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Abstract

We have previously demonstrated that there is a relationship between the aspect ratio (AR) of
CeO, nanoparticles and in vitro hazard potential. CeO, nanorods with AR = 22 induced lysosomal
damage and progressive effects on IL-1p production and cytotoxicity in the human myeloid cell
line, THP-1. In order to determine whether this toxicological paradigm for long aspect ratio (LAR)
CeO,, is also relevant in vivo, we performed comparative studies in the mouse lung and
gastrointestinal tract (GIT) of zebrafish larvae. Although oropharyngeal aspiration could induce
acute lung inflammation for CeO, nanospheres and nanorods, only the nanorods with the highest
AR (C5) induced significant IL-1p and TGF-B1 production in the bronchoalveolar lavage fluid
(BALF) at 21 days but not inducing pulmonary fibrosis. However, after a longer duration (44
days) exposure to 4 mg/kg of the C5 nanorods, more collagen production was seen with CeO,

"Corresponding Author: Andre Nel, M.D., Department of Medicine, Division of NanoMedicine, UCLA School of Medicine, 52-175

%HS, 10833 Le Conte Ave, Los Angeles, CA 90095-1680. Tel: (310) 825-6620, Fax: (310) 206-8107, anel@mednet.ucla.edu.
Contribute equally

Supporting Information Available

Additional figures on the IL-1f production by THP1 and bone marrow derived macrophages (BMDM) after exposure to CeO2

nanoparticles, H&E stained lung section from mice exposed to CeO2 for 40 h, Masson’s Trichrome stained lung section from mice

exposed to CeO2 for 21 days, representative microscopic images of zebrafish larvae in control and CeO2 exposed groups,

representative TEM images of the pseudo-feces containing CeO2 nanospheres (C1) and nanorods (C5), and representative TEM

images showing the interaction of C5 with microvilli in the gastrointestinal tract of zebrafish larvae. This material is available free of

charge via the Internet at http://pubs.acs.org.


http://pubs.acs.org

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Linetal.

Keywords

Page 2

nanorods vs. nanospheres after correcting for Ce lung burden. Using an oral-exposure model in
zebrafish larvae, we demonstrated that C5 nanorods also induced significant growth inhibition, a
decrease in body weight, and delayed vertebral calcification. In contrast, CeO, nanospheres and
shorter nanorods had no effect. Histological and transmission electron microscopy (TEM)
analyses showed that the key injury mechanism of C5 was in the epithelial lining of the GIT,
which demonstrated blunted microvilli and compromised digestive function. All considered, these
data demonstrate that, similar to cellular studies, LAR CeQO, nanorods exhibit more toxicity in the
lung and GIT, which could be relevant to inhalation and environmental hazard potential.

CeO5 nanoparticle; long aspect ratio; hazard potential; mouse lung; zebrafish gastrointestinal tract

Long aspect ratio (LAR) nanomaterials are increasingly being used in semiconductors,
catalysts, microelectromechanical systems, food packaging and biomedicine because of the
acquisition of unique physicochemical properties.1® Because increased industrial use also
raises the chances of human and environmental exposure, we have recently constructed a
CeO5 nanoparticle library in which the AR of the nanoparticles ranged from 1 (nanospheres)
to >100 (nanorods).6 CeO, is important because of its widespread use in fuel additives,
polishing materials, energy production and biomedical applications.”8 In addition, more
attention is paid to one-dimensional CeO, nanostructures like nanorods, nanowires, and
nanotubes due to their high redox and catalytic activities. In a recent study, synthesis of
CeO5 nanoparticles with various shapes (nanopolyhedra, nanorods, and nanocubes) has
demonstrated that nanorods exhibited the highest oxygen-storage capacity.® In another
study, Zhou et al. showed the superior reduction capabilities of CeO, nanotubes compared
to the conventional nanoparticles.1% Using a human myeloid cell line, THP-1, we showed
that CeO, nanorods with an AR = 22 can induce a progressive increase in IL-1p production
by generating lysosomal damage and assembly of the NLRP3 inflammasome.® By contrast,
CeO, nanospheres and shorter nanorods did not show any significant toxicity. A key
question therefore becomes whether the AR of CeO» could also impact this material’s in
vivo hazard potential. An important target organ is the lung, because of the dispersive nature
of these materials, including a recent demonstration that CeO, nanoparticles exhibit the
potential to induce pulmonary fibrosis.”- 11 Moreover, it is also important to consider the
environmental impact of LAR materials, towards which we use zebrafish embryos and
larvae as a model for studying the toxicity of oxide nanoparticles.12-14

The rodent lung is frequently used to assess the hazard potential of respirable engineered
nanomaterials (ENM), including LAR materials such as TiO, nanobelts, single-wall
(SWCNT) and multi-wall carbon nanotubes (MWCNTSs).15-19 Collectively, these studies
show that LAR materials are capable of inducing acute neutrophilic as well as subchronic
granulomatous inflammation, leading to pulmonary fibrosis.18-20 One of the mechanisms by
which LAR materials induce subchronic lung injury is triggering of frustrated phagocytosis
in macrophages, which may fail to digest bio-persistent fibers more than 15 pm in length.2
At this length scale, materials such as asbestos fibers are capable of piercing the surface
membrane of the phagocyte, leading to leakage of highly inflammatory hydrolytic enzymes
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and reactive oxygen species (ROS), which result in chronic lung injury and fibrosis.21-23
However, most CeO, nanorods do not fall into the fiber length scale, and it is important to
consider other injury mechanisms in pulmonary macrophages, including lysosomal injury by
LAR materials in the nm to the lower micron length scale.5: 18. 24-26 | ysosomal injury
results in the assembly of the NLRP3 inflammasome, which leads to IL-1p release by
pulmonary macrophages; this cytokine may then initiate a progressive cascade that
culminates in pulmonary fibrosis.18 24-26 The particle dose, subcellular localization and rate
of clearance of the LAR materials from the lung establishes lung burden that, during CeO,
nanoparticle overload, could determine whether an exposure will result in chronic
injury.20-21.23 To date there has been no systematic dissection of the role of CeO, AR and
shape in the events that mat contribute to chronicor subchronic lung injury.

Although limited environmental studies showed that CeO, nanoparticles induce toxic effects
in green algae and cyanobacteria,2’~28 no systematic toxicological analysis have been
undertaken to assess the role of AR in environmental organisms. While it has been
demonstrated that a LAR material such as CNTs can exert hazardous effects in daphnia,
zebrafish and rainbow trout, these outcomes have been attributed to the hydrophobicity,
state of agglomeration and heavy metal content rather than AR.2%-32 Interestingly, while
SWCNTSs can induce severe respiratory toxicity in fish due to gill damage3?, it has been
demonstrated that dendritic nickel nanoparticles can cause injury due to a shape effect in the
gastrointestinal tract (GIT) of zebrafish larvae.33 This injury, as a result of interference in
epithelial folding and thinning of intestinal wall, was only observed during exposure to
dendritic particles, but was not seen with spheres or nickel ions. Moreover, Gilbert et al.
have recently shown that daphnia ingesting Ag nanowires display a distinct pattern of gene
expression compared to the ones exposed to ionic Ag.34 These results suggest that
nanoparticle shape could play a role in GIT toxicity.

The objective of this study was to perform a comparative analysis of the effects of spherical
and rod-shaped CeO» nanoparticles in the mouse lung and the GIT of zebrafish larvae. After
the synthesis and characterization of a fresh library of CeO, nanospheres and nanorods, the
biological impact of AR was confirmed in bone marrow macrophages before embarking on
in vivo studies. Oropharyngeal aspiration of nanospheres and nanorods were performed in
C57BL/6 mice to compare their ability to generate acute and subchronic inflammation in the
lung. While all the CeO, nanoparticles could induce acute neutrophil inflammation in the
lung, there was no significant correlation to AR, except that the longest nanorods (C5) could
induce more IL-1f production than other materials. While all the materials could induce
pulmonary fibrosis after 44 days, the longest rod (C5) induced more collagen deposition
after correcting for lung burden. Oral exposure of zebrafish larvae to C5 nanorods also
induced significant damage to the microvilli of the GIT epithelial cells. This led to digestive
malfunction, which interfered in the growth and development of exposed larvae. These
results are important in considering the potential toxicity of CeO, in occupational and
environmental exposures.
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RESULTS
Establishing a CeO, Aspect Ratio Library with Differential Toxicological Effects

Using hydrothermal synthesis, we prepared a library of CeO, nanoparticles that included
nanospheres (AR=1, C1) and nanorods showing ARs of 8 (C2), 22 (C3), 52 (C4) and > 100
(C5) (Figure 1). The size, shape and AR of CeO, were characterized in their dry state using
transmission electron microscopy (TEM), while the hydrodynamic diameter and surface
charge were measured in deionized water, tissue culture medium (DMEM supplemented
with 10 % FBS) and zebrafish growth medium (Holtfreter’s buffer, supplemented with 100
ug/mL alginate). Figure 1 shows the representative TEM images of C1-C5. As shown in the
included table, the average diameters of the nanorods were 7~10 nm, while the average
lengths ranged from 50 nm to >1 pm. When dispersed in the tissue culture and Holtfreter’s
media, the hydrodynamic diameters of the CeO, nanoparticles ranged from 200 nm to 1.5
um. It should be noted that the hydrodynamic diameters reported here for the CeO5 nanorods
only represent “relative” size and cannot be used to infer exact particle size. Nonetheless,
our studies on CNTs demonstrate the utility of the DLS measurement as a qualitative index
of the state of dispersal of long aspect ratio materials.®: 25-26 While the zeta potential of the
CeO5 nanoparticles were in the range of 10 to 40 mV in distilled water, the surface charge
became negative (=10 to —30 mV) upon coating with FBS or alginate.

In order to confirm the biological impact of AR variation, we used the myeloid cell line,
THP-1, and bone marrow derived macrophages (BMDM) to determine whether the
nanospheres and nanorods differ in their ability to initiate IL-13 production. We have
previously shown that IL-1p release from myeloid cells and macrophages is determined by
the impact of AR on the lysosome.2>-26 As shown in Figure S1A and B, cellular incubation
with CeO5 nanospheres and nanorods resulted in a progressive increase in IL-1f3 production
in accordance with the AR. The effects of the CeO, nanorods became statistically significant
above AR of 22. We confirmed that this effect involves lysosome activation and NLRP3
inflammasome assembly (not shown).

Acute Pulmonary Exposure to CeO, Nanospheres and Nanorods

C57BL/6 mice were used for exposure to 0.5, 1, 2, and 4 mg/kg of the C5 nanorods by
oropharyngeal aspiration. The mice were sacrificed after 40 hr to collect bronchoalveolar
lavage fluid (BALF) and lung tissue. Aspiration of Min-U-Sil (quartz or QTZ) was used as
positive control. Examination of the BALF showed a dose-dependent increase in the
neutrophil cell count, along with an increase in LIX (LPS-induced CXC chemokine), which
is involved in neutrophil chemotaxis (Figure 2A, B). We also observed an increase in I1L-1p
production, which may comprise the early phase of a delayed injury response for some LAR
materials (Figure 2C).24-26 QTZ also induced increased IL-1f production. Based on the dose
response data for C5 nanorods, we selected 2 mg/kg for comparative analysis of C1, C2, C3
and C5 in further lung exposure studies.

In a comparative study in which animal sacrifice was performed after 40 hr, all the
nanoparticles could induce an increase in neutrophil cell counts, with a tendency for the
acute inflammatory response to be higher for the LAR materials. The neutrophil cell counts
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for C5 (3.2+0.7x10%mL) was significantly higher than for C1 (2.0+0.5x10%/mL) (Figure
3A). However, this effect was accompanied by a non-selective but statistically significant
increase in L1X levels for all particles tested (Figure 3B). The trend towards more
inflammation by C5 was confirmed by H&E staining, which showed visual evidence of
more acute inflammatory infiltrates around small- and medium-sized airways in lung of
animals receiving the LAR particles (Figure S2). Again, the effect of the C5 nanorods was
most pronounced (Figure S2). QTZ also induced significant increases in neutrophil counts
and LIX levels in the BALF along with inflammatory changes in the lung (Figure 3A, B,
and Figure S2). In contrast, the data for IL-1f production was quite different in that only C5
and QTZ induced significant increases in the BALF (Figure 3C). This suggested to us that,
similar to the C5 dose response study, it would be important to address possible delayed
injury.

C5 Nanorods Show an Exaggerated Pro-Fibrogenic Response after Subchronic Exposure

In order to determine whether the observed IL-1p production at 40 hr is indicative of
subchronic lung injury, we performed a study in which the animal sacrifice was performed
21 days after oropharyngeal instillation of C1, C3 and C5 at 2 mg/Kg. No evidence of
neutrophil infiltration was obtained at this point (data not shown). While IL-1f levels also
returned to baseline (not shown), measurement of TGF-B1 levels in the BALF showed that
C5 induced a significant increase in TGF-p1 production, while C1 and C3 failed to induce a
response (Figure 4A). However, none of the materials induced collagen deposition, as
determined by a Sircol assay (Figure 4B) or Masson’s trichrome staining of the lung
sections (Figure S3). In contrast, QTZ induced a significant TGF-B1 production and collagen
deposition (Figure 4A, B and S3). Because collagen deposition by TiO, nanobelts was seen
to occur after several months, 19 a third series of experiments were undertaken in which
sacrifice was performed 44 days after oropharyngeal aspiration of 4 mg/Kg. In this scenario,
clear evidence was obtained of increased TGF-B1 production in the BALF (Figure 5A),
along with increased collagen content in lung tissue (Figure 5B) and positive (blue color)
trichrome staining (Figure 5C) for all tested materials, including QTZ. However, since
ENMs with different ARs may have different rates of retention and bioavailability, we used
inductively coupled plasma optical emission spectrometry (ICP-OES) to determine the total
lung burden for Ce in C1 and C5 exposed animals. This demonstrated that there was indeed
a significant difference in the lung burden of nanospheres and nanorods (Figure 5D). That is,
the total Ce content in the lung of C1 exposed animals was six times higher than C5,
suggesting a higher clearance rate and/or lower bioavailability for C5 comparison to C1. Use
of the Ce content to adjust the collagen content in the lung (i.e., expressing collagen content
per unit mass of Ce), demonstrated that there was indeed more collagen deposition per unit
dose of C5 (Figure 5E). These data indicate that while all CeO, nanoparticles induce
pulmonary fibrosis at a dose of 4 mg/Kg, the response is strongest for C5, showing that AR
could play a role in subchronic lung injury.

AR Plays a Role in Growth Inhibition and Development of Zebrafish Larvae

We developed a pulse-exposure method for zebrafish larvae in petri dishes to limit the
amount of CeO, nanoparticles that would be required for exposures in standard aquarium
tanks. Petri dish exposure also limits the amount of hazardous waste being generated. The
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exposure sequence is summarized in Figure 6A and discussed in detail in the Experimental
Section. Briefly, groups of 30 larvae 5 days post-fertilization (dpf) were incubated with 25
pg/mL C1, C3, C4 and C5 nanoparticles in each petri dish for 6 hr. The larvae were
carefully and thoroughly washed before returning them to 3L aquarium tanks for regular
maintenance. Second and third round pulse-exposures were carried out on the same larvae at
8 and 11 dpf, respectively. Twenty nm citrate-coated silver nanoparticles (AgNPs) were
used as a positive control.35-37 The larvae were assessed for overall health status, survival
rate, gross morphological abnormalities, body length, weight, and number of calcified
vertebrae (as a biomarker of skeletal development). While no significant mortality was
observed for any of the CeO, nanomaterials (Figure 6B), the larval length was significantly
reduced by C4 and C5 exposures at 14 dpf compared to larvae exposed to C1 and C3 (Figure
S4). While the larval morphology was grossly normal, the absence of dorsal and anal fin
structures in the C4 and C5-exposed larvae suggested delayed development. In contrast, the
larvae exposed to AgNPs showed a decreased survival rate, smaller size, and higher rate of
morphological abnormalities (e.g., the bent spine depicted in Figure S4). Quantitative
expression of the measurements of larval length and weight also confirmed that C5-exposed
animals had significant growth retardation compared to the control or C1/C3-exposed
animals (Figure 6C and D). The same was true for AgNPs exposure. Since calcification of
skeletal structures occurs in a caudal-to-rostral fashion, vertebral calcification is also a good
parameter to assess larval development.38 Calcification can be assessed by the green
fluorescent chromophore, calcein, which is taken up and allows visualization of the calcified
vertebrae. Quantification of the number of calcified vertebrae showed that larvae exposed to
C5 (and AgNPs) had significantly fewer calcified vertebral segments by 14 dpf (Figure 6E).
Taken together, both qualitative and quantitative assays demonstrate an AR threshold, above
which CeO5 nanorods induce growth inhibition and abnormal development. This raises the
question of the site(s) of injury by LAR materials in larvae.

Assessment of CeO, Nanoparticle Uptake in the GIT of Zebrafish Larvae

In order to study CeO, bioavailability, leading to interference in larval growth and
development, we initially used light optical microscopy to look for the presence of the
nanoparticles in the zebrafish larvae. This demonstrated the presence of CeO, aggregates in
the GIT lumen of larvae at 120 hpf (Figure 7A, left panel). The presence of CeO, was
confirmed by a signature CeO, Raman peak, using confocal Raman microscopy (Figure 7A,
right panel).3%-40 Raman spectra collected from the skin, fins or blood vessels did not show
the presence of CeO», suggesting the GIT is a major target organ. This notion was
strengthened by the lack of any CeO» uptake in the GIT of 72 hpf embryos, which lacks a
mouth opening for feeding (not shown). In contrast, 120 hpf larvae do express a mouth
opening(Figure 7B).

Further studies were carried out to assess the amount of CeO, uptake by ICP-OES (Figure
7B). Assessment of the Ce content in 120 dpf larvae exposed to C1 and C5 nanoparticles,
demonstrated that, immediately following larval exposure for 6 hr, the animals exposed to
C1 contained 14.52 pg Ce per g of larval body weight while those exposed to C5 contained
14.34 ug Ce per g of larval body weight. Repeat of the ICP-OES analysis in 144 hpf larvae,
24 hr after a 6 hr exposure, showed a steep decline in both C1 and C5 Ce content, suggesting

ACS Nano. Author manuscript; available in PMC 2015 May 27.
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that most of the material was cleared from the GIT. This was also confirmed by light optical
microscopy. TEM analysis of the pseudo-feces collected at the bottom of the aquarium tanks
confirmed the presence of CeO, agglomerates (Figure S5). In accordance with the
requirement of GIT uptake by the mouth, embryos lacking an oral aperture (24 and 72 hpf)
had no discernible Ce uptake.

Assessment of GIT Damage by LAR CeO, Nanoparticles

Since the GIT is the main target organ for CeO, nanoparticles at the larval stage,
histological and TEM analyses were performed in zebrafish exposed to C1 and C5
nanoparticles 3 days after the third pulse exposure (i.e., 14 dpf). H&E staining revealed clear
evidence of structural damage by C5 but not C1. Specifically, C5 ingestion was associated
with desquamation of the enterocytes and development of a vacuolar appearance in the
intestinal lining (Figure 8A). TEM analysis of a GIT section confirmed the presence of C5-
associated ultrastructural damage, which showed up as blunting of microvilli and epithelial
atrophy (Figure 8B). Bundles of the LAR nanoparticles could be seen to pierce and disrupt
the structure of microvilli (Figure 8C, Figure S6A and B). However, in spite of this damage,
C5 nanorods could not be seen to be directly taken up into epithelial cells or gain access to
subepithelial tissue. Instead, the C5 nanorods passed through the GIT and appeared in the
pseudo-feces (Figure S5A and B). In contrast, C1 was not associated with any damage to the
closely stacked microvilli, in spite of nanoparticle adherence to the tips of the microvilli
(Figure 8C).

In order to reconcile the structural GIT damage with the developmental abnormalities
depicted in Figures 6B-E, we asked whether this was due to interference in digestive
function. In order to test digestive function, we used an in vivo fluorescence-based technique
to monitor the digestion of an intramolecular-quenched protein (EnzChek).#1-42 EnzChek
was fed to the larvae a day after exposure to CeO, nanoparticles. Digestion of this protein
releases fluorescent peptides, which can be quantitatively assessed by fluorescence
spectroscopy (Figure 9A) or the use of ImageJ software that analyzes fluorescence
microscopy images in intact larvae (Figure 9B, left panel). Scoring of the fluorescence
intensity by ImageJ analysis demonstrated that C5, but not C1 or C3, could induce a
decrease in fluorescence intensity in the GIT of exposed larvae (Figure 9B, right panel).
This confirms that C5 nanorods can induce GIT damage, leading to digestive malfunction
and developmental abnormalities.

DISCUSSION

In this study, we compared the in vivo effects of LAR CeO, nanoparticles with nanospheres
in the murine lung as well as a zebrafish intestinal tract. The oropharyngeal aspiration
studies in the mice showed that at a dose of 4 mg/Kg, all CeO, nanoparticles induced
fibrogenic effects in the lung, culminating in pulmonary fibrosis 44 days later. However, if
corrected for the higher lung burden of the nanospheres, the material with the longest AR
material (C5) induced more fibrosis than the spheres (C1). The ability of LAR CeO5 (C5) to
induce IL-1p and TGF-B1 production in the lung at supra-threshold amounts may play a role
in the fibrogenic effects of these materials. This agrees with the structure-activity
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relationship (SAR) analysis in THP-1 cells and BMDMs, where LAR injury is accompanied
by NLRP3 assembly and IL-1p production. C5 nanorods also resulted in prominent injury to
the GIT of zebrafish larvae, while shorter rods or spherical nanoparticles had no effect. The
mechanistic basis of this injury appears to be the ability of C5 to damage the microvilli,
resulting in digestive malfunction, nutritional deficiency, retarded growth and abnormal
physical development. Interestingly, the C5 nanorods did not differ from the nanospheres
with respect to nanoparticle uptake and retention kinetics in the GIT. All considered, these
results demonstrate the importance of CeO, AR in occupational and environmental hazard
assessment.

The pulmonary hazard potential of CeO, is an important consideration based on the
dispersive nature of these materials, which are being used as additives for fossil fuel
combustion, polishing of material surfaces and biomedical devices.1!: 43 Mining of rare
earth (RE) metals, of which cerium is a major ingredient (80%), has also been reported to be
associated with an occupational pneumoconiosis, characterized by granulomatous
inflammation and interstitial fibrosis.#4-4> Moreover, tracheal instillation studies in rats have
shown that spherical CeO, nanoparticles can induce lung fibrosis in a dose and time-
dependent manner.”: 11. 44-45 \While the mechanism(s) of the pro-fibrogenic effects is/are
uncertain, it has been suggested that CeO5 particles generate ROS and oxidative stress that
could be involved in lung injury.” 46-47 However, compared to a list of more toxic metal
oxide nanoparticles, we have found CeO, to be relatively inert in terms of oxidant injury in
the lung, in addition to literature reporting CeO5’s antioxidant effects as a result of
difference in valence state.”: 48-50 Another biological injury could occur due to the high
binding affinity of rare earth oxides for cellular phosphate groups, including membrane
phospholipids and cellular phosphoproteins.®! However, CeO, did not exhibit a strong effect
in this regard compared to effect other rare earth oxides.>! Similar to the studies of pro-
fibrogenic potential of CeO5 in the rat lung,! collagen deposition in the mouse lung was
accompanied by TGF-B1 production. TGF-B1 is a pro-fibrogenic growth factor that is
produced as a component of a lung fibrosis cascade that commences during an early stage as
IL-1B production in activated pulmonary macrophages. Activated macrophages cooperate
with pulmonary epithelial cells, which transition to mesenchymal cells and fibroblasts
depositing collagen in the lung.2>-26: 52 Qur previous study and this communication indicate
that the AR of the CeO, nanoparticles plays a role in these trophic cellular interactions by
triggering a pathway that involves lysosomal damage and NLRP3 inflammasome
activation.5 Moreover, we have previously demonstrated that there is a specific threshold
above which the AR triggers lysosomal damage and NLRP3 assembly, as confirmed by the
data in Figure S1A and 1B. Pertaining to the particles used in this study, it is interesting that
the length of the C5 stacking bundles (0.75 to 2 um) exceeds the lysosomal diameter, which
varies from ~1.1 to 2.9 um.5: 33, We propose, therefore, that above a dose of 2 mg/Kg, LAR
dimension contributes to IL-1 production and determines the extent of pulmonary fibrosis.
It is interesting that the CeO, nanospheres are better retained in the lung than C5 nanorods
and that the contribution of the AR contribution could only be seen to emerge if the collagen
content is corrected for Ce lung burden (Figure 5E). The higher lung burden of the spheres
and/ could be due to more lung uptake, but could also result from lower bioavailability or
higher clearance rate of C5.23 54 Another unique accomplishment of this work was the
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demonstration of a good correlation between the pro-fibrogenic effects and ex vivo cellular
responses for LAR CeO, nanorods. These findings suggest that the increased propensity
towards NLRP3 inflammasome activation and IL-1p production at cellular level is
predictive of a higher likelihood of chronic lung injury.

There is a relative paucity of data for cross-species or cross-taxa comparison of the injurious
effects of nanomaterials in general and for LAR materials in particular. The importance of
interspecies assessment of nanoparticle toxicology was recently proposed by Stone et al,. 5°
because there is insufficient data or mechanistic understanding of nanomaterial hazard
across taxa. As a rule, most studies are exclusively conducted in either a mammalian or an
aquatic system, and do not pick up the unique structure-activity relationships that we show
for CeO, nanorods in the mouse lung vs. the zebrafish GIT. Although the injury mechanism
in the zebrafish did not appear to be associated with the same lysosomal damage as in the
lung of mice, a novel mechanism showing micro villus injury emerged in the former
organism. Our study is a promising step toward future SAR developments to predict the
toxicity of engineered nanomaterials across different taxa.

While zebrafish larvae corroborate the importance of AR, the target is the GIT ata
development stage during which the animals can ingest the C5 nanorods. In contrast, no
effect is seen in larvae without a mouth or embryos (not shown) in which the pore sizes in
the chorion are too small to allow particles access to the chorionic sac.12-13 This notion is
further supported by ICP-OES showing that Ce uptake in 1-day old embryos is only
marginally higher than the threshold detection limit (Figure 6). In contrast, CeO, exposure
after the zebrafish larvae developed a mouth organ (5 dpf)®® leads to GIT uptake and
epithelial injury. This explains why larvae exposed to C5 nanorods are stunted in growth and
exhibit developmental abnormalities. Because larvae less than 14 days old do not display
functional gills,57-58 the GIT is the primary target organ for immersed particulates.59-60
Different from the pulmonary uptake in mice, there are no differences in the retention of
CeO5 nanorods and nanospheres in the GIT of zebrafish larvae, with most of the ingested
materials being cleared within 24 hr (Figure 7B). This suggests that the epithelial injury by
the C5 nanorods occurs during passage through the GIT rather than adsorption in the GIT.
How exactly the microvilli are damaged is unclear but does not appear to involve a
lysosomal mechanism as in the lung. These data showing LAR effects in zebrafish are novel
and also provide a novel structure-activity relationship that differs from the lung.

Although this study was not intended to provide a direct comparison of zebrafish with
human pathology, the findings in the larvae do raise the question whether LAR
nanomaterials may be involved in GIT damage in humans. This is significant from the
perspective that engineered nanomaterials are increasingly being used in food as colorants,
adhesives or anticaking agents.>61 Thus, gastrointestinal exposure to engineered
nanomaterials is increasing in frequency.%2-63 Lomer et al. suggested that the average
human ingest up to 1012 micro- or nanoparticles per day.54 Although GIT exposure to
engineered nanoparticles may not have consequences in healthy individuals, there are some
preliminary evidence that people with compromised GIT function (such as Crohn’s disease)
might have a higher risk when exposed to particulate substances in food.®* GIT exposure
could also originate in the respiratory tract because most particulates being cleared from the
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lung by mucocillary transport are swallowed.” Oral administration of engineered
nanomaterials are also increasingly being used for drug delivery and bioimaging.%® Based on
these observations, we will extend our studies on LAR CeO» to the mammalian GIT.
Preliminary experiments in a human enterocyte cell line (Caco-2) have shown that C4 and
C5 nanorods do induce lysosomal injury, similar to what we see in
macrophages(unpublished data).

It is important to mention the limitations of our study. First, in the absence of relevant
occupational or environmental exposure data, it is not possible to extrapolate our data to the
dose response calculations that we could make for carbon nanotubes or Ag nanoparticles,
where some occupational exposure data were available.25: 66 We also have no idea about
environmental exposure or predictive environmental concentrations of CeO, nanoparticles.
Nonetheless, we should be able to use the platforms and methodologies developed in this
study for the hazard assessment and estimating no-effect concentrations of LAR
nanomaterials. Second, due to logistic limitations, the temporal analysis of CeO,
bioavailability, onset of histological abnormalities, and development of toxicological
manifestations could only be performed at limited time points. Nonetheless, the AR-
dependent toxicological profiling of CeO, could be clearly demonstrated in both models.

CONCLUSION

We demonstrate that in addition to material composition, the AR of CeO, nanoparticles
contribute to toxicological injury in the murine lung and the zebrafish GIT. Moreover, we
demonstrate that the structure-activity analysis for CeO, nanorods at the subcellular level is
predictive of toxicological outcome in the murine lung after correction for lung burden and
dose. However, while the predictions of lysosome injury in the myeloid cells and
macrophages could help to predict the generation of fibrogenic responses in the mouse lung,
damage to microvilli in the GIT of zebrafish larvae does not appear to be premised on
lysosomal injury.

MATERIALS AND METHODS

Materials and Reagents

The CeO, nanomaterials used for this study was freshly synthesized by the same
hydrothermal method described previously.8 The intramolecular-quenched protein,
EnzChek, was purchased from Invitrogen (E6639), and was dissolved in 0.1 M sodium
bicarbonate (pH 8.3) at 1 mg/mL before aliquoting and storing at —20 °C. Working stock
concentrations of EnzChek (20 pug/mL) was prepared by diluting the stock solution 50x in
Holtfreter’s medium. Calcein was purchased from Sigma Aldrich (C0875), and was
dissolved in Holtfreter’s medium at 1 mg/mL before aliquoting and storing at =20 °C. The
working concentration of calcein was 20 ug/mL.

Physicochemical Characterizations of CeO, Library Materials

The primary diameter and length of CeO, nanomaterials were determined by transmission
electron microscopy (TEM), while the suspended particles were used for assessment of
hydrodynamic size and surface charge. CeO, nanomaterials were dispersed in deionized
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water by vortexing and bath sonication to yield a stock solution of 5 mg/mL as previously
described.8 The hydrodynamic sizes of the CeOs, dispersed in deionized water, DMEM cell
culture medium (supplemented with 10 % FBS), and Holtfreter’s medium (supplemented
with 100 ug/mL alginate), were determined by high throughput dynamic light scattering
(HT-DLS, Dynapro Plate Reader, Wyatt Technology), as described by Ji et al.5” The surface
charge of CeO, was determined by a ZetaPALS instrument (Brookhaven Instruments,
Holtsville, NY). The {-potential was derived using the Helmholtz-Smoluchowski equation
based on the measurements of the electrophoretic mobility of CeO, in deionized water and
Holtfreter’s medium.

Cellular Culture and Co-incubation with CeO, nanorods

THP-1 cells were suspended in RPMI 1640 medium supplemented with 10 % fetal bovine
serum in 75 cm? flasks. Before exposure to CeO, nanoparticles, THP-1 cells were pretreated
with 1 pg/mL phorbol 12-myristate acetate (PMA) overnight and primed with 10 ng/mL
lipopolysaccharide (LPS). Aliquots of 3 x10% primed cells were cultured in 0. 1 mL medium
with CeO5 nanoparticles in 96-well plates (Costar, Corning, NY, USA) at 37 °C for 24 h.
All the CeO, nanoparticle suspensions were freshly prepared. After 24 h, the supernatants
were collected for the measurement of IL-1p activity (BD Biosciences, San Diego, CA)
using ELISA kits according to manufacturer’s instructions. Concentrations were expressed
as pg/mL.

Bone marrow-derived macrophages (BMDMs) were differentiated in DMEM with 10%
endotoxin-free fetal bovine serum and 20 % M-CSF-conditioned medium for 7 days, then
plated at ~1.0x10° cells/mL and cultured for 2 days. BMDMSs were primed with 500 ng/mL
LPS for 5 h and then treated with the CeO, nanoparticles. After 24 h of culture, the
supernatants were collected for the measurement of IL-1p activity using the ELISA kit
described above.

Assessment of Toxicological Responses in the Mouse Lung by Oropharyngeal Aspiration

Eight week old male C57BL/6 mice were purchased from Charles River Laboratories
(Hollister, CA). All animals were housed under standard laboratory conditions established
by the UCLA and NIH Guidelines for the Care and Use of Laboratory Animals in Research
(DHEW?78-23). Experimentation was approved by the Chancellor’s Animal Research
Committee at UCLA and include standard operating procedures for animal housing (filter-
topped cages; room temperature at 23 + 2 °C; 60 % relative humidity; 12 h light, 12 h dark
cycle) and hygiene status (autoclaved food and acidified water). Animal exposure to CeO,
nanoparticles was carried out by oropharyngeal aspiration as described previously. Briefly,
the animals were anesthetized by intraperitoneal injection of ketamine (100 mg/Kg)/xylazine
(10 mg/Kg) in a total volume of 100 pL. With the anesthetized animals held in a vertical
position, 50 pL suspensions containing the particles at 10, 20, 40 and 80 pg in PBS
(equivalent to 0.5, 1.0, 2.0 and 4.0 mg/Kg) were instilled at the back of the tongue to allow
aspiration to the lung as described previously.58 We used 6 animals per group. Control
animals received the same volume of PBS. The positive control group in each experiment
was comprised of animals receiving 5.0 mg/Kg quartz (Min-U-Sil®, QTZ). The mice were
sacrificed at 40 h, 21 d or 44 d post-exposure and BALF and lung tissues were collected.
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The BALF was used to perform total and differential cell counts and to measure the levels of
LIX, IL-1B, and TGF-B1. Lung sections were stained with hematoxylin/eosin or with
Masson’s trichrome to visualize collagen deposition. LIX, IL-18 (BD Biosciences, San
Diego, CA) and TGF-B1 (Promega, Madison, WI) levels in the BALF were analyzed using
ELISA Kits according to manufacturer’s instructions. Concentrations were expressed as
pg/mL.

Sircol Assay for Total Collagen Production in lung tissue

The right cranial lobe of each lung was suspended in PBS at ~50 mg tissue/mL and
homogenized for 60 s with a tissue homogenizer (Fisher Scientific). Acetic acid was added
to each sample to a final concentration of 0.5 M and incubated at 4 °C overnight. Cellular
debris was removed by centrifugation and the supernatant analyzed for total protein, using a
BCA assay kit (Pierce/ThermoFisher Scientific). The Sircol soluble collagen assay kit
(Biocolor Ltd., Carrickfergus, UK) was used to extract collagen from duplicate samples
using 200 pL of supernatant and 800 L dye reagent according to the manufacturer’s
instructions. Similarly prepared collagen standards (10~50 ug) were run in parallel. Collagen
pellets were washed twice with denatured alcohol and dried before suspension in alkali
reagent. Absorbance at 555 nm was read on a plate reader (SpectroMax M5e, Molecular
Devices Corp., Sunnyvale, CA). Data were expressed as pg soluble collagen per mg of total
protein.

Pulse-Exposure of Zebrafish Larvae and Assessment of Health Status

The developmental stages of zebrafish embryos and larvae were determined according to the
published procedure of Kimmel et al.® For pulse exposure, groups of 30 growth-
synchronized larvae at day 5 post-fertilization (5 dpf) were immersed in 3 mL 25 ug/mL
CeO, suspensions in petri dishes for 6 hr at 28.5 °C. Following pulse exposure, the
developing larvae were carefully washed in Holtfreter’s medium 3 times before being placed
in standard aquarium tanks (3L) for regular feeding and water circulation. The second and
third pulse exposures were conducted on the same larvae at 8 and 11 dpf. Following that, the
larvae were maintained in standard aquarium tanks for further observation of development
and survival. In order to minimize the individual differences among larvae, larvae used in
each replicate experiment were produced by the same adult breeding pair.

The overall health status of the larvae was assessed at 14 dpf based on gross morphology,
body length and weight, and number of calcified vertebrae. To assess morphology, larvae
were anesthetized in 0.02 % tricaine and embedded in low-melt agarose gel. This allowed
positioning to obtain lateral views to assess morphology, body length, and fin structure. The
images were captured using an optical inverted microscope (Zeiss Observer D1). For body
weight measurement, larvae were anesthetized, dried with Kim wipes, and measured using a
digital balance (Denver Instrument, XP-600). The larval weights for each treatment group
were normalized to the control group and plotted as weight percentage. For the measurement
of calcified vertebrae, larvae were immersed in a 20 ug/mL calcein solution for 30 minutes
at 28.5 °C. After immersion, larvae were washed 3 times in Holtfreter’s medium to remove
non-specific staining and then embedded in low-melt agarose gel to obtain lateral views.
The numbers of calcified vertebrates were counted based on the fluorescent images captured
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under a fluorescence microscope equipped with 495/515 nm filter set (Zeiss Observer D1).
The average number of calcified vertebrae from ten randomly selected larvae was compared
to control, AgNPs and CeO, exposed groups.

Confocal Raman Microscopy Analysis

Confocal Raman microscopy was performed using a Renishaw In Via model with a 514.5
nm Argon laser. The laser power and beam size were ~2.5 mW and 1 pm, respectively. The
Raman spectra were collected from 0 to 2000 cm™1 for all sample characterizations. For
spectra collection, CeO5 suspensions were dropped directly onto a glass cover slip before
drying. For scanning, larvae were anesthetized and placed on a glass slide with concavity
wells. The lateral view was desired for capturing full-length GIT images. Line scanning to
collect Raman scattering signals was achieved by programming the motorized sample stage
to move 1 um in either x or y-axis direction stepwise.

ICP-OES Analysis to Determine Ce Content in the Mouse Lung and Zebrafish Larvae

The total Ce content of the lungs of mice exposed for 44 days were collected and rinsed
three times with PBS. Subsequently, the lung tissues were homogenized for 60 s with a
tissue homogenizer (Fisher Scientific). The probe was washed with 500 uL PBS, which was
added to the homogenate. All the homogenates were transferred to Teflon containers and
acidified with 5 mL of 100 % ultrahigh purity nitric acid and digested at 95 °C for 3 hr
before drying and re-dissolving in 5 % nitric acid. After digestion, the elemental Ce
concentration in each sample was determined by a Shimadzu ICP-OES based on a
calibration curve established by a series of concentrations of Ce standard solution (0.01 ppm
~ 10 ppm) and expressed as ug of Ce/mg of cellular protein.

ICP-OES analysis was performed on zebrafish embryos and larvae exposed to 25 ug/mL C1
and C5 for 6 hr at developmental stages 24, 72, 120 hpf as well as 24 hr after exposure in the
120 hpf group. Each exposure group included 50 embryos or larvae, which were thoroughly
washed 3 times in Holtfreter’s medium before subjecting to acid digestion as discussed
above. The elemental Ce concentrations (weight/volume) were measured and expressed as
ug of Ce/g of fish body weight. Groups of embryos and larvae without exposure to CeO,
were anesthetized and weighted using a digital balance (Denver Instrument, XP-600) for
calculating the fish body weight. To achieve reliable statistical analysis, three replicates
were used for each group.

TEM Analysis of the GIT of Exposed Zebrafish Larvae

TEM analysis of the GIT was conducted on 5 dpf larvae, immediately after the first CeO,
exposures (for 6 hr) as well as 14 dpf (i.e., 3 days after the 3™ CeO, exposure). The larvae
were euthanized in tricaine and the GIT was micro-dissected before immersion in a 0.1M
cacodylate buffer (that includes 2% glutaraldehyde and 2% paraformaldehyde at pH 7.4), for
2 hr at room temperature and then 4°C overnight. The samples were subsequently washed in
0.1M PBS buffer and post-fixed in a solution containing 1% OsO, for 2 hr at room
temperature. After dehydration in graded ethanol (50%, 75%, 95%, 100%, 100%, 100%),
the tissue samples were infiltrated in mixtures of Epon 812 and ethanol (1:1 ratio) and 2:1
for two hr each. The tissue samples were then incubated in pure Epon 812 overnight,
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embedded and cured at 60°C for 48 hr. Sections of 55-65 nm thickness (gray interference
color) were cut on an ultramicrotome (RMC MTX) that utilizes a diamond knife. The
sections were deposited on single-hole copper grids coated with Formvar and double-stained
with an 8% uranyl acetate solution at 60°C for 25 minutes, as well lead citrate for 3 minutes
at room temperature. Thin sections were subsequently examined with a 100CX JEOL
electron microscope in the Electron Microscopy Services Center of the UCLA Brain
Research Institute.

Histological Analysis of Zebrafish Larvae

Histological analysis was conducted on the developing larvae at 14 dpf. Larvae were
euthanized in tricaine and fixed in 4% paraformaldehyde, first for 1 hr at room temperature
and then overnight at 4 °C. After fixation, the larvae were embedded in histological gel and
positioned in the lateral orientation view. The samples were further processed for resin
embedding, sagittal sectioning, and Hematoxylin and Eosin (H&E) staining in the Pathology
and Laboratory Medicine. High-resolution images (both 20X and 40X) of the histological
sections were obtained using an automated scanning system (scanning Aperio ScanScope
AT).

Assessment of digestive function in the zebrafish gut

Larvae at 6 dpf (24 hr after 15t exposure) were immersed in the EnzChek solution at 20
ug/mL for 2 hr at 28.5 °C. The larvae were gently washed 3 times in Holtfreter’s medium,
anesthetized, and positioned in lateral views orientation in low-melt agarose gel on a glass
bottom dish. The fluorescence images were captured by a fluorescence microscope (Zeiss
Observer D1) with a 575/620 nm filter set. The images were further analyzed by ImageJ
software (NIH).

Zebrafish Husbandry

Wild type adult zebrafish (Danio rerio, AB strain) were housed and maintained in the
UCLA zebrafish facility on a 14:10D photoperiod. Two pairs of male/female fish were
placed in a single cage a day ahead of time and released the next morning to trigger
spawning. The embryos were collected at 2 hpf and rinsed with Holtfreter’s solution to
remove any residue on the chorion. The embryos were subsequently examined under a
stereomicroscope (Zeiss, Stemi 2000) for viability and developmental stage before being
subjected to embryo screening and larvae experiments. All procedures were carried out in
accordance with the Animal Care and Use Committee guidelines at UCLA.

Statistical Methods

Results were statistically analyzed using two-side Student’s t -test. The difference is
regarded statistically significant if the p value is less than 0.05. Data are reported as the
mean + standard deviation from at least three separate experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Page 19

Physicochemical characterization of CeO, nanospheres and nanorods. (A) Representative
TEM images show the primary size, shape, and AR of CeO, (C1, C2, C3, C4 and C5). (B)
Table summarizing the diameter, length, and AR of CeO, based on the TEM analysis, as

well as the hydrodynamic diameter and surface charge of nanoparticles suspended in

distilled water, cell culture medium (DMEM) and zebrafish growth medium (Holtfreter’s

medium).
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Figure 2.

Acute pulmonary effects of CeO, nanoparticles in C57BL/6 mice. The dose-dependent
experiment was carried out in mice exposed to CeO, nanoparticles C5 at 0.5, 1.0, 2.0 and
4.0 mg/kg by oropharyngeal aspiration. There were 6 animals per group. Animals were
euthanized after 40 hr, and BALF was collected to determine neutrophil cell counts (A), L1X
(B) and IL-1p (C) levels. Animals exposed to 5.0 mg/kg QTZ were used as positive control.
The experiment was reproduced a second time; * p < 0.05 compared to control; # p < 0.05
for pairwise comparisons as shown.
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Figure 3.
Acute pulmonary effects of CeO, nanoparticles in mice. The comparison experiment was

carried out in C57BL/6 mice exposed to CeO, nanoparticles C1, C2, C3 and C5 at 2.0
mg/Kg by oropharyngeal aspiration. There were 6 animals per group. Mice were sacrificed
at 40 hr and the neutrophil cell counts (A), LIX (B) and IL -1p (C) levels in BALF were
determined. QTZ at 5.0 mg/Kg was used as a positive control. The experiment was
reproduced a second time; * p < 0.05 compared to control; # p < 0.05 for pairwise
comparisons as shown.
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Sub-chronic pulmonary effects of CeO, nanoparticles at 21 days. The experiment was
performed as in Figure 3, except that the mice were sacrificed 21 days after the
oropharyngeal aspiration. BALF was collected to determine the TGF-B1 (A) level. (B) The
total collagen content of the lung tissues was determined by the Sircol collagen kit (Biocolor
Ltd., Carrickfergus, U.K.). QTZ at 5.0 mg/kg was treated as positive control. * p < 0.05
compared to control.
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Figureb.
Sub-chronic pulmonary effects of CeO, nanoparticles at 44 days. (A) TGF-B1 levels in

BALF and (B) total collagen content of the lungs of mice receiving 4 mg/Kg CeO»,
nanoparticles. The animals were sacrificed after 44 days and all lung tissues were collected
to determine the total collagen as described in Figure 4. (C) Lung sectioning and staining
with Masson’s trichrome. Areas of concentrated blue staining represents collagen deposition
sites. QTZ at 5.0 mg/kg served as positive control. (D) ICP-OES analysis to determine
elemental Ce content in the lungs of mice receiving the same dose of C1 and C5
nanoparticles, followed by sacrifice after 44 days. (E) Comparative analysis of the collagen
content in the lung of C1 and C5 exposed mice after correction for Ce content. This was
accomplished by normalizing the total collagen content to the total elemental Ce content and
expressed as collagen/Ce in lung. * p < 0.05 compared to control.
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Figure6.
Pulse-exposure of zebrafish larvae to CeO, nanoparticles to assess the effect of AR on larval

development. (A) Diagram showing the stepwise pulse-exposure protocol. Zebrafish larvae
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at 5 dpf were incubated in CeO, nanoparticle suspensions in petri dishes. Thirty larvae were
exposed on each occasion to 25 pg/mL nanoparticles for 6 hr. The larvae were carefully and
thoroughly washed before returning to standard aquarium tanks for regular feeding and
water circulation. The same batch of larvae was used for secondary and tertiary exposures at
8 and 11 dpf. The survival rate of larvae was monitored daily and the overall health status of
the larvae assessed on 14 dpf based on morphology features, body length and weight,
number of calcified vertebrae and digestive function. Larvae were also randomly selected
for histology and TEM analyses. (B) The survival rate of untreated larvae or larvae exposed
to C1, C3, C5 and AgNPs. Only the larvae exposed to AgNPs (positive control) showed
decreased survival. (C) Average larval length at 14 dpf. Larvae exposed to C5 and AgNPs
showed significantly reduced length. (D) Average larval weight showed that C5 and AgNPs
exposures resulted in significantly lower body weight. (E) Use of the number of calcified
vertebrae as assessed by calcein staining. The representative fluorescence images show that
control or larvae exposed to C1 and C3 exhibit 25 calcified vertebrae at 14 dpf. By contrast,
larvae exposed to C5 and AgNPs showed ~17 and ~9 calcified vertebrae, respectively. Three
images were captured and blended to cover the total body length, as indicated by the dashed
line s. * p < 0.05 compared to control. Scale bar: 1 mm.
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Figure 7B
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Figure7.
Confocal-Raman microscopy and ICP-OES analyses of CeO, uptake in zebrafish embryos

and larvae after nanoparticle exposure. (A) Confocal Raman microscopy analysis was
conducted on the C5 exposed larvae. The signature Raman scattering peak of CeO,
(centered at 464 cm™1) confirmed the presence of C5 inside the GIT. Raman spectra
collected from the skin (green dot) or the blood vessels (red dot) did not show any signature
peak for CeO,. Developing larvae were anesthetized and placed on a glass slide with
concavity wells. The excitation laser beam (514 nm) was programmed to scan across the
lateral view of developing larvae as indicated by the dashed line. Raman scattering spectra
were collected across this line at three spots (red dot = skin, green = blood vessel, blue =
GIT). Among these, only the blue spot showed a Raman signature similar to that of CeO,
nanoparticles (provided in the insert). (B) Groups (n = 50) of embryos (24 and 72 hpf) and
larvae (120 hpf) were incubated with 25 pg/mL CeO5 (C1 and C5) for 6 hr. The embryos
and larvae were thoroughly washed before acid digestion and assessment of the amount (jg)
of Ce by ICP-OES. The elemental Ce content in 24 and 72 hpf embryos were 1.5-3.0 pg/g
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of embryos, which is close to the detection limit of ICP-OES (indicated in grey dash line).
This quantity went up to 14.52 and 14,34 ug/g of larvae exposed to C1 and C5 respectively
if the exposure was performed at 120 hpf. However, incubation of these larvae for an
additional 24 hr (i.e., up to 144 hpf) showed a significant reduction in the Ce content upon
elimination from the gut (* p < 0.05). There was no statistical significant difference between
uptake of C1 and C5 in any time point.
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Figure8.
Histological and TEM analysis of the GIT. (A) Histopathology analysis shows the structural

damage by C5 (but not C1) to the GIT. C5 exposed larvae showed desquamation of
enterocytes and damage to the epithelial lining (marked by *). The control larvae and C1
exposed larvae showed normal enterocyte histology and an intact lining. (B) TEM analysis
of a thin GIT section reveals ultrastructural damage by C5. This included blunting or loss of
microvilli (marked by black arrows). (C) TEM analysis of the GIT immediately following
CeO, exposure for 6 hr. While C1 agglomerates could be seen to loosely adhere to the tips
of the microvilli, C5 bundles could be seen to pierce through the microvilli, disrupting their
integrity (marked by red arrows). Mv= microvilli. Scale bar: 1 um.
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Figure 9B
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Figure9.
The digestive function of larvae exposed to C5 was significantly reduced compared to

control or C1/C3 exposed larvae. (A) Explanation of the principle of digestive function
testing. Quantification of the fluorescence intensity of the intramolecular-quenched protein,
EnzChek, at 624 nm following experimental digestion by trypsin. (B) Left panel:
representative fluorescent images of larvae fed with EnzChek. The fluorescence intensity of
the digested peptides in the GIT of larvae exposed to C5 is significantly reduced compared
to the fluorescence intensity in larvae exposed to C1 and C3. Right: Average + SD of the
fluorescence intensity extracted from larvae in each group. While fluorescence intensity was
significant (p < 0.05) reduced for C5 exposed larvae, no decrease was seen for C1 and C3
exposed larvae.
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