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A B S T R A C T   

Nanoplastics are a global emerging environmental problem whose effects might pose potential threats to the 
human’s health. Despite the relevance of the issue, fast, reliable and quantitative in situ analytical approaches to 
determine nanoplastics are not yet available. The aim of this work was to devise an optical sensor with the goal of 
direct detecting and quantifying nanoplastics in seawater without sample pre-treatments. To this purpose, a 
nano-plasmonic biosensor was developed by exploiting an Estrogen Receptor (ER) recognition element grafted 
onto a polymer-based gold nanograting (GNG) plasmonic platform. The ER-GNG biosensor required just minute 
sample volumes (2 μL), allowed rapid detection (3 min) and enabled to determine nanoplastics in simulated 
seawater with a linear dynamic concentrations range of 1–100 ng/mL, thus encompassing the expected envi
ronmental loads. The nanostructured grating (GNG) provided remarkable performance enhancements, extending 
the measurement range across five orders of magnitude, thanks to the both the SPR and the localized SPR 
phenomena occurring at the GNG chip. At last, the ER-GNG biosensor was tested on real seawater samples 
collected in the Naples area and the results (~30 ng/mL) were verified by a conventional approach (filtration 
and evaporation), confirming the ER-GNG sensor offers a straightforward and highly sensitive method for the 
direct in-field nanoplastics monitoring.   

1. Introduction 

Synthetic polymers are among the most important classes of mate
rials of the 21st century. Since the beginning of the 20th century, 
polymers, commonly intended as plastics, found widespread industrial 
and daily-life uses. As a consequence, the plastics production has been 
steadily increasing every year, globally counting for 368 million tons in 
2019 [1,2]. The outcome of such a massive use of plastics is the pro
duction of huge amounts of plastic wastes, which unfortunately accu
mulate in the environment, where the effects of chemical and physical 
stresses crack the plastics materials into pieces. Plastic fragments are 
classified according to their size into macro-, meso- (>5 mm), micro- (1 
μm–5 mm) and nano-plastics (particles size <1 μm) [3–7]. 

To date, nanoplastics are probably the least known source of pollu
tion, while potentially one of the most hazardous. Recently, nanoplastics 

were reported in numerous environmental matrices, including fresh
water [8,9] snow [10–12], ice [13–15], soil [16–18], sediment [19–21], 
terrestrial and aquatic biota [22–25], air [26–30]. The effect of nano
plastics on human health is yet not fully elucidated. The human expo
sure to nanoplastics might occur via oral inhalation, ingestion, or 
absorption by the skin. According to the current data, nanoplastics are 
mostly uptaken via ingestion of seafood or by drinking contaminated 
water. The nanometric size increases the nanoplastic’s reactivity and the 
capability to pass through cellular barriers and accumulate inside the 
organisms [31,32]. Such a behaviour was confirmed in in vivo experi
ments that showed that nanoparticles penetrate the intestinal barrier 
and can be further translocated into blood vessels [33]. Moreover, 
numerous studies proved nanoplastics to be the causative agent of 
toxicity at various levels such as neurological, reproductive, and 
developmental of the organisms [34–36]. 

* Corresponding author. 
** Corresponding author. Department of Engineering, University of Campania Luigi Vanvitelli, via Roma 29, 81031 Aversa, Italy. 

E-mail addresses: mimimorena.seggio@univr.it (M. Seggio), francesco.arcadio@unicampania.it (F. Arcadio), nunzio.cennamo@unicampania.it (N. Cennamo), 
luigi.zeni@unicampania.it (L. Zeni), alessandramaria.bossi@univr.it (A.M. Bossi).   

1 Shared authorship: Mimimorena Seggio, Francesco Arcadio. 

Contents lists available at ScienceDirect 

Talanta 

journal homepage: www.elsevier.com/locate/talanta 

https://doi.org/10.1016/j.talanta.2023.125211 
Received 30 May 2023; Received in revised form 10 September 2023; Accepted 14 September 2023   

mailto:mimimorena.seggio@univr.it
mailto:francesco.arcadio@unicampania.it
mailto:nunzio.cennamo@unicampania.it
mailto:luigi.zeni@unicampania.it
mailto:alessandramaria.bossi@univr.it
www.sciencedirect.com/science/journal/00399140
https://www.elsevier.com/locate/talanta
https://doi.org/10.1016/j.talanta.2023.125211
https://doi.org/10.1016/j.talanta.2023.125211
https://doi.org/10.1016/j.talanta.2023.125211
http://crossmark.crossref.org/dialog/?doi=10.1016/j.talanta.2023.125211&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Talanta 267 (2024) 125211

2

The first step towards understanding the impact of nanoplastics on 
living organisms is to evaluate the relationship between their environ
mental concentrations and the effects. This has proven to be a tough 
analytical challenge, due to the lack of validated methods for their 
quantification and to the inherent difficulties posed by the detection of 
sub-micrometer fragments [37]. 

Concerning the quali/quantitative determination of nanoplastics in 
real samples, to date protocols rely on a pre-concentration step, which 
increases the number of particles per vol/wt. To this purpose different 
strategies have been proposed, such as ultrafiltration, ultracentrifuga
tion and solvent evaporation [38] coupled with classical analytical 
methods [39–41], whereas XPS, FTIR, nano-IR, Raman tweezers spec
troscopy [42], HPLC or Py-GC-MS [43–45], were used to chemically 
identify the material composing the plastic particles. 

Recently, the area of bio- and chemosensors started focusing on the 
quali/quantification of micro- and nano-plastics. Optical sensing based 
on Surface Plasmon Resonance (SPR) and Localized Surface Plasmon 
Resonance (LSPR) [46,47] for its label free detection and high sensitivity 
can offer solutions. Tuoriniemi et al. [48] proposed an easy plasmonic 
detection for nanoplastics, just based on the refractive index (RI) vari
ations caused by the plastic particles adsorption to the plasmonic metal 
surface. The system was very straightforward, though completely 
non-selective and thus prone to false positives. The range of response 
was 1–80 ppm, thus it was far from the direct determination in real 
samples. An improved plasmonic sensor-design was proposed by Huang 
et al. [49]: plastic selectivity was introduced by exploiting the alpha 
estrogen receptor (ER) as selective element. The ER belongs to the nu
clear hormone receptors superfamily, which are ligand-activated tran
scription factors. Estradiol is the natural ligand of ER and upon its 
binding the ER activates transcriptional processes and/or signalling 
events. There are two isoforms of the estrogen receptors, namely ERα 
and Erβ. In the present work, ERα was chosen as recognition element, 
according to Ref. [49]. The full-length sequence of ERα is composed of 
595 amino acids and has a MW of 67 kDa, while the estimated radius is 
~3.6 nm [50]. The ER has been showing ability to interact with 
microplastic particles, with reported apparent dissociation constants 
ranging between 0.19 nM and 3.32 nM, depending on the microplastic 
type and with a dynamic range of response between 0.5 and 6.5 nM 
[49]. This kind of interaction is mainly hydrophobically driven [49]. 

In the present work, we aimed at proposing a solution to the detec
tion and quantification of nanoplastics, yet meeting the concentration 
levels found in the environment. We report the development of a 
biosensor based on a nanostructured plasmonic optical platform func
tionalized with the ER receptor. The ER was coupled to a gold nano
grating (GNG) structures recently developed and described in Refs. [51, 
52] in order to attune the plasmonic sensor performance towards con
centrations in the real scenario range. To this purpose spherical poly 
(methyl methacrylate) (PMMA) nanoplastics were used as a model. 
Indeed, PMMA has undergone a significant production’s increment 
during the Covid-19 pandemic, for the Plexiglass separation barriers 
introduced in offices, hospitals, etc. so to provide social distancing. 
Moreover, recycling of PMMA is costful, which can be among the causes 
for its release into the environment. Finally, PMMA has a well-known 
and well-studied hydrophobicity-driven interaction with proteins [53], 
thus it is a convenient model of nanoplastic. The ER-GNG biosensor was 
tested for its PMMA detection ability initially in aqueous solutions and 
later in real seawater. 

2. Materials and methods 

2.1. Chemicals 

N-hydroxysuccinimide (NHS) (6066-82-6), N-(3-dimethylamino
propyl)-N’-ethylcarbodiimide hydrochloride (EDC) (25952-53-8), 
α-lipoic acid (1077-28-7), 2,2’-Azobis(isobutyronitrile) (441090), 
ethanolamine (141-43-5), phosphate buffer saline 10 mM, pH 7.4 (PBS) 

(MFCD00131855), 2-(N-morpholino)ethanesulfonic acid (MES) (4432- 
31-9), sodium chloride (7647-14-5) were purchased from Sigma-Aldrich 
(Darmstadt, Germany). Recombinant Human Estrogen Receptor alpha 
protein (ER) (ab82606 abcam) was purchased from Abcam (Cambridge, 
UK). Spherical poly(methyl methacrylate) (PMMA) nanoplastics (100 
nm) (DNP-P034) and spherical microplastic (20 μm) (DMN-L015) were 
purchased from CD Bioparticles (London, UK) as standard aqueous stock 
solution (10 mg/ml). All chemicals were used without further 
purification. 

2.2. The GNG sensor chip 

The GNG-based plasmonic platform production process is reported in 
details in Refs. [51,52]. A 10 mm × 10 mm × 0.5 mm PMMA slab 
waveguide (GoodFellow, Huntingdon, England) was spin-coated with a 
positive PMMA e-beam resist (AR-P 679.04, AllResist GmbH, Straus
berg, Germany) at 6000 rpm for 1 min, to reach a final thickness of about 
220 nm. Next, the exposition process was performed by means of an 
electron beam lithography system (Zeiss Supra v35—Raith Elphy 
Quantum, Oberkochen, Germany). The area processed was 1 mm2 (1 
mm × 1 mm) and was located at the center of the slab waveguide. The 
exposed resist was then developed and, as a final step, a 40 nm thick gold 
film was sputtered (Safematic CCU-010, Zizers, Switzerland) on the top. 
The selected geometrical parameters for the nanograting were according 
to previous optimizations [52], i.e. each nanostripe had a 400 nm width 
and the spacing between contiguous nanostripes was of about 600 nm. 
Overall, the grating period was equal to about 1 μm. 

2.3. ER functionalization protocol 

The functionalization of the plasmonic platforms was performed via 
a multi-steps process, according to the protocol reported in Refs. [54, 
55]. At first, the surface was washed with Milli-Q water (3 times). Then 
the gold nanofilm was treated overnight at room temperature with 
α-lipoic acid (0.3 mM in 8% ethanolic solution) Then, the carboxylic 
groups were activated with EDC/NHS (10 mM/10 mM respectively) in 
MES buffer 50 mM pH 5.5, for 20 min at room temperature, according to 
the coupling protocol optimized in Refs. [54,55]. After washing three 
times to remove the reactant in excess, the surface was incubated for 2 h 
with ER (13 ng) at room temperature in a sealed humid box. Finally, the 
passivation of the surface was performed by incubating ethanolamine (1 
mM in water) for 30 min at room temperature. The prepared platforms 
were washed in PBS and stored in PBS at 4 ◦C. 

2.4. Sensor setup 

To test plasmonic platforms, a simple experimental setup consisting 
of a halogen lamp as white light source with an emission range 
360–1700 nm (HL-2000LL, Ocean Insight, Orlando, FL, USA) and a 
spectrometer with a detection range 350–1000 nm (FLAME-S-VIS-NIR- 
ES, Ocean Insight, Orlando, FL, USA) was used. This allowed to excite 
the plasmonic hybrid modes in the GNG [51,52]. Fig. 1 provides the 
details of the plasmonic platform setup. GNG-plasmonic platform was 
placed into a specially designed aluminium holder: the light was 
launched from the source to a first plastic optical fiber (POF) patch (1 
mm total diameter). At the end of the POF, a trench of air was realized in 
the metallic holder, in order to increase the number of angles to excite 
plasmons in the nanograting-based slab waveguide. Another POF patch 
(1 mm total diameter), orthogonally placed with respect to the air 
trench, was used to collect the transmitted light through the nano
structured slab waveguide and to send it to the spectrometer. To achieve 
the best performances, the stripes forming the nanograting pattern were 
oriented along the same direction of the light input [51]. Moreover, a 
thermo-stabilized chambers with humidity control were realized to 
avoid samples evaporation. 
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2.5. Measurements procedure 

Prior to measurements, the nanoplastic (100 nm) stock solution was 
diluted to the final tested concentrations (1 ng/mL to 1 mg/mL) with 
PBS or with simulated seawater (0.46 M of NaCl in MilliQ water). Prior 
the use, all solutions were sonicated for ~15 min to ensure nanoplastics 
were dispersed homogenously. The seawater samples were collected in 
glass tubes from Naples’s area (Giugliano in Campania). Sampling was 
carried out just below the surface of the sea. The seawater was diluted 
with PBS 1:20 before testing. 

A sample’s volume of 2 μL was used for measurement with an in
cubation time of 3 min. The incubation times were defined according to 
preliminary binding kinetics information (see Figure S1 of Supplemen
tary Material). The plasmonic spectra were collected after a washing 
step with PBS and by placing PBS (2 μL) as bulk solution. The spectrum 
acquired with air as surrounding medium was considered as a reference 
for the normalization, being this a condition in which the plasmonic 
phenomenon is not triggered [51]. 

Phosphate buffer saline (pH 7.4) was used for the measurements to 
control and optimize the interaction between the nanoplastic and the 
ER, as pH values far from the physiological one (pH 7.4) are reported to 
reduce the binding activity [56]. 

Moreover, being the sensor based on the ER recognition element, 
that has been herein exploited to recognize nanoplastics, typically 
characterized by a variety of sizes and compositions, the experimental 
data were fitted with the Hill model equation, which describes hetero
geneous binding, and has the general formula herein reported. On the 
contrary, when the receptor was tested for the binding to its own target 
(Estradiol) the binding isotherm was described by a Hill model with n =
1, which de facto represents the Langmuir model, as reported in 
Ref. [55]. Hill model has the general formula reported below: 

|Δλ| = |λc − λ0| = |Δλmax|⋅
(

cn

EC50
n + cn

)

(1)  

where λc is the resonance wavelength at the analyte concentration c; 
λ0 is the resonance wavelength in absence of the analyte (blank); Δλmax 
is the maximum value of Δλ; calculated by subtracting the blank value 
from the saturation value; n is the Hill coefficient and EC50 is the ligand 
concentration at half saturation. Error bars were calculated as the 
maximum experimentally measured variation, obtained by testing three 

similar platforms in a similar condition, and resulted to be equal to about 
0.2 nm. 

2.6. Standard method for determination of nanoplastics 

The concentration of nanoplastics in a real seawater sample was 
verified with a standard method [57]. Samples were subjected to 
consecutive filtrations onto 0.8 μm and 0.22 μm cellulose acetate syringe 
filters (Millex-HA) to remove the macroparticles, sand and organic 
matter. The filtered samples were next passed on a 0.02 μm syringe filter 
(Whatman Anotop) in order to retain the nanoplastics. The filter was 
then thoroughly washed with MilliQ water in order to remove all the 
residual salts and placed in oven at 45 ◦C until completely dry. Finally, 
the filters were weighted on an analytical balance (Shimadzu 
AUW220D). 

3. Results 

With the aim to determine the nanoplastic concentration in waters, a 
plasmonic sensors based on the ER as selective element was herein 
developed. In an early phase the ER was coupled with a SPR plastic 
optical fiber platform (SPR-POF) [58] (data not shown). These first re
sults showed the ER-SPR-POF enabled to monitor nanoplastics in PBS 
and in simulated seawater in the range of concentration 1–10 mg/mL, 
possibly as a consequence of the RI of the nanoplastic suspensions at 
these concentrations, whose supposed effect was to modify the RI at the 
sensing surface, in line with [48]. Such a sensor’s response did not 
appear to satisfy the request of real scenarios, as previous case studies on 
melt snow and seawaters reported an estimated nanoplastic concentra
tion in the order of the tens of ng/mL [11,59,60]. In order to meet lower 
sensitivities (ng/mL) and avoid sample preconcentration steps, a high 
performing plasmonic transducing element was functionalized with the 
same receptor. Indeed, the surface of the highly sensitive GNG trans
ducer [51] was modified with the ER receptor, reported to interact with 
high affinity to microplastics [49], with the aim to devise a biosensor 
suitable for the ng/mL detection of nanoplastics. The GNG platforms was 
produced as reported in detail in Refs. [51,52], and the production steps 
are depicted in the scheme of Fig. 2a. Fig. 2b and c shows respectively 
the scanning electron microscopy (SEM) image of the fabricated GNG 
and the actual image of the GNG-based plasmonic chip. Then, the 

Fig. 1. Experimental setup of the ER-GNG biosensor. The pictures show the measuring chambers when a) open and b) capped.  
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Fig. 2. a) Scheme of GNG-based chip production processes b) SEM image of the GNG. c) Photo of GNG-based platform [51]. d) Scheme of coupling reactions.  

Fig. 3. ER-GNG platform. a) Absolute value of the variation in resonance wavelength (blue shift), calculated with respect to the bare chip considering PBS as 
surrounding medium, after each step of the functionalization process on ER-GNG (n = 3, SD = 0.2 nm). b) Normalized plasmonic spectra relative to nanoplastics 
detection in PBS at different concentrations on bare nanostructured platform. c) Absolute value of the variation in resonance wavelength as a function of the 
nanoplastics concentration in semi-log scale on bare (□) and functionalized (■) platform and fitting of the experimental data. (n = 3, SD = 0.2 nm). d) Normalized 
plasmonic spectra relative to nanoplastics detection in PBS at different concentrations on ER-GNG platform. 
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platform surface was functionalized with ER by a multi-step protocol, 
described in details in Refs. [54,55]. The functionalization steps are 
schematically reported in Fig. 2d. The gold surface was treated with 
α-lipoic acid to let the thiol groups react with the gold and form a 
self-assembled monolayer (SAM) with exposed the terminal carboxylic 
groups. Next the carboxylic moieties were activated with EDC/NHS and 
ER was covalently coupled to the SAM through the formation of an 
amide bond between the α-lipoic acid carboxylic group and ER amine 
group [55], obtaining a randomly oriented ER functionalized surface. 
Finally, the surface was passivated, in order to quench unreacted acti
vated carboxylic groups. 

The successful completion of each functionalization step was moni
tored by the changes in the plasmonic spectra calculated with respect to 
the bare platform (without receptor) considering PBS as a surrounding 
medium. As shown in Fig. 3a changes in term of resonance wavelength, 
in presence of the same surrounding medium’s RI (i.e., PBS) were 
observed after each functionalization step (spectra reported in Figure S2 
of Supplementary Material), confirming surface modifications. The 
functionalization steps on the GNG platform produced a decrease in 
resonance wavelength (blue shift). This optical shifts towards shorter 
wavelengths can be ascribed to the optical phenomena taking place in 
the used platforms, since GNG relies on the excitation and mutual 
interaction of SPR and LSPR phenomena [51,52]. These assumptions are 
supported by the fact that surrounding media with higher RI placed on 
the plasmonic surface gave rise to the resonance wavelength values that 
decreased (blue-shift) [51]. 

The ER-GNG biosensor’s response for the nanoplastics was tested in 
PBS in the range of concentrations between 1 ng/mL and 1 mg/mL at the 
incubation time of 3 min (see Figure S1 of Supplementary Material). As 
shown in Fig. 3d, the plasmonic spectra, normalized to the reference 
spectrum, exhibit a decrease of the plasmonic resonance wavelength by 
increasing the nanoplastic concentration. Fig. 3c reports the binding 
isotherm for the nanoplastics on ER-GNG, i.e. the absolute value of the 
resonance wavelength variation (|Δλ|) calculated with respect to the 
blank (PBS solution without analyte) versus the nanoplastics concen
tration in semi-log scale. The experimental data were fit by means of the 
Hill model equation (Equation (1)). Table 1 reports the fitting 
parameters. 

As a control, the response of a bare platform was tested (Fig. 3b and 
c) showing no resonance wavelength variation, thus confirming the 
specificity of the sensor response. 

Additionally, the ER-GNG biosensor’s response was tested for the 
same nanoplastics concentration range (1 ng/mL–1 mg/mL) in simu
lated seawater. Fig. 4a reports the normalized plasmonic spectra for 
increasing nanoplastics concentration. Binding confirmed the blue-shift, 
in agreement to measurements in PBS and to Ref. [51], as shown in 
Fig. 4a, whereas Fig. 4b reports the Hill fitting of the experimental data. 
The Hill model fitting parameters obtained in both PBS and simulated 
seawater are reported in Table 1. The comparison between the param
eters for the measurements on the ER-GNG sensor in PBS and in simu
lated seawater demonstrated that the platform’s response was slightly 
influenced by the matrix variation. Hence, the sensor permits to deter
mine nanoplastics both in PBS and seawater. Moreover, the ER-GNG 
biosensor response was in the range of concentrations of interest for 

the screening of real samples. 
The analytical parameters of ER-GNG sensor are reported in Table 2. 

The remarkable performance, in term of LOD, can be mainly ascribed to 
the kind of excited plasmonic phenomenon in the GNG-based platform. 
In fact, the mutual interactions between SPR and LSPR phenomena, 
triggered on the GNG surface, give rise to hybrid plasmonic modes [51, 
52,61,62]. In such a way, since the nanoplastic to ER binding event takes 
place in close proximity to the gold nanostructures, a noticeable 
improvement in terms of binding sensitivity is achieved [51]. 

At last, as a proof of concept the ER-GNG biosensor was tested with a 
real seawater sample collected from Naples area. The sample was 
diluted 1:20 in PBS and it was tested without any kind of sample pre- 
treatment. The dilution ratio was chosen arbitrarily in order to limit 
the influence on the measurement of non-physiologic pHs. The 1:20 
dilution ensured to reduce the seawater pH from >8.0 to 7.4, while 
allowing a good trade-off between the pH effect correction and main
taining the concentration of the nanoplastics above the LOD, thus 
avoiding preconcentration process. 

The plasmonic spectrum relative to the real sample reported in Fig. 5 
(magenta spectrum), shows a clear blue-shift of the resonance wave
length with respect to the blank (blue spectrum). From the calibration 
curve in Fig. 4b and from the resonance wavelength shift observed, it 
was possible to estimate the concentration of nanoplastics in the real 
seawater sample (Fig. 5b). The obtained value (1.5 ng/mL) was multi
plied by the dilution factor yielding to estimate the concentration of 
nanoplastic in the seawater sample equal to 30 ng/mL. 

To confirm the ER-GNG sensor’s determined value, the residual 
weight of the seawater sample was measured after consecutive filtra
tions and evaporation treatments [57]. The estimated nanoplastics 
concentration, as per the obtained weight, was ~53 ng/mL and it 
showed a good degree of agreement with the ER-GNG results obtained, 
demonstrating the validity of the herein proposed sensing approach. 

A further experiment was intended at evaluating whether the ER- 
GNG sensor was able to discriminate between nano- and microplastics. 
To this purpose the binding kinetics for micro- and nanoplastics, both 
considered at the same concentration (1 ng/mL), were evaluated 
monitoring the spectral shift at different times in presence of micro- and 
nanoplastics. As shown in Fig. 6 the spectral shifts at 3 min for both 
nano- and microplastic showed that nanoplastics produced a signifi
cantly more pronounced shift (|Δλ| = 1.10 nm) respect to microplastics 
(|Δλ| = 0.18 nm), hence indicating that the incubation time can be 
exploited to select nanoplastic over microplastics. 

Finally, reusability, reproducibility, and repeatability of sensor was 
evaluated. After each measurement, the ER-GNG biosensor was regen
erated by extensive washings with PBS while the storage was at 4 ◦C in 
PBS. The regeneration process of the proposed ER-functionalized surface 
was effective, as shown by the constant sensor’s response (100%) after 
regeneration cycles (n = 4). In a wider study, the ER-GNG was tested for 
its reusability, by monitoring the response over a period of three 
months. Fig. 7 shows the efficiency of the regeneration cycles over time 
for the same platform. In particular, Fig. 7a reports the variation in 
resonance wavelength (Δλ) normalized to the maximal response, i.e. 
obtained at the first use (Δλmax(t0)), for several binding (grey back
ground) and regeneration (blue background) cycles on the same func
tionalized platform at the different weeks of utilization. The sensor 
response recovery was calculated as percentage of variation in reso
nance wavelength normalized to the maximal response, i.e. obtained at 
the first use, for binding at a fixed concentration (1 ng/mL). Fig. 7b 
shows that the sensor response was fully recovered in the first two weeks 
of utilization, after 4 regeneration’s cycles (plasmonic spectra are re
ported in Figure S3 of Supplementary Material). Then a progressive 
worsening of the response was observed. 

Repeatability tests were performed, within the first two weeks of 
utilization, on the same platform in the same conditions (n = 10), and 
the maximum experimentally measured variation in plasmonic reso
nance wavelength was equal to 0.2 nm. The reproducibility of the ER- 

Table 1 
Hill parameters of nanoplastic detection on ER-GNG sensor in PBS and in 
seawater.  

ER-GNG Δλ0 Δλmax EC50 n Statistics 

[nm] [nm] [ng/mL]  Reduced 
χ2 

Adj. 
R2 

PBS − 0.98 ±
0.03 

3.99 ±
0.01 

21.80 ±
1.02 

1.02 ±
0.04 

0.02 0.999 

seawater 0.44 ±
0.02 

3.51 ±
0.15 

52.50 ±
49.80 

0.43 ±
0.13 

0.48 0.981  
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GNG biosensor was tested on three different platforms in similar con
ditions (n = 3), and the maximum discrepancy in resonance wavelength 
resulted equal to 0.2 nm. 

Moreover, a comparison between the nanoplastics sensing strategies 
reported in the literature and the ER-GNG, reported in Table 3, showed 
that the ER-GNG sensor displays equal when not superior performance. 
In fact, few sensing techniques showed similar LODs whereas most 
displayed to respond for concentrations of nanoplastics far from the 
expected levels in the environment. 

4. Discussion and conclusions 

In this work, we reported the development of a proof of concept 
nanoplastic sensor, exploiting a gold nanostructured plasmonic 
biosensor, devised by coupling the ER receptor to a GNG chip. The GNG 
structure was based on a previously optimized polymer-based sensor’s 
configuration [51,52]. Various metals, e.g. silver, may be used to excite 
the plasmonic phenomena, but the gold-ones were herein preferred, 
because gold deposition is state-of-art and, additionally, it does not 
oxidize over time, thus extending the device durability and reusability. 

Concerning the recognition element, the ER receptor was chosen 
from studies reported in the literature, which indicated the ER as a 
suitable element for the detection of microplastics [49] but in a con
centration range far from the expected real scenario. The distinctive 

Fig. 4. a) Normalized plasmonic spectra relative to nanoplastics detection in simulated seawater at different concentrations on ER-GNG biosensor. b) Absolute value 
of the variation in resonance wavelength as a function of the nanoplastics concentration in semi-log scale and fitting of the experimental data (n = 3, SD = 0.2 nm). 

Table 2 
ER-GNG analytical parameters relative to nanoplastics detection.  

ER-GNG Sensitivity at low concentration (|Δλmax ─ Δλ0|/EC50) LODa (3astandard deviation of blank/sensitivity at low concentration) 

In PBS 0.230 nm/ng mL− 1 0.39 ng/mL 
In seawater 0.059 nm/ng mL− 1 1.02 ng/mL  

a From [63]. 

Fig. 5. a) Normalized plasmonic spectra relative to nanoplastics detection in real seawater sample solution on ER-GNG b) Extrapolation of concentration in real 
seawater diluted 1:20 from the calibration curve. 

Fig. 6. Absolute value of variation in resonance wavelength (|Δλ|) as a func
tion of incubation time for micro- (●) and nanoplastic (■) both considered at 
the same concentration (1 ng/mL). 
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feature of the ER-GNG sensor, was the choice of the nanoplasmonic 
transducer, which conferred superior binding sensitivity [51,52] and 
thus avoided the need for sample pre-treatment. Indeed, the proposed 
ER-GNG biosensor required just 2 μL of sample, produced a response 
within 3 min and showed sensitivity for the detection of nanoplastics in 
real environmental ranges of concentrations. The ER-GNG sensor 
appeared to allow the determination of nanoplastics in seawater samples 
without any sample pre-treatment. Moreover, the nanoplastics concen
tration measured with ER-GNG (equal to about 30 ng/mL) was then 
confirmed by a conventional method, consisting of the recovery of 
nanoplastics in the seawater samples through filtration, demonstrating a 
good overlapping of the results. Overall, the ER-GNG sensor appeared to 
match the requirements imposed by a real scenario, considering that its 
lifetime is around two weeks. 

As there are no standardized procedures and regulations for nano
plastics, while recent scientific literature [68] proposes criteria, 
applying the ER-GNG sensor to other matrices of interest (e.g., tap water, 
blood sample, food, etc.) in environmental and biomedical fields would 
contribute to clarifying the extent of the issue of the contamination 
derived by nanoplastics and possibly contribute to setting the 
regulations. 
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