 2 
6.90 5609 2 3449 3  

Table 2 
Mean fluorescent signal (n = 14) and coefficient of variation (CV) obtained using 
anti-fPSAred@goldD-SPRs® or commercial SPR® and reagents strips of the 
VIDAS® fPSA assay.   

anti- 
fPSAred@goldD- 
SPRs® 

Commercial 
SPR® 

fPSA (ng/ml) RFV CV% RFV CV% 

0 1.5 62.7 2.4 35.7 
0.013 11 10.7 4 33.0 
0.025 20 4.5 7 11.0 
0.063 51 9.1 26 7.2 
0.317 257 6.4 138 3.1 
0.634 524 5.9 279 3.6 
Analytical sensitivity; 95%CI (RFV•ml/ng) 823.6; 

807.2–840.1 
441.2; 
436.4–445.9 

SDy (RFV) 10.35 2.69 
LoD (ng/ml); 95%CI (ng/ml) 0.0415; 

0.0406–0.0423 
0.0201; 
0.0199–0.0204 

The analytical sensitivities are expressed as the slopes of the calibration curves. 
SDy: standard deviation of y intercept value. LoD = 3.3 SDy/slope. 

Fig. 3. Calibration curve of VIDAS® fPSA assay performed on anti-fPSAr-

ed@goldD-SPRs® (circle) or commercial SPRs®(square). Data are reported as 
mean ± SD (n = 14). 

Table 3 
FPSA quantification on five human plasma samples using the anti-fPSAr-

ed@goldD-SPRs® or the commercial SPRs®.   

anti-fPSAred@goldD-SPRs® Commercial SPRs® 

Sample fPSAa (ng/ml) RFV fPSAb (ng/ml) RFV 

1 0.17 145 0.18 61 
2 0.30 228 0.28 108 
3 0.32 273 0.33 115 
4 1.18 946 1.15 456 
5 1.47 1280 1.55 581  

a Concentrations were calculated using the calibration curve obtained from 
LoD calculation. 

b Concentrations were calculated by the VIDAS® user software using the 
calibration master curve of the assay. 
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The use of the appropriate dose-response curve allowed the calcu-
lation of fPSA concentration for each sample which agreed indepen-
dently of the used SPRs®, thus suggesting that plasma matrix does not 
interfere with the rIgG and/or the gold nanostructures on SPRs®. 

The results obtained on samples 2 and 3 well exemplify the improved 
analytical sensitivity of the assay performed with the nanostructured 
disposable: indeed, the two samples showed similar fPSA concentrations 
which were detected with a difference of 45 RFV using anti-fPSAr-

ed@goldD-SPRs®, while only 7 RFV of difference between the two 
samples were measured using commercial SPRs®. 

13. Conclusions 

Our results showed that the implementation of oriented antibodies in 
a commercial VIDAS® assay improves the analytical sensitivity of the 
system preserving all the current advantages and its compatibility with 
the existing assays. In literature a new ELISA or ELISA-based device 
developed in house by the authors are often described. Instead, in this 
work an incremental innovation approach is described that allow the 
increase of the sensitivity of a commercial IVD labeled medical device. 
Unlike radical innovation, the incremental innovation approach has the 
advantage to increase the performance of a medical device while 
maintaining the compatibility with the existing analytical system and 
the production processes. Furthermore, the methodological approach 
here reported can be virtually applied to other commercialized ELISAs 
or ELISA-based medical devices that use polystyrene as capturing 
surface. 

In this work, the plastic disposables of VIDAS® system (SPRs®) were 
directly decorated with gold nanoparticles and then functionalized with 
monovalent anti-fPSA antibodies resulting in a quick, simple, and scal-
able process. In fact, the deposition of gold NPs on polystyrene, the 
chemical reduction of the Abs and their coating on the gold surface 
require neither complex laboratory instrumentation nor the use of sol-
vents potentially harmful to human health. The disposables here 
described were used with the VIDAS® fPSA assay for the detection of 
fPSA in plasma samples. Anti-fPSAred@goldD-SPRs® significantly in-
crease the analytical sensitivity of the assay (p < 0.0001) in comparison 
to the commercial SPRs® allowing for the detection of smaller variations 
of analyte concentrations. Indeed, two samples with similar fPSA con-
centrations were detected with a difference of 45 RFV and 7 RFV using 
anti-fPSAred@goldD-SPRs® and commercial SPRs®, respectively. 
Furthermore, anti-fPSAred@goldD-SPRs® was able to quantify a lower 
fPSA concentration (0.025 ng/ml) than the commercial SPRs®. 

The main limitation of the proposed approach is represented by the 
need of the daily coating of gold-SPRs® with monovalent anti-fPSA 
fragments. Indeed, during storage, the adsorbed antibodies could un-
dergo tertiary structure rearrangements due to the loss of solvation shell, 
thus losing their antigen binding capability. Future studies will be per-
formed to address this point and ensure the long-term stability of the 
SPRs® disposables required for industrialization. 

It is known that PSA is produced extraprostatically in males and even 
in females where PSA is mainly expressed in hormonally regulated tis-
sues [32]. The serological concentration in females in 1000-fold lower 
than in males [33], but, interestingly, it seems that this value increase in 
presence of breast tumors [34–36] suggesting a possible role of fPSA as 
breast cancer biomarker. In future, the developed anti--
fPSAred@goldD-SPRs® will be applied in clinical studies to verify if this 
assay could be extended to the follow-up of prostatectomized and of 
breast cancer patients extending the clinical application of the current 
VIDAS® fPSA assay. 
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