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The release of microplastics (MPs) from nylon tea bags poses a critical concern for human exposure; however,
their detection and quantification remain challenging especially in beverage matrices, and hence, this study
pioneers the use of high-resolution optical coherence tomography (OCT) integrated with an image processing
algorithm to rapidly detect and quantify the size and count of the MPs directly in the water extractions
simulating tea brewing. The water extractions prepared by simulating tea brewing conditions, hot (100 °C, 1-5
min), cold (2 °C, 1 h), and ambient (30 °C, 1 h), were observed employing OCT imaging and validated through
Nile Red (NR) staining and digital microscopy. The nylon tea bags steeped in hot water for 5 minutes released
16 000 to 24 000 LMPs (>30 pm) and SMPs (12-30 pm) per millilitre. The estimated daily intake (EDI) of MPs

indicates a higher exposure for children (ranging from 0.201 to 0.349 mm?® kg™t day %) compared to adults
Received 18th August 2025

Accepted 15th November 2025 (0.046 to 0.080 mm?® kg™t day™). In contrast, cold brewing for 1 hour released fewer LMPs but an equal

quantity of small MPs (SMPs) compared to hot brewing. This OCT-based approach offers a rapid, versatile

DOI: 10.1035/d5em00644a platform for the detection and quantification of MPs from diverse packaging materials and provides a powerful

rsc.li/espi tool for comprehensive risk assessment when combined with chemical and toxicological analyses.

Environmental significance

The detection and quantification of microplastics (MPs) have become essential as MPs are now invading the food chain through plastic packaging. Here, we
demonstrate the application of optical coherence tomography as a real-time, non-destructive, high-resolution imaging technology to detect MPs as small as 12
um without any sample preprocessing such as filtration or staining. Optical coherence tomography (OCT) was applied to detect Large MPs (LMPs) (30-5 pm) and
Small MPs (SMPs) (12-30 um) MPs leached from nylon tea bags into tea infusions simulating real-world brewing conditions. Additionally, an integrated
automated image-processing algorithm enabled volumetric quantification of MP count, volume, and length, enabling a more realistic and reproducible
assessment than conventional methods. This approach positions OCT as a promising alternative for the volumetric evaluation of MPs in environmental
samples, and its real-time, non-destructive nature enhances the efficiency of monitoring and assessment of MPs.
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Plastic products are versatile and widely used in everyday life
owing to their low cost, flexibility, durability, chemical stability,
and lightness.* Global plastic production has increased from 1.5
million tons in 1958 (ref. 1) to 367 million tons in 2020.> It is
estimated that it could reach up to three times higher by 2050.%*
Although plastic usage in food and beverage packages has risen
due to the convenience and long shelf life they help to provide,?
the extensive use of plastics increases exposure to microplastics
(MPs) through food items.® Since MPs can be found in various
food materials, such as beverages,® dairy products,” and bottled
drinking water,® their ingestion leads to several health
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implications, including tissue damage, fibrosis, inflammation
and cytotoxicity," which have not yet been documented
descriptively.

Tea is one of the most widely consumed drinks, with an
annual global production of 6.3 million tonnes,” and is
frequently served in plastic (nylon) mesh bags, which have
a high tendency to release a significant number of MPs,
including small MPs (SMPs) (1-20 um) and large MPs (LMPs)
(20 pm to 5 mm) into beverages.'® Notably, previous studies
have documented that brewing a single plastic teabag at 95 °C
releases billions of MPs and nano-plastics (NPs) into a single
cup of tea.™** Hence, the detection and identification of MPs in
food matrices are critical for assessing their health risks.
Although state-of-the-art methods, such as Fourier-transform
infrared spectroscopy (FTIR),> Raman microscopy,'” scanning
electron microscopy (SEM),"* optical microscopy,® spectral
imaging™ and fluorescence microscopy® have been employed
effectively for polymer identification,'® morphological analysis,*
and fluorescence detection of polymeric compounds,**” they are
often limited by high cost, extensive sample preparation, high
time consumption,’””*® inaccurate quantification of particle
count and size and poor detection of tiny particles (<20 pm),
which highlights the need for a rapid, non-invasive, label-free,
and high-resolution technique to detect and quantify MPs in
complex matrices in real-time.

Optical coherence tomography (OCT) is a high-resolution,
real-time, non-destructive biomedical imaging technology,
which can be well implemented as a perfect candidate for the
structural identification of LMPs and SMPs." Although previous
studies have used OCT to investigate internal structures of MP
nurdles under extreme environmental conditions® and assess
the MP deposition in fish gills,* these studies are limited to the
internal structural observation and are yet to explore the real-
time, volumetric analysis of MPs released from plastic
consumer products. Unlike conventional methods, OCT is
a label-free imaging technology which requires no extensive
sample pre-processing, such as filtration and staining,* which
positions it as a promising alternative to conventional MP
detection techniques. Despite its potential, the utilisation of
OCT for both the detection and accurate quantification of MPs,
particularly when the particle count is exceptionally high
(around 1 x 10%, in different matrices, is yet to be explored.

This study integrated OCT with automated volumetric anal-
ysis, enabling high-throughput assessment of MP release,
capturing the temporal and spatial variations of MPs induced
by brewing conditions, such as temperature and steeping
duration. Additionally, this unique integration enables highly
detailed, real-time, non-destructive quantification of MPs,
which is yet to be achieved via traditional microscopic and
spectroscopic methods, which are mostly limited to static,
endpoint measurements and often require labour-intensive
sample preprocessing. This innovative approach offers a trans-
formative methodological advancement, providing critical
insight into exposure assessment and enabling rapid screening
and risk evaluation of plastic consumer products. By enabling
a more precise assessment of human exposure and environ-
mental release pathways, this approach allows the
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establishment of regulations and mitigation strategies for
plastic pollution in the food and beverage industry.

2. Materials and methods
2.1 Sample collection and preparation

Empty nylon tea bags (without tea leaves), intended for tea pack-
aging, were selected and carefully rinsed with reverse osmosis (RO)
water to eliminate any contaminants, following the methodologies
established by previous studies.>*® The RO water was filtered
through 1.2 um pore size, 47 mm diameter Whatman GF/C glass
microfibre (GE Healthcare Life Sciences) filter papers to remove
contaminants. These steps were followed to enable the detection
and quantification of MPs released from the nylon tea bags
themselves, avoiding interference from tea leaves or the infusion
dynamics that could complicate the detection. Each prepared nylon
teabag was individually immersed in cleaned and sterilised glass
containers containing 100 mL RO water at 100 °C. The tea bags
were steeped for controlled durations of 1, 2, 3, 4, and 5 minutes. In
addition to the effect of time on MP release, the influence of
temperature was determined by steeping the tea bags at 2 °C and 30
°C for 1 hour, as extended cold brewing is a commonly adopted
method for extracting bioactive compounds and enhancing the
taste and aroma.*** After each steeping, the tea bags were carefully
removed, and the glass containers were immediately covered with
aluminium foil and sealed with their caps to avoid contamination
before further analysis. All sample preparations were performed
wearing a cotton laboratory coat and gloves to prevent contami-
nation.® The control sample was prepared using 100 mL of RO
water without immersing a tea bag to identify the background
contamination introduced through airborne fibres, equipment, or
reagents, even under controlled conditions.®

2.2 Detection of microplastics using optical coherence
tomography

A high-resolution swept-source OCT (SS-OCT) system (Model
VEG210C1/M, Vega™ Series, Thorlabs Inc., USA) was used to
scan the water extractions simulating tea brewing and investi-
gate the released MPs. This SS-OCT system consists of a broad-
band swept-source laser with a central wavelength of 1300 nm
and a sweep bandwidth of 110 nm. The axial resolution is 14 um
in air, while the lateral resolution is 20 um in air. Volumetric
scans were conducted over a field of view (FOV) measuring 1.6
cm x 1.6 cm X 0.828 cm, using a refractive index of 1.33 (for
water). The water samples were thoroughly shaken to ensure
a uniform distribution of MPs throughout the container.*

2.3 Identification of microplastics in samples using digital
microscopic imaging and Nile red fluorescence

The water extractions simulating tea brewing were vacuum
filtered using 1.2 pm pore size, 47 mm diameter Whatman GF/C
glass microfibre filters (GE Healthcare Life Sciences) to collect
the MPs." The filter papers were examined by digital microscopy
(Celestron Handheld Digital Microscope Pro, paired with Cel-
estron Micro Capture Pro software) with 20x magnification to
detect and observe MPs. The NR (9-diethylamino-5H-benzo[a]
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phenoxazin-5-one) staining method was employed to quantify
the MPs in the filter papers.”® The NR solution was prepared by
dissolving 0.01 g of NR dye in 1 L of absolute ethanol to create
a 10 mg L™ solution. Following the vacuum filtration of water
extractions, three drops of the NR solution were gently added
along the inner glass wall of the filter funnel to ensure uniform
dye distribution on the filter paper. The dye was allowed to
remain on the filter paper for 20 minutes. Subsequently, the
filter papers were dried at 45 °C for 15 minutes, and any excess
NR dye was rinsed off with RO water and dried again at 45 °C for
another 15 minutes. Fluorescence imaging was performed
using a 420-470 nm UV Crime-lite® 2 Blue light torch,?® and the
stained filter papers were photographed with a digital single-
lens reflex (DSLR) camera (Canon EOS 250D DSLR (EFS 18-55
mm)) fitted with an orange camera lens filter (MACRO 0.25 m/
0.8 ft) under low light conditions to identify the potential MPs
(Fig. 1).*” The Nile red-stained microplastics emitted yellow-
orange fluorescence (~570-650 nm).

2.4 Algorithm for three-dimensional particle analysis

An automated data pipeline was developed to calculate the
volume and length of each particle and cluster them based on
their spatial position within the 3D volume. The algorithm
consists of three main stages: pre-process, 3D binary mask
generation by OCT images (binary volume construction), and 3D
connected component analysis, followed by quantitative particle
analysis. The scanned volumetric data were stored as 1200
images. Each 2D OCT image has a pixel resolution of 2504 x 976.

2.4.1 Pre-processing. Each OCT image underwent a stand-
ardised pre-processing procedure to achieve isotropic scaling
consistent with the physical FOV of 16 x 16 mm before volu-
metric reconstruction, which was achieved by resampling the
width of cross-sections (X-axis) from 2504-2400 pixels. Subse-
quently, the height of the cross-section (Y-axis) was propor-
tionally rescaled to maintain the original aspect ratio. As a final
step of the pre-processing phase, the number of cross sections
was increased from 1200 to 2400 by sequentially duplicating
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each 2D-OCT image, resulting in a volumetric data grid of 2400
X 2400 x 935 (H x W x N) pixels.

2.4.2 3D binary mask generation. The stack of 2D-OCT
images was converted into a binary 3D volume. First, the algo-
rithm converted each grayscale 2D-OCT image Ix(x, y) where k =
1, 2,3, ..., N, into a binary image bi(x, y) using a fixed threshold
T. This segmentation process is defined by using eqn (1).

i 0 =4 B 07T 0

where bi(x, y) represents the kth binary image and pixels
classified as background are assigned 0 and foreground (MPs)
pixels are assigned 1. All binary images were stacked along
the depth dimension (Z-axis) to construct the 3D binary
volume B(x, y, z), which can be expressed using eqn (2), where
z=k

C=

B(x7 Vs Z): bk(x1 y) (2)

k=1

This process generates a volumetric binary representation

(eqn (3))-

Be {0, 1}H>< WxN [3)

2.4.3 3D connected component labelling. After the binary
3D mask generation process, the 3D mask undergoes a 3D
connected component analysis (CCA) process. The algorithm
applied 3D connected component labelling to B to isolate each
particle (voxel cluster). Each voxel cluster C; (component i)
satisfies 26-connectivity. This process is expressed as eqn (4),

C; = {(x, y, z) € B|connected under 3D adjacency} (4)

The algorithm computed the volumetric size, length, and the
3D coordinates of the centroid for each connected component
C;, using eqn (5), (6), (7) and (8), respectively.
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Fig. 1 Graphical overview of the experimental design illustrating the key steps and procedures.
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Volume (voxel count),
Vi= |G (5)
Particle length,

dlp, q)= \/(xp —x) e =)+ (20— 20) (6)

where p and g represent any two voxels, defined by their 3D
coordinates, that belong to the same particle (voxel cluster) C;,
and d(p, q) denotes the Euclidean distance between them.

L; = max,, s cd(p, q) )

Coordinate of the centroid,

1
0= g 3 (53 2 (8)

x.,2)e G
2.5 Human exposure to microplastics

The EDI of MPs through the consumption of nylon teabags was
quantified to evaluate the exposure of two age groups, including
children and adults, to MPs using the following equation (eqn

(9)-!
EDI (mm’ kg™ day') or (particles per kg per day)
_ CxDIxEFxED ©)
B BW x AT ’

where C is the concentration of MPs. Two scenarios were
considered in the concentration; the first scenario is the number
of particles per mL, and the second scenario is the volume of MPs
(mm® mL ™). The considered parameters were DI: average daily
intake of tea (200 mL), ED: exposure duration (year), EF: exposure
frequency (day year™ '), AT: averaging time (days), and BW: body
weight (kg), respectively. The average body weight of a child and
adult was considered to be 16 kg and 70 kg, respectively.*?®

3. Results and discussion

3.1 Evaluation of microplastic release at different hot
brewing durations

Optical coherence imaging, complemented by digital micros-
copy and NR staining-based validation, was employed to
analyse the release of MPs from commercially available empty
plastic tea bags during hot brewing. The samples steeped for 1,
2, 3,4, and 5 minutes were compared with the unbrewed control
sample. Steeped samples exhibit a substantial amount of MPs,
ranging from approximately 16 000 to 24 000 MPs, indicating
the susceptibility of nylon tea bags to release MPs during
brewing, as nylon is a thermally sensitive material prone to
hydrolysis when in direct contact with hot water.”® The heat
causes the breakdown of ester/amide bonds in the polymer and
releases the MPs.> In addition, chain scission makes the
material more brittle and prone to fragmentation, which is
a strongly temperature-dependent process.*® Therefore, MP
release is intensified at temperatures above 40-60 °C,**** and
rapid breakdown occurs at temperatures above 95 °C.**

This journal is © The Royal Society of Chemistry 2026
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3.1.1 Time-resolved microplastic detection and structural
assessment. Representative OCT cross-sections, enface images
from 4 different depths, and 3D volumetric images provided
detailed morphological information and spatial distribution of
MPs in the simulated water extractions. The bright blue colour
particles in OCT cross-sections ((a-d) inset images) and enface
images ((e-h) inset images) represent the MPs. And the enface
images indicate the depth-wise distribution of the MPs. The
volumetric images (inset image (i)) of the scanned volume
demonstrate the prominent spatial distribution of the scat-
tering particles. The red colour particles in the volumetric
images correspond to the MPs (Fig. 2-4 and S1-S3).

The control sample exhibits minimal suspended MPs (Fig. 2(a-
i) inset images). The cross sections of the control sample exhibited
only 2 MP particles. The enface images indicated that those MPs
were located at depths of 0.09 and 0.13 m. The measurements of
these MP fragments were confirmed to be less than 1 mm, which
can probably represent the background contamination intro-
duced through atmospheric deposition, equipment, or
reagents.”>*® The volumetric image of the control sample
confirmed the absence of detectable MPs, indicating that the RO
water was free from impurities. This sample detected two MPs in
digital microscope images, exhibiting fluorescence under UV
light, indicating background contamination (Fig. 2(j-P1, P2 and k-
P1, P2)). These observations suggest using filtered RO water as the
medium does not interfere with MP detection and enhances the
applicability of OCT to assess the release of MPs from a wide
range of food and beverage packaging materials, beyond nylon tea
bags. In addition, the utilisation of an aqueous medium mini-
mises the interferences from the complex substrates and ensures
reliable MP detection.>*

In contrast to the control samples, all water extractions
simulating tea brewing conditions contained small spherical
and fragment-shaped MPs,* which were well visualised through
cross-sectional images of the samples that were steeped for 1, 2,
and 3 minutes (Fig. 3(a-h) inset images, S1(a-h) inset images
and S2(a-h) inset images). In addition, elongated, cylindrical
fibre-like structures were observed in the cross-sectional and
enface images of samples steeped for 4 and 5 minutes (Fig. 4(a-
h) inset images and S3(a-h) inset images).>**® Previous reports
revealed that tea bags release mostly fibres, fragments, and
spherical-shaped MPs into the tea.>**® Furthermore, our results
suggested that the abundance of tiny, rounded MPs was
comparatively higher than that of elongated fibre-like MPs.
Similar to Liu et al. (2023), ellipse, oval, and rod shapes were
identified as the most abundant fragments, while fibres were
the least abundant in environmental samples.** This observa-
tion can be more favourable, since fibre-like MPs tend to
entangle within the digestive system more than spherical-sha-
ped MPs.” The MPs in most samples were primarily within the
depth range of 0 to 5.54 mm.

Most fibre-like structures detected were less than or
approximately 1 mm in length. However, MPs detected in the
samples steeped for 4 and 5 minutes (Fig. 4 and S3) were
substantially longer than those found in the 1, 2, and 3 minute
samples (Fig. 3(a-h) inset images, S1(a-h) inset images and
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Nile red test Zoomed-view Digital microscopy images

Fig.2 Detection and visualisation of microplastics using optical coherence tomography, Nile red staining, and digital microscopic imaging in the
control sample. ((a—d) inset images) Cross-sectional OCT images with representative microplastics. ((e—h) inset images) Enface OCT images with
representative microplastics at 4 depth levels. (i) 3D visualisation of microplastics. (j) Sample after Nile red staining, indicating fluorescent
microplastics at positions P1 and P2. The zoomed view shows clearer localisation of P1 and P2. (k) Digital microscope images: the microplastics
corresponding to fluorescent particles.

S2(a-h) inset images), indicating an apparent increase in The volumetric image indicates that different-sized irreg-
particle size with extended steeping. This trend indicated that ular-shaped MPs have been released into the water extractions
longer steeping enhanced the release of larger MPs from nylon during steeping (Fig. 2(i), 3(i), 4(i) and S1(i), S2(i), S3(i)). In
tea bags, similar to the prior studies.®” addition, the increase in MP particle count can be identified

Cross sections Enface images 3D image

o« O
Q:591 Q 55A i

Nile red test Zoomed-view Digital microscopy images

Fig. 3 Detection of microplastics using OCT, Nile red staining, and digital microscopic imaging after steeping the tea bag for 2 minutes. ((a—d)
inset images) OCT cross-sections with representative microplastics. ((e-h) inset images) Enface OCT images at 4 depths. (i) 3D visualisation of
microplastics. (j) Sample after Nile red staining, indicating representative fluorescent microplastics at positions P1, P2, P3 and P4. The zoomed
view shows a more precise visualisation of P1, P2, P3, and P4 and digital microscope images for the microplastics corresponding to fluorescent
particles.
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3D image

Digital microscopy images

Fig. 4 Detection of microplastics using OCT, Nile red staining, and digital microscopic imaging after steeping the tea bag for 4 minutes. ((a—d)
inset images) OCT cross-sections with representative microplastics. ((e—h) inset images) Enface OCT images at 4 depths. (i) 3D visualisation of
microplastics. (j) Sample after Nile red staining, indicating representative fluorescent microplastics at positions P1, P2, P3 and P4. The zoomed
view shows a more precise visualisation of P1, P2, P3, and P4 and digital microscope images for the microplastics corresponding to fluorescent

particles.

when comparing the volumetric image of the sample steeped
for 2 minutes with the sample steeped for 4 minutes. The
numbers of MPs detected in the samples immersed for 1, 2, 3, 4,
and 5 minutes by both NR staining and digital microscopic
imaging were 8, 4, 7, 4, and 8, respectively (Fig. 2-4 and S1-S3(j-
P1-P4)). The digital microscope images detected only the frag-
ment and fibre-like MPs, which are larger than 0.3 mm, corre-
lating with the OCT findings. Previous studies suggest that tea
infusions contain MPs that fall within this size range, and the
shape of the MPs is more similar to the MPs observed in this
study.>*® Although NR fluorescence staining effectively high-
lighted fluorescent MPs, it detected fewer MPs than OCT, sug-
gesting a potential underestimation of total MP presence. This
discrepancy occurs due to tiny, stained particles that may
remain invisible to the DSLR camera used for fluorescence
imaging, despite successful fluorescence labelling.* Addition-
ally, closely located or aggregated particles can be perceived as
a single fluorescent particle, resulting in an underestimation of
the particle count. Since this study mainly focused on MP
detection and volumetric quantification, strictly controlled
laboratory conditions were employed to reliably indicate that
the particles detected by OCT originated from the nylon tea
bags. Therefore, chemical compositional analysis was not per-
formed, as the polymer type of the used tea bags was already
known, and the primary focus of this study was on character-
ising the releasing behaviour and volumetric quantification of
MPs.

In contrast, OCT examined the sample directly without
filtration, thereby preventing aggregation and enabling the

This journal is © The Royal Society of Chemistry 2026

accurate three-dimensional detection of MPs. This highlighted
the capability of OCT to visualise a larger quantity of MPs,
possibly due to its ability to capture micrometre-level particles.

3.1.2 Quantitative analysis of microplastics during
progressive brewing stages

3.1.2.1 Abundance of large microplastics and small micro-
plastics. The abundance of MPs and their volume within the
scanned volume (2 mL) were measured using the automated
image processing algorithm applied to the OCT volumetric
image. MPs larger than 30 pm were classified as LMPs, and
those ranging from 12-30 pm were categorised as small MPs
(SMPs)* (Fig. 5(a-d)). The scanned depth was divided into three
depth levels: 0-2.77 mm (depth 1), 2.77-5.54 mm (depth 2), and
2.54-8.31 mm (depth 3), respectively. The abundance of LMPs
demonstrates a steady increase, from 945-1600 LMPs over
a steeping period of 1-5 minutes, suggesting that the release of
LMPs increases with the extended steeping. The control sample
exhibited 3 MPs. In addition, depth-wise analysis (Fig. 5(a and
b)) indicates that most of the LMPs accumulate in the upper
layer (depth 1) of all the samples. The abundance of LMPs at
depth 1 varied from 386 to 697 MPs, while depths 2 and 3
exhibited 331 to 567 MPs and 228 to 358 MPs, respectively.

The abundance of SMPs is relatively high compared to that
of LMPs. More than 90% of the MPs observed in the sample
were SMPs (Fig. 5(b)), indicating that polymer degradation due
to high temperatures caused the release of large quantities of
SMPs, consistent with prior studies.®*** The sample steeped for 1
minute exhibits a high SMP abundance (18 769 MPs) compared
to those immersed for 2, 3, and 4 minutes, suggesting the great
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Fig. 5 Quantitative analysis of microplastics released from nylon tea bags over different steeping periods (1-5 minutes), categorised by 3
imaging depths. (a) Number of large microplastics detected at three imaging depths (depth 1 = 0-2.77 mm, depth 2 = 2.77-5.54 mm, and depth
3=5.54-8.31 mm) at each steeping interval. (b) Number of small microplastics detected at the same imaging depths at each steeping interval. (c)
The volume of large microplastics at the same depths at each steeping interval. (d) The volume of small microplastics at the same depths at each

steeping interval.

initial release of SMPs upon contact with hot water, as reported
by Xu et al. (2021), who observed the rapid release of MPs from
a single tea bag." However, subsequent reduction of SMP count
in other samples suggests that these SMPs have aggregated into
larger particles. Samples steeped for 2, 3, 4, and 5 minutes
illustrated a gradual increase in the number of SMPs from 13
273 to 22 489 MPs. Busse et al. (2020) clarified that 5800 to 20
400 SMPs can be released by one teabag during steeping for 5
minutes at 95 °C.** The depth-wise comparison of SMPs also
suggests that most of the SMPs accumulate at depth 1, attrib-
uted to the buoyant nature of most plastic polymers, such as
nylon and polypropylene, which have lower densities than
water.*!

3.1.2.2 Volume of microplastics. The total volume of LMPs
varied from 0.011-0.022 mm?, and SMPs varied from 0.022-
0.038 mm®. However, the total volume of LMPs and SMPs
(Fig. 5(c and d)) exhibits a nonlinear trend. Even though the
abundance of LMPs exhibited a steady increase in particle
count, the highest total LMP volume among the samples was
accumulated in the sample with a 4 minute steeping period
(0.022 mm®). The least total volume of LMPs was recorded in the
control sample (7 x 10~® mm?), indicating low background
contamination. The sample steeped for 1 minute exhibited
a higher volume (0.015 mm?®) than the sample steeped for 2
minutes. The total LMP volume increased for the 2-4 minute
steeped samples, indicating an increase in total MP volume over
time. However, there is a slight decrease in the total LMP
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volume of the sample steeped for 5 minutes, suggesting that the
release of large MPs into the tea tends to decrease beyond
a certain duration (Fig. 5(c)). Although SMPs followed
a comparable distribution trend, they did not significantly
affect the overall volume of MPs detected in the 5 minute
steeped sample. The total volume of SMPs in the sample stee-
ped for 1 minute (0.030 mm?®) was higher than that of 2, 3, and 4
minutes. However, an increasing trend in the total volume of
SMPs can be identified from 2-5 minute steeped samples. The
highest SMP volume was recorded in the sample steeped for 5
minutes, and the lowest was recorded in the sample steeped for
2 minutes (Fig. 5(d)). To further understand the distribution, all
the MPs were grouped into 4 volume ranges, and the number of
MPs within each range was counted. According to Fig. S4, most
MPs in each sample fall within the range of 5 x 10" to 1 x 10™°
mm?®, which was a size range that poses significant detection
challenges for standard MP analytical methods. The least MPs
were recorded in the volume greater than 5 x 10> mm?,
3.1.2.3 Length fluctuations of microplastics. The MPs recor-
ded in water extractions simulating tea brewing mainly vary
from 12-702 um (Fig. 6). LMPs were shown in the blue dotted
scatter plots (Fig. 6(a-f)), while SMPs were represented in the
green dotted scatter plots (Fig. 6(g-1)). Over the steeping dura-
tions, the length of MPs varied as follows: 30-437.28 pm at 1
minute, 30-373.85 um at 2 minutes, 30-291.17 pm at 3 minutes,
30-702.35 um at 4 minutes, and 30-437.30 pm at 5 minutes
(Fig. 6(a-f)), respectively. The longest LMPs were recorded in the

This journal is © The Royal Society of Chemistry 2026
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sample steeped for 4 minutes. The SMPs in all samples exhibit
lengths between 12 and 30 um (Fig. 6(g-1)). Most prior studies,
except for a few, have detected that the size of MPs released
from tea bags into tea infusions varied within 100-2496

This journal is © The Royal Society of Chemistry 2026

pm."**'>3 Notably, OCT revealed tiny MPs (12-100 pm), which
were smaller than those in prior studies, highlighting the high
sensitivity of OCT compared to traditional MP detection
methods.***
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3.2 Evaluation of microplastic release under cold and
ambient brewing conditions

3.2.1 Temperature-dependent microplastic detection and
structural assessment. At cold temperatures (2 °C), OCT cross
sections and enface images visualised the fibre-like MPs and
triangle-shaped MPs (Fig. S5).* In contrast, at 30 °C, OCT
images revealed a predominance of small, irregular-shaped MP
fragments (Fig. S6). Although both samples exhibited tiny,
spherical-shaped MPs, the number of these MPs was higher in
the samples steeped at 2 °C. In addition, the MPs visualised in
the samples steeped at 2 °C were larger than those in the 30 °C
sample (Fig. S5(e-h) and S6(e-h)), suggesting that cold
temperatures also affect the release of larger MPs. Digital
microscope images detected the MPs ranging from 0.72-2.46
mm in the sample steeped at 2 °C, while particles ranging from
0.13-1.04 mm were detected in the sample steeped at 30 °C. The
MPs identified by the digital microscope in both samples
exhibited fragment-like structures and a few fibre-like struc-
tures. Notably, 8 fluorescent particles were observed in both
samples (Fig. S5(i) and S6(i)).

3.2.2 Quantitative analysis of microplastics during the cold
and ambient brewing stages

3.2.2.1 Abundance of large microplastics and small micro-
plastics. The results revealed that the MP particle count was
higher for the sample steeped at 30 °C (1101 LMPs) than at 2 °C
(462 LMPs). In contrast, the SMP count was higher at 2 °C (24
238 SMPs) than at 30 °C (21 705 SMPs). The samples steeped at
low temperatures for 1 hour released fewer LMPs than those
steeped at 100 °C, releasing numerous SMPs equal to those of

View Article Online
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hot brewing, as mentioned in prior studies.’” This observation
confirmed that the process of SMP release from tea bags
depends not only on temperature. However, it took 1 hour to
release this number of LMPs and SMPs into tea bags, indicating
that the rate of MP release was lower under cold conditions
(Fig. 7(a and b)). Prior studies also suggested that nylon releases
MPs due to the hydrolysis of its amide bonds when exposed to
water, even at low temperatures. Water penetrates the nylon and
gradually breaks the polymer chains into tiny fragments.*
Consistent with the hot brewing, most of the MPs accumulated
in the upper layer of the sample, 200 LMPs at 2 °C and 481 LMPs
at 30 °C. SMPs also followed the same pattern with 10 182 SMPs
at 2 °C and 9524 SMPs at 30 °C, respectively.

3.2.2.2 Volume distribution of large microplastics and small
microplastics. Notably, the volume of LMPs released from both
samples exhibited similar MP volume (0.0078 mm?®). Compared
to samples steeped at 100 °C, the volume of LMPs released
during cold brewing was significantly lower, even though the
sample was steeped for 1 hour. The volume of SMPs in the
sample steeped at 2 °C was measured to be 0.028 mm?®, and that
at 30 °C was 0.04 mm? (Fig. 7(c and d)). The total SMP volume of
both samples was higher than that of LMPs. The number of MPs
released during cold brewing indicates that most MPs fall
within the volume range of 5 x 10~ to 1 x 10~° mm? (Fig. S7).

3.2.2.3 Length fluctuation of large microplastics and small
microplastics. The sample remaining at 30 °C exhibited MPs
ranging from 12-182 um, and the sample at 2 °C exhibited MPs
ranging from 12-1034 pm (Fig. 8). At 2 °C, only two MPs exceed
1 mm in length, while all the other MPs have lengths lower than

(a) s00 1200 g (B} 12000 30
w00f 5
g 5 £ so00 £
S 400 800 o 3 3
s s ° 18a 7
£ 600 5 < 6000 23
m© - L3 X
o o t 120 <
o 200 400 < s o
s B o 3000 6 =
200 5 s 5]
(=]
(4
0 0 0 0
2 30
Temperature (°C)
(c)
9.0 —~ (@ o020 0.05
= 2 SMPs
3 8.0 3 =
z T = T 0.015 0.04 %
- T £ £
£ 70 ¢ E 0.03 3
£ = @ 0.010 E
P 6.0 £ £ 0.02 5
E s 3 >
3 2 S 2
] 50 S 0.005 0.01 £
ol -
40 R 0.000 0.00
Temperature (°C) Temperature (°C)
Depth 1 Depth 2 Depth 3 —<e=- Total particles

Fig.7 Quantitative analysis of microplastics released from nylon tea bags over different steeping temperatures (2 °C and 30 °C), categorised by 3
imaging depths. (a) Number of large microplastics detected at three imaging depths (depth 1 = 0-2.77 mm, depth 2 = 2.77-5.54 mm, and depth
3 = 5.54-8.31 mm) at each steeping temperatures. (b) Number of small microplastics detected at the same imaging depths at each steeping
temepratures. (c) The volume of large microplastics at the same depths at each steeping temperatures. (d) The volume of small microplastics at

the same depths at each steeping temperatures.
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Table 1 Microplastic concentration and estimated daily intake (EDI) for adults (70 kg) and children (16 kg) for drinking one cup of tea using nylon

tea bags”

Brewing condition Hot Cold Ambient
Time period 1 min 2 min 3 min 4 min 5 min 1h 1h
Temperature 100 °C 100 °C 100 °C 100 °C 100 °C 2 °C 30 °C
MP concentration 9300.93 6862.36 7811.08 9027.78 11 440.88 10983.73 11 641.85
(MP particles per mL)

MP concentration 0.021 0.016 0.021 0.025 0.028 0.017 0.022
(volume (mm?) per mL)

EDI - adult person (104] 2.66 1.96 2.23 2.58 3.27 3.18 3.33
(particles per kg per day)

EDI - adult person (mm? kg day ) 0.061 0.046 0.060 0.071 0.080 0.05 0.06

EDI - child (105) 1.163 0.858 0.976 1.128 1.430 1.373 1.455
(particles per kg per day)

EDI - child (mm® kg ' day ") 0.266 0.201 0.261 0.309 0.349 0.214 0.279

¢ EDI values were obtained with an assumption of one cup (200 mL) of tea consumed daily, with assumed body weights of an adult and a child being
70 kg and 16 kg, respectively. For hot-brewed samples, brewing temperatures were around 95-100 °C. For cold and ambient brewing, samples were

kept at 2 °C and 30 °C, respectively, for 1 hour.

300 um in both cold-immersed samples. This suggests that the
cold conditions prominently release tiny MPs. Furthermore, it
was confirmed that the low temperatures take an extended time
to release the MPs, unlike hot brewing.*”

3.3 Microplastic concentration and human exposure

The assessment of human exposure to MPs due to drinking tea
is essential, since tea is one of the most popular beverages in the

This journal is © The Royal Society of Chemistry 2026

world." The concentration and the EDI of the MPs reveal how
different brewing conditions influence the potential oral
ingestion of MPs. The concentration (MP particles per mL)
exhibited an increasing trend (6862.36-11 440.88 MP particles
per mL) (Table 1), indicating that prolonged steeping increases
the release of MPs. It was noted that the particle count is rela-
tively high, and the corresponding MP volume is low, ranging
from 0.016 to 0.028 mm?® mL™*. This pattern indicated that the
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released particles were small and followed the same pattern as
the prior studies."****

The EDI values calculated based on particle count for adults
and children were considerably higher compared to prior
studies, particularly for children, due to their higher intake rate
relative to body weight.** However, when MP exposure was
evaluated based on volume, the EDI appeared much lower. This
observation highlighted the importance of reporting both
particle count and volume in human exposure assessments. As
indicated in this study, relying solely on particle count led to an
overestimation of exposure, particularly when a large propor-
tion of the particles are SMPs. Therefore, a volume-based EDI
assessment provided a more realistic evaluation, which
conventional technologies cannot achieve.

The MPs were also detected in tea infusions prepared at 2 °C
and 30 °C, with concentrations of 9083.73 MP particles per mL
and 11 641.85 MP particles per mL, respectively, emphasising
that both temperature and steeping duration influence the
release of MPs.*” The relatively high concentrations of MPs in
tea infusions and EDI values highlight that the health risk
associated with MP exposure cannot be ignored. Therefore, as
a next step, integrating chemical characterisation and toxico-
logical analysis with OCT-based analysis is necessary to accu-
rately evaluate the potential health risk.** Additionally, the
results suggest the importance of developing alternative mate-
rials to plastics** or an effective MP removal method. Prior
studies have proposed several innovative approaches, including
green starch-gelatin sponges* and oil-in-water emulsions,*”
which have high removal efficiencies in various food and envi-
ronmental samples.

4. Conclusion

Microplastics are one of the pressing pollutants due to their
ubiquitous nature. The discovery of MPs in food and beverages
raised global concern regarding human exposure. As tea is one
of the most frequently consumed beverages, this study was
initiated to assess the release of MPs from nylon tea bags,
a material widely used in the production of tea bags, particularly
for herbal teas. This study successfully visualised and quanti-
fied the MPs released from tea bags in the 12-702 pm range
using OCT as a cutting-edge, non-invasive, high-resolution,
label-free, in situ imaging technique, overcoming the detection
limitations of conventional methods. The NR staining and
digital microscopic observation further validated the presence
of MPs. An automated image processing algorithm allowed for
the rapid quantification of particle count, volume, and length
more efficiently. The tea bags released 6862.36-11440.88 MP
particles per mL during hot brewing for 1-5 minutes. The
concentration of MPs based on the volume of MPs ranges from
0.016-0.025 mm® mL~'. The MP count increased over time
(945-1622 particles), and SMPs exhibited an increasing trend
after 2 minute steeped samples. The EDI of MPs ranged from
1.96 x 10" to 3.27 x 10 particles per kg per day and 0.046-0.080
mm? kg™" day . The EDI was significantly higher for children,
ranging from 85 779-143 011 particles per kg per day and 0.201-
0.349 mm® kg~ ' day . These findings were made possible by
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integrating OCT with an automated image processing algorithm
for detecting and quantifying MPs. Thus, this integration
represents a paradigm shift in MP analysis, offering a high-
throughput alternative to more labour-intensive and time-
consuming techniques. Furthermore, the OCT-based analysis
can be extended to analyse MPs released from various tea bag
materials and a wide range of food and beverage packaging
materials and can be integrated with chemical characterisation
and toxicological assays to support toxicological risk
assessment.
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