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ABSTRACT  

To date, while various diagnostic approaches for antigen detection have been proposed, most are too 

expensive, lengthy and limited in sensibility for clinical use. Nanoparticle systems with unique material 

properties, however, circumvent these problems and offer improved accuracy and sensibility over 

current methods like the enzyme-linked immunosorbent assay (ELISA). Herein, we present a novel 

functionalization strategy of plasmonic nanoparticle probes capable of specific quantification of 

antigens directly in clinical samples. A nanoconjugation strategy that allows to perform an intensity 

depletion immuno-linked assay (IDILA), involving specific antibodies that target the antigen of interest 

was designed to perform a calibration curve and the quantification of the antigen in clinical samples in 

the same experiment using a microplate reader (i.e., an UV-vis spectrophotometer). Finally, the IDILA 

methodology allowed specific detection of various clinically relevant antigens, with significantly 

improved sensitivity over the ELISA. Furthermore, the assay showed to be robust reliable, cheap and 

rapid, diagnosing antigens in clinical serum samples within 2 hours. 
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INTRODUCTION 

Rapid and sensitive detection of antigens is crucial for early diagnosis of human diseases 

improving patient care1,2. Early diagnosis and suitable therapy are therefore of decisive importance for 

the prognosis of any disease. The three pillars for diagnosis are the medical history, clinical findings 

(including imaging techniques) and serological laboratory tests3. To date, a variety of diagnostic 

approaches have been proposed for serological tests, each varying in sensitivity, specificity, cost, and 

efficacy2-4. In particular, strategies based on enzyme-linked immunosorbent assay (ELISA) are widely 

used as diagnostic tools in medicine for the detection and quantification of specific antigens or 

antibodies in a given sample. ELISA uses the basic immunology concept of an antigen binding to its 

specific antibody, which allows detection of very small quantities of antigens in a fluid sample. The 

antigen in fluid phase is immobilized, usually in 96-well plates, to a specific antibody, which is itself 

subsequently detected by a secondary, enzyme-coupled antibody that yields a visible color change or 

fluorescence, indicating the presence of the antigen5-7. However, the ELISA methodology still have 

limitations due to nonspecific binding to the plate or to the enzyme-mediated color change reaction, that 

could lead to false positive results6. Moreover, it uses high amounts of reagents in the plate-

immobilization-process, and requires several washing steps that are time consuming7. There is thus a 

need for generic, accurate and point-of-care platforms being capable of rapid and specific quantification 

of antigens directly in clinical samples.  

Nanomaterials have some unique physical and chemical properties that are fundamentally 

different from those of the corresponding bulk material due to their small size8. They usually have a 

large surface-volume ratio and large amounts of different molecules can be easily labeled onto their 

surface. In particular, noble metal nanoparticles (NPs) have long been recognized for their unique 

optical properties as their plasmon resonance frequencies can be tuned just by changing geometrical 
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parameters, such as nanoparticle size9, shape9, and particle-particle spacing10-13. In addition, their 

surface properties are suitable for developing several functionalization strategies involving biomolecules 

that could be specific linkers and also bio-recognition agents able to preferentially interact with target 

molecules14,15. NP–based assays have the potential to be used to detect events and processes in 

biological systems with unprecedented levels of sensitivity and localization (detection and 

quantification of cell membrane receptors15-17, studies of cellular processes18, cellular imaging19,20, etc.) 

improving the sensitivity and specificity of medical testing and  providing new tools for clinical 

diagnosis21-25. 

We report here a new sensing platform for rapid detection and quantification of antigens in real 

samples using protein-functionalized plasmonic NPs and antibodies. Because the detection is based on 

the optical properties of the colloidal dispersion of linked plasmonic NPs, the proposed method allows 

sensing without any signal perturbation due to the immobilization of reagents or uncontrolled enzymatic 

reactions, the assay steps are greatly simplified and detection is much faster, in comparison with the 

standard ELISA. In this work, the principles of a new method that will be denoted as NP-based intensity 

depletion immuno-linked assay (IDILA) are outlined. The robustness of the method is shown by testing 

several antigens, and finally the application of the method for the sensing performance with serum of 

rheumatoid arthritis (RA) patients is demonstrated (RA is one of the most common chronic 

inflammatory autoimmune diseases with a prevalence of about 0.5% - 1% and an incidence of about 30 

per 100 000 inhabitants)3. For signal readout, we use a common UV-Vis spectrometer and we evaluate 

the applicability of the method using standard equipment commonly used to perform ELISA (microplate 

reader), showing that IDILA requires smaller volumes of sample for processing and is capable of 

supporting rapid operations. In particular, we demonstrate that this methodology could be used to detect 

several cytokines, which play an important role in the activation, proliferation and differentiation of B 

and T cells, macrophages, dendritic cells, granulocytes and various other cells that participate in the 

immune response and that have been implicated in the pathogenesis of RA26.  

 

Page 3 of 28 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 1
8 

Ju
ly

 2
01

6.
 D

ow
nl

oa
de

d 
by

 R
up

re
ch

t-
K

ar
ls

 U
ni

ve
rs

ita
t H

ei
de

lb
er

g 
on

 1
8/

07
/2

01
6 

08
:5

3:
29

. 

View Article Online
DOI: 10.1039/C6NR04897H

http://dx.doi.org/10.1039/c6nr04897h


 4

 

MATERIALS AND METHODS 

Materials. 

The following materials were used as obtained: AgNO3 (J. T. Baker, Phillipsburg, NJ, USA); 

Sodium Citrate (Mallinckrodt, St. Louis, MO, USA); EZ-Link Biotin-HPDP (Pierce Thermo Scientific, 

Waltham, MA, USA); Streptavidin (Invitrogen, Carlsbad, CA, USA); Rabbit polyclonal anti c-Myc IgG 

(Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA); Biotin-conjugated goat anti-rabbit IgG 

antibody (Molecular Probes, Inc., Eugene, OR, USA); Biotin-conjugated rat anti-mouse IFNγ antibody 

(BD Biosciences, San Diego, CA, USA), Biotin-conjugated rat anti-mouse IL-10 antibody (BD 

Biosciences, San Diego, CA, USA), Biotin-conjugated rat anti-human TNFα antibody (BioLegend, San 

Diego, CA, USA). 

Ag Nanospheres Synthesis. 

The synthesis of silver nanoparticles was performed using the Turkevich method, which is based 

in the reduction properties of boiling citrate solutions. Ag NSs were obtained by reducing a 50 mL 0.2 

mM silver nitrate solution (AgNO3) with the addition of 1 mL of a 0.01 M citrate solution 

(corresponding to a 1:1 Ag/Citrate molar ratio) under heat and rapid stirring for 30 min. The 

morphological characterization of Ag NSs was performed combining UV-vis spectroscopy, TEM, and 

electrodynamic modeling using Mie theory. The overall results after combining all of these different 

techniques and modeling indicate that the average diameter was 60 nm with a concentration of 4.57x109 

NSs/cm3 (7.59x10-12 M) for Ag NSs. The concentration of Ag nanoparticles was estimated to be around 

7 pM, using the experimental extinction intensities at the maximum wavelength, and Mie theory 

calculations of the extinction cross section for spherical particles with the corresponding diameter 

(determined by TEM). It is important to note that Ag NPs can be easily purchased and it is not necessary 

to synthesize them. 

Particle Funcionalization. 
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EZ-Link Biotin-HPDP (N-[6-(Biotinamido)hexyl]-3´-(2´-pyridyldithio)  propionamide) was 

used for surface modification of 60 nm Ag NSs. The procedure for the functionalization involves the 

incubation of the NSs solution simultaneously with EZ-Link Biotin-HPDP and with Streptavidin (STV) 

(molar ratio NSs/biotin/STV 1:1:1) for 1 h at room temperature.  

Kinetics Measurements. 

For the determination of the agglomeration rate constant (kAglo) for the dimer formation 0.5 mL 

of the functionalized Ag NPs were added to 5% w/v BSA supplemented PBS (final volume of 1.5 mL). 

For experiments of the Biot-IgG concentration effect on kAglo, different amounts of Biot-IgG were added 

directly to the mixture of Ag NPs and the buffer. For experiments of the antigen concentration effect on 

kAglo, a specific amount of Biot-IgG  (0.3 ng/mL) and different amounts of antigen were added directly 

to the mixture of Ag NPs and the buffer. The Biot-IgG concentration was chosen in order to be in the 

regime where dimer formation is favored. The spectral evolution was monitored with an UV-Vis 

spectrophotometer in the range of 300 nm to 1100 nm every 2 min for 20 min. The integral in the range 

of 340 nm to 800 nm was calculated for each spectrum, and then was plotted as a function of the Biot-

IgG or antigen concentration, in order to obtain the kAglo values, respectively. In every case the linear 

fitting gave a R2 value above 0.99.   

Static Measurements.  

Sample preparation for static measurements is exactly the same as for kinetic measurements. The 

main difference is in the measurement procedure: once the sample is prepared it should be kept under 

stirring for 20 min, and then the extinction spectrum is measured. For each spectrum the integral in the 

range of 340 nm to 800 nm was calculated, and then plotted as a function of the Biot-IgG or antigen 

concentration, respectively. In every case the linear fitting gave a R2 value above 0.99, and the 

calibration curve fitting gave a R2 value above 0.98. 

Clinical Samples. 

Serum samples used in this study were obtained from healthy control individuals (n=17) and 

patients with RA (n=45) recruited from the Rheumatology Unit, Hospital Nacional de Clínicas, 
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 6

Universidad Nacional de Córdoba, Argentina. The local Ethics Committee Board approved the study 

and patients signed an informed consent before participation. Diagnosis of RA was established by a 

rheumatologist on the basis of the criteria established (2010) by the American College of 

Rheumatology/ European League Against Rheumatism27. The control group showed no signs of RA and 

did not report any autoimmune or immune-mediated disorders, which was confirmed by clinical and 

laboratory evaluations. Blood samples were collected by venipuncture into tubes without anticoagulant. 

Each blood sample was allowed to clot for 30 minutes before the serum was processed. After 

centrifugation for 15 minutes at 2500 rpm, the serum was collected by pipetting and placed in labeled 

Eppendorf microtubes and stored at −80°C until use.  

Microplate Reader Measurements. 

For selecting the regime where dimer formation is favored, 0.1 mL of the functionalized Ag NPs 

were added to PBS (final volume of 0.3 mL). For these experiments, different amounts of biotinylated 

anti-human TNFα IgG were added directly to the mixture of Ag NPs and the buffer (regarding the final 

volume of 0.3 mL). For calibration experiments, a specific amount of Biot-IgG (0.3 ng/mL) and 

different amounts of antigen (TNFα) were added directly to the mixture of Ag NPs, biotinylated anti-

human TNFα IgG and the buffer. The biotinylated anti-human TNFα IgG concentration was chosen in 

order to be in the regime where dimer formation is favored. The intensity was monitored with a 

microplate reader spectrophotometer using a 415 nm filter. The intensity (buffer corrected) was plotted 

as a function of the Biot-IgG or antigen concentration, respectively. The calibration curve in the whole 

concentration range was adjusted to an exponential function (� = −���
��∗


+ ��) where I = intensity 

and C = concentration, and the fitting gave a R2 value above 0.9, alternatively the lineal range of the 

calibration curve can be used for quantifying and the optimization gave a R2 value above 0.89. For 

clinical samples measurements, dilutions of the real samples were performed: 2 µL of a 1:10 dilution of 

the serum was added to the mixture of Ag NPs, Biot-IgG and buffer (final volume 0.3 mL). The 

intensity, after corrected according to the buffer and the serum intensity, was used to calculate the 
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 7

antigen (TNFα) concentration in the real samples using the equation obtained of the fitting of the 

experimental data. 

Quantification of TNFα in human serum by ELISA. 

TNFα concentration in human serum samples were also quantitated by a commercially available 

solid phase sandwich ELISA kit according to the manufacturer’s instructions (Human TNF-α ELISA 

MAX™ Standard; BioLegend, San Diego, CA, USA). In detail, 96-well microplates were coated with 

primary anti-human TNFα capture antibody (100 µl/well), sealed, and incubated overnight between 2°C 

and 8°C. Wells were washed 4 times with washing buffer (0.05% Tween-20-supplemented PBS) and 

then blocked with 5% BSA-supplemented PBS (200 µl/well) during 1 h at room temperature with 

shaking. Wells were washed 4 times with washing buffer and standards and serum samples dilutions 

were added to the appropriate wells (100 µl/well). Plates were sealed and incubated at room temperature 

for 2 h with shaking. Then and after washing wells 4 times, biotinylated anti-human TNFα detection 

antibody was added to every well (100 µl/well) and incubated at room temperature for 1 h with shaking. 

Wells were again washed 4 times and 100 µl of diluted avidin-horseradish peroxidase solution was 

added to each well, sealed and incubated at room temperature for 30 minutes with shaking. Wells were 

washed 6 times and 100 µl of TMB substrate solution were added to each well and incubated in the dark 

for 15-30 minutes or until the desired color developed. The reaction was stopped by adding 100 µl/well 

of Stop Solution (2M H2SO4). Absorbance was read at 450 nm in a microplate reader (Bio-Rad) within 

30 minutes. The amounts of TNFα were extrapolated from the standard curve, which was generated in 

1/2 dilutions. Results are expressed in nanograms or picograms per milliliter. 

Extinction Measurements.  

The characterization by UV-Vis spectroscopy was carried out scanning in the 200-1100 nm 

range. The spectra were measured using a Shimazdu UV-1700 PharmaSpec spectrophotometer with a 

1cm quartz cell at room temperature.  

Transmission Electron Microscopy.  
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 8

Transmission electron microscopy (TEM) images were obtained using a JEM-JEOL 1120 EXII 

under an accelerating voltage of 80 kV. Samples were prepared by adding one drop (∼ 50 µL) of the 

samples colloidal solution onto a holey carbon-formvar coated copper TEM grid (100 mesh). 

Computational Methods.  

The optical response of Ag NSs were computed using the Generalized Multiparticle Mie Theory 

(GMM) as described elsewhere28-30. In all the calculations performed in this work the NPs were excited 

by a plane wave with an incidence pointing vector (propagation direction) normal to the surface. The 

angular average extinction cross-section denoted by σext has been computed averaged the extinction 

efficiency (QEXT) over 8 different polarizations (from 0° to 90°), and considering the effective area at 

each angle. In all the simulations, we have used the dielectric function tabulated by Palik for Ag and 

Au31. 

 

RESULTS AND DISCUSSION 

Design and Principles of IDILA  

The IDILA assay is based on the optical response of a colloidal dispersion of Ag nanospheres 

(NSs) and the strong interactions of the streptavidin (STV)-biotin system combined with the highly 

specific biomolecular recognition ability of immunoglobulins (IgG), and can be completely applied only 

using a common UV-Vis spectrophotometer. Ag NSs are easily functionalized with the STV-biotin 

system mixing the reactants (NSs/STV/biotin) at a 1:1:1 ratio (Figure 1a). The strict stoichiometric 

control is necessary due to the ability of STV protein to interact with a maximum of four biotin 

molecules, which could induce to the formation of NSs aggregates14. According to this, the 

functionalization of 60 nm Ag NSs was performed by the addition of biotin simultaneously with the 

STV protein in equal final concentration (ratio STV/biotin 1:1). The high kinetic and thermodynamic 

constants of biotin–STV interactions guarantees the formation of biotin-STV complexes avoiding a 

primary chemisorption of biotin molecules onto the NSs surface which could lead to the formation of 
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 9

NSs aggregates (the interaction of the biotinylated NSs leads to the formation of random aggregates 

through H-bonds between biotins)14,32. 

 

 

 

 

Figure 1 | Nanoparticle Probes for IDILA. a, Schematic representation of the nanoparticle 
functionalization strategy with the streptavidin (STV)-biotin system (top), and extinction spectra 
evolution of Ag nanoparticles functionalized with the STV-biotin system using a NPs/STV/biotin 1:1:1 
ratio. b, Schematic representation of the nanoparticle controlled agglomeration strategy (dimers 
formation) in the presence of a biotinylated antibody (Biot-IgG), and extinction spectra evolution of 
functionalized Ag nanoparticles in the presence of 0.3 ng/mL of Biot-IgG. c, Representative image of 
nanoparticle dimers, as observed by transmission electron microscopy (scale bar, 1000 nm). The pink 
circles highlight the dimers formed. d, Histogram of the nanostructure distribution after 21 minutes of 
the addition of 0.3 ng/mL of Biot-IgG (it is shown the percentage distribution over the 300 
nanostructures). 
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 10

 

 

 

 The biosensor consists of a controlled agglomeration (formation of Ag NSs dimers) in the 

presence of a biotinylated immunoglobulin G (Biot-IgG) acting as a linker between the NSs 

functionalized with the biotin-STV system (Figure 1b). After 21 minutes of the addition of 0.3 ng/mL 

Biot-IgG the TEM statistics depicts only the formation of dimeric structures beside the presence of 
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 11

monomers, with almost negligible quantities of trimers (Figure 1c and d). TEM analysis also reveals 

that the gap between NSs is around 20 nm (See Figure 1c), which is in excellent agreement considering 

the linker molecules in the gap (distance biotin – STV – Biot-IgG – STV – biotin ≈ 20 nm) (See Figure 

2a). Biotin fragment length was calculated using quantum mechanical structure optimization (B3LYP 

method with 6-311++G(d,p) basis sets)33 and the proteins lengths were obtained from protein data bank. 

The formation of the dimeric nanostructures is experimentally evidenced by a decrease in the intensity 

of the extinction spectra (i.e., surface plasmon intensity depletion). As known, the dipolar coupling in 

dimers will result in an intensity increase and especially in a redshift of the LSPR peak when the 

polarization of the incident radiation is able to generate the maximum coupling effect (oscillating E-

field in the interparticle axis)28,34,35. Nevertheless, the dimers in these experiments are in a colloidal 

dispersion with a random incident polarization. According to this, is not accurate to consider the optical 

response when the maximum coupling effect is reached (i.e., the electric field polarized along the 

interparticle axis). Instead, one must consider the optical response of a dimer averaged according to 

different incident polarizations36. In that sense, the theoretical spectrum of a 60 nm diameter Ag NS 

dimer with an interparticle distance of 20 nm was calculated by averaging the simulated extinction 

efficiency (QEXT) spectrum as a function of the angle between the dimer axis and the electric field of the 

incident radiation (θ). In addition, the effective geometrical area projected at each angle was considered 

in order to obtain the extinction cross-section (σEXT). This experimentally observed intensity depletion 

can be rationalized considering that the extinction spectrum of 60 nm diameter Ag NS dimers with a 20 

nm gap and monomers follows a similar shape (considering the average polarization of dimers in 

solution), but the extinction cross-section of dimers is lower than the monomers at the wavelength of the 

maximum of the monomer extinction spectrum (See left panel of Figure 2b). This experimentally 

observed decrease in the maximum of the extinction spectrum is a consequence of dipolar plasmon 

resonance coupling between nanoparticles. This coupling generates two different surface plasmon 

modes, which corresponds to the longitudinal and transversal dipole modes28.  For relative large 

interparticle distance (20 nm), these modes are very close in energy, generating an important decrease 
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 12

and only a small shift of the QEXT at the maximum coupling (θ = 0°) with respect to the monomer QEXT 

(See right panel of Figure 2b). A rather non-intuitive result is that when the angular average is 

considered, the shift effect is almost negligible but the drop in the intensity is notorious. Therefore, as 

the monomers are consumed the intensity drops as a consequence of the significant lower σEXT of the 

dimers. Figure S1 in the supporting information shows that this depletion effect could be observed for 

60 nm diameter Ag NSs dimers with an interparticle distance of 20 nm but not when the interparticle 

distance decreases (i.e., 2 nm gaps generates a complex optical response in comparison with the 

extinction response of the monomer). Moreover, this effect is not expected to be observed even with 90 

nm diameter Au NSs, as the coupling is weaker in Au in comparison to Ag (See Figure S3 in the 

Supporting Information). In this respect, this phenomenon is extremely dependent upon the gap distance 

and on the metal nature and the size of the NPS. Therefore, a morphological characterization of the Ag 

NPs should be done before their functionalization for an IDILA assay.  

In order to validate the physical origin of this phenomenon, theoretical simulations of the 

experiment were performed combining the simulated extinction cross-section of the monomers and 

dimers (See left panel of Figure 2b) and the statistical analysis performed by a direct count of the 

number of dimers and monomers observed in several TEM images. The images correspond to the 

nanostructures present in the colloidal dispersion at 21 minutes after the addition of 0.3 ng/mL Biot-IgG 

(See Figure 1d). The results indicate that at this time the composition of the sample consist in 40% of 

dimers and 60% of monomers. The decrease in the extinction intensity after 21 min is shown in the left 

panel of Figure 2c. The initial concentration of the monomers was calculated using the experimental 

extinction intensity and the simulated extinction cross-section (Initial = 1.25x109 NPs/mL (Monomers)) 

considering a 1 cm optical path (Beer´s Law). The resulting simulated extinction spectrum of monomers 

and the initial experimental extinction spectrum is shown in the right panel of Figure 2c. The 

concentration of monomers and dimers after 21 min after the addition of Biot-IgG was estimated 

considering the relative weights of monomers and dimers obtained from the statistical analysis 

described above (After 21 min = 0.75x109 NPs/mL (Monomers) + 0.5x109 NPs/mL (Dimers) = 
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 13

0.75x109 Monomers/mL + 0.25x109 Dimers/mL). The simulated extinction spectra of monomers and 

dimers were calculated using the respective extinction cross-sections and concentrations (See right panel 

of Figure 2c). The resulting simulated extinction spectrum (extinction spectrum of 40% dimers + 

extinction spectrum of 60% monomers) and the experimental extinction spectrum of nanostructures 

formed after 21 minutes of the addition of 0.3 ng/mL Biot-IgG is also shown in the right panel of Figure 

2c. As it can be appreciated, there is an excellent correlation between the simulated total extinction 

spectrum and the experimental one. This agreement constitutes a very stringent test concerning the 

theoretical interpretation of the depletion phenomenon observed under the real experimental conditions 

employed. 

 

 

 

 

 

 

 

 

 

Figure 2 | Theoretical interpretation. a, Structural parameters of the molecules in the gap of the 
dimers formed by the addition of Biot-IgG to a colloidal dispersion of functionalized Ag NPs. Biotin 
fragment length was calculated using quantum mechanical structure optimization and the proteins 
lengths were obtained from protein data bank. b, Average simulated extinction cross-section (left panel) 
and extinction efficiency of the dimer at different orientations (averaged over 8 different orientations) 
(right panel). As the dimers are in a colloidal dispersion with a random incident polarization, the 
theoretical spectrum must be calculated by averaging the simulated extinction efficiency (QEXT) 
spectrum as a function of the angle between the dimer axis and the electromagnetic field of the incident 
radiation (θ), and considering the effective geometrical area projected at each angle (inset in right 
panel). c,  The left panel shows the experimental extinction spectra of the Ag nanoparticles previous 
(solid black line) and after 21 min of the addition of 0.3 ng/mL of Biot-IgG (solid red line) (left panel). 
The right panel compares the initial and final (21 min) experimental extinction spectra with 
electrodynamics simulations. The initial spectra considering 100% of monomers is depicted with black 
dashed line and the calculated one is shown with a black solid line. There is an excellent agreement 
between the calculated extinction spectra (solid red line) and the experimental extinction spectra (red 
dot dashed line) after 21 min considering for the calculation that the spectra at this time is the sum of the 
relative contribution of the spectra corresponding to a relative population of  40 % for dimers (solid 
brown line) and 60 % of monomers (solid orange line). The percentages were obtained by statistics of 
TEM images.   
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The temporal variation of the extinction spectrum (intensity depletion) allows obtaining the 

apparent agglomeration rate constant (kAglo) for the dimers formation as a function of Biot-IgG 

concentration (Figure 3a left panel). The temporal decrease in the intensity of the extinction is 

dependent upon the concentration of Biot-IgG used: as Biot-IgG increases, the absolute value of kAglo 

first increases, reaches a maximum, and then decreases again (Figure 3a right panel). The attenuation of 

the dimers formation (low absolute value of kAglo) occurs when the Biot-IgG concentration is so high 

that under this condition most of the STV-binding-sites of the NSs are bound to individual Biot-IgG 

molecules and do not form dimers. The regime relevant to apply the IDILA method is the one where the 

concentration of Biot-IgG guarantees that the process of dimer formation is favored. In this case, in the 

presence of the antigen of interest, an inhibition of the formation of dimeric structures is observed, 

evidenced by the decrease in the absolute value of kAglo (Figure 3b left panel). This variation of the 

absolute value of kAglo with the antigen concentration allows performing calibration curves and 

quantifying the specific antigen (Figure 3b right panel). The same kinetics behavior for dimer formation 

as a function of Biot-IgG concentration and the inhibition of the formation of dimeric structures in the 

presence of the antigen was evidenced for all the Biot-IgGs studied (Anti Rabbit IgG, Anti mouse IL-10, 

Anti mouse IFNγ and Anti human TNFα) and the corresponding antigens (Rabbit IgG, recombinant 

mouse IL-10, recombinant mouse IFNγ and recombinant human TNFα) (See Figure 3, 4 and 

Supplementary Figures S3 and S4). A similar behavior is observed despite the great differences in the 

antigens dimensions with lengths encompassing the range between 2.7 - 14.9 nm. This feature suggests 

that the inhibition process seems to be applicable to almost any Biot-IgG – specific antigen pair (Figure 

S5).  

 

The evaluation of the analytical parameters of the biosensor for the antigens of clinical relevance 

of this study are presented in Table 1. The comparison of the detection sensitivity of IDILA and the 

sensitivity informed in commercially available ELISA kits is shown in Figure 3c. Titration experiments 

revealed that the sensitivity was ≈ 0.04 pg/mL (see Tables 1 and 2 for details), which implies 100–200 
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fold enhancement in the sensitivity over the traditional colorimetric ELISA. Moreover, the specificity of 

the detection was tested in the simultaneous presence of the different interleukins (Figure 3d), showing a 

remarkable performance for specific sensing. In addition, the system presents an outstanding stability 

working with phosphate buffer solution (PBS) supplemented with 5% of bovine serum albumin (BSA), 

and also in the presence of real clinical samples as normal, lipemic and hemolized blood serum 

specimens (Supplementary Figure S6). The stability analysis of the colloidal dispersion in phosphate 

buffer media (pH = 7.2 – 7.4) and clinical samples (pH = 7.0 – 7.5) show that the optical response is a 

consequence of the functionalization strategy in combination with the immunorecognition properties of 

biotinylated antibodies and not to an uncontrolled agglomeration process due to the biological matrices.  

 

 

 

 

 

 

 

 

 

Figure 3 | IDILA principles for antigen quantification. a, Relative band area of the extinction 
spectrum (integral from 340 to 800 nm) as a function of time of Ag nanoparticle dispersions in the 
presence of increasing amounts of a biotinylated antibody (Biot-IgG) (left panel), and dimer formation 
rate constant (kAglo) as a function of Biot-IgG concentration (using Anti IFNγ) (right panel). In every 
case the blue dotted line is a guide to the eye, and the concentrations given are final concentrations in 
the assay. b, Relative band area of the extinction spectrum as a function of time for Ag nanoparticle 
dispersions in the presence of 0.3 ng/mL of Anti IFNγ and increasing amounts of antigen (IFNγ) 
concentration (left panel), and dimer formation rate constant (kAglo) as a function of IFNγ concentration. 
c, Comparison of the sensitivity of IDILA and ELISA. Bar plot of the limit of detection of antigens 
using IDILA and the corresponding values of commercially available ELISA kits. The antigens used 
were tumor necrosis factor alpha (TNFα), interferon gamma (IFNγ) and interleukin 10 (IL-10). The 
Biot-IgG concentration was 0.3 ng/mL in all experiments. d, Selectivity of IDILA. Bar plot of the dimer 
formation rate constant (kAglo) using IDILA of IL-10 alone or in a mixture with IFNγ. In both 
experiments the Biot-IgG used was Anti IL-10. Data are expressed as mean ± SD. The error bars were 
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determined as the standard deviation of the values obtained with data fitting from two separate 
measurements. The Biot-IgG concentration was 0.3 ng/mL in all experiments. 

 

 

Table 1 Analytical Parameters of IDILA 

 TNFαααα IL-10 IFNγγγγ 

Sensitivity (0.0011± 0.0009) pg/mL (0.06 ± 0.02) pg/mL (0.078 ± 0.009) pg/mL 

LOD 0.3 pg/mL 0.8 pg/mL 0.4 pg/mL 
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 18

LOQ 1.0 pg/mL 3.3 pg/mL 1.1 pg/mL 

 

Clinical Testing 

Moving forward, we adapted the assay described above as a generic platform to effectively 

detect and quantify antigens in samples in a much more simple way without the need of a kinetic 

analysis by performing a straightforward measurement. As the intensity depletion is the relevant 

process, we discovered that a calibration curve can be obtained just by measuring the integral of the 

extinction spectra between 340 and 800 nm 20 min after the addition of Biot-IgG and different amounts 

of the antigen, under continuous stirring (Figure 4a and b, respectively).   

A challenge test of this methodology was performed by evaluating the clinical utility of IDILA 

using RA patient specimens. Aspirated serum samples from patients with RA were collected and 

analyzed by conventional ELISA as well as by IDILA in order to quantify the presence of TNFα, a 

cytokine mainly produced by macrophages, which have been implicated in the pathogenesis of RA37. 

Figure 4c shows the results from IDILA. To place these findings in perspective, Table 2 compares the 

IDILA results with those obtained using standard ELISA methodology. As it is evident from the data 

shown in this table, the IDILA showed excellent accuracy, detecting minimal changes both in the RA 

patients as well as in the control group. We also demonstrate that IDILA can be performed in 

inadequate/suboptimal specimens such as lipemic or hemolyzed serum samples, without giving false 

positive results (Figure 4d). 
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 19

 

 

Figure 4 | Static IDILA measurements for antigens quantification. a, Schematic representation of 
the nanoparticle controlled agglomeration strategy (dimers formation) in the presence of a biotinylated 
antibody (Biot-IgG), and plot of the dimer formation rate constant (kAglo) as a function of Biot-IgG 
concentration (using anti-human TNFα). The blue dotted line is a guide to the eye. Concentrations given 
are final concentrations in the assay. b, Schematic representation of the dimer formation avoided in the 
presence of the specific antigen (TNFα), and calibration curve of the antigen (TNFα) in the presence of 
the specific Biot-IgG (final concentration of 0.3 ng/mL). Concentrations given are final concentrations 
in the assay. The corresponding area of the extinction spectrum (from 340 to 800 nm) for each final 
concentration of antigen was measured after 20 min of the addition of the reagents. The red dotted line 
is the curve fitting of the experimental data (R2 > 0.98). The equation of this fitting was used to quantify 
the real samples. c, Diagnosis of clinic samples. Clinical serum specimens (50 µL for each sample) of 
rheumatoid arthritis patients and healthy subjects were directly added to the mixture of reagents and the 
area of the extinction spectrum for each final concentration of antigen was measured after 20 min of the 
addition of the reagents. The error bars were determined as the standard deviation of the values obtained 
with data fitting from two separate measurements. d, Reliability of the analysis. Inadequate/suboptimal 
(lipemic or hemolyzed) serum specimens of healthy subjects were measured in the same conditions as 
the other serum specimens and the results are compared with the average value of antigen (TNFα) of 
RA patients and the average value of healthy subjects (control group statistics). Data are expressed as 
mean ± SD. 
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Table 2 Comparison of IDILA and ELISA for antigen detection 

 IDILA ELISA 

Sensitivity 

TNFαααα (0.010± 0.009) pg/mL *(1.7 ± 0.1) pg/mL 

IL-10 (0.06 ± 0.02) pg/mL *(5 ± 1) pg/mL 

IFNγγγγ (0.080 ± 0.009) pg/mL *(10 ± 1) pg/mL 

  
Sample 

Number 

IDILA 

QUANTIFICATION 

Sample 

Number 

ELISA 

QUANTIFICATION 

Serum RA 
1 (1.7 ± 0.3) ng/mL 8 (1.96 ± 0.08) ng/mL 

2 (0.36 ± 0.05) ng/mL 9 (0.41 ± 0.02) ng/mL 
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Samples Patients 3 (0.60 ± 0.09) ng/mL 10 (0.40 ± 0.02) ng/mL 

4 (1.4 ± 0.3) ng/mL 11 (1.38 ± 0.03) ng/mL 

5 (0.7 ± 0.1) ng/mL 12 (0.25 ± 0.02) ng/mL 

6 (1.1 ± 0.2) ng/mL 13 (1.13 ± 0.03) ng/mL 

7 (1.2 ± 0.3) ng/mL 14 (1.95 ± 0.07) ng/mL 

Control 

Group 

1 (1.8 ± 0.1) pg/mL 8 (3 ± 1)x101 pg/mL 

2 (1.5 ± 0.1) pg/mL 9 N.D. 

3 (2.5 ± 0.2) pg/mL 10 (5 ±1)x101 pg/mL 

4 (0.7 ± 0.1) pg/mL 11 N.D. 

5 (4.3 ± 0.1) pg/mL 12 (9 ± 2)x101 pg/mL 

6 (0.2 ± 0.1) pg/mL 13 N.D. 

7 (0.9 ± 0.2) pg/mL 14 N.D. 

*data of commercially available ELISA kits from ThermoFisher SCIENTIFIC. 

 

 

 

Taking IDILA to clinical laboratories  

Common colorimetric ELISA is measured using a microplate photometer usually with a 96-well 

microplate (8 by 12 matrix) with a typical reaction volume between 100 and 200 µL per well. Here we 

take one step forward and demonstrate that IDILA can be adapted to perform the measurements with the 

same equipment that biochemistry laboratories currently use for ELISA determinations. The advantage 

of this novel methodology is that as the measurements are performed in colloidal dispersion, it does not 

require high amounts of reagents to be immobilized, implying short experiment lengths and extremely 

low amounts of reagents (i.e., lower price per experiment - See Supplementary Table S1). The 

experiment performed with the microplate consists in the simultaneous mixing of 100 µL of Ag NPs 

functionalized with STV-Biotin system (Figure 5a) with different volumes of the standard antigen or the 
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real sample, and PBS to achieve a final volume of 300 µL per well. After a 20 min incubation the 

intensity should be monitored with a microplate reader spectrophotometer using a 415 nm filter 

(registers the intensity at the LSPR wavelength of the NP monomer). The 96-well microplate allows 

performing the calibration curve and sampling measurements in the same experiment, which reduces its 

length to less than 2 h, including the sample preparation and the stirring time (Figure 5). Interestingly, 

the small reaction volume and the sensitivity of IDILA allow using clinic sample volumes in the order 

of 1 µL. Thus, the clinical implications of being able to detect antigens in a fast way with commonly 

used equipment and using small sample amounts are very significant as a diagnosis tool. Furthermore, 

by having the ability to detect antigens directly in the specimen, IDILA not only overcomes problems of 

immobilization of reagents or uncontrolled enzymatic reactions, but also minimizes the possibility of 

sample contamination through the several steps of the ELISA methodology. Diagnostic accuracy is thus 

maximized. Whilst these results are encouraging, further in-depth studies performing larger prospective 

clinical trials and standardization of analysis conditions would be needed to correctly extrapolate the 

methodology to common biochemistry laboratories. 

 

Figure 5 | Measuring antigens in clinical samples with IDILA using common biochemical 

equipments. a, Schematic representation of the nanoparticle functionalization strategy. b, Schematic 
representation of the IDILA assay procedure. The functionalized NPs are added to the ELISA 
microplate of 96 wells together with the specific biotinylated antibody (Biot-IgG), the recombinant 
antigen or the real sample. For the determination of the appropriate amount of Biot-IgG, a calibration 
could be performed just changing the final concentration of Biot-IgG at the same NPs volume. For the 
calibration curve of the antigen the concentration of Biot-IgG and the volume of functionalized NPs 
remains the same while the concentration of the antigen is increased. For experiments with real samples, 
the same amount of NPs and Biot-IgG used in the calibration curve of the antigen are added to the 
microplate and then a specific amount of the real clinical sample is added. In every case the final 
volume is adjusted with buffer solution (final volume = 300 µL). c, Calibration of the appropriate 
amount of Biot-IgG (left, using biotinylated anti-human TNFα) and calibration curve of the antigen 
(right, using recombinant human TNFα). The blue dotted lines are a guide to the eye. The red dotted 
line is the curve fitting of the experimental data (R2 > 0.95). The equation of this fitting was used to 
quantify the real samples. The inset highlights the lineal range that can be used for quantification. d, 
Quantification of antigen in real clinical samples (right, using serum from rheumatoid arthritis patients 
and serum of healthy control subjects) and comparison between IDILA and ELISA for the same clinical 
samples. Concentrations given are final concentrations in the assay. 
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 CONCLUSIONS 

In the current study, we designed an optical bionanosensing methodology capable of detecting 

antigens with unprecedented levels of sensitivity. The method is robust, fast (< 2 hours), cheap, 

sensitive, accurate and potentially adaptable to any antigen. Therefore, it has the potential for guiding 

decisions in a more accurate way across various clinical scenarios, in particular clinical prognosis and 

diagnosis. Most of routine methodologies used to detect and quantify antigens involve heterogeneous 

sensing (i.e., immobilization of reagents) that demand several steps and consume high amounts of 

reagents, with the shortcoming that they could lead to sample contamination and are very time 

consuming. IDILA not only overcomes these issues, but also has several advantages: 
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• It does not involve any enzymatic reactions for target amplification or detection and does 

not need specific devices or equipment for reactions or storage of reagents,  

• It offers a technological platform that can be easily applied to the clinic as well as other 

point-of-care settings. The assay format is similar to ELISA, which is widely used in 

laboratories and clinics, and it does not need specific instruments or training.  

• It can be applied using common and widespread-used equipment like UV-Vis 

spectrophotometers or microplate photometers, available in any biochemistry laboratory. 

• Its high sensitivity (the minimum value that can be quantified goes down to 0.01 pg/mL) 

could be potentially used for early diagnosis or detection of antigens in diluted samples. 

In view of the above, we envision that this generic approach could have far-reaching 

applications. 
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Theoretical simulations of the far-field optical response of Ag NS dimers; Theoretical 

simulations of the far-field optical response of Au NS dimers; Kinetics measurements of the dimer 

formation using a biotinylated Goat Anti Rabbit IgG Antibody (Biot-IgG); Kinetics measurements of 

the dimer formation using a biotinylated Anti IL-10 IgG Antibody (Biot-IgG); Structural parameters of 

the antigens used in this study; Spectral stability of the Ag NPs colloidal dispersion; Comparison of 

methods for antigen quantification. Correspondence and requests for materials should be addressed to 

J.C.F. and E.A.C. 
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