Received: 10 January 2022

Revised: 11 August 2022

Accepted: 11 August 2022

DOI: 10.1002/pmic.202200008

REVIEW

Proteomics

Proteomics and Systems Biology

Proteomic evaluation of nanotoxicity in aquatic organisms:

Areview

Gosaitse Tubatsi I

1Department of Biological Sciences and
Biotechnology, Botswana International
University of Science and Technology (BIUST),
Palapye, Botswana

2Emerging Contaminants Ecological and Risk
Assessment (ECERA) Research Group,
Department of Chemical Engineering,
University of Pretoria, Pretoria, South Africa

Correspondence

Ndeke Musee, Emerging Contaminants
Ecological and Risk Assessment (ECERA)
Research Group, Department of Chemical
Engineering, University of Pretoria, Pretoria,
South Africa.

Email: ndeke.musee@up.ac.za

1 | INTRODUCTION

Lemme Prica Kebaabetswe? I

Ndeke Musee?

Abstract

The alteration of organisms protein functions by engineered nanoparticles (ENPs) is
dependent on the complex interplay between their inherent physicochemical proper-
ties (e.g., size, surface coating, shape) and environmental conditions (e.g., pH, organic
matter). To date, there is increasing interest on the use of ‘omics’ approaches, such as
proteomics, genomics, and others, to study ENPs-biomolecules interactions in aquatic
organisms. However, although proteomics has recently been applied to investigate
effects of ENPs and associated mechanisms in aquatic organisms, its use remain
limited. Herein, proteomics techniques widely applied to investigate ENPs-protein
interactions in aquatic organisms are reviewed. Data demonstrates that 2DE and
mass spectrometry and/or their combination, thereof, are the most suitable tech-
niques to elucidate ENPs-protein interactions. Furthermore, current status on ENPs
and protein interactions, and possible mechanisms of nanotoxicity with emphasis on
those that exert influence at protein expression levels, and key influencing factors
on ENPs-proteins interactions are outlined. Most reported studies were done using
synthetic media and essay protocols and had wide variability (not standardized); this
may consequently limit data application in actual environmental systems. Therefore,
there is a need for studies using realistic environmental concentrations of ENPs, and
actual environmental matrixes (e.g., surface water) to aid better model development of

ENPs-proteins interactions in aquatic systems.
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This increase is also evidenced by increasing reports on detected

environmental concentrations of ENPs [4]. As a result, there are

The increasing production and applications of engineered nanopar-
ticles (ENPs) in numerous household products and industrial
applications, have in turn, increased their presence in the aquatic
environments. For example, a 25-fold increase in commercialized
nanoproducts globally was estimated between 2005 and 2010 [1],
and production of half a million tons of ENPs in general by 2020 [1-3].

concerns about potential deleterious effects of ENPs on human health,
and ecological integrity [5-7]. For example, myriad studies have
documented ENPs toxicity to aquatic organisms at different levels
of biological organization whether at epic, cellular, and/or molecular
end-points including on fish [8-13], algae [14, 15], nematodes [16],
crustaceans [17-19], plants [20-22], and bacteria [23]. In turn, ENPs
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can impose deleterious ecological impacts by altering or halting the
role of these organisms in the ecosystems. For example, the interac-
tions of a nematode roundworm Caenorhabditis elegans with ENPs in
its ecological settings led to an inhibition of their reproduction, and as
aresult could not provide ecosystem services as a decomposer [24].

Studies have demonstrated that ENPs can induce deleterious
effects by establishing direct contact with aquatic organisms through
organs such as gills or gastrointestinal tract (oral exposure) as observed
in fish [25, 26], and bacteria [27], or cell membranes as is the case
for bacteria [28-30]. Following the contact process, ENPs may then
penetrate cell walls, disrupt cell membranes, and/or even in cer-
tain cases be internalised through endocytosis pathways into various
cell organelles, such as the endoplasmic reticulum, golgi appara-
tus, and endo-lysosomal system, which in turn may result in induc-
ing oxidative stress [31]. Some widely documented mechanisms of
ENPs toxicity includes the release of ions from soluble ENPs, induc-
tion of oxidative stress through the production of reactive oxygen
species (ROS), and physical interaction with environmental organisms
[32-36].

Use of conventional approaches to determine nanotoxicity are lim-
ited as they do not elucidate the underlying mechanisms, but only
reveal physical impacts, e.g., mortality and reproduction [37-39]. In
recent years, “omics” based analytical approaches that can aid to
elucidate the toxicity mechanisms of environmental pollutants are
increasingly finding wide applications [40, 41], especially as most pol-
lutants occur at low concentrations of ng/l to ug/L including ENPs [42].
Omics approaches include proteomics, genomics, transcriptomics, and
metabolomics [43]. In the case of nanotoxicity, proteomics techniques
have yielded insights into the ENPs-protein interactions at molecu-
lar level, even though the number of studies remain low [44-46]. The
proteome of any organism is dynamic and changes greatly in response
to external stimulus, and therefore those differentially expressed pro-
teins, and enzymes can be used as specific biomarkers for nanotoxicity
([47].

Thus, the objectives of this review are two-fold, and chiefly to exam-
ine the ENP-protein interactions. First, to highlight the mechanisms
of ENPs toxicity to aquatic systems with specific emphasis on those
that influence protein expression levels. Secondly, identify proteomic
approaches applied in the nanoecotoxicity studies as well as an outline

of their merits and limitations.

2 | CURRENT LITERATURE ON PROTEOMICS
RESEARCH ON AQUATIC ORGANISMS

Herein published literature on use of proteomic techniques to aquatic
organisms were collected from sources including Google scholar, Sco-
pus, Web of Science databases, and Science Direct using a set of key-
words. Search terms used include proteomics, toxicity, nanoecotoxicity,
ENPs, engineered nanomaterials, nanomaterials, and environment.
Peer-reviewed articles identified and included in the review were
from 2010 to 2022. Nanotoxicity studies on human cell lines, mice,

conference papers, abstracts, and reports were omitted. As a result,
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Number of studies

Organisms

FIGURE 1 Number of proteomic studies on the interactions of
ENPs with different classes of taxa in the aquatic systems.

32 peer-reviewed articles were selected for this review (Figure 1),
categorised according to organisms studied.

A variety of ecotoxicological studies were performed on various
aquatic organisms and they have employed a wide range of proteomic
techniques as summarised in Table 1. The studies indicate that var-
ious proteomic related end points have been investigated including
protein expression levels, protein alterations, and enzymatic activities.
Broadly, these studies have highlighted proteomic-related effects asso-
ciated with nanotoxicity, e.g. the accumulation of protein precursors,
expression of envelope proteins, protein digestions, expression of pro-
tein thiols, and carbonyls as well as alterations in protein abundance
and expressions. Although proteomics have demonstrated the ability
to reveal toxicity at molecular level, key results on mechanisms still
remain scanty. Furthermore, proteomic studies reported to date are for
different organisms and types of ENPs ranging from low to unrealis-
tic high exposure concentrations (0.4 -2.86 x 107 ug/L) (Table 2). As a
result, the published data is defined by inconsistences with reference,
for example, to exposure concentration ranges, species or ENPs types,

and therefore, limits the ability to draw firm conclusions or trends.

3 | FACTORS INFLUENCING
PROTEOME-RELATED NANOTOXICITY

During interactions with biological materials in aquatic systems, both
the ENPs physicochemical properties and environmental factors play
a key role concerning the observed toxicity. In essence, the ‘nano-bio’
interface has been proposed to govern the nanotoxicity, and deter-
mines the nature of physicochemical interactions (e.g., dynamic, kinetic,
and other exchanges) between ENPs and the surfaces of various biolog-
ical components (e.g., proteins, membranes, phospholipids, DNA) [73].
The ENPs inherent controlling factors include size, capping agents,

charge and stability influence the properties of the nano-bio interface
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TABLE 2 Summary of ENPs concentrations used to investigate their interactions with proteins on aquatic taxa at different levels of biological

organization

Organism ENPs

Molluscs Ag
CuO
MnO
ZnO

Crustaceans Ag

CdSe/ZnS
ZnO

Algae

Ag
CdSe
Bacteria Ag
Au
Mg-doped ZnO
ZVI
Fish Ag
GO
Insects Ag
TiO,
Plants Ag
CeO,

[74], and adsorption of proteins [73]. Furthermore, environmental
factors including temperature, pH, organic matter, and ionic strength
also alter the nano-bio interface as they influence ENPs aggregation
with resultant change to their initial properties [73, 75, 76]. Here, both
ENPs physicochemical properties and environmental factors will be
discussed with special reference to ENPs-proteome related effects.

3.1 | Size

ENPs size affects their toxicity, solubility, and chemical reactivity
[77-79]. Smaller ENPs have larger surface area to volume ratio; hence,
they exhibit higher reactivity. The large number of atoms in smaller-
sized ENPs on their surfaces, in turn increases surface energy, thereby
increasing their adsorption. When ENPs interact with proteins, the
strength of protein-ENPs binding is determined by their size, which
then ultimately affects the amount of protein absorbed by the ENPs
as well as the thickness, composition, and protein activity of the
associated protein corona[80, 81].

Investigations by Barreto et al. [60] revealed different proteomic
effects on gilthead seabream were dependent on the ENPs size. For
example, irrespective of the nAu coating type (citrate or PVP), the
7-nm-sized nAu altered more proteins relative to larger 40-nm-sized
ones; hence, the smaller-sized particles were more bioactive. Seven-
nm citrate-coated nAu altered the abundances of 13 proteins (nine

up- and four downregulated), but 40-nm citrate nAu (six up- and four

Exposure concentrations (ug/L) Number of studies
10-100

0.4-1.0

8.06 x 10*

1.63x 10*

2-32

69-345

2.0x10°

51.6-71.2

8-222

1.0x 1071-3.07 x 102
7.5x 10%

5.0x% 108

5

80-1.0x 10°
10-1.0x 103

1.0x 10°-4.0 x 10°
1.43 x 107-2.86 x 107
0.03-1.08 x 10*

6.0x 10*-1.0 x 10°

N DN R R R DN R N R W R, R R R R R R W

downregulated) altered abundances of only 10 proteins. Furthermore,
Bouallegui et al. [49] documented that nAg < 50 nm induced a reduc-
tion in thiols in mussels gills, unlike the larger sizes (>50 nm), implying

higher toxicity and bioactivity from the small sizes of nAg.

3.2 | Surface properties

Toxicity of ENPs is influenced by surface properties including charge,
area, smoothness, stability, coating type, and the presence/absence of
any defects on the surface [74, 82, 83]. This, in turn, influences the
affinity as well as the amount of proteins that may adsorb on the
ENPs surfaces [74]. The outer ENPs charge, either positive or negative,
affects the overall observed toxicity in a given organism under inves-
tigation. For example, positively charged ENPs tend to induce higher
toxicity as they interact more with biological molecules due to reduced
repulsion between cell surfaces, and ENPs [84].

A study by Al-Awady et al. [85] reported that nTiO, coated with
cationic polyelectrolyte were more toxic towards microalgae C. rein-
hardtii relative to those coated with anionic polyelectrolyte. In another
study, citrate and polyethyleimine-coated nAg exhibited different
toxicity effects on Chlorella vulgaris. Citrate-coated nAg regulated
mitochondrial-function related proteins, resulting in disruption of sev-
eral associated metabolic pathways, including amino acid synthesis.
However, polyethyleimine-coated nTiO, adversely affected ribosome-

function related proteins, and in turn interrupted pathways of protein
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synthesis [86]; hence, surface coating has significant influence on
overall interrupted or uninterrupted proteins.

Barreto et al. [60] investigations showed that 7-nm citrate-coated
nAu altered abundance of 13 proteins, whereas PVP-coated ones of
same size altered abundance of 10 proteins in gilthead seabream.
In addition, they observed that for the 40-nm-sized, citrate-coated
nAu altered abundance of 10 proteins, whereas PVP-coated ones
altered abundance of only seven proteins. Furthermore, Hou et al.
[50] observed higher toxicity from citrate-coated nAg relative to
PVP-coated nAg on D. magna, where PVP-coated nAg affected bio-
logical pathways responsible for protein digestion and absorption.
The same study also highlighted surface coating contribution to the
observed ENPs toxicity was more profound relative to the particle
size. Citrate coating was also reported to enhance the toxicity of nAg
towards D. magna [18]. In the light of foregoing findings, highly variant
ENPs surface properties play an important role on the environmental

nanotoxicity including at the proteomic level.

3.3 | Shape

The shape of ENPs has been found to influence nano-bio interactions.
Although research has highlighted the influence of ENPs shape on their
toxicity [74, 87], information on shape-related effects and mechanism
at organisms’ proteome level remain limited, and the few available
studies were carried out in mammalian systems. For example, effects
of graphene oxide nanosheets to mammalian cells demonstrated that
their shape induced physical damage to the cell membrane owing to
graphene oxide nanoparticles ability to adsorb protein molecules on
their surfaces, thereby changing the shape of the ENPs [87]. Abdel-
hamid and Wu [74] further documented that ENPs surface curvature
influences the amount of protein binding on the ENPs. Shape also
influences the interactions between ENPs and cell layers as well as
nanoparticle uptake by cells [88]. Until now, although studies using
ENPs in mammalians systems have shown the influence of ENPs shape
on interactions with proteins, this remain to be done for the aquatic

organisms.

3.4 | Environmental factors

In the aquatic environment, ENPs toxicity is regulated by the abiotic
factors of the system [89]. For example, Canesi et al. [90] demon-
strated that exposure media chemistry alters the bioavailability, and
uptake of ENPs on marine invertebrates with their concomitant inter-
actions with proteins. However, unlike under laboratory conditions,
the physicochemical properties of ENPs in natural environments can-
not be accurately characterized due to the complexity of the system
[91]. This has resulted in limited information on the impact of ENPs
physicochemical properties on nanotoxicity mechanisms in the natural
environment [92]. Nonetheless, recently Fadare et al. [93] evaluated

the effects of natural organic matter (NOM), fulvic acid (FA), and
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humic acid (HA) on nanoplastic particles on D. magna. Results revealed
increased protein adsorption to ENPs in the presence of FA; however,
HA induced a reduction in protein adsorption. When proteins attach to
the surfaces of ENPs in aquatic environment, they form an ‘eco-corona’,
which give the ENPs a new ‘biological identity’, thus affecting their
bioavailability, uptake, and toxicity [94]. For example, the secretion of
eco-protein by D. magna increased toxicity and uptake of polystyrene
nanoparticles [95].

The strong tendency of ENPs to agglomerate in the environment
makes it even more difficult to elucidate their mechanisms of action
[96]. When they studied the toxicity of nAg towards zebrafish under
different environmental exposure conditions, Kim et al. [96] observed
agglomeration in 62.5 uM CaCl, and ultrapure water, but none in the
standard zebrafish embryo medium. This implies plausible variability
of toxicity mechanisms across different environments. Noventa et al.
[34] reported elevated toxicity of nZnO towards oyster larvae in the
presence of NOM through oxidative stress. This is because the NOM
adsorbed on to surface reactive sites of ENPs, thus modifying their
structure and physicochemical properties with resultant changes on
the observed toxicity.

Dissolved organic carbon have been observed to enhance toxicity
of metallic ENPs in aqueous media towards crustaceans D. magna and
Thamnocephalus platyurus, and protozoan Tetrahymena thermophile [97].
Divalent cations (e.g., Ca2t) induced higher agglomeration relative to
monovalent cations [98, 99], thus affecting the transport and toxicity
of ENPs in the aquatic systems. Conversely, it has also been observed
that when ENPs are exposed to light irradiation in the natural environ-
ment, their toxicity is enhanced as observed when E. coli was exposed to
nZnO, nCuO, nCo304, and nTiO, [100], or in some cases suppressed as
they get passivated as mentioned in the review by Shi et al. [101]. Even
though these studies have shed light on the effect of environmental fac-
tors on nanotoxicity; there are no accounts for what their influence at
cellular and protein level could be. Therefore, an understanding on the
influence of inherent ENPs physicochemical properties and exposure
media chemistry (e.g., in actual environmental matrices like river or lake
water at relevant concentrations) is essential as it can accelerate our

ability to model ENPs hazards in aquatic environment.

4 | ENPS-BIOMOLECULES INTERACTIONS AND
MECHANISMS OF TOXICITY

ENPs can easily move across biological membranes due to their small
size [102]. This can alter biochemical reactions within cells includ-
ing causing oxidative stress and in certain cases eventual apoptosis
[103, 104] (Figure 2). These aspects are partly driven by physicochem-
ical transformations, such as, dissolution, agglomeration, aggregation,
and sedimentation, which ENPs undergo and ultimately altering their
shape, size, and surface properties [105, 42].

As an example, ionic species are formed following the dissolution of
soluble and/or partially soluble ENPs and have been observed to cause

ENPs toxicity to aquatic organisms [32]. Vannini et al. [58] demon-
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FIGURE 2 ENPs ability to enter or attach to the cell and cause
toxicity through different pathways that encompass damage to cell
organelles and macromolecules.

strated the toxicity of nAg on wheat seedlings as mainly due to the
release of Ag™. Furthermore, toxicity due to both nAg particulates and
Ag* have also been observed with the latter effects being more pro-
found as evidenced by an increase in antioxidant enzymes (SOD and
GPOXs) in Pseudomonas sp. M1 [44]. Wang et al. [76] investigated the
toxicity of soluble (nCuO and nZnO) and insoluble (nFe;O3, NCo304,
nCr,03, and nNiO) ENPs concerning their potential inhibition on the
bioluminescence of Photobacterium phosphorium. Findings indicated
that soluble nZnO antibacterial effect was solely due to Zn?+. For the
case of nCuO, however, the antibacterial effects were linked to both
the released Cu?t and particulates of nCuO. Whereas, for the insolu-
ble ENPs, the antibacterial effects observed were solely attributed to
their particulates [76].

Available literature documenting nanotoxicity mechanisms remain
largely undefined and highly variant. The most documented mech-
anisms includes (i) ENPs-cell attachment causing cell wall and cell
membrane damage, (i) ENPs attachment to intracellular organelles and
biological molecules (DNA, protein, ribosomes, enzymes), and (iii) the
release of ROS [32-36, 106] (Figure 2).

4.1 | ENPs-cell attachment

Attachment of ENPs to cell membranes is a critical initial step that
precedes their observed toxicity pathways [107, 108]. Following the
initial attachment, ENPs subsequently enter into the cell [109], where
they damage cell membranes and interrupts energy transductions

L)
Nanopar(icles

Membnne
pmalm Q
\\Z (1) Allered proteins /

expression
levels

Misfolded proteins Degraded proteins

FIGURE 3 ENPsinteractions with membrane and cellular
proteins causing folding, degradation, and altered expression levels.

[108, 110]. Yue et al. [68] demonstrated that nAg induced toxicity on
algae through cell surface attachment. Similarly, Sendra et al. [111]
reported that nTiO4 induced toxicity on marine microalgae mediated
through membrane damage. In other studies, the accumulation of
nAg on cell surfaces of E. coli lead to the formation of ‘pits’ on the cell
surfaces [30, 112].

4.2 | ENPs internalisation and protein alterations
Internalisation of ENPs and their cytoplasmic accumulation therein
may lead to interactions with cell organelles and macromolecules. For
example, reports have documented that variant biomolecules including
carbohydrates, proteins (Figure 3), lipids, polysaccharides, and nucleic
acids may get attracted to the ENPs, and adhere to their surfaces rais-
ing the plausible interactions [81, 108, 113, 114]. Although it is not
clear how ENPs enter the cytoplasm, it is hypothesized may occur
through damaged cell membranes [115]. Further, ENPs uptake into the
cells may occur through processes such as endocytosis, phagocytosis,
and adsorption. For example, results of Yue et al. [68] demonstrated
that nAg entered into fish gill cells through the endocytosis process.
Despite myriad studies having reported on the entry of ENPs in cells,
it remains unclear how the internalized ENPs interacts with diverse
biological macromolecules in different cell compartments. It is, how-
ever, reported that aquatic organisms response to deleterious effects
of ENPs through the release of proteins among other biomolecules.
Furthermore, the released proteins may attach to the ENPs with the
resultant toxicity often associated with changes in structural organiza-
tion of proteins [109, 116]. For instance, Sharma et al. [116] reported
that Ag* mediated toxicity induced protein leakage by binding to
and modifying transport proteins. In addition, the authors highlighted
that ENPs can inhibit bacterial respiration owing to their interac-
tions with thiol groups of enzymes especially respiratory enzymes,
for example, NADH dehydrogenase [116]. In other works, ENPs were
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found to induce structural modifications of proteins and resulting in
abnormal protein functions [117, 118]. For example, Wigginton et al.
[118] demonstrated that nAg caused loss of enzymatic activity in
tryptophanase (TNase) upon their interactions with E. coli.

A common response by aquatic organisms to nanotoxicity is the
alteration of protein expression levels [119]. Following exposure to
nAg, results on proteomic analysis of Bacillus sp. EMB9 revealed
marked global changes in its intracellular proteome where cells grown
in presence of nAg had 50% reduction of expressed proteins, where
out of 261 proteins, 24 were newly expressed, and 132 proteins were
suppressed upon exposure to nAg [48]. Other proteomic investigations
showed that exposure of E. coli to nAg caused cellular responses includ-
ing the excretion of more cell envelope protein precursors, which in
turn destabilized the outer membrane and the collapse of the proton
motive force [120].

ENPs can interact with proteins and induce conformational changes
and examples are summarised in Figure 3. These includes changes on
protein structures, adducts formation, phosphorylation status alter-
ation, thiols alteration, and the conversion of side chains to aldehyde or
ketone groups[121, 122]. The substantial structural changes, for exam-
ple, unfolding patterns and reduction in free protein a-helical content
have been observed to occur when proteins bind to ENPs [84]. Taking
these results together points to potential impact on the downstream
functions of proteins.

The interactions summarised in Figure 3 might be the reason why
aquatic organisms respond to nanotoxicity through alteration of their
protein expression levels [123, 124]. For example, proteomic analysis
on E. coli revealed alterations in the expression patterns of envelope
and heat shock proteins following exposure to nAg [120]. Mirzajani
et al. [51] documented an increase of protein precursors indicating dis-
sipation of a protein motive force following exposure of Oryza sativa
to nAg. The Pseudomonas aeruginosa exposed to nAg yielded 27 and
32 up- and downregulated proteins, respectively, which were linked to
membrane damage and generation of ROS mechanisms [125]. More-
over, proteomic profiling of Paracoccus denitrificans exposed to nAg
revealed inhibition of proteins responsible for catalytic processes,
electron transfer and metabolic processes [126].

4.3 | ENPs interactions with cell organells and
release of ROS

Oxidative stress is a result of imbalance between production and accu-
mulation of ROS due to direct contact between ENPs and cells/cell
organelles, and/or ionic species following the dissolution of ENPs [32].
As such, oxidative stress is a key factor in intracellular ENPs-induced
toxicity [32]. Other works have also shown ROS can induce damag-
ing biological responses including cell wall damage which enhances
membrane permeability [127-129] and protein carbonyl levels [130].
Release of ROS have been demonstrated to induce membrane lipid
peroxidation [76] as well as damage amino acids residues of proteins

including Tir, Phe, Trp, Met, and Cys; thus, leading to the formation of
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carbonyl residues. Bouallegui et al. [49] observed differential redox-
based protein changes such as thiol oxidation and carbonyl formation
at the onset of oxidative stress following exposure of Mytillys gallo-
provincialis to nAg. Their results indicated that the mussels activated
pathways to mitigate against the toxicity of nAg by reducing proteins.
A similar response was observed on Daphnia magna following exposure
to nAg [53]. Furthermore, the results of Katsumiti et al. [131] pointed
to oxidative stress as the main mechanism of nAg toxicity to mussel
haemocytes and gill cells as evidenced by observed increase in catalase
activity.

Several studies have demonstrated the role of ROS on the toxicity of
ENPs at proteome level as it causes oxidative modification of proteins
[58, 132]. For example, Vannini et al. [58] observed changes in proteins
essential for redox regulation, sulphur metabolism, endoplasmic retic-
ulum, and vacuole alteration following exposure of Eruca sativa plant
to nAg. Oxidation of proteins showed a decrease in protein thiols and
an increase in carbonylation following exposure of Mytilus edulis mus-
sels gills to nCuO [33]. Using redox proteomics, the authors identified
six unique proteins as targets of oxidative stress where their expres-
sion was altered by the nCuO. Results showed two proteins (actin and
triosephosphate isomerase) were targets of thiol oxidation and three
(alpha-tubulin, tropomyosin, and Cu-Zn superoxide dismutase) for car-
bonylation, with four of these six proteins being important cytoskeletal
components which are known redox targets [133].

Inplants, ROS and free radicals have been observed to interfere with
chlorophyll, and in turn, concomitant interruption on photosynthesis.
For example, Deng et al.[134] documented a reduction in photosynthe-
sis on Phaeodactylum tricornutum diatoms following exposure to nTiO,
and nCeO,. Also, an accumulation of ROS in chloroplasts of Karenia bre-
vis after exposure to nTiO, have been reported [77]. Similarly, Sosan et
al. [135] observed an accumulation of ROS specifically the H,O, par-
tially generated by NADPH oxidase following exposure of Arabidopsis
thaliana plant to nAg.

Overall, although many published works have reported distinct
mechanisms as the basis of the observed deleterious effects, how-
ever, the mechanisms generally occur in synchrony. For example, a
study by Zhao et al. [136] has shown the observed toxicity of ENPs to
Chlamydomonas reinhardtii after exposure to nAg was due to multiple
mechanisms including internalisation, release of ROS, and increased
cell membrane permeability. Hence, future works should consider
investigations for multiple mechanisms to gain better understanding of

key triggers of nanotoxicity and plausible dominant pathways.

5 | TECHNIQUES FOR ANALYSIS OF
ENP-PROTEOME INTERACTIONS

Due to the complexity of interactions between proteins and ENPs,
different analytical techniques, and high throughput methods are
needed to evaluate bio-nano interactions. Proteomics techniques
can provide comparative and quantitative analysis of the proteins

composition, architecture, and dynamics associated with pollutants
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FIGURE 4 Distribution of studies for different proteomic
approaches with MS (Mass spectrometry) as the most commonly used,
and then followed by gel electrophoresis. 1 DE: 1 dimensional
electrophoresis; 2 DE, two dimensional electrophoresis; MS, mass
spectrophotometry; 2D DIGE, two dimensional difference gel
electrophoresis; SDS PAGE, sodium dodecyl sulphate-polyacrylamide
gel electrophoresis.

including ENPs [137-140]. From the reviewed studies, results indicate
that gel-electrophoresis and mass spectrometry-based techniques
or a combination of both are the most widely used for the analy-
sis of ENPs-proteome interactions in aquatic organisms (Figure 4).
Among the studies reviewed herein, 44% were done using a combi-
nation of gel electrophoresis and mass spectroscopy in an attempt to
obtain better proteomic insights. Even though rarely used in nanoe-
cotoxicity domain, other techniques including circular dichroism (CD)
spectroscopy, Fourier transform infrared spectroscopy, Raman spec-
troscopy, fluorescence spectroscopy, size-exclusion chromatography,
isothermal titration calorimetry, rheology, and surface plasmon reso-
nance (SPR) spectroscopy can also be used to investigate protein-ENP
interactions [141]. Table 3 sets out the, strengths and weaknesses
of proteomics techniques identified to have been used to elucidate

protein—-ENP interactions in aquatic organisms.

5.1 | Gel-based proteomics techniques

5.1.1 | 1D Gel electrophoresis

One-dimensional gel electrophoresis (1DE) separates protein samples
based on their molecular weights, and is mostly used for moderately
complex protein mixtures. However, 1DE has limitations (Table 3) such
as low resolution for protein separation, it is laborious and has a limited
dynamicrange and detection sensitivity of samples when analysed with
a mass spectrometer [151]. Besides these drawbacks, the technique
has been applied in proteomic studies for ENPs in aquatic organisms.
Tedesco et al. [52] used 1DE to separate proteins when they profiled
Mytilus edulis exposed to gold ENPs (nAu) where the results indicated
a decrease in thiol-containing proteins. Bouallegui et al. [49] investi-
gated the toxicity of nAg to M. galloprovincialis; they did separation
and quantification of proteins using 1DE and Bradford assay, respec-

tively. Furthermore, these techniques were complemented with the
use of typhoon scanner and densitometry techniques in order to better
improve quantification of protein thiols and carbonyl.

5.1.2 | 2D Gel electrophoresis

Two-dimensional gel electrophoresis (2DE) is a classic, and most com-
monly used technique in proteomic studies to separate and visualise
proteins [138, 152]. The technique separates protein samples perpen-
dicularly using two dimensions; namely, the isoelectric point focusing
and molecular weight. In nanotoxicity studies, Gomes et al. [57] used
the 2DE to discriminate differentially expressed proteins in M. gallo-
provincialis exposed to nAg. Results demonstrated that 2DE offered
better protein resolution relative to 1DE.

To increase its efficiency, researchers supplant 2DE with mass spec-
trometry in order to achieve protein identification [138, 153-155]. For
example, Mirzajani et al. [51] used 2DE in conjunction with NanoLig-
uid Chromatography/Fourier transform-ion cyclotron resonance mass
spectrometry (NanoLC/FT-ICR MS) to observe protein expression lev-
els in Oryza sativa L. following exposure to nAg. The authors observed
an accumulation of precursors for oxidative stress tolerance pro-
teins and protein degradation. Vannini et al. [54] used 2DE prior to
Liquid Chromatography-ElectroSpray lonization-tandem Mass Spec-
trometry (nanoLC-nESI-MS/MS) analysis. In turn, they could construct
proteomic profiling of Eruca sativa plant exposed to nAg, and the results
indicated alteration of endoplasmic reticulum and vacuole proteins.

More advanced 2DE techniques have been employed to inves-
tigate the nanoecotoxicity of aquatic systems primarily to reduce
gel-to-gel variation, and improve reproducibility in protein quantifi-
cation. For example, 2D fluorescence difference gel electrophoresis
(2D-DIGE) was used to study proteomic stress responses of B. cereus
after exposure to nanosized zero-valentiron (nZVI) [55]. They reported
overexpression of oxidative stress response proteins. Similarly, Sacca
et al. [156] applied the same approach to visualise proteins when
assessing the molecular stress responses of nZVI and later reported

alterations in redox-proteins expression levels.

5.1.3 | Sodium dodecyl sulphate polyacrylamide gel
electrophoresis

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) is used for size-specific separation and analysis of proteins, in
which the 12-carbon tail enables the SDS to interact hydrophobically
with non-polar regions of protein molecules [157]. The buffer compo-
sition and permeability of gels used for SDS-PAGE are varied based on
the size of proteins of interest. Bouallegui et al. [49] used SDS-PAGE
and observed protein thiol oxidation and formation of carbonyls in the
gills of M. galloprovincialis following exposure to nAg. In another study,
Tedesco et al. [52] applied the SDS-PAGE to study the effect of nAu to
Mytilus edulis, and results demonstrated a decrease in thiol containing

proteins. The thiols prevent oxidative modification of proteins [158].



14 0f 26

Proteomics

Proteomics and Systems Biology

(senunuo))

[G] sutar0ud Jo a3ued dlweuAp ay3 03 anp sutajoud
juepunge mo| AJ1juspl pue 33939p 03 3N21I4IQ

[e] pueq uieyoud

9[3uls e Jo 3uQg pue T Usamiad 32939p Ajuo ued
11 Se 3sa493ul Jo spueq u1a3o.4d J0) uoljesiwildo pasN
[e] AxAnisuas payiwir

[£] paulwa1ap Ajo3eande

9 J0UUR JY3I9M JB|NI3|0W 31043134} :}Sa49)Ul
JO sula30.4d U] suoljelieA pajdajje |98 uo AJjIqOIN
SIN/SIN-D173|di3|nw saainbay

[G]s3nsa.4 aA13e33U U0 SAI)ISOd 9s|e) 0] pes|
Aew pue uoljea3iw uia3o.d 10a4je pasn 3ul||age| ayL

SIN/SIN-D11

Y3IM uofeuIquIod Ui pasn [ ‘] sisAjeue aAjze33uenb 104 3|qe3INS JON

[2] swoaj0.d au13ua 8yl asAjeue 03 9|qissod 10N
[1] A132wouydads
SSew se yons spoyjaw uoljedlyijuapl

ul9304d yum 3|qiredwod Jou S| 3uluiels JOA[IS YL
[T]sIsAjeue

aAI3e313ueNb J0J 3|ge3INS Jou si pasn 3ululels JaA|IS
(r]
sisAjeue ejep paJajsn|d Joj d|qelinsun ‘a40)a4ay3

‘|9A3] uOoISSaadXd U1930.4d JO SINSEaW OU SU3HO

[£]8upuanbas apndad
[e] sdew ua3sew Qg

SdN3 3Ins 0}
suoijesyipojn/Alejuswa|dwo)

suoneyw]

[Z] pasijew.ou pue paydjew g Ajises ued Ajisusjul pue |eusdis jodg
[9] pa12919p o9 Ued SdURpUNgE Ul9104d Ul SB3UBYD [eWIUIA
[9] suta30.4d Jo Spuesnoy) 03 spaspuny asi|ensiA Aj3dadip ued)
[9] sajdwees ajdi3nw jo uoiesiyizuenb
3|qIonpoJadau pue a1e4ndde SMo||e YdIym 3 g JO W0 paduBApY
[9] seouauayyip @ouepunge uiajo.ad ssasse ued)
[G]31gissod si suial0.ad passaidxs Aj|eljuaJallip JO uolediuap|
[G] 198 swes sy uiym ssjdwes
pajeaJ}-s[diliedoueu pue pajealjun Jo uostiedwod ssjgeuy
[6] uoissaudxa utajouad
ul SIsAjeue a|gelieAl}|nw sAl3e3i3uenb pue sjuswsansesw
9A13119d3. 10 SMO||e UYDIYM [0JIU0D [eutalul ue sey |
[G] uoljelieA |ed130]01q-UouU 10 [0.43U0D UeD)

[€]synsau
9A13e1I3UEND UIBICO 03 3NDIYIP SI 3 92UsY UoslIedwod J0) pasn
[G]sajp13aedoueu
01U0 pagJospe sulajo.d 1noge uoljew.ojul aAI3 ued)
[1]ss|dwes [ea130|01q Xa|dw0d wo.y
pajesedas aq ued syods apijdad pue uiajouad 3pui3sip 000 0T 03 dN
[1]suJa13ed 30ds Qg Ajenb y3iH
[T]19]1e48d Ul UNJ B UED Suoljeedas a|di NN
[1]so1W0910.4d BAIRIEAWOD INdY3N0JY1 Y31y JoJ [nJasn

[G] euouod

3y3 Jo uonisodwod ula3o4d ay3 Jo uoliediiuenb pue uollediiausp|
[t7] 4oamod SuIA|0Sa4 JUS|[9IXD

03 anp |98 9|3uls e ul su1a30.d Auew JO UOIIN|0SI J0J MO| |\

[Z] suia104d paljipow |euoije|sued] 1sod 109319p pue aleedss ue)
[1]suia30.d Jo spuesnoy} Jo UoIIN|osa.

SNO3UE}|NWIS 9Y} WO.1} UOIFEWIOJU] JO SSWN|OA 98.1e| S918IUd0)

[1]2woaj0.d e ul suiajo.d |e1aAds sojeedas A|pidey

syjsuans

(39210)
sisaJoydou3ds|a |98 aouaJapia

(39Vvd-sas) sisaioydoiosfe
198 apiwejAideAjod
91eyd|ns |[Adapop wnipos

(3DVd) sisaJoydoujds|a
198 apiwejAioeAjod Surlinjeusq

idc

sanbiuydsa)

yoJeasad sa|di3dedoueu Joj pasn usym sanbiuyday sojwoajold Jo suoljeliwl| pue syisuasys € 319V1L



ICS

Proteomics and Systems Biology

15 of 26 Proteom

(senunuod)

[S]8upjoryesy
Je|n|[a2eJ3ul pue 9xejdn Jejnjjad ‘euo.od
u1930.4d 9y} Jo uoljew.o) 3ulleulpaood saxa|dwod
|E21YdJeIaIY pUE S)I0MIBU Ula30.d Jsow
Jo uondiuosap Alejuswsely Ajuo pue 3|331| SMoYs

[0T]sIsAleue 01
Jorud pasiyealsap aJe sapiydad ayj ssajun ‘sysadip
J13Aj0930.d ul sapiydad sousnbas 03 9|gelIns JoN

[£]s3||2ues.0 Jejn||@oeaiul
pue su1230.d 92e44Ns |[92 YHM Sa|d13iedoueu
JO suoI32eIaUl 214129dS INOCE UMOUY| SI 9|11
[T]'S|98 paule3s JaA|IS Wo.y S93A[eUE UM
uoljeulwejuod 3|dwes Wo.j S92UIa4Ia3ul 9|qISSOd
[7] suonreaiyipow |euoije|sueuy 3sod pue suiajoud
213A10930.d UM YSINSUIISIP O3 UOIjeuLIojul
|ea3oads ssew aJinboe 03 sapiydad aAjosau

[£]8ullaqel-Og; 03 3u13uaj|eyd si 3 saunjxiw ulejoad xa|dwod aiow u|

SdN3 3Ins 0}
suoijesiyipojn/Atejuswa|dwo)

suoney

n

[5] se8ueyp [esodwa) pue [eiyeds uo s|ie3ap jea.s
Suimoys sa|d1edoueu Jo Suissado.d Je|n||ad Uo salpn3s sa|qeuy

[G] eUO.JOD UIS30.d DY) SSI[ENSIA PUE BS1IS)dEIEYD UBD)

[0T]A3121103ds pue A3iAISUSS SISHO

[0T]wdd oG ueys sss| sassew aplidad sainseaw Aja1e4nddy
[0T] s92134edOUEU

AQ pa3e|nwils sem uolssaadxa asoym suiajoad Ajuspl ued

[6] 4ouuBW BAI3ANISIP SS3] B Ul INOYIIM SD13aU] UIS30.d 3SAjeue ued)
[6] sexa|dwod ul910.4d-9)2114Ed-0URU B)B|0SI UBD)

[6] so]2134€d [JEWS 03 Sulpulq ulaj04d |B10] SUIWIRISQ
[6] soxa|dwod ul9104d-9d134ed-0URU 91R|OSI UBD

[8] AnAnisuas
pue Ajjiqionpoadad ysiy ypm aanixiw xajdwod e uj suiajo.d
JO uoljed1y1IueNb SAIR[9. pUB UOIIeDIJIIUSPI SNOSURYNWIS S9|qeud
[8]Axjenb [eanAjeue Y31y siapo |
[8] A132wi0a309ds ssew Ag uoizediyizuapi urejoud
pue uoisioxa 10ds ‘93ed-g 40 S1eaARD SnoLIBA 3yl Aq pa1dajle sSaT
[8] aAnsuas AlysiH
[8]az1s
9[2134edoueu uo euo.od uiajo.id Jo sduapuadap sy} aulwia}ap ued
[8] eUOIOD
ula10.d ewse|d uewny pJey ay3 Jo uoilisodwod syl aujwIa18p ued)

[£] sasuodsau Jejn||92 pue 3ulj|eusis Je|n||93.41ul Uuo S199449
pue ‘euoJ0d uid3o.d sy} Jo sa134adoud pue aunjeu AJipuspl ued

[G] sasuodsau Jejn||a2 pasnpul-sd1raed Jusnbasqns

pue (euo.od ula30.4d ay3 JO uollewoy) spinjs |edi3ojolq
Aq sa2e4uns 3|d134ed JO UOIIBINPOW By} 03Ul SIYSISUl [SA0U 3|qeus
[7] Aj329.1p pa3oalap aJe sjeudis u19jo.id se a3ued djweuAp Jagie
[7] uo1oa319p u1a304d Ul AJ1D14129dS pue A}JIAINISUSS JO 99439p Y3IH

syjduans

(2dodsouoiw Supioedy
9Jo134ed-a|3uls ‘9dodsouoiw
uolinjosaJ Jadns ‘©dodsoudiw
3uluueds usse| |e20ju0d

ZIA) Ad02S0.D1W 92U3IS$340N|4

A1jowoloydouydads SIA-AN

(SW-4oL-1aTVIN)

SIN 3Y8114-Jo-aul |

uoljezjuoj/uoljdiosaq
JaseT palsIssy-XII1eN

Aydea303ewo.yd uoisn|oxa-azIs

sisAjelp wnuqiinb3

AJjowoa30ads ssew —
Aydea3orewo.yd pinbi| 934y |age]

A13pwou3dads ssejn

sanbiuydsa)

(penuiuoD) € 374dVL



16 of 26

Proteomics

Proteomics and Systems Biology

(senunuod)

SdN3 3Ins 0}
suoijesiyipojn/Alejuswa|dwo)

[g] 921042 Jo 23e435GNS
pa3e3n(uod pue saipogijue 1oy uojjesiuizdo pasaN
[€]AvARISUSS payiwr
[£] paulwlap Aj93e4Nnd0E
90 J0uUued JY3IoM JB|Nd3JoW 34042433 ‘}SaJajul
J0 sula30.d U] suoljelleA pajdaje |98 uo ANjIqoIN
[£] synsaJ aAnie3lUEND
u1e3qo 03 3[N214IP SI 31 92uay uosliedwod 10y pasn

suonewI

Y31y saa4jo pue ‘9jdwlis ‘sdNJ Wo.) euo.od uiajo.d aje|os| 03 A}

€]

sajo134edoueu 030 pagJospe suia3o.d INoge uoljeurIojul 9AIS ued)

S3|nsaJ aAljeliauenb pue aaljeljenb yjoq
(s3Insa4 39]Q) s98ueyd aduepunge uid3o.d JO UOIIEDIJLIDA J0) PAs

[9] Ajleanrewolne sjods 10919Q

[9] seduatalIp JuEdLIUBIS A||eD13SIARIS UIIM 3S0U3 SIYBIIYSIY
pue s|98 JuaJiayip woJy syods uiajoid ydjew Ajjeszewoiny

[S]pIatA

[G] 0431A Ul JUSWIESI] SBdIedOURU
JO S109)49 Je|Nn||92 3y} JO SISAjeue aAl3e edwod op ued)

[S]SdN3 03 2ansodxa
uodn awoajoud ul sa8ueyd disulijul 93e813saAuUl A|pAl3eIIIUEND UBD
[G]sisAleue ssew uolinjosal ysiH

[S] ssjp134edOUEU 03 9UNnSodxa

uodn sawoajoud ul sadueyd disulijul 91e313saAul A|pAl3e3IUEND UBD
[G] sisAjeue ssew uoijnjosal ysiH

[G] swsiued.o 3ulal
U0 SdNJ 4O S199)J9 MOYS pue ‘sa|d11edoueu JO Uolje|nwinddeolq
Apnis 01 pasn aq ued anbiuysal ay1 ‘3z yum pajdno)

syjsuans

SU1330|q UISISEMA

Suilojqounwiw|

a|npow
(V1) sisAjeuy [98-u] [enuatapia

3|npow (VAQ)
sisAjeue uoljelleA [edi3ojoig

uol3sadip apisedoueu-uQ
(sp1oe oulwe Aq
3ulj|3geq 2dojos| 9|qels) DVIS

A30j0uy2231 DOD/40L 3diL

(SINLH) Aszpwiouzoads
SSew WJojsue.} J31no

8ul||age| [e21WaYD Ogr/Oor

sanbiuydsay

(penunuod) € 314VL



ICS

Proteomics and Systems Biology

17 of 26 Proteom

[T1]sapndad pajjage|

dV¥1!Jo aje3s-a5.eyd

98eJaAe ay3 s90Npa.U YdIym

‘9|paau Aeadsoa3d99 9y}

03 Jejnaipuadiad uoljeiodens
eluowiwe asn anbiuyda)

[TT]sisAleue SIN/SIN-OT-dY

suljuo ue a1043q DI7IH

YlIM aul|jo pauoiidel-aid
3( p|noys sajdwes

[TT]sepndad pajjaqe|
dV3 1140 d3e3s-a31eyd
23eJaAe 2y} paonpau
U21ym ‘a|paau Aeiadsouds|s
ay3 03 aendipuadaad
uoljesodens eluowwe pasn
[TT]sIsAjeue SIN/SIN-DT-dY
auljuo ue a1ojaq JITIH
U3IM 3ul|}jo pauoijoely-aud
9 p|noys sajdwesg

SdN3 3Ins 0}
suoijesiyipojn/Atejusawa|dwo)

"Ayde.gojewoay) pinbiq uoinoesanu d1jiydodpAH ‘DITIH {[0ST] 1T {6711 0T (87116 [£L¥T]1 '8 (9t T] L [S¥] 9 [6cT] S STl v [vrT] € levT] C [evT] T

[TT]ANjeuo3oy3o jo 9343p ysiH Aydeu8ojewo.yd aseyd pastanay

(DITIH) AydeaSojewoyd

[T1]A1jEUOS0OY1IO JO 92439p YSIH pinbi| uoioeaajul o1j1iydoapAH
[£] 4suuew aAndnusIp SS9 e ul soi3auly Sulpulq uiajoad asAjeue ue) (¥dS) @2ueuosas uowse|d adeing
(o1
[£] 4ouuew aAldNUSIp sS9| B Ul S2139Uly Sulpulq ulajoad asAjeue ued AJ3owiioled uoije.ll] |ew.aaylos|
suoleywi syjsuans sanbiuydsa)

(Penupuod) € 3714VL



Proteomics | o2

5.1.4 | Mass spectroscopy-based techniques

Mass spectrometry approach entails identification, characterisation,
and profiling of proteins through matching peptides to protein iden-
tities [138, 146]. Protease enzymes digest proteins to peptides at
predetermined sites. First, a unique peptide mass fingerprint (PMF) is
created by measuring the peptides masses and identified in a protein
database. The peptides will then be confirmed using mass spectrom-
etry, whereby peptides are fragmented to yield a peptide fragment
fingerprint (PFF) containing amino acids sequences [159]. To date, MS
based proteomics has contributed significantly towards the charac-
terization and identification of proteins in biological samples [160]
and may partly account for its wide application in the nanotoxicity
domain (Figure 4). Discussed below are variant MS-based techniques
as applied in the domain of proteomics to elucidate the effects of ENPs

to aquatic organisms.

5.1.5 | Matrix-assisted laser desorption
jonization-time of flight

Matrix-assisted laser desorption ionization-time of flight (MALDI-
TOF) is a MS-based technique and is used for spot identification and
quantification of up- and downregulated protein spots. The technique
entails excision, tryptic digestion in gel, and finally an analysis of the
peptide mixture processes [161-163]. In MALDI-TOF, sample surface
is coated with a matrix, for example, a-cyano-4-hydroxycinnamic acid,
2,5-dihydroxybenzoic acid (2,5-DHB), and sinapinic acid to aid analyte
extraction [164]. Identification of peptides is done using computational
scoring of correlations between predicted and measured peptides. In
a study by Bouallegui et al. [49], MALDI-TOF was used to identify 12
differentially expressed proteins in mussels exposed to nAg. The redox-
sensitive proteins were produced at the onset of oxidative stress.
When they studied interaction of serum proteins and carbon nan-
otubes (CTBs), Du et al. were able to identify proteins bound to CTBs
using MALDI-TOF in combination with atomic force microscopy (AFM)
[165]. Wigginton et al. [118] applied MALDI-TOF to assess the affin-
ity of E. coli proteins to bare and carbonate-coated nAg. They reported
that the proteins displayed high affinity for both surface modifications.
Furthermore, using MALDI-TOF, Gomes et al. [57] identified differ-
entially expressed proteins in mussels gills M. galloprovincialis after
exposure to the particulates and ionic species where nAg toxicity was
observed to be mediated through oxidative stress-induced cell sig-
nalling cascades. MALDI-TOF/TOF MS was employed to assess the
toxicity of nTiO, on D. magna where overexpression of vitellogenium
(Vtg)-like proteins was established to be involved in redox balance
[166]. However, to date the application of MALDI-TOF in nanoeco-
toxicology domain is limited since most aquatic organisms are poorly
captured in sequence databases, except for daphnia (http://wFleaBase.
org), which is widely and mostly used as the model organism [167].
The various studies cited above demonstrate the suitability of
MALDI-TOF to provide insight on nanotoxiticy at molecular level. The

Proteomics and Systems Biology

technique can also be applied to study different ENPs and environmen-
tal organisms.

5.1.6 | Surface enhanced laser desorption ionisation
time of flight-mass spectrometry

Surface enhanced laser desorption ionisation time of flight-mass spec-
trometry (SELDI-TOF-MS) is a combination of chromatography- and
mass spectrometry-based techniques, generally used for quick analysis
of protein profiles and mostly applied in biomarker studies [168-170].
In essence, SELDI-TOF-MS is a modified MALDI-TOF technique, and
entails the use of protein arrays known as protein chips to identify pro-
tein expression levels in distinct samples based on protein molecular
weights [149]. The technique can analyse protein mixtures on chro-
matographic arrays and produce a spectra based on mass-to-charge
ratio of the proteins and binding affinities [171]. Scebba et al. [172]
used SELDI-TOF-MS technology, and observed differentially expressed
proteins in marine diatoms following exposure to CdSe/ZnS quantum
dots. The results showed the technique’s ability to identify potential
biomarkers of CdSe/ZnS nanotoxicity. Although this approach appears
to have significant potential for application in the nanotoxicity domain,
it has however not been widely used based on the published literature.
This could be due to the need for and yet limited availability of chro-
matographic surfaces that captures oxidative modifications to enable

investigation of oxidatively modified proteins [173]

5.1.7 | Inductively coupled plasma mass
spectrometry

Inductively coupled plasma mass spectrometry (ICP-MS) technique
can detect metals in biological samples through ionisation of sam-
ples using inductively coupled plasma followed by mass spectrometer
to analyse metal ions [174]. ICP-MS is used to quantify proteins and
peptides using phosphorus and sulphur present in their structure
as natural tags [175]. Where natural tags are not available, specific
labelling reagents are used. For example, stable isotope labelling by
amino acids in cell culture (SILAC), culture-derived isotope tags (CDIT),
enzymatic labelling with 180 from heavy-oxygen water, isotope-coded
affinity tags (ICAT), isobaric tag for relative, and absolute quantita-
tion (iTRAQ) [176] Unlike the soft ionisation techniques like MALDI
that are used for structural characterisation and identification, ICP-MS
offers high quality qualitative elemental data. For example, Yan et al.
[125] used ICP-MS to identify silver binding proteins in P. aeruginosa
following exposure to nAg. Silver binding proteins were then applied
to a gel slab, excised, washed, and trypsin digested before the analysis
was done using nanoscale LC-electrospray ionization-QTOF MS/MS.
Results showed that 27 proteins were upregulated, 32 downregulated
and 5 silver binding proteins identified. However, this technique is not
commonly applied in proteomic nanoecotoxicology domain, which may

be due to the costs of its operation.


http://wFleaBase.org
http://wFleaBase.org
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5.1.8 | Liquid chromatography-mass spectrometry
(LC-MS/MS)

The Liquid chromatography-mass spectrometry (LC-MS/MS) is a gel-
less technique, and entails the digestion of proteins with a proteases
such astrypsin, chymotrypsin, Glu-C, or LysN. The resultant peptides
are separated using high performance liquid chromatography (HPLC),
and then characterized using tandem mass spectrometry [177]. Pro-
teomic databases are then used to identify the proteins digested.
From the LC-MS/MS derived results, numerous non-redundant pro-
teins may be identified [160]. Magnetic multi-walled carbon nanotubes
(MWCTs) have been used in conjunction with LC-MS to success-
fully detect high amounts of mycotoxins on maize samples [178].
Canesi et al. [90] used HPLC-MS/MS system to investigate the for-
mation of protein corona between haemolymph proteins and cationic
polyesterene ENPs in marine bivalve haemocytes. Results showed the
formation of hard protein corona that comprised only of putative C1lq
domain containing protein.

To elucidate the toxicity of nAg on germinating wheat seedlings,
Vannini et al. [58] applied HPLC to observe protein regulation in dif-
ferent cell compartments in combination following protein separation
using 1DE. Alterations in proteins responsible for redox regulation
and sulphur metabolism after exposure to nAg were observed. In
another study, Vannini et al. [58] also employed LC-ESI-MS/MS to
observe altered protein expression profiles after wheat seedlings were
exposed to nAg. Moreover, by use of LC-MS/MS following the expo-
sure of Oryza sativa to nAg, a dose dependent accumulation of protein
precursors for proteins involved in oxidative stress tolerance, CaZ*
regulation, signalling, transcription, protein degradation, cell wall and
DNA/RNA/protein direct damage, cell division and apoptosis was
observed [51].

The above cited studies verify the undisputed suitability of various
proteomic approaches in studying nanoecotoxicity, despite their lim-
itations as summarised in Table 3. By employing proteomics, altered
proteins can be identified, as well as down or up regulation of various
proteins. The information is key for identification and development of

protein biomarkers for nanoecotoxicity monitoring and research.

5.2 | Complementary non-proteomic approaches
towards understanding nanoecotoxicity

Even though this review focused on the application of proteomics
to understand nanotoxicology, researchers have also used other
approaches to study nanotoxicity. The common ones includes other
‘omics’ techniques, for example, toxicogenomics, metallomics, tran-
scriptomics, metabolomics, and collectively regarded as ‘exotoxicoge-
nomics’ [179]. These tools provide a more comprehensive molecu-
lar insights of biological systems [41]. For example, toxicogenomics
approach was shown to identify nanotoxicity-altered genes and pro-
tein activities at cellular level. For example, Dai et al. [180] used

polymerase chain reaction (PCR) to study toxicity of CuO nanopar-

ticles in plants. They were able to show insights into molecular
mechanisms and identified genetic biomarkers of oxidative stress
related to nanotoxicity. In another study, Kang et al. [40] employed
PCR to study toxicity of graphene oxide quantum dots on algae (C.
vulgaris). They reported up- and downregulation of various genes
responsible for metabolism, photosynthesis, and biosynthesis that
were linked to nanotoxicity of graphene oxide. This field of transcrip-
tomics therefore reveals unique differentially-expressed gene profiles
that can potentially also be used as biomarkers for biomonitoring
purposes [47].

The recommendation of proteomics should therefore be considered
with caution, or better still be combined with other approaches, for
example, metallomics, to give a more wholistic analysis of metallopro-
teins profiles within cells, and eventually enable identification of new
biomarkers. Integration of two or more omics approaches gives more
sensitive and comprehensive details on NP-induced toxicity. The het-
erogeneous and massive data generated is also sometimes coupled
with computational methods like machine learning (ML), which has
proved to be very useful. It is however observed that fewer studies
have used omics tools to evaluate nanotoxicity. These could probably
due to the fact that the approaches generate large amounts of data,
which is often difficult to interpret. [36].

It is also imperative to acknowledge that proteomic alterations do
not immediately translate or cause observed or apparent toxicity at
whole organism level. Rather, the adverse consequences are likely to
be observed later in the lifespan of the organisms. For example, vari-
ous types of ENPs have been observed to impair proteins in C. elegans,
and the effects were linked to accelerate aging and heightened risks to
diseases [181].

6 | CONCLUDING REMARKS AND
RECOMMENDATIONS

Despite numerous studies on nanotoxicity to date, there remains sig-
nificant knowledge gaps regarding mechanisms of toxicity at cellular
level, particularly in the natural aquatic environments. Here, we have
highlighted data deficits on the effects of ENPs at proteome level,
yet it is critical to account for their effects even when exposed to
sub-concentrations. Furthermore, most studies have been conducted
at phenotypic end-points mostly in synthetic exposure media, and
this limitation is attributed to lack of standardised protocols and
techniques for nanotoxicity studies. Hence, use of proteomic analysis
can provide additional information at molecular level. Studies have
shown that proteomic approaches can reveal key molecular pathways
associated with ENPs adverse outcomes. In addition, proteomic
analysis using both gel- and mass spectrometry-based approaches
can reveal potential mechanisms, unlike in the case of conventional
testing methods [182]. The physicochemical characteristics of ENPs
and environmental factors can influence the transport and toxicity of
ENPs in the aquatic environments, however, from the reviewed studies

herein only handful attempts were made to correlate these properties
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with the observed biological effects. Hence, studies on the influence
of ENPs inherent physicochemical properties and media properties
on the toxicity of ENPs at proteome level are recommended as is part
of ‘omics’ essential to understand at molecular level the basis of the
observed toxicity.

Since aquatic organisms alter their protein expression level in
response to nanotoxicity in an attempt to maintain cellular home-
ostasis; proteomics therefore offers a pathway to bridge knowledge
gaps and accelerate an understanding of protein-ENPs interactions in
the aquatic organisms. However, existing proteomics techniques may
require modifications to enhance their suitability to detect and moni-
tor effects induced by of ENPs to aquatic organisms especially arising
from challenges linked to complex exposure media properties.

Therefore, here we outline recommendations to enhance genera-
tion of proteomics data to improve modelling of ENPs hazards in the
aquatic environmental systems in pursuit to balance societal bene-
fits of nanotechnology, and undesirable ecological implications. These

includes:

(1) Need for long-term studies using proteomics to understand the
ENPs-proteins interactions in different environmental matrixes
(e.g., dam, lakes, rivers), and at realistic exposure concentrations as
well as potential trans-generational effects. This could aid in better
understanding the basis of ENPs toxicity to aquatic systems.

(2) Influence of both inherent ENPs physicochemical properties and
exposure media chemistry to the processes such as ENPs trans-
formation, aging, and concomitant influence on nanoecotoxicity
especially in endeavour to develop proteomic-based biomarkers.

(3) Identify best possible approaches that could be coupled with
proteomics techniques to complement its shortcomings. For exam-
ple, because proteomics generate large volumes of data that is
often difficult to analyse, bioinformatics can be applied to anal-
yse the data. Researchers could focus more on identifying other
techniques that can be coupled with proteomics to advance the
field of nanotoxicology, or better still, find ways of overcom-
ing shortcomings brought about by proteomics and increase its
sensitivity.

(4) To better improve the use of proteomics in elucidating the toxicity
of ENPs in aquatic organisms, we would require development of
testing and standardized protocols. Therefore, we propose the use
of green synthesis of ENPs, and their interactions with proteins to
establish a base line for use as reference for other forms of ENPs.
Such approach could aid to model the ENPs-proteins interactions
in the environment. Unlike, chemical and physical ENPs synthe-
sis methods, biosynthesized nanoparticles are environmentally
friendly.

(5) At present, reported ENPs-proteins interactions are mostly in
vitro, and the effect of co-contaminants are not considered. Hence,
there is need to apply the proteomic techniques where mixtures of
ENPs as well as with other non-ENPs contaminants are taken into
account as that is more likely scenario in the actual environmental

systems.
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