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A B S T R A C T   

Since nanoplastics are currently considered potentially hazardous to the environment and human health, reli-
ability of studies on nanoplastic exposure becomes crucial. However, analytical challenges limit our under-
standing of their formation and detection, thus hampering their biological interactions assessment. Here we 
provide a combined approach to quantitatively and qualitatively detect the release of nanoplastics in water 
matrix and, in particular, to measure direct exposure of consumers by simulated use of drinking water plastic 
bottles. We measured that the polyethylene sealing of the bottles released particles with a size distribution 
ranging from few hundreds nanometers up to about one micron and estimated a mass release in the order of few 
tenths of nanograms per opening/closing cycle. We observe that mechanical stress alters the physical-chemical 
characteristics of the generated secondary nanoplastics and degrades the material properties compared to the 
original bulk source, thus complicating their spectroscopic chemical identification. Our findings demonstrate 
that understanding material degradation processes is therefore crucial for identifying and quantifying nano-
plastics in real samples. Moreover, methods allowing quantitative studies on the release of nanoplastic as a 
source of exposure are considered essential for proper assessment of their potential health hazards and to pro-
mote improvements in consumer products plastic packaging design.   

1. Introduction 

Although the growing concern about plastic micro- (MP) and nano-
particles (NP) pervasive diffusion in the environment and human’s food- 
chain, conclusive evidence of their potential health hazards is not yet 
available (Lim, 2021; Mitrano et al., 2021). NP, defined in this work as 
secondary sub-micron objects resulting from fragmentation of plastic 
materials and exhibiting colloidal behaviour (Gigault et al., 2021), are 
the most difficult to detect but potentially the most harmful particles 
since they are small enough to interact at a cellular level. To date, a 
definitive statement on NP toxicity cannot be provided since it is agreed 
that insufficient scientific evidence is available about the level of 
exposure and their interaction with organisms (Zhang et al., 2020). This 

is not surprising considering how little is currently known about the 
physical-chemical properties of secondary nanoplastic debris. Depend-
ing on the measurement metric used and NP model characteristics 
(Blancho et al., 2021; Gigault et al., 2021; Lin et al., 2019), toxicity 
experiments can lead to varying outcomes (Kögel et al., 2020). Despite 
these knowledge gaps, uptake of MP/NP via direct exposure from con-
sumer goods is undisputed. Confirmed sources include both foods and 
beverages products (Fadare et al., 2020; Laborda et al., 2021), such as 
bottled water (Cox et al., 2019; Shruti et al., 2021) with focus on par-
ticulates originating from plastic packaging. Recently, a few studies 
have confirmed the release of MP/NP by food packaging, identifying 
different degradation pathways and unintentional sources of human 
consumption of secondary MP/NP. Mechanical stress to HDPE bottle 
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screw caps, i.e., opening and closing a drinking water bottle, has been 
observed to release MP and identified as potential ingestion source 
through transfer via oral exposure (Weisser et al., 2021; Winkler et al., 
2019). Thermal stress from heat has also been confirmed to release 
MPs/NPs from food packaging, e.g., when brewing a teabags (consisting 
of nylon and PET) (Cella et al., 2022; Hernandez et al., 2019), cooking 
rice in PE cooking bags (Cella et al., 2022) or hot liquids in paper cups 
coated with PE films (Ranjan et al., 2021) and other plastic materials 
holding hot liquids (Liu et al., 2022; Schwabl, 2020). Also, thermal stress 
through freezing had been verified to release MP/NP, as recently 
observed for ice-cube bags (Cella et al., 2022). Contamination of MP/NP 
can also occur by simple contact of food product with the plastic pack-
aging, as observed for, e.g., meat in extruded polystyrene trays (Ked-
zierski et al., 2020) or transfer from plastic take-out containers (Du et al., 
2020). Regulating bodies have thus begun discussing safety assessment 
actions for occurrence, analysis and toxicity of NPs in food and drinking 
water (Allan et al., 2021). While knowledge about MP detection is 
increasing, NP studies are still lagging behind since the development of 
comprehensive detection strategies proved challenging. 
Mass-spectroscopy based techniques can identify the presence of plastics 
in the ng range (Materić et al., 2020; Ter Halle et al., 2017) but lack 
characterization capabilities of microscopic methods. While 
diffraction-limited spectroscopic identification/quantification tech-
niques (e.g., µ-Raman) can in principle resolve sub-micron individual 
particles in laboratory conditions (Gillibert et al., 2019), practical issues 
with matrix reduction and particle concentration from real samples 
greatly complicate the analysis (Valsesia et al., 2021). Often, a 
multi-technique approach is needed to obtain the necessary information 
on chemical character, shape, size distribution, and concentration 
(Schwaferts et al., 2019; Ter Halle et al., 2017). Remarkably, the 
approach proposed in Schwaferts et al. (2019) combines high-resolution 
imaging techniques (Electron Microscopy), chemical identification 
techniques (vibrational spectroscopies or mass spectroscopies) and 
particle scattering techniques for a complete characterization of poly-
meric nanoparticles. Among the different particle scattering techniques 
Single Particle Extinction and Scattering (SPES) has been successfully 
used for the counting and identification of polymeric nanoparticles in 
different media (Potenza et al., 2015; Sanvito et al., 2017). Moreover, 
physico-chemical mechanisms occurring during top-down formation of 
secondary NP from larger particles are mainly responsible for the 
observed heterogeneity in their material properties, transfer pathways 
and reactivity (Hamzah et al., 2018; Liu et al., 2020). Together with 
other stressors such as photodegradation and biodegradation, realistic 
degradation-induced modifications must be taken into account while 
developing reliable analytical detection methods since the use of overly 
simplified laboratory models may lead to non-representative 
conclusions. 

In this study, we will describe a multi-technique analytical meth-
odology for NP detection, identification and size distribution measure-
ment as applied to the analysis of sub-micron particulate release from 
drinking water bottles under realistic use conditions. Furthermore, we 
identify and discuss NP physical-chemical properties modifications 
occurring during secondary formation pathways and their impact on 
particulate identification and quantification. Understanding the differ-
ences between secondary nano-objects and their primary macro sources 
can play a crucial role in designing effective biological interaction NP 
models and experiments. 

2. Materials and methods 

2.1. Study design 

The release of MP/NP particles from PET-bottlenecks and HDPE cap 
material was determined after an opening and closing procedure to 
mimic the mechanical stress caused by using a bottle. Quantity, chem-
ical and size range analyses of released particles were performed by 

Single Particle Extinction and Scattering (SPES), X-ray photoelectron 
spectroscopy (XPS), Scanning Electron Microscopy (SEM), µ-Raman 
spectroscopy, Fourier-transform infrared Attenuated total reflectance 
(FTIR-ATR) and µ-FTIR spectroscopy. Although all the methods are non- 
destructive, the analyses with SEM, XPS, µ-Raman and µ-FTIR require 
specific filters to provide optimal conditions for clear results, which 
made the use of a new set of prepared samples for these instruments 
necessary. The experimental process is described below. 

2.2. Sample processing 

For sampling material preparation, mineral water bottles (0.5 L) 
from local supermarkets were purchased, and the outer surface was 
cleaned with ethanol. The bottle itself consisted of transparent PET, and 
the cap was made of white HDPE material as indicated by the manu-
facturer and verified via FTIR-ATR measurements. To apply mechanical 
stress, one bottle was opened and closed 1, 10, and 50 times manually 
without fully removing the cap during each open-close cycle. The water 
content was previously released by cutting the bottle base with a cutter. 
When the bottle was first opened, the security ring detached from the 
cap and remained loose at the lower end of the bottleneck. To detach the 
MP/NP released from the PET bottleneck surface and HDPE cap that 
passed over to the bottleneck due to the treatment, the cap was removed. 
Particles were rinsed off the bottleneck by immersing it head down into 
a small glass beaker containing 15 mL Milli-Q ultrapure water (mQ-H2O) 
so that only the bottleneck was entirely covered. The bottleneck was left 
in the solution for 3 min while gently agitating. For the analysis with 
SPES, the bottle was removed and the beaker transported to the in-
strument where the solution was directly analysed. The same solutions 
were then used for µ-Raman and SEM analysis after two concentration 
steps. The concentration of the sample solution facilitates the analysis of 
volumes with low MP/NP concentration for spectroscopic and micro-
scopic analyses by reducing the area of analysis to a small droplet on a 
suitable surface. The first concentration of the solutions was performed 
by applying an Amicon Ultra 25 mL Centrifugal Filter having a molec-
ular weight cut-off of 100,000 kDa. The solution was centrifuged for 2 
min at max speed (4500 x g, swing-bucket rotor), leaving the residual 
sample in the top part of the Amicon unit. The sample reservoir contains 
the concentrate, of which 500 µL were collected using a pipette. The 
concentrate was transferred into an Amicon Ultra 0.5 mL Centrifugal 
Filter having a molecular weight cut-off of 10,000 kDa. The sample was 
centrifuged for 2 min at max speed (21,130 × g, fixed angle), resulting in 
a concentrated solution of 25 µL. Of the final concentrate, 1 µL were 
taken with a pipette and spotted on silicon chips for Raman analysis. 
Another 1 µL were spotted on cleaned flat silicon chips for SEM analysis. 
Samples were dried before the analysis. In addition, the release of 
microplastic particles from the bottle material was tested by µ-FTIR 
spectroscopy. An additional bottle was opened/closed 50 times, and the 
bottleneck immersed in 0.1% sodium dodecyl sulphate (SDS) solution to 
aid hydrophobic particles recovery from the solution. However, since 
the analysis of one bottle opened/closed 50 times could identify only 
one PE particle, 390 µm in size (Fig. S1), no further replicates were 
considered. For the sake of completeness, the method is described 
further below. Results and details of µ-FTIR analysis (of the detected PE 
micro- particle) are reported in the SI, Fig. S1. 

2.3. Quality control 

Before proceeding with the experiments, it was necessary to verify 
that plastic particles potentially released on the bottleneck were indeed 
rinsed off from the bottle by immersion in mQ-H2O for 3 min, without 
the use of additional solvents. Accordingly, SEM images (JEOL JSM- 
IT500) of the neck of two further bottles opened/closed 50 times were 
taken to count particles applying a semi-quantitative approach. One 
bottleneck before and one after the immersion was removed from the 
bottle body with a scalpel and mounted on aluminium stubs. For each 
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bottleneck, three SEM images with a magnification of 50 X were taken 
on a vertical line from the top to the bottom edge of the bottleneck 
surface. The SEM images were processed to count detected microparti-
cles on bottlenecks before and after the immersion in mQ-H2O. Oper-
ating conditions were: accelerating voltage 20 kV, probe current 80 mA, 
and working distance 15.7–17.6 mm. The semi-quantitative analysis on 
the analysed surface area of the bottleneck revealed four particles 
(170–550 µm in size) before and no particles after the immersion of the 
bottle (Fig. S2), confirming the successful removal of particles from the 
bottle into the water. EDS analysis of these particles resulted in an 
elemental composition of 100% carbon (Fig. S3), which is consistent 
with HDPE and, therefore, suggesting particle derived from the cap 
material. We included procedural lab blanks consisting of 15 µL mQ- 
H2O, which underwent the same processes as the samples. The “blank” 
sample was placed in another beaker close to the soaking beaker for all 
the time needed to process the 50 times sample. Then it underwent the 
same processes. Moreover, pristine mQ-H2O directly from the distrib-
utor was analysed by SPES for comparison. Additionally, we cryomilled 
cap material (HDPE) of the same bottle brand as reference material for 
µ-Raman spectroscopy to simulate effects of mechanical stress (irregular 
particles rather than micro-and nanobeads). Cap material was cut into 
smaller pieces and placed in the sample holders (polycarbonate sample 
holder) of the cryomill (Cryomiller 6875 Freezer/Mill® Spex) together 
with NaCl to enhance grinding. Milling conditions were: 20 min cooling 
time, nine cycles of 2 min and 2 min rest, repeated four times. All glass 
wear and metal cutleries were cleaned with washing detergent and 
rinsed with fresh mQ-H2O. Laboratory surfaces on which the prepara-
tions were performed were covered with a layer of aluminium foil. All 
persons wore cotton lab coats or non-synthetic clothes and washed their 
hands frequently. 

2.4. Single particle extinction and scattering 

For the determination of particle number and size distribution, single 
particle extinction and scattering analysis was performed using the 
CLASSIZER™ ONE (EOS S.r.l., Milan, Italy), equipped with a red light 
diode (λ = 640 nm, power < 50 mW). This light scattering method en-
ables the analysis, classification and counting of single particles in fluids 
based on their optical properties. Briefly, particles passing the focal re-
gion of a light beam transmit and scatter light that can be collected onto 
a sensor placed in the far-field of the laser beam. This can give a measure 
of the complex amplitude of the forward scattered field via a self- 
reference interferometric scheme (Potenza et al., 2015; Villa et al., 
2016). The scattered field amplitude depends on several important 
nanoparticles’ characteristics (i.e., size, refractive index (n) and shape) 
that can be analysed with the technique. In this work, we focus on the 
size distribution and particle concentration. The results are presented in 
a 2D histogram having as X- and Y-axis the complex scattered field 
components (Re[S(0)], Im[S(0)]) and as Z-axis the concentration 
(counts⋅bin− 1⋅cm− 3) within each 2D-bin in the complex S(0) plane 
(Potenza et al., 2015). In the case of dielectric particles and under the 
assumption of spherical shape, both size and n can be simultaneously 
and unambiguously determined from the S(0) raw data thanks to the 
Mie scattering calculations. Even in the case of non-spherical particle 
shapes, and for particles aspect ratios (AR) lower than 2 – 3 (Chyacu-
telek et al., 1976), the spherical approximation leads to a precision over 
the refractive index measurement better than 10%. Therefore, the 
evaluation of the numerical size distribution of the whole sample was 
obtained by applying the dielectric sphere model. The lower and upper 
detection limit for dielectric material such as polymers is 200 nm to 20 
µm. The instrument was operated with a constant flow of 4 mL per 
minute. Total analysed volume varied from 66 to 78 mL, which was 
obtained by fluxing the sample multiple times to ensure a sufficient 
number of detectable particles. Since the method is non-invasive and 
non-destructive, the suspension returned into the sample beaker and 
could be further used for µ-Raman and SEM investigation. In addition, 

by approaching the analysis with the Mean Field Approximation (Boh-
ren and Huffman, 1998; Chýlek et al., 1988) and the Lorentz-Mie 
method, an average filling factor evaluation was performed to detect 
signs of agglomeration or indication for a shape similar to a ball of fibre 
or a porous particle. The average filling factor analysis reports the filling 
percentage inside the detected particle of the bulk expected material 
(HDPE or PET in our analysis). Analyses were performed by the software 
version ClassizerONE S1.4.34. 

2.5. Micro-Raman spectroscopy 

Raman analysis was performed on the concentrated samples drop- 
casted onto the silicon chips. The samples on the chips were analysed 
using a WITec Confocal Raman Microscope (Witec, Ulm, Germany), 
equipped with a λ = 532 nm laser. The scan resolution was 200 nm and 
the integration time per pixel was 5 s. A 100 × magnification object was 
used with numerical aperture of 1.25. Univariate analysis of the 
hyperspectral images was performed using the Witec instrument soft-
ware (Witec Suite 5) by integration of the spectra corresponding to the 
spectral bands between 2800–3100 cm− 1 assigned to the C - H stretching 
of polymers. Cosmic Rays Removal and baseline correction tools were 
applied to the spectra before univariate analysis. The lowest detection 
limit of single isolated nanoparticles for this instrument was 0.5 µm 
(using commercial PS beads, PolyScience Inc). The Raman spectra were 
fitted with an appropriate number of Voigt functions for each spectral 
band using a nonlinear, least-squares Levemberg-Marquardt regression 
method. Fitting parameters were peak centres, FWHM, areas for each 
peak and the common linear baseline. Peak positions were constrained 
± 5 cm− 1 using literature references from HDPE (Bentley and Hendra, 
1995; Gaston et al., 2018; Snyder et al., 1978; Zhang et al., 1997). The 
uncertainty of peak positions and areas were less than ± 0.5 cm− 1 and ±
10%, respectively. Mass fractions of crystalline domains, trans and 
amorphous conformers were calculated according to the method origi-
nally suggested by Strobl et al. (Rull et al., 1993; Strobl and Hagedorn, 
1978) and later adopted by several authors (Migler et al., 2015) 
describing PE using a three phases model (amorphous, orthorhombic 
crystalline and non-crystalline consecutive trans conformers, NCCT). In 
the method, the intensity of the τ(CH2) twist vibration band around 
1300 cm− 1 is used as internal normalisation standard. The band in-
tensity ratio with its component’s intensities 1298 cm− 1 and 1305 cm− 1 

yields the trans and amorphous conformers’ mass fractions. The refer-
ence band ratio with the 1416 cm− 1 peak (interchain interactions from 
δ(CH2) + ω(CH2) vibrations) can then be used to differentiate the mass 
fraction contribution from the orthorhombic crystalline regions from the 
non-crystalline consecutive trans conformers (χothorhombic = χtrans - 
χNCCT). For comparison, reference spectra acquired on the bottles bulk 
materials are shown in Fig. S4. 

2.6. Scanning electron microscopy 

Scanning electron microscopy (SEM) images of concentrated samples 
on silicon chips were recorded using a Thermofisher, FEI, NOVA 600i 
electron microscope operating at an acceleration of 2 kV and magnifi-
cation of 65X at a working distance varying from 4 to 7 mm. Further 
high-resolution SEM images were acquired from different sample areas 
with varying magnifications (1000 -16000 X). EDS spectroscopy and 
mapping were carried out in a Nova 600i Nanolab (Thermofisher, 
Eindhoven, The Netherlands) equipped with an EDS system for 
elemental analysis (EDAX Inc, Mahwah, NJ, USA). The EDS system 
mounts an Octane Elect Plus x-rays detector. Typical EDS maps and 
spectra were acquired using Acceleration Voltage values between 10 and 
25 kV, with Take Off angle of 35◦ and Dwell Time of 200 ms. 

2.7. X-ray photoelectron spectroscopy 

XPS measurements were performed with an Axis Ultra spectrometer 
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(Kratos, Manchester, UK), using a Kα Al monochromatic source (hν =

1486.6 eV) operating at 150 W and an X-ray spot size of 400 × 700 
μm2 in the hybrid mode. Large spot sizes allowed to obtain good S/N 
ratios in recorded spectra, even if they can introduce drawbacks related 
to possible substrate contribution and require suitable film deposition 
method. In order to overcome these issues, we deposited filtered par-
ticulate films by drop/casting, and we used Teflon strips as substrates. 
Sample preparation procedures established in literature were followed 
for solid (Bañuls-Ciscar et al., 2020) and nanoparticles (Bennet et al., 
2020) surfaces, respectively. The residual pressure of the analysis 
chamber during the analysis was less than 8 × 10− 9 Torr. For each 
sample, both survey spectra (0–1150 eV, pass energy 80 eV) and 
high-resolution spectra (pass energy at 40 eV) were recorded. Surface 
charge was compensated by a magnetic charge compensation system, 
and the energy scale was calibrated by setting the C 1s hydrocarbon peak 
to 285.00 eV in binding energy (Baer and Engelhard, 2010; Shard, 
2020). The data were processed using Vision2 software (Kratos 
Analytical, UK), and the analysis of the XPS peaks was carried out using 
a commercial software package (CasaXPS v2.3.18PR1, Casa Software, 
Ltd., UK). Peak fitting was performed with no preliminary smoothing. 
Symmetric Gaussian–Lorentzian (70% Gaussian and 30% Lorentzian) 
product functions were used to approximate the line shapes of the fitting 
components after a 3-parameters Tougaard-type background subtrac-
tion. Concentrated samples were dispersed in mQ-H2O and drop-casted 
on clean Teflon substrates. The use of Teflon substrate allows mini-
mizing the uncertainties in the stoichiometric evaluation of the C con-
tent of the surface, mainly due to adventitious hydrocarbon 
contamination. This is especially critical in case of low thicknesses of the 
analysed films. The high binding energy shift of electrons originating 
from C-F bonds and the precisely known Teflon stoichiometry allows 
separating with high confidence the substrate and sample contributions 
during the C 1s peak fitting. Accordingly, Teflon substrate contribution 
to the C 1s signal was not considered in the elemental quantification of 
the sample. For comparison, reference spectra acquired on the bottles 
bulk materials are shown in Fig. S5. 

2.8. Micro-FTIR spectroscopy 

For the preparation of the µ-FTIR analysis, the particles were 
removed from the bottleneck as described above. The solution was 
transferred into a standard vacuum-filtration apparatus and the beaker 
rinsed with 5 mL mQ-H2O. The filter membrane was Whatman® Ano-
disc inorganic filter membrane (diam. 13 mm) with a nominal pore size 
of 0.1 µm. The membrane is composed of a high purity alumina porous 
matrix. After filtration, the membrane was placed in a clean, covered 
petri dish for drying. Micro-FTIR microscopy was performed using a 
Bruker Infrared Imaging Microscope. Since the surface of the filters is 
transparent for IR-radiation with wavenumbers above 1300 cm− 1, 
measurement of all particles > 10 µm (approximate detection limit for 
this instrument in our configuration) was carried out in transmission 
mode in a wavenumber range of 4000 – 1300 cm− 1. Transmission mode 
allowed for the determination of the particle, minimising the interfer-
ence of a potential surface cover layer or soiling. The measurements 
were controlled by native Bruker OPUS8.5 software. For each experi-
ment, either the full or, in the case of blanks, at least ¼ of the surface 
area of the filter was analysed. A total of 64 scans were taken for each 
spectrum, with a spectral resolution of 4 cm− 1. The IR absorbance was 
compared with spectra generated by reference material obtained from 
PET from bottlenecks and HDPE from bottle caps and with internal 
OPUS spectral library. For comparison, reference spectra acquired on 
the bottles bulk materials are shown in Fig. S6. Both sides of the bottle 
body and screw cap were measured to expose eventual occurrence of 
oxidation due to weathering/ageing of the polymeric materials 
(Bañuls-Ciscar et al., 2020) in the bottle. ATR-FTIR analysis shows no 
differences between the two surfaces of the bottle components (see 
Fig. S7). 

2.9. Data analysis 

Origin, CasaXPS and Microsoft Excel were used for data analysis. 
Origin and Inkscape were used for exporting data graphs. 

3. Results and discussion 

3.1. Morphological and chemical analysis 

The release of MP/NP particles from commercial drinking water 
bottles was determined after several opening-closing cycles (1, 10, and 
50 times) to mimic product (re)utilisation. The bottleneck-cap system 
(made of polyethylene terephthalate, PET, and polyethylene, PE, 
respectively, as stated by the manufacturer and verified via FTIR-ATR 
measurements) was rinsed with mQ-H2O after opening/closing cycles 
to recover released particulate. Care was taken to ensure efficient re-
covery and to avoid contamination from external sources. Chemical and 
size distribution analyses of released particles were performed 
combining Scanning Electron Microscopy (SEM), Single Particle 
Extinction and Scattering (SPES) (Potenza et al., 2015), X-ray photo-
electron spectroscopy (XPS), µ-Raman and µ-Fourier-transform infrared 
(FTIR) spectroscopy. For SPES, that allows outlining particle size dis-
tribution and concentration, and µ-FTIR measurements the rinsing water 
was analysed directly while for other techniques the solution was 
centrifugally filtered (at 104 kDa cut-off) and concentrated on a Si-chip 
surface. Qualitative SEM images analysis show that the amount of re-
sidual particulate recovered from the neck of water bottles after simu-
lated use deviates from the procedural blank and increases with the 
number of opening/closing cycles (Fig. 1b–d), indicating an accumula-
tion of particles whose approximate size range was well below 5 µm 
(Fig. 1e–h). SEM/EDS elemental composition analysis on recovered 
particles showed almost exclusively carbon with the measured O/C ratio 
being close to zero (Figs. S2 and S3). This observation is compatible with 
common commodity thermoplastics such as PE (i.e., bottle cap material), 
PP, and PS, and with some synthetic elastomers’ compositions (e.g., SBR, 
styrene-butadiene rubber; EPDM, ethylene-propylene-diene-monomer 
rubber) but not with PET (i.e., bottle material). Chemical identifica-
tion of sub-micron particles via EDS is complicated due to increasing 
interference from surface oxidation (Gniadek and Dąbrowska, 2019) and 
matrix contaminations (Valsesia et al., 2021). Moreover, the size range 
of the observed residual particulate lies below the detection limit of 
µ-FTIR spectrometers (Facchetti et al., 2020; Galafassi et al., 2021; 
Schymanski et al., 2018), as already observed in previous investigations 
on similar systems (Winkler et al., 2019). 

Accordingly, µ-FTIR analysis of the unfiltered rinsing water did not 
result in any statistically relevant PE or PET particle detection, even 
though some large PE objects were occasionally detected (Fig. S1). An 
XPS study was conducted on both the recovered particulates in the nano- 
range and the cleaved HDPE cap in order to chemically identify the 
materials through their elemental composition and stoichiometric ratios 
(Fig. 2, Tables S1 and S2). In fact, in the HDPE spectrum (Fig. 2c), the 
asymmetric line shape of the main C-C, C-H component can be used for 
chemical identification since it can be reliably fitted using the four 
symmetric C-H stretch vibrational components typical of PE (Beamson 
et al., 1991) However, the nanoparticulate O/C elemental ratio exhibits 
a six-fold increase with respect to the cap material (O/CHDPEcap = [6.5 ±
1.8] %; O/CNP = [35.7 ± 3.3] %), thus making the chemical identifi-
cation based on stoichiometric ratios quite problematic. In addition, this 
increased surface oxidation (Fig. 2e, Table S2) in the nanoparticle 
spectrum resulted in a large overlap between the C-O components and 
the high binding energy tail of the C-C, C-H component, effectively 
making a univocal deconvolution of vibrational C-H components not 
feasible. 
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Fig. 1. Microscopic analysis of the nanoparticulate released from water bottles. SEM images of concentrated particulates dried on silicon chips. Full droplet area 
(magnification 65X) from procedural blank (a) and drinking water bottles opened/closed 1, 10, and 50 times (b–d). (e–h) High-resolution SEM images of the 
particulate aggregated at the centre of the droplet footprints in a–d, respectively, magnification 16000X. 

Fig. 2. Chemical analysis of the released nanoparticulate surface. XPS survey spectra of (a) the HDPE cap surface (cleaved bulk material) and (b) the concentrated 
particulate recovered from bottleneck immersion in mQ-H2O (50 opening/closing cycles). Concentrated particulates were drop-cast and dried onto clean Teflon 
substrates. (c) High-resolution C 1s spectra of the HDPE cap surface and associated individual peak contributions fitting (line shapes used are GL(80) for the C-H 
vibrational components (Beamson et al., 1991) and GL(30) for the oxidized peaks). (d) High-resolution C 1s spectra of the concentrated particulate recovered from 
bottleneck immersion in mQ-H2O (50 opening/closing cycles) (line shapes used are GL(30) for all peaks). (e) Quantification of carbon atom bonds from the 
deconvolution of the high-resolution C 1s peak envelope for both HDPE cap surface and recovered nanoparticulate (contributions from [CF2]n substrate was sub-
tracted). Values are also reported in Table S2. 
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3.2. Quantification and sizing 

We analysed particle dispersions with Single Particle Extinction and 
Scattering (SPES) (Potenza et al., 2015). A detailed description of the 
technique and an explanation of how to interpret data is given in the SI. 
The four panels in Fig. 3 show SPES histograms for the procedural blank, 
consisting of mQ-H2O undergoing the same manipulations as the bottle 
samples (Fig. 3a), and the particle dispersions recovered after 1, 10, and 
50 (Fig. 3b–d) opening/closing cycles. SPES data for unprocessed 
mQ-H2O are shown in Fig. S8. The scattering data-points cluster in two 
slightly separated areas which can be qualitatively separated into two 
distinct particle populations (green and blue circles in Fig. 3c) with 
different size-distribution characteristics and different behaviour with 
respect to number of opening/closing cycles. The first group (Pop-
ulation-A), characterised by a high particle concentration, exhibits ob-
jects with typically sub-micron dimensions (dA = [0.72 ± 0.09] µm with 
dFWHM_A = [0.57 ± 0.05] µm, D90_A = [1.04 ± 0.14] µm) and refractive 
index around nA = [1.42 ± 0.01]. All size-distribution descriptors show 
little variance with the number of opening/closing cycles. In contrast, 
the second group of particles (Population-B), was present at lower 
concentrations with typical dimensions being in the low micron range 
(dB = [2.13 ± 0.50] µm with dFWHM_B = [1.90 ± 0.46] µm, D10_B = [1.19 

± 0.32] µm) and nB = [1.41 ± 0.04]. In this case, all descriptors show 

higher variance with increasing cycle number. The increasing integral 
counts of SPES histograms indicates that the total particle concentration 
in the suspensions also increases with the number of opening/closing 
cycles, as observed in the SEM pictures. However, the numbers of 
recovered particles and its dependence on the number of cycles are 
different when considered separately for the two particle populations 
(see Fig. S8). Particle counts in Population-A, [N]A, is at least an order of 
magnitude higher than in Population B, [N]B, for all the experiments. 
Another significant difference is that the total number of recovered 
particles increased roughly linearly (rPearson = 0.98; R2

Adj. = 0.94) with 
the number of cycles for Population-A while it exhibits a plateau for 
Population-B (see Fig. S9). This would suggest that the former could be 
linked to the opening-closing cycles while the latter may derive from 
environmental contamination occurring during manipulation. SPES 
analysis (Fig. S9) of mQ-H2O used for particle recovery reveals that an 
exceedingly small number of particles with sizes in the low micron range 
is already present at this stage. A summary with the principal statistical 
descriptors characterising Population-A number-based particle size 
distribution is given in Table 1 for different opening-closing cycles and 
for the control experiments. The full table with all the statistical de-
scriptors of both Population-A and Population-B particle distributions 
can be found in Table S3 in the Supporting Information section. The 
overall particle number-based distributions (absolute) as a function of 
the cycle number and their cumulative distributions (normalised) are 

Fig. 3. SPES analysis of the released nanoparticulate. Experimental SPES results obtained from (a) procedural blank and suspensions obtained from washing bot-
tlenecks opened 1, 10, and 50 times (b, c and d, respectively). (e) Effective refractive index derived from SPES data of samples compared with expected values from 
different forms of PE (amorphous PE, XLPE and HDPE). Two-dimensional (2D) plots (histograms) provide the raw data distribution of single particle scattered light 
fields amplitude in the complex plane Re[S(0)]-Im[S(0)]. Typically, the scattered field values depend on size, refractive index and shape of each particle. 
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shown in Fig. 4. An effect caused by the eventual release of MP/NP 
through the detachment of the security ring from the cap during the first 
opening of the bottle was not observed. Moreover, the reported numbers 
of released NP refer to those on the bottleneck, while it can be assumed 
that further NP remained on the inner surface of caps as reported by 
Winkler et al. (2019) for MPs/NPs in the size range of 0.54 to 39.9 µm. 

To identify the likely source of the released particulate, the refractive 
index derived from SPES data was compared with HDPE and PET 
reference values. The best-fit between particle representative data- 
points belonging to Population-A and Mie scattering calculations (i.e., 
with constant-n contour lines in the (Re[S(0)], Im[S(0)]) plane under the 
assumption of spherical shape) results in an average nA = [1.42 ± 0.01] 
(inset, Fig. 3e). This value does not substantially vary with the number of 
cycles. The measured n value lies in a range compatible with polymeric 
materials, but it is considerably smaller than the nominal values of the 
bottle components, PET (nPET = 1.57) and HDPE (nHDPE = 1.54). Under 
the working hypothesis that particles observed in Population-A originate 
mechanically during the opening/closing cycles from the bottleneck-cap 
system, we can identify at least three factors that may contribute to 
explaining the difference between observed and calculated refractive 
indices:  

(i) occurrence of non-isometric nanoparticles, whose neffective is lower 
than nbulk;  

(ii) occurrence of nanoparticle aggregates, whose neffective is the 
volume-average between nbulk and nmedium;  

(iii) phase variations occurring during nanoparticle formation during 
the opening/closing cycles (typically namorphous < ncrystallline, see 
Fig. 3e). 

As for hypothesis (i), it is often observed that the spherical-shape 
assumption is rarely met in environmental and/or non-model samples. 
The occurrence of complex shapes in particulate distribution has the 
effect of lowering the neffective value calculated from SPES data (Potenza 
et al., 2016). Assuming quasi-spherical, non-isometric particles with 
aspect-ratio < 3 (as can be hypothesised based on SEM images, Fig. S10), 
the predicted neffective values (Chyacutelek et al., 1976) would result in 
neffective_PE > 1.46 and neffective_PET > 1.49. Support for hypothesis (ii) also 
derives from SEM analysis (Fig. S10), where the granular appearance of 
the filtered particulate suggests that they may be composed of smaller 
sub-units. An analysis of the filling-factor (ff) can be made based on the 
mean-field approximation and the Lorentz-Mie method (Chýlek et al., 
1988), assuming the empty volume of the particles is filled with the 
suspension medium (nH2O = 1.33). To explain the experimentally 
observed nA, particle conglomerates should have ff_PE = [48.5 ± 19.1] % 
and ff_PET = [42.6 ± 16.8] %, respectively. These calculations can be 
qualitatively compared to experimental data using theoretical ff values 
predicted for (relatively) monodisperse, randomly packed, isometric 
hard objects. Depending on the packing mechanism, a theoretical 
limiting ff ranging from 52% to 62% can be obtained. A slightly higher ff 
could be reached if an external energy source aids conglomerate for-
mation (Nava et al., 2018, 2017). Comparing these theoretical values 
with the experiments, we can conclude that the conglomerate’s scenario 
is more likely to match the case of PE release. Hypothesis (iii) is made 
based on the observed amorphization of semicrystalline polymers dur-
ing mechanical fragmentation (Katiyar et al., 2020). Optical properties 
of semicrystalline polymers are related to their structural characteris-
tics, such as crystalline fraction (Xc), and the refractive index of crys-
talline domains is normally higher than that of amorphous regions 
according to their relative densities. Commercial PET presents Xc around 
20–30% (determined by calorimetry (Bach et al., 2009a)) and nPET =

1.57; while in the HDPE bottle caps, an Xc = 80% was determined by 
X-ray diffraction (XRD) measurements (Nava et al., 2017) (Fig. S11) and 
nHDPE = 1.54. The refractive index of purely amorphous PET has been 
measured to be around namorph-PET = 1.54; (Iiyama et al., 2011) while in 
different PE formulations the correlation between Xc and n is clear, e.g., 
nLDPE = 1.51, Xc_LDPE ≈ 50%; nXLPE = 1.49, XC-XLPE ≈ 40% and namorph –PE 
= 1.47, Xc_amorph-PE ≈ 0%. Some of these values have been used to 
calculate the constant-n lines in Fig. 3e and compared to the data best-fit 

Table 1 
Particle size-distributions descriptors from SPES data fitting of Population-A 
nanoparticles. Absolute number of recovered particles [N] (ad.), refractive 
index, n (ad.), distribution mean, d (µm). When appropriate, standard deviations 
are indicated in parentheses. For [N] the relative error in total number of par-
ticle estimation is around 20%.  

Population A [N]A ad. nA ad. dAµm 

mQ-H2O 1.0E3 – (c) – (c) 

BLANK 11.8E4 1.43(0.04) 0.75 
OPEN 1X 12.4E4 1.41(0.03) 0.82 
OPEN 10X 13.5E5 1.43(0.04) 0.69 
OPEN 50X 33.0E5 1.43(0.04) 0.64 
Average(a) n.a.(b) 1.42 0.72 
St.Dev.(a) n.a. (b) 0.01 0.09  

a Averages and standard deviations calculated only on OPEN 1x, 10x and 50x 
b Not applicable. 

Fig. 4. Quantitative description of the released nanoparticulate. 
Number-based particle size distribution (left axis) and normalised 
cumulative particle size distribution obtained from SPES experiments 
with mQ-H2O (procedural blank) and suspensions obtained from 
washing bottlenecks opened 1, 10, and 50 times. Dotted lines indicated 
the boundaries of Population-A and B particle distributions expressed 
in terms D10 and D90 as calculated from SPES histograms. The average 
volume analysed per sample was V = [15 ± 0.3] mL.   
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line for Population-A. The trend in particle concentrations and the three 
scenarios proposed in the previous paragraph are qualitatively consis-
tent with the hypothesis that particulates in Population-A originate from 
the PE cap system under the influence of the opening/closing cycles. 
Nonetheless, none of these effects alone can be invoked to unambigu-
ously explain the discrepancy between the observed nA value and nPE, 
and univocal identification of the chemical nature of the nanoparticles 
based only on these observations is not possible. 

3.3. Chemical identification 

To unequivocally identify the particle’s chemical nature, we further 
analysed the particulate residue via µ-Raman spectroscopy. Fig. 5a 
shows spectra in the group frequencies and characteristic CH2-stretching 
regions measured on the nanoparticulate recovered after 1, 10, and 50 
cycles. Particulate spectra are compared to the HDPE cap spectrum and 
literature (Bentley and Hendra, 1995; Gaston et al., 2018; Snyder et al., 
1978; Zhang et al., 1997) (Fig. S12). Fig. 5b–e shows surface maps 
displaying integrated Raman intensity in the spectral range between 
1400 and 1500 cm− 1, a region characteristic of functional group vi-
brations δ(CH2) and δ(CH3) and compatible with both natural organic 
materials and carbon-based polymeric materials. Both single-point 
Raman spectra and intensity maps support the SEM and SPES observa-
tions which indicate that the recovered particles in the submicron-size 
range increase in number with the number of opening/closing cycles 
and can be distinguished from those of procedural blanks. Particulate 
chemical identification based on standard automated spectral correla-
tion operated using different commercial and home-built reference 
material libraries (Cowger et al., 2021) did not show any reliable match 
with either the packaging materials (HDPE, PET), expected impurities 
(based on XPS analysis) or known contaminants from our preparation 
protocol. In general, spectra from recovered particulates show a marked 
intensity loss, high signal-to-noise (S/N) ratio and poorly defined, broad 
spectral features compared to the bulk material. This is due to reduced 
scattering material volume in the laser focal spot, reduced particle size, 
and inhomogeneous broadening effects (mainly due to morphological 
inhomogeneity in our sample). The Raman bands with the highest S/N 

were recorded for the 50 cycles sample, exhibiting also the highest 
particulate concentration. Raman bands from the samples appear in 
similar spectral regions where the HDPE cap also exhibits Raman bands, 
however, band head positions and individual peak shapes appear to be 
different between the bulk and the nanomaterials. 

To gain insight into the chemical nature of the recovered nano-
fraction, we closely analysed the group frequencies region (1000–1550 
cm− 1, Fig. 6a, b) and the ν(CH2) region (2775–3025 cm− 1, Fig. 6d–f). 
The features of the spectra from recovered particulates (Fig. 6a) were 
compared with model nanoparticulate obtained by cryomilling HDPE 
bottle caps (after resuspension in mQ-H2O and filtration with a 1.2 µm 
cut-off filter, Fig. 6b) and the HDPE cap spectra (Fig. 6c). The cryomilled 
material was included to separate possible thermal effects in NP for-
mation occurring during cycling. Raman band assignments for semi-
crystalline PE molecular vibrations are well established in the literature; 
(Bentley and Hendra, 1995; Gaston et al., 2018; Snyder et al., 1978; 
Zhang et al., 1997) Table S4 summarises the Raman shifts, vibrational 
modes and structural phase assignments for all the individual peaks 
obtained from band envelopes deconvolution shown in Fig. 6. In Fig. 6, 
the different peak phase assignments are colour-coded for ease of 
reference; orange is assigned to the orthorhombic crystalline phase, 
green for all non-crystalline consecutive trans (NCCT) (Migler et al., 
2015) configurations and blue for amorphous domains. All peaks iden-
tified in the HDPE spectrum were identified and phase-assigned, 
(Bentley and Hendra, 1995; Gaston et al., 2018; Snyder et al., 1978; 
Zhang et al., 1997) and the resulting crystallinity calculated (Rull et al., 
1993) from experiments was found to be as follows: Xorthorhombic_Raman =

[10.3 ± 0.5] %, (Xamorph_Raman = [18.3 ± 0.5] % and XNCCT_Raman = [71.4 
± 0.5] %). This result agrees with the XRD measurements (see Fig. S11, 
which give a compound crystalline fraction of Xorthorhombic+NCCT_XRD =

[78.9 ± 0.5] % and an amorphous fraction of Xamorph_XRD = [21.1 ± 0.5] 
% in agreement also with reference values for commercial HDPE (Bach 
et al., 2009b) For the two nanomaterials, the first band in the group 
frequencies region (Fig. 6a, b) shows two peaks degrading towards 
higher wavenumbers and extends from 1000 to 1150 cm− 1. The second 
band is a broad, featureless peak centred around 1300 cm− 1, while the 
third band shows two components of increasing intensity and extends 

Fig. 5. Chemical analysis of the released nanoparticulate. (a) Confocal Raman spectrum of the water bottle HDPE cap surface (black) and particulate recovered from 
water bottle opened/closed 1 (blue), 10 (green), and 50 (red) times. Data are shown in the group frequencies and CH2-stretching distinct regions. Black vertical lines 
above the X-axis represent HDPE reference Raman peak centre positions taken from literature (Bentley and Hendra, 1995; Gaston et al., 2018; Snyder et al., 1978; 
Zhang et al., 1997). (b–e) Univariate Raman maps of the selected sample area (rim of the droplet) from concentrated samples of procedural blanks and bottles 
opened/closed for 1, 10, and 50 cycles. The maps were generated by plotting integrated intensity in the spectral range at 1400–1500 cm− 1. 
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from 1400 to 1500 cm− 1. The fourth band (Fig. 6d, e) is located at higher 
wavenumbers and extends from 2800 to 3000 cm− 1, showing several 
poorly resolved band heads. In literature, the fundamental Raman bands 
occurring in these regions have been confidently assigned to ν(C-C) from 
aliphatic chains, τ(CH2) and δ(CH2), respectively, for PE and several 
other polyolefins (Corsetti et al., 2017; Furukawa et al., 2006; Snyder 
et al., 1978; Tomba et al., 2019). Knowing the assignment of HDPE cap 
spectral features allows a detailed comparison with the spectra of both 
types of nanoparticulate. We note that the spectral features in Fig. 6a, b 
can be confidently reconstructed using a subgroup of HDPE individual 
peaks keeping their Raman-shift fixed (but varying intensity and 
FWHM). The peaks observed in the nanoparticulate spectra belong 
either to the amorphous or trans conformations but not to the crystalline 
orthorhombic phase. In general, the following observations hold:  

(i) Raman-shifts for different peaks do not vary in all three analysed 
materials. FWHM increases in all nanomaterials with respect to 
bulk HDPE.  

(ii) Nanoparticulate show decreased relative intensities of ν(C-C) and 
δ(CH2) Raman bands components assigned to trans 
configurations.  

(iii) Nanoparticulate show increased relative intensities in the same 
spectral regions for peaks assigned to amorphous conformational 
components.  

(iv) Nanoparticulate show a decrease and broadening of the whole 
τ(CH2) band.  

(v) The peak related to the orthorhombic crystalline phase (at 1416 
cm− 1) is absent in the nanoparticulate. 

Moreover, the spectrum of the recovered nanoparticulate qualita-
tively resembles spectra recorded for melt phase HDPE obtained during 
high temperature recrystallisation (Jin et al., 2017). Crystallinity eval-
uated from the two nanomaterial Raman spectra is zero due to the 
absence of the 1416 cm− 1 peak, but control measurements via XRD were 
not possible due to the low amount of the recovered nanoparticulate and 
the cryomilled nanofraction remaining after filtration with the 1.2 µm 
cut-off filters. However, spectra taken on the unfractionated cryomilled 
particulates (without filtration steps, with a broad size distribution 

spanning up to several tens of µm) reveal a 40% increase of the amor-
phous PE fraction (see Fig. S11). Raman results are consistent with the 
observed reduction in the measured refractive index for Population-A in 
the SPES histograms (Fig. 2e), thus supporting a scenario in which 
nanoparticles are produced by mechanical action during open-
ing/closing cycles and originate from the HDPE cap. These secondary 
nanomaterials may degrade and lose their crystalline character during 
formation, resulting in amorphous PE nanoparticles. The PE assignment 
of the unknown nanoparticulate, according to µ-Raman analysis, 
implying their origin from the bottle screw cap and not from the 
PET-made bottleneck is also supported by comparing Raman, FTIR and 
EDX spectra of the recovered particulate with the corresponding refer-
ence spectra for the bulk materials shown in Figs. S1, S3–S7, and 2c. The 
ν(CHx) region (2800–3000 cm− 1) for the same three materials is treated 
separately (Fig. 6d–f) as it provides a different kind of information. The 
reference HDPE cap spectrum exhibits the common band structure for 
this material (Bentley and Hendra, 1995; Howell et al., 1999; Snyder 
et al., 1978; Zhang et al., 1997). The two narrow band heads can be 
assigned to the νs(CH2) (2845 cm− 1) and νas(CH2) (2880 cm− 1) modes. 
They contain contributions from amorphous and crystalline regions and 
have no definite phase assignment. The broad spectral features forming 
the high-wavenumber band tail arise due to Fermi resonances between 
the νs(CH2) vibration at 2845 cm− 1 and the δ(CH2) at 1440 cm− 1 

(Snyder et al., 1978). These broad features carry most of the integrated 
band intensity, and their predicted Raman shifts are around 2900 and 
2930 cm− 1 (Snyder et al., 1978). These contributions should not be 
confused with νas(CH3) vibrations located at slightly higher wave-
numbers (2952 and 2964 cm− 1). Highly crystalline HDPE is normally 
characterized by long, linear hydrocarbon chains exhibiting high mo-
lecular weight and low branching (< 1%) resulting in an extremely low 
CH3/CH2 ratio, so methyl-terminations contributions are normally 
negligible for this polymer. Spectral analysis for the nanoparticulate 
reveals how typical PE ν(CH2) vibrations band structure is also pre-
served in the two nanomaterials. Both νs(CH2) and νas(CH2) individual 
peaks are detected at the expected Raman-shift (Bentley and Hendra, 
1995), even though they appear broader and less intense. We also 
observe that their intensity ratio (I2845/I2880) is slightly decreased. 
However, interpretation is not straightforward due to the relative 

Fig. 6. Chemical identification of the released nanoparticulate. Raman spectra and spectral features deconvolution in the 1000–1550 cm− 1 group frequencies region 
for (a) the particulate recovered from washing the bottleneck (50 cycles), (b) for the filtered fraction from cryomilled PE cap material, and (c) PE cap bulk reference. 
Data are normalised to maximum intensity. Raman spectra and spectral features deconvolution in the 2775–3025 cm− 1 CHx stretch frequencies region for (d) the 
material recovered from cap washing opened 50 times, (e) the filtered fraction from cryomilled PE cap, and (f) the PE cap bulk material reference. Data are nor-
malised to maximum intensity. 
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uncertainty introduced by evaluating the contribution of the broad un-
derlying Fermi resonance bands (Snyder et al., 1978; Zhang et al., 1997). 
A marked difference between bulk and nanomaterials spectra is the 
appearance of an intense band tail at high wavenumbers with 
non-negligible intensity in the region 2930–2980 cm− 1. Raman intensity 
in this spectral region is normally not observed in common PE-based 
materials (e.g., HDPE [this study], LDPE (Portesi et al., 2019) or XLPE 
(Fig. S13), irrespective of their crystallinity degree and cross-linking. 
This band is fitted with two additional peaks (Fig. 6d, e) centred at 
2852 and 2964 cm− 1. Moreover, an additional component (2871 cm− 1) 
is observed between the two ν(CH2) peaks. The observed Raman-shifts of 
these peaks match with the predicted shifts and relative intensities of 
methyl- terminations stretching modes in aliphatic chains (Snyder et al., 
1978). More precisely, the assignments are νs(CH3) (2871 cm− 1), 
in-plane νas(CH3) (2852 cm− 1) and its out-of-plane counterpart (2964 
cm− 1). These peaks indicate a marked increase in the number density of 
methyl terminations in the nanoparticulate sample compared to the cap 
material and could suggest the occurrence of PE linear chains scission 
events (Veitmann et al., 2014) induced by mechanical stresses acting 
during nanoparticle formation upon cycling. Not surprisingly, the 
nanomaterials ν(CHx) band appearance is qualitatively similar to the 
spectral shape of the same region measured in short-chained polyolefins 
in the liquid state (Tomba et al., 2019). The similarity between the 
recovered nanoparticles spectra and the cryomilled sample supports the 
hypothesis that the main mechanisms responsible for nanoparticle for-
mation and amorphization have a mechanical origin. 

4. Conclusion 

In conclusion, NP release from drinking water plastic bottles under 
simulated use was observed and characterised combining SEM, XPS, 
SPES and µ-Raman analysis. The combination of SPES and µ-Raman 
represent the minimal set of techniques necessary to apply the meth-
odology for the quantification and identification of NP in simple 
matrices like drinking water. The size distribution of nanoparticles 
released from the packaging ranged from D10_A = [0.38 ± 0.03] µm to 
D90_A = [1.04 ± 0.14] µm, possibly extending to lower sizes below the 
SPES detection limit (200 nm). Nanoparticles were composed of amor-
phous PE, likely originating from HDPE caps via mechanical action 
during opening/closing cycles. From the SPES size distribution data and 
considering particle shape and fill-factor approximations, the total mass 
of amorphous PE in the form of nanoparticles released can be estimated 
not to exceed a few tenths of ng per cycle. This study shows that, in a 
realistic environment, stressors acting during the top-down formation of 
NPs may alter the physical-chemical characteristics of the nano-
particulate with respect to those of their original source bulk material, 
thus hindering their identification. We have found out that even me-
chanical stress alone acting during NP formation can degrade the ma-
terials even without the occurrence of other external stressors. 
Analytical detection methods development, understanding the physical- 
chemical processes occurring during secondary generation and the 
design of relevant NP models can be linked in a circular positive feed-
back loop. We have shown that the design of improved analytical 
schemes for secondary NP identification and quantification allows for 
further insights into material degradation/fragmentation processes. A 
deeper understanding of degradation mechanisms during secondary NP 
formation could then be used to design improved model NP materials 
that could be exploited for further developing analytical methods. 
Moreover, the effect of degradation/fragmentation pathways on 
physical-chemical properties of the NP should also be taken into account 
during the design of model engineered nanomaterials for use in studies 
about secondary NP fate, effects on human health, sampling and analysis 
(Gigault et al., 2021). 
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