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ESI-S1 Physicochemical characterization of the chemicals

Test chemicals

Bare ZnO-NPs (10 — 30 nm, purity 99.8%, surface area of 30 — 50 m?/g) were
purchased from SkySpring Nanomaterials Inc. (U.S.A.). Bare zinc oxide bulk particles
(ZnO-BKs, purity 99.99%) and zinc sulphate heptahydrate (Zn-IONs, ZnSO4-7H20, purity
99.99%) were purchased from Sigma-Aldrich Inc. (U.S.A.). Three silane coatings with
different degrees of hydrophobicity were coated to ZnO-NPs (Table S1), following Ng et

al.l.

Table S1 Surface coatings used for the functionalization of ZnO-NPs.

OCHjs

3-(aminopropyl)trimethoxysilane A H:aCO—$i—/\/NH2 919-30-2 -1.16
OCHj

3-(methacryloyloxy) i

-{(methacryloyloxy HaCO-Si CH, -
propyltrimethoxysilane M ) ém O)ka 2530-85-0 0.75
3

cl

dodecyltrichlorosilane D Cl=Si—CHy(CHz)10CH3 4484-72-4 7.41

Cl

Log kow: octanol-water partition coefficient

Characterization of the chemical pristine powders

The five test particles, including ZnO-BKs, bare ZnO-NPs, A-ZnO-NPs, M-ZnO-
NPs and D-ZnO-NPs, were observed under a Transmission Electron Microscope (Tecnai
G2 20S-TWIN at 200 kV, Philips Ltd., The Netherlands). To determine their primary size,
a total of 250 particles from 5 replicates were measured at their longest diameter using
Image J (version 1.51i, National Institutes of Health, U.S.A.)2. Their elemental
composition was confirmed by the Energy-dispersive X-ray Spectroscopy (EDS) and

Selected-Area Electron Diffraction (SAED). Surface characteristics of the five particles
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were measured by the Fourier Transformation Infrared Spectroscope (Perkin EImer Inc.,

U.S.A.) from 400 to 4000 cm™.

Hydrodynamic behaviours of the particles

Stock solutions were prepared by dispersing each of the six test chemicals in
filtered artificial seawater (FASW) with sonication for 1 min. Stock solutions at 25 mg
Zn/L were incubated at 25 + 1 °C, 32 + 1 PSU and 150 rpm for seven days to reach an
equilibrium34.  Zinc concentration in the stock solution (mg Zn/L) has been confirmed
using Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES, Optima
8300, Perkin ElImer Inc., U.S.A.) and was then prepared in the same way in all subsequent

chemical characterization and toxicity evaluation.

After incubation, hydrodynamic (agglomerate) size and zeta potential of the test
particles were measured by a Laser Diffractometer (LS 13 320 Series, Beckman Coulter
Inc., U.S.A.) and a Particle Analyzer (Delsa Nano C, Beckman Coulter Ltd., Germany),

respectively.

Zinc ions (Zn?*) released from the five test particles were measured by the ICP-
OES after filtration through 0.02-um syringe filters (Anotop 25, Whatman Ltd., England)®.
The dissolution (%) of the particles was calculated by Equation 1. Another parallel
experiment over 10 consecutive days was conducted to confirm the dissolution

equilibrium of the particles.

Ce:
Dissolution rate (%) = L % 100% (1)
total

where Cr and Cioa are the Zn?* concentration in the filtrate and in the working solution

before incubation, respectively.
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The capability of the six test chemicals to generate reactive oxygen species (ROS)
after illumination was quantified by 5-(Diethoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide
(CgH1sNO4P, DEPMPO, Enzo Biochem Inc., U.S.A.) using the Electron Paramagnetic

Resonance Spectrometer (EMX, Bruker Inc., U.S.A.)S.
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ESI-S2 Acute and chronic exposure experiments

Preparation for the experiments

The marine copepods T. japonicus were cultured in 20 L plastic culture tanks with
FASW of 32 PSU, under a controlled environment at 25 °C and a 12:12 h light-dark cycle.
Animals were fed ab libitum with Chlorella sp. (about 6 x 10* cells/mL) and the culture
water was renewed regularly. Prior to adult acute toxicity test, adult copepods of both
sexes were acclimated for 6-h without food. In nauplius acute and chronic tests, nauplii
hatched within 12-h were collected. Stock solutions of the six test chemicals were
prepared and incubated using the same method described in the physicochemical

characterization.

Acute Toxicity Evaluation

The 24-h and 96-h standard acute toxicity tests were performed using nauplii and
adults of both sexes, respectively’-®. There were 10 individuals (5 males and 5 females
for the adult test) within each of the three replicates. From the range-finding tests, the
final test concentrations were set from 0.25-10 and 0.25-25 mg Zn/L for nauplius and
adult acute tests, respectively. Experiments were conducted under a controlled condition
at 25 °C, 32 PSU, a 12:12 light-dark cycle and without food. The test solution was not
renewed in the nauplius test but was renewed once at 48-h interval in the adult test.
Mortality was checked daily and the dead individuals were removed immediately. For the

tests to be valid, control mortality has to be within 10%”.
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Chronic Toxicity Evaluation

The 21-d chronic toxicity test was performed with reference to Jeong et al.® and
OECD?®. There were 10 individuals within each of the three replicates. Five chemical
concentrations were applied: 0 (FASW), 0.001, 0.01, 0.5 and 1 mg Zn/L. Test solution
was renewed and Chlorella sp. (about 6 x 10* cells/mL) was provided as food daily. Three
endpoints were monitored twice a day: (a) Developmental time (number of days) from
nauplius to the copepodite and the mature stages, respectively; (b) Reproduction (total
number of viable offspring) and (c) Mortality. Intrinsic population growth rate (r) was then
derived from these endpoints using a modified Euler-Lotka equation®. This endpoint has
the benefit over traditional toxicity endpoints as they are based on demographic

characteristics and thus more ecologically relevant'®.
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ESI-S3 Interaction between the copepods and the chemicals

Exposure conditions

After a range-finding experiment from 2 to 8 mg Zn/L of the chemicals, 8 mg Zn/L
was found to induce the most prominent response in cellular ROS of the copepods.
Accordingly, all mechanistic studies in ESI-S3 were conducted using the same
concentration of chemicals (8 mg Zn/L) and exposure period (24-h) to compare the

differential stress responses of the copepods.

Adherence of the chemicals to the copepod surface

Adherence of each test chemical to the copepod surface was observed under the
Field Emission Gun Scanning Electron Microscopy (S-4800FEG, Hitachi Ltd. Japan) and
EDS was applied on the observed particles to confirm if they contained zinc, which might
originate from the test chemicals'"-'2. In brief, 10 copepods were exposed to each of the
six chemicals at 8 mg Zn/L for 24-h, in addition to the FASW control. The copepods were
then rinsed with Milli-Q water once to briefly remove the sea salt on their body surface.
After fixation with 2.5% glutaraldehyde (pH 7.4), freeze-drying and coating, three major
parts of the copepods were monitored, including feeding appendages, swimming
appendages and tail. They are closely related to the feeding and swimming activities of

the copepods.

Zinc bioaccumulation in the copepods
Bioaccumulation of zinc in the copepods was quantified by the Inductively Coupled
Plasma-Mass Spectrophotometry (ICP-MS, Model 7900, Agilent Inc., USA)'3. In brief,

around 800 copepods were exposed to each of the six test chemicals at 8 mg Zn/L for
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24-h, in addition to the FASW control. After exposure, the copepods were harvested by
sieves made of nylon and plastics, followed by rinsing with Milli-Q water and 2% trace-
metal-grade HNO3 (67-69%, Zn < 0.500 ppb, Avantor Inc., U.S.A.). This step could
remove the metals adhered to the copepod surface during the exposure. The harvested
animals were then freeze-dried for 24-h and their dry weight was determined by a digital
balance with a precision up to 0.001 g. The dried samples were digested with 8 mL of
concentrated trace-metal-grade HNO3; and H202 in a 3:1 (v/v) ratio at 180 °C for 30 min
using a microwave digester (Ethos One, Milestone Ltd., Italy). The total zinc
concentrations in the digested samples were measured using the ICP-MS. Zinc

bioaccumulated in the copepods was then normalized by their dry weight.

Examination of antioxidant enzymes and gene expressions

Before the analysis, around 200 copepods were exposed to each of the six
chemicals at 8 mg Zn/L or the FASW control for 24-h. For cellular activity of ROS,
glutathione S-transferase (GST) and superoxide dismutase (SOD), the methods of
determination followed the methods described in Jeong et al.8 and Lee et al.’*. A parallel
negative control was prepared using FASW. The results were presented in terms of %
activity compared to control using Equation 2. Relative antioxidant gene expression in
the copepods was quantified by the Quantitative Real-Time Reverse Transcriptase
Polymerase Chain Reaction (QRT-PCR)'4'5 (Table S2). There were three replicates in

these analyses.

. .. ACtivitychem
Relative Level of activity (%) = Activity, X 100% -+ (2)
0

where Activitycsnem and Activityo are the ROS level or antioxidant enzyme activity of the

copepods exposed to the chemicals and FASW control, respectively.
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162 Table S2 Primer sequences of the target antioxidant-related genes.

F: CAC TGA GAC CGG AAA CCA CG
R: TCG TCT CTG GTC AAATCG TCG

Catalase CAT

F: ACT TTG GAA CCT GGT CGC GAG
CuzZnSOD AAC

Superoxide dismutase R: CCAATC GTGAGC CTGCGTTTC
isomers F: GGT GGA TCC GGT GAA CCT GAA G
MnSOD R: CCG GCAGCC TTATTATAA CCC
AAC
] ) F: TTT ATG AGG CAC GAC TGT CCG
Glutathione peroxidase GPx
R: AAATTG GTT GCT CGG GAA AGC
] F: CCA TGA CGG ACA GAA AGC AGA
Glutathione reductase GR
R: CTC CCATCT TGATGG CAACTC
GST-d F: CTC TGG CCG ATT TAT GCT TC
R: CAA CTC GGT GAAACC AGA CA
GSTk F: AAACAG CAGCGCTTTTTGAC
R: GAG CTCATCATATTGCTCGTT G
GST F: TTT AGG AAT GGC CTT GTT CG
-m
R: AAC CAA AGG CAG CCA AAT AA
GST F: ATGACTGGATTC GGATTTGGAC
. -S
Glutathione S-transferase R: GGC GTT TGG TCA CAT ATT CGG
isomers GST-t F: GGT TCT CGG TTG GAT CAA TG
R: AGC ATA AAT CGG CCAGAG TC
GST F: AACCTTGGC TCGTTT CCAC
-z
R: GTG GCAATCATG GAGTTCCT
F: TCC ACT CCC GAG GAT ATT GA
mGST1
R: ATC CTC CGGATT CTTTCC AC
F: CGGATT GGT TTG GACTCT TG
mGST3
R: CACCTT GCATGC GTTTCTC
Elongation factor 1-a ELFA F: GTG ATA TGA CAG AGA CCG TGG
a
R

(Housekeeping gene) :ACTTCTTCT TTT GAG CCTTAG C
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ESI-S4 Data analyses

No observed effect concentration (NOEC), lowest observed effect concentration
(LOEC), and median lethal concentration (LCso) derived from the acute toxicity tests

Copepod mortality in the treatments of the two acute tests was corrected using
their control mortality by Abbott’s equation (Equation 3)'. The NOEC and LOEC were
derived using Dunnett’s test (SPSS, v24, IBM Inc., U.S.A.) and data were log-transformed
(log(N+1) where N is the data) to pass the Levene’s test. The LCso was determined using
Prism (v7, Graphpad Inc., U.S.A.) by non-linear regression for a dose-stimulating

response under a confinement between 0 and 100% effect.

M,

Corrected Mortality (%) = 106—M
- Mo

x 100% - (3)

where M: and Mo are the mortality of treatment and FASW control in percentage,

respectively.

NOEC, LOEC, and 10% and 50% effective concentration (EC1o or ECs0) derived from
the chronic toxicity tests

Before data analyses, developmental time, reproduction and intrinsic growth rate
(r) in the treatments were compared to those in the control (Equations 4 & 5). The NOEC,
LOEC, EC10 and ECso were then derived following the method described in above sub-

section of the acute toxicity tests.

A- A By -B

(%A = X 100%) --- (4) (%B = X 100%) - (5)

0

where A is the developmental time to copepodite and adult of the copepod; B is the
reproduction or intrinsic growth rate of the copepod; Aoand By are the endpoint values in

the controls.
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Gene expression analyses

Before Permutational Multivariate Analysis of Variance (PERMANOVA) using R
programme, gene expression data were logo-transformed. For Distance-Based
Multivariate Linear Model (DISTLM) and Distance-Based Redundancy Analyses (dbRDA)
using PRIMER with PERMANOVA+ (package 6.1.5), chemical properties were log1o-
transformed and standardized using z-scoring (Equation 6). One sample from D-ZnO-
NPs was removed as it was found to be a significant outlier'”. The gene expression data
were logz-transformed, standardized, and resembled based on the Euclidean dissimilarity

matrix.

Xi — H
5 - (6)

Standardized value =

where x;is the value of the variable to be standardized, y and & are the mean and standard

deviation of the variable.

Statistical differences among test samples

One-way analysis of variance (ANOVA) followed by post-hoc Tukey’s test was
used to compare the difference of physicochemical properties and acute toxicity among
the chemicals, as well as the bioaccumulation, cellular ROS and antioxidant activities of
the copepods. One-way analysis of covariance (ANCOVA) was also conducted, using
chemical as the fixed factor and concentration as the covariate, to compare their effect
on the chronic responses of the copepods; Bonferroni correction was applied during the
pair-wise post-hoc comparison among the chemicals. Transformation was performed

when necessary to pass the Levene’s test. Endpoints that failed the Levene’s test after
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transformation was tested using the original data with reduced a (0.01)'®. All analyses

were conducted using SPSS (SPSS, v24, IBM Inc., U.S.A.).

Prediction of the toxicity of coated ZnO-NPs from their surface coating properties

Literature review was performed at Google Scholar using a combination of key
words: “nanomaterial”’, “coating” and “toxicity”. A more specific search was also
conducted by replacing “nanomaterial” with “zinc oxide”, “silver”, “copper oxide”, “iron
oxide” or “titanium oxide” nanoparticles, which, similar to ZnO-NPs, are metal-associated
nanomaterials and were identified as the major nanomaterials to be evaluated'. Only
studies meeting the following criteria were selected: (a) coated nanomaterials were
obtained by directly functionalizing the bare nanomaterials that was compared; (b) the
study simultaneously compared the toxicity of uncoated and coated nanomaterials; (c)
L(E)(1)Cso was provided by the study directly or able to be derived from its graph and (d)

properties of the surface coating could be obtained from the following databases:

ChemicalBook  (https://www.chemicalbook.com/productindex _en.aspx), Estimation

Program Interface Suite (Environmental Protection Department, United States) and
safety data sheet from Thermo Fisher Scientific Inc. and Sigma-Aldrich Ltd. Molecular
weight, topological polar surface area, Log kow, density, boiling point and melting point of
the surface coatings were used in the analyses as they had the most complete dataset
for the selected coatings.

Toxicity ratio was constructed by dividing L(E)(1)Cso of bare nanoparticles by the
coated ones and a geometric mean was taken for toxicity ratios from the same surface
coating. Multivariate regression was performed on log-transformed toxicity ratio and the
six coating properties using Design-Expert (v11, Stat-Ease Inc.). The combination(s) of
the coating properties which could generate model(s) that have a larger r?, a smaller p
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235  value and a smaller Akaike Information Criterion were selected. Lastly, normal probability
236  and residual plots of these models were constructed and the model that best fulfilled these

237  statistical assumptions of a regression model was selected.
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ESI-S5 Results of the chemical characterization

Surface chemistry of the particles

Five characteristic regions were identified from the FT-IR spectra (Figure S1). The
broad feature at around 3200-3650 cm™ (Figure S1a) in all samples corresponds to the
stretching vibration of OH group of water molecules?°. In other regions, ZnO-BKs and
bare ZnO-NPs presented significantly different spectra compared to coated ZnO-NPs. In
the region between 2800-3000 cm' (Figure S1b), the subtle peaks that occur only in the
coated ZnO-NPs may signify the CH3 group vibrations of their surface coatings?'. The
peak between 1600-1750 cm™' (Figure S1c), especially in M-ZnO-NPs, may represent
scissoring mode of water molecule or C=0 vibration in its coating, i.e. 3-
(methacryloyloxy)propyltrimethoxysilane?2. Region of 1300—1550 cm™! (Figure S1d) may
indicate the features of C=C vibrations, CH3s and CH2 bending vibrations?3. Lastly, region
of 650-1200 cm™ (Figure S1e) may indicate vibrations due to silicate ion, —(CH2)n—
rocking vibrations (n = 3), C-H bending vibrations, C-O?°. Therefore, D-ZnO-NPs that

have a coating with long carbon chain had the strongest signal than other particles.
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Figure S1 FT-IR spectrum of the five test particles. The shaded areas (a-e) show the
five characteristic peak areas that differentiate the particles.
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254  Primary size distribution of the particles
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Figure S2 TEM image and size distribution of the dry powder of (A) bare ZnO-BKs;
(B) bare ZnO-NPs; (C) A-ZnO-NPs; (D) M-ZnO-NPs and (E) D-ZnO-NPs. The thin
films in (E) D-ZnO-NPs (pointed by red arrows) are chlorine-containing films that
may form during surface coating, in line with the previous study?®.
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256  lon dissolution of the particles
257  The equilibrium and maximum dissolution were achieved at around 4th to 7th days,

258 indicating that an incubation of seven days may be a suitable time frame, which agreed

259  with the previous studies®*.
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Figure S3 Cumulative dissolution of (A) bare ZnO-BKs; (B) bare ZnO-NPs; (C)
A-ZnO-NPs; (D) M-ZnO-NPs and (E) D-ZnO-NPs over the 10-day incubation.
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262 ESI-S6 Chemical toxicity

263  Mortality of the copepods in the 21-d chronic toxicity test

264
120
] Error bar: + 1 S.D.
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0' — - T . T LT
Chemicals at Different Concentrations
Figure S4 Mortality (%) of the copepods during the chronic toxicity test. Within each
chemical, the five bars from left to right represent different test concentrations of 0.001,
0.01, 0.1, 0.5 and 1 mg Zn/L, respectively. Dash line shows the copepod responses in
the FASW control. There was a significant concentration effect (One-way ANCOVA, p
< 0.01) but not chemical effect on the mortality.
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Toxicity values of the six test chemicals
Table S3 Toxicity values (mg Zn/L) of the chemicals determined from the acute and
chronic tests; values in the brackets are the range of the toxicity values within 1 standard
deviation. Different letters at superscript denote significantly different means among the

chemicals.
Zn-IONs Bare Bare A- M- D-
Zn0-BKs ZnO-NPs ZnO-NPs ZnO-NPs ZnO-NPs
Adult 96-h acute toxicity test
NOEC 2 0.25 2 <25 <25 2.5
LOEC 25 0.8 2.5 2.5 2.5 5
LCso 5.26¢d 3.44¢ 10.282 3.91de 6.75b¢ 9.002b
(4.80-573) (2.98-3.89) (7.97-1259) (3.32-450) (6.15-7.35) (7.85-10.15)
Nauplius 24-h acute toxicity test
NOEC <0.25 <0.25 0.25 0.25 <0.25 0.25
LOEC 0.25 0.25 0.5 0.5 0.25 0.5
LCso 2.19° 2.03° 5.622 2.43° 1.57° 6.182
(1.65-2.73) (1.64-243) (5.31-592) (1.94-291) (1.11-2.03) (5.37—7.00)
21-d chronic toxicity test
Developmental time to copepodite
NOEC 0.001 <0.001 <0.001 > 0.5 > 0.5 > 0.5
LOEC 0.01 0.001 0.001 > 0.5 > 0.5 > 0.5
EC1o N/A?
ECso >0.52
Developmental time to adult
NOEC > 0.5 > 0.5 > 0.5 0.001 > 0.5 > 0.5
LOEC > 0.5 > 0.5 > 0.5 0.01 > 0.5 > 0.5
EC1o N/A?
ECsgo > (.52
Reproduction
NOEC 0.001 0.001 0.001 <0.001 <0.001 0.001
LOEC 0.01 0.01 0.01 0.001 0.001 0.01
ECio 0.002° 0.019° 0.0032 0.006° 0.006° N/AS
(0.001 -0.003)  (0.001-0.037) (0.001-0.005) (0.001-0.113)  (0.001 —0.011)
ECso (0.1(2)'1—90.26) (0.08'1—60.23) (0.1(7)"150.73) (0.1(1)'1—50.19) (0.1(2)'1—70.22) >05°
Intrinsic growth rate
NOE,C 0.001 0.01 0.01 0.01 0.01 0.1
LOE.C 0.01 0.1 0.1 0.1 0.1 0.5
ECio (0.02'1—10.15) (o.og'100.15) (0.03'1—00.12) (o.oge?o.m) (0.0(7)'1—00.13) N/AZ
E.Cso 0.51 0.542 0.672 0432 0.392 > 0.5%
(0.48-055) (0.39-0.69) (0.46-0.88) (0.32-0.54) (0.31-0.47)

1. These treatments did not have significant difference compared to the control (Dunnett’s test, p > 0.05).
2. EC1o and ECso values of the chemicals could not be determined given its limited toxicity. Only a
maximum of 12.7% and 12.4% of delay in developmental time of the two stages was observed in these
treatments.
3. These values of D-ZnO-NPs could not be derived given its limited toxicity compared to other test
chemicals. Only an average of 12.2% of reduction of intrinsic growth rate was obtained in the D-ZnO-
NPs treatment of the highest test concentration, i.e. 0.5 mg Zn/L.
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Predictive model for the toxicity of coated ZnO-NPs

Table S4A Toxicity data of uncoated and coated nanomaterials used for toxicity prediction.

Test .
Coating Species Type Species Concentration End Point Lgi)(ll)f)“ TOR):t‘i:(')ty Reference
(mglL) g
Ag
uncoated ) ) 24 h viability 0.03
citrate bacteria Bacillus sp. 0.003-1.2 (IC50) 019 014 24
CuO
uncoated i h 24 h viabilit 9.83
. . . mammalian mouse macrophage ’ viability

citrate (sodlum.cnrate) cell RAW264.7 10-60 (IC50) 24.55 0.40 25
ascorbate (sodium ascorbate) 25.62 0.38
FexOy
uncoated ) ) . 72 h growth 0.09

| Raphidocel b tat 0.01-100 26
dimercaptosuccinic acid algae aphidocells subcapfiata (EC50) 0.13 0.69
ZnO
uncoated mammalian human WIL2-NS 2-50 48 h viability 11.43 27
oleic acid cell lymphoblastoid cells (IC50) 30.97 0.37
uncoated mammalian human RAW 264.7 murine 4128 72 h viability 14.72
triethoxycapryl silane cell macrophages using resazurin (IC50) 10.88 1.35
ncoated mammalian o 2 g meuira 4-128 72 h viability 1968
triethoxycapryl silane cell mecropnag 9 (1C50) 22.08 0.89
uncoated mammalian human MH-S murine alveolar 4128 72 h viability 17.92
triethoxycapryl silane cell macrophages using resazurin (IC50) 19.68 0.91
uncoated mammalian human MH-S murine alveolar 4-128 72 h viability 23.04
triethoxycapryl silane cell macrophages using NRU (IC50) 15.20 1.52
uncoated mammalian human bronchial epithelial 4128 24 h viability 17.79 28
triethoxycapryl silane cell (16HBE) cells (IC50) 56.46 0.32
uncoated mammalian . 24 h viability 10.06
triethoxycapryl silane cell mouse TM3 Leydig 0.125-200 (1C50) 6.16 1.63
uncoated mammalian . 24 h viability 11.88

TM4 Sertol 0.125-200
triethoxycapryl silane cell mouse ertol (IC50) 7.16 1.66
uncoated mammalian mouse NIH/3T3 embryonic 0.01-100 10 d viability 1.09
triethoxycapryl silane cell cells ’ (IC50) 0.40 2.73
uncoated mammalian . 10 d viability 11.08
Emb Stem Cell 1-100

triethoxycapryl silane cell mouse Embryonic stem Le (IC50) 15.50 0.71
uncoated . ) 24 h viability 2.48
ethylene glycol bacteria Pseudomonas aeruginosa 0.1-100 (IC50) 285 0.87 ’
uncoated . 24 h viability 1.07
ethylene glycol bacteria Staphylococcus aureus 0.1-100 (IC50) 161 066
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uncoated ) 72 h Growth 34.26
ethylene glycol algae Chlorella pyrenoidosa 0.1-100 (EC50) 5282 0.65
uncoated 24 h 0.90
t Daphnia sp. 0.1-100 | bilizati

ethylene glycol crustacean aphnia sp mm(gclézoa; on 0.57 1.59
uncoated mammalian . 24 h viability 25.08

h | A549 12.5-50
3-Aminopropyl triethoxysilane cell uman lung carcinoma (IC50) 12.70 1.97 %0
uncoated mammalian - 24 h viability 35.36

h kin fibroblast 12.5-50
3-Aminopropyl triethoxysilane cell uman siin flbroblas (IC50) 22.03 1.61
uncoated 9 h h 8.00
3-(aminopropyl)trimethoxysilane algae Chlamydomonas reinhardtii 0.1-100 (Igsrg‘)”t 9.00 0.89
dodecyltrichlorosilane 17.00 0.47
uncoated 9 h h 20.00
3-(aminopropyl)trimethoxysilane algae Chlorella pyrenoidosa 0.1-100 (Igsrg‘)”t 32.00 0.63
dodecyltrichlorosilane 42.00 0.48
uncoated algae Pseudo!archnene/la 2200

subcapitata 96 h growth
3-(aminopropyl)trimethoxysilane 0.1-100 (IC50) 26.00 0.85
dodecyltrichlorosilane 35.00 0.63 4
uncoated 2.00

o . . . } 96 h growth
3-(aminopropyl)trimethoxysilane algae Thalassiosira pseudonana 0.1-100 (IC50) 2.00 1.00
dodecyltrichlorosilane 8.00 0.25
uncoated 9 h h 9.50
3-(aminopropyl)trimethoxysilane algae Thalassiosira weissflogii 0.1-100 (Icgsrg‘)m 5.00 1.90
dodecyltrichlorosilane 10.00 0.95
uncoated 9 h h 18.50
3-(aminopropyl)trimethoxysilane algae Isochrysis galbana 0.1-100 (Icgsrg‘)m 15.00 1.23
dodecyltrichlorosilane 38.00 0.49
uncoated mammalian . 24 h cell viability 86.00
hexamethyldisiloxane cell human Jurkat leukemic cell NA. (IC50) 170.00 0.51 31
uncoated 10.82
3-aminopropyltrimethoxysilane - . . 96 h mortality 4.09 2.65
dult d Ti 0.25-10

3-(methacryloyloxy) propyltrimethoxysilane aduft copepo 'griopus japonicus (LC50) 6.82 1.59
dodecyltrichlorosilane 9.00 1.20 Our stud
uncoated 5.62 y
3-aminopropyltrimethoxysilane nauplius - . . 96 h mortality 2.43 2.32

Ti 0.25-25
3-(methacryloyloxy) propyltrimethoxysilane ~ copepod griopus japonicus (LC50) 1.57 3.58
dodecyltrichlorosilane 6.18 0.91
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Table S4B Properties and geometric average toxicity ratios of the surface coatings.

Molecular

Topological

Boiling Melting

Coating CASNo. Canonical SMILES  Weight  Polar Surface ';9 '?e/"nﬁl'_?’ Point  Point T;’;'t‘;gy Ger‘:]'::;”c
(g/mol) Area (3?) ow (@ (°Cc) (°C)
3-Aminopropyl 919302  CCOISI(CCCN)OCC) 554 57 53.70 0.31 0.95 217.00  -70.00 1.97 1.78
triethoxysilane ocC 1.61
0.89
0.63
N 0.85
aminopropyltrimethoxy ~ 13822-56-5  CO[SI(CCCN)(OC)OC  179.29 53.70 -1.16 1.03 19400  -60.00 f 127
silane ’
123
265
2.32
3-(methacryloyloxy) CC(=C)C(=0)0CCC[S 159
S ehovane 2350850 SO T 248.35 54 075  1.045 190 -50 o 2.38
50817 C(C(C1C(=C(C(=0)O1 -
ascorbate FIRIAR 176.12 107.00 1.88 165 20771 190.00 0.38 0.38
) C(C(=0)[0-))C(CC(=0 0.14
citrate 126-44-3 189.10 141.00 167 176 31000  156.00 0.23
_ ~ IOIC(=0)0)0 0.40
dimercaptosuccinic 2418-14-6 8()(;(0(:0)0)3)(0(:0) 182.20 76.60 -1.01 1.44 28562  196.00 0.69 0.69
047
0.48
0.63
. . CCCCCCCCCCCCSil 0.25
dodecyltrichlorositane  4484-72-4 (0 303.80 0.00 7.41 1.02 20400  -30.00 02 0.60
0.49
1.20
0.91
0.87
ethylene glycol 107211 C(CO)O 62.07 40.50 -1.20 111 198.00  -13.00 g'gg 0.88
1.59
hexamethyldisiloxane 107-46-0 S[S'](C)(C)O[S'](C)(C) P 9.20 5.25 0.76 101.00  -59.00 0.51 0.51
- ccccccccc=cecee
oleic acid 2027476 CCCCEL0r0 282.50 37.30 7.73 0.93 36000  13.00 0.37 0.37
135
0.89
0.91
CCCCCCCCISi|(0CC) 1.52
triethoxycapryl silane ~ 2943-75-1 276.49 27.70 424 0.88 8500  -40.00 0.32 112
(OCC)OCC 092
1.66
273
0.71
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289 Table S5 Summaries of the multivariate regression models.

Source Sum of Squares df Mean Square F value p
Model 0.30 1 0.30 7.57 0.033*
log kow 0.30 1 0.30 7.57 0.033*
Residual 0.24 6 0.04
Cor Total 0.54 7
Model Equation
(Ecsouncoated> _
log| ———]=0.135-0.056logk,,,
E 50coated
290
291
Source Sum of Squares df Mean Square F value p
Model 0.64 2 0.32 797 0.013*
log kow 0.38 1 0.38 946 0.015*
Density 0.62 1 0.62 15.50 0.004*
Residual 0.32 8 0.04
Cor Total 0.95 10
Model Equation
(ECSOuncoated> _ -
log| ————]=1.137 - 0.069logk,,, — 1.006Density
ECSOcoated
292
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(A1 ) Normal Plot of Residuals (B1 ) Normal Plot of Residuals
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Figure S5 Summaries of the two multivariate models for (A) coated ZnO-NPs and (B)
coated metal-associated nanoparticles. The four plots are: (1) Normal probability plot;
(2) Residual plot; (3) Response surface of the log-transformed toxicity ratio based on
the significant coating properties and (4) Correlation between actual and predicted log-

transformed toxicity ratio based on the multivariate regression model.
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295 Adherence of test chemicals to the body surface of the copepods
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Figure S6A SEM images of the ventral side of the copepods after exposure. Red
squares indicate the sampling points for EDS analysis, which has confirmed the
existence of Zn element at these points in the treatments (Figure S6B).

S26



296

Feeding Appendages = Swimming Appendages Tail-Part

FASW Control

Zn-IONs

A-ZnO-NPs Bare ZnO-NPs Bare ZnO-BKs

M-ZnO-NPs

D-ZnO-NPs

Figure S6B EDS analyses that confirmed the existence of Zn element at above
sampling points in the treatments.
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298 Expression of oxidative stress-related genes

Log, of relative expression ratio over control
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Figure S7 Heatmap of expressed genes related to antioxidant proteins in the copepod
T. japonicus. Each cell represents an average value of three replicates.
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300 DISTLM and dbRDA analyses
301 Table S6 (A) The marginal tests from DISTLM which assess the amount of variation

302 explained by each predictor variable alone, when ignoring other variables; (B) Results of
303 the DISTLM to determine the relationship between the measured physicochemical

304 properties of the particles and the gene expression pattern of the copepods.
305

Properties Sum of Squares (trace) Pseudo F Proportion P
Hydrodynamic size 36.39 3.29 0.215 0.013*
Dissolution 35.98 3.25 0.213 0.011*
ROS 27.52 2.33 0.163 0.046*
306
Properties AlCc RSS r
Hydrodynamic size 36.57 132.61 0.22
Hydrodynamic size + Dissolution 36.56 104.60 0.38
Hydrodynamic size + Dissolution + ROS 37.21 82.12 0.51

307  AlCc: corrected Akaike Information Criterion; RSS: Residual Sum of Squares.
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