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The complexity of engineered nanomaterials with regard to their structure and system-dependent proper-
ties, and limits of instrumentation to fully characterize nanomaterials in agueous suspensions or biological
media make it difficult to understand how material structure invokes biological response. In this work, a
data visualization tool was developed to explore the results of 151 zebrafish assays stored in the
Nanomaterial-Biological Interactions Knowledgebase. Visualizations generated using the tool indicated that
some nanomaterials exhibited a tendency to cause death, others, sublethal abnormalities. The visualizations
also showed that combinations of characteristics, such as the material of the core, shell, and surface, more
than any individual characteristic, influenced toxicity. Notably, the size of the nanoparticle did not appear
significant in determining toxicity across studies. There was an indication that surface charge could affect
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toxicity, but a distinct relationship between charge and biological response was not identified. Through ex-
ploration of the Knowledgebase using the tool, it was determined that it is possible to alter the toxicity of a
nanomaterial of a certain core composition by adding different combinations of a shell and/or a functional
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outer surface, suggesting that proper design choices, as required to achieve a specific function of a mate-
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rial, could mitigate or exacerbate toxicity.

Large datasets containing nanomaterial properties and their fate and effects experimental data are being collected. Visualization tools are needed to

analyze these datasets to produce new knowledge from the ever increasing amount of data being generated, but few tools exist. This article describes the

development and application of a data visualization tool, N4mics, designed to explore the Nanomaterial-Biological Interactions Knowledgebase. Visualiza-

tions generated using N4mics readily reveal that biological responses in the zebrafish assays correlate better with combinations of a shell and/or a func-
tional outer surface than any single property, including size. The tool can be used to quickly visualize the influence of combinations of particle properties

on selected toxicity endpoints.

Introduction

The ability to engineer nanoscale materials allows for the de-
velopment of novel bioactive nanomaterials useful in a myr-
iad of products." The complexity of engineered nanomaterials
with regard to their structure, and limitations in instrumen-
tation to fully characterize materials in suspension or in bio-
logical assays make it difficult to understand how nano-
material structure and properties impact biological response,
especially in complex media (physiological buffers and cell
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assay fluids). The similar size scale between biological ma-
chinery and nanomaterials, the ability of the exposure me-
dium constituents and biological components (e.g. proteins)
to coat or otherwise alter nanoparticles in situ, and in some
cases, the unique properties of nano-scale materials, makes
understanding nanomaterial-biological interactions complex
and challenging. These challenges are currently hampering
the ability to predict biological responses from measured
properties of a nanomaterial, and the ability to predict prop-
erties of new nanomaterials from the responses of nano-
materials with similar properties, i.e. read-across.>
Informatics approaches have been suggested as the
quickest way to analyze and produce new knowledge using
the ever growing amount of data generated during experi-
mental studies of nanomaterial interactions with diverse bio-
logical organisms. Unfortunately, a lack of consistent meth-
odology and thorough characterization of materials
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frequently precludes direct comparison of results across pub-
lished studies.®> What is clear is that numerous material and
medium characteristics are important in understanding how
nanomaterials will interact with biological systems.*® Large
data sets, rich with information on various nanomaterial
characteristics and numerous biological responses collected
with the same assay and in a defined medium, provide the
framework for applying informatics approaches to under-
standing nanomaterial-biological interactions with the goal
of generating novel hypotheses concerning those relation-
ships. Optimal methods of generating new knowledge are of-
ten difficult to identify a priori; thus, in emerging fields, ex-
ploring data in a variety of ways, including using statistical
methods and visualization tools, can lead to synergistic out-
comes. The development of the NanoInformatics Knowledge
Commons (NIKC)® is an on-going effort within the Center for
the Environmental Implications of NanoTechnology (CEINT)
that includes integration of diverse data sets into a central ar-
chitecture and the development of accompanying applica-
tions for data curation, exploration, and visualization.

This article describes the development and application of
a data visualization tool designed to explore the results of
151 zebrafish assays stored in the Nanomaterial-Biological In-
teractions (NBI) Knowledgebase.” The Oregon Nanoscience
and Microtechnologies Institute (ONAMI), working under the
Safer Nanomaterials and Nanomanufacturing Initiative, is
using zebrafish assays to examine hazards associated with ex-
posure to nanomaterials and systematically capturing the re-
sults of those assays in the NBI Knowledgebase. The small
size,® optical transparency,’ availability of genomic data,"
rapid development,® and relatively low husbandry cost of
working with zebrafish provide the benefits of a standardized
in vitro format with the use of whole, living organisms
(én vivo)."* ™3 The zebrafish assay results include observations
of mortality and 19 commonly observed sublethal
endpoints'>'*® for each nanomaterial and exposure sce-
nario, providing a rich database of biological responses that
may vary amongst nanomaterials types.

There is general agreement in the literature that water-
borne exposure to several types of nanomaterials can be toxic
to zebrafish embryos. Asharani et al. found a concentration-
dependent increase in mortality and a delay in zebrafish
hatching when exposed to silver core nanoparticles with
starch and bovine serum albumin capping agents'” and Park
et al. observed increased mortality and abnormalities in
hatching, malformations, and heart rate with exposure to
citrate-capped silver nanoparticles.'® Bai et al. also observed
increased mortality and retarded hatching with exposure to
zinc oxide nanomaterials®® and Duan et al. reported in-
creased mortality and abnormalities in hatching rate and for-
mation as a result of exposure to silica nanomaterials.’* Re-
sults of a 2007 study by Heiden et al. demonstrated that
dendrimers with amino functional groups (G4), attenuated
growth and development of zebrafish embryos at sublethal
concentrations; however, dendrimers with carboxylic acid ter-
minal functional groups (G3.5), were not toxic to the
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zebrafish embryos.” Furthermore, they found that arginine-
glycine-aspartic acid (RGD)-conjugated G4 dendrimers were
less potent in causing embryo toxicity than G4 dendrimers
and that RGD-conjugated G3.5 dendrimers did not elicit tox-
icity at the highest concentrations tested.”® Harper et al. ex-
plored the toxic effects of exposure to fullerenes,*’ several
metal oxides, and gold nanomaterials."**> Exposure to some
of the fullerenes resulted in significant increases in mortality
and malformations.*>**> For the metal oxide nanomaterials
tested, about half were benign to zebrafish embryos, but the
others significantly increased mortality and morphological
malformations.”” Toxicity associated with exposure to the
gold nanomaterials studied was reported to be generally de-
pendent on surface charge; those with no charge (specifically,
gold nanoparticles with either MEE (ligand with two ethylene
glycol units and a terminal methoxy group or MEEE (three
ethylene glycol units and a terminal methoxy group) did not
adversely impact the zebrafish but those with either a posi-
tive or a negative charge significantly perturbed development,
with positively charged particles primarily causing mortality
and negatively charged particles inducing malformations."?
All of these studies indicate that there is a relationship be-
tween a nanomaterial's properties and its toxicity potential,
but it is difficult to identify the general principles controlling
toxicity from any one study.

The goal of the NBI Knowledgebase is to serve as a reposi-
tory of the zebrafish response data, along with the nano-
material properties, that can be mined using computational
tools to elucidate generalizable relationships between nano-
material characteristics and associated toxicological re-
sponses observed in zebrafish.'"' The experimental method
used by ONAMI researchers has been described in the litera-
ture.’>'®?* Particles used in the zebrafish assays are well
characterized and made from well-controlled synthesis proce-
dures. By using strict protocols, the study results reported in
the NBI Knowledgebase are internally consistent, enabling
cross-study comparison of experimental results.

A challenge facing the development of the NBI
Knowledgebase is determining how to visualize the large
amounts of biological responses with respect to the increas-
ing myriad of particle characteristics. To successfully mine
these data, they must be organized and visualized to identify
patterns useful in the development of hypotheses and predic-
tive models, and the visualizations must be presented in a
way that conveys the complex relationships between material
characteristics and biological responses. Developing methods
and tools that are effective in leading to new knowledge re-
quires an interdisciplinary collaboration of information tech-
nologists, toxicologists, data modelers, and engineers.

The NBI Knowledgebase has been explored by numerous
independent groups, with each published analysis showing
that nanomaterial characteristics are influencing biological
response. Using hierarchical clustering analysis, Harper et al.
found distinct patterns of toxicity related to both the core
composition and the outermost surface chemistry of the
nanomaterial, and further concluded that risk assessments
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based on the size and core composition of the nanomaterials
could be inappropriate.”® Using RELIEF, a machine learning
algorithm, Liu et al. concluded that dosage concentration,
shell composition, and surface chemistry were the most im-
portant indicators of 24 hour mortality in zebrafish.'®> Focus-
ing specifically on zinc oxide nanomaterials, Zhou et al,
using principle component analysis and kriging, concluded
that intrinsic features of nanoparticles, specifically the pres-
ence and/or composition of a capping agent, were useful in
the classification and clustering of toxicity data.>* The visuali-
zation tool developed as part of this current work can be used
as a companion to other statistical techniques, such as those
described above, to explore the NBI Knowledgebase from al-
ternative perspectives, enabling the identification of promis-
ing paths of additional computational exploration through
the visual testing of alternative hypotheses.

The primary objectives of the current work were to: i) cre-
ate an interactive informatics tool (N4mics) to explore the
NBI Knowledgebase, looking across nanomaterials and across
studies; ii) use visualizations to identify correlations between
nanomaterial characteristics (including combinations of
characteristics) and biological toxicity responses observed in
zebrafish; and iii) develop a better understanding of the role
computational analysis and visualization tools can play in
producing new knowledge.

Methods

For this work, a comprehensive NBI Knowledgebase data set
was extracted from the NBI Knowledgebase.” One hundred
forty eight Excel files were examined. Each file included the
zebrafish assay outcomes associated with a specific nano-
material. Of the 148 nanomaterials, only 36 were dosed at
high enough concentrations to generate greater than 99 per-
cent mortality; 54 were dosed at high enough concentrations
to generate greater than 50 percent mortality. The design of
the NBI Knowledgebase experimental method, and the limita-
tions of making some nanomaterials at high enough concen-
trations to achieve 100 percent mortality make comparing
the toxicity of the different nanomaterials using the lethal
concentration (LC) at 50 percent mortality and the no ob-
served adverse effect level (NOAEL), problematic. Without the
full dose-response curve, the statistical fitting to the sigmoi-
dal curve covering the range up to and including the concen-
tration that resulted in 100 percent mortality can only be
performed using extrapolation. In an attempt to overcome
these problems, the NBI Knowledgebase provides two toxicity
indicators for each assay at every exposure concentration
level, an additive score and a weighted score. The equations
and weighting scheme used in the scoring system are de-
scribed in Liu et al.'® These scores provide insight into the
toxicity of each nanomaterial overall, but they cannot be used
to identify relationships between nanomaterial characteristics
and specific biological responses.

N4mics provides a frontend interface that allows the user
to select computational parameters and subsets of data, facil-
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itating the exploration of the NBI Knowledgebase in a variety
of ways, including examining the toxicological impact of ex-
posure on individual parts of the zebrafish. To prepare the
NBI Knowledgebase for ingestion into the visualization tool,
an algorithm was developed to extract data from the Excel
files. The extraction algorithm targeted the NBI
Knowledgebase particle descriptor, characteristics of the
nanomaterials, and the associated biological responses. Nine
characteristics were targeted for use in the tool; these were
selected based on the number of files in which those charac-
teristics were populated (i.e., contained meaningful informa-
tion). Additional details regarding the structure of the Excel
files are provided on nanoHUB.>® Descriptions of the targeted
characteristics and the number of Excel files in which that
characteristic was populated are provided in ESI{ (Table S1).
Extracted data from the Excel files were ingested into a
MySQL database, conceptualized as represented in Fig. 1. In
Fig. 1, the nine nanomaterial characteristics that are the fo-
cus of this work are represented in the left most box. The
maximum concentration of exposure varied across studies
from 30000 to 55000000 parts per billion (ppb). All but
seven nanomaterials were studied at concentrations of at
least 100 000 ppb. Each study included a control (zero expo-
sure concentration) and up to seven concentrations of expo-
sure covering the range between zero and the maximum con-
centration, typically a 5-fold dilution. The total number of
zebrafish embryos observed at each concentration of expo-
sure remained consistent within a single assay (e.g., if 12
zebrafish were observed in the control, 12 were observed at
16 ppb, 12 were observed at 80 ppb, etc.); however, the num-
ber of embryos observed varied from assay to assay, with 12
being the minimum and 72 the maximum. Biological re-
sponses are observed at two time points, 24 and 120 hours
post fertilization (hpf). Abbreviations of biological responses
are as follows: Mo - mortality, DP - developmental progres-
sion, SM - spontaneous movement, No — notochord malfor-
mation, Ax - axis malformation, Br — brain malformation, Ci
- circulation, CF - caudal fin malformation, Ey - eye malfor-
mation, He - heart malformation, Ja - jaw malformation, Ot

Nanomaterial | |Exposure|| #of || 24 || 120
Characteristics [ppb] Fish hpf hpf
/-nanomaterial type\ Example: | | Ranged | [*Mo | | *Mo *Pi
+core material -0 from 12 | [*DP | |*Ax *PF
+shell material *16 to 72 *SM| |*Br -SB
«functional group +80 — [*No | |*Ci <Sn
+surface charge +400 *CF +So
sprimary size +2,000 *Ey Tk
+core shape +10,000 *He TR
«core structure +50,000 «Ja *Yo
\°purity ) +250,000 +Ot

Fig. 1 Conceptual representation of the MySQL database backend
used for the visualization tool. Each assay is performed using a specific
nanomaterial. Zebrafish are exposed to the nanomaterials over a range
of concentrations and the mortality at two time points (24 hpf and 120
hpf) and a total of 19 sublethal responses are observed.
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- otic malformation, Pi - pigmentation, PF - pectoral fin mal-
formation, SB - swim bladder, Sn - snout malformation, So —
somite malformation, Tk - trunk malformation, TR - touch
response, and Yo - yolk sac edema.

After ingestion, data in the MySQL database were prepared
for use in the tool. An example of the preparation process for
the nanomaterial NBI_6 (Gold-TMAT(1.5 nm)-pure), includ-
ing the biological responses of mortality and jaw malforma-
tion, is provided in Table 1. Table 1 shows the concentrations
of exposure used in the assay for this nanomaterial in parts
per billion, the number of fish observed to be dead at 24 hpf
and 120 hpf, the number of fish that were observed to have a
malformation of the jaw at 120 hpf, and the sum of the num-
ber of fish that were dead or were observed to have an abnor-
mal jaw at 120 hpf; these are all extracted from the observa-
tions reported in the corresponding Excel file. Note that the
mortality at 120 hpf is cumulative, meaning that all the fish
that died since the beginning of the experiment are included.
The number of fish dead at 24 hpf was normalized by the
number of fish studied (results shown in column labeled A).
The number of fish dead at 120 hpf was also normalized by
the number of fish studied (results shown in column labeled
B). In this assay, 24 fish were observed at each concentration
of exposure. The number of fish observed to have a jaw mal-
formation was normalized by the number of surviving fish
(results shown in the column labeled C). Normalizing by the
number of survivors provides a means of separating the sub-
lethal responses from mortality observations to allow for di-
rect comparison of the frequency of each sublethal response
to all the others as a basis for distinct material-specific com-
parison of sublethal abnormalities in living fish. The lethal
and sublethal responses are summed and normalized by the
total number of fish studied (these results are shown in the
column labeled D). Eight responses are reported in each col-
umn, one for each concentration of exposure including the
control. Note also that the last response shown in column C,
at the 250 000 ppb concentration of exposure, is shown as 0,
but it is actually mathematically undefined because there
were no fish still living at 120 hpf. Thus, when normalized by
the number of surviving fish, there are only seven valid re-
sponses for jaw abnormality. The labels of A, B, C, and D will
be used throughout this manuscript to point back to the data
preparation and normalization methods shown in Table 1.
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Each normalization provides different points of comparison
and insight into how the properties of the nanomaterials in-
fluence biological responses.

The visualization tool guides the user in selecting individ-
ual and/or subsets of nanomaterials, responses, and/or char-
acteristics to include in an analysis by providing lists of avail-
able options. Using the frontend interface, the user selects
relevant computational parameters and indicates how data
should be grouped: by nanomaterial (e.g., NBI_6), by re-
sponse (e.g., jaw), by nanomaterial characteristic (e.g., gold
[Au]) or by combinations of nanomaterial characteristics (e.g.,
{gold [Au] > 2-mercaptoethanesulfonate [MES]}). The charac-
teristics are shown, unless there was a specific reason for
changing them, as they were given in the NBI Knowledgebase
spreadsheets. When combinations of characteristics are
displayed, a greater than sign (>) or double pipes (||) are used
to indicate the concatenation of individual characteristics.
Herein, combinations of nanomaterial characteristics are
shown within curly brackets (e.g., {gold [Au] >
2-mercaptoethanesulfonate [MES]}).

All of the visualizations presented herein aggregate data
based on the user selected grouping method and display the
distinct groups resulting from that aggregation across the
x-axis (by nanomaterial number, by response, or by character-
istics). Three options are provided for selecting how data are
presented along the y-axis: (1) by concentration of exposure
where responses reach or exceed a target response, (2) by
concentration of exposure where the maximum percent re-
sponse is displayed using a color ramp, and (3) by selected
sublethal responses where the maximum percent response
observed at concentrations of exposure less than or equal to
a user selected threshold concentration is displayed using a
color ramp. The three visualization options are described be-
low. Additional details regarding the visualization options are
provided on nanoHUB.*

Visualization option 1: target response percent graphs

Visualization option 1 performs calculations based on a user
specified percentage of fish that exhibit a response and
returns a concentration of exposure where that response was
met. For the results shown in this paper, a 50 percent response
criterion was selected. For an individual nanomaterial, the

Table 1 Example of the data preparation process shown for mortality and jaw abnormalities for the nanomaterial NBI_6 (Gold-TMAT(1.5 nm)-pure)

A B
Exposure # dead fish % dead to # dead fish % dead to

# abnormal # (dead + abnormal % abnormal

C D

% (dead + abnormal

[ppb] at 24 total at 24 at 120 total at 120 jaw at 120  jaw) at 120 jaw to living at 120  jaw) to total at 120
0 0 0.0 0 0.0 0 0 0.0 0.0
16 0 0.0 0 0.0 0 0 0.0 0.0
80 3 12.5 6 25.0 1 7 5.6 29.2
400 3 12.5 7 29.2 3 10 17.6 41.7
2000 5 20.8 11 45.8 8 19 61.5 79.2
10000 7 29.2 16 66.7 6 22 75.0 91.7
50000 11 45.8 20 83.3 3 23 75.0 95.8
250000 24 100.0 24 100.0 0 24 0.0 100.0

This journal is © The Royal Society of Chemistry 2016
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minimum concentration of exposure where 50 percent of the
fish are observed to be dead could be considered conceptually
similar to the LCs, of that nanomaterial, at that specific dura-
tion of exposure, with the fundamental difference being that
the concentration was determined without being fit to a sig-
moidal curve.

Visualization option 1 generates eight graphs, four that
present mortality information, two that present sublethal re-
sponse information, and two that show combined results.
The graphs are designed to be read in pairs based on the
data preparation method (a pair for preparation method A as
shown in Table 1, etc.) with each graph visually presenting
the results of the underlying analysis in a different way. A
simplified, annotated example of the graphs generated by
selecting nanomaterial NBI_6 (Gold-TMAT(1.5 nm)-pure), re-
sponses of abnormal jaw and mortality is presented in Fig. 2.
To develop an understanding of how to interpret the graphs,
the results shown in Fig. 2 should be read alongside those
shown in Table 1. Notice that each graph is labeled with an
A, B, C, or D corresponding to the column of the same name
in Table 1. Reading across Table 1, the minimum concentra-
tions resulting in a 50 percent response are 250 000, 10 000,
2000, and 2000 ppb for the data in columns A, B, C, and D,
respectively. These values can be obtained from the corre-
sponding exposure graphs (top level) by reading the concen-
tration of the location of the bottom of the dark, solid bar.
Notice also in Table 1, the maximum concentrations
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resulting in, at least, a 50 percent response. For all but col-
umn C (% abnormal jaw to living), the maximum occurs at a
concentration of exposure of 250000 ppb. In column C, the
maximum occurs at 10000 and at 50 000 ppb, which displays
as up to a maximum concentration of 50 000 ppb on the C.1
graph in Fig. 2.

No abnormal jaw response is shown above 50 000 ppb be-
cause there were no fish surviving at the 120 hpf observation
at a concentration of exposure of 250000 ppb. The number
that appears over the exposure graphs (top level) indicates
the number of levels of exposure concentration (the number
of rows in the table) where the percent shown in the corre-
spondingly labeled column in Table 1 is greater than or equal
50. This value, when compared to the total number of expo-
sure concentrations used in the assay, provides insight into
the proportion of exposure concentrations in which the target
response was met. In column A, only the 250 000 ppb concen-
tration of exposure resulted in a response meeting the 50 per-
cent criterion, thus a “1” is displayed over the bar in graph
A.1 (those shown in B.1, C.1, and D.1 were obtained using
the same method). The range of exposure for this nano-
material is shown using the lightly colored gray bar that ex-
tends from the x-axis up to 250000 ppb in the exposure
graphs (top level).

The columns labeled as A, B, and D in Table 1 show that
responses ranged from 0 to 100 percent, and included 8 expo-
sure concentration levels (rows in the table). This range is

N A.1 Dead @ 24 hpf B.1 Dead @ 120 hpf C.1 Abnormal D.1 Abnormal or Dead
o R | normalized by number | normalized by number | normalized by number | normalized by number
S LB of embryos total of embryos total of survivors of embryos total
o £ @ (10,000,000 10,000,000 10,000,000 10,000,000

x
A 5'-'-' 1,000,000 1 1,000,000 3 emo 1,000,000 3 1,000,000 1
£S5 - 50% 50% 50%
Q0 = 100,000 50% 100,000 @10,000 100,000 100,000 °
259 |z @250,000| 5 to = @2,000 |_ @2,000
622 (8 10000 7E12 10,000 up 1o 2 10,000 upto  |& 10,000 up to
vES |8 ] & 250,000 (& 50,000 (& 250,000
Sgv (e 1000 LOS © 1,000 © 1,000 . © 1,000 ’
224 |3 @2,000 |3 5 LOS 5
8-8 < § 100 § 100d =05 g 100 @2,000 f%’ 100d == |03
& % | 10 i 10 @80 i 10 n 10 @380

[

« 1 1 1 1
o A.2 % Dead at 24 hpf B.2 % Dead @ 120 hpf C.2 % Abnormal D.2 % Abnormal or Dead
2 o normalized by number | normalized by number | normalized by number | normalized by number
9 ° of embryos total of err;bryos total of survivors of em8 bryos total

c 8

] 100 Max @100% 100 Max @100% 100 100 Max @100%
%o 90 90 90| 90
TE5 80| 80| so-{ 7 80
26 3| 70 _ 70 _ 70 Max @75% | _ 70-
222z 60 § 60 & 60 § 60
203 |S ° o ©
oo™ |g 501 g 50 g %07 & %7
5= 40 40 40| 40
0 Z 30 30 301 30
5 & 20 LOS @20.8% 204 LOS @20.8% 20 LOS @20.8% 20 LOS @20.8%
S 10 104 10 104

Fig. 2 The annotated exposure and percent graphs (visualization option 1) showing the results for the nanomaterial NBI_6 (Gold-TMAT(1.5 nm)-
pure). Biological responses include mortality and jaw malformation. LOS indicates the level of significance as determined using the Fisher's exact

test. Exposure graphs (top level) use a 50 percent response criterion.
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shown as the solid bar in the corresponding percent graphs
(bottom level). The column labeled as C shows a maximum
response of 75 percent, and only 7 valid exposure concentra-
tion levels (all the fish were dead at the 120 hpf observation
of 250000 ppb). This result is shown on the C.2 graph in
Fig. 2. Graphs A.2 and B.2 each display a lightly colored plus
sign. The percentage indicated by the plus sign shown on
graph A.2 indicates the overall average mortality observed at
24 hpf (the average of the response percentages shown in col-
umn A of Table 1) and the percentage shown in graph B.2 in-
dicates the overall average mortality observed at 120 hpf (the
average of the response percentages shown in column B of
Table 1). Relatively large increases in the average mortality
from the 24 to the 120 hpf observation could indicate that
the zebrafish are more sensitive to a nanomaterial by oral ex-
posure than through dermal exposure and/or differential sus-
ceptibility of the developing zebrafish at different life stages.

To determine if an observed response is large enough to
be meaningful, is important to know the minimum expo-
sure concentration where effects begin to manifest in a
high enough percentage of the fish to be considered statis-
tically significant. The percent graphs in
Fig. 2 (bottom level) show the level of significance (LOS),
based on the number of fish observed in the assay, that
must show a toxicity response to be considered meaningful.
The exposure graphs (Fig. 2 top level) show the correspond-
ing concentration of exposure that first met or exceeded
that percentage. These LOS values are based on the Fisher's
exact test.”® The minimum concentration that meets or ex-
ceeds the Fisher's exact test response percentage can be
considered the lowest observed adverse effect level (LOAEL).
For this work, a p-value of 0.05 and an on online computa-
tional tool by Preacher and Briggs>’ were used to determine
the level of significance.

The visualizations generated by the tool are intended to
provide insight by reading all the graphs as a unit. When
looking at Fig. 2 graphs A.1 and A.2 together, because the
50 percent response was met only at 250 000 ppb (A.1), and
100 percent mortality was reached (A.2), it can be con-
cluded that 100 percent mortality was reached at 250000
ppb. In contrast, looking at graph B.2, the solid bar indi-
cates that 100 percent mortality was reached, but, because
graph B.1 indicates that the 50 percent response was met
over a range of exposure concentrations (10000 to 250000
ppb) rather than at a single concentration, the 100 percent
response could have occurred in any or all of the systems
within that concentration range. When looking at the A.1
and B.1 graphs together, a decrease in the minimum con-
centration of exposure that resulted in 50 percent mortality,
from 250000 ppb at 24 hpf to 10000 ppb at 120 hpf is ob-
served. A similar reduction, from 2000 to 80 ppb, is ob-
served in the Fisher's exact test level of significance. When
looking at the percent graphs, the range of responses all
start at zero percent, indicating that no dead fish were ob-
served in the controls at 24 hpf (A.2) or at 120 hpf (B.2),
nor were any fish observed to have an abnormal jaw in the

This journal is © The Royal Society of Chemistry 2016
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controls (C.2), thus the Fisher's percentage level of signifi-
cance is the same in all the percent graphs (bottom level).
Note that a loss of fish in the control experiment would in-
crease the number (percentage) of fish that would have to
show an effect to be considered significant. The concentra-
tion of exposure required to reach the Fisher's level of sig-
nificance with regard to sublethal responses is shown on
C.1 to be 2000 ppb.

Visualization option 2: concentration gradient heat maps

The second option used for visualizing the NBI
Knowledgebase data takes the information from columns A,
B, C, and D of Table 1, and applies a color ramp for each re-
sponse, giving the graph the appearance of a heat map. The
heat maps for the nanomaterial NBI_6 (Gold-TMAT(1.5 nm)-
pure), including the jaw and mortality responses are shown
in Fig. 3. Fig. 3 can be used to gain an understanding of how
the biological responses change with exposure concentration.
These graphs show the percent response at each exposure
concentration. All four of these graphs show an increase in
response with concentration. Comparing A.2 (dead at 24 hpf)
and B.2 (dead at 120 hpf), the graphs show that both reach
100 percent, with the 120 hpf showing higher responses at
the same concentration of exposure as compared to the 24
hpf observations. The C.2 graph indicates that no valid obser-
vations were made at the highest concentration of exposure
(the total height of the bar is less than in the other graphs).
This is because all of the fish were dead at the 250 000 ppb
exposure level, and thus, no observation of sublethal abnor-
malities could be performed. The concentration intervals are
aligned so that the bottom of each interval is the actual con-
centration of exposure where the indicated response was ob-
served. Fig. 3 shows the results for one nanomaterial, thus
the color ramp used for each box represents a single value.
For example, referring to column A of Table 1, the percent re-
sponse at 24 hpf is 100 at 250000 ppb. Fig. 3, graph A.2
shows the darkest shading of the color ramp at a concentra-
tion of exposure of 250000 ppb, indicating a 100 percent
response.

A Dead 24 Max% B Dead 120 Max% C Abnormal Max% D Abn-or-Dead Max%
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Fig. 3 Exposure concentration heat maps (visualization option 2)

showing the results for the nanomaterial NBI_6 (Gold-TMAT(1.5 nm)-
pure). Biological responses include mortality and jaw malformation.
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Visualization option 3: threshold concentration heat maps

The third option for visualizing the NBI Knowledgebase data
takes the information normalized using methods C and D
(Table 1), limits the results to those observed at less than or
equal to a target concentration threshold and applies a color
ramp for the maximum response observed for each sublethal
response. Allowing for the selection of a concentration
threshold is helpful when looking across studies as a means
of equalizing the responses for all assays, even when the max-
imum exposure concentration used across assays was not
uniform. The C.2 heat maps for the nanomaterial NBI_6
(Gold-TMAT(1.5 nm)-pure), including all biological responses,
are shown in Fig. 4 using a threshold concentration of
100 000 ppb. Table 1 shows, in column C, that the maximum
abnormal jaw response was 75 percent and that this occurred
at 10000 and 50 000 ppb (below the 100000 ppb threshold);
thus, the color ramp used to shade the jaw response indi-
cates a 75 percent maximum response. Exploring data from
this perspective provides a means of determining the relative
sensitivity of each biological response.

Results

The NBI Knowledgebase was systematically explored to iden-
tify how nanomaterial structural features, and combinations
of those features correlate with zebrafish responses. Some of
the more interesting findings are provided herein. Additional
visualizations, including a complete set of visualizations for
each of the nine key characteristics individually, more in-

C Abnormal D Abn-or-Dead
yolk sac yolk sac
trunk N trunk

touch response
swim bladder
spontaneous movement
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somite somite
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Fig. 4 The biological response heat map (visualization option 3)
showing the results for the nanomaterial NBI_6 (Gold-TMAT(1.5 nm)-
pure). All sublethal biological responses that meet the threshold target
exposure concentration, in this case 100000 ppb, are included. The
color ramp is applied based on the maximum response observed at
concentrations less than or equal the threshold.
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structions on how to correctly interpret the visualizations,
and a fully operational version of the tool are available on
nanoHUB.”

Visualization of data by general nanomaterial type

To get a sense of the maximum toxicity associated to each
general type of nanomaterial, visualizations, including all re-
sponses grouped by material type (e.g., dendrimer, metal,
polymeric), were generated using a target response of 50 per-
cent. Exposure graphs for option 1 are provided in Fig. 5.
From the visualizations, it was observed that the concentra-
tion required to reach a 50 percent response was the lowest
for the metals group. This indicates that of all the nano-
materials tested, the metal nanomaterial group contained a
material that is the most toxic, both with regards to mortality
and sublethal impacts.

Dendrimers tended to primarily cause death (50 percent
24 and 120 hpf mortality by 2000 ppb; sublethal response
reaching 50 percent only at 10000 ppb), whereas, the metals
and metal oxides caused death and sublethal abnormalities.
Carbon, cellulose, and polymeric nanomaterials were rela-
tively less toxic (higher concentrations are required to achieve
a 50 percent response), with semiconductor materials falling
somewhere in-between.
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Fig. 5 The exposure graphs (visualization option 1) using a target
response criterion of 50 percent. All nanomaterials and all biological
responses meeting the target criteria are included. Data are
aggregated across the x-axis by nanomaterial type.
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Visualization of data by nanomaterial core composition

The visualization tool was applied to compare toxicity re-
sponses across studies by nanomaterial core composition.
The tool output from visualization option 1 is shown in
Fig. 6 for the A (dead at 24 hpf), B (dead at 120 hpf), and C
(abnormalities) exposure graphs. Note in the x-axis label of
Fig. 6 that there is a specific type of gold core referred to as
“gold [Au]; silver [Ag]”. More information on this core combi-
nation is provided in the ESIf (Table S1). The minimum con-
centration required to meet the target response criterion, in-
dicated in Fig. 6 by the bottom of the solid bars, is
determined by the most sensitive response endpoint and/or
the most toxic nanomaterial in the group. The mortality
graphs provided in Fig. 6, A.1 and B.1, show that eight
groups contained a nanomaterial that produced a 50 percent
response by the 24 hpf observation (those that show a count
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Fig. 6 The concentration of exposure graphs (visualization option 1)
for mortality (A and B) and abnormalities (C). All nanomaterials and all
biological responses that meet the target criterion of 50 percent are
included. Data are aggregated across the x-axis by core material
composition.
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over a solid bar in A.1) and 13 by the 120 hpf observation
(those that show a count over a solid bar in B.1).

These 13 are 1,4-diaminobutane [DAB], carbon [c], cellu-
lose, dysprosium oxide [Dy,O;], erbium oxide [Er,0;], gold
[Au], gold [Au]; silver [Ag], holmium oxide [Ho,0;], lead sul-
fide [PbS], samarium oxide [Sm,0;], silica [si], silver [Ag], and
zinc oxide [ZnO].

Note that the maximum exposure concentration (ranges of
exposure shown using light gray bars that start at the x-axis)
are not the same for all groups. Focusing on the abnormality
graph (C.1), it is interesting to note that minimum concentra-
tions needed to achieve a 50 percent response for some of
the groups (such as zinc oxide [ZnO] and silver [Ag]), decrease
as compared to the minimum concentrations shown in A.1
and B.1 that resulted in 50 percent of the fish dying. In con-
trast, some groups (such as the gold [Au] group) show an in-
crease in the minimum concentration required to reach a 50
percent response in graph C.1 as compared to A.1 and A.2.
These results suggest that the gold [Au] core group contains
members that are more likely to kill the zebrafish, whereas,
several of the other core groups, such as zinc oxide [ZnO] and
silver [Ag] groups, have members that are more likely to harm
the zebrafish without killing them. Visualizing the data in
this way allows for the comparison of nanomaterial groups
by core materials, independent of their coatings.

The percent mortality graphs, A.2 and B.2, are shown in
Fig. 7. The graphs in Fig. 7 indicate the average percent mor-
tality across the whole range of exposure using a light colored
plus sign. Looking at the samarium oxide [Sm,0;] group, it
can be seen that the average response increased from 24 hpf
to 120 hpf, jumping from 6 to 20 percent. In contrast, the
1,4-diaminobutane group average increased less than 2 per-
cent. Zebrafish move from zygote to hatching in approxi-
mately 72 hpf.*® Up until 120 hpf, diffusion across the skin

of the zebrafish is the major route of oxygen supply and of
chemical absorption.'* Around 72 hpf, the zebrafish larva be-
gin to swallow, opening the possibility of exposure via inges-
tion after the 24 hpf observation and before the 120 hpf ob-
servation.”® A relatively large gap in the 24 and 120 hpf
averages could be an indicator that the zebrafish are more
sensitive to those nanomaterials by oral exposure than they
were through dermal exposure and/or of differential suscepti-
bility of the developing zebrafish at these different life stages.

Based on the results shown in Fig. 6 and 7, a correlation
between core composition and toxicity cannot be ruled out. It
is clear that some core composition groups do not contain a
nanomaterial that meets the 50 percent response criterion.
Of those that do, the gold, silver, and 1,4-diaminobutane core
groups appear to hold the most lethal nanomaterials. From
Fig. 6 it can be seen that at least one nanomaterial in these
groups killed 50 percent or more of the zebrafish at the low-
est concentrations of exposure (5000 ppb or less) and from
Fig. 7 it can be seen that at least one nanomaterial in these
groups killed 100 percent of the zebrafish.

Fig. 7 shows that other groups also contained at least one
nanomaterial that killed 100 percent of the zebrafish. In
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responses (Fig. 6, C.1) were considered. Concentration gradient
heat maps generated using all responses and the nanomaterials
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other cases, the concentration of exposure resulting in the
100 percent response cannot be determined from the graphs
shown in Fig. 6 and 7, however, the user could select a 99.9
percent response and rerun the tool and use the revised
graphs to determine if and at what concentrations the 99.9

percent response was met or exceeded.

Visualization of data by nanomaterial core, shell, and surface

composition

The visualization tool was applied to go one step deeper,
from looking only at core composition to comparing toxicity
responses across studies by the combination of core, shell,
and surface composition. To make the graphs easier to read,
only nanomaterials shown to reach 50 percent mortality by
the 120 hpf observation (Fig. 6, B.1) and/or that reached a 50
percent response in one or more of the sublethal biological
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Fig. 8 The concentration gradient heat maps (visualization option 2)
for mortality at 120 hpf (B) and abnormalities (C) aggregated by the

shell, and surface composition for those

combination of core,
nanomaterials that reached 50 percent mortality by the 120 hpf
observation and/or that reached the 50 percent response criterion in

one or more of the sublethal biological responses.
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Looking at the gold core nanomaterials (shown in the
highlighted boxes), the gold [Au] core with the cetyl
trimethylammonium bromide shell and the ascorbic acid sur-
face, and the gold [Au] core with the triphenyl phosphine
shell and the N,N,N-trimethylammoniumethanethiol [TMAT]
surface (shown with grey dotted lines up to the B.2 graph)
show a 50 percent mortality (120 hpf) response at the lowest
concentrations of exposure (relative to the other gold core
groups). The gold [Au] core with the phosphatidylcholine
coating and the gold [Au] core with the triphenyl phosphine
shell and the N,N,N-trimethylammoniumethanethiol [TMAT]
surface show a 50 percent abnormality response at the lowest
concentrations of exposure (shown with grey dashed lines on
the C.2 graph), relative to the other gold core groups, except
for the gold [Au]; silver [Ag] core with the phosphate surface;
however, one of the materials in the gold [Au]; silver [Ag] core
group showed abnormalities in the control, and that is
influencing the response of the gold [Au]; silver [Ag] core
group. Looking at the silver core nanomaterials, the mortality
responses appear similar to each other with regard to the
concentration at which the 50 percent response was reached,
but the uncoated silver [Ag] appears to cause abnormalities at
the lowest concentration relative to other silver core groups.
It is interesting to note that, with regard to mortality and ab-
normalities, to achieve responses over 20 percent, the silica
[si], 98%; fluorescein isothiocyanate [FITC], 2% shell on a sil-
ver core generally requires higher concentrations of exposure
to produce the same results as the silica [si] only shell on a
silver core, both with an amine surface. Looking at these two
in Fig. 8 (shown in the unlabeled highlighted rectangle), it
can be seen that, at the same concentrations of exposure, the
{silver [Ag] > silica [si] > amine} responses are darker on the
color ramp. This suggests that the silica [si], 98%; fluorescein
isothiocyanate [FITC], 2% shell leads to reduced toxicity as
compared to silica alone. Looking at the cellulose core nano-
materials, from B.1 and C.1 it is evident, based on the color
ramp showing little or no response at concentrations of expo-
sure under 100 000 ppb, that the cellulose core nanomaterials
are relatively non-toxic to zebrafish regardless of surface
chemistry. This is consistent with published literature
suggesting that oral and dermal exposure to cellulose nano-
crystals is not associated with adverse health effects.>

Visualization of data by nanomaterial core, shell, surface
composition and surface charge

The visualization tool was applied to examine selected core
materials by core, shell, surface chemistry and by surface
charge. The B.2 (mortality at 120 hpf) and C.2 (abnormalities)
concentration gradient heat maps are provided in the ESIf
(Fig. S1 and S2). It is interesting to see how the addition of
the shell and/or changes to surface chemistry and charge also
change the toxicity of the nanomaterial, but it is difficult to
identify a trend. In the gold group (excluding nanomaterials
listed in the NBI Knowledgebase as having a gold [Au]; silver
[Ag] core), with regard to mortality, the {gold [Au] > triphenyl
phosphine > N,N,N-trimethylammoniumethanethiol [TMAT]}
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(with a positive surface charge), the {gold [Au] > cetyl
trimethylammonium bromide > ascorbic acid} (with an un-
known surface charge), and the {gold [Au] > phosphatidyl-
choline} (with a neutral charge) all result in 120 hpf mortality
of over 50 percent at concentrations of 10000 ppb (or less).
When looking at the sublethal responses, the {gold [Au] >
triphenyl phosphine > N,N,N-trimethylammoniumethanethiol
[TMAT]} (with a positive surface charge) and the {gold [Au] >
phosphatidylcholine} (with a neutral charge) show responses
over 50 percent at concentrations of 2000 ppb. The {gold [Au]
> 2-mercaptoethanesulfonate [MES]} (with a negative charge)
also reaches the 50 percent response level, but not until the
highest concentration level, 250 000 ppb. It is interesting to
note that the toxicity of the cetyl trimethylammonium bro-
mide shell is also reported in Li, Huang et al. 2009.%°

When looking at the silver core, the {silver [Ag] > silica
[si] > amine} (with a positive charge) results in higher maxi-
mum percent response (120 hpf mortality and sublethal)
than {silver [Ag] > silica [si] > amine} (with a negative
charge) at the same concentrations of exposure above 5000
ppb, but the {silver [Ag] > silica [si] > amine} (with a negative
charge) showed some mortality at lower concentrations of ex-
posure, the {silver [Ag] > silica [si] > amine} (with a positive
charge) did not. The bare silver [Ag] (with a negative charge)
shows equal or greater maximum sublethal responses than
all the other silver groups (C.2) at all but one (50 000 ppb) of
the exposure concentration levels. When looking at the 1,4-
diaminobutane [DAB] core, the {1,4-diaminobutane [DAB] >
poly(amidoamine) [PAMAM] > amine} (with a positive charge)
shows the highest maximum response for both mortality and
sublethal responses. Looking across the cores, these results
suggest that the positively charged particles could possibly be
correlated with higher mortality, but no such trend can be
identified in the sublethal responses. These findings should
be further explored using statistical methods to determine if
the correlations observed visually are statistically significant.

Visualization of data by a combination of the composition of
the surface, shell, and core using a target threshold of
100 000 ppb

To get some insight into how the surface and shell composi-
tion alter toxicity, data for all responses and for nano-
materials that reached 50 percent response were aggregated
by surface, shell, and core and a relatively high threshold
concentration of 100000 ppb was applied to generate the
maximum percent response heat map using visualization op-
tion 3.”> Groups that reached a 50 percent response for one
or more of the sublethal responses at concentrations less
than or equal 100 000 ppb are summarized in Table 2 (corre-
sponding visualization is provided in Fig. S3 in the ESIf),
with the checkmarks indicating the nanomaterial group
reached 50 percent for the sublethal response indicated.
These results suggest that nanomaterial exposure can re-
sult in a very different pattern of sublethal responses
depending on the surface, shell, and core composition. In
some groups, combinations of material composition that
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Table 2 List of the combinations of surface, shell, and core composition groups with biological responses for which a response of 50 percent was

reached at a concentration of exposure of 100 000 ppb or less

Material composition of the combination of surface > shell >

CF Ci DP Ey He Ja No Ot PF Pi Sn So SM SB TR Tk Yo

core Ax Br
3-Mercaptopropanesulfonic acid, sodium salt > lead sulfide v
[Pbs]

Amine > poly(amidoamine) [PAMAM] > 1,4-Diaminobutane v
[DAB]

Amine > silica [si] > silver [Ag] v

Amine > silica [si], 98%; fluorescein isothiocyanate [FITC], 2%
> silver [Ag]

Citrate > silver [Ag] v
Erbium oxide [Er,03]

Europium oxide [Eu,0;] v
Holmium oxide [Ho0,0;]

N,N,N-trimethylammoniumethanethiol [TMAT] > triphenyl
phosphine > gold [Au]

Neodymium oxide [Nd,0;]

Phosphate > gold [Au]; silver [Ag] v
Phosphatidylcholine > gold [Au]

Samarium oxide [Sm,0s]

Silver [Ag] v

Zinc oxide [ZnO]

seem to be similar can result in very different patterns of ab-
normal sublethal responses. For example, {amine > silica
[si], 98%; fluorescein isothiocyanate [FITC], 2% > silver [Ag]}
shows a circulation (Ci) response of 50 percent with no other
sublethal responses reaching 50 percent, whereas, {citrate >
silver [Ag]} shows many sublethal responses over 50 percent,
but the circulation response only reached 25 percent. Other
groups show similar patterns of responses, such as the
{amine > poly(amidoamine) [PAMAM] > 1,4-diaminobutane
[DAB]} and the {amine > silica [si] > silver [Ag]} groups.
These findings suggest that it might be possible, if enough
data were available to support a statistically rigorous analysis,
to establish a “fingerprint” of sublethal responses for each
combination of material composition, and possibly develop a
means of weighting the effect of the core, shell, and outer
surface compositions based on the relative pattern of the
sublethal responses.

Visualization of data by a combination of the composition of
the core, shell, and surface and then by size

The visualization tool was applied to compare toxicity re-
sponses by primary particle size. No visual trend was appar-
ent to suggest that particle size is a single predictor of toxic-
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ity. To determine if particle size was secondary to core
composition as an indicator of toxicity, the tool was used to
group data by core composition and particle size. Again, no
trend could be identified. When grouped by the combination
of core, shell, and surface, and then by size, there is some vi-
sual indication that particle size might be important to toxic-
ity, but how size impacted toxicity was difficult to determine.
The material combination visualizations are provided in the
ESIt (Fig. S4). Fig. S4 shows there was no discernible trend in
toxicity with size for {silver [Ag] > silica [si] > amine} nano-
materials (i.e. the 67.7 nm particles show greater response at
the same concentrations than both the 20 and 69.9 nm mate-
rials). Fig. S4 also shows there was no discernible trend in
toxicity with size for zinc oxide nanoparticles ranging in size
from 4 to 33 nm, however, for materials of the same composi-
tion, those of greater size (63 to 76 nm) show increases in
mortality at 120 hpf and sublethal response as compared to
the smaller sizes (the responses for the three nanomaterials
in the 63 to 76 nm range are displayed as darker colors of the
color ramp than the responses of the smaller sizes at the
same concentrations of exposure). This contradicts the expec-
tation that smaller particles that tend to be more soluble as
particle size decreases (e.g., silver*' and zinc oxide*?) would
be more toxic. Chang et al. have previously indicated that the

This journal is © The Royal Society of Chemistry 2016
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role of solubility on nanotoxicity, specifically with regard to
copper and zinc oxide, is disputable.**

Conclusions

The visualizations generated using the N4mics tool show that
it is the combination of the composition of the core, shell,
and surface, more than any one individually, that influences
toxicity. Size does not appear to play a significant role in de-
termining toxicity across nanomaterial core, shell, and sur-
face composition groups, but may play a role within a spe-
cific group of materials. There is some indication that
surface charge can affect the toxicity of a nanomaterial, but a
pattern of how was difficult to identify. What is clear from ex-
ploring the NBI Knowledgebase using the visualization tool is
that it is possible to alter the toxicity of, or alter the nature of
the toxicity (more likely to cause death or cause harm, and
what kind of harm is most likely) of a nanomaterial of a cer-
tain core composition by adding different combinations of a
shell and/or a functional outer surface.

The tool developed as part of the current work provides a
frontend interface that guides the user through the process
of selecting nanomaterials, responses, and characteristics to
include in an analysis and further assists the user in
selecting the type of analysis to perform. Multiple analyses
can be performed, each using different combinations of
nanomaterials, responses, characteristics, response rates, and
target concentrations to explore hypotheses related to
property-effect relationships. When needed, insights gained
from assessing the toxicity of engineered nanomaterials
using the tool can be further verified with additional rigorous
statistical testing.

The N4mics tool, along with extensive supporting informa-
tion (including a detailed user's guide), is available on Nano-
HUB.>® The NBI source data file, a zip file containing 148
Microsoft Excel files, is also available on NanoHUB.?® Results
of the studies performed on each nanomaterial can also be
accessed via the NBI Knowledgebase website.”
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