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ABSTRACT

Plastic pollution is widely recognized as one of the most pressing global environmental challenges of the 21st century. The
accumulation of plastic debris, its progressive fragmentation over time, and the direct release of nanoplastics have emerged
as critical concerns. Once introduced into the environment, these particles can infiltrate the food chain, accumulate in
biological tissues, and pose long-term risks to ecosystems as well as human health. Although substantial progress has been
made in detecting plastic contaminants, the reliable detection and characterization of particles with diameters below 1 um
remain particularly challenging.

Here, we present a summary of the recently introduced optical sieve, a photonic sensing platform based on resonant void
arrays embedded within a high-refractive-index medium. These air-filled voids enable strong light confinement and
simultaneously serve as passive sorting elements and intrinsic color reporters. When individual nanoplastic particles
interact with the voids, they induce distinct spectral shifts that become observable as color changes under a standard optical
microscope equipped with an RGB camera. By tailoring the diameter and depth of the voids, the platform enables the
detection, sizing, and counting of individual nanoplastic particles.

The detected colors of empty and particle-filled voids can be mapped within defined color spaces. However, when
refractive index contrasts become small, the corresponding color clusters converge and may overlap, complicating reliable
classification. To overcome this limitation, advanced data analysis techniques such as principal component analysis can
be employed to enhance separability. Here, we demonstrate a novel integration of photonic nanoplastic detection and
counting with advanced clustering approaches, improving detection fidelity.
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1. INTRODUCTION

Plastic pollution has emerged as a pervasive global environmental threat [1], driven by the persistence and widespread
distribution of synthetic polymers across marine ecosystems and even the most remote regions of the planet [2-4]. Over
the past decades, the scientific focus on plastic debris has evolved significantly. Early studies in the 1970s primarily
addressed large, visible plastic waste, such as fishing nets [2,3]. Since the early 2000s, attention has increasingly shifted
toward microplastics, defined as particles smaller than 5 mm [5,6]. These particles are usually generated via the progressive
degradation and fragmentation of larger debris [7]. However, microplastics are not the final stage of this degradation. More
recently, nanoplastics, typically defined to have dimensions below 1 um, have become a central concern, as they represent
a more critical and even less understood fraction of plastic pollution [7,8]. Despite being invisible to the naked eye,
nanoplastics pose a potentially greater threat due to their high mobility, large surface-to-volume ratio, and increased
likelihood of interacting with biological systems at the cellular and molecular level.

However, the fundamental understanding of nanoplastics remains limited, largely due to the challenges associated with
their detection and characterization. Their extremely small size necessitates analytical techniques capable of resolving
individual particles while simultaneously providing information on size, shape, material composition, and abundance.
Monitoring their release, environmental distribution, and chemical properties, therefore, requires methods that combine
high sensitivity with operational simplicity and sufficient throughput. At present, there exists a significant methodological
gap, as many established techniques either lack the required sensitivity at the single-particle level or rely on complex, time-
consuming instrumentation, which are not yet field-deployable [9,10].

In this work, we address this gap by introducing the optical sieve, an approach based on Mie void resonances [11]. The
proposed method constitutes a nanophotonic sensing platform that employs cylindrical cavities embedded in a high-
refractive-index material [12]. These structures act simultaneously as physical filters and optical resonators, enabling both
the selective trapping and optical interrogation of individual nanoparticles. A key advantage of this approach lies in its
simplicity: the readout is entirely optical and can be performed using a standard optical microscope. Leveraging the
intrinsic refractive-index sensitivity of the resonant modes, the platform enables the detection, sizing, and counting of
nanoparticles at the single-particle level with diameters down to 200 nm.

The detected colors of individual filled and empty voids can be represented using color diagrams such as the CIE diagram.
As refractive-index contrasts between different particle types or occupation states become increasingly subtle, the
corresponding optical signatures tend to converge, limiting straightforward discrimination. To address this challenge,
advanced data analysis techniques such as principal component analysis can be employed. These methods enhance the
separation of spectral or color-based features, enabling robust clustering and classification even in cases of minimal
refractive-index contrast.

The combination of enhanced sensitivity and tailored data analysis thus improves the performance of the proposed optical
platform. Together with its simplicity and scalability, this approach represents a promising advancement in nanophotonic
sensing, offering a practical route toward reliable detection and characterization of nanoplastics in complex environments.

2. OPTICAL SIEVE FOR NANOPLASTIC DETECTION

The detection principle relies on a novel photonic platform consisting of arrays of nanoscale voids embedded in a high-
refractive-index material, forming a so-called optical sieve. The voids typically possess diameters in the order of a few
hundred nanometers, matching the size of the target nanoplastic particles. Each void supports Mie-type resonances that are
governed not only by its geometrical parameters, such as diameter and depth, but also by the refractive index of the medium
filling the cavity, enabling sensing approaches [13,14].

These resonances define the optical response of the voids, resulting in distinct colors observable under a conventional light
microscope. Upon particle capture, the effective refractive index inside the void changes, leading to a measurable spectral
shift that manifests as a color change. Consequently, empty and particle-filled voids can be readily distinguished using
standard optical microscopy in combination with RGB imaging, enabling straightforward and parallel detection of
nanoplastic particles.

Figure 1 (left) illustrates the working principle of the optical sieve. A liquid suspension containing nanoplastic particles is
deposited onto the structured surface. Voids matching the particle size trap these, whereas mismatched voids remain
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Figure 1: Detection Principle. (Left) Schematic illustration of the optical sieve-based detection concept for nanoplastic in
liquid solution, monitored via optical microscopy. (Right) Representative detection of 200 nm and 550 nm diameter spheres,
displayed with SEM and optical microscope images.

unoccupied. Following deposition, a cleaning procedure involving rinsing with deionized water and ultrasonication
removes weakly bound particles. Only particles confined within geometrically matching voids remain trapped due to
sufficiently strong van der Waals interactions.

The trapping efficiency is primarily governed by the match of particle size and void dimensions. Particles caught in
oversized voids or resting on top of undersized voids experience reduced van der Waals interactions and are therefore more
likely to be removed during the cleaning process if a sufficiently strong ultrasonication is used. As the geometrical
mismatch increases, the interaction forces decrease, leading to a reduced probability of particle retention.

Figure 1 (right) presents scanning electron microscopy (SEM) images alongside corresponding optical microscope images
of void arrays containing particles with diameters of 200 nm (top) and 550 nm (bottom). The 200 nm particles indicate the
approximate lower detection limit of the platform. A direct correlation between void color and occupation state is
established by comparing SEM and optical images. While these particle sizes serve as representative examples, the
platform is inherently scalable, allowing detection across a broad size range by adapting the void geometry accordingly.
Moreover, the size-selective trapping mechanism can be exploited to infer particle size distributions, providing an
additional functionality of the optical sieve beyond simple detection. Furthermore, the applicability to realistic conditions
is demonstrated using synthesized environmental samples composed of lake water, sand, and spiked nanoplastic particles.
These results highlight the robustness of the approach in complex sample matrices. Further details are provided in [12].

Beyond single-particle trapping, the void geometry can be engineered to accommodate multiple particles within a single
cavity. In this case, the reduced van der Waals forces necessitate lower ultrasonication power during the cleaning process.
Moreover, the optical response of each void is governed by the effective refractive index, which increases with the number
of particles present. As a result, the resonance condition and thus the observed color becomes a direct function of particle
occupancy. This enables not only detection but also quantitative counting of particles within individual voids.

Figure 2 illustrates this concept. The optical microscope image shows a detection array carefully designed for particle
counting, onto which a mixture of 350 nm and 550 nm diameter particles has been deposited. The corresponding SEM
image (area indicated by the black square) reveals five distinct occupation states: an empty void, voids containing one to
three particles with a diameter of 350 nm, and a void occupied by a single larger particle of 550 nm diameter.
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Figure 2: Particle Counting. (Left) Optical microscope image of a detection array and SEM image indicating all five particle
states. (Right) Color representation in a CIE diagram combined with the corresponding occupation states.

To quantitatively analyze these occupation states, the colors of the detection array are mapped onto a CIE chromaticity
diagram. Distinct color clusters emerge, each corresponding to a specific occupation state. Correlation with the SEM data
allows for unambiguous assignment of these clusters. Here, the red (R), green (G), and blue (B) color values are transferred
to the CIE color data for simple representation.

3. EXPERIMENTAL RESULTS WITH ADVANCED IMAGE ANALYSIS

However, this ideal behavior is not always observed. More challenging conditions arise when the voids used for the
counting experiments are not optimally matched to the particle size. In such cases, the corresponding clusters in the color
diagram shift closer together. This behavior can be attributed to a reduced effective refractive index contrast, as a larger
fraction of the void remains air-filled, for instance, when the void depth exceeds the particle size. As a result, the influence
on the optical resonance is diminished, leading to a reduced spectral shift and, consequently, a smaller separation between
color clusters. In the extreme case, this causes partial merging of otherwise distinct color groups.

An example of this effect is shown in Figure 3 (top), where the void geometry is not ideally adapted to the particle size.
The magnified microscope and the SEM image indicate that the voids are deeper than required, which results in a reduced
color contrast. Under these conditions, four primary states are expected, corresponding to empty voids and voids filled
with one to three particles of 350 nm diameter. Additionally, rare configurations can occur in which a particle is positioned
on top of three others, giving rise to a potential fifth state. This situation can be seen in the void in the upper right corner
of the SEM image. However, the CIE diagram shown in Figure 3 (middle) seems to only show three clusters, as two of the
expected groups appear to be merged in the upper-right corner of the diagram. Here, the standard optical readout based on
RGB values mapped into CIE space is used.

To resolve this ambiguity, linear principal component analysis (PCA) is applied, as indicated in Figure 3 (bottom). This
approach successfully separates the previously overlapping clusters, restoring four clearly distinguishable states.
Moreover, the rare fifth configuration, corresponding to a particle stacked on three others, also becomes identifiable.

The underlying analysis procedure is conceptually straightforward. A microscope image, such as that shown in Figure 3
(top), serves as the input, from which RGB color values are extracted. Based on the color contrast relative to the
background, the algorithm automatically identifies individual voids. For each void, the red, green, and blue intensities of
all pixels composing the void are averaged.

Subsequently, principal component analysis is performed to reduce the dimensionality of the data from three dimensions
(R, G, B) to two principal components. These components represent linear combinations of the original color channels and
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Figure 3: Advanced Image analysis using PCA.
(Left) Microscope Image of an imperfectly matched
detection sample used for the counting of particles.
(Middle) CIE diagram based on standard optical color
readout, resulting in only three instead of at least four
distinct color clusters. (Right) Improved color
clustering based on PCA of the same image.

are chosen such that the variance in the data between clusters
is maximized. In other words, PCA defines a new, lower-
dimensional coordinate system in which the separation
between different particle states becomes most pronounced.

In this framework, the three-dimensional RGB data are
projected onto a two-dimensional space spanned by the first and
second principal components. This transformation enhances
both the separability and interpretability of closely spaced
clusters. The resulting plot (Figure 3 (bottom)), with the
principal components PC 1 and PC 2 as x- and y-axes,
demonstrates that even subtle differences in the optical response
can be reliably distinguished using linear dimensionality
reduction. The corresponding particle configurations are once
more illustrated by SEM images surrounding the plots in Figure
3 (middle) and Figure 3 (bottom).

While this example focuses on a particle counting scheme, the
approach is broadly applicable. In particular, it offers
significant advantages for more complex sample matrices,
heterogeneous environmental samples, or scenarios that
require discrimination between different material types.

4. SUMMARY AND OUTLOOK

In this work, we introduced the novel detection platform,
termed optical sieve, and outlined its fundamental operating
principle and readout strategy. The approach enables not only
the detection of nanoparticles but also their sizing. Its
applicability was demonstrated using synthesized real-world
samples. Central to the concept is the correlation between
particle occupancy within nanostructured voids and the
resulting optical response, where changes in the effective
refractive index manifest as distinct and quantifiable color
variations.

We further demonstrated that individual particle numbers
within a single void can be reliably determined based on their
corresponding color states. Under ideal geometrical conditions,
discrete and well-separated color clusters emerge, allowing for
straightforward classification of occupation states. However,
deviations from optimal void geometry, such as increased
depth relative to particle size, lead to reduced refractive index
contrast and consequently to potentially overlapping color
clusters. In such cases, conventional RGB-based analysis
becomes insufficient for unambiguous discrimination.

To overcome this limitation, we implemented linear principal
component analysis as an advanced image analysis tool. By
projecting the three-dimensional color space onto a reduced set
of orthogonal components, PCA enhances cluster separability
and restores the distinguishability of individual particle states,

even in challenging scenarios. This demonstrates that data-driven dimensionality reduction can significantly extend the

robustness and sensitivity of the optical sieve concept.

Looking forward, advanced image analysis will play an increasingly critical role, particularly for complex sample matrices,
heterogeneous environmental samples, and applications requiring discrimination between different material classes. Since
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many synthetic polymers exhibit similar refractive indices, the resulting optical contrast becomes inherently subtle. In such
regimes, conventional approaches reach their limits, and more sophisticated methods, potentially including nonlinear
dimensionality reduction, supervised learning, or physics-informed models, will be essential to fully exploit the available
information.

In addition, the long-term vision of this technology is its deployment in field settings. This will likely involve the use of
compact and cost-effective optical systems with reduced resolution, contrast, and overall image quality. Such constraints
directly impact detection sensitivity and classification accuracy. Here, robust and adaptive image analysis concepts, as
demonstrated in this work, will be key to maintaining reliable nanoplastic detection under non-ideal conditions.

Beyond these aspects, future developments may include real-time data processing, integration with portable imaging
platforms, and the expansion toward multi-modal sensing strategies combining optical, spectral, and possibly chemical
signatures. Altogether, the optical sieve concept, in combination with advanced data analysis, provides a promising
pathway toward scalable, sensitive, and field-deployable nanoplastic detection technologies.
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