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Abstract: Current toxicology research on nanoplastics (NPs) generally uses commercial spherical
NPs. However, the physicochemical characteristics of commercial NPs are significantly different
from those of NPs formed under natural conditions, possibly affecting the validity of the results. In
analytical chemistry, a reference sample is selected such that its physicochemical properties are as
similar as possible to the target. Therefore, a simulated “natural” NP synthesized in the laboratory
that closely resembles naturally derived NPs would be used as an authentic standard. Here, we
established the assay of scanning electron microscope (SEM)-particle size distribution analyzer
(PSDA)-surface-enhanced Raman scattering (SERS) to detect NPs and prepared simulated “natural”
NPs from polypropylene food packaging material using a method that mimics natural conditions.
Nanofiltration was used to isolate three sets of simulated NPs with particle sizes ranging from
50-100 nm, 100-200 nm, and 200-400 nm. These simulated “natural” NPs were more similar to
naturally occurring counterparts when compared with commercial NPs. These new standard NPs,
which should be scalable for large-scale use, will improve the accuracy, reliability, and translatability
of toxicological studies of NPs.
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1. Introduction

Plastic pollution has become a primary global environmental concern, with annual
production exceeding 8.3 billion metric tons and increasing [1]. Although natural plastic
degrades slowly, it eventually breaks down into micro- or nano-scale particles under natural
conditions such as ultraviolet (UV) radiation, weathering, photodegradation, thermal
degradation, mechanical degradation, and biotic degradation, after which it accumulates
in the environment [2-7]. Plastic fragments have now been detected in environments as
remote as Mount Qomolangma to Antarctica at diameters between 50 nm and 200 um,
highlighting their potential widespread environmental impact [8,9].

Recognizing the controversy in defining nanoplastics (NPs) by size, with <100 nm
used by convention in the fields of nanomaterials and nanotechnology [9,10], here we
follow previous studies and refer to any particle between 1 and 100 nm as an NP [11].
Commercially available NPs are mainly used for detection or toxicology research [12-21],
but these have yet to be directly compared to naturally derived NPs [16,22-31]. Whether
commercial NPs are suitable surrogates for natural NPs in these studies remains unclear. In
analytical chemistry, a standard substance is usually selected such that its physicochemical
properties are as similar as possible to the target of interest. Concerning their morphology,
commercial NPs are different from natural NPs in size, shape, surface composition, and
aggregation behavior. Specifically, commercial NPs are relatively uniform in particle size,
appearance, and surface composition and show excellent mono-dispersion in ultra-pure
water [23,28,32]. In contrast, naturally derived NPs are uneven in size and shape and have
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a complex surface composition with various polymerization forms [33]. Commercial NPs
are synthesized by lotion of plastic monomer, while naturally occurring NPs are formed by
natural aging (such as acid-base attack, biological digestion, and UV irradiation, etc.) [23,26].
The irregular shape of natural NPs (spherical, rod-shaped, and even lamellar) can lead
to unpredictable effects, experimental error, and toxicity when replaced with uniformly
spherical commercial NPs [13,23]. Many nanoparticles show biological toxicity (such as
cytotoxicity, etc.) at different concentrations, and NPs are no exception [34]. Indeed, there
is evidence that irregular NPs derived under natural conditions may be more toxic to
organisms than uniformly spherical NPs [24,25,28,30], necessitating an authentic model
NP for use in the laboratory setting.

The existing procedures for detecting NPs still have various limitations, such as
mass spectrometry, which requires ionization of NPs and can damage their original state.
Spectral analysis cannot detect essential parameters such as the morphology and size of
NPs. Other commonly used characterization techniques, such as X-ray diffraction (XRD)
and X-ray photoelectron spectroscopy (XPS), require a sufficient amount of sample to
be tested to achieve a successful analysis [35-37]. These programs pose difficulties in
characterizing natural/or simulated “natural” NPs, as these NPs are challenging to obtain
and satisfy the requirements of characterizable measurements. Meanwhile, the report
on NPs primarily uses the commercial NPs synthesized by lotion polymerization as the
standard. However, in the natural environment, the vast majority of NPs are produced by
crushing plastic products, significantly different from the formation process of commercial
NPs [23]. Given that commercial NPs are significantly different from natural NPs, limiting
their application as an experimental standard. Therefore, the procedure of scanning electron
microscope (SEM)-particle size distribution analyzer (PSDA)-surface-enhanced Raman
scattering (SERS) was established to detect NPs. The NPs of PP under simulated natural
conditions were prepared by optimizing the preparation conditions, and it can be used
as a standard for NPs closer to nature production and applied in research related to NPs.
Our NPs will be helpful as an experimental standard to improve the quality of detection or
toxicological research related to NPs.

2. Results and Discussion
2.1. Sample Preparation and Electron Microscopy

Research on the interaction between NPs and biological systems is mainly focused on
commercial polystyrene. Therefore, commercial-grade polystyrene is often selected as the
standard for NPs due to its broad representativeness. However, the NPs present in food
consumer goods are complex and diverse. Plastic packaging materials for diet, such as
polypropylene (PP), can directly contact foodstuffs and threaten human health after heating.
Therefore, the PP plastic packaging materials for food have been used to prepare simulated
“natural” NPs in this study (Figure 1). After acid and alkali treatment, the packaging
materials are thoroughly crushed (such as shearing and grinding) and then subjected to
graded filtration to obtain NPs (refer to Section 3.4 for detailed steps). Multiple chemical
analysis techniques (such as SEM-PSDA-SERS) are used to characterize and analyze the
obtained nanoplastics.

During preparation, since impurities produced by a glass mortar might affect the
quality of NPs, we chose an agate mortar, which is more robust (Figure S1). Over the first
20 min of grinding, the size of PP plastic fragments gradually reduced. Figure 2a shows our
NPs, which had a particle size of 50-100 nm as measured by scanning electron microscopy
(SEM). Optimal grinding was achieved at 20 min (Figure S2), after which the density of
NPs did not increase significantly with time (Figure 2). Improving the richness of NPs
effectively is difficult when the grinding quality remains unchanged and the grinding
time is extended. In the grinding process, the number of particles may be underestimated
because the area of the particles and other factors (volume, etc.) are difficult to count. It
is found that the prepared NPs have extremely irregular shape and inconsistent area by
SEM, so it is hard to accurately calculate the area of the NPs by algorithms. According
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to Figure 2a,b, the key to effectively improving the abundance of NPs is to increase the
grinding quality of the plastic, not the grinding time. It is speculated that an increase in
the quality of plastic grinding is more conducive to the formation of effective collisions,
thereby improving the richness of NPs.
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Figure 1. Schematic of the experiments performed in this study.
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Figure 2. Optimization of the preparation of NPs. (a) Grinding time and sample quality. (b) The
number of NPs produced under different conditions.

Particle density increased according to the mass of the plastic sample, regardless of
grinding time (Figure 2). Figure 2b shows the quantity of NPs in five random SEM fields.
After filtration losses and grinding 0.6 g of plastic for 20 min, at least 1.24 x 10'° NPs
were obtained according to the following calculation: N = (effective membrane filtration
area)/(actual observation area of SEM) X count average, where the effective membrane fil-
tration area was 1.73 x 1073 m?, the actual observation area of the SEM was 1.2 x 10~ m?,
and the count average was 112. Due to filtration losses and experimental error, SEM counts
can only be considered crude, and the actual quantity of NPs in the sample must have
exceeded the amount observed by SEM.

Transmission electron microscopy (TEM) was used to characterize NP morphology. For
this analysis, NPs were randomly adsorbed on copper foil (20 um) for TEM visualization.
To achieve this, strongly adsorbing gold nanoparticles (approximately 20 nm) were mixed
with simulated “natural” NPs to promote the adsorption of NPs on the copper foil. After
optimizing the grinding conditions, NPs with broad particle size distributions and irregular
shapes were obtained.
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2.2. Characterization and Analysis of Prepared NPs

The prepared NPs samples could not satisfy the minimum amount of partly chemical
characterization methods (such as XRD and XPS, etc.). However, the sample size to be tested
is less than 400 nm and non-conductive, which will cause energy dispersive spectroscopy
electron beam breakdown and cannot be accurately characterized. In addition, this study
aims to prepare NPs under simulated natural conditions, focusing on whether the particle
size reaches the nanoscale. Therefore, after comprehensive consideration, the SEM-PSDA-
SERS procedure was used as a characterization tool for NPs.

Figure 3a shows the area, symmetry, length, and width of our prepared NPs under
simulated natural conditions, while Figure 3b shows the size distribution as measured
by PSDA based on optical principles. The most common diameter of NPs obtained after
filtration using 200 and 400 nm-pore diameter polycarbonate films was 260.0 & 5.0 nm,
while with pore diameters of 100 and 200 nm, the size was 119 & 3.0 nm. According to
Figure 3b, the particle size of simulated “natural” NPs filtered by the 50-100 nm poly-
carbonate membrane mainly was 960 =+ 5 nm, which is speculated to be due to the easy
aggregation of nanoscale plastic particles in the sample [38,39]. It was speculated that it
was caused by the accumulation phenomenon of NPs prepared under simulated natural
conditions. However, the NPs obtained using films with pore diameters of 50-100 nm were
aggregated, and the NPs with particle sizes of 164 nm and 965 nm accounted for 23.4% and
78.2%, respectively. The boundary of particle dispersion stability in the aqueous phase is
generally considered at a Zeta potential of +30 mV or —30 mV. Concerning Zeta potential,
NPs of all three sizes approached —30 mV (Figure 3c), indicating that all three sets of NPs
of different particle sizes were relatively stable in ultra-pure water, as the Zeta potential of
the measured NPs is close to —30 mV.
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Figure 3. Characterizations of NPs under simulated natural conditions. (a) Dimensions of the NPs.
(b) Particle size distribution of NPs using different filtration membranes. (c) Zeta potential of NPs of
different particle sizes. (d,e) Raman spectrum scanning site (the mixture of NPs and colloidal silver is
marked with a black box; the red arrow points to a mixture of colloidal silver and NPs). (f) Raman
spectra of simulated “natural” NPs of different sizes (the red stars refer to Raman characteristic peaks
of PP NPs).

Traditional Raman is reported to be most suitable for microplastics larger than 10 pm in
actual environmental samples [21]. Surface-enhanced Raman spectroscopy (SERS) has great
potential for measuring particles that are smaller than the diffraction limit of conventional
Raman spectroscopy [40,41]. Raman signal can be enhanced significantly in the very small
spatial region (<10 nm) that is activated by assembly of metallic nanoparticles. Therefore,
the purpose of mixing colloidal silver and NPs for SERS measurement in this study is to
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enhance the Raman signal of NPs by utilizing the strong surface plasmon resonance excited
by silver nanoparticles. SERS was used to further characterize the NPs. Silver nanoparticles
were adsorbed on the surface of NPs in ultra-pure water. As the condensation core, NPs can
attract the surrounding unabsorbed silver particles to form spots of about 1 pm (Figure 3d,e)
when the silicon wafer is dry. Raman characteristic PP peaks were observed at 841 cm™1,
971 cm~1, 1149 cm~!, and 1451 cm ™! for NPs of three particle sizes (Figure 3f). The results
show that the composition of NPs under simulated natural conditions is PP, which indicates
that the NPs simulated by natural conditions have been successfully prepared in this study.

Therefore, these data show that we successfully prepared NPs from PP packaging material.

2.3. Comparison of Commercial NPs, Simulated “Natural” NPs, and Naturally Derived NPs

The simulated “natural” NPs of particle size 50-100 nm, commercial NPs (50 nm),
and NPs of particle size 50-100 nm derived under natural conditions were compared in a
follow-up experiment.

NP shapes were analyzed by SEM and TEM (Figure 4). The distribution of commercial
NPs was shown to be uniform. It is speculated that most commercial NPs are produced
through lotion polymerization, and the surfactant on their surfaces can reduce the surface
energy, thus generating steric hindrance and improving the stability of particles. By both
TEM and SEM, our synthetic NPs and naturally derived NPs were irregular and showed
signs of aggregation.

Figure 4. Representative images of three types of NPs. (a) Monodisperse commercial NPs with a
50 nm particle size under TEM. (b) Monodisperse commercial NPs with a 50 nm particle size under
SEM. (c) Simulated “natural” NPs with 50-100 nm particle size under TEM. (d) Naturally derived
NPs with a 50-100 nm particle size detected by TEM. (e) Simulated “natural” NPs with a 50-100 nm
particle size under SEM. (f) Naturally derived NPs with a 50-100 nm particle size under SEM.
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Based on our characterization analyses (Figures 3a and 5b), compared with commercial
NPs (Figure 5a), simulated “natural” NPs (Figure 3a) were more similar to natural NPs
(Figure 5b). Non “natural” NPs were prepared by simulating the formation pathway of
NPs under natural conditions.
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Figure 5. Comparison of the different types of 50-100 nm NPs. (a,b) Size parameters of the two types
of NPs ((a): commercial NPs; (b): naturally derived NPs). (c) Size distribution of the three types of
NPs (Control: ultra-pure water). (d) Zeta potential of the three types of NPs (Control: ultra-pure
water). (e) Raman spectra of the three types of NPs.

The particle size distribution of commercial NPs was uniform without any aggrega-
tion, while the distribution of simulated NPs was similar to naturally derived NPs, with
particles larger than the commercial forms (Figure 5c). Zeta potential analysis suggested
no significant difference between naturally derived NPs and simulated “natural” NPs
compared to commercial NPs (Figure 5d).

Raman information of simulated “natural” NPs can be analyzed using SERS pro-
cedure [21]. The simulated “natural” NPs (951.368 cm™1) and naturally derived NPs
(1001.7 cm ') exhibited similar characteristic Raman peaks of their original polypropylene
materials (1003.06 cm ™), and the results indicated that the composition of these NPs has
not changed, only reached nanoscale dimensions in size (Figure 5e).

2.4. Eccentricity Statistics

To assess the eccentricity of NPs, we next considered how close the particle shape was
to a perfect circle or ellipse (Figure 6a). According to this approach, an eccentricity value of
0 denoted a circle, while a value between 0 and 1 denoted an elliptical shape.

Simulated “natural” NPs and those produced under natural conditions had eccen-
tricity values between 0 and 1 (Figure 6b), with average eccentricities of 0.497 and 0.420,
respectively, and no significant difference between the two groups. The data proves that
the centrifugal rates of simulated “natural” NPs and naturally derived NPs are relatively
similar, closer to ellipses, and have significant differences from commercial NPs that are
close to perfect circles (Figure 6¢).
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Figure 6. (a) Schematic of the assessment of NP shape (black line: axis of symmetry; blue line: the
actual shape of the NPs; red line: ellipses converted by NPs). (b) The eccentricity of three different
types of NPs (The abscissa represents the number of NPs; The hollow shapes represent the eccentricity
of a single NP, while the solid shapes represent the average eccentricities of all NPs in each group).
(c) The average eccentricities of commercial NPs, synthetic “natural” NPs, and naturally derived NPs.
*p<0.05.

3. Materials and Methods
3.1. Materials and Reagents

A takeout PP tableware box was purchased from RT-MART (Taiwan, China). Spherical
polypropylene NPs (commercial NPs) were supplied by Jiangsu Zhichuan Technology Co.,
Ltd. (Yixing, China), and polycarbonate filter membranes were sourced from Whatman
(Maidstone, UK). Sodium hydroxide (NaOH), hydrochloric acid (HCl), magnesium sulfate
(MgSQy), silver nitrate (AgNOs3), hydroxylamine hydrochloride (HONHj3Cl), chloroau-
ric acid (AuClyH), and trisodium citrate (C¢HsNazO7) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China).

3.2. Instruments

Sampled NPs were scanned by TEM (HT-7800, Hitachi, Tokyo, Japan) at an acceleration
voltage of 80 kV. SEM (GeminiUltra-55; Carl Zeiss AG, Oberkochen, Germany) was used
to observe the surface and section morphology of NPs. The particle size distribution of
sampled NPs was determined using a laser particle size analyzer (ZEN-3600, Malvern
Panalytical, Malvern, UK). Ultra-pure water was obtained from an ultra-pure water meter
(Pure Force RO-300, Heal Force, Shanghai, China). SERS spectra were captured using
confocal Raman microscopy (Lab RAM HR Evolution, Horiba, Kyoto, Japan), with a He-Ne
(633 nm) laser as the excitation source.

3.3. Preparation of Colloidal Silver and Gold

Colloidal silver was prepared using the method proposed by Leopold et al. [42].
AgNO; solution (90 mL, 1 mM) was mixed with a solution containing HONH;3Cl (10 mL,
1.67 mM) and NaOH (3.33 mM) with vigorous stirring. Then, the mixture was stirred at
room temperature for another 10 min. Colloidal gold was prepared using the method
developed by Jia et al. [43]. With the C¢HsNazO7 (2.0 mL, 0.039 mM) added to the boiling
HAuCly (100 mL 0.03 mM) solution, boiling was maintained, and stirring continued until
the solution changed from grayish-white to wine-red. At this point, heating was stopped,
but stirring continued until the mixture cooled to room temperature.

3.4. Preparation of NPs

(1) Preparation of simulated “natural” NPs

Simulated “natural” NPs are a type of NP produced in a laboratory that simulates nat-
ural conditions (such as microorganisms, acid-base erosion, UV exposure, etc.). Simulated
“natural” NPs were prepared in the laboratory, and mortar selection, grinding quality, and
grinding time were optimized. PP boxes were immersed in ultra-pure water (pH =7.0),
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0.25% porcine trypsin, HCI (pH = 4.0) and NaOH (pH = 10.0) for 24 h at each step, re-
spectively (the box needs to be cleaned five times with ultra-pure water at the end of each
step) [19,44,45]. The soaking solution was changed every 6 h. The use of enzymes to treat
plastics is to simulate the process of biological digestion. In addition, on the one hand, the
use of acid and alkali can simulate the impact of acid and alkali erosion processes on plastic
products in the environment. The presence of acidic or alkaline substances in aqueous
solutions would tend to corrode the surface of plastics, thus promoting the damage process
of micro(nano)plastic particles over long-term contact [46]. On the other hand, acid and
alkali treatment of plastic surfaces can effectively remove organic matter polluted by the
environment. Then, the processed PP boxes were immersed in ultra-pure water for 24 h
(the ultra-pure water was changed every 6 h) and dried at room temperature, then the
dried PP boxes were exposed to UV light for 24 h. Afterward, PP boxes were split into
small pieces of about 1 mm? using scissors, and 0.6 g of PP pieces were ground in an agate
mortar for 20 min and then rinsed with ultra-pure water.

Polycarbonate membranes with an aperture of 400 nm, 200 nm, 100 nm, and 50 nm and
a diameter of 50 mm were used for fractionation filtration, with the aperture membranes of
200 nm, 100 nm, and 50 nm retained. Synthetic simulated “natural” NPs with a particle
size of 200-400 nm /100-200 nm/50-100 nm were obtained. The central part of the polycar-
bonate membranes (25 mm?) was sprayed with gold for SEM, while the remainder was
placed in a beaker filled with 5 mL ultra-pure water. After 30 min of ultrasound treatment,
NPs were added to ultra-pure water. Eventually, ultra-pure water-dispersed samples of
simulated “natural” NPs of different particle sizes were obtained.

(2) Preparation of naturally derived NPs

PP boxes were bathed in boiling water (100 °C) and cooled to room temperature to
mimic the process of natural aging of plastic materials (such as heat treatment, weather-
ing, etc.) and obtained naturally derived NP samples [47]. NPs of different particle sizes
were obtained after fractional filtration, and these three varieties of NPs of different particle
sizes were obtained on both membranes and as ultra-pure water-dispersed samples.

3.5. Characterization of NPs

The NPs sample suspension was mixed with colloidal gold solution (v/v = 1:1), and
the mixture was continuously and slowly shaken for about 30 min to cause electrostatic
repulsion between NPs and gold nanoparticles (AuNPs) [48,49]. Then the mixture was
covered with copper foil and observed by TEM. The samples were observed on polycarbon-
ate membranes by SEM (3 kV) to characterize their morphology and richness. In addition,
the gold-sprayed NPs samples were observed by SEM. The obtained SEM images were
analyzed by Image Pro Plus 6.0, including particle number, size, shape, and other param-
eters. Ultra-pure water-dispersed samples were observed by TEM (8 kV) and detected
with a particle size analyzer, thus further verifying their morphology and size. The particle
size distribution and Zeta potential of NPs were analyzed using the particle size analyzer.
With 20 uL of liquid sample and 1 mL of colloidal silver solution mixed evenly (vortex
for 1 min approximately), 10 uL of magnesium sulfate solution was added to the sample
(1 mol/L) and mixed evenly. Then, 5 uL of the mixture was removed, placed on clean
silicon wafers, and dried (5 min, 60 °C) for scanning by confocal Raman microscopy. The
SERS technique was used to test Raman signals from NPs, and the surface was enhanced
with silver nanoparticles [23].

3.6. Data Analysis

Photoshop CS6 (Adobe, San Jose, CA, USA) was used to process images. Image Pro
Plus 6.0 (Media Cybernetics, Rockville, MD, USA) was used to analyze SEM images. Origin
2021 (OriginLab, Northampton, MA, USA) was used to analyze particle size, Zeta potential,
and Raman spectra. SPSS software (IBM Statistics, Chicago, IL, USA) was used to assess
significance with a p-value threshold of <0.05.
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4. Conclusions

There are significant differences in the preparation principles between traditional
commercialized NPs and naturally derived NPs, as well as in the biological toxicity or
potential biological function of commercial NPs and naturally occurring NPs. To ensure
the accuracy of scientific experiments, the NP materials used in scientific research should
be consistent with those with high environment content. NPs produced under natural
simulation conditions with a particle size distribution range of 50-100/100-200,/200-400 nm
were obtained using a graded filtration method. After characterization using the procedure
of SEM-PSDA-SERS, irregular granular NPs with certain aggregation phenomena in the
range of corresponding separation levels were obtained. Our method produced NPs
with similar characteristics to naturally derived NPs (but not commercial NPs), thereby
overcoming the problem that commercial NPs need to simulate naturally derived NPs
accurately. In the future, manual grinding can be replaced by mechanical procedures such
as ball mills and other blending method for mass production after a series of optimizations
and measurements. Meanwhile, biochemical degradation can also be an essential source of
naturally derived NPs in the future, and its degradation particles can be further obtained by
simulating the biochemical degradation of plastic materials. Subsequently, in vivo (plant
or animal) toxicological tests on the naturally generated NPs will provide valuable data
for further risk assessment. Further, high-quality NP standards are expected to facilitate
future research on NPs and improve their accuracy, reliability, and translatability in real-
world settings.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/molecules28217254/s1, Figure S1: Schematic diagram of mortar selection.
(a,b) Particles produced in the glass mortar during grinding. (c,d) Particles produced in an agate
mortar during grinding; Figure S2: Image of the change occurring to plastic particles in the grinding
process. (a—d) The corresponding grinding time is 0 min, 10 min, 20 min and 30 min, respectively;
Figure S3: TEM characterization of gold and silver nanoparticles. (a) Gold nanoparticles with a
particle size of 40 nm. (b) Silver nanoparticles with a particle size of 20 nm; Figure S4: Diagram of
image processing by Image Pro Plus 6.0 software processes image. (a,d) Scanning electron microscope
characteristic diagram of simulated “natural” NPs and naturally derived NPs. The software is used
to select (b,e) and measure (c,f) the parameters of NPs; Figure S5: Observation of NPs by TEM.
(a) Preparation of NPs standards under simulated natural conditions by TEM. (b) Preparation of NPs
standard under simulated natural conditions plus colloidal gold under TEM.

Author Contributions: Data curation, writing—original draft, Z.W.; Writing- review and editing,
Y.W.,; Data curation, X.L.; Conceptualization; Methodology, H.Z.; Supervision, Z.]. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the Key Program of the National Natural Science Foundation
of China (U22A20550), National Natural Science Foundation of China (31871874).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Not applicable.

Zhou, A.G.; Zhang, Y.; Xie, S.L.; Chen, Y.L.; Li, X.; Wang, J.; Zou, ].X. Microplastics and their potential effects on the aquaculture
systems: A critical review. Rev. Aquacult. 2021, 13, 719-733. [CrossRef]

Andrady, A.L. Microplastics in the marine environment. Mar. Pollut. Bull. 2011, 62, 1596-1605. [CrossRef] [PubMed]
Geyer, R.; Jambeck, J.R.; Law, K.L. Production, use, and fate of all plastics ever made. Sci. Adv. 2017, 3, e1700782. [CrossRef]

References
1.
2.
3.
[PubMed]
4.

Primpke, S.; Lorenz, C.; Rascher-Friesenhausen, R.; Gerdts, G. An automated approach for microplastics analysis using focal
plane array (FPA) FTIR microscopy and image analysis. Anal. Methods 2017, 9, 1499-1511. [CrossRef]


https://www.mdpi.com/article/10.3390/molecules28217254/s1
https://www.mdpi.com/article/10.3390/molecules28217254/s1
https://doi.org/10.1111/raq.12496
https://doi.org/10.1016/j.marpolbul.2011.05.030
https://www.ncbi.nlm.nih.gov/pubmed/21742351
https://doi.org/10.1126/sciadv.1700782
https://www.ncbi.nlm.nih.gov/pubmed/28776036
https://doi.org/10.1039/C6AY02476A

Molecules 2023, 28, 7254 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Sagawa, N.; Kawaai, K.; Hinata, H. Abundance and and size of microplastics in a coastal sea: Comparison among bottom
sediment, beach sediment, and surface water. Mar. Pollut. Bull. 2018, 133, 532-542. [CrossRef] [PubMed]

Toussaint, B.; Raffael, B.; Angers-Loustau, A.; Gilliland, D.; Kestens, V.; Petrillo, M.; Rio-Echevarria, LM.; Van den Eede, G. Review
of micro- and nanoplastic contamination in the food chain. Food Addit. Contam. A 2019, 36, 639-673. [CrossRef]

Yates, ].; Deeney, M.; Rolker, H.B.; White, H.; Kalamatianou, S.; Kadiyala, S. A systematic scoping review of environmental, food
security and health impacts of food system plastics. Nat. Food 2021, 2, 80-87. [CrossRef]

Gigault, J.; ter Halle, A.; Baudrimont, M.; Pascal, P.Y.; Gauffre, F.; Phi, T.L.; El Hadri, H.; Grassl, B.; Reynaud, S. Current opinion:
What is a nanoplastic? Environ. Pollut. 2018, 235, 1030-1034. [CrossRef]

Wagner, S.; Reemtsma, T. Things we know and don’t know about nanoplastic in the environment. Nat. Nanotechnol. 2019, 14,
300-301. [CrossRef]

Sabbagh, F; Kiarostami, K.; Khatir, N.M.; Rezania, S.; Muhamad, L.I. Green Synthesis of Mg-0.99 Zn0.010 Nanoparticles for the
Fabrication of kappa-Carrageenan/NaCMC Hydrogel in order to Deliver Catechin. Polymers 2020, 12, 861. [CrossRef]
Hartmann, N.B.; Huffer, T.; Thompson, R.C.; Hassellov, M.; Verschoor, A.; Daugaard, A.E.; Rist, S.; Karlsson, T.; Brennholt, N.;
Cole, M.; et al. Are We Speaking the Same Language? Recommendations for a Definition and Categorization Framework for
Plastic Debris. Environ. Sci. Technol. 2019, 53, 1039-1047. [CrossRef] [PubMed]

Battistini, B.; Petrucci, F.; Bocca, B. In-house validation of AF4-MALS-UV for polystyrene nanoplastic analysis. Anal. Bioanal.
Chem. 2021, 413, 3027-3039. [CrossRef] [PubMed]

Correia, M.; Loeschner, K. Detection of nanoplastics in food by asymmetric flow field-flow fractionation coupled to multi-angle
light scattering: Possibilities, challenges and analytical limitations. Anal. Bioanal. Chem. 2018, 410, 5603-5615. [CrossRef]
[PubMed]

Heinlaan, M.; Kasemets, K.; Aruoja, V.; Blinova, I.; Bondarenko, O.; Lukjanova, A.; Khosrovyan, A.; Kurvet, I.; Pullerits, M.;
Sihtmae, M.; et al. Hazard evaluation of polystyrene nanoplastic with nine bioassays did not show particle-specific acute toxicity.
Sci. Total Environ. 2020, 707, 136073. [CrossRef] [PubMed]

Mintenig, S.M.; Bauerlein, P.S.; Koelmans, A.A.; Dekker, S.C.; van Wezel, A.P. Closing the gap between small and smaller: Towards
a framework to analyse nano- and microplastics in aqueous environmental samples. Environ. Sci.-Nano 2018, 5, 1640-1649.
[CrossRef]

Mitrano, D.M.; Beltzung, A.; Frehland, S.; Schmiedgruber, M.; Cingolani, A.; Schmidt, F. Synthesis of metal-doped nanoplastics
and their utility to investigate fate and behaviour in complex environmental systems. Nat. Nanotechnol. 2019, 14, 362-368.
[CrossRef] [PubMed]

Nie, X.L.; Liu, H.L.; Pan, Z.Q.; Ahmed, S.A.; Shen, Q.; Yang, ] M.; Pan, ].B.; Pang, J.; Li, C.Y.; Xia, X.H.; et al. Recognition of plastic
nanoparticles using a single gold nanopore fabricated at the tip of a glass nanopipette. Chem. Commun. 2019, 55, 6397-6400.
[CrossRef] [PubMed]

Pitt, ].A.; Trevisan, R.; Massarsky, A.; Kozal, ].S.; Levin, E.D.; Di Giulio, R.T. Maternal transfer of nanoplastics to offspring in
zebrafish (Danio rerio): A case study with nanopolystyrene. Sci. Total Environ. 2018, 643, 324-334. [CrossRef]

Wahl, A.; Le Juge, C.; Davranche, M.; El Hadri, H.; Grassl, B.; Reynaud, S.; Gigault, ]. Nanoplastic occurrence in a soil amended
with plastic debris. Chemosphere 2021, 262, 127784. [CrossRef]

Wei, Y.B,; Li, S.M.; Wang, ] X,; Shu, C.Y,; Liu, J.A.; Xiong, S.X.; Song, ].W.; Zhang, ].].; Zhao, Z.W. Polystyrene Spheres-Assisted
Matrix-Assisted Laser Desorption Ionization Mass Spectrometry for Quantitative Analysis of Plasma Lysophosphatidylcholines.
Anal. Chem. 2013, 85, 4729-4734. [CrossRef]

Zhou, X.X.; Liu, R.; Hao, L.T; Liu, J.F. Identification of polystyrene nanoplastics using surface enhanced Raman spectroscopy.
Talanta 2021, 221, 121552. [CrossRef] [PubMed]

Blancho, E; Davranche, M.; El Hadri, H.; Grassl, B.; Gigault, J. Nanoplastics Identification in Complex Environmental Matrices:
Strategies for Polystyrene and Polypropylene. Environ. Sci. Technol. 2021, 55, 8753-8759. [CrossRef] [PubMed]

Brandsts, I.; Teles, M.; Goncalves, A.P,; Barreto, A.; Franco-Martinez, L.; Tvarijonaviciute, A.; Martins, M.A.; Soares, AAM.V.M.;
Tort, L.; Oliveira, M. Effects of nanoplastics on Mytilus galloprovincialis after individual and combined exposure with carba-
mazepine. Sci. Total Environ. 2018, 643, 775-784. [CrossRef] [PubMed]

Chen, Q.Q.; Gundlach, M,; Yang, S.Y;; Jiang, J.; Velki, M.; Yin, D.Q.; Hollert, H. Quantitative investigation of the mechanisms of
microplastics and nanoplastics toward zebrafish larvae locomotor activity. Sci. Total Environ. 2017, 584, 1022-1031. [CrossRef]
[PubMed]

Dawson, A.L.; Kawaguchi, S.; King, C.K.; Townsend, K.A.; King, R.; Huston, W.M.; Nash, S.M.B. Turning microplastics into
nanoplastics through digestive fragmentation by Antarctic krill. Nat. Commun. 2018, 9, 1001. [CrossRef] [PubMed]

Du, X.; He, J.H. Facile size-controllable syntheses of highly monodisperse polystyrene nano- and microspheres by
polyvinylpyrrolidone-mediated emulsifier-free emulsion polymerization. J. Appl. Polym. Sci. 2008, 108, 1755-1760. [CrossRef]
Enfrin, M.; Lee, ]J.; Gibert, Y.; Basheer, F; Kong, L.X.; Dumee, L.F. Release of hazardous nanoplastic contaminants due to
microplastics fragmentation under shear stress forces. |. Hazard. Mater. 2020, 384, 121393. [CrossRef] [PubMed]

Liu, Z.Q.; Cai, M.Q.; Yu, P; Chen, M.H.; Wu, D.L.; Zhang, M.; Zhao, Y.L. Age-dependent survival, stress defense, and AMPK in
Daphnia pulex after short-term exposure to a polystyrene nanoplastic. Aquat. Toxicol. 2018, 204, 1-8. [CrossRef]

Magri, D.; Veronesi, M.; Sanchez-Moreno, P.; Tolardo, V.; Bandiera, T.; Pompa, P.P.; Athanassiou, A.; Fragouli, D. PET nanoplastics
interactions with water contaminants and their impact on human cells. Environ. Pollut. 2021, 271, 116262. [CrossRef]


https://doi.org/10.1016/j.marpolbul.2018.05.036
https://www.ncbi.nlm.nih.gov/pubmed/30041347
https://doi.org/10.1080/19440049.2019.1583381
https://doi.org/10.1038/s43016-021-00221-z
https://doi.org/10.1016/j.envpol.2018.01.024
https://doi.org/10.1038/s41565-019-0424-z
https://doi.org/10.3390/polym12040861
https://doi.org/10.1021/acs.est.8b05297
https://www.ncbi.nlm.nih.gov/pubmed/30608663
https://doi.org/10.1007/s00216-021-03238-2
https://www.ncbi.nlm.nih.gov/pubmed/33728498
https://doi.org/10.1007/s00216-018-0919-8
https://www.ncbi.nlm.nih.gov/pubmed/29411085
https://doi.org/10.1016/j.scitotenv.2019.136073
https://www.ncbi.nlm.nih.gov/pubmed/31869615
https://doi.org/10.1039/C8EN00186C
https://doi.org/10.1038/s41565-018-0360-3
https://www.ncbi.nlm.nih.gov/pubmed/30718833
https://doi.org/10.1039/C9CC01358J
https://www.ncbi.nlm.nih.gov/pubmed/31094376
https://doi.org/10.1016/j.scitotenv.2018.06.186
https://doi.org/10.1016/j.chemosphere.2020.127784
https://doi.org/10.1021/ac400452k
https://doi.org/10.1016/j.talanta.2020.121552
https://www.ncbi.nlm.nih.gov/pubmed/33076108
https://doi.org/10.1021/acs.est.1c01351
https://www.ncbi.nlm.nih.gov/pubmed/34110808
https://doi.org/10.1016/j.scitotenv.2018.06.257
https://www.ncbi.nlm.nih.gov/pubmed/29958167
https://doi.org/10.1016/j.scitotenv.2017.01.156
https://www.ncbi.nlm.nih.gov/pubmed/28185727
https://doi.org/10.1038/s41467-018-03465-9
https://www.ncbi.nlm.nih.gov/pubmed/29520086
https://doi.org/10.1002/app.27774
https://doi.org/10.1016/j.jhazmat.2019.121393
https://www.ncbi.nlm.nih.gov/pubmed/31740306
https://doi.org/10.1016/j.aquatox.2018.08.017
https://doi.org/10.1016/j.envpol.2020.116262

Molecules 2023, 28, 7254 11 of 11

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Rafiee, M.; Dargahi, L.; Eslami, A.; Beirami, E.; Jahangiri-rad, M.; Sabour, S.; Amereh, F. Neurobehavioral assessment of rats
exposed to pristine polystyrene nanoplastics upon oral exposure. Chemosphere 2018, 193, 745-753. [CrossRef]

Sun, X.D,; Yuan, X.Z; Jia, Y.B.; Feng, L.J.; Zhu, EP.; Dong, S.S.; Liu, J.].; Kong, X.P; Tian, H.Y.; Duan, J.L.; et al. Differentially
charged nanoplastics demonstrate distinct accumulation in Arabidopsis thaliana. Nat. Nanotechnol. 2020, 15, 755-760. [CrossRef]
[PubMed]

Sgier, L.; Freimann, R.; Zupanic, A.; Kroll, A. Flow cytometry combined with viSNE for the analysis of microbial biofilms and
detection of microplastics. Nat. Commun. 2016, 7, 11587. [CrossRef] [PubMed]

Cai, L.; Hu, L.L.; Shi, HH.; Ye, ]JW.; Zhang, Y.E; Kim, H. Effects of inorganic ions and natural organic matter on the aggregation
of nanoplastics. Chemosphere 2018, 197, 142-151. [CrossRef] [PubMed]

Sabbagh, F.; Kiarostami, K.; Khatir, N.M.; Rezania, S.; Muhamad, L.I.; Hosseini, F. Effect of zinc content on structural, functional,
morphological, and thermal properties of kappa-carrageenan/NaCMC nanocomposites. Polym. Test. 2021, 93, 106922. [CrossRef]
Khatir, N.M.; Abdul-Malek, Z.; Zak, A.K.; Akbari, A.; Sabbagh, F. Sol-gel grown Fe-doped ZnO nanoparticles: Antibacterial and
structural behaviors. J. Sol.-Gel. Sci. Technol. 2016, 78, 91-98. [CrossRef]

Khatir, N.M.; Sabbagh, F. Green Facile Synthesis of Silver-Doped Zinc Oxide Nanoparticles and Evaluation of Their Effect on
Drug Release. Materials 2022, 15, 5536. [CrossRef] [PubMed]

Sabbagh, F.; Khatir, N.M.; Kiarostami, K. Synthesis and Characterization of k-Carrageenan/PVA Nanocomposite Hydrogels in
Combination with MgZnO Nanoparticles to Evaluate the Catechin Release. Polymers 2023, 15, 272. [CrossRef] [PubMed]

Li, Y,; Wang, X.J.; Fu, W.Y,; Xia, X.H.; Liu, C.Q.; Min, J.C.; Zhang, W.; Crittenden, J.C. Interactions between nano/micro plastics
and suspended sediment in water: Implications on aggregation and settling. Water Res. 2019, 161, 486—495. [CrossRef]

Hakim, A.; Kobayashi, M. Aggregation and Aggregate Strength of Microscale Plastic Particles in the Presence of Natural Organic
Matter: Effects of Ionic Valence. J. Polym. Environ. 2021, 29, 1921-1929. [CrossRef]

Sharma, B.; Frontiera, R.R.; Henry, A.L; Ringe, E.; Van Duyne, R.P. SERS: Materials, applications, and the future. Mater. Today
2012, 15, 16-25. [CrossRef]

Schliicker, S. Surface-Enhanced Raman Spectroscopy: Concepts and Chemical Applications. Angew. Chem. Int. Edit. 2014, 53,
4756-4795. [CrossRef] [PubMed]

Leopold, N.; Lendl, B. A new method for fast preparation of highly surface-enhanced Raman scattering (SERS) active silver
colloids at room temperature by reduction of silver nitrate with hydroxylamine hydrochloride. . Phys. Chem. B 2003, 107,
5723-5727. [CrossRef]

Jia, M; Liu, ].J.; Zhang, ].H.; Zhang, H.Y. An immunofiltration strip method based on the photothermal effect of gold nanoparticles
for the detection of Escherichia coli O157:H7. Analyst 2019, 144, 573-578. [CrossRef] [PubMed]

Dumichen, E.; Eisentraut, P.; Bannick, C.G.; Barthel, A K,; Senz, R.; Braun, U. Fast identification of microplastics in complex
environmental samples by a thermal degradation method. Chemosphere 2017, 174, 572-584. [CrossRef] [PubMed]

Pico, Y.; Alfarhan, A.; Barcelo, D. Nano- and microplastic analysis: Focus on their occurrence in freshwater ecosystems and
remediation technologies. Trac.-Trend. Anal. Chem. 2019, 113, 409-425. [CrossRef]

He, W.P; Chen, X.Q.; Xu, C.W.; Zhou, C.; Luo, ].C. Effect of microplastic aging degree on filter cake formation and membrane
fouling characteristics in ultrafiltration process with pre-coagulation. Sep. Purif. Technol. 2023, 310, 123221. [CrossRef]
Hernandez, L.M.; Xu, E.G,; Larsson, H.C.E.; Tahara, R.; Maisuria, V.B.; Tufenkji, N. Plastic Teabags Release Billions of Microparti-
cles and Nanoparticles into Tea. Environ. Sci. Technol. 2019, 53, 12300-12310. [CrossRef] [PubMed]

Jia, L.; Guo, L.; Zhu, ].X,; Ma, Y.L. Stability and cytocompatibility of silk fibroin-capped gold nanoparticles. Mat. Sci. Eng. C-Mater.
2014, 43, 231-236. [CrossRef]

Guye, K.N,; Shen, H.; Yaman, M.Y;; Liao, G.Y.; Baker, D.; Ginger, D.S. Importance of Substrate-Particle Repulsion for Protein-
Templated Assembly of Metal Nanoparticles. Langmuir 2021, 37, 9111-9119. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.chemosphere.2017.11.076
https://doi.org/10.1038/s41565-020-0707-4
https://www.ncbi.nlm.nih.gov/pubmed/32572228
https://doi.org/10.1038/ncomms11587
https://www.ncbi.nlm.nih.gov/pubmed/27188265
https://doi.org/10.1016/j.chemosphere.2018.01.052
https://www.ncbi.nlm.nih.gov/pubmed/29348047
https://doi.org/10.1016/j.polymertesting.2020.106922
https://doi.org/10.1007/s10971-015-3922-y
https://doi.org/10.3390/ma15165536
https://www.ncbi.nlm.nih.gov/pubmed/36013672
https://doi.org/10.3390/polym15020272
https://www.ncbi.nlm.nih.gov/pubmed/36679153
https://doi.org/10.1016/j.watres.2019.06.018
https://doi.org/10.1007/s10924-020-01985-4
https://doi.org/10.1016/S1369-7021(12)70017-2
https://doi.org/10.1002/anie.201205748
https://www.ncbi.nlm.nih.gov/pubmed/24711218
https://doi.org/10.1021/jp027460u
https://doi.org/10.1039/C8AN01004H
https://www.ncbi.nlm.nih.gov/pubmed/30427329
https://doi.org/10.1016/j.chemosphere.2017.02.010
https://www.ncbi.nlm.nih.gov/pubmed/28193590
https://doi.org/10.1016/j.trac.2018.08.022
https://doi.org/10.1016/j.seppur.2023.123221
https://doi.org/10.1021/acs.est.9b02540
https://www.ncbi.nlm.nih.gov/pubmed/31552738
https://doi.org/10.1016/j.msec.2014.07.024
https://doi.org/10.1021/acs.langmuir.1c01194

	Introduction 
	Results and Discussion 
	Sample Preparation and Electron Microscopy 
	Characterization and Analysis of Prepared NPs 
	Comparison of Commercial NPs, Simulated “Natural” NPs, and Naturally Derived NPs 
	Eccentricity Statistics 

	Materials and Methods 
	Materials and Reagents 
	Instruments 
	Preparation of Colloidal Silver and Gold 
	Preparation of NPs 
	Characterization of NPs 
	Data Analysis 

	Conclusions 
	References

