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roplastic release into water from
plastic containers based on lensless digital
holography

Liang Xue, Hao Chen, Hao Zhou, Yusheng Wu, Chunjuan Wei, Youhua Jiang
and Hao Yang Cui*

This study effectively analyzed the impact of microplastic release. Plastic containers are widely used in the

food delivery industry, but the released microplastic particles can pose a threat to human health and the

environment. The study employs lensless digital holography, which utilizes the principles of near-field

light scattering and optical interference to rapidly detect microplastic particles. By adjusting the

reconstruction distance, the technique can differentiate microplastic particles from other impurities,

achieving precise detection and analysis of microplastic particles. The results showed that the release of

microplastic particles from plastic bags at room temperature was about 5.25 times that of plastic boxes.

In the experiment of releasing microplastics from plastic boxes, the increase was 1158.82% after heating

for 60 seconds, 132.48% after three heating cycles, 141.18% after refrigeration, and 21.37% after

refrigeration before heating. This study reveals the release of microplastics under different treatment

conditions, providing a reliable basis for reducing the harm of microplastics.
1. Introduction

With the rapid development of the food delivery industry and
the increasing demand for convenient dining options, ordering
takeout has become a common eating habit.1 Studies have
shown that the size of China's food delivery market has grown
from 3.4 billion US dollars in 2011 to 32.5 billion US dollars in
2017.2 Faced with such a massive demand for takeout, busi-
nesses have had to consider the storage and transportation of
food, ultimately turning to convenient and inexpensive plastic
containers.3 However, the widespread use of plastic containers
has inevitably led to microplastic pollution, posing threats to
both the environment and human health.4–6

Microplastics are dened as plastic particles with diameters
ranging from 1 micrometer to 5 millimeters,7 varying in shape
and size.8 Based on their sources, microplastics can be classi-
ed into two categories: primary and secondary microplastics.
Primary microplastics are directly produced as small plastic
particles during industrial and product manufacturing
processes, while secondary microplastics are tiny particles
formed from the degradation of larger plastic waste in the
natural environment due to physical, chemical, or biological
processes.9 Due to the small volume, wide distribution, and
difficulty in being detected by the naked eye, microplastic
particles are commonly found in daily life. This makes micro-
plastics easily enter the human body, posing signicant threats
ineering, Shanghai University of Electric
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to the natural environment and human health.10–13 Research
has shown that microplastics can adversely affect human health
through endocrine disruption, cumulative effects, and the
transport of pathogens.14,15

Microplastics have a small volume that is difficult to observe
with the naked eye, and their diverse shapes are easily confused
with that of other particles. Currently, the mainstream detec-
tion method is spectroscopic analysis, which mainly includes
Fourier transform infrared spectroscopy (FTIR) and Raman
spectroscopy.16,17 For instance, Feride Öykü Seloglu et al. used
micro-FTIR to measure the mass concentration of microplastic
particles in urban water samples,18 while Viktória Parobková
et al. employed Raman microspectroscopy to detect micro-
plastic particles in human tonsils.19 Although spectroscopic
analysis is an effective method, its high cost of equipment and
the need for professional operators make it inconvenient.
Moreover, there needs to be a trade-off between sensitivity and
speed.20 In addition to spectroscopic analysis, some dye-based
uorescence microscopy methods can also effectively detect
microplastic particles, such as Nile red, rhodamine B, and
safranin. These methods can observe the distinct uorescence
emitted by microplastic particles under a uorescence micro-
scope. However, since their detection principle relies on the
lipophilicity of the dyes, they cannot completely exclude inter-
ference from other non-microplastic organic particles. More-
over, the waste liquid from these chemical dyes can cause
secondary environmental pollution.21–24 Therefore, a low-cost
and easy-to-operate method is urgently needed for micro-
plastic detection.
Nanoscale Adv., 2025, 7, 7527–7537 | 7527
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Currently, some studies have focused on the issue of
microplastic particle release from plastic containers. For
example, Can Xu et al. investigated the changes in microplastic
particle release from polypropylene self-heating food containers
during use and explored the impact of released volatile organic
compounds on human health.25 Xin Guo et al. studied the
inuence of oil on microplastic release from plastic packaging,
lling the information gap regarding microplastics in edible
oils.26 Yet Yin Hee et al. examined the effects of storage condi-
tions and washing on microplastic release from plastic
containers and found that repeated washing increased the
release of microplastic particles by an order of magnitude.27

These studies provide a data foundation for understanding the
mechanisms and patterns of microplastic release. However,
they are mostly limited to single-factor considerations. In daily
life, the usage scenarios of plastic containers are more complex,
such as heating food in a microwave oven, refrigerating in
a fridge, or even multiple cycles of heating and refrigeration.
Under the dual inuence of heating and refrigeration, the
release of microplastics may also be subject to complex
effects.28–31 This makes it necessary to conduct in-depth
research on the effects of different conditions on the release
of microplastic particles from plastic containers, which helps to
study the mechanism of microplastic release and provide more
scientic usage recommendations for the public, reducing the
potential risks of microplastics to human health.

In summary, an effective detection method for microplastic
particles released from plastic containers under different pro-
cessing conditions is necessary. Approaches that closely align
with real-world application scenarios can better provide data
support for assessing the risks of microplastic particle release.
The lensless digital holography technology adopted in this
study can effectively and conveniently detect microplastic
particles released from plastic containers. It offers advantages
such as simple operation, low cost, a large eld of view, high
precision, and compact size.32,33 The CMOS camera used in this
study has a pixel size of 3.45 mm × 3.45 mm and a resolution of
2448 × 2048. With a detection limit of 5 mm and an imaging
eld of view of approximately 24 mm2, it ensures detection
accuracy and the feasibility of rapid particle localization. Using
a partially coherent light source LED enhances the coherence of
Fig. 1 Schematic diagram and set-up of the lensless holographic imag
graphic imaging experimental device; (b) lensless holographic imaging e

7528 | Nanoscale Adv., 2025, 7, 7527–7537
light and eliminates speckle noise from lasers, thus providing
a certain degree of anti-interference capability. In addition, the
entire imaging process, including setting up the experimental
apparatus, placing the glass slide, adding the sample to be
tested, and capturing the hologram, takes approximately 5
minutes in total. The cost of the entire set of equipment is
approximately 300 pounds, and it is suitable for detecting
complex conditions that closely resemble real-life scenarios. Its
principle involves using an LED light source to illuminate the
sample through a slit, with a CMOS image sensor (Model: MV-
CB050-11UC-C) recording the interference patterns of light
waves. The captured images are then reconstructed using
angular spectrum theory and phase retrieval techniques to
ultimately obtain three-dimensional images.34–36 Although
lensless technology lacks the focusing and magnication
functions of traditional microscopes and has limitations in
resolution, post-image reconstruction processing can effectively
compensate for this issue. Moreover, its large eld of view is
more conducive for observing the overall distribution of the
sample. Based on these advantages, lensless digital holography
technology holds promise for convenient and rapid detection of
microplastic particles, providing data support for research on
the threats posed by microplastic particles to dietary health in
daily life.
2. Materials and methods
2.1. Material preparation

The plastic containers selected for the experiment are all made
of polypropylene (PP). This is because the plastic materials
commonly used for takeout containers typically include poly-
propylene (PP), polyethylene (PE), polystyrene (PS), and poly-
ethylene terephthalate (PET). Among these, polyethylene,
polystyrene, and polyethylene terephthalate have relatively poor
heat resistance, making them unsuitable for daily microwave
heating. Additionally, these materials tend to be rough and
prone to aging and becoming brittle aer repeated use. Overall,
polypropylene takeout food containers are the most ideal
experimental subjects for studying the release of microplastic
particles. The polypropylene plastic containers andmicroplastic
powders used in the experiment were purchased from a Chinese
ing experimental device; (a) schematic diagram of the lensless holo-
xperimental device and related material and equipment parameters.

© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00407a


Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
26

/2
02

5 
5:

10
:3

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
online shopping platform (https://www.taobao.com/). To
simulate the contact between takeout containers and food,
distilled water was used as the medium to minimize
interference from impurities in the water. The parameters of
the experimental equipment and the physical image of the
experiment are shown in Fig. 1(b). The experimental
equipment parameters are as follows: the microwave power is
700 W and the refrigerator temperature is approximately 5–8 °
C. The diameter of the various microplastic powders used in
the experiment is about 5 mm. The number of microplastic
particles in the experimental data is the average result of
eight repeated experiments, and the microplastic abundance
(MP/L) is calculated by proportionally converting the number
of microplastic particles and the sample volume; the droppers
used in the experiment were all glass droppers with scales. The
plastic containers used in the experiment have a volume of
25 ml, with 15 ml of distilled water added for each experiment,
and the contact area between the water and the plastic box
container is approximately 26 cm2.
2.2. Principle of lensless digital holography technology

Lensless digital holography technology is an advanced optical
imaging technique based on wavefront information recording.
Compared to traditional microscopes, this technology elimi-
nates the need for complex and expensive lens systems. Instead,
it uses a CMOS image sensor to directly record the interference
patterns of light waves to capture sample information. The
image captured by the CMOS camera is the hologram, which
contains information about the phase, amplitude, and structure
of the sample. The setup primarily consists of four components:
a green LED light source with a central wavelength of 525 nm,
an aperture, the sample under test, and a CMOS image sensor.

The principle of the experimental setup is illustrated in
Fig. 1(a), where Z1 represents the distance from the light source
to the sample, and Z2 represents the distance from the sample
to the sensor. Since the distance from the sample to the CMOS
image sensor is extremely small and much less than the
distance from the LED light source to the sample, i.e., Z1 [ Z2,
the short coherence length allows the use of a partially coherent
LED light source. Aer passing through the aperture, the
coherence of light is enhanced, effectively avoiding speckle
noise generated by lasers and resulting in clearer interference
images. At this point, the light is directed onto the sample being
tested by partially coherent LED light sources. The scattered
light from the sample and the transmitted light passing
through the sample create a near-eld interference effect,
forming an interference pattern. Here, the scattered light
UO(x,y) serves as the object wave, and the transmitted light
UR(x,y) acts as the reference wave. The light waves propagate to
the CMOS image sensor and are recorded, with the captured
image being the hologram of the sample H(x,y). The specic
formula is as follows:

H(x,y) = UO(x,y) + UR(x,y) = AR + AO(x,y)exp[if0(x,y)] (1)
© 2025 The Author(s). Published by the Royal Society of Chemistry
where AO is the amplitude information of the object wave, AR is
the amplitude information of the reference wave, and f0 is the
phase information of the object wave.

Since the transmitted light, as the reference wave, is rela-
tively stable, while the scattered light has a more signicant
impact on the quality of the hologram, it is necessary to evaluate
the effect of scattered light on the imaging quality of the holo-
gram. The microplastic particles detected in this study have
diameters ranging from 1 mm to 50 mm. The experiment uses
a green LED light source with a wavelength of 525 nm, which
meets the criterion for Mie scattering theory where the particle
diameter is greater than or comparable to the incident light
wavelength. Therefore, the scattering cross-section is used to
evaluate the scattering ability of the particles, thereby assessing
the imaging quality of the hologram. The distribution and
phase information of the scattered light are calculated using
Mie scattering theory. The specic formula is as follows:

CsðlÞ ¼ 2p

k2

XN
n¼1

ð2nþ 1Þ
�
janj2 þ jbnj2

�
(2)

where Cs(l) is the scattering cross-section, l is the incident light
wavelength (525 nm), k is the wavenumber, and an and bn are
the Mie scattering coefficients. The specic formulae are as
follows:

an ¼ mjnðmxÞj0
nðxÞ � j

0
nðmxÞjnðxÞ

mxnðmxÞj0
nðxÞ � x

0
nðmxÞjnðxÞ

(3)

bn ¼ jnðmxÞj0
nðxÞ �mj

0
nðmxÞjnðxÞ

xnðmxÞj0
nðxÞ �mx

0
nðmxÞjnðxÞ

(4)

where m is the ratio of the complex refractive index of the
particle to that of the surrounding medium, x is the size
parameter, and jn and xn are the rst and third kinds of
spherical Bessel functions, respectively.
2.3. Principle of holographic reconstruction

Lensless digital holography lacks the magnication and
focusing capabilities of traditional lenses, resulting in low-
resolution holograms captured by the CMOS sensor. To
improve resolution, hologram reconstruction is necessary. This
process uses optical interference and diffraction principles to
recover the phase and amplitude information from the recor-
ded interference patterns, thereby reconstructing a three-
dimensional image. Common reconstruction algorithms
include the Fresnel transform method, iterative methods, and
the angular spectrum method. The Fresnel method can be
numerically unstable and is limited by diffraction distance
when dealing with high-resolution or large holograms. Iterative
methods may fail to converge due to inappropriate initial phase
distributions or constraints. In contrast, the angular spectrum
method is stable, not limited by diffraction distance, and can
more accurately recover the complex amplitude information of
the object wave. Therefore, this study uses the angular spectrum
method to reconstruct the hologram, simulating the optical
diffraction process to recover the amplitude and phase infor-
mation of the object wave. This allows for the reconstruction of
Nanoscale Adv., 2025, 7, 7527–7537 | 7529
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the external and internal features of microplastic particles. The
reconstruction process is described by using the following
formula:

Ucðx; yÞ ¼ F�1�F ½UIðx; yÞ� �H�Z2
ðx; yÞ� (5)

where UI(x,y) is the complex amplitude of the captured holo-

gram, generally UIðx; yÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Iðx; yÞp

; I(x,y) is the captured light
intensity information; Uc(x,y) is the complex amplitude of the
reconstructed object; and H−Z2

(x,y) is the angular spectrum
propagation, which propagates backward by a distance of Z2.
HZ2

(x,y) can be obtained by using the following formula:

HZ2
ðx; yÞ ¼

8>>><
>>>:

exp

�
ikZ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� l2fx

2 � l2fy
2

q �
; fx

2 þ fy
2\

1

l2

0 ; fx
2 þ fy

2 $
1

l2

(6)

where l is the wavelength of the LED light source (525 nm in
this study); fx and fy are the spatial frequency coordinates; and
Z2 is the distance from the sample to the sensor.
2.4. Experimental design for simulating microplastic release

In the everyday use of plastic containers, people oen store food
in the refrigerator or freezer, or reheat food in the microwave.
Fig. 2 Flow chart of image acquisition and reconstruction for
detecting microplastic particles using lensless holographic tech-
nology; (a) and (b) preparation of experimental microplastic samples,
including microwave heating and refrigeration in a refrigerator, (c) lens
free image capture and reconstruction, (d) image reconstruction
results, including holographic images of microplastic particles, gray-
scale processed holographic images of microplastic particles, recon-
structed images of microplastic particles, and phase maps of
microplastic particles.

7530 | Nanoscale Adv., 2025, 7, 7527–7537
There may even be cases of multiple cycles of heating and
refrigeration. During this process, the release of microplastic
particles may vary with factors such as heating time, heating
frequency, refrigeration time, and container material. There-
fore, it is necessary to summarize the relationship between
different treatment methods and changes in microplastic
particle release. Additionally, some studies have suggested that
the release of microplastic particles decreases when plastic
containers are stored at low temperatures. Therefore,
a comparison was made between heating plastic containers
aer refrigerated storage and storing them at room temperature
and heating them to explore the inhibitory effect of refrigeration
on the release of microplastic particles.

Fig. 2 shows the owchart of image acquisition and recon-
struction for detecting microplastic particles using lens-free
holography. It includes the entire process from sample prepa-
ration to image acquisition and reconstruction, ultimately
obtaining the reconstructed image and phase image of the
microplastic particles.
3. Results

To ensure the reliability and generalizability of the experimental
results and to reduce the impact of random factors, the results
of the comparative experiments are the average values of eight
repeated experiments.
3.1. Impact of different types of plastic containers

When investigating the impact of different types of plastic
containers on the release of microplastic particles, we found
that aer storing a plastic box at room temperature for 30 days,
the microplastic abundance was approximately 167 500 MP/L,
while aer refrigeration for 30 days, it is approximately 242
500 MP/L. The microplastic abundance increased by 44.81%
aer refrigeration compared to room temperature storage. The
microplastic abundance aer storing the plastic bag at room
temperature for 30 days is approximately 880 000 MP/L, while
aer refrigeration for 30 days, it is approximately 192 500 MP/L.
The microplastic abundance increased by 357.14% aer room
Fig. 3 Comparison of microplastic abundance in plastic boxes and
plastic bags stored at room temperature and in a refrigerator.

© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00407a


Fig. 4 Reconstruction distance distribution of suspended particles in
water and microplastic particles of different materials.
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temperature storage compared to refrigeration. The release of
microplastic particles from plastic bags at room temperature is
about 5.25 times that of plastic boxes. Considering that plastic
bags cannot be heated in a microwave oven, the experimental
subjects in this study all used polypropylene plastic boxes. Fig. 3
shows the comparison of the abundance of microplastic
Fig. 5 Scatter plot of reconstruction distances for suspended particles
pended particles in water; (b) reconstruction distance of PP microplastic
distance of PE microplastics.

© 2025 The Author(s). Published by the Royal Society of Chemistry
particles released from polypropylene plastic boxes and plastic
bags aer a period of storage under room temperature and
refrigerated conditions.
3.2. Analysis of the microplastic reconstruction distance

Based on the imaging principle of lensless digital holography,
the closer a particle is to the photosensitive area of the CMOS
image sensor, the smaller its reconstruction distance will be
during hologram reconstruction. Since different types of
microplastics have different densities, and their positions in
water aer settling for a period of time will vary, leading to
different optimal reconstruction distances. Therefore, the type
of microplastic can be determined by its optimal reconstruction
distance. The plastic containers used in this study are made of
polypropylene due to its heat resistance and stability. However,
during the experiment, external environmental factors and
experimental operations may introduce additional contamina-
tion, such as air pollution, leading to the presence of micro-
plastic particles of other materials and impurities in the
sample. Therefore, this study detected the three most common
microplastic materials in air (PP, PET, and PE) as well as
impurity particles in the hologram. During the experiment,
each sample was allowed to settle for 90 seconds before
capturing the image to ensure that the microplastic particles
fully settled in the water. The detection time was also strictly
in water and microplastic particles; (a) reconstruction distance of sus-
s; (c) reconstruction distance of PET microplastics; (d) reconstruction

Nanoscale Adv., 2025, 7, 7527–7537 | 7531
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Fig. 6 Impact of microwave heating time on microplastic release.
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controlled to avoid the coffee ring effect caused by prolonged
exposure to a light source, which could lead to inaccurate
results.

To obtain the optimal reconstruction distance range for
microplastic particles of different materials, this study arti-
cially added microplastic powders to the test samples for
detection. Both the microplastic particles and the suspended
solid (SS) particles captured in water were reconstructed, with
100 particles of each material being reconstructed. The diam-
eter of these particles is about 5 mm. Among them, the recon-
struction distance of the SS particles is concentrated in the
range of 1200 to 1600, with a median of 1377.5. The density of
PP is 0.91 g cm−3, and it oats on the water surface. The
reconstruction distance is concentrated between 2050 and 2550,
with a median of 2367.5. The density of PET is 1.38 g cm−3, and
it settles in the water. The reconstruction distance is concen-
trated between 2050 and 2400, with a median of 2212.5. The
density of PE is 0.95 g cm−3, and it oats on the water surface.
The reconstruction distance is concentrated between 2000 and
2450, with a median of 2252.5. Fig. 4 shows the reconstruction
distance distribution of SS particles and the three types of
microplastic particles. Fig. 5 shows the scatter plot of the
reconstruction distances for 100 particles each of the SS parti-
cles and the three types of microplastics.
Fig. 7 Impact of microwave heating frequency on microplastic
release.
3.3. Impact of microwave heating time

When investigating the impact of microwave heating duration
on the release of microplastic particles, we found that without
heating, the abundance of microplastics was approximately 85
000 MP/L. Aer 10 seconds of microwave heating, the micro-
plastic abundance increases to approximately 175 000 MP/L.
Aer 20 seconds, it reaches approximately 295 000 MP/L. Aer
30 seconds, it is approximately 445 000 MP/L. Aer 40 seconds,
it is approximately 555 000 MP/L. Aer 50 seconds, it is
approximately 675 000 MP/L. Aer 60 seconds, it reaches
approximately 1 070 000 MP/L. The growth rate from no heating
to 10 seconds of heating is 105.88%, from 10 to 20 seconds is
7532 | Nanoscale Adv., 2025, 7, 7527–7537
68.57%, from 20 to 30 seconds is 50.85%, from 30 to 40 seconds
is 24.72%, from 40 to 50 seconds is 21.62%, and from 50 to 60
seconds is 58.52%. The growth rate without heating for 60
seconds is 1158.82%. The specic data are shown in Fig. 6,
which includes the results of eight independent replicate
experiments and their arithmetic means.
3.4. Impact of single heating and multiple heating

When investigating the impact of the number of microwave
heating cycles on the release of microplastic particles, we found
that a single 60 second microwave heating session resulted in
a microplastic abundance of approximately 1 070 000 MP/L.
Aer two 30 second heating sessions, it is approximately 1
690 000 MP/L. Aer three 20 second heating sessions, it is
approximately 2 487 500 MP/L. When the total heating time is
the same, it can be observed that compared to single microwave
heating, the microplastic abundance increases by 58% for two
heating cycles and by 132.48% for three heating cycles. The
specic data are shown in Fig. 7.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Impact of refrigeration time on microplastic release.
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3.5. Impact of refrigeration time

When investigating the impact of refrigeration duration on the
release of microplastic particles, we found that at room
temperature, the abundance of microplastics was approxi-
mately 85 000 MP/L. Aer 3 days of refrigeration, the micro-
plastic abundance is approximately 135 000 MP/L. Aer 6 days,
it is approximately 160 000 MP/L. Aer 9 days, it is approxi-
mately 205 000 MP/L. The growth rate from 3 to 6 days is
18.52%, and from 6 to 9 days is 28.13%. The growth rate of
microplastic abundance from room temperature to 9 days of
refrigeration is 141.18%. Fig. 8 illustrates the effect of refriger-
ation duration on the release of microplastic particles, with data
including the results of eight independent replicate experi-
ments and their arithmetic means.

3.6. Impact of refrigeration before heating

When investigating the impact of whether the sample was
refrigerated before heating on the release of microplastic
particles, we found that the microplastic abundance was
approximately 445 000 MP/L aer direct heating for 30 seconds.
Fig. 9 (a) Changes in microplastic abundance and average curve for eig
plastic abundance and average curve for eight experiments with refrigera
abundance curves for direct heating and refrigeration before heating.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Aer refrigeration for 3 days followed by heating, it is approxi-
mately 442 500 MP/L, a decrease of 0.56%. Aer the second 30
second heating session without refrigeration, the microplastic
abundance is approximately 1 690 000 MP/L. Aer refrigeration
for 3 days followed by heating, it is approximately 1 567 500 MP/
L, a decrease of 7.25%. Aer the third 30 second heating session
without refrigeration, the microplastic abundance is approxi-
mately 2 362 500 MP/L. Aer refrigeration for 3 days followed by
heating, it is approximately 1 857 500 MP/L, a decrease of
21.37%. Fig. 9 shows the effect of whether refrigeration was
conducted before heating on the release of microplastic parti-
cles, with data including the results of eight independent
replicate experiments and their arithmetic means.
3.7. Microplastic reconstruction analysis

Fig. 10 shows the reconstruction and phase images of impurity
particles and microplastic particles and contain relevant infor-
mation about the target particles during the reconstruction
process. The reconstructed images can help us identify the
types of particles and exclude the interference from impurity
ht experiments with direct microwave heating. (b) Changes in micro-
tion before microwave heating. (c) Comparison of averagemicroplastic
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Fig. 10 Reconstruction and phase diagram of impurity particles and microplastic particles; (a), (b), and (c) and (d), (e), and (f) are the holograms,
reconstructed images, and phase maps of impurity particles A and B, respectively; (g), (h), and (i) and (j), (k), and (l) are the holograms, recon-
structed images, and phasemaps of microplastic particles C and D, respectively; (m), (n), and (o) are holograms, reconstructed images, and phase
maps of partially overlapping microplastic particles E; (p) comparison curves of cross-sectional strength for particles A, B, C, D, and E.
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particles and overlapping microplastic particles. By analyzing
the cross-sectional intensity distribution of the particles, the
morphological features of the target particles can be further
analyzed, aiding in the differentiation of microplastic particles
from other impurities.
4. Discussion

Lensless digital holography has many advantages in detecting
microplastic particles, such as small size, simple operation,
7534 | Nanoscale Adv., 2025, 7, 7527–7537
low cost, guaranteed resolution and image quality, and
large eld-of-view imaging that is conducive to rapid posi-
tioning, providing a reliable means for research on
microplastics.

In this study, plastic boxes made of polypropylene material
were used, and glass was employed to isolate the samples to be
tested to prevent air pollution. It was found that plastic boxes
release more microplastic particles when stored in the refrig-
erator than at room temperature, which may be due to the
contraction of the container at low temperatures, causing
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of experimental types, conditions, and results

Experimental type Experimental condition Experimental result

Plastic box storage Storage at room temperature 167 500 MP/L
Storage in a refrigerator 242 500 MP/L

Plastic bag storage Storage at room temperature 880 000 MP/L
Stored in a refrigerator 192 500 MP/L

The inuence of microwave heating time Unheated 85 000 MP/L
Heat for 10 seconds 175 000 MP/L
Heat for 20 seconds 295 000 MP/L
Heat for 30 seconds 445 000 MP/L
Heat for 40 seconds 555 000 MP/L
Heat for 50 seconds 675 000 MP/L
Heat for 60 seconds 1 070 000 MP/L

The inuence of microwave heating frequency Single heating 1 070 000 MP/L
Heating in two stages 1 690 000 MP/L
Heating in three stages 2 487 500 MP/L

The inuence of refrigerator storage time Refrigerate for three days 135 000 MP/L
Refrigerate for six days 160 000 MP/L
Refrigerate for nine days 205 000 MP/L

The inuence of whether
refrigeration was conducted before heating

Heat directly for 30 seconds 445 000 MP/L
Refrigerate for three days before
heating for 30 seconds

442 500 MP/L

Heat for 30 seconds for the second time 1 690 000 MP/L
Refrigerate for three days again,
then heat for 30 seconds for the second time

1 567 500 MP/L

Heat for 30 seconds for the third time 2 362 500 MP/L
Refrigerate for three days again,
then heat for 30 seconds for the third time

1 857 500 MP/L

Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
26

/2
02

5 
5:

10
:3

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
damage to the plastic structure. Plastic bags release far more
microplastic particles at room temperature storage than at
refrigerated storage, and release more microplastic particles
than plastic boxes at room temperature storage, while the
difference between the two is not signicant at refrigerated
storage. This is because plastic bags are more susceptible to
external stress and have an uncontrollable contact area with
water.

In the microwave heating experiment, as the heating time
increased, the abundance of microplastics rst increased
sharply and then tended to stabilize, before increasing signi-
cantly again at the end, corresponding to the process of plastic
structure damage, temperature stabilization, and exceeding the
threshold. Under the same heating time, multiple heating
cycles release more microplastic particles than a single heating
cycle due to the accumulation of thermal damage.

In the refrigerator storage experiment, as the storage time
increased, the abundance of microplastics slowly increased,
which may be due to plastic cracking caused by low tempera-
tures. Aer refrigeration and then heating, fewer microplastic
particles are released compared to direct heating, as particles
tend to aggregate at low temperatures. The specic experi-
mental data are summarized in Table 1.

Compared with other studies, this research focuses more on
the impact of everyday equipment on the release of microplastic
particles, reminding people to pay attention to the microplastic
risks in daily life and contributing to the prevention of micro-
plastic pollution.
© 2025 The Author(s). Published by the Royal Society of Chemistry
5. Conclusion

This study proposes a method for detecting microplastic parti-
cles based on lensless digital holography technology, with
a focus on studying the effects of different processing condi-
tions on the release of microplastic particles. This method
utilizes the principles of near-eld light scattering and light
interference to achieve rapid detection of microplastic particles
in water. Compared to traditional microscopes, it offers
advantages such as compact size, simple operation, low cost,
and low environmental requirements. Due to the varying
densities of different particles, it is possible to distinguish
between microplastic particles and other impurity particles by
comparing the reconstructed distances. The study investigates
the patterns of microplastic particle release from plastic
containers by comparing variables such as microwave heating
time, the number of microwave heating cycles, refrigerator
storage time, whether the containers were refrigerated before
microwave heating, and the differences between plastic boxes
and plastic bags. The nal results show that as the microwave
heating time, the number of microwave heating cycles, and the
refrigerator storage time increase, the abundance of micro-
plastics increases signicantly. In the case of heating aer
refrigeration, the abundance of microplastics is slightly lower
compared to heating at room temperature. Lensless digital
holography technology has signicant potential for detecting
particles, enabling rapid detection of microplastic particles.
This not only helps to reveal the reasons for the release of
microplastic particles inuenced by the environment and raises
Nanoscale Adv., 2025, 7, 7527–7537 | 7535
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awareness of related issues but also helps to prevent the further
spread of microplastic pollution, making a signicant contri-
bution to the suppression of microplastic pollution and the
protection of human health.
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