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3D imaging shows nano- and
microparticles are internalized
by salmon skin and corneal
epithelial cells
Dhivya B. Thiyagarajan1*, Marie H. S. Stette1, Bilal M. Afzal1,
Balpreet S. Ahluwalia2, Krishna Agarwal2, Roy A. Dalmo1

and Deanna L. Wolfson2

1Norwegian College of Fishery Science, Faculty of Biosciences, Fisheries and Economics UiT The
Arctic University of Norway, Tromsø, Norway, 2Department of Physics and Technology, UiT The
Arctic University of Norway, Tromsø, Norway
The rising problem of plastic pollution is becoming one of the major

environmental issues for the world. In the ocean, plastics undergo degradation

into smaller microplastics (MPs) and nanoplastics (NPs). Wild fish and farmed

salmon would likely be exposed to these NPs and MPs both through skin and

through skin wounds. Keratocyte cells, located in the skin epithelial layer, are

scavenger cells which may remove foreign materials and maintain the salmon’s

health. They are therefore first in line to handle and to suffer from MP and NP

exposure. While the impacts of MPs have been well studied in many different

organisms, much less is known about the effects of NP exposure, particularly at

the subcellular level. Here, we have used holotomographic and fluorescence

microscopy to show that both skin and corneal salmon keratocyte cells fully

internalize 500–1000 nm polystyrene particles, as well as inorganic 500 nm

silica particles. The fact that corneal epithelial cells also take up particles is novel.

Furthermore, some of these particles likely end up in lysosomal compartments

within 2 hours of exposure. Here, we show that both conventional and new

modalities of microscopy have a role to play to understand howmicro- and nano

particles affect epithelial cells.
KEYWORDS

microplastics, nanoplastics, Atlantic salmon, keratocyte cells, label-free microscopy,
live cell imaging, holotomography, fluorescence microscopy
Introduction

Plastics are one of the most used materials in the world, and they are integrated as a part

of human lifestyle. The presence of plastics in the oceans poses a threat to marine species,

food safety, and human health (Thompson et al., 2009; Halden, 2010; Revel et al., 2018;

Anastasopoulou and Fortibuoni, 2019). Plastics enter the environment from several sources
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including terrestrial sources such as industrial waste, personal care

products; and from ocean-based sources including fisheries and

aquaculture. Tons of plastics end up in the ocean and these plastics

are degraded into smaller pieces as micro and nano plastics (MPs/

NPs) (Shah et al., 2008; Syakti, 2017). While there is not yet

regulatory or scientific consensus, a common definition of a MP is

any plastic particle with a diameter up to 5mm (Moore, 2008); NP are

often defined as 1-1000 nm (Gigault et al., 2018). Microplastics are

currently found in all oceans (Bergmann et al., 2022), including in

Arctic waters (Lusher et al., 2015) and are also present in drinking

water (North and Halden, 2013). It is suggested that 90% of the MPs

are sedimented on the seafloors whereas 8% remains in water masses

(Kim et al., 2023).

Accordingly, there is ongoing interest in understanding how

plastic pollution impacts environmental, animal, and human health

both directly and through the food chain (Krüger et al., 2020; Li et al.,

2021). Atlantic salmon is one of the world’s most consumed fish, with

the salmon industry continuing to grow tremendously. Salmon

mortality in Norwegian aquaculture remains high at around 15%

and generally is linked to multiple contributing factors rather than

just being determined by a single clear cause (Singh et al., 2024).

While some of those factors, e.g. pathogens and handling procedures

such as de-lousing, have been well-studied, the impact of NPs and

MPs on Atlantic salmon has not (Oliveira et al., 2021).

Salmon farming is carried out in open sea cages made of

different plastic polymers like polypropylene (PP), polyethylene

terephthalate (PET), and polyvinyl chloride (PVC), amongst

others (Abihssira-Garcı ́a et al., 2022). There are many

opportunities for salmon to be exposed to MP and NPs from

the environment, including through direct exposure, ingestion

(Walkinshaw et al., 2022), and entry through wounds. The skin

and mucus are the first lines of defense to block entry of e.g.

infectious agents and small foreign particles (Esteban, 2012). The

skin serves also as a barrier against physical insults and

xenobiotics and is involved in maintaining osmotic balance

(Salinas et al., 2022). In healthy fish, the healing capacity of the

skin is high, due to the fast-migrating skin epithelial cells, called

keratocytes (Kjetil and Dalmo, 1998; Ream et al., 2003). Skin

keratocyte cells (SKCs) are the key cells for scavenging particulate

matter, thus keeping the skin and regenerating wounds clean

(Åsbakk, 2001; Nestle et al., 2009).

The cornea of the eye also belongs to the fish integument. Most

fish species have two distinct layers of cornea, namely the epidermis

and the dermis (Kryvi and Poppe, 2016). Similar to the skin, the

corneal epidermis contains corneal keratocyte cells (CKCs), which

protect internal eye structures from the external environment.

Unlike SKCs, however, the morphological characteristics and

scavenging abilities of corneal keratocytes have not yet been well

documented, especially not for aquatic species.

With the increasing prevalence of marine plastics, it is

increasingly important to understand how both SKCs and CKCs

interact with and are impacted by these materials. Thus far, the

majority of studies have focused on larger microplastics, with

relatively few focusing on NPs (Abihssira-Garcıá et al., 2020). To

get a better picture of the biological impacts of plastics, further

information is needed about the interaction of NPs at the
Frontiers in Marine Science 02
subcellular scale, which requires a different toolset than is often

used for studying NPs and MPs and cells.

Holotomography (HT) is a relatively new imaging tool which

shows promise as a non-invasive way to study both phenotype and

subcellular dynamics. It does not require the addition of dyes or

other contrast agents, instead finding its contrast from the inherent

differences in the refractive indices [RIs] of the sample itself, while

still providing high-resolution 3D images [Cotte et al., 2013 (Kim

et al., 2021)]. Different biological components can have significantly

different RIs: e.g., 1.36-1.38 for cytoplasm, and 1.46-1.54 for

membranes; other materials such as polystyrene (1.59) can be at

the edge or outside the typical biological range or, like silica (1.44),

lie well within it (Gul et al., 2021). HT imaging effectively provides a

3D map of the RI of the sample, with higher RI materials like

membranes being clearly differentiated from lower RI materials like

water (1.33) or other aqueous media (Medina-Ramirez et al., 2024).

HT imaging has the additional advantage of using very low

illumination power, and unlike with fluorescence microscopy,

light does not need to be absorbed to provide contrast. Thus, the

sample is subjected to and absorbs less energy, and the biological

objects of interest do not need to receive an extra high dose of light

since they do not need to be attached to light absorbing dyes.

However, HT lacks the specificity provided by fluorescent

labeling, meaning that all objects with the same RI will appear the

same, regardless of their underlying biological or chemical

composition. It is also diffraction-limited, so even with significant

differences in RI, small or thin objects (e.g. cell membranes or

individual proteins) are not well resolved from the surrounding

medium. To regain some of the lost specificity, the Nanolive Cell

Explorer-Fluo combines 3D HT imaging with 2D fluorescence so

that the specificity of fluorescence can be used to verify the identity

of HT-distinct objects while still allowing the bulk of the imaging to

be performed using the less-harmful HT modality. However, when

multi-target specificity is needed, full 3D fluorescence using a

different instrument can fill the gap.

In this study, both corneal and skin keratocyte cells were

exposed to polystyrene, as an example of plastic, and silica, as an

analogue to a naturally occurring and inorganic particulate found in

the oceans. Particle sizes ranged from 500-1000 nm, chosen as the

entry point to the much understudied NP size range while still being

clearly visible in high-resolution optical microscopy.
Materials and methods

Cultivation and sacrifice of Atlantic salmon

The fish used in this study were supplied by the Tromsø

Aquaculture Research Station, Kårvika, Tromsø, Norway. The

study was conducted with post-smolt Atlantic salmon of mixed

sex in the size range 500 g to 1.5 kg. The fish were reared in tanks

with natural seawater (salinity of 33-34 parts per thousand). The

fish were fed with commercial Skretting Nutra Olympic. Fifteen

minutes before sampling, the net was disinfected with Virkon

(NorEngros, #191635) and rinsed with tap water afterward. Fish

were euthanized by a blow to the head by a wooden priest and their
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length and weight were measured. The handling of fish and picking

of scales do not require special approval, as detailed in the

Norwegian Regulations for use of animals in experimentation

(https :/ / lovdata .no/dokument/SF/forskri f t/2015-06-18-

761#KAPITTEL_10). This method is also in compliance with EU

legislation Directive2010/63/EU (https://eurlex.europa.eu/legal-

content/EN/TXT/?uri=CELEX:32010L0063).
SKC collection and culturing

Once the fish was killed, 3-4 scales were plucked from the dorsal

region and placed with the external side up on a 35mm glass bottom

culture dish (VWR -75856-740). After 6-10 minutes in air to

improve scale adherence, 2ml of HBSS-mix media was added,

consisting of filtered HBSS (VWR,21-023-CM) with 100µg/ml

streptomycin, 100IU/ml penicillin (Sigma-P0781), and 1µg/ml of

Amphotericin B solution (Sigma -A2942). SKC samples were then

placed in incubators ranging from 4 to 12°C. Cultured cells were

used within 3-8 days for particle exposure.
CKC collection and culturing

The cornea from each eye was removed carefully and rinsed

well with HBSS-mix media (as described above) to remove excess

blood cells and organic matter. Thereafter the cornea was placed in

35mm glass bottom dishes with the anterior part facing down. Two

small pieces of agarose (2%) were applied to the top part of the

cornea to physically hold the cornea in place, thus making it easier

for the epithelial cells to adhere to and migrate along the bottom.

After approximately 9 minutes, 2 ml of media was added, and CKC

samples were incubated at temperatures ranging from 4 to 12°C.
Particle exposure

Polystyrene spheres doped with plum purple, fluorescent dye

(PP-PS) were commercially acquired from Bangs Laboratories, Inc.

with two approximate diameters: 500 nm (item # FSPP004, 503 nm

per the manufacturer) and 1000 nm (item # FS03F, 960 nm per the

manufacturer). Silica particles doped with FITC (FITC-SiO2) with a

diameter of 500 nm (Nanocs Inc., item # Si500FC-1). All particles

were commercially acquired with a stock concentration of 1%

solids. Particles were then serially diluted in culture media such

that there were several particles per cell visible per field of view in

the microscope, without having particles covering the entire field of

view. This would ensure that cells exposed to particles would be

experimentally findable without having extreme imaging artifacts

from too high of a concentration. PP-PS were serially diluted in

culture media 10-6 from stock and FITC-SiO2 were serially diluted

10-3 from stock solution. The different dilution factors were likely

due to the tendency of particles to settle, resulting in uneven

sampling of particles during each serial dilution, despite mixing.

To expose cells to particles, culture media was aspirated from

dishes containing SKCs or CKCs, then replaced with 2ml of a particle
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room temperature. After incubation, cells were washed 3X in culture

media and then either fluorescently labeled or directly imaged.
Fluorescent labeling

Cell membranes were labeled using either CellMask Green

(ThermoFisher #C37608) or CellMask Orange (ThermoFisher

#C10045) diluted 1:1000 in culture media. Samples were

incubated at room temperature for 10 minutes before washing 3X

in culture media. Lysosomes were labeled using LysoTracker Deep

Red (ThermoFisher # L12492) diluted 1:2000 in culture media, with

incubation for 40 minutes at room temperature before washing 3X

with culture media.
Holotomographic and correlative
fluorescence imaging

Holotomographic (HT) images were acquired using a Nanolive

3D Cell Explorer - Fluo microscope (Nanolive SA; Lausanne,

Switzerland), which is equipped with a 60X 0.8NA air objective and

a 520 nm laser diode. Correlative fluorescence excitation is provided

by a CoolLED pE-300 Ultra with standard DAPI/FITC/TRITC filters.

Prior to imaging, the user must input the RI of the sample media; here

a value of 1.3344 was used, as measured by a PAL-RI refractometer

(ATAGO CO, Tokyo, Japan). Most images were collected as single

timepoint data, with 1 HT image for every fluorescence image (for

multiple particle types in the same sample, 1 image of each color

fluorescence was acquired for each HT image). For the timelapse

shown in Supplementary Video 1, HT images were acquired every 70

seconds and a 2D fluorescence image was acquired in the DAPI

channel every 210 seconds (i.e. 1 fluorescence image for every 3 HT

image) for 30 minutes. HT images were reconstructed automatically

in the microscope’s built-in software, STEVE (v. 1.6.3496). In-focus

HT image planes were manually selected by the user and exported

from STEVE as 3D.tif files, and correlative fluorescence images were

exported as single channel 2D.tif files for further study. Specific

acquisition parameters (e.g. fluorescence intensity) can be extracted

for all images and videos from the vol file metadata in the correlated

public dataset, with additional information (e.g. which images planes

were exported for analysis) in the associated readme file.
3D fluorescence and DIC imaging

A DeltaVision Elite microscope (GE Healthcare Life Sciences,

Marlborough, USA; hereafter referred to as DV) equipped with a

single sCMOS camera was used to acquire widefield fluorescence

and differential interference contrast (DIC) images. The DV uses

LED excitation and standard DAPI/FITC/TRITC filter sets. For

larger fields of view, 10X 0.4NA or 20X 0.8NA Olympus air

objectives were used. For high-resolution imaging, a 60x 1.42 NA

Olympus oil immersion (oil RI = 1.516-1.520) objective was used.

3D fluorescence images were deconvolved using the manufacturer-
frontiersin.org
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provided software (SoftWoRx 7.0.0 version). Specific acquisition

and deconvolution parameters for each image are available as.log

files in the correlated public dataset.
Image processing

After instrument-specific processing as described above, all

images were visually analyzed using FIJI/ImageJ (Schindelin et al.,

2012). Images were adjusted linearly for brightness and contrast and

examined in 3D using the ‘Orthogonal Views’ feature. Figures

presented here include single plane views, orthogonal views,

maximum intensity projections, and ‘focused’ projections created

using the ‘Gaussian_Stack_Focuser’ plugin with a radius of 5.

Supplementary Video 1 was created by maximum intensity

projecting HT timelapse images, choosing the lookup table ‘Gem’,

adjusting brightness/contrast, converting it to an RGB image, then

splitting the three channels. The fluorescence timelapse image stack

had two blank images inserted into the stack for every fluorescence

image, so the number of frames would match the HT image stack

(as only one fluorescence image was acquired for every three HT

image). The fluorescence image stack was then added to the blue

HT image stack using the image calculator, and the R, G, and B

channels were recombined for the final video image stack. The time

stamp was added using ‘Series Labeler’.
Results and discussion

Morphological comparison of salmon SKCs
and CKCs

Keratocytes have both phagocytic activity and are highly

mobile, making them mobile scavengers (Nishida, 2010). Thus,

for both corneal and skin keratocyte cells (CKCs and SKCs,

respectively) we investigated those that had actively moved away

from the tissue sample which was initially placed in each dish.

Morphology was first examined in the absence of exogenous

particles. Figure 1A shows the migration of cells from the scale

mass on the upper left as the cells explore the scale-free region on

the right. Cells move out from the mass both in large clusters as well

as single cells. Long-term time-lapse DIC imaging of this cellular

migration has previously been made available by our group as an

open dataset (Opstad and Wolfson, 2021). CKC clusters are not as

large or dense as SKCs, but we still observe relatively large clusters

as well as single cells in CKCs, as shown in Figure 1C.

Cell morphology was probed using two different label-free

imaging methods, DIC (Figures 1A, C) and HT (Figures 1B, D),

and both showed similar morphology between the two cell types as

well as close agreement with what has previously been reported in

the literature (Ream et al., 2003; Herant and Dembo, 2010). There is

a central, elongated cell mass, typically 40 – 60 µm long, which

contains the nucleus, along with a thin lamellipodium on the

leading edge of cellular motion; often this lamellipodium gives

the cell the appearance of a canoe as seen from the side. However,

the lamellipodium is quite active, and will extend out in one or more
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Additionally, cells can form long tubes extending tens to hundreds

of microns between the cell body and either a remote lamellipodial

fan or to other cells.
Holotomographic imaging shows clear cell
association with polystyrene and
silica particles

Colocalization of polystyrene and silica with
SKCs and CKCs

SKCs and CKCs were incubated with 500 nm or 1 µm PP-PS

particles for 1 hour and then washed before imaging. Both cell types

showed clear colocalization with both particle types even after

washing, indicating that the particles had become cell associated.

Figure 2 shows representative images of these associations, which

were consistently found irrespective of particle size or cell type, or

whether the cells were isolated or part of a cluster. Supplementary

Video 1 furthermore shows SKC cells moving across and picking up

1 µm PP-PS particles from the substrate, indicating that at least

some of this association is due to an active process. 3D analysis

suggested but could not confirm that particles were internalized

(Supplementary Figure 1). Similarly, SKCs and CKCs were

incubated with 500 nm FITC-SiO2 particles, which also showed

clear cell-association post-washing after 1 hour of incubation for

both cell types (Figure 3). Like with PP-PS particles, internalization

was suggested but could not be concluded using HT imaging. While

other studies have successfully used HT to determine nanomaterial

internalization inside cells, (Friedrich et al., 2020; Géloën et al.,

2021) the proximity of these PP-PS and FITC-SiO2 particles to the

membrane, combined with relatively low membrane contrast, the

particle sizes and shape-related artifacts all resulted in insufficient

detail to conclusively determine internalization fromHT data alone.

To further confirm whether these cells have preferential uptake

for either material when simultaneously exposed to both polystyrene

and silica particles, SKCs/CKCs were exposed to approximately equal

amounts of both 500 nm polystyrene and 500 nm FITC-SiO2

particles for 1 hour. Cells appeared to associate with both particle

types without apparent preference, as shown in Supplementary

Figure 2. Future studies could however reveal minor differences in

uptake, such as the speed of uptake or cellular saturation level, which

were not apparent from the single timepoint studied here.

Challenges and utility of holotomographic
imaging of exogenous particles

The contrast in HT images is provided by inherent differences

in RI of the samples; As both silica (RI = 1.44) and polystyrene (RI =

1.60) have significantly higher RI than most biological cells on

average (Gul et al., 2021) the particles were expected to show up

significantly brighter than the cells themselves. The particles, whose

identities were confirmed with correlative fluorescence imaging

(Figures 2, 3), do indeed appear to be some of the brightest

objects in the images. Yet there are many other particle-like

objects which appear similarly bright, including in control cells

where no particles had been added. Analysis of HT images showed
frontiersin.org
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intensities, which should indicate the RI, of typically <1.4 for these

particles - far less than the 1.60 expected for polystyrene, and

generally less than the 1.44 expected for silica. Discussions with the

instrument manufacturer revealed that their image reconstruction

algorithm limited output intensities to approximately ±0.1 relative

to the input background media RI; for the aqueous media the

background RI is approximately 1.33. Later discussions pointed to

challenges within holotomographic reconstruction (Sirico et al.,

2022) such as phase unwrapping, as well as challenges specific to

spherical, refractive objects specifically. Larger polystyrene particles

(up to 10 µm were tested) generally showed higher reconstructed RI

values, including beyond the ±0.1 expected limit, but the vast

majority of even these larger particles still showed reconstructed

RI values significantly below the expected 1.60 of polystyrene.

Following the microscope manufacturer’s suggestion for reducing

artifacts, the cell media was replaced with OptiPrep, a biologically

inert media (Boothe et al., 2017) with a relatively high (1.43) RI, in

order to shift the range of the reconstructed RI values higher. While

this appears to improve contrast particularly for ruffles in the

lamellipodia (see Supplementary Figure 3), it ultimately was
Frontiers in Marine Science 05
impossible to differentiate between different particle types,

including endogenous and exogenous.

While HT imaging alone cannot be used to identify exogenous

particles from biological objects, it is still a useful tool for other

purposes or in combination with other modalities. It is significantly

less phototoxic than fluorescence imaging and could be used to provide

a 3D view of the sample without needing to fluorescently label the cells

themselves. Therefore, in this study HT was used to image cells’

interactions with silica and PS particles and correlative fluorescence

was used to validate the identification of the particles in the HT images.
3D fluorescence imaging confirms
internalization of polystyrene and
silica particles

Silica and polystyrene are internalized in less than
2 hours and may end up in lysosomes

As with HT imaging, SKCs and CKCs were incubated with 500

nm PP-PS, 1 µm PP-PS, and/or 500 nm FITC-SiO2 particles for 1
B

C D

A

FIGURE 1

Morphology of SKCs and CKCs prior to particle exposure. DIC imaging shows (A) SKCs migrating away from a mass of cells originating from a scale
explant, and (C) CKCs interacting with a mass of cells originating from a cornea explant. A variety of cell shapes are visible, but the fan shape of the
thin lamellipodia is visible for many. Cells can be seen stretching out across long distances, and in some cases maintaining distant contact through
thin tubes. The classical shape of a ‘canoe’ profile can be seen when looking at a single z-slice of a 3D HT image for an individual (B) SKC and (D)
CKC; the thin lamellipodium forms the bottom of the canoe shape. Scale bars are (A, C) 50 µm and (B, D) 10 µm.
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hour and then washed. Cells were then fluorescently labeled, which

added 15-60 minutes to the time at which cells had to internalize

particles before 3D fluorescence imaging. After this time, all cell and

particle combinations tested showed particles were definitively

internalized inside the cells. Here, the superior contrast of a

fluorescently labeled membrane ensured that the boundaries of

the cell were clearly delineated, and the use of 3D imaging enabled

the distinction between particles sitting above or below the cell from

particles which are inside the cell.

Figure 4 shows a representative 3D fluorescence image of a

1 µm PP-PS particle clearly internalized inside an SKC. Lysosomal

labeling shows the particle near but not conclusively colocalized

with a lysosome. Commercially available fluorescent cell markers
Frontiers in Marine Science 06
are typically optimized for mammalian cells, and as such we had

mixed success particularly with lysosomal labels, even after

optimization steps. Figure 5 shows internalization of a 500 nm

PP-PS particle inside a CKC, although here the lysosomal labeling is

even less distinct. However, the proximity of these particles to

lysosomal markers in these data, along with data previously

collected by our group (Svartaas and Kjølstad, 2020), strongly

suggest a lysosomal pathway for small polystyrene particles in

salmon keratocytes.

Imaging internalized FITC-SiO2 particles shows more

definitive colocalization with lysosomes. In Figure 6, a silica

particle is shown to fit snugly into a pocket within a round

lysosome inside a CKC. In Figure 7, there is complete overlap of
FIGURE 2

SKCs and CKCs associate with PP-PS within 1 hour. PP-PS particles (red arrows) appear as bright, round objects in focused HT projections (left). Fluorescence
(cyan) is used to confirm the identity of the particles as PP-PS. Both SKC and CKCs show visible associations with PP-PS. Scale bars are 10 µm.
FIGURE 3

SKCs and CKCs associate with FITC-SiO2 within 1 hour. Fluorescence (cyan) is used to distinguish which of the bright spheres seen in the focused
HT projection images are exogenous FITC-SiO2 rather than biological structures. Yellow arrows indicate some of the cell-associated particles, which
can be seen in different parts of the cell. Scale bars are 10 µm.
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the lysosomal marker with the particle inside a SKC. Particle

uptake occurs both for single, isolated cells and for those moving

as part of a cluster, and as shown, for both SKCs and CKCs.

Neither CKCs nor SKCs showed indications of preferential

uptake of silica compared to polystyrene. Imaging uptake of 500

nm particles of these types in SKCs (Figure 8) and CKCs (Figure 9)

shows that both particle types are taken up within the same cells.

Furthermore, PPPS and FITC-SiO2 can be seen clustered together in

some places, as well as completely separate in others, which suggests

that the cells process both particle types similarly. While to ensure

consistent dilution practices to match the relative concentration of

particles in the experiments, the sedimentary nature of particles made

this a challenge with available equipment. Further insights on

preferential uptake and minor differences between how the cells

interact with different particle types would need more tightly

controlled quantification of particle density.
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Labeling challenges and artifacts

While fluorescence imaging provided the contrast necessary for

determining internalization, it came with additional challenges

compared to HT imaging. As mentioned above, lysosomal labeling

was somewhat inconsistent in terms of its specificity, and the

concentration required to achieve any clear labeling was significantly

higher than what is recommended by the manufacturer or typically

used with mammalian cells. While the membrane labeling used similar

conditions as to what is common with mammalian cells, the resulting

intensity was somewhat lower and was also inconsistent. For example,

SKCs within a large cluster or migrating sheet were sometimes

resistant to labeling, which may indicate some sort of protective

mechanism from the primary tissue.

Labeling itself appeared to have a toxic effect on the cells: cell

number was typically reduced after completion of labeling and
FIGURE 5

Internalization of PP-PS in CKC is confirmed using DV fluorescence microscopy. A 500 nm PP-PS particle (cyan) is shown near to the cell
membrane (yellow) but still clearly inside an SKC. Lysosomal labeling (magenta) was indistinct, so it cannot be determined if the particle ended up in
a lysosomal compartment. The boxed region from the maximum intensity projection on the left is expanded and shown in 3D on the right; this
region is shown as a single slice in XY and its orthogonal planes: i.e. the view from the side of the 3D volume after cutting along the cyan lines. Scale
bars are (left) 50 µm and (right) 10 µm.
FIGURE 4

Internalization of PP-PS in SKC is confirmed using DV fluorescence microscopy. A 1000 nm PP-PS particle (cyan) is shown clearly within all
membrane (yellow) boundaries of an SKC, and touching a lysosomal marker (magenta) in the YZ plane. The boxed region from the maximum
intensity projection on the left is expanded and shown in 3D on the right; this region is shown as a single slice in XY and its orthogonal planes: i.e.
the view from the side of the 3D volume after cutting along the cyan lines. Scale bars are (left) 50 µm and (right) 10 µm.
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washing steps, and cells were more likely to have a rounded up

shape or show visible signs of blebbing. Most critical, however, was

the appearance of small autofluorescent particles in the orange

imaging channel, even in control samples with no exogenous

microparticles added (Supplementary Figure 4). These particles

were not observed in control samples without labeling, and with

labeled samples they were apparent from the start of imaging,

suggesting they are a direct response to the added labels. With a

similar size and intensity to the NPs evaluated here, confusion

between these endogenous particles and exogenous NPs can only be

avoided by avoiding the orange channel for these structures, and

ensuring proper controls.

In addition to chemical toxicity, fluorescence imaging also

suffers from phototoxicity (Schneckenburger et al., 2012; Icha

et al., 2017). For each 3 colors, 3D images shown here, 100-200

individual image planes were taken; because keratocytes move
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fairly quickly (Opstad et al., 2022), this required the use of

relatively high imaging power to reduce imaging time and

motion-related artifacts. Adding a fluorescent label increases

absorption at the site of the label, which resulted in particularly

high absorption at the very thin lamellipodia. Furthermore, the

blue light used for imaging PP-PS (390 nm) is more damaging

than longer wavelengths, even though it was necessary to enable

multicolor imaging, particularly while avoiding the orange

autofluorescence. As a result of all of this damage, cells could

often be seen blebbing after such imaging (e.g. Figure 6), ruling

out the possibility of time-lapse imaging without drastically

changing conditions (such as limiting the number of z-planes

collected). Thus, to capture true dynamics in the future, a

combination of low-intensity, low-photodamage HT imaging

should be combined with occasional use of high-specificity,

high-damage 3D fluorescence imaging.
FIGURE 7

DV fluorescence microscopy shows FITC-SiO2 within a lysosomal structure in an SKC. A 500 nm FITC-SiO2 particle (cyan) is shown directly
overlapping the signal from a lysosomal marker (magenta) inside the boundaries of an SKC membrane (yellow). The boxed region from the
maximum intensity projection on the left is expanded and shown in 3D on the right; this region is shown as a single slice in XY and its orthogonal
planes: i.e. the view from the side of the 3D volume after cutting along the cyan lines. These side views are shown with and without the FITC-SiO2

channel for better visibility of the lysosomal structure. Scale bars are (left) 25 µm and (right) 5 µm.
FIGURE 6

DV fluorescence microscopy shows colocalization of FITC-SiO2 with lysosomes in a CKC. 500 nm FITC-SiO2 particles (cyan) are shown in clear
association with lysosomal markers (magenta) within a CKC. The particle appears to be in a pocket within a larger lysosomal structure. The boxed
region from the maximum intensity projection on the left is expanded and shown in 3D on the right; this region is shown as a single slice in XY and
its orthogonal planes: i.e. the view from the side of the 3D volume after cutting along the cyan lines. Scale bars are (left) 25 µm and (right) 5 µm.
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Conclusions

Scavenging keratocyte cells from salmon skin and cornea appear

similar both in morphology and in their interactions with nano- to

micro-scale silica and polystyrene particles. Both SKCs and CKCs tightly

adhered to 500 to 1000 nm particles within an hour and internalized

themwithin 90minutes, with possible lysosomal trafficking shortly after.

The exact timing and entry mechanisms for these particles are still

unknown, and several technological challenges remain for directly

investigating them. The appearance of NP binding to cell surfaces can

be conflated with internalization and certain uptake pathways

(Abihssira-Garcıá et al., 2020), but further investigation is needed to

confirm these hypotheses, and themechanism likely varies withMP size.

A further challenge is that commercial fluorescent labels for subcellular
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targets are much more common for mammalian cell biology than

marine, and often do not work as effectively or as reliably on these off-

target species. Here we observed toxic effects both from the labeling itself,

with the formation of autofluorescent granules (Croce and Bottiroli,

2014), and from phototoxicity, in the form of blebbing or other cellular

degradation (Icha et al., 2017). The size and intensity of these

endogenous granules present their own technological challenge to cell-

nanoparticle interactions, as they are thus far indistinguishable from

exogenous particles. When combined with the relatively fast migration

of keratocytes themselves, these issues make 3D fluorescence imaging a

challenging method to study the dynamics of cell-MP interactions, and

other modalities may be better suited to fill this gap.

Holotomography directly addresses the toxicity problems

encountered in fluorescence imaging. Since the contrast comes
FIGURE 9

CKCs concurrently internalize both 500 nm PP-PS and FITC-SiO2. As with SKCs, CKCs internalize both particle types within the same cell. PP-PS
(cyan) and FITC-SiO2 (shown in magenta here) can be seen both in close proximity and in isolation. The boxed region from the maximum intensity
projection on the left is expanded and shown in 3D on the right; this region is shown as a single slice in XY and its orthogonal planes: i.e. the view
from the side of the 3D volume after cutting along the cyan lines. Scale bars are (left) 25 µm and (right) 5 µm.
FIGURE 8

SKCs concurrently internalize both 500 nm PP-PS and FITC-SiO2. When exposed to similar concentrations, SKCs will take up both particle types
without clear prejudice. PP-PS (cyan) and FITC-SiO2 (shown in magenta here) are visible colocalizing and distinctly separate, even within the same
cell. Particles not attached to cells appear as large clusters in the maximum intensity projection (left) due to their diffusive wandering during the
relatively long 3D acquisition. The boxed region is expanded and shown in 3D on the right; this region is shown as a single slice in XY and its
orthogonal planes: i.e. the view from the side of the 3D volume after cutting along the cyan lines. Scale bars are (left) 25 µm and (right) 5 µm.
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from inherent differences in RI within the sample, potentially toxic

exogenous labels aren’t needed; without highly absorbing labels,

imaging results in lower energy transfer to the sample than with

fluorescence imaging, most specifically at the organelles of interest.

Furthermore, the overall imaging intensity is significantly lower with

HT, making it a much more live-cell friendly approach. However,

these advantages come at the cost of a lack of specificity and image

artifacts -which are particularly strong for high RI, spherical particles

such as MPs. Furthermore, HT is a relatively unexplored technology

compared to fluorescence microscopy, so image analysis and data

extraction workflows which exist for fluorescence are missing for HT.

Even the promise of artificial intelligence is more challenging for HT,

as there is a dearth of public datasets to train on for this relatively new

technology. As such, we are also publishing a public dataset

(Thiyagarajan et al., 2024) which includes this research data as well

as examples of other particle types, including gold and graphene.

Future studies of keratocyte-MP interactions will require a

multimodal approach to balance needs for specificity, contrast,

speed, timing, toxicity, resolution, and many other factors.

However, with the increasing prevalence of MPs throughout the

world, the need to understand these interactions will only increase.

Here, only a tiny subset of exogenous particles was studied: one

synthetic material (polystyrene) and one material similar to naturally

occurring ocean sand (FITC-doped silica), both 500-1000 nm and

spherical in shape. Material type and surface functionalization are

highly likely to affect their cellular interactions, e.g. with low density

materials changing the buoyancy of the organism that ingests them

(Augustine et al., 2020). Different cellular uptake mechanisms such as

endocytosis, phagocytosis, or pore-mediated entry all have different

size restrictions, and will have corresponding differences in dynamics,

capacity, and post-uptake trafficking and processing. Even the shapes

of particles impact their uptake (He and Park, 2016) and toxicity

(Dong et al., 2019). With the variety of challenges presented by both

scientific and societal problems from micro- and nanoplastics, it is

clear that interdisciplinary collaboration to develop new investigative

workflows will be necessary.
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