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Abstract

Multiwalled carbon nanotubes (MWCNTSs) are among the nanomaterials earmarked for water purification, yet they
have been reported to cause toxicity in fresh water species. This study was conducted to investigate the histopathological
and physiological effects of MWCNTSs in freshwater fish (Poecilia reticulata). Literature reports that physicochemical
properties of MWCNTSs could be linked to their toxicological effects, hence the MWCNTs used in this study were
characterized prior to (for physical and chemical properties) and during testing (for chemical interactions). Fourier
transmission infra-red spectroscopy (FT-IR) revealed additional functional groups in oxidized multiwalled carbon
nanotubes (0-MWCNTSs) that were absent in the pristine multiwalled carbon nanotubes (p-MWCNTSs). Transmission
electron microscopy (TEM) and energy dispersive X-ray (EDX) also revealed amorphous carbon and residual Fe catalyst
only in p-MWCNTSs. The fish were exposed for 96 h in suspensions of p-MWCNTs and o-MWCNTs prepared by
sonicating in moderately hard reconstituted water to test toxicity. Zeta potential measurements revealed an impartation
of a negative charge onto MWCNT surfaces by HA, whilst hydrodynamic size measurements revealed aggregation/
disaggregation occurring alternately over the 96-h exposure time. Apart from only fish hyperactivity, no mortality was
observed for 96-h acute tests for up to 300 mg/L MWCNT concentration. Histopathology revealed that MWCNTs
aggregates were deposited mainly in the gut where they caused inflammation, hemorrhaging and oedema which
were characterized by fragmented fibrin. Cell lyses also occurred in o-MWCNT exposed fish as evidenced by nuclei
clusters among o-MWCNT aggregates. Statistical analysis by 2-way ANOVA followed by Bonferroni posttests showed
that significant (p<0.05) reactive oxygen species (ROS) was induced as indicated by depleted antioxidant capacity
(TCA), superoxide dismutase (SOD), lipid peroxidase (MDA) and protein carbonyl (PC) content between 3.25 and 15.0
mg/L of MWCNTSs. These effects were attributed to the MWCNTSs’ physicochemical properties as predetermined by
functionalization (acid oxidation). The obtained results indicate that indeed MWCNTSs cause toxic effects in freshwater

fish, and although depuration was evident, there is a risk of MWCNT trophic transfer to fish eaters.
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Introduction

In recent years, nanotechnology has attracted a lot of attention
because of the increasing human ability to synthesize and manipulate
nanomaterials. Due to the potential of this technology there has been a
worldwide increase in investment in its research and development [1].
Among other needs, there is a rising demand for clean water, on our
planet which has been brought about by prolonged droughts, population
boom, strict health-based regulations and competitive demand from
different users [2,3]. New advances in water treatment suggest that
many of the issues involving water quality could be resolved or greatly
improved by using nanoproducts [4,5]. Carbon nanotubes (CNTs) are
among the nanomaterials that have attracted the greatest attention with
regards to the water problem [6]. Among the well-known CNTs in this
class are multiwalled carbon nanotubes (MWCNTs). Although to date the
knowledge about their transport, environmental fate, and toxicity is on
the rise than ever before, their toxicity and mechanisms are still not fully
understood. On the hand, toxic effects of some CBNs have been reported
in early toxicity studies even though most of the data in these reports are
conflicting and the debate on testing methods is on-going, yet on the other
hand, forecasted huge increase in manufacture and use of nanomaterials
makes it likely that increased environmental exposure to them will occur.

Freshwater organisms, such as fish, are particularly at risks as
they could be exposed to nanomaterials via municipal and industrial
wastewaters and wearing out of nano-products [7]. Nanomaterial
persistence, inertness and interaction with living organisms govern
their toxic properties which in turn depend on their physicochemical

properties [8,9]. Physicochemical properties such as concentration, size,
surface characteristics, and aggregative propensities of nanomaterials
are known to impact their aquatic toxicity because they influence
the capability of aquatic organisms to absorb them (bioavailability)
[10,11]. Fish are known to accumulate nanoparticles mainly in the gut
[12,13]; it has been demonstrated that fish gills are sensitive to single-
walled carbon nanotubes (SWCNTSs) [14] and that their adsorption
and attachment onto the cell surface compromise cellular integrity
and function. Multiwalled carbon nanotubes (MWCNTSs) are another
class of carbon-based nanomaterials (CBNs) just like SWCNTs, hence
may also be bioavailable to fish and other aquatic vertebrates as they
could be taken up via gills and mouth [15,16]. Due to these factors, the
concept of intrinsic toxicity of manufactured nanomaterials needs to
be linked with measurements in field or simulated field media.

In recent years, environmental risks associated with CBNs have
been evaluated using aquatic toxicology [17,18] which is a tool that
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measures acute lethality and sub-lethal toxicity [19]. There is therefore,
the need to elucidate the link between physicochemical properties
with observed toxicological effects of CBNs to freshwater species at
acute and sub-lethal concentrations. Normally, acute toxicity reports
the lethal concentrations at different population levels that is 50%
(LC,)) or 20% (LC,) of the population, whereby mortality, growth
or reproduction is the end point. Acute toxicity results usually help
in designing sub-lethal toxicity tests which are aimed at determining
the mechanisms of toxicity [20]. Some CBN mechanisms of toxicity
point to cellular membrane damage through the generation of reactive
oxygen species (ROS) which may lead to lipid peroxidation, damage
of proteins, and nucleic acids [21]. In vivo toxicity response depends
on the degree of alterations of the nanomaterial’s structure, such as in
functionalization of the nanomaterial [22] performed according to the
purpose of application. These very properties that give nanomaterials
such commercial promise, which include small size, very high surface
area to mass ratio, and high chemical reactivity, may also result in
greater toxicity than their bulky counterparts [23]. This is because
the resultant nanomaterials can penetrate an organism’s body via
various routes and could persist in the system due to the incapacity of
macrophages to phagocytize them [24], hence researchers are in the
quest to determine the underlying mechanisms of toxicity.

Histology, originally used in evaluating the degree of pollution
effects [25], is yet another tool that is becoming another way of
assessing nanomaterial environmental risks. In vivo studies that map
localization of CBNs and with those that have reported mechanisms of
their toxicity and reconciled them with mechanisms of toxicity are still
very few. Therefore, in order to contribute to the body of knowledge,
the present study reports the effects of physicochemical properties of
synthesized pristine (p-) and acid oxidized (0-) MWCNTSs on 96-h
acute and sub- lethal toxicity tests on juvenile fish (Poecilia reticulata).
Haematoxylin & Eosin (H&E) staining and light microscopy helped
identify MWCNT target organs following MWCNT ingestion. The
MWCNTSs were suspended in moderately hard reconstituted water with
5 mg/L HA to mimic some natural freshwater environment at which
MWCNT hydrodynamic size and surface charge were monitored over
the 96-h acute toxicity exposure period. Besides the fact that fish are
part of the standard protocol recommended by OECD as USEPA [20]
they were chosen as a test organism in this study because their position
in the trophic hierarchy signifies that their level of health can indicate
the health of other organisms in the ecosystem.

Materials and Methods
Synthesis and characterization

The MWCNTs investigated in the present study were synthesized
in our laboratories using the nebulised spray pyrolysis (NSP) method
as described by Vivekchand et al. [26] and Salipira et al. [27]. Pristine
MWCNTs (p-MWCNTs) were the HCl-washed as- prepared form
which had been rinsed in several washes with deionised water until a
neutral pH was achieved. A portion of these was oxidised by refluxing
in 1:3 H,SO_HNO, for 24 h in order to generate o-MWCNTs. The
p-MWCNTSs and o-MWCNTs were characterized for their: bands that
proved their successful synthesis (Raman spectroscopy, Perkin Elmer
Raman nicroscope, RamanMicro 200), shape (A JEOL 100S and Tecnai
G2 Spirit transmission electron microscope (TEM)), purity (Energy
Dispersive X-ray (EDX) spectroscopy), successful functionalization of
p-MWCNTs to o-MWCNTs (Fourier transmission infrared (FTIR),
Perkin Elmer Spectrum 100 FTIR spectrometer) prior to the toxicity
studies [28]. The characterization techniques gave an insight to the
physical properties and chemical composition of the MWCNTs.

Poecilia reticulata (fish) toxicity tests

Fish handling upon delivery: The fish used were sourced from a
local supplier at Kirsten Aquaculture in Modimolle, South Africa. Prior
to fish fry delivery, reconstituted moderately hard water was prepared
using NaHCO, (96 mg/L), KCl (4 mg/L), MgSO, 7H,0 (60 mg/L), and
CaSO,.H,0 (60 mg/L), with an overall alkalinity of > 57 - in accordance
with the Guideline 202 of Organization for Economic Cooperation and
Development (OECD) [29]. The prepared reconstituted moderately
hard water was placed in two 8 L glass aquariums and aerated for
24 h prior to use so as to maintain dissolved oxygen at >80%. The
aquariums were kept in an environmentally controlled room at a
constant temperature of 22 + 1°C with 16 h light and 8 h dark periods.
The fish were delivered in plastic-bagged media, hence upon delivery,
in the bags they came in; they were placed in the prepared aquariums
for 2 h of acclimatization. After the 2 h the fish were gently let out of the
bags to swim freely in the aquariums. The aquariums were kept in an
environmentally controlled room at a constant temperature of 22 + 1°C
with 16 h light and 8 h dark periods until their ripe age of 14-17 days
after which they were used in the static non- renewal 96-h acute and
sub-lethal exposure tests. The fish were maintained by feeding them
commercial fish food which was not given 48 h before the tests. The
toxicity tests were carried out following OECD guidelines 203 [30] with
in-house adjustments customised to cater for MWCNT aggregative
propensity, dark colour of the, as well as the objectives of the study.
Surplus and older fish were surrendered to in-house fish husbandry at
the University of Johannesburg.

Fish 96-h acute lethality test: Poecilia reticulata (fish) exposed to
5 concentrations of serially diluted p-MWCNTSs and o- MWCNTs of
between 15 mg/L, 30 mg/L, 75 mg/L, 150 mg/L, 300 mg/L prepared by
sonicating in moderately hard reconstituted water prepared in Milli-Q
water in the presence of 5 mg/L humic acid (HA) to mimic natural
freshwater. Three negative controls (without MWCNTs) were included
together with 3 positive controls of 100 mg/L potassium dichromate
(K,Cr,0.). The tests were set up in triplicates, with 5 neonates in each of
the three 600 mL beakers with 400 mL MWCNT suspensions. Three 600
mL beakers were set for negative controls and contained only dilution
water without MWCNTs. Dissolved oxygen (DO) was maintained at
more than 80% and conductivity at <10 pS/cm at the beginning of the
test. The tests were run at pH 7.4 and 22 + 1°C temperature with light
and dark cycles of 16:8 h for the duration of the 96 h. These toxicity
tests resulted in no mortality for the set time for all the concentrations.
However, any abnormal fish behaviour was noted and the 30 mg/L
MWCNT tests were nominally chosen and saved for histology.

Fish tests for biomarker assays (sub-lethal tests): For these tests
it was decided that the MWCNT concentrations are brought down to
concentrations that would aggregate/settle-out less and also not cause
the hyperactivity observed in the acute lethality tests. Similar to the
acute lethality tests, in the sub-lethal tests MWCNTSs were sonicated in
moderately hard water to constitute 0.83 mg/L, 1.63 mg/L, 3.25 mg/L,
7.5 mg/L, and 15 mg/L in the presence of 5 mg/L humic acid (HA) to
mimic some natural freshwaters. The tests were run in triplicates set
up with 7 neonates (enough for biomarker work) for each treatment
concentration, in 600 mL beakers with 400 mL MWCNT suspensions.
Negative and positive controls, pH, conductivity, DO, temperature,
and light and dark cycles were set up as in acute lethality tests.

Hydrodynamic size and surface charge of 30 mg/L MWCNT
suspensions: Aggregate size, usually measured as the hydrodynamic
size, has been linked to aggravated toxicity of nanomaterials and
nanoparticles; hence it was monitored throughout the 96-h period of
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the acute lethality test. Hydrodynamic size and surface charge were
measured together with surface charge, measured as zeta potential
({-potential), using a Malvern ZetaSizer, Nano series, NanoZS. Since
histopathological examination was performed on fish suspended in 30
mg/L MWCNT suspensions it is the results of the hydrodynamic sizes
at this concentration that are reported herein.

Histopathology of whole juvenile fish exposed at 30 mg/L
MWCNT suspensions: Histology was conducted to determine
localization and physiological effects of p-MWCNTs and o-MWCNT's
in the Poecilia reticulata. At the end of the 96-h exposure, fish exposed
to the acute lethality concentration of 30 mg/L MWCNT suspensions
were collected, anesthetized and sacrificed before fixing in Bouin’s
solution and over 24 h in 50 ml screw-cap glass vials. The fixative
used was predetermined as 50 ml for every 5 fish fry to satisfy the 10:1
ratio pre- condition. Bouin’s solution decalcifies bone adequately to
minimize sectioning artefacts, and enhance staining [31]. Then, the
fish samples were removed from the Bouin’s solution and washed
with tap water and dehydrated in different grades of alcohols. They were
then cleared in xylene and embedded in paraffin wax and shaped into
blocks. Thin sections of 5 um were cut out from the blocks, and placed
on microscope slides before staining with haematoxylin (H) and eosin (E)
[32]. The obtained sections were viewed under a Zeiss light microscope.

Fish biomarker assays: The sub-lethal MWCNT-exposed juvenile
fish were collected and sacrificed for determination of Hydrogen
peroxide (H,O,) content (mM), superoxide dismutase (SOD) content
(U/mg protein) content using a Sigma Aldrich kit, Total Antioxidant
Capacity (TAC) in mM using a Cell Biolabs’ OxiSelect™ Kkit,
Malondaldehyde (MDA) content in nmol/mg protein using a Sigma
Aldrich kit, and Protein Carbonyl (PC) content (nmol/mg protein)
also with a kit from Sigma Aldrich. Protein content was determined on
the sample supernatants (in mg/L) according to Bradford [33] and the
obtained protein results were used to quantify the biomarkers. Whole
fish specimens of 0.1 g (7 neonates) were initially homogenized in ice-
cold 0.1 M phosphate buffered saline (PBS) at pH 7.4 using a metallic
homogenizer immersed in an ice bath to obtain a 10% homogenate
which was then centrifuged at 3000 rpm for 10 min at 4°C. For future
biomarker analysis, the resultant supernatants were collected and
snap frozen at -80°C in Eppendorf tubes labelled according to the
MWCNT exposure suspensions from which the fish were taken were.
For immediate biomarker determination, cold (4°C) 100 pL aliquots
of the supernatants of the centrifuged samples were transferred into new
Eppendorf tubes with corresponding labels and diluted with 1 mL Milli-Q
water - these were the final aliquots used in the biomarker analysis which
were determined using protocols that the kit suppliers provided.

Statistical analysis: GraphPad Prism, Version 5 was used to
analyse the biomarker data. All results are presented as the mean values
and standard errors of the mean in 3 replicates of each treatment. Data
was subjected to two-way analysis of variance (ANOVA) followed by
Bonferroni post-tests following the procedure in GraphPad Prism,
Version 5. The confidence interval used was p<0.05. The Bonferroni
posttests tested if: (i) MWCNT type (i.e., p-MWCNTs or o-MWCNTs)
has the same effect at all values of MWCNT concentrations
(interactions), (ii) MWCNT type (i.e., p-MWCNTSs or o-MWCNTs)
affects toxicity, and (iii) MWCNT concentration affects toxicity.

Results

Characterization results

MWCNT morphology and purity: The EDX and TEM show
that there was residual Fe catalyst and amorphous carbon in the p-

MWCNTs (Figure la and b), very little amorphous carbon and no
residual Fe catalyst was found in 0o-MWCNTs as revealed by TEM
(Figure 1c) and EDX (Figure 1d). Also, revealed by TEM was the
high agglomerative behaviour in p-MWCNTs (Figure la) compared
to 0- MWCNTs. Oxygen was also revealed by EDX (Figure 1d) on
0-MWCNTs, which was as a result of the functionalization process.

MWCNT evidence of functionalization: The prominent Raman
features in MWCNTs (Figure 2a) observed were D (disordered) and G
(graphite) bands. The D-band was observed at near 1300 cm™, whilst
the G-band appeared around 1600 cm™ [34]. Functionalization success
was confirmed by functional groups revealed by FT-IR (Figure 2b).
These were;—~C=0 (1702 cm™), -OH (1364 cm™!) and -C-O (1202 cm”
1), corresponding to ~-OH, -C=0 and -C-O stretching vibrations of
carboxylic groups (-COOH).

Hydrodynamic size and surface charge of 30 mg/L MWCNT
suspensions: Surface charge ({-potential) and average mean aggregate
size changes of p-MWCNT and o- MWCNT over the 96-h exposure
period are presented in Figure 3. The results indicate an impartation of
a negative charge by HA onto the MWCNT surface which is indicated
by an increase in negative {-potential. The {-potential of p-MWCNT's
without HA was 0.0 mV with an average mean aggregates of size >500
nm (Figure 3a), whilst o-MWCNT recorded an average aggregate size
of <400 nm and a {-potential of -3.3 mV (Figure 3b). The introduction
of 5 mg/L HA imparted negative charge which led to reduced mean
aggregate sizes for both p-MWCNTSs and o-MWCNTs over the 96 h
period even though aggregation/disaggregation still occurred.

Fish acute lethality tests: Due to the absence of mortality
and pronounced aggregation of p-MWCNTs and settling-out
of solution of o-MWCNTs the lethality concentration to 50% of
the fish population (LC,)) could not be quantified of at the tested
concentrations. Pronounced aggregation and settling- out as the
MWCNT concentrations were increased posed a problem of reporting
inaccurate concentrations for the observed effects. However, the fish
were observed to spend more time at the bottom of the beakers at the
beginning of the tests and became hyperactive and restless after the first
24 h while by the end of the 96-h exposure period those exposed at 300
mg/L MWCNTs had begun to slow down. The MWCNT aggregates
were also seen adhering onto the skin of the fish.

Histopathology of whole juvenile fish exposed at 30 mg/L
MWCNT suspensions: The prepared slides revealed the areas
of localization (Figures 4a and b). The peritoneum near the liver
is magnified for clarity in Figure 4c. Also, the slides indicate the
aggregative patterns of the p-MWCNTs inside the fish intestines are
magnified in Figures 4d and 4e where it can be seen that the p-MWCNT
aggregates caused inflammation of the mucosa layer. Epithelial damage
and haemorrhaging inside the intestines were observed and evidenced
by the eosinophilic polymerised fibrin sheets and fragments — which
appear red amongst the aggregates - adhering onto the tissues -
characteristic of inflammatory response. Haemorrhaging was likely due
to mechanical abrasion and the 30 mg/L p-MWCNTs. Also, depurated
p-MWCNTs through the fish’s cloacae (Figure 4f) were observed to
be bearing some fibrin. The dark marks surrounding the gonads are
haematoxylin staining artefacts and not MWCNTs.

Aggregates of o-MWCNTs were also found in the fish’s gut as
presented in Figure 5a. Also worth noting were clusters of nuclei
(stained blue) - a feature that was less pronounced in p- MWCNT
sections (Figure 5b). The nuclei clusters signify cell lyses. The pink
dots circled in Figure 5b were staining artefacts and not MWCNT
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Figure 1: (a) TEM showing highly agglomerated p-MWCNTs with impurities (b) EDX for p-MWCNTSs showing a Fe peak for residual catalyst in the impurities. (c) TEM
showing less agglomerated o-MWCNT clean tubes and (d) EDX for o-MWCNTSs with no trace of residual Fe catalyst.
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Figure 2: (a) Raman spectroscopy showing the typical MWCNT D- and G- bands. (b) FT- IR for p-MWCNTs and o-MWCNTSs shows the major peaks on the MWCNTSs.
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Figure 3: Coloured square marks represent surface charge and hydrodynamic size measurements of 30 mg/L (a) represent p-MWCNTSs, and (b) o-MWCNTSs,

suspended in moderately hard water in the presence of 5 mg/L HA over a 96 h period. In both (a) and (b) black square marks represent hydrodynamic size of the
respective MWCNTSs suspended without HA.
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effects. This indicates that in addition to inflammation, oedema, and
haemorrhaging also occurred in fish exposed to o-MWCNTs. Just as
p-MWCNTs, the o-MWCNTs also caused inflammation and oedema
in the intestinal walls and clumps of nuclei were observed among
0-MWCNT aggregates (Figure 5c¢ and 5d) and polymerised fibrin
appeared fragments among the aggregates.

Fish biomarker assays: Hydrogen peroxide (H,0,) was evidently
present in significant (p<0.05 at 95% CI) amounts at MWCNT
concentrations of 3.75 - 15.0 mg/L (Figure 6a). However, there was
no statistically significant difference in the amounts of H,O, produced
by either p-MWCNTs or o-MWCNTs at each exposure concentration.

Thesametrend wasobservedwithSOD (Figure 6b). Totalantioxidant
capacity revealed that the defence system was under significant stress
at MWCNT concentrations of 3.75 to15.0 mg/L (Figure 6¢). Evidence
of degradation of lipids was observed whereby p-MWCNTSs and o-
MWCNTs did not show statistically significant differences in the MDA
content (Figure 6d). Furthermore, biomacromolecular degradation
was observed with protein carbonylation (PC) in Figure 6e. Statistically
significant PC content was observed in the presence of 3.75 to 15.0
mg/L MWCNT concentrations.

Discussion

Since MWCNT type (p-MWCNTs and o-MWCNTSs) were
obtained through functionalization (acid oxidation), this property
dictates the differences in physicochemical properties of the MWCNTs:
the uptake of nanoparticles is determined by their bioavailability
which is influenced by their physicochemical properties and exposure
medium chemical matrix. Since nanoparticles have been reported
to exhibit different hydrodynamic sizes under the influence of the
chemical matrix of the suspending medium [35], for the present study
we therefore hypothesize that the aggregation/disaggregation process
resulted from the ionic species in the moderately hard reconstituted
water used, largely driven by the presence of HA and physicochemical
properties of the MWCNTs (Figure 3). What was observed in the
present study was a sharp decrease in mean aggregate sizes for both
Pp-MWCNTSs and o-MWCNTs in the presence of HA. Also, {-potential
measurements revealed evidence of negative charge impartation by
HA onto the MWCNTSs which resulted in repulsive forces that kept the
particles apart — a phenomenon that favoured their bioavailability [36].
Even in the presence of HA the aggregation/disaggregation process
still occurred throughout the exposure period, though the aggregates
formed were much smaller than those in the absence of HA. Literature
reports cite stability of nanoparticles in the presence of humic
substances (Figure 3). Stable nanoparticles are known to be more bio-
available, but even ones that settle out of the suspending media are
bio-available, especially to pelagic organisms that also exhibit a benthic
lifestyle such as fish; fish were seen spending more time at the bottom
of the beakers at the beginning of the tests, which exposed them more
too settled-out o-MWCNTs.

It has been reported in literature that fish imbibes suspended
water through stress-induced drinking [37] which may result in
increased pollutant uptake. When fish are exposed to nanomaterials
in water, the gut and skin become the main target organs [38]. It is
hypothesised that such an occurrence happened with the fish exposed
to the MWCNTs, which explains the observed hyperactivity of the fish
in the acute toxicity tests. The hyperactivity can be associated to the
skin and intestinal irritations resulting from direct contact with the
MWCNTs (Figures 4 and 5). Hyperactive behaviour in older fish has
been previously reported as a behavioural change presumably resulting

from mechanistic damage to nerves or brain and neurotoxicity [14].
In the present study, events that are likely to have led to the observed
behavioural changes in the exposed fish were evident; Inflammation
caused by p-MWCNT and o-MWCNT aggregates along the fish’s gut
presented in Figures 4 and 5 resulted in the haemorrhaging of intestinal
walls as outlined by Mumford et al. [39]. Also, nuclei, stained blue by
haematoxylin in Figure 5d and 3 haemorrhaging, as evidenced by
the presence of fibrin fragments, in o-MWCNT-exposed fish gut due
to the abundance of -COOH groups introduced by acid oxidation
in 0-MWCNTs as revealed by FT-IR in Figure 2b, coupled with the
mechanical abrasion caused by churning of the intestinal walls when
peristaltic movements occurred during digestion [40]. In p-MWCNT-
exposed fish, haemorrhaging resulted from high aggregative
propensity, hydrophobicity (signified by its pronounced agglomerative
behaviour) as well as the amorphous carbon revealed by TEM (Figure
la). Therefore, the observed gut damage by the MWCNTSs was due
to their adhesive and abrasive nature, surface charges, functional
groups and hydrophobicity which made them highly affinitive for
the mucous membranes of the intestinal walls [41,42]. Degeneration
of the mucosa and necrosis are known to lead to permeability and
absorption of substances mediated through them [43,44]. Mammalian
gastrointestinal degradation by nanomaterials has been reported
in literature [45]. Velmurugan et al. reported oedema, necrosis and
atrophy of epithelial cells in fish intestines by monocrotophos, an
organic pesticide [46], which is likely to have occurred in the present
study, hence the clumps of nuclei among o-MWCNT aggregates in
Figure 5d.

The specific affinity of the fibrin to the MWCNT aggregates
observed in Figures 4 and 5 could be explained by chemical signals
that result in rapid vasodilation and increased vascular permeability
and protein rich fluid exudates that bathe injured and inflamed
areas following injury [39]. The secreted fluid contains, among other
components, eosinophilic fibrin, which in its polymerized form
histologically appears as sheets or strands [39] as seen in Figures 4 and
5.In a study similar to the present, Smith and colleagues demonstrated
CNT’s affinity for mucous membranes in gill surfaces of fish [14]. In
another study by Fraser et al. SWCNTs on juvenile rainbow trout,
Onchorhychus mykiss, revealed a dose-dependent accumulation of
the SWCNTSs aggregated with gill mucous which increased mucous
secretion, oedema, altered mucocytes and hyperplasia [47]. In a more
recent study similar to the present, Bisesi et al. histologically showed
that SWCNTs sloughed off gastrointestinal epithelial wall of the fish
Pimephales promelas [48]. Such effects on intestinal walls could result
to permanent ulceration and compromised nutrient absorption which
may eventually kill the fish. Moreover, ulceration of the gut walls could
make membranes susceptible to penetration of other xenobiotics which
may be present in the water [49,50]. In the worst case scenario cancer
could be caused, especially if cell defence mechanisms which scavenge
free radicals become greatly compromised.

A balance between free radical production/scavenging and repair
of damaged tissues exists in organisms that are not overwhelmed by
oxidative stress [51]. The measured biomarker assays in the present
study indicated that the MWCNT effects were dose-dependent [52].
Levels of H,0, (Figure 6a) were elevated with increase in concentration.
Total antioxidant capacity (Figure 6¢) trend was observed to decrease
with increase in MWCNT concentration, signifying a defence
mechanism competent in curbing oxidative stress at lower MWCNT
concentrations (<3.25 mg/L), but compromised as concentration
increased (= 3.5 mg/L). This was also confirmed by a dose-dependent
increased SOD (Figure 6b) alongside H,O,. A decrease in SOD is an
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Figure 4: H&E stained slides; (a) p-MWCNTSs in P. reticulata, (b) magnified organs, (c) peritoneum near the liver with p-MWCNT deposits which must have been
transferred during sectioning. (d) & (e) Eosinophilic polymerized fibrin (red) among p-MWCNTSs in gut. Blue arrows in (d) show evidence of a sloughed off epithelial
wall, whilst black arrows show red stained fibrin sheets. (f) Depuration of fibrin-bearing p-MWCNT aggregates through the cloacae.

=~ g / p s X .
Figure 5: H&E stained slides (a) and (b) mapping areas of o-MWCNT aggregate in P. reticulata. (c) o-MWCNTSs aggregates in the fish’s gut and the evidence of

inflammation and haemorrhaging caused on the intestinal walls signified by the red coloured fibrin among the o-MWCNT aggregates. (d) Clusters of nuclei seen
stained blue shown with black arrows among the aggregates, whilst blue arrows point at sloughed off epithelial wall.
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Figure 6: Results of (a) H,0, content, (b) SOD (c) TAC, (d) MDA content and (e) PC content in the P. reticulata exposed for 96 h to p-MWCNTs and o-MWCNTSs.
The asterisk (*) indicates MWCNT exposure concentrations that resulted to statistically significant difference (p<0.05) MDA content from the control. The error bars
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indication of loss in compensatory mechanisms that curb the effects
of reactive oxygen species (ROS) [53,54]. Smith et al. in their study
also observed induced ROS in the form of elevated Na*/K* ATPase in
gills and intestines due to SWCNT localization [14]. While an increase
of antioxidants is an indication of a competent system in warding
off effects of xenobiotics, a depletion on the other hand is a sign of
an overwhelmed system that may compromise biomacromolecules,
such as lipids and proteins, and consequently affect cellular integrity
[55,56]. Significant (p<0.05) lipid peroxidation was observed at 3.25
mg/L of MWCNTs. Lipid peroxidation (Figure 6d) and protein
oxidation (Figure 6e) also exhibited dose-dependent characteristics
linked to the elevated H,O, at MWCNT concentrations > 3.25 mg/L.
Zhu et al. also reported pericardial oedema to embryos exposed to
fullerenes and fullerol [57] which were alleviated by addition of GSH,

thus suggesting free radical generated toxicity. It is also important to
note that in their study Zhu et al. the dispersants were benzene, THF,
and acetone. A considerable number of pioneering toxicity studies in
reported literature, though they shed light on the toxic effects of CBNs,
have used some form of dispersant in order to prepare stable CBNs for
the purposes of in vivo studies, thus making it difficult to acquire clear
information and draw commonalities.

Conclusions

Although aggregation of MWCNTs alternately occurred with
disaggregation, the hydrodynamic sizes fell well within ingestible
particle sizes. The presence of HA resulted in negative MWCNT
surface charges. Histology and light microscopy revealed that the
ingested p-MWCNTs and o-MWCNTSs were deposited in the gut of
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the Poecilia reticulata and were not found in any other major organs.
The results revealed a particularly increased affinity of p- MWCNTS’
for biological membranes (gut wall) compared to o-MWCNTs.
Moreover, p- MWCNTs formed larger aggregates inside the fish gut
than did p-MWCNT suspensions. This showed that hydrophobicity,
a pronounced physicochemical property in p-MWCNTs, in the fish
gut was not counteracted by the presence HA. Functionalization
caused marked differences in the acute lethality tests since in addition
to the inflammation and sloughing-off of the epithelial wall caused
by both MWCNTSs, 0o-MWCNTs further caused haemorrhaging of
the intestinal walls which was evidenced by the presence of multiple
nuclei among its aggregates. However, statistics revealed no significant
differences in toxicities between the two MWCNTs at the measured
sub-lethal concentrations. These irritations are likely to have been the
cause of the observed abnormal behavioral changes in the fish in the
acute lethality tests. It is therefore, concluded that MWCNTSs are a
gut irritant in juvenile fish which cause oxidative stress that adversely
affects enzymatic activity, lipid peroxidation and carbonylation of
proteins. The observed toxicity effects in this study raise concerns with
regards to fish feeding organisms such as humans and birds. Therefore,
protective majors have to be applied by industries manufacturing
carbon nanomaterial products for use in the aquatic environment as
they display a potential for excessive damage to the gut.
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