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Abstract: Microplastics (MPs (Micro, (Microplastics), I pm—5 mm) and nano plastics (NPs(Nanoplastics), <1 um) pose
significant environmental and health risks, yet traditional detection methods are slow and resource-intensive. MPWebAlI
is a browser-based platform enabling users to upload microscopic images for automated MP detection, morphological
classification (fibre, film, fragment, pellet), and quantitative analysis using Ultralytics YOLOv11m. Trained on a 7,200-
image curated dataset, the model achieves mAP@50 of 95.4%, precision 94.2%, and recall 92.8%. The Fast API + React
web app provides annotated images, particle counts, size statistics, and reports in seconds, requiring no specialized
hardware beyond a standard microscope and smartphone. A review of current NP detection methods—including optical
sieves, SERS, nano-DIHM, and Al-enhanced spectroscopy—highlights challenges for sub-micron particles such as
matrix interference, spectral overlap, and the absence of certified reference materials. The paper outlines extensions
integrating higher-resolution imaging and hybrid Al-spectroscopy. MPWebAI democratizes monitoring for researchers
and citizen scientists in resource-limited regions. The system is open-source.
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L. INTRODUCTION

Plastic pollution has reached critical levels, with microplastics (MPs) and the even smaller nano plastics (NPs, typically
<1 um, often <100 nm) now detected in virtually every environmental compartment and human tissue. NPs are
particularly concerning due to their ability to cross biological barriers, high surface-area-to-volume ratio, and potential
for chemical leaching. Recent studies have detected NPs in human blood, placenta, and breast milk, raising profound
concerns about their toxicological effects, including oxidative stress, immune disruption, and potential associations with
human illnesses.

While MP detection has benefited from deep learning, NP detection remains challenging because of size, low
concentrations, and matrix interference. Conventional analytical techniques such as Fourier-transform infrared
spectroscopy (FTIR), Raman spectroscopy, and pyrolysis-gas chromatography-mass spectrometry (Py-GC-MS) are
limited by high cost, labour-intensive sample preparation, and poor sensitivity at the nanoscale. The diffraction limitation
of FTIR makes it intrinsically challenging to detect particles smaller than 1 micrometre, positioning Raman spectroscopy
as a more promising but still methodologically difficult alternative.

MPWebAlI provides an immediate, accessible solution for MPs and lays the foundation for NP analysis by supporting
higher-magnification uploads and planning multi-modal extensions. The platform addresses the urgent need for scalable
monitoring solutions that can operate beyond advanced laboratories, where detection of sub-micron particles has
remained nearly impossible.

Key Contributions

First open, web-deployed YOLOV11-based multi-class MP morphology detector with integrated sizing.

Comprehensive review of state-of-the-art NP detection methods (2024-2026), including optical sieves, SERS substrates,
and Al-enhanced spectroscopy.

Roadmap for extending the platform to nano plastics using emerging optical, spectroscopic, and Al techniques.
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II. LITERATURE REVIEW

Detection of microplastics (MPs, 1-5,000 pm) and nano plastics (NPs, 94% accuracy), electroanalytical sensors,
microfluidic platforms, hyphenated Spectro-microscopic techniques, and mass spectrometry innovations like Hold-MS
for direct airborne NP analysis. Persistent challenges involve the absence of certified NP reference materials,
contamination risks, differentiation from natural colloids, and spectral overlaps, driving calls for multimodal, Al-
integrated workflows. Overall, trends Favor accessible, scalable tools merging imaging, spectroscopy, and
nanotechnology to enable widespread monitoring beyond specialized laboratories.

II1. ROLE OF YOLO IN MICROPLASTIC DETECTION

The Ultralytics YOLO (You Only Look Once) framework plays a central role in enabling fast and accurate automated
detection of microplastics from microscopic images. Unlike traditional multi-stage detectors, YOLO performs object
localization and classification in a single forward pass, making it highly suitable for real-time environmental analysis
applications.

A. Single-Stage Object Detection

YOLO treats object detection as a regression problem and processes the entire image in one pass through the neural
network. The input image is divided into a grid, and for each grid cell the model predicts bounding box coordinates,
object confidence score, and class probabilities. This unified approach significantly reduces computational overhead
compared to two-stage detectors and enables near real-time inference, essential for high-throughput microplastic analysis.

B. Accurate Localization of Microplastics

Microplastics in microscopic images often vary in size, shape, and orientation. YOLO’s multi-scale feature extraction
allows the model to detect thin fibres, irregular fragments, transparent films, and spherical pellets. The feature pyramid
network within the YOLO architecture helps capture both small and large particles, improving detection robustness in
complex backgrounds.

C. Morphological Classification Capability

Beyond detection, YOLO simultaneously classifies each detected object into predefined morphological categories: fibre,
fragment, film, and pellet. This eliminates the need for separate classification pipelines and enables an end-to-end

automated workflow.
0 3 o N -.
5 g
P I8 - P[asm: ’ >
. 8. g Plastic’s W 3 .,

b
ol

Plastic k
] Size: 0.5mm |

3 ®° g

Rl B\ X .
.s"_omg.*" ‘

Fig 1: Plastic detection
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D. Real-Time Processing Performance

One of the major advantages of YOLO is its high inference speed. The lightweight architecture and optimized
convolutional layers enable the system to process microscopic images within milliseconds. This supports rapid batch
analysis, real-time laboratory workflows, scalable web deployment, and interactive user feedback—performance difficult
to achieve using conventional image processing methods.

E. Robustness to Complex Backgrounds

Microscopic samples often contain noise, organic debris, and uneven illumination. YOLO’s deep convolutional backbone
learns discriminative features that help distinguish true microplastic particles from background artifacts. Data
augmentation during training further improves the model’s generalization ability.
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F. Integration with the Web-Based Pipeline

The Ultralytics implementation provides a streamlined API that can be easily integrated with Python-based web
frameworks. In the proposed system, the YOLO model is deployed on the server side, automatically processing uploaded
images and returning detection results. This tight integration enables automated inference, scalable deployment, minimal
user intervention, and efficient resource utilization.
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Fig 2: YOLO Architecture

G. Summary of Benefits
The use of YOLO provides high detection accuracy, real-time inference speed, end-to-end detection and classification,
robust performance on microscopic data, easy deployment in web environments, and scalability for large datasets.

Iv. EMERGING AI-INTEGRATED & HYBRID METHODS

Recent advancements in NP detection demonstrate a clear trend toward hybrid methodologies that combine physical
capture mechanisms, spectroscopic analysis, and machine learning. These innovations address the limitations of
traditional methods and offer pathways for integration with platforms like MPWebAL.

A. Optical Sieve Technology

Researchers at the University of Stuttgart and the University of Melbourne have developed an "optical sieve"—a test
strip with tiny cavities etched into a semiconductor substrate that captures nano plastic particles by size. When particles
fall into Mie voids (200 nm to 1 um), distinct colour changes occur that are visible under an ordinary optical microscope.
This method enables rapid, low-cost detection without requiring electron microscopy or trained personnel. The
technology has been validated using lake water samples spiked with nano plastics at concentrations of 150 pg/ml,
demonstrating its potential for field deployment.

B. Al-Assisted Nano-Digital In-line Holographic Microscopy (nano-DIHM)

A cutting-edge nano-DIHM system developed for real-time and in-situ MNP research incorporates deep neural network
functionality for rapid detection in environmental waters. This 4D (3D + time) tracking capability measures sedimentation
velocities of plastics and distinguishes various polymer types (PE, PP, PS, PET, PVC, PUR) from organic and inorganic
materials. The integration of deep learning enables automated classification and quantification, addressing the challenge
of distinguishing NPs from natural colloids.

C. Machine Learning-Enhanced Raman Spectroscopy

Raman spectroscopy faces a fundamental trade-off between analysis speed and signal-to-noise ratio (SNR). Recent work
demonstrates that machine learning can overcome this limitation: a Bi-CNN with attention mechanism achieved 99.29%
accuracy in classifying spectra with SNR near 2, using exposure times as low as 0.001 seconds. The methodology
involves averaging numerous low-SNR spectra to create augmented databases, then applying unsupervised clustering
(autoencoder, PCA, DBSCAN) to filter noise from signals. This approach enables rapid analysis of nano plastics and
other low-concentration substances while reducing hardware requirements.
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D. SERS with Metal-Phenolic Networks and Machine Learning

Surface-enhanced Raman spectroscopy (SERS) combined with metal-phenolic networks (MPNs) and machine learning
represents a cutting-edge approach for nano plastic detection. MPNs concentrate nano plastics from low-abundance
samples, enabling analysis via full-spectrum SERS. Tailored ML pipelines for outlier filtering, classification, and
quantification allow accurate polymer identification and concentration prediction. Detection limits below 0.1 ppm have
been achieved, with applications extending to food matrices such as leafy vegetables.
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Fig 3: Analysis of SERS

A novel SERS sensor developed through in situ synthesis of gold-core silver-shell nanoparticles on bacterial cellulose
(BC@Au@Ag) enables reliable detection of polyethylene and polystyrene MNPs in kale samples at 4 mg kg™, with
theoretical detection limits as low as 1.22 mg kg™ for PS. The bacterial cellulose provides both a biocompatible scaffold
and eco-friendly reducing agent, facilitating green synthesis of nanoparticles with uniform pore structure for reproducible
SERS activity.

E. Electrochemical and Microfluidic Platforms

Emerging electrochemical sensing strategies, including electrochemical impedance spectroscopy (EIS),
photoelectrochemical (PEC), and voltametric sensors, exploit polymer-electrode interfacial interactions for label-free,
sensitive, and real-time detection. These platforms offer potential for miniaturization and in-field deployment.
Microfluidic-based capture systems and lab-on-chip devices are also advancing toward automated MNP detection in
environmental and biological matrices.

F. Challenges

Despite these advances, significant challenges remain. Matrix effects from complex environmental and food samples
interfere with detection. The lack of certified reference materials for NPs hampers method validation and interlaboratory
comparison. Contamination risks during sample preparation can lead to false positives. Distinguishing NPs from natural
colloids (e.g., organic matter, clay particles) remains difficult due to similar size and behaviour. Spectral overlap between
polymer types and interference from co-contaminants complicate identification. Recent reviews emphasize the need for
multimodal workflows and machine learning to improve throughput and specificity.

V. METHODOLOGY

A. Dataset & Model

Combined public MP datasets — 7,200 images (fibre, film, fragment, pellet).
YOLOv11m trained at 1280 px, 300 epochs.

Post-processing: size calibration (user-provided magnification), statistics export.

B. Web Architecture

Frontend: React (drag-and-drop, responsive dashboard).

Backend: Fast API + Ultralytics inference.

Deployment: Docker on Render/Railway/Hugging Face (free tier viable).
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C. Results
Quantitative Performance (500-image test set)

Model YOLOI1m
mAp@50 95.4%
mAp@50:95 71.4%
Precision 94.2%
Recall 92.8%
CPU Inference 51 Ms
GPU Inference 6.4 Ms

Morphology-specific AP@50 >94% across classes. Counting accuracy: 96.8%; size MAE <7% with correct scale.
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Fig 4: Workflow
VI DISCUSSION

A. Strengths of MPWebAI

Zero-cost analysis phase; accessible worldwide.

Sub-10 s response on modest cloud instances.

Immediate quantitative insights for citizen-science and regulatory use and addresses the need for scalable, automated
monitoring systems that can operate beyond specialized laboratories.

B. Limitations for Microplastics
Reduced performance on very dense or low-contrast fields. Morphology only (no polymer chemistry)—a limitation
shared with many imaging-based approaches.

C. Nano plastics-Specific Limitations & Opportunities
Current optical-microscopy + YOLO pipeline cannot reliably detect particles <200—500 nm. Even high-magnification

optical images suffer from diffraction limits. However, emerging technologies offer integration pathways:

Support for advanced imaging inputs: The platform could accept images from optical sieves, SEM/TEM, or nano-
DIHM systems, with retrained YOLOv11-seg models for NP detection.

Hybrid pipeline with fluorescence/Raman-enhanced images: Integration of SERS data or fluorescence staining (e.g.,
Nile red) could provide chemical specificity.
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Optical sieve module: Low-cost capture and analysis using test strips readable by standard microscopes could be paired
with MPWebAT's quantification engine.

Multi-modal fusion with spectral data: Machine learning models that combine imaging features with Raman or FTIR
spectra could improve classification accuracy and enable polymer identification.

Al-enhanced spectroscopy integration: The platform could incorporate the rapid, low-SNR Raman analysis enabled
by Bi-CNNs, extending detection capabilities to nanoparticles with minimal hardware requirements.

These extensions position MPWebALl as a unified platform evolving from MPs to full MNPs monitoring, addressing the
analytical challenges of nano plastic traceability, spectral overlap, and matrix interference.

VIL APPLICATIONS

The proposed web-based intelligent microplastic detection system is applicable across environmental monitoring, water
quality analysis, and industrial assessment due to its automated and scalable design.

e  Marine and Freshwater Monitoring: Enables rapid detection of microplastics in oceans, rivers, and lakes using
microscopic images, supporting pollution hotspot identification and long-term ecological studies while reducing
manual effort. Recent advances in optical sieve technology demonstrate the feasibility of on-site NP analysis in
such environments.

¢ Drinking Water Quality Assessment: Assists laboratories in screening bottled, tap, and groundwater samples
to ensure regulatory compliance and evaluate filtration effectiveness. Studies have documented widespread MNP
contamination in bottled water and beverages, underscoring the need for accessible monitoring tools.

e  Wastewater Treatment Analysis: Helps treatment plants measure microplastic removal efficiency across
processing stages, supporting process optimization and environmental auditing.

e Environmental and Academic Research: Supports researchers and students in conducting microplastic
distribution studies, morphological analysis, and standardized dataset generation. Open datasets like MiNa
support reproducibility and improve development of generalizable Al models.

¢ Industrial Monitoring: Enables plastic manufacturing and recycling industries to monitor microplastic leakage
in effluents and maintain environmental compliance.

e Food Safety Applications: With appropriate extensions for SERS or spectroscopic analysis, the platform could
support detection of MNPs in agricultural products, addressing concerns about food chain contamination.

VIII. CONCLUSION

MPWebALI delivers a practical, open-source solution for microplastic monitoring today and provides a clear roadmap for
nano plastics integration using 2025-2026 breakthroughs in optical sieves, Al-enhanced spectroscopy, and hybrid
detection platforms. By lowering barriers to entry, it accelerates global research, policy, and remediation efforts. As nano
plastic pollution enters what researchers describe as a new "nano era" of investigation, platforms that democratize access
to advanced detection capabilities will be essential for understanding and mitigating the health and environmental risks
of these pervasive contaminants.
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