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Earthworms and leeches are sentinel animals that represent the annelid phylum within terrestrial and freshwater

ecosystems, respectively. One early stress signal in these organisms is related to innate immunity, but how nanomaterials

affect it is poorly characterized. In this survey, we compare the latest literature on earthworm and leeches with examples

of their molecular/cellular responses to inorganic (silver nanoparticles) and organic (carbon nanotubes) nanomaterials. A

special focus is placed on the role of annelid immunocytes in the evolutionarily conserved antioxidant and immune

mechanisms and protein corona formation and probable endocytosis pathways involved in nanomaterial uptake. Our

summary helps to realize why these environmental sentinels are beneficial to study the potential detrimental effects of

nanomaterials.
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1. Introduction

Nanotechnology is an emerging field, which is claimed to be an ambassador in the new era of the industrial revolution 

. Nanomaterials can have distinct physical properties and are also chemically more reactive than their bulk counterparts

owing to their small sizes . The number of engineered nanomaterials (ENMs) is steadily ascending; however, an

additional increment is anticipated in the near future . As a result of steady production and use, their deliberate or

accidental discharge into the environment is of a particular concern for the health of the ecosystem and the human

population . In the environment, the toxicity of ENMs mainly depends upon their size distribution, chemical

composition, surface charge, coating, shape, possible contaminants, and other physical properties .

2. Risk Assessment of Silver Nanoparticles to Soil Invertebrates

Silver nanoparticles (AgNPs) in the size range of <100 nm are the most abundant metal-based ENMs and are increasingly

being employed in industries, households, and commercial applications . Despite their conceded antimicrobial

attributes, several previous studies have reported on AgNPs’ “eco”-toxicity, which is frequently connected to the dissolved

Ag ions (Ag ) released from AgNPs during the surface oxidation . Nevertheless, it is also accepted that

physico-chemical features of AgNPs have a substantial influence on ecotoxicity. For instance, previously it was confirmed

that uncoated AgNPs are more toxic to soil-dwelling animals than their coated counterparts . With the increment in

Ag-based goods in our environment and daily life, it is fundamental to inquire about the possible toxicity of AgNPs and

Ag  towards living organisms under multiple circumstances.

So far, bacteria, aquatic invertebrates, and soil-dwelling invertebrates have played prominent roles in nanotoxicology

studies, since these organisms are among the first to encounter nanoparticles in our environment . Several in vitro

and in vivo studies (applying diverse cell lines and organisms) have dealt with the toxicity of AgNPs; however, the effects

of particles on even closely-related species (in the sense of biochemical and immunological processes) are often

debatable and ambiguous . Furthermore, the use of AgNPs in different sizes and coatings makes these studies

more complicated to compare. Among soil invertebrates, earthworms as key sentinel species are widely applied in soil

nanotoxicity. They are often chronically exposed to contaminants via the epidermis and the gastrointestinal tract because

of the ingested soil . Earthworms possess relatively high heavy metal resistance and are also able to temporarily

store and inactivate heavy metal ions; therefore, they are intensely impacted by soil contaminants . Their responses

towards metal exposures are evincible at several biological levels, from genetic to cellular . During phylogenesis,

differentiated mesodermal tissues and body (coelomic) cavities developed initially in these animals, and this progression

makes earthworms more suitable toxicological models for cross-species comparisons with higher developed animals or

vertebrates .
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To date, most results have emphasized the endpoints of AgNPs’ toxicity in earthworms to individuals’ physiological

parameters for comprehending the mortality following chronic or acute exposures, cocoon production and reproduction,

bioaccumulation, and occasionally growth or behavior . During these in vivo examinations in diverse type of soils,

ionic Ag (Ag  from AgNO , used as a positive reference) was more toxic to earthworms than the NP counterpart. AgNPs

also have noxious impacts on animals at higher concentrations . Regarding in vivo studies we must consider the

complexity of soil components and soil matrix properties with the soil type (e.g., organic matter, cations, moisture, water

retention capacity, ionic strength, and fluctuating pH), because these factors may influence the behavior of NPs in soil

(e.g., higher propensity to heteroagglomeration/homoagglomeration, change in morphology, and dissolution) .

3. Routes of AgNP Uptake in Invertebrates

The interaction of NPs and immune cells, be it through the protein corona or not, in general leads to uptake and/or

activation of signaling cascades downstream of receptor ligation. Here we focus on the routes of NP uptake in

invertebrates, for which some insights are available in the literature that may also be relevant in understanding the very

process in annelids. According to the general classification for eukaryotes, there are two major endocytic pathways, such

as phagocytosis and pinocytosis that can be distinguished based on the cell type-specificity and target entities that are

taken up .

Phagocytosis is involved in the immune function against large non-self elements of biological (bacteria and viruses) and

chemical (including microparticles) origins and is performed mostly by professional immunocytes, such as macrophages,

monocytes, dendritic cells, and neutrophils . Classically, the process starts with the recognition of opsonized particles,

and proceeds to actin-driven ingestion and the forming of the phagolysosome .

Macropinocytosis is another type of actin-dependent bulk engulfment, but it differs from phagocytosis in that it captures

solutes in a non-specific manner. During macropinocytosis, membrane protrusions with the help of actin fuse around the

solutes, forming 1 µm or bigger macropinosomes, which then merge with lysosomes.

Practically, all types of cells are capable of endocytosis, which takes place by at least four different pathways, including

micropinocytosis, clathrin-mediated endocytosis (CME), caveolin-mediated endocytosis (CvME), and clathrin/caveolin-

independent endocytosis . Briefly, internalization by CME occurs with the help of clathrin, which forms a basket-like

structure at the cell membrane, typically around 150 nm in size . This process, just like phagocytosis, leads to the

fusion with lysosomes forming endolysosomes . CvME is characterized by the formation of 50–80 nm flask-shaped

membrane invaginations, the main component of which is caveolin, a cholesterol-binding protein. In contrast to

abovementioned pathways, a formed caveosome does not contain enzymatic proteins, and the vesicle does not go

through lysosomal degradation . Among the clathrin, caveolin-independent endocytic pathways, particularly well

described is a mechanism involving 40–50 nm sized cholesterol-rich lipid “rafts”, which participate in sorting of intracellular

molecules ; however, these pathways are not reported to be extensively involved in NP uptake (Figure 1) .

Figure 1. Main endocytosis pathways possibly involved in internalization of AgNPs: phagocytosis, macropinocytosis,

clathrin-mediated endocytosis (CME), caveolin-mediated endocytosis (CvME), and clathrin/caveolin-independent

endocytosis.

Very limited data are available about the involvement of particular endocytosis pathways for AgNP uptake in invertebrates,

with practically no information on these mechanisms for earthworms. On the other hand, somewhat better unravelled

AgNPs endocytosis mechanisms have been reported for other invertebrate species of nematodes, snails, and mussels.
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These studies applied various in vivo and in vitro approaches using pharmacological inhibitors originally developed for use

in vertebrates. Endocytic mechanisms of the nematode Caenorhabditis elegans, one of the classical animal research

models, are among the most deeply studied, compared to other invertebrates. Maurer et al.  investigated the uptake

pathways for citrate‐coated 25 nm AgNPs using both pharmacological inhibitors and endocytosis‐deficient mutants.

Interestingly, the CME inhibitor chlorpromazine almost entirely abolished the AgNP‐related toxicity, indicating the

importance of CME in AgNPs uptake in nematodes. Moreover, the research also provided evidence for decreased

sensitivity of endocytosis‐deficient mutants that accumulated fewer AgNPs than did the wild‐type nematodes. Khan and

co‐workers  revealed, by exposing of estuarine snail Peringia ulvae to 18 nm AgNPs in aqueous solution, that AgNPs

uptake was largely affected by inhibition of CME by amantadine. Blocking CvME and the channel‐coupled H  pump also

reduced the internalization, but only after 24h of exposure, indicating the possible differences in the uptake kinetics via

different pathways. Phenylarsine oxide (non‐specific inhibitor of macropinocytosis) affected the AgNPs uptake after 6 h

exposure, which might result from activation of macropinocytosis as a compensatory pathway when the other

mechanisms are less active. Recent research on Mytilus galloprovincialis mussel hemocytes discusses the connection

between different endocytic pathways, AgNP cytotoxicity, and immunocyte counts . Upon the blocking of CME by

amantadine, small AgNPs (<50 nm) caused slight toxicity to hemocytes. A similar tendency was observed for AgNPs of a

bigger size (>100 nm); when CvME was inhibited by nystatin, AgNPs caused only minor toxicity to those cells. This is

controversial, considering the general opinion that 40–50 nm NPs are internalized by CvME, while bigger (100–120 nm)

NPs are taken up by CME. Nevertheless, the endocytosis inhibitors changed the sensitivity of hemocytes towards the

AgNPs, mainly showing a delayed effect in the onset of NP toxicity. Notably, none of them completely blocked AgNP

uptake and related cytotoxic effects, suggesting that several uptake pathways participate in the process parallelly orby

compensating for each other. Besides, in these studies, the AgNP content was measured in whole animal tissues and

thus did not elucidate the role of invertebrate immunocytes in AgNP uptake, which are the first responders to foreign

particles that infiltrate the body of the host organism. One of the limited studies on this topic investigated the

transcriptomic changes of AgNP exposure in the earthworm E. fetida . It brought interesting results of upregulation of

genes coding for endocytosis and functions of cell cilia. Earlier there was evidence that so‐called “ciliary pockets” in the

invertebrates’ epithelial membranes are involved in CME , which might indicate the involvement of this mechanism in

earthworms as well. To conclude, the summarized studies give an understanding of evolutionarily conserved processes

potentially participating in AgNP uptake in annelids. Nevertheless, the area needs further investigations to obtain the

complete picture of the NP entry to the cell and the immune responses in invertebrates.

4. Carbon Nanotubes and Related Toxicological Risks

In the last few decades, the development of nanotechnologies led to the discovery and production of several new

nanomaterials that have recently acquired numerous roles, especially in industry. Among them, carbon nanotubes (CNTs),

which consist of concentric graphene tubes with diameters of 0.7 to 100nm, are classified as single‐walled (SWCNTs) and

multiwalled (MWCNTs) carbon nanotubes and represent one of the most promising groups for industrial development,

nanoelectronics, mechanical engineering, and biomedical applications . Moreover, as their functions are constantly

improving, these nanoparticles are also gaining importance in the biological field. Indeed, although their discovery

produced both social and economic benefits, their manufacturing corresponds to a rapid expansion of their environmental

discharge. In particular, due to their non‐biodegradable characteristics, their presence has been observed both in air and

in soil, and often CNTs are also released into the surface water (such as rivers and lakes), posing potential risks to human

and animal health. A number of studies recently demonstrated both the toxicity and the bio‐persistence of CNTs within

tissues and cells , and these elements are connected with their morphology, which is a crucial aspect for the

development of human diseases, such as mesothelial injuries and carcinogenesis . These features are very similar to

those of asbestos fibers, showing asbestos‐like pathogenicity . In fact, it has been observed that CNTs also induce

frustrated phagocytosis  and cause the release of pro inflammatory cytokines and reactive oxygen species (ROS) .

They possess a very long half‐life in vivo and can affect the cellular functions after physically penetrating the biological

barriers and causing chronic inflammation, which is often connected with cancer insurgence . Interestingly, all these

data point out that the immune system and ROS production represent sensitive physiological indicators following

exposure to CNTs, even at low concentrations. In this context, the necessity to develop and optimize new approaches for

investigating the effects of CNTs suggests the use of specific research models and the choice falls back on those normally

employed in ecotoxicological studies.

4.1. Carbon Nanotubes and Acquatic Invertebrates

Invertebrates attracted great interest thanks to the possibility of obtaining rapid and secure evaluations. The use of some

species rapidly increased in the last decades, replacing vertebrates in many research fields. The benefits are related both

to their anatomical and to their physiological characteristics that allow one to easily analyze many biological processes,
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and to their low complexity at the genetic, cellular, and molecular levels. In particular, the toxic effects of CNTs released in

the ecosystems , whose predicted environmental concentrations (PECs) in aqueous systems are projected to

approximately be 0.001–1000 μg/L , have been mostly investigated in aquatic invertebrates, especially in those from

marine environments. It is well‐known that these animals coordinate fast and sensitive reactions, especially those

associated with acute behavioural or developmental responses, enzymatic activity alterations, regenerative capacity,

respiration rate, and biochemical performance, following exposure to CNTs. Indeed, exposure to carbon‐based

nanomaterials causes in Artemia salina inhibition of larval swimming and alterations in the enzyme activities in a

concentration–dependent manner . Moreover, MWCNTs induced negative effects on the regenerative capacity in the

polychaete Diopatra neapolitana. Additionally, higher MWCNT concentrations induce energy‐related responses

characterized by higher values of electron transport system activity, glycogen, and protein concentrations in both the

polychaete species D. neapolitana and Hediste diversicolor exposed to this contaminant. Furthermore, oxidative stress

with higher lipid peroxidation, lower ratios between reduced and oxidized glutathione, and higher activity of antioxidant

and biotransformation enzymes are detectable in those organisms exposed to MWCNTs . A MWCNT concentration‐

dependent effect is also evident in larval development in the two different populations (Mediterranean and Atlantic) of

polychaete Ficopomatus enigmaticus . Surprisingly, an unexpected decrease in the effect, in terms of interference with

the correct development of larvae, was observed at the highest exposure concentration of MWCNTs (9.00 mg/L). This

apparent reduction in the toxic effect at high concentrations is probably due to the formation of large MWCNT aggregates

that, through precipitating on the seabed by gravitational sedimentation , interact less with the larvae. Sedimented

MWCNT aggregates are, however, a cause of several toxic effects on benthic animals living on or in the seabed, such as

adult polychaetes and mollusk bivalves. Indeed, studies performed on H. diversicolor clearly demonstrate that the

accumulation of MWCNT aggregates provokes neurotoxicity, alters energy‐related biochemical processes, and activates

antioxidant defenses and biotransformation mechanisms . Moreover, the MWCNT aggregates sedimented by the water

column have their capture by the gills of bivalves facilitated . Indeed, due to the feeding by filtering, nanoparticles are

trapped by gills of bivalves, flow into the gut and the digestive gland, and are translocated from the gut into the

hemolymph accumulating inside the body. Large MWCNT aggregates, observed in the intestinal lumen, in the tubules of

the digestive gland and gills of several species of bivalves (Crenomytilus grayanus, Swiftopecten swifti, Modiolus
modiolus), induce significant morphological organ damages, such as erosion and necrosis of the epithelium, increased

vacuolization and apoptosis of the cells, and swelling of the connective tissue . The contact of nanomaterials with

the target tissues not only involves physical damages but also provokes oxidative stress in the cells, by directly inducing

the production of ROS . Moreover, evaluation of the hemolymph and circulating hemocytes reveals that MWCNTs may

cause immunotoxicity in some bivalve species. Indeed, after 48 h exposure to MWCNTs, the total hemocyte count in the

scallops S. swifti was significantly reduced while the average hemocyte granularity greatly increased. These effects could

be caused not only by the death of hemocytes due to a negative influence of NPs but may also be related to mass

migration of hemocytes from circulation towards other tissues for elimination of NPs. The increased hemocyte granularity

is, on the other hand, probably connected with phagocytic clearance of NPs in the affected organs .
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