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with L. vannamei containing an average of 4.99 ± 1.81 
MP particles/g and P. monodon containing 1.87 ± 0.55 
MP particles/g. Microplastic sizes varied, with L. van-
namei predominantly contaminated with 100–250  µm 
particles and P. monodon with 500 µm—1000 µm parti-
cles. Fiber morphotypes were prevalent in L. vannamei, 
while blue-colored microplastics were dominant in P. 
monodon. These comprised polystyrene (PS), nylon 6,6, 
and polyethylene (PE) which were identified by Raman 
spectroscopy. Additionally, the study investigated the 
acute toxicity effects of microplastic polymer combina-
tions using a zebrafish embryo model (FET236 assay). 
Zebrafish embryos exposed to polyethylene-nylon 6,6 
combinations exhibited significant adverse effects on 
hatching, survival, and heart function at lower concen-
trations, while polyethylene terephthalate-polystyrene 

Abstract Microplastic (MP) pollution poses a sig-
nificant threat to marine ecosystems, seafood safety, and 
human health. This study investigates the accumulation 
of microplastics in two commercially important shrimp 
species, Litopenaeus vannamei (L. vannamei) and 
Penaeus monodon (P. monodon), sourced from cluster 
farming sites in Puttalam, Sri Lanka. Shrimp exoskel-
etons and edible soft tissues underwent rigorous micro-
plastic analysis, including density separation, alkali 
digestion, stereo microscopy, and Raman spectroscopy. 
The results revealed high microplastic contamination, 
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combinations showed no considerable effects. These 
findings underscore the urgent need for monitoring and 
managing microplastic contamination in shrimp farming 
areas. Future research should focus on elucidating the 
ecological impacts and human health risks associated 
with microplastic exposure.

Keywords Microplastics · Farmed shrimps · 
Polystyrene · Polymer toxicity · Zebrafish embryo 
model

1 Introduction

Plastics have permeated nearly every aspect of mod-
ern day–to–day life with their unparalleled functional 
properties, becoming one of the most versatile and 
widely used materials in the world. Global plastic 
production has increased during the last decade and 
reached up to 390.7 million tons in 2021 (Pourebra-
himi & Pirooz, 2023). Plastics have a wide range of 
applications in automobiles, construction, packaging, 
textiles, personal care products, electrical and elec-
tronics, agriculture, and many more (Shamsuyeva & 
Endres, 2021). Microplastics (MPs) are tiny plastic 
particles less than 5 mm in diameter (Ashrafy et al., 
2023). Based on the origin, microplastics are classi-
fied into primary microplastics and secondary micro-
plastics (Ziani et  al., 2023). Primary microplastics 
( < 5 mm in diameter) are originally made in dimen-
sions such as microbeads, microfibers, and plastic 
pellets, while secondary microplastics are produced 
via the breakdown of larger plastic materials (Yee 
et al., 2021).

The prevalence of microplastics in marine habi-
tats has made them bioavailable to a plethora of 
marine organisms. These microplastics are ingested 
by marine organisms by being confused as food or 
by ingestion of water contaminated with microplas-
tics (Vital et  al., 2021). Factors such as color, size, 
shape, aggregation, and abundance of microplastics 
affect their bioavailability in marine organisms (Wang 
et al., 2021; Paul et al., 2024; Öztekin et al., 2024;). 
As microplastics can easily travel through the trophic 
levels of food webs, they can cause health prob-
lems in a range of organisms. According to studies, 
microplastics have caused several ecotoxicological 
effects on a broad variety of fish species, via physical, 

chemical, and biological processes (Wang et  al., 
2020). In previous studies, microplastics have been 
detected in commercial fish species such as common 
mackerel (Trachurus trachurus), Atlantic hake (Mer-
luccius merluccius), seabass (Dicentrarchus labrax), 
striped red mullets (Mulus surmuletus) and Nile tila-
pia (Oreochromis niloticus) as well as in bivalves 
such as mussels (Mytilus spp.) and oysters (Cras-
sostrea virginica and Ostrea edulis) that are used for 
human consumption (Vital et  al., 2021; Ditlhakan-
yane et al., 2023).

The most popular crustacean seafood in the world 
is considered to be shrimp, due to its unique flavor, 
odor, high dietary value, delicate and tender tex-
ture and high protein content (Das & Mishra, 2023) 
which is sourced through capture from natural habi-
tats (ocean, freshwater, brackish water) or harvesting 
from aquaculture. However, the non-selective feeding 
behavior and size similarity between sediment and 
planktonic prey items with that of microplastics, there 
is a high chance for the accumulation of microplas-
tics in shrimps (Thammatorn & Palić, 2022). This 
emphasizes the trophic transfer and accumulation of 
microplastics in seafood, posing a significant threat 
to food security and human health, particularly given 
the popularity of shrimp in the human diet (Curren 
et  al., 2020; Timilsina et  al., 2023; Vitheepradit & 
Prommi, 2023). Sri Lanka is fortunate with a broad 
coastal area with abundant natural resources contain-
ing lagoons and estuaries. Therefore, seafood farming 
and consumption is a popular activity in Sri Lanka, 
as it provides a major source of daily protein intake 
with fresh shrimps containing approximately 19.4  g 
of protein per 100 g, and contributing to 87% of the 
total energy needs (Dayal et  al., 2013). For years, 
the primary shrimp species cultivated in Asia was 
Penaeus monodon (P. monodon). However, due to 
its ability to resist certain diseases, Litopenaeus van-
namei was introduced to replace P. monodon as the 
dominant cultivated species (De Silva et  al., 2021). 
Mundal Lake and Dutch Canal brackish water sys-
tems which are connected with Puttalam lagoon serve 
as the major water source for P. monodon and L. van-
namei shrimp farming (IUCN, 2012). In the specific 
case of the Puttalam Lagoon in Sri Lanka, densely 
populated urban settlements, intense fishing activi-
ties, substantial riverine discharge during intense 
monsoon seasons, and restricted water exchange with 
the open ocean has contributed to the entrapment of 
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microplastics within its boundaries (Bhathiya et  al., 
2024). In addition, continuous waste discharges from 
maritime and industrial activities have also contrib-
uted to the contamination of the lagoon water with 
microplastics (Bandara et al., 2023).

There are limited studies about the effect of micro-
plastics on human health, while most of the studies 
use model organisms to analyze and extrapolate them 
to infer the impacts of microplastics on human health. 
Zebrafish (Danio rerio) is a popular model organ-
ism in a wide range of developmental toxicity stud-
ies (Malafaia et al., 2020). Previous toxicity analyses 
of microplastics using the zebrafish model have pre-
dominantly focused on polystyrene (PS) polymers 
rather than other polymer types. Different polymer 
types of microplastics have been frequently detected 
in marine ecosystems and aquatic organisms (Daniel 
et al., 2021; Hossain et al., 2020) Even so, the poten-
tially harmful effects of different microplastic poly-
mer types and at concentrations relevant to human 
exposure levels remain largely unknown highlight-
ing the necessity for novel studies to better compre-
hend implications of microplastics on human health 
(Bhuyan, 2022; Jayavel et al., 2024; Li et al., 2023). 
Thus, for the first time, the current study focuses on 
the objectives that include, (i) conducting a compre-
hensive analysis of the microplastic accumulation in 
farmed L. vannamei and P. monodon shrimp species 
in Sri Lanka, (ii) evaluating the microplastic accumu-
lation in the edible—soft portion and the external part 
of shrimps, and (iii) analyzing the synergistic acute 
toxicity of microplastics, assessing two polymer com-
binations using the zebrafish embryo model.

2  Materials and Methods

2.1  Sample Collection

Two shrimp species; White leg shrimp (Litopenaeus 
vannamei) and Black tiger shrimp (Penaeus mono-
don) were collected directly from two shrimp farms 
located at Udappuwa and Arachchikattuwa in the 
Puttalam district in July 2023  (Fig.  1). The freshly 
harvested four–month–old black tiger shrimps from 
the Udappuwa area and two–month–old white leg 
shrimps from Arachchikattuwa were selected based 
on habitat characteristics and body size, respectively. 
All shrimp specimens were carefully placed on clean 

stainless steel trays using metal forceps followed by 
immediate wrapping in aluminum foil, as a preven-
tion of potential plastic contamination. To determine 
microplastics in the shrimps, a total of 20 P. mono-
don samples and 20 samples of L. vannamei were 
collected (Korez et al., 2020). The collected shrimps 
were preserved in the icebox and transferred to the 
laboratory of the University of Sri Jayewardenepura 
and stored at −40 °C in glass containers until being 
processed.

2.2  Sample Process to Observe Microplastics on the 
Outer Shell of the Shrimps

The preserved shrimp samples were defrosted in 
a metal tray where morphometric measurements 
were taken. Each shrimp specimen was carefully 
unwrapped from the aluminum foil, and its length was 
measured using a standard ruler while weight was 
recorded using an analytical balance. For microplastic 
extraction from the exoskeleton, individual shrimps 
were placed in separate glass beakers. A saturated 
NaCl solution (density 1.2  gcm−3) was added to each 
beaker, and the mixture was stirred continuously for 
40  min to facilitate the density separation of micro-
plastics from the shrimp’s exoskeleton (Hossain et al., 
2020; Sevwandi Dharmadasa et al., 2021). The same 
specimens were retained for subsequent microplastic 
extraction from their edible portions. Density-sep-
arated microplastics were digested using 30% (v/v) 
hydrogen peroxide  (H2O2) and iron (II) sulfate hep-
tahydrate  (FeSO4) in the ice bath to remove organic 
materials (Hurley et  al., 2018). Subsequently, satu-
rated NaCl solution (density 1.2  gcm−3) was added to 
the beaker, and density separation was performed to 
separate microplastics from the digested solution, and 
the suspension was filtered through the 11  µm filter 
papers (Whatman grade 1) using a vacuum filter. The 
filter papers were placed in a half-closed glass Petri 
dish and oven-dried at 50 ºC for 24 h.

2.3  Sample Process to Observe Microplastics in the 
Edible Soft Portion

Edible portions of each sampled individual were 
used to investigate microplastic contamination fol-
lowing the method described by Wakkaf et  al., 
(2020a, 2020b) with modifications. The specimens 
were dissected separately using metal dissecting 
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utensils, and each edible soft portion (with GI 
tract = gastrointestinal tract) was collected into 
labeled glass containers and weights recorded sepa-
rately. Subsequently, edible soft parts were digested 
by adding 10% KOH solution, with a rate of 20 mL 
per gram of soft tissues, and oven-dried at 60 °C for 
24 h to remove all organic matter. Density separa-
tion was performed using saturated NaCl solution 
(density 1.2  gcm−3) and kept covered overnight 
with aluminum foil at room temperature to enable 
the separation of microplastics. The supernatant of 
the solutions was filtered through the 11 µm filter 
papers (Whatman grade 1) using a vacuum filter. 
The filter papers were placed in half-closed glass 
Petri dishes and oven-dried at 50 ºC for 24 h. Rig-
orous cross-contamination prevention measures 
were implemented throughout the study. Cotton lab 

coats were used to reduce contamination and nitrile 
gloves were worn at all times from the sampling to 
the analysis during the study. All tools, equipment, 
and work surfaces were thoroughly disinfected with 
alcohol before use, and throughout the experiments. 
only non-plastic (metal and glass) materials were 
used. All glassware was placed into a 10% hydro-
chloric acid bath for 24  h. Before use, glassware 
and dissection tools underwent triple rinsing with 
filtered distilled water. Between extractions, glass-
ware was triple-rinsed and covered with aluminum 
foil when not in use to prevent airborne contami-
nation. Procedural blanks containing only reagents 
were processed alongside sample batches to moni-
tor potential contamination (Dawson et  al., 2021; 
Gurjar et  al., 2021; Hermsen et  al., 2018; Wakkaf 
et al., 2020a).

Fig. 1  Sampling locations for L. vannamei and P. monodon in 
shrimp farming areas. (a) Aerial view of shrimp farming ponds 
showing L. vannamei sampling site (b) Aerial view of the 

adjacent farming area showing P. monodon sampling site (c) 
Regional overview map showing the relative positions of both 
sampling sites along the coastline
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2.4  Identification of Microplastics

2.4.1  Microplastic Identification

The samples were visually observed under a ste-
reo microscope (Inskam315w, China), and images 
of microplastic particles were taken at (× 40) mag-
nification. The items were assessed visually and 
described according to colour, and shape. The hot 
needle method was used to distinguish microplastics 
from other particles (undigested shrimp tissue, sand) 
(Perez et  al., 2022) and enumeration was done for 
each filter paper. The basic principle of this method 
involves verifying whether a particle is plastic by 
assessing its melting point, whereby a positive result 
is identified by melting in response to pin-point pres-
sure from a heated probe or needle, rather than char-
ring or decomposition (Beckingham et al., 2023). The 
morphotypes of microplastics were classified into 
fiber, films and fragments (Kooi & Koelmans, 2019) 
and microplastics were sorted based on their color. 
The lengths of the microplastic particles were meas-
ured using ImageJ software application.

2.4.2  Chemical Identification

The polymer type identification was carried out 
using the Raman spectroscopy technique. Raman 
spectra of the prepared samples were acquired using 
a custom-built, research-grade Raman spectrom-
eter as described in the reference (Rodrigo et  al., 
2022). A 532  nm laser wavelength, known for its 
accessibility and effectiveness in Raman stud-
ies, was utilized (Chakraborty et  al., 2023). The 
single-frequency continuous wave diode-pumped 
laser (Cobolt SambaTM 200) provided 60 mW of 
power at the sample. The laser beam was directed 
through a long-pass dichroic filter (Semrock LPD02-
532RU-25 × 36 × 2.0) and focused onto the sample 
using a 50 × long-working-distance objective lens 
(Mitutoyo-MY50X-825).

The Raman signal was collected in a backscattered 
geometry and directed to the spectrograph, while 
a notch filter (Semrock LP03-532RU-25) removed 
unwanted scattered laser light. The spectrograph 
(Andor Kymera 328i) was equipped with a 600 l/mm 
diffraction grating and coupled to an electron-multi-
plying CCD detector (Andor Newton DU970P-BVF) 

(Gaigalas et al., 2009). Raman spectra were analyzed 
over the range of 100 cm⁻1 to 3500 cm⁻1, achieving a 
spectral resolution of 8 cm⁻1.

Microplastics collected from shrimp samples 
were identified individually by analyzing each sam-
ple spectrum alongside reference standard spectra. 
By comparing the characteristic fingerprint regions 
of standard polymer spectra, sample spectra were 
characterized, and polymer types were identified. 
Reference spectra were acquired from commer-
cially available virgin polymers. To enhance the 
quality and reliability of the obtained Raman spec-
trum, essential preprocessing steps such as base-
line subtraction, smoothing for noise reduction and 
removal of cosmic rays were conducted. These pro-
cedures were executed utilizing a custom Python 
program developed in the laboratory and Origin 
Pro software. Baseline subtraction corrects for con-
tributions from fluorescence or scattering from the 
sample container by fitting a curve to the baseline 
signal and subtracting it from the raw spectrum. 
Smoothing techniques (Savitzky-Golay filtering) 
reduce noise from sources like detector electronics 
or stray light while preserving Raman peaks which 
improves the spectrum’s signal-to-noise ratio. Addi-
tionally, the removal of cosmic rays eliminates arti-
facts caused by high-energy particles striking the 
detector ensuring the accurate interpretation of the 
Raman spectrum.

2.5  Zebrafish Embryonic Toxicity Assay (FET236)

2.5.1  Zebrafish Maintenance and Embryo Collection

Wild-type zebrafish were maintained in separately 
allocated glass tanks of 3 L capacity (20 × 10 × 15 
cm) at 27 °C with a continuous flow of water and a 
photoperiod of 12L: 12D. The pH (7 ± 0.5) (using 
pH Test Strips (colorimetric method)) and electric 
conductivity (470 – 530  µs/m) (via Handheld Con-
ductivity Meter) of the aquarium water were checked 
daily while nitrates (< 0.009 gm/l) (via API Fresh-
water Nitrate Test Kit (liquid reagent-based)), nitrite 
(8—12  mg/l) (API Nitrite Test Kit or Tetra Nitrite 
Test Kit) and ammonia levels (< 0.05  mg/l) (API 
Ammonia Test Kit) were checked weekly. These 
parameters were maintained through biological fil-
tration, weekly water changes, and proper feeding 
protocols.
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To obtain wild-type zebrafish embryos for toxicity 
experiments, two wild-type adult zebrafish females 
and one wild-type adult zebrafish male were trans-
ferred to 3 L breeding tanks containing a 2 mm mesh 
insert and a transparent barrier that separates male 
and female fish. On the following day, the separa-
tor was removed from each breeding tank and the 
zebrafish were allowed an hour for mating, spawn-
ing, and fertilization of the eggs (Test #:236, OECD, 
2013.). After the spawning period, the adult zebrafish 
were transferred to their separate culture tanks, the 
plastic mesh was removed carefully from the breed-
ing tanks, and the fertilized eggs were collected 
using a sieve and transferred to plastic Petri dishes 
containing dechlorinated water. The Petri dishes con-
taining the eggs were transferred to the laboratory, 
rinsed two times with dechlorinated water, and trans-
ferred to new Petri dishes. The embryos were incu-
bated at 28  °C in an incubator for 24 h. All animal 
procedures were performed following the guidelines 
of the Institute of Biology, Sri Lanka (ERC IOBSL 
19907 2019).

2.5.2  Zebrafish Embryo Toxicity Test (FET236)

Four microplastic polymer types were assessed in 
the study (Nylon 6,6 and low-density polyethyl-
ene = LDPE, polyethylene terephthalate = PET, and 
polystyrene = PS), as they were abundant in the ana-
lyzed prawn samples and since they have been fre-
quently detected in marine ecosystems and aquatic 
organisms (Daniel et  al., 2020, 2021; My et  al., 
2023; Reunura & Prommi, 2022). Stock solutions 
(1000 mg/L) were prepared by first grinding virgin 
plastic pellets and filtering them through a sieve to 
obtain microplastic particles smaller than 500  µm. 
These filtered microplastic particles were then dis-
solved in AntiClo-treated water in clean glass 
bottles.

The microplastic polymer (Nylon 6,6 and LDPE, 
PET, and PS) combination solutions were prepared 
for subsequent zebrafish calibration assays. The 
assessments on the toxicity of zebrafish embryos 
were carried out employing wild-type zebrafish 
using a modified version of the OECD Fish Embryo 
Toxicity (FET) test (Test #:236, OECD, 2013, 
2013). In brief, six zebrafish embryos at 24 h post 
fertilization (hpf) age were introduced into individ-
ual wells of a 6-well plate filled with dechlorinated 

water. Dechlorinated water was removed from 
the wells and 3  mL of test solutions (Nylon 6,6 
and LDPE combinations, PET and PS combina-
tions at 6.25 mg/L, 12.5 mg/L, 25 mg/L, 50 mg/L, 
and 100  mg/L concentrations) were added to the 
wells. The zebrafish embryos in 6-well plates 
were cultured in an incubator at 28  °C, photoper-
iod of 12L:12D, and 80% relative humidity which 
remained constant throughout the experiment. The 
embryo toxicity test was duplicated. Zebrafish 
embryo hatch and the mortality were evaluated and 
recorded at 24, 48, 54, 72, and 96 h post-fertiliza-
tion (hpf). Meichoon Digital Microscope 3-in-1 
USB Interface Camera and the ‘Hi View’ applica-
tion were used for taking observations. In all the 
treatment groups and control groups, the number of 
embryos hatched versus not hatched was expressed 
as the percentage hatch rate, at each time point. Fur-
thermore, the total number of living embryos versus 
dead embryos at different exposure concentrations 
and at each time interval are reported as survival 
rate percentages.

Heart Rate The heart rate of zebrafish embryos 
(beats per minute) was recorded at 72 hpf for each 
microplastics combination treatments and control 
treatments using direct microscopic observation. The 
Meichoon Digital Microscope 3-in-1 USB Interface 
Camera was used with a magnification range of 50x 
to 500x, depending on the size and visibility of the 
zebrafish embryo heart. A magnification of approxi-
mately 200x was used to record the heart rate, which 
provided a clear view of the beating heart while 
ensuring the entire embryo remained visible within 
the field of view.

Developmental Abnormalities At 96 hpf, images 
of zebrafish embryos subjected to combination treat-
ments and control treatments were captured under 
200X magnification using the Meichoon Digital 
Microscope 3-in-1 USB Interface Camera. Subse-
quently, each zebrafish embryo image was inspected 
to identify developmental abnormalities, including 
spinal curvature (SC), pericardial edema (PE), yolk 
sac edema (YSE), and no structural deformity (NSD). 
For each treatment well, a binary scoring system 
(present/absent) was used to record abnormalities, 
and the percentage of each abnormality per well was 
calculated.
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2.6  Data Analysis

All the statistical tests were performed using Graph-
Pad Prism statistical computing  software. Raman 
spectral analysis was conducted using Origin Pro 
software. The microplastics were quantified based 
on shape, color, size, and type for both shrimp spe-
cies. After confirming normality, parametric tests 
were performed: Two-way ANOVA to compare the 
microplastic abundance in the exoskeleton and edible 
soft tissue parts between the two shrimp species, and 
Pearson correlation to analyze microplastic abun-
dance relationships with body measurements. Chi-
square and Fisher’s exact tests were used to analyze 
relationships between microplastic characteristics and 
species. In zebrafish toxicity analysis, when the data 
passed the Shapiro–Wilk’s test, Two-way Analysis 
of Variance (ANOVA) was used to compare the con-
centration-dependent variation between each combi-
nation treatment experiment at varying doses and the 
control treatment.

All the detailed information regarding the data 
analysis is included in the Online resource.

3  Results

3.1  Abundance of Microplastics

A total of 40 samples, comprising 20 Litopenaeus 
vannamei and 20 Penaeus monodon, were analyzed 
for microplastic content. The morphometric param-
eters of the shrimps, body weight, and length of each 
sample were observed and recorded during the study 
(Table 1). Microplastic particles were detected in all 
the tested samples, both in the exoskeleton and edible 
soft tissue parts of both species. The average abun-
dance of microplastics in the whole body of the two 
shrimp species was 4.99 ± 1.81 MP particles/g and 
1.87 ± 0.55 MP particles/g.

Based on the independent sample t-test at 
P < 0.05, the analysis showed no significant differ-
ences between the total number of microplastics 
items corresponding to the two species (p = 0.6628). 
According to the results of two-way ANOVA fol-
lowed by Bonferroni’s multiple comparison test, 
there is a statistically significant difference in the 
microplastic abundance (MP particles/g) of the ana-
lyzed body parts (exoskeleton and edible soft tissue 

parts) between the two shrimp species (F = 56.06, 
p < 0.0001) (Fig.  2a). The abundance of microplas-
tics in both the exoskeleton and edible soft tissues 
of L. vannamei is significantly higher than in P. 
monodon. However, two-way ANOVA, which ana-
lyzed the microplastic count in the analyzed body 
parts between the two species, showed no signifi-
cant difference in microplastic count in analyzed 
tissues between the two shrimp species (F = 3.454, 
p = 0.0670) (Fig.  2b). Moreover, paired t-tests 
(P < 0.05) that were carried out separately for the 
two shrimp species, analyzed the microplastic abun-
dance per gram weight between exoskeleton and 
edible soft tissue and found there is no statistically 
significant difference (L. vannamei P = 0.1129, P. 
monodon P = 0.5625). Pearson correlation results of 
P. monodon revealed that the abundance of micro-
plastics is positively correlated with the total weight 
(r = 0.4830, p = 0.0309) and length (r = 0.5354, 
p = 0.0149) (Fig.  3), suggesting that species with 
larger body size is likely to have a higher number of 
microplastics, and according to the size of shrimp 
microplastic abundance varies. However, the micro-
plastics in L. vannamei did not show any correla-
tion with the lengths (r = −0.0174, p = 0.9418) and 
weights (r = −0.2373, p = 0.3137) of the samples.

3.2  Morphological Characteristics of Microplastics

3.2.1  Colors of Microplastics

The study identified six distinct colors of microplas-
tics. All six colors were detected in L. vannamei, 
while P. monodon contained five colors, with gold-
colored microplastics being absent (Fig. 4). Overall 
blue (57.81%), black (34.13%), red (6.62%), green 
(0.32%), gold (0.08%), and transparent (1.04%) 
were observed in both species. Based on the Fish-
er’s Exact Test, there is no statistically significant 
difference in the distribution of colors between 
the two shrimp species at a 0.05 significance level 
(p = 0.2852).

3.2.2  Size of Microplastics

Microplastics of five different size classes, rang-
ing from 37  µm—4718  µm, were observed in this 
study (Fig.  5a). All the extracted particles were 
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in the defined size range of microplastics; > 1  µm 
and < 5  µm. In the exoskeleton of L. vannamei, 
34.44% of microplastics under size 100 µm—250 µm 
were dominant, while in the edible soft portion of 
L. vannamei predominantly contained microplas-
tics size range of 250  µm—500  µm (29.64%). In 
contrast, the exoskeleton of P. monodon dominated 
with 500  µm—1000  µm microplastics (41.28%) 
while microplastics of large size > 1000 µm (39.81%) 
were predominant in the edible portion. There 
were no microplastics under 100  µm detected in 
the edible soft portion of P. monodon. Microplas-
tic particles larger than 1000  µm were observed in 
minimal concentrations in Litopenaeus vannamei. 
Conversely, microplastics smaller than 100 µm were 
detected in low amounts in Penaeus monodon. The 
smaller size of microplastics dominant in L. van-
namei is possibly due to their size being smaller ( 
i.e. 6.612 g ± 1.02) when compared with P. monodon 

(i.e. 16.70  g ± 3.62). Further, according to the chi-
square test results, the size of microplastics is sig-
nificantly dependent on shrimp species  (X2 = 334.7, 
df = 12, p < 0.0001) (Fig. 5b).

3.2.3  Morphotypes of Microplastics

Fisher’s exact test demonstrated that the identified 
microplastic types: fibers, fragments, and film were 
not significantly different among the two species (p 
0.5) (Fig.  6). Fiber (98.06%) was dominant in the 
exoskeleton of L. vannamei followed by fragments 
(0.5%) and films (1.3%). While fiber microplastics 
show predominance (95%) in the edible soft por-
tion of L. vannamei followed by fragments (2.86%), 
and films (2.14%). Similarly, fibers were dominated 
(96.97%) in the exoskeleton of P. monodon followed 
by fragments (2.34%), and films (0.67%). As well as 
in the edible portion of P. monodon, only two types 

Table 1  Morphometric 
details of the samples and 
abundance of microplastics

Species Litopenaeus vannamei Penaeus monodon

No. of samples 20 20
Average length (cm) 10.40 ± 0.96 12.86 ± 1.18
Average whole-body weight (g) 6.61 ± 1.02 16.69 ± 3.62
Average soft tissue weight (g) 3.28 ± 0.59 8.36 ± 1.98
No. of MP particles/ individual 32.00 ± 9.72 30.75 ± 9.06
No. of MP particles in exoskeleton/ individual 18.00 ± 8.39 14.75 ± 5.28
No. of MP particles in soft tissue/ individual 14.00 ± 5.23 15.95 ± 5.54
No. of MP particles/g whole weight 4.99 ± 1.81 1.87 ± 0.55
No. of MP particles/g soft tissue 4.39 ± 2.02 1.96 ± 0.71
No. of MP particles/g exoskeleton weight 5.64 ± 2.90 1.82 ± 0.95

Fig. 2  Average microplastic abundance (Mean ± SEM) in the exoskeleton and edible soft tissue of the two shrimp species according 
to items/g (a) (x-axis- body part, y-axis- MP particles/g) and items/individual(b) (x-axis- body part, y-axis- MP particles/individual)
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of microplastics were observed, and fibers were also 
predominant (99.37%) followed by films (0.63%) 
and no fragments were detected. Further, no other 
types of microplastics including pellets, or foams, 
were observed in the sample species (Fig. 7 a-i).

3.3  Chemical Composition of Isolated Microplastics

The chemical composition of suspected 25 particles 
with a margin of error of ± 19.6% (at a 95% confi-
dence level) (Cowger et  al., 2024; Kedzierski et  al., 
2019) was validated using Raman spectroscopy. The 
polymer types including PS, nylon 6,6, and PE were 
identified (Fig.  8). Out of 25 particles analyzed, 23 
were confirmed as microplastics, and 2 remained uni-
dentified. The most abundant polymer was nylon 6,6 

(40%) followed by PS (32%) and PE (20%). The uni-
dentified microplastics (8%) were excluded from the 
quantification of microplastics.

3.4  Zebrafish Embryonic Toxicity Assessment Assay

The present study was designed to gain insights into 
the acute toxicity effects of combined microplastic 
exposure by utilizing a sensitive model organism; 
Danio rerio. In comparison with microplastic levels 
found in aquatic environments, the microplastic con-
centrations selected for this analysis were relatively 
high. However, the selected concentrations are fol-
lowing the OECD test protocol 236, Fish embryo 
toxicity test (FET) (Malafaia et al., 2020; Test #:236, 

Fig. 3  Relationship of microplastic abundance with shrimp weight (a) and body length (b) (P. monodon) (x-axis- Microplastic abun-
dance, y-axis- Length (cm))

Fig. 4  Microplastic colors 
observed in both exoskel-
eton and edible soft tissues 
of individual shrimp species 
(x-axis- Percentage and 
y-axis- the type of the 
shrimp)
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OECD, 2013, 2013.), and also compatible with the 
findings of this study on microplastics abundance. 
Furthermore, the size of the microplastic particles 
(< 500 µm) used for the toxicity analysis is compat-
ible with the findings of this study and previous stud-
ies as well (Daniel et al., 2020; Hossain et al., 2020; 
Yoon et al., 2022).

3.4.1  Hatch Rate

In all control treatments, embryos developed and 
hatched normally, with complete hatching observed at 
the 72—hour time point.

Hatch Rate of Nylon 6,6 and LDPE Combi-
nations The treatment combination of nylon 
6,6 12.5  mg/L with LDPE 25  mg/L, showed a 

significantly altered hatching pattern compared to the 
control (P ≤ 0.0001) at 54, 72, and 96 hpf time points. 
Similar to combination treatments, LDPE individual 
treatment showed a significant effect on the hatching 
pattern at 54 hpf at the doses of 6.25, 12.5, 25, and 
50 mg/L (Online resource Fig. S1.VII). Contrastingly, 
nylon 6,6 did not show significant effects on hatch-
ing when individually exposed to zebrafish embryos, 
while nylon 6,6 combination with LDPE showed 
a significant effect on hatching mainly at 12.5 and 
25 mg/L combinations.

Hatch Rate of PS and PET Combinations The 
treatment combinations of PS and PET did not 
show significant alterations with the controls at 
the time points of 24, 48, 54, 72, and 96 hpf. Fur-
ther, the individual treatment of PET showed sig-
nificant effects at the concentration of 50 mg/L and 
12.5  mg/L at the time points of 72 hpf and 96 hpf 
(Online resource Fig.  S2.V). The individual treat-
ment of PS significantly altered at the time points 
of 72 hpf and 96 hpf under 6.25, 12.5, 25, 50, and 
100  mg/L concentration levels. (Online resource 
Fig. S2.VI).

3.4.2  Survival rate

In all the control treatments, embryos survived nor-
mally throughout the assessed time points.

Survival Rates of Nylon 6,6 and LDPE Combi-
nations and PS and PET Combinations The 
survival rate of zebrafish embryos exposed to 

Fig. 5  (a) Microplastic size distribution between the exoskeleton and edible soft portion of two shrimp species (b) Microplastic size 
distribution between two shrimp species (x-axis- Microplastic size range and y-axis- Percentage (%))

Fig. 6  Morphotype percentages in two shrimp specimens 
(x-axis- Microplastic morphotypes, and y-axis- Percentage (%)
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combination treatments of nylon 6,6 6.25 mg/L with 
LDPE 6.25, 12.5, 25, 50 and 100  mg/L, nylon 6,6 
12.5  mg/L with LDPE 6.25, 25, and 50  mg/L, was 
significantly affected at 54,72 and 96 hpf time points 
(Online resource Fig. S3. I, II). In all the treatments, 
controls were observed to be at 100% survival rates 
along the time points. In individual treatments of 
nylon 6,6 and LDPE, the survival rate of the embryos 

did not show any significant difference from the con-
trols at any of the tested concentrations or time point 
(Online resource Fig.  S3. VI, VII). In contrast, the 
survival rate of the embryos exposed to combina-
tion treatments of PS and PET did not show any sig-
nificant difference from controls at any of the tested 
concentrations or any time point (Online resource 
Fig. S4).

Fig. 7  Images of different morphotypes and colors of microplastics obtained from two shrimp species (a), (b) black fibers; (c), (d)
blue fibers; (e)red fiber; (f), (g) transparent film; (h) black fragment; (i) blue fragment
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3.4.3  Heart rate

Heart Rates of Nylon 6,6 and LDPE Combina-
tions At the 95% confidence level, most combina-
tion treatment groups showed significantly altered 
heart rates compared to the controls. (Online resource 
Fig.  S5. I, II, III, IV, V). In individual treatments, 
significant differences from the controls were not 
observed in any of the LDPE concentrations, while 
nylon 6,6 single treatment showed significantly 
reduced heart rates compared to the control (p ≤ 0.05) 
(Online resource Fig. S5.VI).

Heart Rates of PS and PET Combinations Most 
concentration combinations did not show significant 
differences with controls. However, PET 6.25  mg/L 
with the treatment of PS 12.5  mg/L showed a sig-
nificantly dropped heart rate compared to the control 
(p ≤ 0.05). See the (Online resource Fig. S6).

3.4.4  Development Abnormalities

The structural deformities of wild-type zebrafish 
exposed to combination treatments and individual treat-
ments were observed to account for treatment toxicity 
in the early development stages of zebrafish (Online 
resource Fig. S7, Fig. S8, Fig. S9). No abnormal devel-
opment of zebrafish was found in the control group.

Development Abnormalities of Nylon 6,6 and 
LDPE Combinations Nonstructural deformi-
ties were the most abundant in all the combined and 
individual treatments. PE = Pericardial edema was 
not observed at any of the combination or individual 
treatments. SC = spinal curvatures and YSE = yolk 
sac edemas were reported in both combination and 
individual treatments at very low levels (Online 
resource Fig. S7).

Development Abnormalities of PS and PET Com-
binations None of the structural deformities were 
reported at significant levels. Only YSE was detected 
in a few concentration combinations (Online resource 
Fig. S8).

4  Discussion

This is a pioneer study reporting the ingestion of 
microplastics in farmed shrimp L. vannamei and P. 
monodon from Puttalam, Sri Lanka. The results show 
that all the sampled shrimps of the two species had 
accumulated microplastics in both their exoskel-
eton and edible soft tissues. The average abundance 
of microplastics in the two species of the present 
study is comparatively higher than in previous stud-
ies (Hossain et  al., 2020; Yoon et  al., 2022). In a 

Fig. 8  Raman spectra of different microplastics obtained from farmed two shrimp species including polyethylene, nylon 6,6, and 
polystyrene (x-axis- Raman shift and y-axis- Intensity (count))



Water Air Soil Pollut (2025) 236:168 Page 13 of 22 168

Vol.: (0123456789)

previous study that analyzed farmed shrimps in cen-
tral Vietnam, microplastic abundance in L. vannamei 
was reported as 8.6 ± 3.5 items/individual (1.1 ± 0.4 
item/g-ww) and P. monodon as 7.7 ± 3.5 items/indi-
vidual (0.5 ± 0.3 item/g-ww) (My et  al., 2023). Fur-
thermore, the microplastic levels found in the wild-
caught seafood varieties harvested from the Western 
coast of Sri Lanka are lower than the level found in 
this study, P. monodon (1.7 ± 0.29 MP particles/g), 
(Kandeyaya et al., 2023).

The microplastic level in marine and freshwater 
organisms correlates with the level of microplastic 
pollution in the habitat environment, feeding strategy 
and the preference for synthetic material intake (Dan-
iel et al., 2020). As this study revealed comparatively 
high microplastic abundance in L. vannamei and P. 
monodon, compared to other studies of the same spe-
cies, it indicates considerable microplastic pollution 
in the culture ponds where samples were collected. 
The sampling sites, Aarchchikattuwa and Udappuwa, 
located on the coast of north-western, Sri Lanka. The 
Dutch Canal, a semi-enclosed coastal water body 
which connects Puttalam to Colombo via Negombo 
also lies in this area, connecting to the water sources 
in the sampling site. According to Corea et al. (1995), 
majority of the prawn farms rely on the Dutch Canal 
as the primary water source for their aquaculture, and 
as an effluent discharge point. Recent research dem-
onstrates that the water in the Dutch Canal contains 
the highest microplastic accumulation (2.48 ± 0.43 
microplastic pieces/L) highlighting the potential 
impact of microplastic-contaminated water on shrimp 
habitats (Sasangi et  al., 2024). Furthermore, due to 
poor pond design and management, inlet and out-
let canals of neighboring farms are located closely, 
resulting in discharged water flowing between farm-
ing facilities. Since there is less water exchange with 
the Dutch Canal, effluents and plastic waste accumu-
late in farming pond water, leading to high microplas-
tics abundance in aquaculture samples. Shrimp meal 
and fishing gear are the possible sources of micro-
plastic transfer to the farming ponds (Reunura & 
Prommi, 2022).

A previous study that analyzed both farmed and 
wild-caught L. vannamei in Cau Hai Lagoon, Viet-
nam, found that the number of microplastics in 
farmed shrimp is significantly higher than the wild-
caught shrimp (My et al., 2023) suggesting that differ-
ences in water qualities and stagnated water in farms 

and wild environments may be the reason behind this. 
Notably, when compared with the study conducted 
by Kandeyaya et  al. (2023), which analyzed wild-
caught seafood varieties from the Western coast of Sri 
Lanka, confirms that farmed shrimps have a higher 
microplastic content than wild-caught shrimp. The 
high concentration of microplastics found in aquacul-
ture sites compared to the ocean could be due to the 
limited space in culture ponds. Unlike the open ocean 
where waves can disperse microplastics, the stagnant 
water of ponds allows microplastics to accumulate. 
A study on microplastics in surface water in South-
ern Sri Lanka found that fishery harbor sites have the 
highest abundance of microplastics among all the 
analyzed sites, due to intense gear-handling activities 
(Bimali Koongolla et  al., 2018). This confirms that 
fishing gear contributes to microplastic pollution, and 
subsequently affects the water quality of the shrimp 
ponds as well. Further studies are required in micro-
plastic contamination in the North-west area and in 
water sources of the sampling sites to confirm the 
findings.

The paired t-test analysis of microplastics in the 
exoskeleton and edible soft tissues of the two spe-
cies revealed that there is no statistically significant 
difference according to the body parts. A previous 
study revealed the presence of microplastics in the 
digestive tract, head, or gills but not in the abdomi-
nal muscle tissue, which is the edible part (soft tis-
sue in this study) (Devriese et  al., 2015). Contrast-
ingly, this study revealed that a considerable number 
of microplastics are present in the abdominal mus-
cle, which usually is the edible part that humans 
consume. Similar to the finding of this study, 36 
microplastic were found in the muscle tissue of 12 
sampled Penaeus semisulcatus (Abbasi et al., 2018) 
and 0.360 items/g muscle tissue of P. semisulcatus 
(Akhbarizadeh et al., 2019), confirming the presence 
of microplastics in the edible soft portion. Further-
more, previous studies have found a significantly 
high abundance of microplastics in the gut (My 
et  al., 2023), which confirms the potential transfer 
of microplastics to humans when consuming smaller 
shrimps like Whiteleg shrimp, where the gut is not 
removed before consumption. This highlights the 
risk of microplastic transfer to humans, even when 
the exoskeleton is removed, due to the similarity of 
microplastic abundance in both exoskeletons and edi-
ble soft tissue.
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Additionally in this study, blue, black, red, green, 
gold, and transparent (white) colored microplastics 
were observed in the two shrimp species. In both spe-
cies, blue-colored microplastics were dominant with 
57.81% of the total microplastics. These observations 
are comparable to previous studies by Lawan et  al. 
(2024) and Yoon et al. (2022) showing a higher per-
centage of blue color microplastics in shrimps. The 
color distribution of microplastics in an organism 
depends on the source, study sites, and resemblance 
of microplastics to natural food items or prey (Gurjar 
et al., 2021; Vo & Tran, 2022).

Microplastics with five different size classes rang-
ing from < 100 µm, 100—250 µm, 250 µm—500 µm, 
500  µm—1000  µm, and > 1000  µm were detected 
in the present study. The size range of > 1000  µm 
(39.81%) microplastics was predominant in 
the edible soft portion of P. monodon while 
250  µm—500  µm was foremost (29.64%) in the 
edible soft portion of L. vannamei. Furthermore, 
microplastics in the range of 500 µm—1000 µm were 
highly contained in the exoskeleton of P. monodon; 
in contrast, this size range was lowest (6.39%) in L. 
vannamei. A similar result was reported by My et al. 
(2023) with microplastics larger than 250  µm were 
dominant in the gastrointestinal tract (GI tract) sam-
ples, while the majority of microplastics found in the 
tissue samples were smaller than 500  µm. Further 
Hossain et al. (2020) investigated that microplastics 
size range of < 1000 µm (70%) in the GI tract of tiger 
shrimp (P. monodon) are dominant while microplas-
tics with 500 µm – 1000 µm size range (40%) were 
predominant in brown shrimp (M. monocerous). 
They indicated that the size of ingested microplas-
tics varies according to the species and the sample 
collection location. The difference in microplastic 
sizes between the edible soft portion and exoskel-
eton could be attributed to the selective filtration 
and retention of microplastics by the gastrointestinal 
system in the edible soft portion. The larger micro-
plastics may have difficulty permeating through the 
gastrointestinal system and therefore tend to accu-
mulate in the gastrointestinal tract (My et al., 2023). 
Conversely, smaller microplastics may be easily per-
meable and can accumulate in the exoskeleton. Pre-
vious studies have shown that microplastic ingestion 
and egestion in shrimps have a size-dependent effect, 
microplastics with smaller sizes causing more tissue 
damage (Zhou et al., 2023).

In terms of microplastic type abundance, fib-
ers were the most prevalent category in two shrimp 
species: L. vannamei (96.70%), and P. monodon ( 
98.21%) followed by fragments and films. Fibers are 
predominant in two shrimp species due to intensive 
shrimp feeding, slower digestion of fibers, and human 
activities (Li et al., 2019; Reunura & Prommi, 2022; 
Zhang et  al., 2021), transportation of microplastic 
fibers through water surface runoff, rivers, and the 
atmosphere (Wang et  al., 2022). The entanglement 
of fibers with food particles increases the likelihood 
of organisms ingesting them. Hossain et  al. (2020) 
and Patterson et al. (2021) reported that almost 57% 
of fiber microplastics are predominant in giant tiger 
prawns while My et al. (2023) identified fiber as the 
most predominant microplastics type (46.06%) in the 
GI tract of L. vannamei. There is another study that 
was done around Negombo Lagoon found that fibers 
(73.0%) were the most abundant microplastic (Athu-
korala et al., 2023). Some other comprehensive stud-
ies conducted globally, such as Nan et  al. (2020) in 
Australia, investigated fibers as the most dominant 
microplastic type in farmed shrimp species. Although 
some studies reported different predominant micro-
plastic types in L. vannamei compared to our findings 
(Curren et al., 2020; Vitheepradit & Prommi, 2023).

Raman spectroscopy is a powerful analytical tech-
nique utilized across diverse scientific disciplines 
which involves irradiating a sample with monochro-
matic light (typically by a laser source) and analyz-
ing the inelastically scattered light that generates as a 
result of the interaction of incident light with the sam-
ple. This process reveals valuable insights into the 
vibrational and rotational modes of molecules within 
the sample. The resulting Raman spectrum exhib-
its peaks corresponding to specific vibrational ener-
gies facilitating deductions about molecular struc-
ture, chemical composition and physical properties 
(Chakraborty et al., 2023; Iri et al., 2021).

The chemical structures of microplastics such as 
nylon 6,6, LDPE, and PS dictate their unique proper-
ties and can be elucidated through Raman spectros-
copy. Nylon 6,6 is characterized by amide linkages 
in its backbone which exhibits Raman peaks indica-
tive of amide stretching vibrations around 1650  cm−1 
and 1550  cm−1, alongside peaks associated with alkyl 
chain vibrations near 1450  cm−1. LDPE, with its long 
chains of ethylene monomers and branching, dis-
plays Raman peaks corresponding to symmetric and 
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asymmetric stretching vibrations of  CH2 groups at 
1460   cm−1 and 2850   cm−1, as well as vibrations of 
 CH2 groups around 720   cm−1 and 1300   cm−1. PS, 
composed of chains of styrene monomers, shows 
Raman peaks attributed to aromatic C–C stretching 
vibrations at 1600   cm−1, and aromatic C-H bending 
vibrations at 1000  cm−1. Understanding these chemi-
cal structures and associated Raman peaks facilitates 
the identification and characterization of microplas-
tics for diverse applications. Additionally, plastics 
can be colored through several methods, including 
surface printing, surface coating (painting), applica-
tion of decorative films, or by incorporation of col-
orant additives into the polymer mass via compound-
ing. Colorfulness in plastic products does not solely 
originate from the material itself. Therefore, when a 
Raman spectrum exclusively indicates the presence 
of colorants, it becomes impossible to determine the 
composition of the polymer (Kiran et al., 2022; Nava 
et al., 2021).

In the present study, 4 types of polymers includ-
ing nylon 6,6 (40%), PS (32%), and PE (20%) were 
mainly identified. These polymers are commonly 
used as raw materials in fishing nets, floats, fish bas-
kets/bags, ropes, and clothing materials that are used 
in fishing activities in Dutch Canal (Cheung et  al., 
2018; Wang et  al., 2019). Most microplastic fibers 
were identified as nylon 6,6. Similar to the observa-
tions of the present study, Lawan et al. (2024) found 
PS, nylon 6,6, polyester, polypropylene, and rayon as 
the most available microplastic polymers. In another 
study most abundant polymers found in the GI tract 
of Metapenaeus monoceros, Parapeneopsis stylif-
era, and Penaeus indicus from the trawling grounds 
of the northeastern part of the Arabian Sea were PE, 
polypropylene, nylon 6,6, polyester, and PET (Gurjar 
et  al., 2021). Therefore, the current research shows 
that microplastic pollution in the studied area is 
largely caused by laundry and domestic wastewater, 
fishing equipment, and food packaging materials, as 
confirmed by the chemical analysis of polymers.

4.1  Toxicity Assessment of Combined Microplastics 
Using Zebrafish

In the present study, the potential acute toxicity of the 
most abundant microplastic polymer combinations of 
Nylon 6,6 with LDPE and PET with PS were assessed 
in zebrafish embryo development evaluating hatch 

rate, mortality rate, heart rate, and abnormal disabili-
ties after 24 hpf, 48 hpf, 54 hpf, 72 hpf, and 96 hpf. 
In the early developmental life cycle of zebrafish, the 
hatching process marks a critical point. Hatching is 
initiated when the embryo reaches a size that requires 
a greater oxygen supply than can be provided by dif-
fusion through the egg envelope and perivitelline fluid 
(Muller et  al., 2015). Chorion softening is a critical 
step in the hatching process, and it is facilitated by a 
proteolytic enzyme also known as Zebrafish hatching 
enzyme (ZHE1) (Muller et  al., 2015). In untreated 
zebrafish embryos, hatching occurs between 48—96 
hpf with the majority hatching at the 72 hpf time 
point. In a few combinations, hatching was signifi-
cantly affected compared to controls, possibly due to 
microplastic adsorption on the chorion surface. This 
can block the release of secretory chorinase by hatch-
ing glands, which initiates hatching gene expression 
(Bashirova et  al., 2023). The size of microplastic 
affects on chorionic adhesion and penetration. While 
this study used larger microplastics compared to 
previous studies, yielding different results for chori-
onic adhesion and penetration, earlier research using 
smaller microplastics showed reduced embryo hatch-
ing rates with increasing microplastic concentrations 
in single microplastic treatment assays (Zhao et  al., 
2021). Dunn’s multiple comparisons test compared 
the effects of individual treatments versus combined 
treatments and found out that the hatching rate is not 
significantly different between combined treatments 
and single treatments at the evaluated concentrations. 
Overall, this suggests that microplastics combina-
tions and individual exposure of microplastics have 
similar toxicity effects on the hatching process, at the 
evaluated size and concentrations of microplastics. 
The effects of combination treatments on hatch rate 
were also confirmed by the results of De Guzman 
et al. (2020), which used PE microbeads at 200 and 
2000  µg/L (diameter = 300—355  µm), similar to the 
size of microplastics used in this assay. These find-
ings suggest that the size, morphotype, and concen-
tration of the microplastics affect toxicity results, as 
they influence microplastic penetration through the 
chorionic membrane of the embryo. Overall, the typi-
cal hatching pattern of zebrafish embryo was inter-
rupted at combination treatments of Nylon 6,6 and 
PE, especially when both the microplastic concen-
trations are low, while in PS and PET combinations 
when the concentrations are comparatively high.
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Mortality observed during the early stages of 
development emphasizes the ability of toxicants to 
disrupt the proper functioning of various organs, ulti-
mately leading to death as a result of acute toxicity. 
During the assay, coagulation and lack of heartbeat 
were considered as toxicity endpoints. According 
to the literature, the mechanism behind coagulation 
upon toxicant exposure is not entirely clear, but it 
supposes that coagulation is induced by the lack of 
specific metabolic enzymes which are required to 
metabolize harmful chemicals during the early devel-
opmental stages (De Guzman et al., 2020). Disruption 
of the central nervous system and inhibition of ace-
tylcholinesterase activity may also result in compli-
cations in the heart and can be observed as a lack of 
visible heartbeat (De Guzman et al., 2020). Individual 
treatments and most of the combination treatments 
did not have a significant effect on embryo survival 
at the evaluated concentrations. Confirmable results 
were reported by de Souza Freire et  al. (2023) with 
no increase in mortality after PE microplastic (diam-
eter = 53—73  µm) exposure on zebrafish. A similar 
lack of mortality results was reported from zebrafish 
with PS nanoplastic exposure, even though they were 
able to penetrate the chorion (Pitt et al., 2018). This is 
also contrary to the previous observations, in which 
significant mortality was observed after PE micro-
plastic exposure (De Guzman et  al., 2020; Malafaia 
et al., 2020), and exposure to higher concentrations of 
PET (100 ppm, 200 ppm) led to a decrease in the sur-
vival rate of zebrafish embryo and have an impact on 
liver functioning, oxidative stress, and cellular mem-
brane integrity (Bashirova et al., 2023). Importantly, 
a study has shown that oxidative damage to the intes-
tine is mainly dependent on microplastic size rather 
than on chemical composition, which investigated the 
toxic effects of nylon 6,6, polyethylene, polypropyl-
ene, polystyrene, and polyvinyl chloride microplastics 
(Lei et al., 2018). The combination treatments which 
had a significant effect on the survival were reported 
(in PA and PE combinations), microplastics may be 
able to penetrate the chorion or enter via oral uptake 
and cause subsequent toxicities.

The cardiovascular system is the first organ to 
develop during embryogenesis in vertebrates (Zaffran 
& Frasch, 2002). This is a complex process involv-
ing a variety of signaling molecules and cellular 
mechanisms (Lawson & Weinstein, 2002), that have 
sensitivity toward environmental pollutants that may 

develop cardiovascular abnormalities during early 
development (Manjunatha et al., 2018). In this study, 
heart rate was measured to investigate the potential 
cardiovascular toxicity of microplastic exposure on 
zebrafish embryos. Notably, this study found that 
heart rates at 72 hpf were significantly decreased by 
the exposure to combination treatments of nylon 6,6 
with LDPE, when the concentration combination is 
lower, while PET and PS combination treatments did 
not report significant alterations at any of the concen-
tration combinations. At lower concentration combi-
nations, there appears to be less particle aggregation 
between the two polymers, which is attributed to the 
surface chemistry of the polymers. Under these con-
ditions, smaller microplastics may be able to pen-
etrate the chorion and elicit toxicity effects. Addition-
ally, oral uptake of microplastics could potentially be 
greater at lower concentration combinations due to 
increased particle dispersion. These observations are 
comparable to previous findings where heart rates 
were significantly decreased in a dose-dependent 
manner and suggested that changes in heart function 
occur at even relatively low concentrations of micro-
plastic exposure (Pitt et al., 2018; Zhang et al., 2020). 
According to collective literature abnormal heart 
rates- tachycardia and bradycardia are sensitive indi-
cators of heart function and cardiovascular disease 
(Bhagat et  al., 2020; Park & Kim, 2022; Pitt et  al., 
2018). Studies have shown that altered heart func-
tionality may result directly from microplastic inter-
action with cardiac sarcomeres and indirectly from 
oxidative stress-induced responses (Pitt et al., 2018). 
Taken together, these results emphasize the potential 
cardiovascular toxicity of microplastic exposure and 
highlight the need for further investigations.

This study investigated three types of early devel-
opmental abnormalities including pericardial edema, 
yolk sac edema and spinal curvature. In this study, 
exposure to combination treatments did not result 
in significant levels of developmental abnormalities 
(p ≥ 0.05), but a few yolk sac edema and spinal curva-
ture were observed suggesting lower levels of toxic-
ity effects. Similar results were shown in a study that 
exposed PS nanoplastics at 0.1, 1 and 10 ppm levels 
(Trevisan et al., 2019) and PE microplastics (58 µm) at 
6.25, 12.5, 50, and 100 mg/L. Furthermore, contrasting 
observations were reported in a study which exposed 
PE microplastics (diameter = 300—355  µm) at 20, 
200, and 2000  µg/L concentration series, showing 
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that number of malformities increased upon exposure 
concentration increment (De Guzman et  al., 2020). 
Embryonic developmental abnormalities in zebrafish 
have been extensively studied and have identified 
osmotic balance plays a crucial role in maintaining 
physiological features and metabolic mechanisms. 
As the gills and digestive system are responsible for 
maintaining the osmotic balance during early devel-
opment until the kidney becomes functionally active, 
due to the presence of microplastics in the digestive 
system, internal water diffusion barriers may have been 
negatively affected (Malafaia et  al., 2020). Also, pre-
vious studies of microplastic exposures have reported 
reduced cdx4 tnnc2 gene expression (Zou et al., 2020), 
reduced expression of cysteine-rich motor neuron 1 
(crim1) gene or mutations in polycystine-2 (pkd2) (De 
Guzman et al., 2020) which may be able to cause spi-
nal malformations such as spinal curvature. Overall, 
a significant effect on structural development was not 
observed at any combination treatments and individ-
ual treatments at the analyzed size and concentration 
ranges. However, the occurrence of spinal curvatures 
and yolk sac edema suggests that combined exposure 
to microplastics may have an underlying effect on the 
zebrafish embryos causing hypoxia, structural damage, 
and stress-induced responses. To understand the under-
lying mechanisms of developmental abnormalities due 
to microplastic exposure requires further investiga-
tions. Overall, combinations of nylon 6,6 (nylon 6,6) 
and LDPE had significant effects on embryo hatching, 
survival, and heart rate at lower concentration combi-
nations, while PET and PS showed significant effects 
on embryo hatching at comparatively higher concen-
trations, suggesting that there is not a simple linear 
relationship between co-exposure and toxicity. Instead, 
it may underscore the presence of multiple factors in 
the response, including microplastic size, concentra-
tion, and surface chemistry.

However, prolonged consumption of contaminated 
shrimps could lead to potential health risks includ-
ing oxidative stress, metabolic disorders, cytotoxicity, 
and systemic inflammation (Timilsina et al., 2023). In 
addition, recently microplastics have been detected in 
the human placenta raising concerns regarding fetal 
exposure (Alberghini et  al., 2023). Therefore, fur-
ther studies are vital for developing mitigation strate-
gies to address the growing concerns associated with 
microplastic contamination and ensure the safety of 
seafood consumption.

5  Conclusion

This is a pioneering study reporting the ingestion of 
microplastics in farmed shrimps L. vannamei and P. 
monodon in Puttalam, Sri Lanka. The results indi-
cated that both shrimp species are contaminated with 
microplastics, and their presence was observed in both 
the exoskeleton part and the edible soft tissue of all 
the analyzed samples. The average microplastic abun-
dance in this study is greater than in previous studies, 
indicating a heightened level of microplastic pollution 
in the culture ponds. Notably, when compared to the 
previous studies that analyzed wild-caught seafood, 
farmed shrimps used in this study showed a higher 
microplastic level, suggesting the stagnant conditions 
of aquaculture ponds promote the accumulation of 
microplastics, resulting in higher exposure for farmed 
organisms compared to their wild counterparts in the 
open ocean. The abundance similarity of microplastics 
in both exoskeletons and edible soft tissue underscores 
the possibility of microplastic transfer to humans 
through consumption, even when the exoskeleton is 
removed. Furthermore, the study suggested that micro-
plastics found in the edible soft tissues may be mainly 
accumulated in the gastrointestinal tract, highlighting 
the potential of microplastic transfer to humans when 
consuming smaller shrimps such as whiteleg shrimp, 
where the gut is not removed before consumption. 
As the microplastic level in these assessed shrimps 
is notably higher and owing to the anticipated rise in 
environmental microplastic pollution, there might 
be a potential threat to seafood safety in future. This 
study provides for the first time the potential syner-
gistic acute toxic effects of combined microplastics 
using zebrafish embryos at the developmental stage. 
Although the tested concentrations revealed lower lev-
els of acute toxicity in zebrafish embryos exposed to 
combined microplastics, the enhanced accumulation 
of microplastics on organisms over time may lead to 
concerning health issues. Future studies should aim 
at providing additional evidence on the synergistic 
acute toxicity effects of microplastic exposure, assess-
ing different sizes, concentrations, and polymers. This 
highlights the importance of further research to fully 
understand the impacts of microplastics.
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