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ABSTRACT 

We propose a highly sensitive immunosensor based on the Localized Surface Plasmon Resonance (LSPR) 

for 17β-estradiol (E2) quantification in water. E2 molecules are recognized by polyclonal antibodies im-

mobilized onto gold nanoparticles (AuNPs) and act as linkers that cause nanoparticles aggregation. This 

leads to the change in the optical properties of the solution visible even by naked eyes. The aggregates 

were characterized by Dynamic Light Scattering (DLS) and Scanning Transmission Electron Microscopy 

(STEM) and provided an accurate assessment of the inter-particle distance. The finite-difference time-

domain (FDTD) method applied to a Mie problem like workspace allowed us to describe the optical be-

haviour of the AuNP aggregates with excellent agreement between the experimental and numerical re-

sults. The limit of detection (LOD), without any preconcentration step, is 3 pg/mL (11 pM), whereas the 

detection range extends over five decades up to 105 pg/mL. The proposed E2 immunosensor was tested 

in tap water, where no significant cross-reaction signal was detected by similar molecules (testosterone, 

progesterone, estrone and estriol). The device described here represents a significant improvement of low 

E2 levels determination in terms of affordability, time and measuring simplicity, making it suitable for 

environmental applications. 

Keywords: 

Gold nanoparticles; localized-surface plasmon resonance; colorimetric immunosensor; 17β-estradiol; 
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1. Introduction 

17β-estradiol (E2) is an estrogen naturally secreted by the ovaries and involved in several hormonal [1] 

and carcinogenesis processes in human [2]. Its detection in blood and urine in small concentration is very 

attractive in medical diagnostics to address menopause symptoms, ovaries and breast cancer, gynecomas-

tia and in pregnancy or infertility treatments. Although many researches in the field of medicine and tox-

icology deal with estrogens, there is a lack of information about their presence in the environment [3,4], 

a serious issue given their abundant use in dairy livestock industry to enhance cattle growth rates, feed 

efficiency and to procure lean muscle mass [5]. The presence of estrogens in waste waters and agriculture 

lands [6,7] can lead to bioaccumulation and biomagnification in the ecosystems; for instance, E2 in low 

concentration from 0.1 to 1 ng/L may cause estrogen response in male fish [3]. It is worth noticing that 

such a concentration is lower than that usually detected in the environment [8,9], making urgent the need 

for developing analytical methods and sensors for continuous water monitoring and mapping of the po-

tential contamination points. 

In laboratories, estradiols are usually determined by High-Performance Liquid Chromatography (HPLC) 

or Liquid Chromatography – Mass Spectrometry (LC-MS) reaching LODs up 0.03 ng/L [10]. These meth-

odologies use expensive instrumentation, require trained personnel and spend significant amounts of toxic 

solvents. A partial alternative is provided by immuno-techniques, like Enzyme-Linked ImmunoSorbent 

Assay (ELISA), currently the main technique for routine E2 detection in real samples (serum or urine). 

Most of the available ELISA assays provide a large detection range from 10 to 1000 pg/mL [11], but the 

technique is limited by the assay time (up to 3 hours), the relatively high cost of the kits and a need for a 

skilled personnel. Thus, reliable, fast and easy-to-use biosensors are highly desirable as tools for E2 de-

tection at low concentrations in water.  

One possible approach relies upon the recognition of estradiol molecules by using electrochemical [12–

14], optical [15–19] or chromatographic [20] techniques. Even though they can reach LODs in the fM 
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range [12] (see table 1), their current complexity in terms of time-consumption, expensive materials and 

complex realization [12], as well as the occurrence of interference from other analytes commonly present 

in natural waters, still represent an issue to overcome [21]. In this regard, colorimetric biosensors based 

on colloidal solution of gold nanoparticles (AuNPs) are very attractive since they provide a fast and ac-

curate response with a very high sensitivity and easiness-of-use. 

Metal nanostructures, such as AuNPs, exhibit unique plasmonic properties due to their capability to 

confine the electromagnetic (EM) waves within the near-field region close to the surface [22]. This pro-

vides them with unique features; such as extremely large electric field enhancements [23], nano-antenna 

[24], huge light scattering and absorption [25], and striking photothermal conversion capabilities [26]. In 

the last years, considerable efforts have been performed in order to exploit plasmonic properties of the 

nanostructures in the biosensor field. Several different plasmonic biosensors were developed to improve 

the sensitivity and to reduce the response-time [17,27,28]. One of the most attractive are AuNPs-based 

colorimetric biosensors since they are cheap, simple to manufacture and extremely sensitive. The absorb-

ance wavelengths of noble metal nanospheres (gold and silver) are in the visible region thereby giving 

rise to the vivid colors of their colloidal solutions [29,30]. The color depends both on their diameter [29] 

and on the surrounding medium [30]. Gold is generally preferred to silver because of its biocompatibility 

[31], inertness [32] and surface chemistry [33]. 

As it concerns bioreceptors, antibodies (Abs) offer high specificity in the antigen detection and simplic-

ity in the gold surface functionalization [34]. In fact, it was demonstrated that Abs immobilization on the 

gold surface with upright orientation can be easily achieved by activating them with a UV light before the 

functionalization [35–37]. This procedure, named Photochemical Immobilization Technique (PIT), im-

proves considerably the sensitivity of the biosensor because it leads to oriented antibodies with their frag-

ment antigen-binding site (Fab) exposed to the solvent. The effectiveness of the PIT was already con-

firmed in several biosensing applications [38–41]. 
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In this paper, we propose a picomolar colorimetric immunosensor for E2 in tap water, without any sam-

ple preconcentration step. The immunosensor consists of a colloidal solution of functionalized AuNPs 

(Ab-AuNPs) that aggregate in presence of E2 (figure 1) within few minutes after the analyte is added and 

the solution is stirred. The clustering gives rise to a colour change, from red to purple, due to the red-shift 

of the absorption peak. The AuNP clusters were characterized by Dynamic Light Scattering (DLS) and 

Scanning Transmission Electron Microscopy (STEM). The latter technique highlighted the presence of 

the Ab layer surrounding the nanoparticles through the measurement of the inter-particle distance in AuNP 

clusters. The measured distance was approximately 10 nm and this allowed us to simulate the optical 

response of the AuNP clusters as a function of their size, which in turn depends on the E2 concentration. 

The high performance, both in term of LOD and detection range, makes this colorimetric immunosensor 

very attractive compared other biosensors (table 1). 

 

 

 

Fig. 1. Detection scheme of a colorimetric immunosensor based on a colloidal solution of functionalized AuNPs with 

antibodies. The analytes act like linkers due to multiple binding sites allowing the AuNP aggregation. 
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Table 1 

Comparison among biosensors for the E2 detection 

Transducer Bioreceptor Method LOD Detection range Reference 

Rhodamine B fluorescence 

quenched by AuNPs 
aptamers fluorescence 0.48 nM 0.48-200 nM [15] 

FRET-based turn-on fluores-

cence 
aptamers fluorescence 0.35 nM 0.35-35000 nM [16] 

Colloidal solution of AuNPs aptamers colorimetry 0.367 nM 0.367-367000 nM [17] 

TiO2-BiVO4 heterostructure aptamers photoelectrochemistry 22 fM 0.1-250 pM [12] 

Electrochemical sensor using 

split aptamers 
aptamers electrochemistry 0.5 pM 1.5-7000 pM [13] 

Nanostructured magnetic mo-

lecularly imprinted polymers 
MIP electrochemistry 20 nM 50-104 nM [14] 

Indirect probe based immuno-

chromatography assay 
antibody chromatography 0.7 nM 0.7-18 nM [20] 

Carboxymethylated dextran-

coated gold sensor chip 
antibody SPR 7 nM 0.5-20 nM [18] 

11-MUA/E2-BSA conjugate 

on gold sensor chip 
antibody SPR 3.6 pM 36-3.6·106 pM [19] 

Colloidal solution of AuNPs antibody colorimetry 11 pM 11-105 pM Present study 

 

2. Materials and methods 

2.1.  Materials 

Gold(III) chloride hydrate (HAuCl4 · H20), sodium citrate dihydrate (C6H5Na3O7 · 2H2O), bovine serum 

albumin (BSA) and 17β-estradiol (C18H24O2) were purchased from Sigma-Aldrich while polyclonal sheep 

anti-17β-estradiol IgG antibodies (anti-E2) from RayBiotech. The buffer for all the preparations was ul-

trapure water dispensed by a Milli-Q® system. 

2.2.  AuNP synthesis and centrifugation 

The AuNPs were synthesized via chemical reduction of chloroauric acid (HAuCl4 · H2O) by means of 

sodium citrate (Na3C6H5O7) according to Pollitt’s protocol [42]. A solution composed of 0.5 mL solvated 

HAuCl4 · H2O (24 mM) and 50 mL of ultrapure water was warmed at 150 °C with vigorous constant 

stirring. During the boiling, 6 mL of sodium citrate dihydrate (39 mM) was added into the solution to 
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achieve particle nucleation. After 2 minutes, another 4.2 mL of HAuCl4 · H2O (24 mM) was added to 

induce particle growth. Within some minutes, the solution colour moved from transparent to black and 

finally to bright red. The solution was let cool down for 2 hours keeping the same stirring. The colloidal 

solution was firstly characterized by the UV-vis spectrophotometer to assess the AuNP quality. 200 µL of 

the solution diluted into 800 µL of ultrapure water provides a Localized Surface Plasmon Resonance 

(LSPR) wavelength of 529 nm and an optical density (OD) of 1.4-1.5. It was possible to store the solution 

in the fridge (4 °C) for longer time. In order to use the AuNPs like a colorimetric biosensor, it was neces-

sary to remove as much sodium citrate as possible to avoid AuNP aggregation during the Ab functionali-

zation. We optimized the centrifuge protocol by tuning the number of centrifugations, the acceleration 

and the duration. This was done in order to balance the amount of AuNPs that precipitated and aggregated 

irreversibly, and the efficiency to remove the supernatant leaving the re-suspendable pellet. The best cen-

trifuge protocol working conditions for 1 mL of citrate AuNPs (the dilution: 200 µL of citrate AuNPs and 

800 µL of ultrapure water) was achieved through two centrifuge steps: a) 15 min at 9000 g, and b) 10 min 

at 5000 g. After each centrifugation, the pellet was re-suspended in 1 mL ultrapure water. This resulted in 

OD reduction to 1.0 that corresponds to ~1011 AuNPs/mL with diameter of 35 nm [43].  

2.3.  Ab functionalization by PIT 

The AuNP functionalization was achieved by PIT [35–37]. A volume of 1 mL of anti-E2 (18 µg/mL) 

was irradiated by an UV-lamp for 30 s. The UV reactor consisted of two low pressure mercury lamps each 

providing 2 W at 254 nm. The lamps were of 10 mm diameter tube mounted in a stacked U-shape config-

uration so that a standard 10 mm cuvette could be housed inside the internal volume (Pro Com Alta Teno-

logia S.r.l.). Given the proximity of the cuvette to the lamps and the wrapping geometry, we estimated 

that the solution was exposed to an UV irradiation whose intensity was 1 W/cm2. A volume of 25 µL of 

irradiated Ab solution was added to 1 mL of AuNPs (in ultrapure water) with an OD ~1.0 (the correspond-

ing anti-E2 concentration in the final solution was 450 ng/mL, namely ~2×1012 Abs/mL). Such a volume 
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was added in 5 spikes (5 µL each one) followed by gentle stirring to avoid AuNP aggregation. This pro-

cedure was a result of an empirical study on the functionalization (figure S1). In this regard, different 

amounts of anti-E2 were tested to assess the behaviour of the LSPR shift. We observed that the absorption 

peaks red-shifted as the anti-E2 concentration increased until 1 µg/mL, that corresponded to a maximum 

red-shift of 5 nm. For greater amounts of anti-E2, no change in LSPR wavelengths were observed due to 

the saturation. We chose to halve the anti-E2 concentration that corresponded to the AuNP saturation both 

for reducing the amount of unbound Abs into the solution and for keeping low the number of Abs onto 

the AuNPs to assure the conditions that guarantee an optimal response of the device [44]. Therefore, 

assuming that most of Abs bounded to the gold surface, the average number of Abs onto the AuNPs was 

~20 Abs/AuNP. The absorbance spectra of the functionalized AuNPs showed a red-shift of the LSPR of 

about 3 nm. Finally, 1 mg/mL of bovine serum albumin (BSA) was added in order to block the AuNP 

surface from nonspecific adsorption. The further 2 nm of red-shift entailed to the BSA was consistent with 

AuNPs unsaturated by Abs. 

2.4.  Colorimetric immunoassay  

The different concentrations of E2 in tap water were achieved by serial dilutions starting from a stock 

concentration of 20 µg/mL. A small volume of 20 µL of each sample was added in one spike into 1 mL 

of Ab-AuNPs (OD ~ 1.0) to achieve a local high concentration of E2 while leaving essentially unchanged 

the total volume, and, hence, the Ab-AuNP concentration. Although mechanical pipetting would speed up 

the system kinetics by reducing the detection time down to few minutes, we chose to gently shake the 

solution by vortex mixer (10 s) in order to ensure the reliability and reproducibility of the results without 

any operator dependence. Such a short mixing time increased the binding effectiveness between E2 mol-

ecules and the Ab-AuNPs, while leaving the latter at rest. After mixing, the solution was left to reach the 

equilibrium via diffusion of complexed AuNPs (E2-Ab-AuNPs) into the whole reaction volume (1 mL) 

for 3 hours, a time long enough to warrant the reach of the equilibrium [45]. The difference between the 
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absorption peak after and before the E2 detection provided the LSPR shift, which was correlated to the 

E2 concentration. 

2.5.  Repeatability, stability, recovery and specificity assay 

The repeatability of the colorimetric immunosensor response was evaluated by performing different 

measurements at E2 concentration of 10 pg/mL with ten samples of 1 mL citrate AuNPs, picked up from 

the same starting stock solution, then centrifuged and functionalized separately. The stability was studied 

through the absorption spectra of a single sample at E2 concentration of 10 pg/mL at different time inter-

vals after the first measurements. The recovery was measured as the ratio between the theoretical E2 

concentration provided by the dose-response curve and the corresponding nominal value. The specificity 

was tested on the most competitive molecules of 17β-E2 like progesterone, estrogens (E1 and E3) and 

testosterone. Two different concentrations of each analyte were tested: 10 pg/mL (optimal for E2 detec-

tion) and 100 ng/mL (an exceeding concentration) in order to assess the absence of nonspecific detection 

even in presence of very high interfering analyte concentration. 

2.6.  Instruments 

Sample characterization was performed via UV-vis spectroscopy, DLS and STEM. The UV-vis absorp-

tion spectra were recorded on an UV/vis spectrophotometer (model 6715 Jenway, Cole-Parmer® Com-

pany) with 0.1 nm resolution and 0.2 nm spectral bandwidth. The DLS measurements were carried by a 

particle size analyser (model Zetasizer Nano ZS, Malvern Instruments Company) equipped with a 633 

nm He−Ne laser and an avalanche photodiode detector placed at the detection angle of 173°. The STEM 

images were acquired by an electron microscope (model FEI Magellan 400 XHR SEM, Nanolab Tech-

nologies Company) equipped by ELSTAR® monochromatic e-beam column able to achieve a resolution 

of 0.8 nm at 25.00 kV at the optimum working distance (WD). The images were recorded by detecting 

the transmitted electrons. Before the STEM measurements, each sample was diluted 1:1000 to prevent 

false-positive clusters due to the approaching or overlapping of AuNPs during the drop drying on the TEM 
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grid. Furthermore, only the middle cells of the grids were acquired in order to avoid any artefacts at the 

edge due to the coffee ring effects. 

3. Results and discussion 

3.1. Dose-response curve 

The AuNPs were synthesized by chemical reduction of chloroauric acid with the use of sodium citrate 

according to Pollitt’s protocol [42]. The AuNP characterization was performed by UV-vis absorption spec-

troscopy, DLS and STEM (figure S2). The LSPR wavelengths are 528.5 nm for naked AuNPs, as expected 

for a gold nanosphere with a diameter of 35 nm [29,43], and 531.4 nm for Ab-AuNPs. The functionaliza-

tion gave rise to a dielectric shell surrounding nanoparticles that yielded a red-shift of the LSPR of about 

3 nm. The DLS measurements confirmed the AuNP size, providing a hydrodynamic diameter of about 

36.6 nm for the naked AuNPs and 45.3 nm for the functionalized. A quantitative analysis of the STEM 

images corroborates the previous results providing an average diameter of about 32 nm (figure S3). 

Since the tap water contains salts that would induce non-specific nanoparticle aggregation, it was im-

portant to keep as low as possible the volume of the sample to be analysed. A volume of 20 µL tap water 

diluted in 1 mL of ultrapure water with Ab-AuNPs, provided a good compromise between a negligible 

red-shift of the absorption peak and a large volume that would allow large sensitivity and small error. 

Figure 2b shows the absorption spectra of samples of E2 at different concentrations (absorption spectra at 

all the concentrations are shown in the figure S4a). The LSPR peak exhibits a measurable red-shift for 

concentrations higher than 3 pg/mL with a marked effect in the range 8-12 pg/mL. Higher concentrations 

prevented the complexed AuNPs from forming larger clusters, and hence the red-shift was reduced (hook 

effect [46]). This behaviour was visible even by naked eyes, as figure 2a shows: The colour of the solution 

moved from pink to purple as [E2] reached 10 pg/mL returning to pink as the concentration was further 

increased. The possibility to get a qualitative in situ response, seen even by naked eyes without any spe-

cialized instrumentation, makes the proposed immunosensor practical and easy to use.   
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Fig. 2. (a) Color change induced by AuNP aggregation. The dashed black line showed qualitatively the behavior of the 

colorimetric test in its detection range. The maximum color change towards purple was achieved around 8-10 pg/mL. (b) 

Absorption spectra, (c) DLS measurements and (d) STEM images at high magnification acquired at different E2 concen-

tration in tap water. The absorption peak red-shifts until a concentration of 10 pg/mL beyond which it blue-shifts due to the 

saturation of Ab binding sites. Similarly, the hydrodynamic diameter of the clusters increased up to 162.4 nm corresponding 

to 10 pg/mL of E2 and then it decreased for higher concentration. 
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The aggregation dynamics was quantitatively evaluated via DLS (figures 2c and S4b) and STEM (fig-

ures 2d and S5). Both techniques confirm that the behaviour of the absorption spectra as a function of the 

E2 concentration is due to the aggregation of complexed AuNPs. The hydrodynamic diameter increased 

from 48.5 nm ([E2] = 0 pg/mL) to a maximum of 162.4 nm ([E2] = 10 pg/mL), to reduce to 66.3 nm for 

larger E2 concentration. Similarly, the STEM images (figure S5) of the colloidal solution showed (i) only 

single nanoparticles for the control ([E2] = 0 pg/mL), (ii) large aggregates for E2 concentrations in the 

range 8-12 pg/mL and (iii) dimers and trimers at higher E2 concentrations (>20 pg/mL). 

The spectra in the figure 2b were fitted by a Gaussian curve around the absorption peak and the LSPR 

shifts are reported in the figure 3 as a function of the E2 concentration in tap water. The concentration that 

provided the largest red-shift is the so-called hook point, and corresponds to the optimal concentration 

that ensures the dynamic equilibrium between the largest aggregates of AuNPs and the cluster instability 

due to electrostatic repulsion and steric hindrance [30]. For E2 concentrations lower than 10 pg/mL the 

analyte was insufficient to yield large AuNP clusters and the LSPR red-shift was only 4-6 nm, thereby 

 

Fig. 3. Shift of the absorption peak as a function of E2 concentration in tap water (dose-response curve). The dashed line 

is included to guide the eye to highlight the presence of a detectable signal even at very high E2 concentration, whereas 

the red line is the best fit of the experimental data with the equation (6), which does not capture the asymptotic behaviour 

of the dose-response curve.  
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suggesting complexed AuNP dimerization [47] in accordance with DLS and STEM measurements (fig-

ures S4b and S5, respectively). On the other hand, an excess of E2 molecules led to the occupation of 

most of the Ab binding sites thereby hindering the formation of large AuNP aggregates (figure S5).  

Even though in our scheme the hook effect arose, it is worth noticing that even at very high E2 concen-

trations the LSPR shift was still measurable (figure 3). We can explain such an advantageous feature by 

assuming that the aggregation dynamics consisted of two steps with different temporal dynamics: The 

first step concerned the interaction between the E2 molecules and Ab-AuNPs whereas the second took 

place on a longer time scale and was related to the interaction between E2-Ab-AuNPs and Ab-AuNPs. 

The initial gentle shaking (by vortex mixer) enhanced the probability that an Ab-AuNP bound the free E2 

molecule within the region where the sample drop was released (20 µL), such a region being much 

smaller than the whole volume (1 mL). In this limited region, the saturation of the Ab binding sites could 

well be reached, but afterwards the diffusion took place and the aggregation could occur among E2-Ab-

AuNPs and the distanced Ab-AuNPs (in the whole sample volume) on a much longer time scale [45]. 

Therefore, even if the E2 molecules locally saturated the binding sites, the subsequent diffusion of E2-

Ab-AuNPs ensured the formation of dimers or trimers with Ab-AuNPs encountered during the diffusion 

(figure S5). 

3.2. Morphological characterization of AuNP aggregates 

The average number of AuNPs that form the aggregates was evaluated from STEM images with low 

magnification (figure S5). The average number was approximately 12 AuNPs for the clusters correspond-

ing to 10 pg/mL of E2. Concerning AuNPs aggregation, a quantitative analysis of STEM images with 

high magnification was performed in order to evaluate the inter-particle distance due to both the Abs and 

the analyte (figure 4a and 4b). Such a distance turned out to be approximately 10 nm and is compatible 

with a dielectric shell thickness of about 5 nm and a negligible size of the analyte. Finally, in order to 

investigate the assumption that the distance among AuNPs was actually due to the Ab-functionalization, 
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a quantitative analysis of salt-induced aggregates of non-functionalized AuNPs was performed (figure 

S6). The vanishingly small inter-particle distance in absence of Abs corroborated the assumption accord-

ing to which the nanoparticles in figure 4a were AuNP surrounded by a 5 nm of Ab shell.  

3.3. Optical response of AuNP aggregates (numerical simulations) 

The optical response of the AuNP aggregates was simulated by the “FDTD solutions” tool of Lumerical 

software that solves the Maxwell’s equations via the finite-difference time-domain (FDTD) method within 

a Mie problem-like workspace. Briefly, the workspace consisted of light source, plasmonic nanostructure, 

surrounding medium, photodetector and appropriate boundary conditions (BCs) and was discretized over 

 

  

Fig. 4. (a) Analysis of the STEM images of a cluster made by functionalized AuNPs. In yellow and cyan the profiles along 

which the intensity plots shown in (b) are evaluated.  
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a mesh. Maxwell’s equations were solved numerically in the time domain by evaluating the time evolution 

of the EM field in each sampled volume whose physical parameters were well-known. The time required 

to perform the simulation critically depended on the mesh settings, thus to ensure a good compromise 

between the reliability of the simulated absorbance spectra [29] and a reasonable simulation time, a spatial 

step of 0.5 nm was set for the mesh. We chose the so-called symmetric/anti-symmetric BCs for the geom-

etries that exhibited one or more symmetry/anti-symmetry planes through the middle of the simulation 

region, whereas periodic BCs or Bloch BCs were adopted for the non-symmetric configurations. Sym-

metric BCs act as mirrors for the electric field and anti-mirrors for the magnetic field, while the opposite 

holds for anti-symmetric BCs. Thus, by taking advantage of possible symmetries/anti-symmetries of the 

workspace, it was possible to reduce the simulation volume (and time) by a factors of 2, 4 or 8 without 

worsening the accuracy of the result. In the absence of symmetry/anti-symmetry planes, periodic BCs 

were set to emulate as much as possible the behaviour of the EM field in the whole cuvette volume (1 

mL). Since the Ab-AuNP aggregates were far apart in the solution, the EM field arisen from each aggre-

gate did not affect the other. Thus, the workspace (i.e. the single Ab-AuNP aggregate and the surrounding 

water) represented the unit cell of the simulation in which the EM fields that occurred at one edge of the 

volume were re-injected at the other edge. Bloch BCs were adopted for non-symmetric geometries illu-

minated with a plane wave source to compensate the phase shift that arises when the EM field with a non-

zero angle of incidence is re-injected at the opposite side. Perfect matched layer (PML) BCs were set on 

the volume boundaries corresponding to the position of the light source and of the photodetector for all 

the simulations to ensure the perfect absorption of the EM waves incident upon them [48] 

A schematic representation of the simulation workspace is shown in the figure S7. The light source con-

sisted of a plane wave source with a wavelength range from 400 nm to 700 nm, the embedding medium 

was water [49], the AuNPs were modelled as homogeneous gold spheres [50] and the Abs anchored to the 

gold surface were considered as a protein shell around the nanoparticle with a refraction index of 1.42 
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[51]. The Ab-AuNPs were arranged in the water volume according to the desired geometry. The transmis-

sion spectra were acquired by a photodetector located to the opposite side of the light source with a plot 

intervals of 1 nm. 

In accordance with the diffusion-limited aggregation (DLA) model, it was reasonable to assume that 

AuNPs experienced a random walk (Brownian motion) and aggregated exhibiting a quasi-fractal artwork 

[52] (figure S5). Although a thoroughly analysis of such complex systems goes beyond the aims of this 

work, some of them (table S1) were investigated to elucidate the role of the linear dimension against the 

number of AuNPs. The simulated absorption spectra (figure S8) and the electric field distributions (table 

S2) showed that the optical response was essentially due to the linear branches contained in the structures 

 

 

Fig. 5.  (a) Gaussian fits of the simulated absorption peak for linear chains from 1 to 12 AuNPs. Each simulated spectrum 

𝐴(𝜆, 𝜃, 𝑁) was achieved by “FDTD Solutions” tool of the software Lumerical. (b) LSPR shift of the average absorption 

spectra as a function of the AuNP number along the chain. 
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[53]. For instance, if we consider the electrical field distribution of the 2D asymmetrical geometry for 12 

AuNPs (see table S2), the strongest coupling among the nanoparticles is achieved along the 𝑥 direction 

and arises essentially from the two branches with 6 AuNPs. The LSPR wavelength for such a configura-

tion (12 AuNPs, 2D asymmetric) is 552 nm that corresponds to the LSPR of 551 nm for a linear chain of 

5 AuNPs aligned with the polarization direction (see figure S8).  

Since the linear branches dominate the optical response of the clusters [54], to capture the essential 

physics behind the aggregation phenomenon, we simulated the plasmonic behaviour of the aggregates by 

considering them as linear chains of nanoparticles. We worked out the simulated absorption spectra 

𝐴(𝜃, 𝜆, 𝑁) and the electrical field distribution by varying the angle 𝜃 between the polarization direction 

of the light and the linear chain from 0° (longitudinal mode) to 90° (transversal mode), and the number 𝑁 

of AuNPs from 1 to 12. An example of such a calculation for a linear chain with 3 AuNPs is shown in 

figures S9a and S9b. While the maximum LSPR shift for a single chain took place at 𝜃 = 0° (electric field 

parallel to chain), the contributions from chains oriented at approximately 𝜃 = 90° (electric field trans-

verse to chain) are vanishingly small (see figure S9a) resulting in a damped effect when the average over 

the whole distribution is worked out. In fact, when randomly oriented linear chains are considered, the 

dependence on the solid angle reduces to sin(𝜃) in consideration of the cylindrical symmetry around the 

direction of the electric field; thus, we have 

 𝐴̅(𝜆, 𝑁) = ∫ 𝐴(𝜃, 𝜆, 𝑁) sin(𝜃) d𝜃
𝜋 2⁄

0

 (1) 

The mean optical response 𝐴̅(𝜆, 𝑁) was worked out by summing up nine spectra at polarization angles 

from 0° to 90° with a step of 10°. The LSPR red-shift is clearly visible in figure 5a that reported the 

Gaussian fit of the absorption peak for linear chains from 1 to 12 AuNPs (see figure S10 for the mean 

simulated spectra). The behaviour of LSPR shift ∆𝜆𝐿𝑆𝑃𝑅 as a function of the number of AuNPs along the 

linear chain is shown in figure 5b and is well fitted by the equation 
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 ∆𝜆𝐿𝑆𝑃𝑅(𝑥) = 𝑎(1 − e−𝑏(𝑥−1)) (2) 

with 𝑎 = (19.3 ± 0.4) nm and 𝑏 = 0.31 ± 0.02. The behaviour of the LSPR shift shown in figure 5b 

reproduces quite accurately the experimental data for relatively low LSPR shifts, that correspond to con-

centrations in the range 0-6 pg/mL and 20-105 pg/mL that led to clusters whose size did not exceed 5-6 

AuNPs (see figures 3 and S5).  

For linear chains with more AuNPs, the LSPR shift from equation (2) tends to saturate at approximately 

19 nm, a value that is lower than 25 nm measured at 10 pg/mL (see figure 3). This discrepancy may well 

be explained by considering that the actual morphology of the aggregates was 2- and 3-dimensional. In 

fact, the damped effect experienced by averaging the linear chains on the solid angle is less significant 

when the structure to be rotate in the space has a complex 2- or 3-dimensional morphology, since at any 

angle it forms with the direction of the electric field, there are still significant contributions from linear 

branches included in the structure. Therefore, the shift behaviour described by equation (2) is an under-

estimation of the actual experimental shift around the hook point. 

3.4. Dynamics of the aggregation 

In order to provide a simplified approach to explain the AuNPs aggregation dynamics [30,55], we can 

suppose that the solution contains two species of Ab-AuNPs: E2-Ab-AuNPs (species A), namely the 

AuNPs whose Abs have bound the analytes, and the free Ab-AuNPs (species B) that are available to bind 

the analyte. The concentration of both species is linked by the relation [A]  +  [B]  =  [AuNPs]0, where 

the right-hand side represent the initial concentration of Ab-AuNP. At dynamic equilibrium, we have: 

 
[A] =

[AuNPs]0 ∙ [E2]

𝐾 + [E2]
 

(3) 

 

 

 

[B] = [AuNPs]0 − [A] = [AuNPs]0

𝐾

𝐾 + [E2]
    

(4) 
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where 𝐾 is the equilibrium constant of the reaction B + E2 ↔ A. In this simple model, it is easy to realize 

that an excess of A or B shifts the equilibrium to the right or left of the hook point, respectively. The 

aggregation dynamics, and hence the cluster size, is a multiple-order complexation between A and B, 

which can be accounted for the following semi-empirical equation [56] 

 
𝑏(𝑥 − 1) = (

𝑅[E2]

(𝐾 + [E2])2
)

𝑛

 (5) 

where the factor R includes both the AuNP concentration and instrument response. The optical response 

of the colorimetric immunosensor as a function of the analyte concentration can be obtained by inserting 

equation (5) into equation (2). In doing this, we replaced the term 𝑎 by an effective coefficient 𝑎𝑒𝑓𝑓 to 

take into account the actual LSPR shift occurring around the maximum; thus, we have  

 
∆𝜆𝐿𝑆𝑃𝑅([𝐸2]) = 𝑎𝑒𝑓𝑓 (1 − e

−(
𝑅[E2]

(𝐾+[E2])2)
𝑛

) (6) 

The data in figure 3 are well fitted by equation (6) with 𝑎𝑒𝑓𝑓 = 25.4 nm, 𝑅 = (43 ± 3) pg mL−1, 𝐾 =

(10.4 ± 0.7) pg mL−1 and 𝑛 = 19 ± 6, thereby confirming the effectiveness of the proposed approach to 

describe the complex aggregation dynamics occurring in this experiment. The coefficient 𝑎𝑒𝑓𝑓 was fixed 

to 25.4 nm, that corresponded to the maximum measured experimental shift. 

While this model captures the cluster formation, it fails to reproduce the asymptotic behaviour of the 

AuNP aggregation occurring at higher E2 concentrations (black dash line in the figure 3). This is due to 

its inherent simplicity which does not include the complex diffusion process that took place in the whole 

interaction volume; in particular, even if the binding sites of Ab-AuNPs are locally fully saturated with 

E2 at high concentration - and hence no aggregation should arise among E2-Ab-AuNPs - these nanopar-

ticles can form aggregates with Ab-AuNPs during their diffusion. This was proved by the STEM pictures 

since dimer and trimer contributions were clearly visible at 50 pg/mL of E2 (figure S5). To make this 

clear, we added the dashed curve in figure 3 that represents the “actual” asymptotic behaviour of the 
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immunosensor. Thus, while a detailed description of the aggregation dynamics should include a complex 

diffusion process, which goes beyond the scope of the present work, we point out that our biosensor is 

able to provide measurable signal even at very high E2 concentration, where usually the hook effect results 

in the false negative response. 

3.5. Repeatability, stability, recovery and specificity assay 

The repeatability of the immunosensor response was evaluated by comparing the LSPR shift of several 

measurements at E2 concentration of 10 pg/mL. The figures S11a and S11b showed a great reproducibility 

of the LSPR shift: Only two measurements out of ten fall outside the 67% confidence interval. The sta-

bility was studied by acquiring the absorption spectra of a single sample at E2 concentration of 10 pg/mL 

after different time intervals from the first measurement. The figure S11c confirmed the reliability and the 

long-term stability of the proposed colorimetric biosensor in terms of both functionalization effectiveness 

and analyte binding. The recovery was assessed for four E2 concentrations (4, 6, 12, 20 pg/mL) and the 

corresponding values are reported in table S3. The fluctuations from the nominal value of the measured 

E2 concentration are in the range of 10-25%, a value that is compatible with the experimental error bars 

(figure 3). The specificity of the immunosensor was proved by detection of the most competitive mole-

cules of E2: progesterone, estrogens (E1 and E3) and testosterone. Figure 6 shows the reliability of the 
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immune response at low and high concentration of the interferences: While no detectable signal was ob-

served for progesterone and testosterone, a very small response could be measured for E1 and E3 as a 

result of the partial lack of specificity of the Abs used for the functionalization. This does not prevent one 

from using the biosensor since any unlikely false positive due to E1 and E3 detection is anyway important 

as they are strongly involved in the estrogen metabolism [57]. 

4. Conclusions 

The colorimetric immunosensor reported here is based on AuNPs functionalized with antibodies for the 

detection of a small molecule like 17β-estradiol. The high specificity, very low LOD (3 pg/mL) and af-

fordable price are the main strengths of the proposed approach. The specificity is inherently ensured by 

the Ab functionalization whereas the plasmonic properties of AuNPs provide an accurate optical trans-

duction of the biological signal. Moreover, the AuNP functionalization via PIT contributes to increase the 

biosensor sensitivity and long-term stability thanks to the covalent anchorage of the Abs on gold surface 

in upright orientation. The analyte detection arises from the change of the optical properties of the solution 

due to the AuNP aggregation. Since the LSPR wavelength of isolated AuNPs as well as that of their ag-

gregates falls in the visible region, the shift of the absorption peak following the analyte concentration 

entails a colour change visible by naked eyes. This allows a fast and qualitative test to establish the analyte 

 

Fig. 6. Specificity assay. Shift of the absorption peak for different analytes at 10 pg/mL and 105 pg/mL. 
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presence in the sample solution viable in situ. A quantitative measurement of the analyte concentration 

only requires an UV-vis spectrophotometer to assess carefully the wavelength of the absorption peak and 

hence to evaluate the LSPR shift. 

Our colorimetric immunosensor is able to detect E2 in tap water down to 3 pg/mL within few hours after 

a 20 µL sample is added to cuvette containing 1 mL of Ab-AuNPs and represents a significant improve-

ment in E2 low levels determination (without any preconcentration step) in terms of LOD, sample prep-

aration, cost and analysis simplicity, thus challenging the usual expensive instrumental laboratory meth-

ods. Although in the current paper the mixing was performed by a vortex mixer to warrant high reproduc-

ibility, we observed that simple mechanical pipetting led to a detection time of few minutes, thus showing 

that the mixing procedure can be further optimized. Moreover, we demonstrated that in our procedure the 

hook effect does not lead to a vanishingly small signal, but to a semi-quantitative response that can be 

used as an alert signal. Nevertheless, should a quantitative response be required, it is possible to resort to 

serial dilutions of the sample, a procedure that is customary in immunoassays [58]; for instance, in our 

case, four dilutions such as 1:2, 1:5, 1:10 and 1:100 would be suitable to cover the quantification at higher 

concentration up to 1 ng/mL (see table S4). The reduction of the time required for the mixing process 

combined with the availability of portable and handheld VIS spectrophotometers will make the proposed 

biosensor very promising for routinely in situ E2 monitoring of river waters. 

 The range of the investigated E2 concentration is of interest in several diagnostic and environmental 

contexts suggesting the possibility to extend our colorimetric biosensors to other matrices (e.g. urine and 

wastewater) although some pretreatment step such as desalination, purification or pH modification might 

be necessary. Furthermore, the scheme described here can be adopted for different analytes (e.g. ochra-

toxin A and aflatoxin B1) by simply changing the antibody. 
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