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Abstract

Micro- and nanoplastic particles are ubiquitous environmental pollutants, threatening human
health, aquatic, and soil ecosystems. These minute synthetic fragments, persisting for centur-
ies, infiltrate the food chain, posing potential health risks through bioaccumulation in various
tissues, toxicity, and exposure to associated chemicals. While macro- and microplastics are
intensively examined in environmental and biological research, information about nanoplastics
with diameters below 1 pm is limited. Such particles can cross biological borders, including
the blood-brain barrier, posing a greater health risk than microplastics. Apart from the
mere detection of such particles, gaining an understanding of size distribution, numbers, and
size limits will be crucial in assessing their impact on global ecosystems and human health.
Here, we establish an optical sieve that utilizes Mie void resonances for nanoplastic detection
and sizing. The optical sieve consists of arrays of optically resonant voids with different
diameters that simultaneously serve as filtering and sorting elements as well as all-optical
reporters, requiring only an optical microscope and a standard camera with an RGB sensor in
combination with colorimetric analysis. The system is evaluated using a synthesized real-world
sample with a plastic particle mass concentration of 1.5 pg/ml. Our approach consequently
delivers statistical information on numbers, size, and size distribution via the observation
of distinct color changes, overcoming the need for advanced techniques such as scanning
electron microscopy. The proposed method offers a straightforward, highly accessible, and
mobile solution, making it an efficient and easily implemented tool for environmental and
biological research.



Plastics, first introduced in the 1930s, have become a critical environmental challenge in
the twentieth century due to their ubiquitous distribution, persistence, bioaccumulation, and
increasing evidence of toxicity:™. Plastic pollution was first reported in 1972, focusing solely
on large plastic objects responsible for entangling marine mammals in fishing nets or plastic
debris™. In 2004, researchers highlighted the environmental threat of microplastics, synthetic
plastic particles smaller than 5 mm with a significant impact on human health®®. These plastic
particles are strongly redistributed across various ecosystems and can be found in even the
most remote locations such as sea surfaces and sediments®t3, streams and rivers!*"® in the
groundwater:” in the atmosphere!®!? and on mountains®®2l. Their pervasiveness extends
to human tissues, including blood??, the placenta?®, and vital organs such as the lungs, liver,
and kidneys®#2% as well as to food and drinks2%™29,

Microplastics, however, are not the final stage of plastic degradation®®. Over time, they break
down further due to UV radiation, biodegradation, mechanical stress, or thermal degradation
into particles smaller than 1pm, termed nanoplastics”. These particles are even more con-
cerning than microplastics due to their size and their potential to penetrate biological borders
such as the epidermal, blood-brain, blood-air, or placental barrier*™3. Humans are exposed
via ingestion, inhalation, or dermal exposure and when internalized, the particles can accu-
mu-late in vital organs and the vascular system, potentially causing severe health effects®*
In addition, nanoplastics are known to absorb toxic substances, such as persistent organic
pollutants or heavy metals, which may dissolve into the body upon ingestion232¢/

While the harmful characteristics of nanoplastics are widely acknowledged, substantial know-
ledge gaps remain3’. The reason mainly lies in the challenge of nanoplastic detection.
Due to the small sizes, advanced separation and filtration techniques followed by complex
characterization techniques such as scanning electron microscopy are required®®™#% As a
consequence, there is little to no available data on actual environmental let alone biological
samples. To overcome this experimental challenge, the common theme in state-of-the-art
environmental nanoplastic studies is the usage of synthesized nanospheres as a proxy3141743,
In the field of photonic sensing, various strategies have been explored, including dielectric
nanostructures**™?  plasmonic systems®®2 and bound states in the continuum®3™=¢ |n
comparison to these concepts, our approach leverages the concept of Mie void resonances®’.
The resonators are open cylindrical hole cavities in the surface of a high refractive index
material such as gallium arsenide or silicon. Light can be trapped and resonate at distinct
wavelengths, depending on the geometry, size, and refractive index. Here, the Mie voids of
our optical sieve serve a dual function: the void-resonators of varying size sort and filter
the particles - like a classical sieve - while simultaneously reporting this information all-
optically due to their localized light modes. This approach offers remarkable simplicity and,
unlike other well-established and powerful techniques in nanoplastic research such as dynamic
light scattering (DLS), requires no additional and complex instrumentation as only an optical
microscope is needed®$2?,

In this work, we introduce this novel strategy to detect nanoplastics with sizes down to a few
hundred nanometers. The color change upon particle capture can be used to detect, size, and
count nanoplastic particles. A standard optical microscope allows for the observation of the
resonant scattering spectrum of the Mie void by simple colorimetric analysis. The detectable
shift in resonance wavelength thus delivers statistical information about the nanoplastic sample.
In accordance with standard procedures in the literature, we demonstrate the functionality
and validity of our concept utilizing samples of known composition based on commercial
polystyrene spheres. This approach is remarkably simple and fast, requiring only an optical
microscope without the need for complex measurement devices.



Figure 1: Nanoplastic detection utilizing the optical sieve. a, The general detection principle
is presented, showing the deposition of nanoplastic samples onto an optical sieve to identify
plastic particles. The optical sieve consists of arrays of voids with different diameters, serving
the dual function of sorting the particles according to their size and reporting the presence of
particles in voids all-optically due to the localized light modes. Particles matching the void size
fall into the corresponding holes, remaining trapped after the sieve is cleaned, while voids of
mismatched sizes remain mostly empty. An RGB camera attached to a microscope (indicated
in the upper right) evaluates the optical sieve in reflection geometry. The illumination
assembly was omitted for clarity. A color shift indicates the presence of plastic particles in the
voids. b and ¢, Microscope and SEM image display a partially filled sample with 2x2 voids.
Filled voids (top left and bottom right) appear red in contrast to empty voids (blue). The
SEM image confirms this observation. d, A single filled void containing a 200 nm nanoplastic
particle is shown. The voids, dry etched into GaAs, have a diameter of 350 nm. e and f,
Simulations of the electric field for empty and filled voids are presented at the bottom. The
incident wavelength of the light is 380 nm.

The ultimate goal of our work is the creation of a nanoplastic test strip that permits to obtain
statistical data all-optically on the size, size distribution, and concentration of nanoplastic
particles in real-world samples. To this end, we first establish the working principle by
presenting sizing and counting of pure plastic samples, followed by demonstrating our method
on a synthesized sample based on a real-world matrix composed of lake water, sand, and a
distribution of different nanoplastic particles.



Nanoplastic detection using Mie void resonances

In Fig. [1}, the general working principle of the optical sieve is illustrated. It comprises arrays
of voids in the otherwise flat surface of a high refractive index material with diameters that
increase progressively from the bottom to the top. A liquid solution containing nanoplastic
particles is flushed over the sieve. By tailoring the diameters and depths of the voids,
nanoplastic spheres with matching dimensions are trapped with an increased probability within
the voids due to van der Waals (vdW) forces. Subsequently, the optical sieve is cleaned
multiple times with water.

If the voids are too small, particles either do not enter the voids at all or rest on top of these,
allowing for easy removal in a successive cleaning process with water and ultrasonication.
Conversely, if the voids are too large, the particles fall into the voids but experience insufficient
adhesive forces, making them removable during cleaning. Consequently, only voids with
matching diameters and depths retain particles while mismatched cavities remain mostly
empty. The greater the mismatch between the void dimensions and the particle sizes, the
lower is the probability of particles remaining in the voids. The influence of the geometric
match between the voids and the deposited particles will be investigated in more detail during
sizing and counting experiments of nanoplastic particles. Note that particles trapped in voids
with closely matching diameters cannot be removed by the cleaning process, as the present
vdW forces are sufficiently strong to retain the particles.

We highlight that the term optical sieve does not imply that the sieving process is driven
optically by light. Instead, the concept utilizes Mie voids to filter nanoplastic particles from
a liquid solution and to separate smaller particles from larger particles, with optical detection
by detuning the Mie void resonance upon particle capture. Light is trapped inside the void,
forming a standing wave mode that resonates with a wavelength determined by the diameter
and depth of the void. Upon a change in the refractive index inside the cavity when a
nanoplastic particle is trapped, this resonant wavelength shifts and produces a color change.
Combining a microscope with an RGB camera allows us to observe the color differences
between empty and filled voids and enables colorimetric analysis.

In Fig. and [I, a light microscope and SEM image depict a 2x2 array of voids. The
microscope image reveals empty voids (upper right and lower left) with a blue appearance,
while the filled voids exhibit a red color. The imaging setup is presented in Fig. SI 1. This
observation is confirmed by the SEM image.

Fig. presents an SEM image of a single void, approximately 350 nm in diameter, which
contains a 200 nm nanoplastic particle resting on the bottom of the void. This SEM image
serves as the template for full-wave simulations of the electric field distribution displayed in
Fig. [l and [If. Cross-sections of the x-z-plane are plotted for an empty void (Fig. [L) and a
filled void (Fig. [Lf) at an incident light wavelength of 380 nm. The simulated results reveal
strong light confinement of the modal volume within the air void, with minimal leakage into
the host material. In the case of a filled void, the nanoplastic particle interacts strongly with
the localized mode, resulting in a resonance wavelength shift.

In addition to Fig. [I} the detection method is not limited to particles with a specific diameter
of 350 nm. Fig. [2]demonstrates the detection capability of our Mie void sample for nanoplastic
particles with diameters of 200 nm, 350 nm, 465 nm, 550 nm, and 1 pm (from top to bottom).
For each particle diameter, 3x3 arrays of voids are depicted using SEM (left) and microscope
images (right). Particles with a diameter of 200 nm represent the approximate lower detection
limit achievable using a standard optical microscope. Detecting smaller particles would require
smaller and shallower voids, resulting in a resonance shift of the empty voids towards shorter



Figure 2: Color change induced by single plastic particles. The color change caused by filling
voids with single nanoplastic spheres with different diameters is shown (200 nm, 350 nm,
465 nm, 550 nm, and 1 um,). On the left, tilted SEM close-ups of each 3x3 array are shown.
On the right, microscope images display the color shift in these arrays. The SEM images focus
on each void, omitting the blank space.

wavelengths in the UV spectral range.

A distinct color change is evident in the microscope images, enabling the detection of nanoplas-
tic particles for all five particle sizes. The void diameter is always slightly bigger than the
particle diameter. Simulated field distributions for all five particle diameters are shown in Fig.



Figure 3: Nanoplastic particle sizing. Nanoplastic spheres (350 nm diameter) are deposited
onto a sizing sample. a, The histogram displays the occupancy data of a single sizing sample
with 16 fields, each containing 10x10 Mie voids. Void diameters increase from 267 nm (field
1) to 429 nm (field 16), with fields 9 to 11 showing the highest occupancy, aligning with void
sizes in the range of 350 nm. b, A darkfield image of the analyzed sizing sample reveals bright
blue spots, indicating filled Mie voids. Fields are numbered starting at the bottom left to
the upper right. ¢, The central SEM images show individual voids from fields 4 (297 nm),
8 (343 nm), 12 (385 nm), and 16 (429 nm) with a trapped plastic particle, illustrating how
spheres begin to settle deeper as void sizes increase. d, A close-up of field 9 shows filled
voids with varying shades of blue, reflecting differences in particle depth within the voids.
Bright blue denotes particles deep within the voids, while dark blue indicates particles on
top of the voids. e, A histogram averaging 24 sizing samples shows peak occupation in field
9 with a void size of 353 nm, closely matching the sphere diameter.

Sl 2. In addition, the spectral shift between empty and filled voids for particles with diameters
of 550 nm and 1 pm was measured using a microspectroscopy setup (Fig. SI 3)°%.

Sizing and counting of nanoplastic particles

Thus far, we have demonstrated the ability to detect nanoplastic particles of varying diameters
from a pure liquid suspension. To further explore the analytical potential of this method, we
investigated whether additional information about the particles, such as the size and the
number of particles in a larger void can be obtained through careful sample analysis using the



associated color changes.

Fig. |3|illustrates the principle of sizing nanoplastic particles with a nominal diameter of 350 nm.
The histogram depicted in Fig. is generated from a single detection array consisting of 4x4
fields with increasing void diameters. The corresponding dark-field image of the sizing sample
is presented in Fig. Bp. The sizing sample includes 16 fields, each field containing 10x10 voids.
The void diameter and depth increase from about 267 nm and 250 nm in field 1 (bottom left)
to 429 nm and 320 nm in field 16 (top right). The field numbers are labeled in the dark-field
image, where filled voids appear as blue spots while empty voids are reddish. The histogram
in Fig. exhibits distinct peaks for fields 9 to 11, corresponding to void diameters between
353 nm and 375 nm. These values are in close agreement with the expected particle diameter
of 350 nm.

Fig. presents SEM images of single voids filled with a particle in fields 4 (297 nm void
diameter), 8 (343 nm), 12 (385 nm), and 16 (429 nm). For smaller void diameters, the particles
rest only at the void rim, resulting in reduced vdW interaction and easier removal during
subsequent rinsing. As the void diameter increases, the particles start to settle deeper into
the voids, touching the walls as well as the bottom of the void. However, for very large voids
(fields 13 and onwards), the particles lose contact with the void walls while still resting on
the bottom of the void. A close-up of field 9 with a void diameter of 353 nm is shown in
Fig. Bd. This field exhibits high occupation numbers with 39 filled voids (blue). In this sizing
experiment, deviations in z-position of the particles do not introduce additional measurement
complexity, as the analysis is limited to distinguish filled from empty voids. However, in more
complex measurements involving smaller refractive index contrasts, the z-position variation
can influence the optical response and must be taken into account.

Fig. [3e presents an averaged histogram, summarizing occupation numbers across 24 individual
sizing samples. Unlike Fig. [3p, which focuses on a single sizing sample, this histogram provides
broader statistical insight. In agreement with Fig. [3p, the highest averaged occupation is
observed in fields 8 to 10, corresponding to void diameters between 343 nm and 365 nm. We
attribute the broader occupancy distribution in Fig. to slight variations in the void sizes
between samples and deviations in particle sizes from the nominal value. This figure illustrates
the probabilistic nature of the trapping process. As the diameter of the voids matches that of
the particles more closely, the number of particles retained after the cleaning process increases
accordingly. A size mismatch between void and particles does not prevent trapping entirely
but reduces the probability, resulting in fewer particles remaining within the voids.

As real-world nanoplastic samples can have a wide distribution of sizes and our Mie-void
optical sieve features an entire range of hole diameters and depths, it is quite likely that very
small nanoparticles can agglomerate inside a larger hole and combine into groups of two or
three particles. Therefore, we investigated whether that particle number in a single void can
be determined as well through colorimetric analysis. As the observable void color is sensitive
to refractive index changes, the number of particles within the void has a direct influence on
the color. With a fixed void geometry, the resonance shift arises solely from changes in the
effective refractive index due to different particle numbers.

To test this effect, a mixture of 350 nm and 550 nm particles is deposited to count the number
of particles inside a single void. Here, the voids have a diameter of 830 nm and a depth of
550 nm to accommodate multiple particles. Fig. [4a presents a microscope image of a counting
sample that comprises 9x9 fields, each field containing a 3x3 array of voids. A magnified view
on one specific field is depicted in Fig. with the corresponding SEM image in Fig. [4f.
In the magnified optical image, five different colors are visible. Empty voids appear blue,
while filled voids display increasingly reddish hues as the number of particles within the void



Figure 4: Colorimetric analysis for nanoparticle counting. The color change of voids in
the presence of spheres can be used to count the number of spheres. Here, spheres with
diameters of 350 nm and 550 nm are deposited onto the sample. a, an optical microscope
image and b, a zoom-in can be seen indicating the five different colors created by the varying
void occupation numbers. In ¢, the corresponding SEM image of the zoom-in can be found.
All five states (empty, one, two, three 350 nm spheres, and one 550 nm sphere) are present
in this 3x3 field. d, colorimetric analysis of the full optical microscope image is presented in
the CIE 1931-diagram. In the zoom-in on the bottom right five separated clusters according
to the different cases can be identified. SEM images of single, occupied voids for the five
different states can be found surrounding the diagram.

increases. The SEM image verifies the presence of all five states, i.e., empty voids, voids
containing one, two, or three 350 nm particles, and voids filled with one 550 nm sphere, with
each particle configuration occupying a distinct volume within the fabricated voids.

To quantify these observations, a color readout code was applied to identify the color of each
void on the counting sample. Consequently, the analysis can be applied to all 729 voids in
the sample. To this end, the code locates each void in a standard optical microscope image
and reads out the observed color. The colorimetric data can then be plotted on a CIE 1931-
diagram as displayed in Fig. [4d. A closer inspection of the zoom-in of the CIE diagram
reveals five separate clusters, each corresponding to one of the five particle states. Around



this image, SEM images of individual, filled voids illustrate the specific particle arrangement
associated with each color cluster. For each particle state, the data points forming a cluster
cover a specific region in the CIE 1931-diagram. In addition to fabrication-related variations
in void geometry, and differences in particle size and position, imperfect illumination in the
microscope setup further contributes to the apparent slight color differences. Further details
on the color readout are provided in the methods section. The simulated capability to detect
different materials based on their different refractive indices is illustrated in Fig. SI 4.

Optical sieve used for synthesized real-world samples

Unfortunately, readily available real-world samples containing nanoplastic particles are to the
best of our knowledge, not yet available due to the required demanding filter techniques.
Additionally, the validation of a technique requires knowledge about the sample in order to
confirm the obtained findings. In order to address these issues, we synthesized a sample in
accordance with standard procedures reported in literature®31:3761

Fig. shows an SEM image of the deposited synthesized sample, revealing a mixture of
sand, debris, and nanoplastic particles before the sample is cleaned. The composition of
this mixture is described in Fig. [bp: lake water from a university lake was mixed with clean
sand and nanoplastic particles of 350 nm, 550 nm, and 1 pm diameter. To mimic real-world
conditions, unfiltered and untreated lake water was used as the liquid medium to ensure
the presence of biological material. Compared to methods like DLS which is not capable of
distinguishing between plastic and organic material, our system eliminates the need to pre-
clean biological material from the liquid environment, simplifying nanoplastic detection. The
exact composition is given in the methods section, and Fig. SI 5a, 5b, and 5c depict the
collection site of the lake water, the synthesized real-world sample, and the deposition on the
optical sieve, respectively.

The synthesized sample has been deposited on the optical sieve. After drying, the sample
is rinsed with water. During this cleaning process, large contaminants such as larger sand
particles are easily removed using coarse filters, while smaller debris in the size range of
the nanoplastic particles require more careful and thorough cleaning. Selected dark-field
images of the optical sieve are shown in Fig. [5k, with void diameters increasing from 300 nm
(top) to 1120nm (bottom). Here, the void depth increases from 230 nm (top) to about
330 nm (bottom). Odd rows remain mostly empty, while the depicted even rows display high
occupation numbers. Bright spots in the dark-field images of the optical sieve indicate filled
voids. Notably, voids with diameters of 355nm, 540 nm, and 985 nm correspond to high
occupation numbers, aligning well with the diameters of the added particles.

Fig. presents magnified images of the microscope pictures for voids with diameters of
355nm (pink), 540 nm (orange), and 985 nm (blue), alongside corresponding SEM images.
The SEM images, obtained from areas indicated by the white squares, verify the observation.
Organic material present in the sample results in a rough surface on the host material visible
in the SEM images, however, most of the dirt and larger sand debris is effectively removed
from the optical sieve during cleaning.

To compare the occupation numbers across detection arrays, a histogram is shown in Fig.
BEe. The full optical sieve, consisting of 30 detection arrays with increasing void diameters is
depicted in Fig. SI 6. The histogram reveals three distinct peaks, corresponding to fields with
void diameters matching the diameters of the mixed-in nanoparticles.

Note that some voids are incorrectly filled with debris or mismatched spheres. This issue
arises from residual organic material and insufficient cleaning, which can trap smaller spheres



Figure 5: Detecting nanoplastic particles in synthesized real-world samples. a, An SEM
image of the synthesized sample displays a mixture of dirt, various particles, and nanoplastic
spheres with diameters of 350 nm, 550 nm, and 1 um, before the sample is cleaned. b, The
sample composition includes lake water, cleaned sand, and added particles, which are mixed
and deposited on the optical sieve. ¢, Selected dark-field microscope images of the complete
optical sieve are presented. The full test strip consists of 30 individual detection arrays. The
void diameter ranges from 300 nm (top) to 1120 nm (bottom). d, Zoom-ins highlight the
color change between filled and empty voids, confirmed with SEM images of the according
areas. Arrays with void diameters of 355 nm (pink), 540 nm (orange), and 985 nm (blue)
exhibit higher filling rates. e, The histogram displays the occupancy rates for each of the 30
detection arrays, with distinct peaks corresponding to the bead sizes.

in voids that are too large. However, these voids can easily be distinguished from correctly
filled voids or empty voids through colorimetric analysis. Due to the substantial refractive
index contrast between the debris and the polymer material, correctly filled voids can be
distinguished from the incorrectly filled ones based on their color response. A detailed analysis
of the incorrectly filled voids is presented in Fig. Sl 7. It should be noted that plastic
particles in real environmental samples typically exhibit irregular, non-spherical shapes. For



such particles, a general reduction in trapping efficiency is expected. However, if adhesion
forces are sufficiently strong, these particles may still be retained in voids larger than their
smallest dimension.

The working principle of the displayed optical sieve is verified in Fig. SI 8. Here, a reduced
optical sieve formed by 11 detection arrays, is used to examine a controlled sample in which
nanoplastic particles are mixed with clean water and deposited on the optical sieve. Similar
results are obtained for the reduced optical sieve. The long-term stability and robustness of the
optical sieve are investigated in Fig. SI 9 by comparing initial SEM images with those acquired
eight months later. For this measurement, a plastic particle concentration of approximately
1.5pg/ml in lake water was utilized.

Conclusion

We present a novel approach for nanoplastic detection utilizing Mie void resonances in an
optical sieve. Our method enables the detection of nanoplastic particles with diameters as
small as 200 nm, effectively covering the important size range for nanoplastics. The general
principle is based on a resonance shift of the localized Mie mode confined in air voids,
induced by an effective refractive index change. This technique requires only a standard
optical microscope and, when combined with colorimetric analysis, offers a straightforward
detection method.

Beyond detection, we demonstrate the ability to size and count nanoplastic particles within
a single void by analyzing the color change. Plotting the obtained colors in a CIE diagram
reveals distinct color clusters corresponding to different particle numbers. Furthermore, we
extend the application of this approach to synthesized real-world samples containing mixed-in
nanoparticles, showcasing the potential for environmental analysis.

This platform provides a powerful tool for nanoplastic detection and offers opportunities for
further improvements. Not only is the detection of plastic particles important, but gaining
information about the material properties is also relevant. The void color itself is inherently
sensitive to refractive index variations, making the system capable of distinguishing between
materials with different refractive indices. In combination with more complex analysis methods
such as p-FTIR, pm-Raman spectroscopy, and microscopic stimulated Raman microscopy,
detailed information about material properties can be extracted as the particles are directly
trapped within the voids®®®3. Future work could involve the investigation of non-spherical
particles to gain deeper insights into the trapping mechanisms and testing real environmental
samples to further validate the functionality of the optical sieve. Certainly, machine-learning
and Al methods can help in identifying and quantifying nanoplastic samples under real-world
conditions, discriminating non-plastic materials as well as larger debris. This could render
our method even more accurate. This way, nanoplastics in blood, in tissue, and in other
environmental and biological samples could be detected, sized, and counted in the future.
Ultimately, we envision this method facilitating simple nanoplastic detection in test strips and
mobile devices for a variety of scenarios.
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Methods

Mie Void Sample Generation

In contrast to previous studies, the Mie voids in this work are fabricated using efficient dry
etching processes in gallium arsenide (GaAs) instead of the more complex and time-consuming
focused ion beam (FIB) milling®’. The combination of electron-beam lithography and dry
etching into GaAs significantly simplifies the sample fabrication process and greatly reduces
the overall production time. As a result, the rapid and straightforward fabrication of samples
enables cost-effective single-use test strips. The process begins by spin-coating an electron-
beam resist (AR-P 6200.13, 400 nm) onto a pre-cleaned GaAs substrate, serving as the etch
mask. The spin-coating process involves a two-step routine: 2000 RPM for 55, followed by
4000 RPM for 55s. The substrate is subsequently soft-baked on a hot plate at 180 °C for
3 minutes to stabilize the resist layer.

Electron-beam lithography (EBL) is performed on a commercial system (VOYAGER, Raith
GmbH) with the following parameters: 50 kV acceleration voltage, 60 pm aperture, and 10 nm
step size. A dose of 200 pC/cm? is applied to achieve high-resolution patterning.

After exposure, the resist is developed in AR 600-546 for 90s, followed by immersion in
AR 600-60 stopper solution for 30s. Dry etching is carried out using an inductively coupled
plasma (ICP) system (Oxford Instruments Plasmalab System 100) with SiCl, gas. The etching
parameters are: 60 W RF power, 350 W ICP power, 6 sccm SiCl, flow rate, 5sccm helium flow
rate, and a chamber temperature of 30 °C. These settings result in an etching rate of 12.6 nm/s
over large areas. Etching durations range from 25s to 55 s, adjusted to control the void depth
according to the required void sizes.

Upon completion of etching, the resist mask is removed by briefly immersing the sample in
N-Ethylpentedrone (NEP) to ensure clean mask removal. Finally, the sample is rinsed with
acetone and isopropyl alcohol (IPA) to eliminate any residual contaminants, completing the
fabrication process.

Nanoplastic Samples

Nanoplastic particles with varying diameters (200 nm, 350 nm, 465nm, 550 nm, and 1pm)
are deposited onto Mie void samples in the described experiments. These polystyrene beads,
purchased from Polysciences, Inc., are supplied in aqueous solution. A detailed list of the
nanoplastic particles used can be found in the Supporting Information (Fig. Sl 10).

Prior to deposition, Mie void samples undergo oxygen plasma cleaning to enhance the surface
hydrophilicity. To prevent particle accumulation, the nanoplastic solutions are subjected to
strong ultrasonication in a water bath.

The prepared nanoplastic suspensions are then carefully deposited onto the Mie void samples.
After allowing the water to evaporate completely, any residual particles are removed by
immersing the sample in water, accompanied by ultrasonication. The cleaning process was
conducted for 2 minutes at an ultrasonication frequency of 35 kHz with varying applied voltages
between 100V and 260V depending on the complexity of the deposited sample matrix.

Imaging and Scanning Electron Microscopy

Optical images of empty and filled voids are captured both in bright-field and dark-field modes
using a Nikon Eclipse LV100NM microscope. Depending on the array size, objectives with
magnifications of 10x (NA 0.3), 20x (NA 0.45), and 50x (NA 0.8) are used. To reduce the
effective numerical aperture, the A-stop is fully closed. To ensure color accuracy and to obtain
reliable, comparable microscope images, white balance calibration was performed on the clean,
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blank substrate prior to each camera capture. lllumination is provided by a Nikon Halogen
lamp (LV-LH50PC), and images are recorded using the NIS Elements D software paired with
a CCD camera. The results of bright-field and dark-field imaging are compared in Fig. SI 11.
Scanning electron microscopy (SEM) images of most samples are obtained using a Hitachi
S-4800 SEM. For the synthesized real-world sample, SEM imaging is performed on a Zeiss
GeminiSEM560. All images are captured using a 30 ° observation angle.

Simulations

The numerical simulations of empty and nanoplastic-filled voids (PS and PMMA) (electric field
distribution shown in Fig. [1| and Fig. Sl 2 and the simulated reflectance spectra presented
in Fig. Sl 4) were performed using the finite-element method frequency-domain solver in
COMSOL Multiphysics. The voids are modeled as conical holes in a gallium arsenide substrate,
with air (refractive index of 1) assumed inside the voids and above the substrate. The
dimensions of the holes are estimated from SEM images of fabricated samples. For simulations
involving nanoplastic particles, spherical particles are positioned within the voids at locations
corresponding to those observed in SEM images. The refractive indices of gallium arsenide
and polystyrene are taken from the respective literature sources®#©>.

To mimic an infinite extension along the z-axis, perfectly matched layers (PMLs) were applied
at the top and bottom boundaries of the simulation domain. Laterally, the system is treated
as periodic, with a period of 900 nm for spheres with diameters of 200 nm, 350 nm, 465 nm,
and 550 nm, and 1.2 pym for spheres with a diameter of 1 ym. Periodic boundary conditions
were implemented to account for this periodicity. Excitation is introduced through a periodic
port positioned in the air domain above the voids, generating a plane wave propagating in
negative z-direction with x-oriented polarization.

Synthesized Real-World Sample

A synthetic probe was developed to mimic nanoplastics in environmental conditions. Lake
water was collected from a local lake close to the University of Stuttgart (Collection site
displayed in Fig. Sl 5a) and used without prior filtration. Sea sand (Carl Roth GmbH + Co
KG., cleaned with acid and annealed) was added, containing particles with diameters between
100 ym and 315 pm. In addition, nanoplastic particles in three distinct sizes were introduced
into the mixture (350 nm, 550 nm, and 1pm).

The final preparation consisted of 1 ml lake water, 0.57 g sand, and 2.5 pl of each nanoplastic
particle size. In total, approximately 2.6 x 10° (350nm), 9.1 x 10® (550nm), and 1.1 x
108 (1 pm) particles are present in the composition, corresponding to a total concentration
of 1.5pug/ml by weight. When compared to other established detection techniques such as
pyrolysis-gas chromatography-mass spectrometry (0.01 to 0.5 ug/ml)®®e7 or fluorescence,
X-ray, or NMR spectroscopy (0.2 to 10pg/ml)®®, our approach falls within a comparable
range. The components were combined in a microcentrifuge tube and mixed by shaking and
ultrasonication in a water bath (Fig. SI 5b).

The synthesized sample was then deposited and dried following the methods previously descri-
bed. An image of the sample post-deposition and before cleaning is provided in Fig. Sl 5c.
After drying, sand and residual contaminants were removed by rinsing with water and using
ultrasonication.

Code for Color Readout
The differentiation between empty and filled Mie voids is achieved through a MATLAB script
designed to extract RGB values from specific pixels in an input image. By plotting these values
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for example in a CIE color space diagram, it becomes straightforward to distinguish between
filled and empty voids. This approach was applied to illustrate the nanoplastic counting
capabilities within Mie voids (Fig. , as well as to quantify filled versus empty voids for
sizing experiments (Fig. [3) and the synthesized real-world sample (Fig. . The CIE diagram
effectively highlights the color differences, enabling a precise count of filled voids based on
their color. The accuracy of the MATLAB code was validated by comparing its results with
manually counted void occupation numbers.

The code starts by identifying all individual voids. A Fourier filter is applied, with parameters
adjusted to detect voids irrespective of their fill state while excluding larger debris or dirt
particles. Voids are identified based on the color contrast with the surrounding substrate.
Once all voids are located, the user specifies the void radius in pixels and the MATLAB code
reads and averages the color across the defined void area. Each void color is recorded as an
RGB value, corresponding to its red, green, and blue channels. These RGB values can then
be converted for plotting in a CIE diagram. This facilitates a clear distinction between filled
and empty voids allowing for reliable and automated void counting.
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