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A B S T R A C T   

Fish are widely reported to ingest microplastics with low levels accumulating in the tissues, but owing to 
analytical constraints, much less is known about the potential accumulation of nanoplastics via the gut. Recently, 
the labelling of plastics with inorganic metals (e.g., palladium) has allowed measurements of nanoplastic uptake. 
The aim of the current study was to quantitatively assess the uptake of nanoplastics by the fish gut using 
palladium-doped nanoplastics (with a mean hydrodynamic radius of 202 ± 7 nm). By using an ex vivo gut sac 
exposure system, we show that in 4 h between 200 and 700 million nanoplastics (representing 2.5–9.4% of the 
administered nanoplastics dose) can enter the mucosa and muscularis layers of the intestine of salmon. Of the 
particles taken up, up to 700,000 (representing 0.6% of that taken into the tissue) of the nanoplastics passed 
across the gut epithelium of the anterior intestine and exit into the serosal saline. These data, generated in highly 
controlled conditions provide a proof-of-concept study, suggesting the potential for nanoplastics to distribute 
throughout the body, indicating the potential for systemic exposure in fish.   

1. Introduction 

Plastics are ubiquitously present in the environment (Barnes et al., 
2009) and are considered a hallmark of the Anthropocene (Zalasiewicz 
et al., 2016). Microplastics (nominally < 5 mm (Arthur et al., 2009)) and 
nanoplastics (<1 µm (Kershaw, 2015) or < 0.1 µm (Chain, 2016) 
depending on the definition used) can be directly released into the 
environment or formed from the degradation of larger plastic items 
(Koelmans et al., 2015). The ingestion of microplastics has been re
ported for a variety of aquatic organisms including zooplankton, poly
chaetes, bivalves, fish, birds and mammals (Phuong et al., 2016), but the 
majority of such research has focused on fish species. Microplastics have 
been found in the gastrointestinal tracts of fish around the world (Aze
vedo-Santos et al., 2019), but the fate of ingested particles and the po
tential for them to be transferred from fish to higher trophic levels 
remains unclear. Particulates in the intestine achieve cellular internal
ization via endocytotic processes which conventionally have a size 
limitation in the low micron size range (Mitrano et al., 2021). Thus, 

microplastics are unlikely to pass into the tissue, although recent studies 
suggest cellular uptake may be enhanced by surface functionalisation 
and environmental transformations, such as the formation of eco- 
coronas (Ramsperger et al., 2020). From the perspective of human 
consumption, most species are consumed after removing the gastroin
testinal tract, the presence of microplastics within fish intestines has not 
led to significant human health concerns (Lusher et al., 2017). Nano
plastics present a different proposition (Gigault et al., 2021); endocy
totic mechanisms of plastic particles are possible in the nano-size range 
which may translocate into parts of the fish that are consumed. To date, 
clear demonstrations of nanoplastic uptake across the fish intestine are 
absent from the literature. Furthermore, the relative amount of nano
plastics capable of crossing the intestinal membrane is unknown but is a 
vital knowledge gap if the toxicological risks of nanoplastics are to be 
understood. 

Research on the uptake and distribution of nanoplastics in aquatic 
organisms has intensified in recent years (Shen et al., 2019), but the 
detection of carbon-based polymers against a high carbon background 
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remains a significant analytical challenge within biological samples. 
Employing fluorescent labels to trace nanoplastics necessitates the use of 
fluorophores which may leach from the particle or tissues may emit 
autofluorescence, rendering results inconclusive (Catarino et al., 2019). 
Using conservative tracers entrapped within the particle during syn
thesis negates such concerns (Al-Sid-Cheikh et al., 2020; Mitrano et al., 
2019) and allows a quantitative assessment of uptake potential. Here, 
we used nanoplastic particles synthesized with chemically entrapped 
palladium (Pd) (Mitrano et al., 2019) which allows for the detection and 
quantification of particle uptake via analysis of the tissue Pd burdens. 

The aim of the present study was to determine whether nanoplastics 
are bioavailable in the gut of fish, and establish which intestinal region 
nanoplastic uptake would occur. The palladium-doped nanoplastics (PS- 
Pd NPs) were utilised in combination with an ex vivo gut sac experiment 
that is an established method to study the transport processes in fish 
gastrointestinal tracts. This technique has been used to understand the 
uptake of dissolved trace metals (Bury et al., 2001; Ojo and Wood, 
2007), engineered metal-containing nanomaterials (Boyle et al., 2020b; 
Clark et al., 2019b) and to determine the role of microplastics as a vector 
for pollutants (Khan et al., 2017). The basis of the technique is the 
ongoing viability of gastrointestinal tissue following its excision from 
the fish. The gastrointestinal tract can be divided into three functional 
regions, anterior-, mid and hind- intestine into which physiological sa
line containing the compounds of interest can be directly introduced 
within the gut lumen (Fig. 1). The sealed gut sac is then incubated for a 
short period of time before analysing the distribution of the test sub
stance between the layers of the gut tissue, namely the gut lumen, mu
cosa, muscularis and serosal saline, with the last layer representing 
uptake into the blood compartment. In this study, we used the gut sac 
technique for the first time to demonstrate the capacity of nanoplastic 
uptake from fish gastrointestinal tracts. 

2. Materials and methods 

2.1. Animal husbandry 

Throughout this work, salmon (Salmo salmar) were used as an 
established model species in ecotoxicology, their importance in the 
aquaculture industry and relevance to human consumption, and ability 
to breach freshwater and marine habitats, enabling results to be appli
cable to both environments. The use and care of animals in this study 
was in line with institutional guidelines and underwent internal ethical 
approval prior to starting (reference number ETHICS-43–2020). Fresh
water adapted salmon (Salmo salmar) weighing 107.8 ± 19.9 g (n = 16, 

mean ± S.D.) were obtained from Landcatch Natural Selection Ltd fish 
farm and held in a recirculating system at the University of Plymouth. 
Prior to experimental use, fish were acclimated to local conditions (e.g., 
dechlorinated Plymouth tap water) for 7 days and fed twice a day with 
commercially available fish feed. Fish were maintained under the 
following water quality parameters (mean ± S.D., n = 4) for pH 
(6.95 ± 0.07), dissolved oxygen (9.39 ± 0.04 mg L− 1) and temperature 
(17.48 ± 0.29 ◦C). Additional water samples were taken on experi
mental days to measure the total palladium concentration in the 
aquarium water. The water total palladium concentration were below 
the limit of detection of the ICP-MS (10 ng L− 1). 

2.2. Synthesis of palladium-doped nanoplastics 

The palladium-doped nanoplastics (PS-Pd NPs) used in the present 
work were synthesised according to Mitrano et al. (2019). Briefly, a two- 
step emulsion polymerization in which first the particle core was syn
thesized (which contained the metal), after which a further shell of 
polystyrene was grown through feeding a second monomer-containing 
solution over time to augment the surface chemistry and morphology 
of the original particle. For the nanoplastic core, the surfactant (SDS) 
and initiator were charged inside the reactor with the monomer (acry
lonitrile). When the initial nucleation point was achieved, the dissolved 
metal precursor was added slowly over the course of five minutes to the 
reaction vessel. The evolution of the polymer conversion and particle 
size were followed through dynamic light scattering (DLS) (Malvern 
Zetasizer Nano Z, backscatter angle 173◦ at 25 ◦C) and thermogravi
metric analysis (TGA) at T = 120 ◦C (Mettler Toledo), respectively. After 
a conversion rate of approximately 90% was achieved, the shell feed was 
directly plumbed into the reaction vessel along with an additional shot 
of initiator and water. The shell feed, a mixture of water, styrene, DVB 
and SDS, was dosed for 4 h. The particle growth and extent of conversion 
was again closely monitored with samples collected every half hour to 
follow the reaction progress. The nanoplastics were stored at room 
temperature and in the dark. 

2.3. Nanoplastic characterisation 

Spherical PS-Pd NPs were characterized prior to use in the exposure 
studies in terms of metal content and particle size (see Mitrano et al., 
2019 for full details). Briefly, the primary stock suspension was diluted 
100-fold using high purity water, and 0.1 mL of this stock was digested 
in 3 mL of acid (3:1 HNO3:HCl). The mixture was left at room temper
ature for 1 h before being placed onto a hot plate and carefully bought to 

Fig. 1. Schematic of the gut sac technique. (A) The entire gastrointestinal tract is removed from the fish and separate gut sacs were made for each anatomical region 
(anterior intestine [including the pyloric caeca], mid intestine and hind intestine. (B) The PS-Pd NPs are added to the gut lumen to assess their uptake. (C) The gut sac 
is closed and incubated in the serosal compartment for 4 h. (D) At the end of the experiment, the gut sac is cut open, rinsed and the mucosa is separated from the 
muscularis using a glass microscope slide, and measured for total Pd measurements. The gut cross section shows the different tissue layers, highlighting the gut lumen 
(white), mucosa (grey) and muscularis (red). The serosal saline is analysed for the presence of particles using single particle ICP-MS. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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a simmer. The samples were left for the digestion to complete (i.e., no 
brown fumes and producing a final colourless solution) and further 
diluted before analysis using inductively coupled plasma mass spec
trometry (iCAP RQ ICP-MS, Thermo Fisher). The measured total Pd 
concentration was 255.8 ± 3.9 mg Pd L− 1 (mean ± S.D, n = 3), and this 
concentration was used for subsequent dosing. Particle hydrodynamic 
diameter was determined by Nanoparticle Tracking Analysis (LM10, 
Malvern, UK) in Fig. 2. The mean particle size was determined as a 
hydrodynamic diameter of 202 ± 7 nm when PS-Pd NPs were dispersed 
in ultrapure water and increased to 228 ± 6 nm (mean ± S.D, n = 3) 

when dispersed in physiological gut saline (Fig. 2). 
The release of Pd2+ from the PS-Pd NPs during the exposure would 

have presented a confounding factor in determining particle uptake 
since the presence of the ionic form would indicate tissue concentrations 
were not from the presence of particles, but diffusion of ions. Therefore, 
to quantify the presence of dissolved palladium, a dialysis experiment 
was performed in physiological gut saline to mimic the gut environment 
(in mmol L− 1: NaCl, 117.5; KCl, 5.7; NaHCO3, 25.0; NaH2PO4⋅H2O, 1.2; 
CaCl2, 2.5; MgSO4⋅7H2O, 1.2; glucose, 5.0; mannitol, 23.0; pH 7.8 
(Clarket al., 2019b)). A 50 mg L− 1 Pd stock of the PS-Pd NPs was made, 

Fig. 2. PS-Pd NP hydrodynamic diameter and particle number concentration in (A) high purity water or (B) physiological gut saline. Data are mean ± S.D., n = 3. 
Note the increased presence of higher bin sizes in (B). 
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of which 3 mL was added to the dialysis tubing which was tied at both 
ends. The filled dialysis bag was then placed in 297 mL of physiological 
gut saline. The presence of Pd2+ outside the dialysis bag was measured 
over the 4 h period with 0.5 mL samples taken at 0, 0.25, 0.5, 1, 2 and 
4 h. Samples were acidified with HNO3 and HCl (3:1), and further 
diluted to a final volume of 2.5 mL prior to analysis by ICP-MS for total 
Pd concentration. The instrument limit of detection was 
0.032 ± 0.004 ng Pd mL− 1. 

2.4. Ex vivo gut sac experiment 

Fish were euthanized according to institutionally approved methods, 
of induced concussion and pithing (Schedule 1, in accordance with 
ethical approvals, Home Office, UK, and in compliance with the EU 
directive 2010/63/EU), and the entire gastrointestinal tract was 
removed from buccal cavity to anus (Fig. 1). The intestines are the 
predominant site of absorption; therefore, these were the areas of focus. 
The three intestinal regions of the gastrointestinal tract (anterior intes
tine (including the pyloric caeca), mid intestine and hind intestine) were 
carefully separated into individual compartments, and the gut lumen 
rinsed using physiological gut saline to remove any residual food/ma
terial. The weight of each empty gut sac was recorded, and sutured 
closed at one end. Each gut sac was then filled with gut physiological 
saline (pH 7.8) containing one of two treatments: saline only (control) or 
PS-Pd NPs (total Pd concentration of 1 µg mL− 1, equivalent to 1.03 x1010 

particles [as calculated by spICP-MS, see below], n = 6 per treatment). 
This concentration of PS-Pd NPs was used to allow comparison to other 
materials that have been assessed in the same manner (e.g., Clark et al., 
2019b), and ensure that, if bioavailable, the signal could be detected in 
the tissue. The opposite end of the gut sac was then sutured shut and re- 
weighed to calculate the volume of saline added to allow for calculations 
on the percentage of PS-Pd NPs taken into the tissue. The exterior of the 
gut sacs were then rinsed using clean physiological gut saline, and 
placed in 20 mL (anterior intestine) or 7.5 mL (mid intestine and hind 
intestine) of clean physiological gut saline. Each tube was in a water 
bath kept at 15 ◦C degrees, and individually gassed using 99.7:0.3% O2: 
CO2 for 4 h (Fig. 1). 

Following the 4 h exposure (i.e., the length of time that an ex vivo gut 
sac maintains viability and functionality (Al-Jubory and Handy, 2013)), 
the gut sacs were removed from the tubes, and excess moisture was 
removed prior to being re-weighed. To measure fluid movement from 
the mucosal to the serosal compartments, or vice-versa, the difference in 
weight before and after the treatments was assessed gravimetrically. The 
gravimetric method has been determined to be the most reliable method 
of measuring fluid transport (Whittamore et al., 2016). The test tubes 
containing the serosal saline were stored at − 20 ◦C until analysis by 
single particle ICP-MS. Each gut sac was carefully cut open and rinsed in 
5 mL of clean gut physiological saline to remove material loosely bound 
to the surface of the gut epithelium. The gut sac was then immediately 
rinsed in a second rinse of gut physiological saline with 1 mmol L− 1 

EDTA. This process has been shown to be efficient at removing > 95% of 
surface bound particles (Clark et al., 2019b). While EDTA is added to the 
second wash step, its main purpose is to remove any surface bound 
metals (Clark et al., 2019b); here, the Pd is encapsulated in the polymer, 
but is used regardless for the whole procedural efficiency remained high 
(see Surface binding experiment below), meaning any Pd found in the 
tissues reflects material accumulated. To separate the tissues, a micro
scope slide held at a 45-degree angle and carefully dragged across the 
piece of gut tissue, removing the surface mucosa from the underlying 
muscularis (Fig. 1). The exception to this is the anterior intestine, where 
the caeca cannot be reliably emptied of added saline and/or PS-Pd NPs 
(see Clark et al., 2019b). Therefore, only the anterior intestine tissue of 
this gut region was taken for analysis. Then, both the mucosa and 
muscularis were weighed before being stored at − 20 ◦C. The tissues 
were then freeze dried, re-weighed (for tissue moisture calculations) and 
digested prior to total Pd measurements. 

2.5. Surface binding experiment 

To quantify the efficiency of the rinse solutions (physiological 
saline + EDTA, as above) in removing any loosely bound surface PS-Pd 
NPs, a rapid solution dipping experiment according to Clark et al. 
(2019b) was performed. Only the mid and hind intestine regions were 
selected for this due to their ease of inversion so they can be dipped into 
a suspension of PS-Pd NPs to quantify adsorption to the mucosa. Everted 
intestinal segments were sutured shut to prevent any PS-Pd NPs from 
being exposed to the muscularis and ensuring only the mucosa is 
exposed. Both the mid and hind intestines were rinsed in gut physio
logical saline (as above) and then dipped into a suspension of 1 µg mL− 1 

PS-Pd NPs (to reflect those in the main experiment) for 30 s. This 
duration is to mimic exposure of the mucosa, but does not allow for any 
instantaneous uptake (Al-Jubory and Handy, 2013). Tissues were then 
removed and treated as above prior to measurements of total Pd 
concentrations. 

2.6. Gastrointestinal tissue total palladium concentration 

In the absence of an appropriate certified reference materials for 
total palladium in tissues, a series of spike and recovery tests were used 
to ensure the digestion protocol was sufficient to recover all Pd. Control 
tissues were obtained from additional fish (n = 3), and the anterior in
testine, mid intestine and hind intestine removed. These tissues were 
frozen, dried and weighed, as discussed above. In glass vials, tissues 
were added to 2.25 and 0.75 mL nitric acid and hydrochloric acid, 
respectively. In addition, 50 µL of a 2.55 mg L− 1 Pd as PS-Pd NPs was 
also added. The samples were allowed to digest at room temperature for 
1 h, before being slowly heated on a hot plate to simmering point 
(~100 ◦C). The samples were then left until they were completed (i.e., 
production of a colourless liquid and absence of fumes) before being 
allowed to cool to room temperature. Following this, each sample was 
diluted to 15 mL and spiked with indium and iridium (to give a final 
concentration of 20 µg L− 1) for use as an internal standard to monitor 
instrument drift during analysis by ICP-MS. Tissue total Pd concentra
tions were compared to matrix matched standards and during the 
analysis a check standard was analysed every 10–12 samples. Between 
each sample, a 2% nitric acid solution was used to remove cross 
contamination from the sample introduction system. The recovery of the 
PS-Pd NPs in the presence of the different tissues was compared to the 
PS-Pd NPs alone (i.e., no tissue). The recovery rates for the anterior 
intestine mucosa, anterior intestine muscularis, mid intestine mucosa, 
mid intestine muscularis, hind intestine mucosa and hind intestine 
muscularis were 98.6 ± 1.8, 98.0 ± 4.4, 98.9 ± 2.4, 95.9 ± 3.2, 
95.8 ± 1.6 and 97.3 ± 5.7 %, respectively. Given the high recovery rates 
of Pd, all experimental samples from the gut sac and surface binding 
experiment were processed in the exact same process. 

2.7. Measurement of PS-Pd NPs and the serosal compartment using single 
particle ICP-MS 

The use of single particle ICP-MS had two roles; firstly, to determine 
the number of particles in a given mass to calculate the number of 
particles in the tissue. To achieve this, the stock suspension was diluted 
to an appropriate mass concentration, using ultrapure water, and ana
lysed by spICP-MS (as below). The output is the number of particles 
present in the aspirated suspension (i.e., a known mass concentration). 
From this, the number of particles for the given mass was used to 
calculate the number of particles in the PS-Pd NP exposed tissues (i.e., 
with a known mass of Pd). The second aim was to determine the number 
of particles in the serosal saline of the PS-Pd NP exposed gut sacs. The 
serosal saline represents part of the blood compartment, but detecting 
low levels of total Pd in the serosal compartment using ICP-MS following 
digestion is difficult due to high salt concentrations and expected low 
metal concentrations which may be near or below analytical detection 
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limits. To avoid these drawbacks of total Pd analysis, the investigation of 
PS-Pd NP presence in the serosal saline was conducted using single 
particle ICP-MS. The serosal salines from the gut sac experiments were 
thawed and diluted 5-fold with ultrapure water to give a final volume of 
2 mL. The samples were then analysed using single particle ICP-MS. 

The single particle ICP-MS analysis was performed according to 
Clark et al. (2019c) with minor modifications. An iCAP RQ ICP-MS was 
operated in collision cell mode with He as the cell gas. For sample 
introduction, a micromist nebuliser and quartz cyclonic spray chamber 
cooled to 2 ◦C was used. The instrument plasma power was set at 1550 
Watts. The plasma, nebulizer and auxiliary Ar flow rates were 14.0, 1.0 
and 0.8 L min− 1, and nickel plated sampler and high matrix skimmer 
cones were used. A dwell time of 3 ms was used in all analysis, and 
samples were analysed for 60 s. Prior to analysis, the instrument was 
tuned using a multi-element standard, with the indium signal used for 
optimal stability and sensitivity and a minimum oxide (CeO/Ce) for
mation of < 0.01%. Only one m/z ratio can be monitored at a time, and 
so 105Pd was selected. Between samples, a 2% nitric acid wash solution 
was used to reduce sample cross contamination from the sample intro
duction system. The flow rate of the instrument was calculated gravi
metrically before use by difference between uptake of ultrapure water 
over 2 mins (n = 5) and was 0.3 mL min− 1. The transport efficiency was 
also calculated prior to use (according to Pace et al., 2011). To calculate 
the transport efficiency, Au NPs were diluted to match the matrix of the 
samples and analysed. A series of dissolved standards were made be
tween 0 and 0.25 µg L− 1. The standards were analysed at the start of the 
analysis, and then checked throughout after 9–10 experimental samples. 
The data was then exported and handled in a bespoke Excel spreadsheet 
(see Peters et al., 2014 for details) to calculate the particle mass con
centration and the particle number concentration. All solution/suspen
sion preparation and analysis were performed in a laboratory managed 
under an ISO9001 certified quality management system. 

2.8. Statistics and calculations 

All results are presented as mean ± SEM, unless otherwise stated. The 
distribution of PS-Pd NPs through the tissue layers was calculated 
through the sum of Pd in the mucosa, muscularis and serosal saline, and 
expressing each compartment as function of total Pd in all combined 
compartments. Statistical analysis and graphs were conducted in Sig
maPlot 13.0. Data sets with suspected outliers were checked for 
normality (Shapiro-Wilk, P > 0.05) and, having passed this were then 
analysed using Grubbs test (P < 0.05). Subsequently, all results were 
then checked for normality and equal variance (Brown-Forsythe test). 
Normally distributed data, or those that could be log10 transformed to a 
normal distribution, were analysed using a one-way ANOVA (for gut 
region differences [tissue Pd concentrations, number of particles in tis
sues and relative amount of Pd absorbed], or treatment effects [fluid flux 
and moisture content]). For non-normal data, and data that could not be 
transformed to a normal distribution, the Kruskal-Wallis test was used. 
Each test was followed by a post hoc Tukey’s or Dunn’s test, and the 
individual P values presented are from the post hoc tests. 

3. Results 

3.1. PS-Pd NP behaviour in physiological gut saline 

Various characterisation and validations were necessary to under
stand the behaviour of the nanoplastics in the simulated gut environ
ment and to ensure that the Pd concentration found in gut tissue could 
only be attributed to presence of PS-Pd NPs. The mean hydrodynamic 
particle size was 202 ± 7 nm when PS-Pd NPs were dispersed in ultra
pure water and increased to 228 ± 6 nm (mean ± S.D, n = 3) when 
dispersed in physiological gut saline (Fig. 2). The largest size category of 
particles found (as evidenced from NTA measurements, Fig. 2) was 
610 nm, suggesting some aggregation of the particles occurred as would 

be expected in solutions with high ionic strength. The proportion at this 
size range remained small (<0.03%). The release of ionic Pd2+ from the 
PS-Pd NPs within gut saline mimicking the conditions of the ex vivo gut 
sac experiment was determined with the use of a dialysis bag experi
ment. Only 0.08% of the ionic constituent was released. Furthermore, 
there was no detectable Pd2+ in the control fish across all gut regions and 
tissue layers. Validating the negligible background Pd concentration in 
the test system provides further confidence that any Pd detected in the 
tissue layers following exposure to the nanoplastics was in the form of 
intact PS-Pd NPs that had translocated from the gut lumen. In addition, 
the surface binding experiment showed trace amounts of PS-Pd NPs 
instantaneously bound to the surface of the mucosa of the mid and hind 
intestine (50.9 ± 8.9 and 36.6 ± 1.6 ng g− 1 dw, respectively), ensuring 
the Pd signal was from internalised PS-Pd NPs. Such validation also 
extends to the viability of the gut sac preparations typically measured as 
fluid flux and tissue moisture. There was no significant difference be
tween the control gut sacs (i.e. no added PS-Pd NPs) and the PS-Pd NP 
treatments for the anterior (one-way ANOVA, F = 0.103, DF = 1, 
P = 0.818), mid (one-way ANOVA, F = 0.007, DF = 1, P = 0.937) and 
hind intestine (one-way ANOVA, F = 1.362, DF = 1, P = 0.270). This 
ensures the presence of the PS-Pd NPs did not upset normal gastroin
testinal function (Table 1). 

3.2. Distribution of PS-Pd NPs throughout the gut sac 

In all control tissue samples, there was no detectable Pd. In contrast, 
total Pd was found in all tissues of the PS-Pd NP exposed gut tissues, and 
in some serosal salines. Most of the particles taken up by the gut from the 
PS-Pd NP exposure were in the mucosa (>88%, Fig. 3), with some sta
tistical difference between gut regions (Kruskal-Wallis, H = 9.722, 
DF = 2, P = 0.008). For instance, there was a significantly higher per
centage of Pd in the mid (P = 0.014) and hind (P = 0.029) intestine 
compared to the anterior intestine. The number of PS-Pd NPs found in 
the muscularis represent 9.37, 3.05 and 3.15% of the total mass found in 
all gut layers (Fig. 3) in the anterior, mid and hind intestine respectively. 
Similarly, there were some statistical differences within the percentage 
of Pd in the muscularis (Kruskal-Wallis, H = 9.722, DF = 2, P = 0.008), 
with the anterior intestine having significantly more compared to both 
the mid (P = 0.014) and hind (P = 0.029), respectively. The presence of 
PS-Pd NPs in the serosal saline was found only in the anterior intestine, 
with 0.63 ± 0.33 % of the tissue Pd entering this compartment (Fig. 3). 

3.3. Number of PS-Pd NPs in the gut tissue 

The gut epithelium is made of several different layers and each was 
assessed for the number of particles found. After the 4 h exposure, PS-Pd 
NPs were found in all tissue layers (mucosa, muscularis and serosal sa
line) of each intestinal region, with a combined total of 
216 × 106 ± 40 × 106, 262 × 106 ± 22 × 106 and 720 x106 ± 251 × 106 

Table 1 
The moisture content (%) and fluid flux (µL cm− 2h− 1) of the regions of the 
gastrointestinal tract.  

Measurement Control PS-Pd NPs 

Moisture content (%)   
Anterior mucosa 73.0 ± 3.1 76.3 ± 1.7 
Anterior muscularis 79.6 ± 3.7 76.6 ± 0.4 
Mid intestine mucosa 85.0 ± 1.6 85.9 ± 0.9 
Mid intestine muscularis 73.0 ± 1.3 74.9 ± 1.3 
Hind intestine mucosa 86.6 ± 1.4 87.7 ± 0.9 
Hind intestine muscularis 80.3 ± 3.5 78.4 ± 0.8 
Fluid flux (µL cm− 2h− 1)   
Anterior intestine − 65.6 ± 48.0 − 20.4 ± 8.4 
Mid intestine − 2.6 ± 0.5 0.0 ± 0.3 
Hind intestine 7.5 ± 1.5 4.5 ± 2.0 

Data are mean ± SEM (n = 6). Note there was no significant difference between 
the moisture content and fluid flux treatments. 
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(mean ± SEM, n = 6, Fig. 4) particles in the anterior, mid and hind in
testine regions, respectively. While the hind intestine had a 3.3 and 2.7- 
fold higher number of particles compared the anterior and mid intestine 
respectively, there was no significant difference between these tissues 
(Kruskal-Wallis, H = 5.345, DF = 2, P = 0.069). 

The inner most layer of the gut epithelium is the mucosa, and this is 
the first layer the PS-Pd NPs encounter. Most of the particles taken up by 
the gut were in the mucosa (Fig. 4), with a total of 197 x106 ± 38 x106, 
255 x106 ± 22 x106 and 697 x106 ± 246 x106 (mean ± SEM, n = 6) 
particles in the anterior intestine, mid intestine and hind intestine, 
respectively. Despite the hind intestine containing 3.5 and 2.7-fold 
higher number of particles, there were no statistically significant dif
ferences in the number of particles found in the mucosa between each 
gut region (Kruskal-Wallis, H = 5.135, DF = 2, P = 0.077). In terms of 
total Pd tissue concentrations, this equates to 713 ± 169, 2737 ± 494 
and 2792 ± 833 ng Pd g − 1 (mean ± SEM, n = 6) in the anterior, mid and 
hind intestine mucosa, respectively (Fig. 5). There were some statistical 
differences in the mucosa total Pd concentrations (one-way ANOVA, 
F = 8.304, DF = 2, P = 0.004), with the anterior being significantly less 
compared to both the mid (P = 0.005) and hind intestine (P = 0.014). 

Passage across the mucosa leads to the muscularis layer of the gut 
epithelium. Movement into this layer is time-dependent and as such 
fewer particles were found in this layer compared to the mucosa (Fig. 4). 
Even so, PS-Pd NPs were able to pass into the muscularis. A total of 18 
x106 ± 3 x106, 8 x106 ± 1 x106 and 23 x106 ± 5 x106 (mean ± SEM, 
n = 6) particles were found in the anterior, mid and hind intestine 
muscularis, respectively, with some regional effects observed (one-way 
ANOVA, F = 5.286, DF = 2, P = 0.018). For instance, the mid intestine 
had significantly fewer particles compared to the hind intestine 
(P = 0.016). The anterior intestine did not significantly differ compared 
to any other gut region (mid and hind intestine P = 0.112 and 0.572, 
respectively). In terms of total Pd tissue concentration, this equates to 
58.7 ± 12.3, 55.2 ± 4.8 and 103.9 ± 19.0 ng g − 1 (mean ± SEM, n = 6) in 
the anterior, mid and hind intestine mucosa, respectively (Fig. 5), with 
no significant difference between gut regions (one-way ANOVA, 
F = 4.136, DF = 2, P = 0.037, Tukey’s P = 0.052–0.981). 

Crossing the muscularis and into the serosal saline indicates trans
epithelial uptake through the intestinal barrier from the gut lumen to the 
tissue. The mass concentration of PS-Pd NPs found in this fluid 
compartment were 0.011 ± 0.004 ng mL− 1 equating to 
6.90 × 105 ± 3.25 x105 (mean ± SEM, n = 6, Fig. 4) nanoplastic particles 
that enter the fish tissue. 

3.4. Relative absorption of PS-Pd NPs into the gut sac 

The total number of PS-Pd NPs introduced into the gut lumen of the 
anterior, mid and hind intestine at the start of the experiment was 9.98, 
3.87 and 7.26 x109 (mean ± SEM, n = 6) particles, respectively. The 
amount of PS-Pd NPs that were taken up into the tissue, relative to the 
amount added to the gut lumen (on a mass balance) in the anterior, mid 
and hind intestine was 2.5 ± 0.2, 6.8 ± 0.2 and 9.4 ± 0.3 % 
(mean ± SEM, n = 6, Fig. 6), respectively. This percentage of accumu
lated nanoplastics into the tissues showed some significant differences 
between regions (Krukal-Wallis, H = 7.906, DF = 2, P = 0.019). Both the 
mid intestine (P = 0.034) and hind intestine (P = 0.046) accumulated a 
higher percentage from the gut lumen compared to the anterior intestine 
(Fig. 6). However, there was no significant difference between the mid 
and hind intestine (P = 0.994). 

4. Discussion 

This study is the first to demonstrate the capacity for nanoplastics to 
translocate out of the fish gut lumen. Together, all tissue layers (mucosa, 
muscularis and serosal saline) in all gut regions (anterior-, mid and hind- 
intestine) accumulated a total of 1.20 ± 0.27 x109 particles in as little as 
4 h, representing 2.5–9.4% of those added to the gut lumen at the start of 
the experiment. The highest accumulation, as evidenced by PS-Pd NP 
appearance in the serosal saline (e.g., blood supply), was from the 
anterior intestine, whereby as many as 700,000 particles (0.6% of those 
that entered the tissue) passed through the intestinal barrier (mucosa 
and muscularis). These nanoplastics then have the potential to distribute 
throughout the fish body via the blood supply and potentially accumu
late in the internal organs. Consequently, it is these plastics that have the 
potential to cause direct internal toxicological damage and transfer 
through the food chain. 

Previous studies have investigated the bioaccumulation and effects 
of nanoplastics with lower trophic levels, including bacteria (Fringer 
et al., 2020), algae (Bhattacharya et al., 2010), various invertebrates (e. 
g., earthworms (Lahive et al., 2021), Daphnia (Ma et al., 2016), gam
marus pulex (Redondo-Hasselerharm et al., 2021), and shellfish (Al-Sid- 
Cheikh et al., 2018)), as well as with fish species (Guimarães et al., 2021; 
Van Pomeren et al., 2017). Generalising across studies is difficult 
because of variation in methodology, but nanoplastics when compared 
to microplastics at the corresponding mass concentration, show a ten
dency towards greater accumulation potential and increased biological 
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Fig. 3. Distribution of total palladium found 
through the layers of the gastrointestinal tract 
following exposure to a control or 1 mg Pd L− 1 

as PS-Pd NPs. Data are mean ± S.E.M., n = 5/ 
6. Different lower case letters denote signifi
cant difference between gut region, but within 
the same tissue type. (#) denotes significant 
difference between anterior intestine serosal 
saline compared to other gut regions (*) de
notes no detectable PS-Pd NPs found in the 
serosal saline of the mid and hind intestine. 
Note: the total Pd found in the controls was 
below the limit of detection (<0.24 ng). 
Percent Pd = (mass in tissue layer/total Pd in 
the 3 layers of that gut region) × 100. The 
anterior serosal saline particle mass concen
tration was calculated directly through spICP- 
MS.   
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impact owing to their smaller size, mass to surface ratio and other 
inherent properties of the nanoscale (Klaine et al., 2012; Mattsson et al., 
2017). Thus, the hazard of nano-sized particles is increased since they 
are able to pass through biological barriers through endocytosis path
ways, penetrate tissue and accumulate in organs. Our study further 
demonstrates the passage through the intestinal barrier within the ex 
vivo gut sac model quantifying the proportion of nanoplastics that may 
gain entry to the wider biological system following uptake. The 700,000 
nanoplastics, representing 0.6% of those taken up by the anterior in
testine, are free to enter the blood stream and circulate through the fish 
body may have two main consequences: 1) invoking toxic responses in 
the fish themselves, and 2) further trophic transfer. However, there is 
limited information on both these possibilities. Zebrafish embryos 
exposed to polystyrene nanoplastics exhibited particle uptake following 
ingestion and the distribution and localization of nanoplastics to the 
eyes (Van Pomeren et al., 2017). Amino-modified polystyrene nano
plastics of up to 330 nm were able to cross the blood brain barrier of 
crucian carp following introduction via a zooplankton diet resulting in 
brain damage and behavioural effects in the fish (Mattsson et al., 2017). 
The presence of nanoplastics in fish carcass tissue is highly plausible 
since microplastics have been found in wild caught fish which contained 

mean concentrations of 0.51, 0.25 and 1.26 particles per gram of fish 
carcass tissue (Zitouni et al., 2020). 

The exposure of humans to microplastics is well established through 
inhalation (Gasperi et al., 2018), and ingestion via a wide variety of food 
items, including table salt, sugar, honey, alcohol and seafood (see review 
by Cox et al., 2019). As with biota, the fate of such plastic items is not 
fully understood, but high-profile cases such as the finding of micro
plastics in human placenta (Ragusa et al., 2021) have heightened the 
concern of exposure. The ingestion of nanoplastics may be of even 
greater concern given their propensity to cross biological membranes. 
Plastics carry with them endogenous chemicals that are added to the 
polymer resin during the manufacturing process (Caruso 2019). These 
include known toxicants such as endocrine disruptors, persistent organic 
chemicals or trace metals which have been shown to become bioavail
able following release from plastic in vivo (Boyle et al., 2020a; Lehner 
et al., 2019). The increased risk of chemicals associated to nanoplastics, 
as opposed to microplastics, again relates to their ability for cellular 
internalization meaning that such chemicals could be released in prox
imity to sites of cellular functioning and induce toxicity (Lehner et al., 
2019). 

In humans, the passage of titanium dioxide particles (in vivo) reaches 

Fig. 4. Total number of particles present in the (A) whole gut sac, (B) mucosa, (C) muscularis, and (D) serosal saline. Data are mean ± S.E.M. (n = 6). Different lower 
case letters denote significant difference between gut regions, but within the same tissue type. (n.s.) denotes no significant difference between gut regions. (n.s.) 
denotes no significant difference between gut regions. (*) denotes no detectable PS-Pd NPs found in the serosal saline of the mid and hind intestine. Note 1 ng of Pd as 
PS-Pd NPs equates to 10.3 ± 0.5 × 106 particles, and was used to calculate the number of particles present in the mucosa and muscularis. The number of particles in 
the anterior intestine serosal saline was measured directly by spICP-MS. 
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a maximum after 6 h (Pele et al., 2015). Indeed, fish body temperatures 
are >20 ◦C lower than mammals, resulting in slower uptake dynamics, 
including uptake of particles (Clark et al., 2019b; Clark et al., 2020). 
Therefore, at the time of sampling after 4 h, the PS-Pd NPs could be in 
the process of passing between the muscularis and serosal saline, 
thereby underestimating the number of nanoplastics that could enter the 
blood supply. This is in contrast to the low/negligible tissue accumu
lation from direct feeding (Batel et al., 2020) or incidental ingestion 
(Avio et al., 2015) of microplastics. Clearly, the potential for micro
plastic accumulation from the gastrointestinal tract appears limited, yet 
the data here supports the idea that nanoplastics are more bioavailable, 
potentially due to the smaller size of the latter. However, the environ
mental water concentrations of nanoplastics are predicted to be in the 
low µg L− 1 range (Al-Sid-Cheikh et al., 2018). 

In the present study, PS-Pd NPs showed a similar percentage of 
accumulation from the gut lumen of freshwater fish as other nano-sized 
particles of anthropogenic origin (i.e., metal-containing engineered 

nanomaterials (Clark et al., 2019b)). However, particle presence in the 
serosal saline were not previously observed (Clark et al., 2019b). The 
0.6% of the nanoplastics accumulated that were found in the serosal 
saline following the PS-Pd NP exposure was also higher than that found 
from copper nanoparticles (0.1% (Boyle et al., 2020b)). The PS-Pd NPs 
can be accumulated in the pyloric caeca as this region shows evidence of 
translocating bacteria through endocytosis (Ringø et al., 2007), the 
mechanism associated with nanoparticle uptake. While endocytosis is 
rate-limited, from the present data, it is not possible to determine if the 
gastrointestinal tract has reached saturation for uptake, or, given more 
time, if more PS-Pd NPs would pass into the serosal saline. Conceivably, 
the latter scenario is likely suggesting that our finding that nanoplastics 
cross the intestinal barrier is an underestimation both on account of 
piscine digestive physiology and the limitations of the gut sac method. 
Conversely, the concentration of PS-Pd NPs introduced into the gut sacs 
is a higher dose than a fish may encounter in the wild and the aggre
gation of nanoplastics that may occur in the environment prior to 
ingestion may result in nanoplastics being unable to cross the gut bar
rier. Such considerations are needed when attempting to extrapolate 
these experimental findings to natural settings, but nonetheless our 
study provides a demonstration for the uptake of nanoplastics from the 
gut lumen to the tissue. 

The use of 4 h in the present study is the length of time that an ex vivo 
gut sac maintains viability and functionality. However, the in vivo 
exposure time within the gut lumen of the fish will depend on the 
residence time of food. The longer the residence time, the longer the 
exposure, and hence a greater likelihood of internal tissue accumulation. 
In some fish species, the residence time is as much as 10–20 h (Solea 
senegalensis and Spratus aurata, Gilannejad et al., 2019). Therefore, in 
vivo exposures may have longer exposure conditions in the intestine that 
allow for higher gut uptake into internal tissues. In addition, the phys
iological gut saline used here was fixed in salt content and pH, both of 
which change throughout the gastrointestinal tract. In addition, both are 
known variables to induce changes in behaviour of nanoparticles (Lead 
et al., 2018), including nanoplastics (e.g., Fig. 2), with changes in 
bioavailability, mainly the larger the particles becoming less bioavail
able. Another key difference to in vivo conditions is the presence of food 
in the lumen of the gastrointestinal tract, which can alter the bioavail
ability of chemicals and particles. The gut sac experiment uses a saline 
representative of the gut lumen, with no organic material representing 
food. The amount accumulated from the gut is reduced in the presence 
of food, for example, when one feeds a fish a diet containing dissolved 
metals or inorganic engineered nanoparticles (Clark et al., 2019a). The 
gut sac can show an absorption efficiency of up to 20% for these ma
terials (Clark et al., 2019b), but in vivo only 3% can enter the fish (Clark 

Fig. 5. Gastrointestinal tract tissue total palladium concentrations (ng g− 1 dw) 
in the mucosa (A) or muscularis (B). Data are mean ± S.E.M. (n = 6). Different 
lower case letters denote significant difference between gut regions. (n.s.) de
notes no significant difference between gut regions. The limit of detection was 
6 ± 2 ng g− 1, and the control samples remained below this (mean ± SEM, 
n = 24). Note 1 ng of Pd as PS-Pd NPs equates to 10.3 ± 0.5 × 106 particles to 
derive tissue particle number concentrations. 

Fig. 6. The relative amount of PS-Pd NPs absorbed by the gastrointestinal tract. 
Data are mean ± SEM (n = 6). Different lower case letters denote significant 
difference between gut regions. 
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et al., 2019a). Regardless, the gut sac demonstrates the ability of the gut 
to accumulate and pass such materials. 

5. Conclusions 

In summary, our study provides the first quantitative assessment of 
the potential uptake of nanoplastics by the fish gut. The fast method of 
uptake using the gut sac technique provides evidence for further 
investigation using labelled nanoplastics techniques to understand the 
potential environmental hazards of these materials. This raises questions 
surrounding the potential trophic transfer of nanoplastics, including to 
humans. Further investigation should involve an in vivo exposure to the 
gastrointestinal tract through incorporation into the diet to assess for 
target organs (e.g., carcass and associated human health risk), and any 
effects on the gut itself or internal organs. 
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