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Physicochemical characteristics and 
toxicity of surface-modified zinc 
oxide nanoparticles to freshwater 
and marine microalgae
Mana M. N. Yung  1, Paul-Antoine Fougères1,2, Yu Hang Leung3, Fangzhou Liu3, Aleksandra 
B. Djurišić  3, John P. Giesy1,4,5 & Kenneth M. Y. Leung1,6

Because of wide applications of surface-modified zinc oxide nanoparticles (ZnO-NPs) in commercial 
sunscreens and their easiness of being released into water, concerns have been raised over their 
potential effects on aquatic organisms. This study compared physicochemical properties of 
silane-coated and uncoated ZnO-NPs to elucidate their toxic potencies toward three freshwater 
and three marine microalgae. Surfaces of ZnO-NPs (20 nm) were modified by coating with 
3-aminopropyltrimethoxysilane (A-ZnO-NPs) that provides the particles with a more hydrophilic 
surface, or dodecyltrichlorosilane (D-ZnO-NPs) that turns the particles to hydrophobic. Uncoated 
ZnO-NPs formed larger aggregates and released more Zn2+ than did either of the two coated ZnO-
NPs. The three nanoparticles formed larger aggregates but released less Zn2+ at pH 8 than at pH 7. 
Although sensitivities varied among algal species, A-ZnO-NPs and uncoated ZnO-NPs were more 
potent at inhibiting growth of algal cells than were D-ZnO-NPs after 96-h exposure to ZnO, uncoated 
ZnO-NPs, each of the coated ZnO-NPs or ZnSO4 at 10 concentrations ranging from 0.1 to 100 mg/L. 
The marine diatom Thalassiosira pseudonana exposed to ZnO-NPs, A-ZnO-NPs or D-ZnO-NPs resulted 
in differential expressions of genes, suggesting that each of the coatings resulted in ZnO-NPs acting 
through different mechanisms of toxic action.

Due to their wide band gap of 3.37 eV at room temperature, zinc oxide nanoparticles (ZnO-NPs), with at least 
one dimension between 1 and 100 nm, are excellent absorbers of ultraviolet radiation of solar light1 and hence are 
widely used in sunscreens2 and photocatalysts3–5. Moreover, because ZnO-NPs can induce oxidative stress in cells, 
they can be applied as antibacterial agent and anti-cancer drug6–9. For example, various structures of ZnO-NPs 
such as nano-rods, nano-sheets, nano-flowers can inhibit growth of bacteria Escherichia coli, Staphylococcus 
aureus and Klebsiella pneumoniae8. ZnO-NPs at 100 mg/L can inhibit formation of biofilm by generating reac-
tive oxygen species (ROS), and such an antibacterial activity was optimum at pH 76. ZnO tetrapods can act as 
antifouling agent to prevent fouling organisms from growing on substrate7. As anti-cancer agent, ZnO spheri-
cal nanoparticles can induce oxidative stress and apoptosis in liver cancer cells HepG2 and breast cancer cells 
MCF-7 after 24 h10. ZnO quantum dots at 10 µg/mL can control the growth of liver cancer cells HepG2 via ROS 
production11, and ZnO nanorods can induce cell death of C2C12 cancer cells via caspase-dependent pathways9. 
ZnO tetrapods can neutralize HSV-2 virions and serve as a microbiocide to prevent HSV-2 infection, while such 
antiviral effects can be enhanced under UV light12,13.

However, nanoparticles tend to aggregate because of their high surface-to-volume ratio and high surface 
energy, which hinders their efficacy14. One approach to enhance dispersion of nanoparticles is to modify surfaces 
of particles by coating them with an agent to increase steric or electrostatic repulsion between nanoparticles15. 
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Modifications of surfaces can affect physicochemical properties and hence alter toxic potency of ZnO-NPs16, 
gold nanoparticles17 or silver nanoparticles18 to different extents. Organosilanes, a common coating agent for 
ZnO-NPs used in sunscreens, can form strong and stable covalent bonds with surfaces of ZnO-NPs and create a 
shielding barrier of cross-linked polysiloxanes that prevent the core ZnO-NPs from decomposition, aggregation 
and agglomeration19,20. Coating with organosilanes can make nanoparticles more stable by reducing their photo-
catalytic activities of ZnO-NPs21.

Because the coating serves as a barrier between nanoparticles and the environment, and hinders generation 
of ROS, ZnO-NPs coated with HP1 (triethoxycaprylylsilane), a coating agent commonly used in sunscreens have 
lesser photocatalytic activities than do uncoated ZnO-NPs21. Uncoated ZnO-NPs induced antioxidant defense 
mechanisms and reduced viability of human liver stellate cells22. However, treatment with two coated ZnO-NPs 
(HP1 and MAX; dimethoxydiphenylsilane and triethoxycaprylylsilane crosspolymer) or Zn2+ from ZnSO4 had 
little effect on these cells. Such differences in toxic potencies among Zn2+, coated and uncoated ZnO-NPs were 
supported by differentially-expressed genes in hepatic stellate cells22. The water flea, Daphnia magna was, how-
ever, more susceptible to ZnO-NPs coated with HP1 (48-h EC50 = 1.1 mg/L) and ZnO-NPs coated with MAX 
(48-h EC50 = 1.0 mg/L) than uncoated ZnO-NPs (48-h EC50 = 7.5 mg/L) in M4 medium23. Toxicity of ZnO-NPs 
coated with HP-1 to D. magna decreased significantly in natural spring water and pond water, with 48-h EC50 
values of >100 and 13.4 mg/L, respectively23. Toxic potencies of nanoparticles were also dependent on types of 
cells exposed and culture media used during testing24.

Of the literature addressing toxic potencies of coated ZnO-NPs, little information has been published on 
aquatic organisms, particularly phytoplankton. In the present study, three freshwater microalgae, Chlamydomonas 
reinhardtii, Chlorella pyrenoidosa and Pseudokirchneriella subcapitata, and three marine microalgae, Thalassiosira 
pseudonana, Thalassiosira weissflogii and Isochrysis galbana, were exposed to water-borne coated and uncoated 
ZnO-NPs. Micron-sized ZnO and Zn2+ from ZnSO4 were also studied to determine effects of particle size and 
concentrations of Zn2+, respectively. It was hypothesized that modification of surfaces of ZnO-NPs would alter 
physicochemical behavior of ZnO-NPs such as aggregation and release of Zn2+, and hence alter toxic potencies 
of ZnO-NPs to various microalgae. Because coating material, which is covalently bonded onto the surface of 
ZnO-NPs, might hinder release of Zn2+ from ZnO-NPs, toxic potency of ZnO-NPs might decrease. Here, two 
silane-coated ZnO-NPs were tested, namely 3-aminopropyltrimethoxysilane-coated ZnO-NPs (A-ZnO-NPs) 
and dodecyltrichlorosilane-coated ZnO-NPs (D-ZnO-NPs). 3-Aminopropyltrimethoxysilane is an effective cap-
ping agent used to control sizes of ZnO-NPs crystallites and to stabilize ZnO-NPs in colloidal suspensions25. 
Dodecyltrichlorosilane, which shares a similar chemical structure with HP1, provides a hydrophobic surface 
to ZnO-NPs. The present study had three primary goals to: (1) compare the physicochemical characteristics 
of coated and uncoated ZnO-NPs among several culture media; (2) investigate their acute toxicities to selected 
freshwater and marine microalgae species, and (3) determine molecular mechanisms of toxic action in a marine 
diatom species.

Results
Mean sizes of particles. Size of particles of ZnO (121 ± 9 nm; mean ± 95% confidence interval) were signif-
icantly larger than of ZnO-NPs (23 ± 1 nm), A-ZnO-NPs (24 ± 1 nm) and D-ZnO-NPs (23 ± 1 nm) (Fig. 1; One-
way ANOVA: F3, 396 = 368.37, p < 0.001). There was no significant difference in particle size between the uncoated 
ZnO-NPs and the two coated ZnO-NPs (One-way ANOVA: F2, 297 = 0.838, p > 0.05). The coating materials on the 
coated ZnO-NPs were not obviously observed by TEM since they were not in crystalline structure.

Aggregation
Micron-sized ZnO, ZnO-NPs and the two coated ZnO-NPs aggregated in both BG-11 and f/2 algal culture media 
at pH 7 and pH 8 (Fig. 2). Types of particles (ZnO, ZnO-NPs, A-ZnO-NPs and D-ZnO-NPs), concentration, cul-
ture medium and pH of the medium all affected sizes of aggregation (Four-way ANOVA: F15, 192 = 5.27, p < 0.001).

In general, micron-sized ZnO formed larger aggregates than the nanoparticles (post-hoc Tukey’s test, 
p < 0.05). Among the nanoparticles, uncoated ZnO-NPs formed larger aggregates than D-ZnO-NPs, followed 
by A-ZnO-NPs (post-hoc Tukey’s test, p < 0.05). The effect of pH on the aggregation size of the test particles 
was dependent on the medium. In freshwater-based BG-11 medium, the size of aggregation of ZnO-NPs and 
D-ZnO-NPs was significantly increased from pH 7 to pH 8 (Two-way ANOVA: ZnO-NPs: F1,24 = 109.86; 
p < 0.001; D-ZnO-NPs: F1,24 = 179.21, p < 0.001). However, the effect of pH on the aggregation size of ZnO and 
A-ZnO-NPs in BG-11 medium was not significant (Two-way ANOVA: ZnO: F1,24 = 2.28, p > 0.05; A-ZnO-NPs: 
F1,24 = 3.15, p > 0.05). In seawater-based f/2 medium, the size of aggregation of the four particles increased from 
pH 7 to pH 8. Aggregation was generally enhanced in f/2 medium when compared to BG-11 medium.

Dissolution
Types of particles, concentration, culture media and pH of the media exhibited interactions on dissolutions of 
the four test particles (i.e., ZnO, ZnO-NPs, A-ZnO-NPs and D-ZnO-NPs) (Four-way ANOVA: F27, 320 = 8.32, 
p < 0.001) (Fig. 3). Dissolutions of particles followed the order: ZnO-NPs > ZnO > A-ZnO-NPs > D-ZnO-NPs 
in both culture media at pH 7 and 8 (post-hoc Tukey’s test: p < 0.05). Particles dissolved better at pH 7 than at pH 
8, and BG-11 medium was a better solvent than was f/2 medium.

96-h inhibition of growth of algae. Based on comparisons of IC50 or EC50 values, the toxicities of the 
five test zinc compounds to freshwater and marine microalgae were species-dependent (Figs 4, 5 and 6). Both 
chemicals and species of alga had effects on IC50 and EC50 values (Two-way ANOVA: growth inhibition: F20, 

90 = 15.48; relative ФPo: F20, 90 = 24.16; relative Ф2: F20, 90 = 11.45, all p values < 0.001). Based on growth inhibition 
and photosynthesis as measured by maximum quantum yield of photosystem II photochemistry (i.e., relative 



www.nature.com/scientificreports/

3SCIENTIFIC RePoRtS | 7: 15909  | DOI:10.1038/s41598-017-15988-0

ФPo), ZnO-NPs, A-ZnO-NPs and ZnSO4 were more toxic to the microalgae than ZnO, followed by D-ZnO-NPs 
(Figs 4 and 5) (post-hoc Tukey’s test, p < 0.05). However, based on photosynthesis response as measured by effec-
tive quantum yield of chemical energy conversion in photosystem II (i.e., relative Ф2), ZnO-NPs, D-ZnO-NPs 
and ZnSO4 were more toxic to the microalgae than A-ZnO-NPs, followed by ZnO (Fig. 6) (post-hoc Tukey’s test, 
p < 0.05).

Based on multivariate analysis of growth by comparing their IC50 values, T. pseudonana, T. weissflogii and C. 
reinhardtii were more sensitive to ZnO-NPs, A-ZnO-NPs and ZnSO4 (SI, Fig. S3). The freshwater algae C. rein-
hardtii, C. pyrenoidosa and P. subcapitata were more sensitive than the marine algae T. pseudonana and I. galbana 
in terms of photosynthesis inhibition by comparing EC50 values (SI, Fig. S3).

Morphology of microalgae analyzed by scanning electron microscopy (SEM). The microalgae 
in the control group had normal cell structure with intact cell surface (Fig. 7: A1–F1). However the microalgae 
exposed to 10 mg/L of test chemicals (i.e., ZnO, ZnO-NPs, A-ZnO-NPs, D-ZnO-NPs and ZnSO4) showed irreg-
ular cell outlines and damaged cell surfaces (Fig. 7: A2–A6; B2-B6; C2-C6; D2-D6; E2-E6 and F2-F6). Further 
analysis was done by energy dispersive spectroscopy (EDS) to analyze the elemental composition on cell surface, 
and confirmed the presence of Zn on the microalgae which were exposed to the test chemicals (Fig. 7). No Zn was 
found on the surface of the control microalgae.

Differentially Expressed Genes
Patterns of expressions of genes were time-dependent and the five test compounds containing Zn caused different 
patterns of expression of genes in T. pseudonana. This indicated dissimilar mechanisms of toxic actions, especially 
during the first 48 h (SI, Fig. S4). The fixed factors: chemicals, exposure concentration and time affected regula-
tion of genes in T. pseudonana (PERMANOVA: pseudo F = 14.64, p < 0.01) (SI, Fig. S4). The five test chemicals 
generated different patterns of expressions of genes in T. pseudonana (ANOSIM: global R = 0.18, p < 0.01). The 

Figure 1. TEM images of (A) ZnO; (B) ZnO-NPs; (C) A-ZnO-NPs and (D) D-ZnO-NPs dry powder. Inset: 
electron diffraction pattern of the particles.
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sil1, sil3 genes, which are involved in formation of silica frustules, were down-regulated by exposure to ZnO, 
ZnO-NPs and A-ZnO-NPs for both 48 and 96 h. The 3HfcpA and 3HfcpB genes, which are involved in photo-
synthetic activity, were generally down-regulated by ZnO-NPs, A-ZnO-NPs and ZnSO4 after both 48 and 96 h 
of exposure. SOD, cat and GPX, which are related to oxidative stress, were mostly up-regulated by exposure to 
ZnO, ZnO-NPs, D-ZnO-NPs and ZnSO4 after 48 h, and then down-regulated after 96 h (Fig. 8). Main effects of 
duration and magnitude of exposure interacted on regulations of genes (time: ANOSIM global R = 0.16, p < 0.01; 
concentration: ANOSIM global R = 0.22, p < 0.01). However, effects of exposure concentrations of the chemicals 
(i.e., IC10 and IC50) were not significantly different (p > 0.05).

Discussion
Types of exposure media, pH, size of the particles and the coating materials affected aggregation and dissolution 
of particles. The seawater-based f/2 medium enhanced aggregation of the four types of particles, compared to 
freshwater-based BG-11 medium. This might have been due to greater ionic strength of seawater compressing the 
electric double layer of particles and reduced repulsive forces between particles, which facilitated aggregation26. 
Similar phenomena have been previously reported27–29. TiO2, CeO2 and ZnO nanoparticles formed larger aggre-
gates in higher ionic strength seawater, while these three metal oxide nanoparticles formed smaller aggregations 
in freshwater medium28. pH of the medium also affected size of aggregation. Sizes of aggregation of the four 
test particles were proportional to pH from pH 7 to pH 8. This might have been due to pH 8 being closer to the 
reported isoelectric point of ZnO, which ranged from pH 8.7 to 10.330, at which the electrostatic repulsive inter-
actions between ZnO-NPs decreased, and aggregation was enhanced26. These results were consistent with those 
reported previously26 that rate of sedimentation of ZnO-NPs was greater at pH 9 than at pH 7. However, pH did 
not significantly affect the zeta potential of ZnO, ZnO-NPs and two coated ZnO-NPs (SI, Fig S1). Since the four 
Zn-containing particles had mean zeta potential within ±30 mV in both BG-11 and f/2 algal culture media at pH 
7 and 8, they would aggregate readily in both culture media at both pH 7 and 8.

Figure 2. Mean aggregation size of: (A) ZnO; (B) ZnO-NPs; (C) A-ZnO-NPs and (D) D-ZnO-NPs after seven 
days of exposure at 25 °C (mean and 95% confidence interval, n = 3). *Denoted significant different among 
different treatments within each exposure concentration (one-way ANOVA, followed by post-hoc Tukey’s test, 
p < 0.05).
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Micron-sized ZnO formed larger aggregates because of its significantly larger particle size, when compared 
to coated or uncoated ZnO-NPs (Fig. 1). Coating of nanoparticles also influenced aggregation of ZnO-NPs. In 
f/2 medium, ZnO-NPs formed larger aggregates than did D-ZnO-NPs, followed by A-ZnO-NPs. The coating 
materials were designed to prevent aggregation of ZnO-NPs. The organic chains of the coating materials on the 
ZnO-NPs surface build steric hindrance between the nanoparticles, decrease the surface energy of ZnO-NPs and 
prevent aggregation of A-ZnO-NPs and D-ZnO-NPs when compared to uncoated ZnO-NPs31. The coating mate-
rials were covalently bonded to the surface of nanoparticles and the surface chemistry of the two coated ZnO-NPs 
and uncoated ZnO-NPs was determined by use of FT-IR spectroscopy (SI, Fig. S2).

In this study, more dissolved zinc was measured in BG-11 medium than in f/2 medium. The greater ionic 
strength in f/2 medium enhanced complexation of Zn2+, thereby resulted in lesser concentrations of soluble Zn 
in the medium32. Increasing pH from 7 to 8 also reduced dissolution of the four Zn-containing compounds. In 
deionized water of ionic strength 0.1 mM NaCl, solubility of ZnO-NPs decreased from 40% at pH 7.6 to 2.4% at 
pH 8.333. In synthetic seawater, solubility of ZnO-NPs was inversely proportional to pH, decreasing from 3.3% at 
pH 7.7 to 1.0% at pH 8.234. Higher pH (>pH 7) is associated with greater concentrations of hydroxide (OH−) ions 
in the medium, which resulted in enhanced formation of zinc hydroxide, which in turn resulted in lesser concen-
trations of free Zn2+ ions in the medium30,33. In the present study, uncoated ZnO-NPs and ZnO dissolved better 
than the two coated ZnO-NPs. The coating materials hindered release of Zn2+ from the core particles. These 
results are consistent with those of previous studies35 that demonstrated that in soil pore water ZnO-NPs coated 
with triethoxyoctylsilane were less soluble than uncoated ZnO-NPs. In summary, concentrations of dissolved 
Zn in BG-11 medium at pH 7 was greater compared to f/2 medium at pH 8, and uncoated ZnO-NPs were more 
soluble than the two coated ZnO-NPs.

Surface modification of ZnO-NPs altered toxicities of ZnO-NPs to the studied freshwater and marine microal-
gae. Based on inhibition of growth, D-ZnO-NPs exerted less toxic potencies than A-ZnO-NPs and uncoated 
ZnO-NPs towards freshwater algae (C. reinhardtii, C. pyrenoidosa, and P. subcapitata) and marine microalgae (T. 

Figure 3. Mean concentrations of dissolved zinc in suspensions of: (A) ZnO; (B) ZnO-NPs; (C) A-ZnO-NPs 
and (D) D-ZnO-NPs at various concentrations after seven days of exposure at 25 °C (mean and 95% confidence 
interval, n = 3). *Denoted significant different among different treatments within each exposure concentration 
(one-way ANOVA, followed by post-hoc Tukey’s test, p < 0.05).
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Figure 4. 96-hour median inhibition concentration (IC50) based on growth inhibition of the five test 
chemicals: ZnO, ZnO-NPs, A-ZnO-NPs, D-ZnO-NPs and ZnSO4 to the freshwater microalgae (A) 
Chlamydomonas reinhardtii; (B) Chlorella pyrenoidosa and (C) Pseudokirchneriella subcapitata and the marine 
microalgae (D) Thalassiosira pseudonana; (E) Thalassiosira weissflogii and (F) Isochrysis galbana (mean and 95% 
confidence interval, n = 4). Bars with different letters denoted that the IC50s were different significantly between 
chemicals (one-way ANOVA, followed by post-hoc Tukey’s test, p < 0.05).

Figure 5. 96-hour median effect concentration (EC50) on photosynthesis response in terms of the relative ФPo 
of the five test chemicals: ZnO, ZnO-NPs, A-ZnO-NPs, D-ZnO-NPs and ZnSO4 to the freshwater microalgae 
(A) Chlamydomonas reinhardtii; (B) Chlorella pyrenoidosa and (C) Pseudokirchneriella subcapitata and the 
marine microalgae (D) Thalassiosira pseudonana; (E) Thalassiosira weissflogii and (F) Isochrysis galbana 
(mean and 95% confidence interval, n = 4). Bars with different letters denoted that the EC50s were different 
significantly between chemicals (one-way ANOVA, followed by post-hoc Tukey’s test, p < 0.05).
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pseudonana and I. galbana). The potencies of uncoated ZnO-NPs and A-ZnO-NPs were probably attributed to 
their release of Zn2+ that caused formation of ROS.

A-ZnO-NPs and uncoated ZnO-NPs have been reported to have similar antibacterial activity to the bacterium 
Bacillus atrophaeus although A-ZnO-NPs generated lesser amounts of ROS than did uncoated ZnO-NPs, while 
D-ZnO-NPs exhibited the least antibacterial effect on B. atrophaeus36. The coating material of A-ZnO-NPs with 
an amino functional group could interact with cell proteins of bacteria and damage cell membranes by changing 
their permeability36. Uncoated and aminopropyl-triethoxysilane-coated superparamagnetic iron oxide nanopar-
ticles had similar antibacterial effects toward bacteria Staphylococcus epidermidis and Staphylococcus aureus37, 
which suggested that antibacterial activity was related to oxidative stress and interactions between nanoparticles 
and bacterial cell membranes or cell proteins, resulted in physical damage and bacterial cell death. Lesser toxic 
potency of D-ZnO-NPs can be explained by the possibility that use of that coating could prevent release of ROS 
from the ZnO-NP core to the surrounding environment, and reduce photocatalytic activities of nanoparticles, 
and thus lower their toxicity to organisms21. In terms of relative Ф2 (i.e., the effective quantum yield of chemical 
energy conversion), ZnO-NPs and D-ZnO-NPs had greater toxic potencies than did A-ZnO-NPs, which implied 
that D-ZnO-NPs would disturb photosynthetic processes of microalgae although the effect may not be lethal and 
not result in inhibition of growth of microalgae. As observed from the SEM images (Fig. 7), the cell surfaces of 
microalgae were damaged by both coated and uncoated nanoparticles. As aggregates of nanoparticles were found 
on the cell surface, the interaction of the nanoparticles and the algal cells might cause malformation of the algae 
and inhibit their growth.

Toxic potencies of uncoated and two of the coated ZnO-NPs were species-specific. Opposite to effects on 
marine algae, although more Zn2+ ions were available in freshwater BG-11 medium, not all species of freshwater 
algae were more susceptible to effects of uncoated or coated ZnO-NPs. The marine diatoms T. pseudonana and T. 
weissflogii, and freshwater alga C. reinhardtii were more sensitive to ZnO-NPs, A-ZnO-NPs and ZnSO4, implying 
that these three algal species were more susceptible to Zn2+ and ROS. Both marine diatoms T. pseudonana and 
T. weissflogii containing silica frustules were susceptible to exposure to ZnSO4 because excess uptake of Zn2+ 
would compete for uptake of silica by algal cells and consequently impair formation of frustules and growth38. The 
freshwater alga C. reinhardtii was more sensitive to ZnO-NPs and Zn2+ than were other freshwater algae, possibly 
because it is known to have relatively great fluxes of uptake of metal ions39. C. reinhardtii has been reported to be 
more sensitive to silver (Ag) than P. subcapitata, because C. reinhardtii had a fast silver uptake rate such that it 
absorbed all dissolved silver ions species; while P. subcapitata with a slow silver uptake rate, it absorbed mainly 
free silver ions39. These two freshwater algae had different target sites for uptake of Ag. Intracellular targets for 
C. reinhardtii were probably proteins and enzymes, whereas the photosynthetic apparatus was the intracellular 
target in P. subcapitata40. Based on inhibition of growth, the freshwater alga C. pyrenoidosa was less sensitive to 

Figure 6. 96-hour median effect concentration (EC50) on photosynthesis response in terms of the relative Ф2 of 
the five test chemicals: ZnO, ZnO-NPs, A-ZnO-NPs, D-ZnO-NPs and ZnSO4 to the freshwater microalgae (A) 
Chlamydomonas reinhardtii; (B) Chlorella pyrenoidosa and (C) Pseudokirchneriella subcapitata and the marine 
microalgae (D) Thalassiosira pseudonana; (E) Thalassiosira weissflogii and (F) Isochrysis galbana (mean and 
95% confidence interval, n = 4). Bars with different letters denoted that the EC50s were different significantly 
between chemicals (one-way ANOVA, followed by post-hoc Tukey’s test, p < 0.05).
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ZnO-NPs and Zn2+ than was C. reinhardtii, possibly because species of the genus Chlorella could regulate internal 
concentration of Zn. An increase in concentration of Zn to which Chlorella sp. were exposed would not increase 
the intracellular concentration of Zn41.

Profiles of expressions of genes for T. pseudonana suggested distinguishable toxic mechanisms between 
ZnO-NPs and Zn2+. Similar findings have also been reported by previous studies in human hepatic cells22 and 
bacterial cells42. In the study, results of which are presented here, when T. pseudonana was exposed to ZnO-NPs 
and ZnSO4, the diatoms were under oxidative stress, as indicated by the up-regulation of the SOD genes (SOD1 

Figure 7. SEM images of the microalgae. (A1-A6): Chlamydomonas reinhardtii; (B1-B6): Chlorella pyrenoidosa; 
(C1-C6): Pseudokirchneriella subcapitata; (D1-D6): Thalassiosira pseudonana; (E1-E6): Thalassiosira weissflogii; 
(F1-F6): Isochrysis galbana. The microalgae were exposed to the control and 10 mg/L of each of the five test 
chemicals for 4 days. The spectrum below each SEM image showed the elemental composition of the detected 
elements by energy dispersive spectroscopy. High Au and Pd peaks in energy dispersive spectroscopy (EDS) 
spectrum were due to Au/Pd sputter coating on the sample surface.
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and SOD2), the cat genes (cat and catalase) and the GPX genes (GPX1 and GPX2)43–45, particularly when exposed 
to greater concentrations (IC50 of ZnO-NPs: 0.21 mg/L of Zn; IC50 of ZnSO4: 1.15 mg/L of Zn) in 48 h. Evidently, 
both ZnO-NPs and associated Zn2+ induced oxidative stress in T. pseudonana. Such results are consistent with 
those reported previously that both ZnO-NPs and dissolved zinc can induce oxidative stress in human immune 
cells46. Moreover, oxidative stress induced by ZnSO4 in T. pseudonana was more prominent, which indicated that 
up-regulation of SOD, cat and GPX, possibly due to a greater concentration of dissolved Zn2+ was released from 
ZnSO4 compared to ZnO-NPs during the gene expression experiment. However, as observed for inhibition of 
growth of T. pseudonana (Fig. 4D), ZnO-NPs were more toxic than ZnSO4. These results suggest that the greater 
amount of oxidative stress induced in T. pseudonana by Zn2+ might not be the sole factor in governing inhibition 
of growth.

ZnO-NPs impaired formation of silica frustules and transport of silicon into diatoms during the first 48 h 
even at small concentrations (IC10: 0.18 mg/L of Zn) (Fig. 8). This proposed mechanism was supported by 
down-regulation of sil1, sil3 and sit1 genes47,48. Alternatively, up-regulations of sil1 and sit1 were observed during 
the first 48 h when exposed to ZnSO4 exposure at the first 48 h. No significant regulations of the sil1, sil3 and sit1 
were observed at 96 h, which suggested that ZnSO4 would have less effect on formation of silica frustules of dia-
toms than did ZnO-NPs. Also, down-regulation of 3HfcpA and 3HfcpB by ZnO-NPs and ZnSO4 indicated that 
photosynthetic activity of the diatom was disturbed47. T. pseudonana exposed to micron-sized ZnO exhibited 
similar patterns of expression of genes as did those exposed to ZnO-NPs, except for the 3HfcpA gene, which was 
slightly up-regulated by ZnO. This result implies that ZnO would have less damaging effects on photosynthetic 
activity of this species of diatom. On the basis of our findings and observations (Figs 7 and 8), we propose a 
probable mechanism of the interaction of ZnO-NPs and the marine diatom T. pseudonana (Fig. 9). The intro-
duced ZnO-NPs can impair the formation of silica frustule of the diatom. Both the dissolved Zn2+ ions and the 
nanoparticles can disturb and inhibit the photosynthesis activity, and induce oxidative stress in the algal cell. As a 
result, the growth of the diatom was inhibited. This proposed toxicity mechanism of ZnO-NPs was also supported 
by previous studies49–51.

Modulation of surfaces of ZnO-NPs significantly influenced mechanisms of toxic action of ZnO-NPs to T. 
pseudonana. A-ZnO-NPs induced a unique pattern of expression of genes in T. pseudonana when compared to 
the four other Zn-containing compounds. Down-regulation of sil1 and sil3 indicated that A-ZnO-NPs impaired 
formation of silicon frustules in the diatom even when exposed to small concentrations (IC10: 0.08 mg/L of 
Zn)47,48. Down-regulation of sil1 and sil3 was also observed when diatoms were exposed to ZnO or ZnO-NPs. 
This result indicated that ZnO, uncoated ZnO-NPs and A-ZnO-NPs inhibited growth hindering formation of 
frustules. Down-regulations of 3HfcpA and 3HfcpB were also observed in diatoms exposed to A-ZnO-NPs, which 
indicated that A-ZnO-NPs would also decrease photosynthetic activities of diatoms47. However, among the five 
zinc-containing materials, only A-ZnO-NPs resulted in down-regulation of genes encoding for enzymes which 

Figure 8. Heatmaps of expressed genes in T. pseudonana upon exposure to ZnO, ZnO-NPs, A-ZnO-NPs, 
D-ZnO-NPs and ZnSO4 at (A) 48 h and (B) 96 h. The Gapdh gene was used as a reference housekeeping gene to 
normalize the expression.
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defend against oxidative stress (i.e., SOD, cat and GPX genes) after 48 and 96 h of exposure. This might indicate 
A-ZnO-NPs did not induce oxidative stress to the diatom, but this suggestion was not consistent with previous 
experimental results that A-ZnO-NPs generated ROS36. Another possible reason is that experimental time points 
(48 h and 96 h) might not capture oxidative responses of T. pseudonana to A-ZnO-NPs since there might be early 
onset of oxidative stress genes within the first 12–24 hours of exposure and the gene expression patterns of the 
cells are time-dependent52. That is, A-ZnO-NPs might have induced oxidative stress in the diatom earlier than 
48 h. When T. pseudonana was exposed to D-ZnO-NPs, formation of frustules, as indicated by down-regulation 
of sil1 and sil3 genes, was affected only after 96 h. Up-regulation of genes related to responses to oxidative stress 
by the diatom suggested that D-ZnO-NPs could induce oxidative stress in T. pseudonana although D-ZnO-NPs 
released less ROS than uncoated ZnO-NPs and A-ZnO-NPs36.

Coatings on surfaces of ZnO-NPs can alter physicochemical properties, and hence modify the toxic poten-
cies of ZnO-NPs to the microalgae. As showed in the current results, based on inhibition of growth of algae, 
D-ZnO-NPs were less toxic than uncoated ZnO-NPs, whereas A-ZnO-NPs exhibited comparable toxic potencies 
as uncoated particles. These results suggest that use of D-ZnO-NPs in sunscreens might result in less adverse 
effects on primary producers in aquatic ecosystems.

Conclusions
As shown by the results of this study, exposure media, pH of the media, size of the particles and coating mate-
rials all affected the aggregation and dissolution of ZnO, ZnO-NPs as well as the two silane-coated ZnO-NPs. 
Seawater-based f/2 medium at higher pH (i.e. pH 8) facilitated aggregation of ZnO, ZnO-NPs and the two coated 
ZnO-NPs; whereas the freshwater-based BG-11 medium at lower pH (i.e. pH 7) enhanced dissolution of the four 
test zinc compounds after seven days of exposure. Uncoated ZnO-NPs generally formed larger aggregates, but 
they were more soluble than the two coated ZnO-NPs, possibly due to the fact that the organic coating materials 
provide steric repulsion between the nanoparticles and separate the aggregations/agglomerate, and the coating 
materials also hindered the dissolution of the ZnO-NPs. Modification of surfaces of ZnO-NPs changed their toxic 
potencies to microalgae, with uncoated ZnO-NPs and A-ZnO-NPs being generally more potent at inhibiting 
growth and maximum quantum yield of photosystem II than D-ZnO-NPs. However, D-ZnO-NPs and uncoated 
ZnO-NPs were more potent at decreasing effective quantum yield of chemical energy conversion in photosystem 
II of microalgae than were A-ZnO-NPs. These results imply that D-ZnO-NPs might have less effect on growth 
inhibition but might induce sub-lethal effects to the microalgae by reducing their photosynthetic activity. Toxic 
potencies of uncoated and coated ZnO-NPs to microalgae were species-specific.

The two coated ZnO-NPs and ZnSO4 caused different profiles of expressions of genes in the marine dia-
tom T. pseudonana. ZnO, ZnO-NPs and A-ZnO-NPs would impair formation of silica frustules and uptake 
of silicon by the diatom. However, ZnSO4 did not result in significant down-regulation of genes encoding for 
the frustule formation proteins. Thus, ZnSO4 would have less effect on formation of cell walls. ZnO, ZnO-NPs, 
D-ZnO-NPs and ZnSO4 could induce oxidative stress in T. pseudonana; while ZnO-NPs, A-ZnO-NPs and ZnSO4 
would disturb the photosynthetic activity of the diatom. ZnO-NPs and their associated Zn2+ had different toxic 
mechanisms towards T. pseudonana; furthermore, the surface modification would alter the mechanisms of tox-
icity of ZnO-NPs to T. pseudonana. Since D-ZnO-NPs are generally less toxic than ZnO-NPs to the microal-
gae, ZnO-NPs coated with hydrophobic alkyl chains might be adopted as an active ingredient in eco-friendly 
sunscreens.

Figure 9. A schematic diagram of the proposed mechanism of the interaction of ZnO-NPs and the algal cell of 
T. pseudonana.
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Methods
Chemical preparation. Uncoated ZnO-NPs (20 nm; 99.5% purity) were purchased as dry powders from 
Nanostructured & Amorphous Materials Inc. (New Mexico, USA) with specific surface area of 50 m2/g (manu-
facturer’s data). ZnO-NPs with surfaces modified with 3-aminopropyl- trimethoxysilane (A-ZnO-NPs) or dode-
cyltrichlorosilane (D-ZnO-NPs) were synthesized in the nanomaterial laboratory of Department of Physics, the 
University of Hong Kong (Leung et al. 2012) using the same batch of ZnO-NPs powders. Zinc oxide (ZnO) and 
zinc sulphate (ZnSO4) were purchased from Sigma-Aldrich (St. Louis, MO, USA) with a purity of 99.99% and 
99.999%, respectively.

Morphology of the particles. The size and shape of ZnO, ZnO-NPs, A-ZnO-NPs and D-ZnO-NPs in dry 
powders were determined using a transmission electron microscope (TEM; Tecnai G2 20S-TWIN at 200 kV, 
Philips, Eindhoven, The Netherlands). The four zinc oxide powders were dispersed in pure ethanol, and one drop 
(0.7 µL) of the solution was then placed onto an ultrathin carbon-coated copper grid. All specimens were dried at 
room temperature before analysis. 100 particles were measured in random fields of view of three images to calcu-
late the mean particle size using Image J software (version 1.47, National Institutes of Health, USA).

Physicochemical characterization. Stock suspensions of ZnO, ZnO-NPs, A-ZnO-NPs and D-ZnO-NPs 
of 200 mg/L were prepared in triplicate in BG-11 medium (salinity: 3 practical salinity unit (PSU)) and f/2 
medium (salinity: 32 PSU), respectively, with continuous stirring for 7 days at 25 ± 1 °C and at either pH 7 or 
pH 8. The BG-11 culture medium for freshwater algae was obtained by adding BG-11 ingredients53 to auto-
claved milli-Q water (18.2 MΩcm) while the f/2 culture medium for marine algae was obtained by adding f/2 
ingredients54 to autoclaved filtered artificial seawater (0.45-µm membrane filter, Millipore, Ireland). pH of cul-
ture media was adjusted by NaOH and HCl, and checked by a pH meter equipped with a digital thermometer 
(Mettler-Toledo AG, Switzerland). Salinity of each test solution was checked by use of a refractometer (S/Mill-E, 
Atago, Japan). Ten test concentrations of 0.1, 0.5, 1, 3, 5, 10, 30, 50, 80 or 100 mg/L, that were used to determine 
96-h inhibition of growth of algae and characterization of physicochemical properties, were then prepared from 
the stock solution by serial dilution. A factorial experimental design of 2 culture media × 2 pH × 10 concentra-
tions was applied for physicochemical analyses for four test chemicals (ZnO, uncoated ZnO-NPs, A-ZnO-NPs 
and D-ZnO-NPs) in triplicate. All glassware was acid-washed, rinsed with deionized water and autoclaved before 
use. Temperature, salinity and pH of all test suspensions were monitored daily throughout the experiment.

Size of Aggregation. After stirring for 7 days, sizes of aggregation of ZnO, ZnO-NPs, A-ZnO-NPs and 
D-ZnO-NPs suspensions in each of the 40 treatments (i.e., 2 culture media × 2 pH × 10 concentrations) was 
determined by use of laser diffractometer (LS 13320 Series, Beckman Coulter Inc., Fullerton, CA) in triplicate 
(50 mL each).

Dissolution
Dissolved concentrations of Zn2+ released from suspensions of ZnO, ZnO-NPs, A-ZnO-NPs or D-ZnO-NPs in 
each of the 40 treatments were measured after 7-day exposure. In each treatment, an aliquant of 8 mL was with-
drawn and filtered through 0.02-µm sterile syringe filters (Anotop 25, Whatman, England) to remove nanoparti-
cles. The filtrates were digested with 2% HNO3 and measured in triplicate by inductively coupled plasma optical 
emission spectrometer (ICP-OES; ICP Optima 8300, Perkin Elmer, USA). A pure AS calibration standard of Zn2+ 
(1,000 mg/L dissolved in 2% HNO3), which was obtained from Perkin Elmer (Waltham, MA, USA), was used for 
calibration. Two blank treatments, BG-11 and f/2 medium, were used as control to evaluate the background zinc 
ion concentration. The limit of detection of ICP-OES for Zn is 1 µg/L.

Microalgae culture conditions. Freshwater microalgae, C. reinhardtii (FACHB-479), C. pyrenoidosa 
(FACHB-9) and P. subcapitata (FACHB-271, obtained from the Freshwater Algae Culture Collection at the 
Institute of Hydrobiology, Wuhan, China), were cultured in the laboratory at the School of Biological Science 
of the University of Hong Kong in autoclaved BG-11 medium53 under 25 ± 1 °C, pH 7 and 14 h: 10 h light: dark 
photoperiod. Marine microalgae T. pseudonana (CCMP 1335), T. weissflogii (CCMP 1336) and I. galbana 
(CCMP 1323) were obtained from the Provasoli-Guillard National Center for Marine Algae and Microbiota, 
(East Boothbay, Maine, USA) were cultured in the same laboratory in autoclaved f/2 medium54 under 25 ± 1 °C, 
pH 8 and 14 h: 10 h light: dark photoperiod.

96-h test of inhibition of growth and photosynthesis of algae. The 96-h test of inhibition of growth 
of algae was conducted following the OECD guidelines55. Three freshwater microalgae and three marine microal-
gae were exposed to five materials: ZnO, ZnO-NPs, A-ZnO-NPs, D-ZnO-NPs or ZnSO4, in a factorial experiment 
design with 5 chemicals × 10 concentrations (0.1, 0.5, 1, 3, 5, 10, 30, 50, 80 and 100 mg/L) alongside a control 
(without addition of the test chemicals); each treatment group contained four replicates. Toxic potencies of vari-
ous materials were determined simultaneously by use of the same batch of microalgae with initial algal concentra-
tion of 105 cells/mL. Test vials (10 mL in volume), each containing 6 mL of the test solution, were placed randomly 
in an environmental chamber (Adaptis A350, Conviron, Canada), shaken regularly at 25 ± 1 °C and 14 h: 10 h 
light: dark photoperiod for 96 h. Rates of growth of microalgae were calculated (Equation 1)

µ = ′ −N N t[ln( ) ln( )]/ (1)

where N′ is final cell count; N is initial cell count; and t is duration of in days. After exposure for 96 h, 1 mL of 
algal culture was sampled from each vial for enumeration of cells in triplicate using a cell counter (Multisizer II, 
Coulter, Fullerton, CA, USA).
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The remaining algal cultures were covered with aluminum foil for 2 h and fluorescence was measured by use 
of a WATER-PAM chlorophyll fluorometer (Heinz Walz GmbH, Effeltrich, Germany). Two selected parameters 
were used to characterize photosynthesis. These included ФPo and Ф2, which represent maximum quantum yield 
of photosystem II photochemistry and the effective quantum yield of chemical energy conversion in photosystem 
II, respectively, were measured. ФPo indicates the photo-inhibition caused by the test chemicals to the microalgae 
in a dark-adapted state; Ф2 indicates the efficiency of the microalgae to convert light into chemical energy under 
steady-state lighting conditions. Photosynthetic parameters were calculated based on the equations stated in pre-
vious studies56–58.

Analysis of microalgae by SEM. Treated microalgae samples which were exposed to 10 mg/L of ZnO, 
ZnO-NPs, A-ZnO-NPs, D-ZnO-NPs or ZnSO4 for 4 days and the control samples (i.e., without addition of test 
chemicals) were rinsed with phosphate-buffered saline thrice and fixed in 2.5% glutaraldehyde in cacodylate 
buffer for 24 h at 4 °C. The samples were then washed in several changes of cacodylate buffer with 0.1 M sucrose 
to remove excess fixative. After washing with ethanol, the samples were concentrated onto a 0.8-µm Nucleopore 
polycarbonate filter (Millipore, Ireland). The samples were then dried in a critical point dryer and mounted on a 
SEM stub with double-sided adhesive carbon discs, and coated with a thin gold/palladium layer and analyzed by a 
scanning electron microscope (S-4800 FEG, Hitachi, Japan) equipped with an EDS system for elemental analysis.

Expressions of selected Genes. Because its genome sequence was well understood, the marine diatom T. 
pseudonana was chosen to study its molecular responses to coated and uncoated ZnO-NPs59. T. pseudonana was 
exposed to the 5 zinc materials (ZnO, ZnO-NPs, A-ZnO-NPs, D-ZnO-NPs or ZnSO4) at their IC10 and IC50 
at 96 h (according to the 96-h algal growth inhibition test) in parallel with the control (without addition of test 
chemicals) in triplicate (SI, Table S1). The protocol for determining expressions of genes has been described previ-
ously60, except that the volume of the test solution was 1,000 mL instead of 500 mL, and two exposure time points 
(i.e., 48 and 96 h) were selected. Primer sequences of the reference gene and target genes were (SI, Table S2).

Statistical analyses. Sizes of particles of ZnO, ZnO-NPs, A-ZnO-NPs and D-ZnO-NPs (dry powders) were 
compared by use of one-way analysis of variance (ANOVA), followed by post-hoc Tukey’s test (SPSS version 
19; SPSS Inc., Chicago). Effects of the four fixed factors, chemical, culture medium, pH and exposure concen-
tration, and their interactions on sizes of aggregation, dissolution to release Zn2+ and zeta potentials of ZnO, 
ZnO-NPs, A-ZnO-NPs and D-ZnO-NPs were compared using four-way ANOVA, followed by post-hoc Tukey’s 
test. Homogeneity of variance was tested with Levene’s test. When the data did not exhibit homogeneity of vari-
ance, they were log-transformed.

Inhibition of growth and alterations of photosynthesis were evaluated using GraphPad Prism 5 (GraphPad 
software, Inc., San Diego). Concentrations causing 10% and median inhibition (i.e., IC10s and IC50s for growth 
inhibition, respectively) or the median effect concentration (i.e., EC50s for photosynthesis response in terms of 
ФPo and Ф2, respectively) of the 5 test chemicals (ZnO, ZnO-NPs, A-ZnO-NPs, D-ZnO-NPs and ZnSO4) were 
obtained from the sigmoidal log (agonist)-response curve. A two-way ANOVA, followed by post-hoc Tukey’s test 
(SPSS version 19), was used to compare effects of various chemicals on inhibition of growth or photosynthesis, 
among six species of algae.

Principal coordinates analysis (PCA) was used to visualize relationships among IC50s and EC50s of the six 
algal species exposed to the 5 zinc-containing compounds and distribution of expressed genes in T. pseudonana 
exposed to various concentrations for several durations. Responses gene markers in T. pseudonana were also eval-
uated by use of multivariate statistical analyses (PRIMER 6; Primer-E Ltd, Plymouth). All variables were normal-
ized using Euclidean distances. Permutational multivariate analysis of variance (PERMANOVA) and analysis of 
similarity (ANOSIM) were conducted to infer if there were significant differences amongst the treatments of the 
three fixed factors (i.e., chemicals, exposure concentrations and time). Data were considered as statistically dif-
ferent when p < 0.05. Heatmaps of gene expression profiles were generated by Genesis software (Graz University 
of Technology, Austria).

Data Availability. The datasets generated during and/or analysed during the current study are available from 
the corresponding author on reasonable request.
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