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Cellular response of freshwater algae to halloysite
nanotubes: alteration of oxidative stress and
membrane function†
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Halloysite nanotubes (HNTs) are a low-cost clay nanomaterial that has received an increasing amount of

attention for applications in various fields. The use of HNT-containing products inevitably leads to their

release into aquatic environments. However, the biological effects of HNTs on aquatic organisms remain

poorly understood. This study investigated the potential effects of HNTs on model freshwater alga

Chlorella vulgaris at the tissue, cellular, and subcellular levels and compared the effects with those of HNTs'

main constituents: nSiO2, nAl2O3, and a mixture of nSiO2 and nAl2O3. The results revealed that these tested

nanomaterials inhibited algal growth in a dose-dependent manner and the inhibition capacity followed the

trend nAl2O3 > HNTs ≈ nSiO2 + nAl2O3 > nSiO2. However, exposure to HNTs triggered greater levels of

reactive oxygen species (ROS) than exposure to the nSiO2 + nAl2O3 mixture without significantly changing

enzyme activity. Surface and ultrastructural observations combined with flow cytometry supported the

hypothesis that the nanotubular structure of HNTs impaired membrane integrity and induced

overproduction of ROS. A fatty acid (FA) profile analysis suggested that the increase in monounsaturated

FAs such as C17:1 and C18:1/n-9 may alter the cell membrane fluidity under HNT exposure. Cell defense

to HNTs was mediated by the FA saturation degree or the activity of FA desaturase. This study provides

novel insights into the environmental safety of HNTs in aquatic ecosystems.

Introduction

Nanotechnology provides many promising solutions for the
improvement of energy storage, biomaterials, cancer therapy,

environmental remediation, and modern vaccine design.1,2

For example, the use of nanoscale aluminum oxide (nAl2O3)
as a conjugate may benefit the development of cancer
therapeutic vaccines.3 Nanosized silicon oxide (nSiO2) shows
great potential in papermaking, catalyst supports, and
cosmetics.4 However, the long-term applications of
nanotechnology also have environmental concerns due to the
release of nanomaterials into the environment and
subsequent environmental and health risks.5,6 Therefore,
green and safe-by-design nanomaterials are expected to be
developed with increasing demand as alternatives to
conventional nanoparticles.

Halloysite nanotubes (HNTs; Al2Si2O5(OH)4·nH2O) are
rolled kaolinite aluminosilicate sheets with inner Al2O3

octahedra and outer SiO2 tetrahedra. These nanotubular clay
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Environmental significance

Halloysite nanotubes (HNTs), a type of aluminosilicate clay, have brought increasing applications in various fields. However, once HNTs largely released
into the aquatic environment, their behavior and even toxicity require to be great concerned. Therefore, the thorough investigation of interactions between
HNTs and aquatic organisms is helpful for understanding their environmental risks. This study lies in the exploration of biological effects, at the cellular
and subcellular levels, of HNTs on freshwater algae as a model organism. A comparative study with nanosized SiO2 and Al2O3 was conducted to illustrate
whether the toxicity of HNTs resulted from their main constitutes or specific nanotubular structure. This study provides novel insights into the
environmental safety of HNTs in aquatic ecosystems.
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materials are broadly geologically distributed in China, the
United States, Australia, and other regions around the world.7

Approximately 30 000 tons of halloysite minerals are exploited
annually for manufacturing into nanotubes.8 Owing to their
abundant reserves in natural environments and low cost
(∼$4 per kg), HNTs have received an increasing amount of
interest in industrial, environmental, and biomedical fields.9

For example, HNTs have been applied as a prospective
anchor for core–shell metal supports to facilitate
heterogeneous catalytic reactions10 due to their superior
surface groups such as outer-surface Si–OH and inner-surface
Al–OH groups. HNT-based adsorbents, catalysts, and
membranes have also been reported for applications in
wastewater remediation and water purification.11–15 In
addition, HNTs have broad application prospects in
healthcare, energy storage, cosmetic, biosensor, and feed
additive applications.16–19

In contrast with the increasing application of HNTs,
knowledge of their biological effects and environmental
safety remains limited. Available studies on higher plants,20

Escherichia coli,21 Caenorhabditis elegans,22 zebrafish,23 and
mice24 have suggested that HNTs' biological effects are highly
species- and dose-dependent. For example, the freshwater
protozoan Paramecium caudatum maintains a higher than
90% survival rate when exposed to 10 mg mL−1 HNTs,25

which is ten times the recommended safe dose for cells (1
mg mL−1).26 Up to 25 mg mL−1 HNTs were reported to not
harm the hatchability and morphological development of
zebrafish embryos.23 However, relatively limited data and
cross-study variations in biological effects mean that a more
thorough elucidation of the environmental safety of HNTs is
required.

Algae constitute a major food source to primary
consumers in aquatic ecosystems. Compared with zebrafish
and zooplankton, algae exhibit more sensitive responses to
nanomaterials (e.g., carbon quantum dots27 and TiO2 (ref.
28)), making them ideal for evaluating biological responses
to emerging nanomaterials.29–31 Algal cell membranes, as the
main target attacked by nanoparticles, subtly reflect
biological responses via changes to the membrane
components (e.g., lipids, saccharides, and proteins).32 Among
these, fatty acids (FAs), as the support for biological growth
and metabolic function, have two important implications for
the exploration of nanomaterials' biological effects. On the
one hand, the variation of FA profiles resulting from
nanomaterial exposure can effectively reflect the level of cell
membrane permeability and fluidity.33 Zhang et al. reported
that exposure to oxidized multiple-wall carbon nanotubes
(CNTs) for 8 h significantly altered FA compositions in algae
for cellular defense.31 On the other hand, nanomaterials
could also have a commercial impact on algae because
several FAs in algae are an important source of
nutraceuticals.34 It is reasonable to believe that the impact of
HNTs on valuable nutrients including FAs in algae may affect
the food quality of primary producers and subsequently affect
overall ecosystem health.

Therefore, in this present study, our specific goals were to:
(1) investigate the biological effects of HNTs on freshwater
algae (Chlorella vulgaris) at the cellular and subcellular levels;
and (2) explore whether the unique structure and surface
properties of HNTs could lead to biological effects on algae
that differ from the outcomes caused by exposure to nSiO2

and nAl2O3 (the main components of HNTs). This study
enables a better understanding of the interactions between
HNTs and algae and provides new insights into the potential
environmental implications of HNTs in aquatic ecosystems.

Materials and methods
Characteristics of nanomaterials

Halloysite nanotubes (HNTs) were obtained from Guangzhou
Runwo Materials Technology Co., Ltd. (Guangzhou, China).
Nanosized Al2O3 (primary particle size: ∼80 nm) and SiO2

(primary particle size: ∼30 nm) were obtained from Macklin
Biochemical Technology Co., Ltd. (Shanghai, China). The
surface functional groups of the three nanomaterials were
determined by Fourier transform infrared (FTIR)
spectroscopy (Nicolet iS50, Thermo Scientific, USA).35 Their
morphologies were characterized by scanning electron
microscopy (SEM, ULTRA 55, ZEISS, Germany). Their zeta
potentials and particle sizes were determined using a
Zetasizer (NanoBrook Omni, Brookhaven, New York, USA).
The nanomaterial characterization details are summarized in
ESI† Texts S1 and S2.

Evaluation of algal growth

The freshwater alga Chlorella vulgaris FACHB-9 was obtained
from the Institute of Hydrobiology, Chinese Academy of
Science, China. The algae were pre-cultured in a sterile BG-11
medium in an illumination incubator shaker at 25 ± 0.5 °C at
a 150 rpm rotation rate, 70% humidity, and a 14 h/10 h
light–dark cycle. The exponential stage of algal growth was
achieved at ∼60 h for further inhibition tests. Algal growth
during the pre-cultivation stage was determined by both the
cell number and density, measured with a blood counting
chamber under an optical microscope (CKX53SF, OLYMPUS,
Japan) and a UV-vis spectrophotometer at 680 nm,
respectively. According to the correlation between the cell
density and number (Fig. S1†), an initial optical density of
0.1 (cell number: 1.1 × 106 cells per mL) was determined for
algal growth inhibition assays.

The test concentrations of HNTs were selected to be 0.05,
0.1, 0.2, 0.5, 1, 2, 5, and 10 mg mL−1 based on our previous
work.23 Previous studies have reported that nSiO2 and nAl2O3

are the main components in raw HNTs, constituting
approximately 55% and 32% of HNTs by mass, respectively.24

Herein, nSiO2 (0.05, 0.1, 0.2, 0.55, 1, 2, and 5 mg mL−1) and
nAl2O3 (0.05, 0.1, 0.2, 0.32, 1, 2, and 5 mg mL−1) were tested
to compare their biological effects with those of HNTs.
Suspensions of these three nanomaterials were prepared
using sterile BG-11 medium treated with sonication (100 W,
40 kHz, 25 °C) for 30 min, followed by storage at 4 °C. To
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investigate the inhibition effects, C. vulgaris (1.1 × 106 cells
per mL) was exposed to HNTs, nSiO2, or nAl2O3 in a 250 mL
flask (working volume: 100 mL) for 96 h. Cultures for the 96
h inhibition tests followed the same conditions employed
during the pre-culture stage. Algae cultures in the absence of
nanomaterials were employed as control groups. The 96 h
growth inhibition ratio (%) was calculated as follows: (N0 −
N1)/N0 × 100, where N0 and N1 denote the algal cell numbers
at 0 h and 96 h, respectively.36 The 96 h of 50% effective
concentration (EC50) was determined based on cell numbers
and Probit regression (IBP SPSS package for Windows,
version 22.0, IBM Corp., USA).

In addition, based on the percentage of nSiO2 and nAl2O3

in pristine HNTs,24 1 mg mL−1 HNTs, 0.55 mg mL−1 nSiO2,
0.32 mg mL−1 nAl2O3, and a mixture of 0.55 mg mL−1 nSiO2

and 0.32 mg mL−1 nAl2O3 were further selected as exposure
concentrations to compare the algal biological response
toward HNTs with the responses toward the main HNT
components after 96 h exposure. Physical damage, oxidative
stress, element release, and adsorption, and FA profiles were
determined. The details are summarized in ESI† Texts S3–S7.

Physical damage and oxidative stress

Algae were collected following 96 h exposure to the test
nanomaterials, centrifuged (1500g) at 4 °C for 10 min, and
rinsed twice with phosphate buffer solution (PBS, 0.1 M, pH
7.0). Scanning electron microscopy (SEM, ULTRA 55, ZEISS,
Germany) and transmission electron microscopy (TEM,
Tecnai Spirit, FEI, USA) were employed to investigate algal
physical damage.30 The detailed pretreatment procedures for
the SEM and TEM analyses are summarized in the ESI.†

The level of reactive oxygen species (ROS) in the algal cells
was determined using a fluorescence spectrophotometer
(HITACHI F-4600, Japan). Membrane integrity and
mitochondrial membrane potential (MMP) were determined
using a flow cytometer (Gallios, Beckman Coulter, USA). The
detailed methods of these analyses are shown in ESI† Text
S5. The levels of superoxide dismutase (SOD), catalase (CAT),
malonaldehyde (MDA), and glutathione (GSH) in the cells
were determined using assay kits (Nanjing Jiancheng
Bioengineering Institute, China). Enzyme activities were
measured with a soluble protein assay kit (Beyotime
Biotechnology Co., Ltd., China). Prior to the measurements,
treated algal cells were collected by centrifugation (3000g, 5
min) and quickly moved to a liquid nitrogen (−196 °C) tank
for 20 min, then thawed at 4 °C. After repeating the freezing
and thawing steps four times (∼1.5 h/time), crude enzymes
were obtained for further index determination. The detailed
procedures followed the manufacturer's instructions.

Determination of FA profiles

The extraction of FAs from algal cells was based on a
modified version of a previously reported method.37 Briefly,
30 mL of algal cell suspension was centrifuged (5000g) to
remove the supernatant. Approximately 0.5 mL of algae cell

precipitate was spiked with C17:0 (heptadecanoic acid,
Sigma-Aldrich) as an internal standard and extracted with an
equal volume of methylbenzene. The mixture was
subsequently saponified with 6% (m/v) sodium hydroxide
methanolic solution and transmethylated with 10% (v/v)
acetylchloride methanolic solution, both under heated
conditions. Finally, the fatty acid methyl esters (FAMEs) were
extracted with n-hexane and concentrated. Instrumental
analysis of the FAMEs was conducted on an Agilent 7890B
gas chromatograph coupled with a 5977B MSD detector
(Agilent Technologies, USA).38 Details on the sample
preparation and instrumental analysis are summarized in the
ESI.†

Statistical analysis

Experimental data from triplicate treatments were presented
as the mean ± standard deviation (SD) and analyzed with a
one-way ANOVA to determine significant differences (p <

0.05) using SPSS. The relationships between algal cell growth
inhibition and enzymes, ROS, or MMP were determined by
linear fitting curves (Origin 9, Origin Lab Corp., USA).

Results and discussion
Unique functional groups of HNTs and colloidal stability

HNTs possess unique outer and inner structures (Fig. 1A)
and contain abundant functional groups and colloidal
stability, demonstrating a different behavior to that of nSiO2

or nAl2O3 particles. For example, the FTIR spectroscopic
peaks at 3695 cm−1 and 3620 cm−1 correspond to the Al2–OH
stretching peak and stretching vibrations of the inner surface
of the HNTs, respectively (Fig. 1B).8,39 The peaks at 1092 and
1029 cm−1 correspond to the stretching vibrations of Si–O–Si
groups in HNTs. The peaks representing the stretching
vibrations of hydroxyl groups and molecular water are
separately located at 1618 cm−1 for nSiO2, 1628 cm−1 for
nAl2O3, and 1637 cm−1 for HNTs. A strong peak observed at
910 cm−1 is attributed to the bending vibration of Al–OH in
the HNT spectrum, but this peak is not present in the nAl2O3

spectrum.
The colloidal stability of spheric and aspheric

nanomaterials is widely evaluated by dynamic light scattering
(DLS). As shown in Fig. 1C and S2,† the hydrodynamic
diameters of all the nanomaterials in the algal medium are
larger than their individual sizes, indicating that the presence
of the algal medium potentially causes particle aggregation.
The time-course hydrodynamic diameters of HNTs, nSiO2,
and nSiO2 + nAl2O3 in the algal medium suggest the
immediate formation of HNTs and nSiO2 aggregates and the
formation of nSiO2 + nAl2O3 heteroaggregates (Fig. 1C). This
is further confirmed by SEM observation (Fig. 2E). Different
electrostatic interactions between the nanomaterials and
algal cells were also observed between the positively charged
nAl2O3 and negatively charged nSiO2, HNTs, and the nSiO2 +
nAl2O3 mixture (Fig. S3†). Among these nanomaterials, HNTs
exhibit the strongest stability and the lowest zeta potential in
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the algal medium. These results demonstrate that HNTs have
different structures and chemical properties than nSiO2,
nAl2O3, or nSiO2 + nAl2O3, which suggests that the biological
effects of HNTs likely also differ from those induced by the
other nanomaterials.

HNTs induced lower growth inhibition but stronger oxidative
stress

The dose–response relationships of algal exposure to HNTs,
nAl2O3, and nSiO2 were determined at concentrations
ranging from 0 to 10 mg mL−1 (Fig. S4†). Low doses of HNTs
(0–1 mg mL−1) for 96 h gradually inhibited algal growth,
while increasing the HNT concentration from 1 to 10 mg

mL−1 enhanced the algal stress responses (Fig. S4A†). The
EC50 of HNTs was determined to be 8.2 mg mL−1. In contrast,
the calculated 96 h EC50 values of nAl2O3 and nSiO2 are 0.35
and 12.5 mg mL−1, respectively. Interestingly, growth
stimulation by nSiO2 was also observed at low doses of 0.05–
1 mg mL−1 (Fig. S4B†), likely due to the stress-response
hormesis caused by the nanomaterials.40 A comparison of
the inhibitory effect of HNTs (1 mg mL−1) on algal growth
and that of the other tested nanomaterials reveals the
following pattern: nSiO2 < nSiO2 + nAl2O3 ≈ HNTs < nAl2O3

(Fig. 3A). HNTs exhibit greater algal inhibition than nSiO2,
likely due to nSiO2-induced hormesis or the adverse effects of
HNT impurities on algae.25,41 Unexpectedly, nSiO2 + nAl2O3

exhibited a similar inhibitory effect to that of HNTs, which
was probably caused by the formation of abundant nSiO2 +
nAl2O3 aggregates in the algal medium (Fig. 1C and 2E)
reducing the physical contact of nSiO2/nAl2O3 with algal cells.
Reporting a similar phenomenon, Zhao et al. showed that the
formation of graphene oxide (GO)–Al2O3 heteroaggregates
mitigated GO's algal toxicity.42 In contrast, the nSiO2 + nAl2O3

aggregates were unlikely to form under HNT exposure due to
the separation of nSiO2 and nAl2O3 in the inner and outer
surface of the pristine HNTs. Therefore, HNTs and nSiO2 +
nAl2O3 may inhibit algal growth via different mechanisms,
although they exhibit similar inhibition ratios.

SEM observation reveals distinct interactions between the
tested nanomaterials and the algal cells (Fig. 2A–E). HNT
exposure results in the attachment of the nanomaterials on
the algal cell surfaces (Fig. 2B), probably due to the
occurrence of Ca bridging in the algal medium. Furthermore,
due to their unique nanotubular structure and electrostatic
functions, HNTs could facilitate the direct puncture of cell
walls with their tips. A similar behavior has been reported for
CNT exposure.31 The uptake of HNTs by other cells such as
MCF-7 cells, A549 cells, and lung cells has also been
reported.43–45 The nAl2O3 nanomaterials were highly coated
on wrinkled algal cells during nAl2O3 exposure (Fig. 2D),
suggesting that physical damage is caused by electrostatic
attraction.42 In the presence of both nSiO2 and nAl2O3, the
greater negative charges of nSiO2 compared to that of the
algae increase the opportunity for nAl2O3 to interact with
nSiO2 rather than with the algal cells (Fig. 2E). Thus, it is
reasonable to believe that the heteroaggregation of nSiO2 and
nAl2O3 impedes the direct contact of Al2O3 with the algae,
resulting in lower growth inhibition than exposure to nAl2O3

by itself (Fig. 3A). The representative TEM images further
confirm the differing algal responses to the different
nanomaterials at the ultrastructural level (Fig. 2H–L).
Exposure to HNTs damaged the algal cell walls and
membranes but cellular organelles such as chloroplasts
remained intact (Fig. 2I). Exposure to nAl2O3 or nSiO2 +
nAl2O3 induced severe cellular damage, such as plasmolysis
(red two-way arrow), reduced plastoglobuli, and blurred
thylakoids (Fig. 2K and L).

The determination of algal cell membrane integrity reveals
that HNTs damaged the membranes of a greater proportion

Fig. 1 Characterization of the tested nanomaterials (A–C). The
structure of HNTs (A); the FTIR spectra of HNTs, nSiO2, and nAl2O3 (B);
and the hydrodynamic diameters (C) following exposure to the tested
nanomaterials.
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of algal cells compared to the other nanomaterial exposure
treatments (Fig. 3E). The nanotubular structure of HNTs

potentially easily triggers plasma membrane damage via
penetration and/or energy-dependent endocytosis.46

Fig. 2 SEM (A–E) and TEM (H–L) observations, ROS levels (F), and red to green fluorescence intensity ratios (G) of algae after 96 h exposure to
nanomaterials. The lowercase letters represent significant differences in ROS or red to green fluorescence intensity ratios among the five
treatments.

Fig. 3 The growth inhibition (A), relative content of MDA (B), SOD activity (C), and CAT activity (D), and the representative images of membrane
damage (E) under exposure to HNTs, nSiO2, nAl2O3, and nSiO2 + nAl2O3 for 96 h. The lowercase letters represent significant differences in growth
inhibition and MDA, SOD, and CAT activity among the four nanomaterial treatments. The green and red regions shown in (E) represent intact and
damaged cells.
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Exposure to nSiO2 damaged the membranes and blurred
organelles (i.e., starch grana and vacuole) of the algal cells.
Interestingly, while nAl2O3 exposure significantly inhibited
algal growth, it resulted in the lowest ratio of membrane
damage, suggesting that the transport of nAl2O3 to algal cells
may be through the release of Al ions rather than the
endocytosis of nanoscale Al particles. Indeed, our
experiments confirmed that 0.23% Al was released from
nAl2O3 (Fig. S5 and S6†), likely contributing to approximately
76.5% of its algal growth inhibition. In addition, the effect of
nutrition depletion by nanomaterial-induced algal growth
inhibition can be ruled out (Fig. S7 and S8†) based on our
results summarized in ESI† Text S8.

In addition to physical damage, HNT exposure triggered
greater levels of ROS than any other nanomaterial treatment
(Fig. 2F), suggesting that the balance of cellular homeostasis
was disrupted and that the biological functions of the cell
membranes were impaired. Induced oxidative stress due to
overproduction of ROS is considered to be one of the main
toxicity mechanisms of nanomaterials.47 When the ROS level
exceeds the antioxidant defense capacity (i.e., SOD and CAT),
lipid peroxidation further occurs in cells.48 However, the
MDA content in the HNT-treated algae did not differ
significantly from that of the control treatment (Fig. 3B). The
low MDA and high ROS levels indicate that there are other
antioxidants or pathways involved in cellular protection from
excessive ROS during HNT treatment. Indeed, elevated SOD
and CAT levels were found in the algae treated with HNTs
compared with the control treatment (Fig. 3C and D). SOD
and CAT, as the main antioxidant enzymes, are activated to
respectively scavenge O2˙

− and H2O2 for cellular defense
against nanomaterial-induced inhibition.49 These findings
suggested that cellular protection was activated following
HNT exposure. Mitotoxicity is another pathway that can cause
oxidative stress,50 but HNT exposure did not significantly
affect the MMP levels (Fig. 2G). Therefore, the HNTs
maintain mitochondrial membrane integrity without
inducing mitotoxicity.

In contrast, nAl2O3 triggered severe oxidative stress in the
algal cells, as reflected by the higher levels of SOD activity,
CAT activity, MDA content, and GSH content as well as the
lower MMP compared to the other treated algal cells (Fig. 2G,
3B–D, and S9B†). However, the intracellular ROS levels
caused by nAl2O3 treatment were significantly lower than
those of the other treatments (Fig. 2F). Exposure to nSiO2 +
nAl2O3 resulted in a significant increase in CAT activity
compared with HNT exposure (Fig. 3D), suggesting that nSiO2

+ nAl2O3 exposure triggers the overproduction of H2O2

radicals, which are scavenged by CAT.51 Furthermore,
correlation analysis reveals that nanomaterial-induced algal
growth inhibition is positively correlated with antioxidants
(Fig. S10†), while the ROS levels are strongly related to the
percentage of membrane-damaged algal cells (Fig. S11F†).
Therefore, we reasonably believe that both physical contact
and oxidative stress are responsible for HNT-induced
membrane damage.

HNTs altered the FA compositions of algal cells

In addition to the antioxidants discussed in the previous
sections, several FAs were also involved in cellular defense
against HNT exposure (Fig. 4 and S12†). Fifteen FAs, including
ten saturated fatty acids (SFAs) and four unsaturated fatty acids
(UFAs), were identified in C. vulgaris. Their main components
are palmitic acid (C16:0), linoleic acid (C18:2/n-6), α-linolenic
acid (C18:3/n-3), oleic acid (C18:1/n-9), and stearic acid (C18:0).
This FA profile is in good agreement with previous reports on
FA compositions in the same species.37 In general, phytotoxicity
triggered by nanomaterials can occur at the tissue, cellular, and
even molecular levels.52 Both metabolomic and transcriptomic
analyses have revealed that FA metabolism is an important
pathway that is likely involved in algal responses to
nanomaterials.34,40,53–55 In agreement with this study, Zou et al.
found that single-layer MoS2 nanosheets incubated with humic
acid significantly reduced algal growth inhibition but induced
the overproduction of ROS, indicating that FAs may play an
important role in cellular defense to oxidative stress.54

In this work, HNT exposure significantly boosted the
relative content of SFAs but reduced that of polyunsaturated
fatty acids (PUFAs) and total UFAs (Fig. 5B and C). This
behavior is regarded as one of the cellular responses of
algae to nanomaterials.34 Mortimer et al. attributed the

Fig. 4 The change in the relative content of SFAs and UFAs under
exposure to HNTs, nSiO2, nAl2O3, and nSiO2 + nAl2O3. The boxes
suggest the median interquartile range and the bars denote the
concentration range. The lowercase letters represent significant
differences in the data among the five treatments.
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decreased total concentration of UFAs in nanoscale CuO-
exposed protozoan cells to the cells' adaptive regulation to
stress.33 Specifically, PUFAs are involved in cell structural
functions and are susceptible to pollutants.32,56,57 The
sharp decrease in C18:2/n-6 and C18:3/n-3 under HNT
exposure, as well as the drastic elevation of C16:0 and
C18:0, is potentially due to the physical destruction of
membrane integrity by the nanotubular structure (Fig. 3E).
A negative correlation between PUFAs and ROS levels,
although not statistically significant (p = 0.08; Fig. S13†),
possibly suggests the susceptibility of PUFAs to ROS
attack.32

The change in the FA profile under HNT exposure differed
from that of the other nanomaterial treatments (Fig. 4 and
S12†). Combined with the differential analysis shown in
Fig. 5A, it can be concluded that C10:0, sum of
monounsaturated fatty acids (

P
MUFAs), C17:1, and C18:1/n-

9 are the most sensitive to HNT exposure, rendering them
candidate biomarkers for investigating lipid-related adverse
effects upon exposure to HNTs. Additionally, a significant
increase in the SFA/UFA ratio (i.e., from 0.81 to 0.97) was
observed in the algal cells under HNT exposure (Fig. 5D), but
not for any of the other treatments. The SFA/UFA ratio is of
great importance for the maintenance of membrane

function.32 A disrupted SFA/UFA ratio in nanomaterial-
exposed plants indicates the alteration of membrane fluidity
and stability. This has been observed for plant cells under
exposure to CNTs, Ag nanoparticles, and nano CuO.32,56,58

Our data suggest that algal cell defense to HNTs is potentially
mediated by the FA saturation degree or the activity of FA
desaturase.59 Consequently, as part of their defense
mechanisms, algae may restrict exogenous substances like
HNTs from entering the cells by decreasing cell membrane
fluidity.

Overall, compared with nSiO2, nAl2O3, and nSiO2 + nAl2O3

exposure, HNT exposure exhibits different biological impacts
on algae, including growth inhibition, oxidative stress, and
membrane function, due to the unique physicochemical
properties of HNTs. The nanotubular structure of HNTs does
not induce severe growth inhibition, but the HNTs may enter
algal cells via endocytosis and puncturing, which destroys
their cell membrane integrity and alters their FA
composition. HNTs potentially induce cellular protection
biological responses in algae by increasing the FA
desaturation degree. This is a different behavior than that of
algae exposed to nSiO2, nAl2O3, or nSiO2 + nAl2O3, in which
cellular protection likely occurs via the mediation of
antioxidases.

Fig. 5 Difference analysis heatmap of the five treatments (A), composition of SFAs (B) and UFAs (C), and the SFA/UFA ratio (D). The lowercase and
uppercase letters represent significant differences in the data among the five treatments.
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Environmental implications

Along with HNTs' industrial applications, its environmental
and ecological safety warrants better elucidations. Our results
suggest that HNTs are relatively safe but that the stimulation
of oxidative stress in algal cells requires their use to be
dialectically considered in aquatic ecosystems. Specifically,
the high levels of oxidative stress induced by HNTs played a
dominant role in their nanotoxicity. However, this is
potentially beneficial for algae-based biofuel production via
lipid accumulation in algal cells under HNT exposure. In
addition, the change in the FA profile caused by HNT
exposure may have specific environmental implications in
terms of their use as a food source and for green bioenergy
generation.

HNT exposure may impact the competitiveness of algae as
a nutritious food source. Algae-derived PUFAs (mainly
microalgae) are nutritious and profitable molecules due to
their ability to provide essential FAs for cardiovascular,
neurological, and ocular health.60 Linoleic acid (C18:2/n-6),
an essential PUFA precursor, cannot be synthesized de novo
in the human body, so it is an important dietary supplement.
The potential applications of γ-linolenic acid (C18:3/n-9, GLA)
are mainly infant formulas for full-term infants and
nutritional supplements. Our data reveal that HNT exposure
could significantly reduce PUFAs. Thus, this exposure may
result in a decline in the nutritional value of C. vulgaris to
primary consumers and possibly other organisms in aquatic
ecosystems.

In contrast, HNT exposure may be beneficial for the
application of algae as a commercial feedstock for the
production of sustainable biofuels.61,62 Whether algae can be
considered a commercial feedstock depends on their lipid
productivity and quality.63 Lipid quality is highly correlated
to FA profile. For example, the European Biodiesel Standard
EN14212 requires the linolenic acid concentration in
biodiesel to be less than 12% to maintain the balance of
oxidative stability.64 The relative content of α-linolenic acid
in the control treatment exceeded this biodiesel standard
(13.3%), while HNT-treated algae demonstrated a reduced
α-linolenic acid proportion of 8.7%. In addition, biodiesel
containing high levels of oleic acid has a lower cold filter
plugging point, making it more suitable for cold weather
use.65 Consequently, the increase in the C18:1/n-9
concentration under HNT exposure, as shown in Fig. 4, is
very promising. Thus, the changing FA profiles of algae under
HNT exposure could potentially meet the quality
requirements of biodiesel feedstock. Therefore, the presence
of HNTs in aquatic ecosystems should be dialectically
considered.
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S2

 METHODS AND MATERIALS

Text S1. FTIR determination

Briefly, the halloysite nanotubes (HNTs), nanosized SiO2 (nSiO2), nanosized Al2O3 (nAl2O3), and 

nSiO2+nAl2O3 mixture were ground with infrared quality KBr (w/w, 1:100), vacuum-pressed and 

measured with the range of 400-4000 cm-1. 16 cycles were co-added with a resolution of 2 cm-1 to 

enhance single to noise ratio.

Text S2. Zeta potential and particle size

The suspension of tested nanomaterials were individually prepared in the BG-11 medium and 

treated with sonication (100 W, 40 kHz, 25 °C) for 30 min. The final concentrations of HNTs, nSiO2, 

and nAl2O3 were 1 mg/mL, 0.55 mg/mL, and 0.32 mg/mL, respectively. The 0.55 mg/mL nSiO2 and 

0.32 mg/mL nAl2O3 were mixed and suspended under sonication treatment and quickly moved in the 

cuvette for measurements of hydrodynamic diameters using the Zetasizer. The hydrodynamic 

diameters of nanomaterials were recorded at 0-30 min.

Text S3. SEM observation

The surface morphology of tested nanomaterials, algal cells, and their interactions were 

determined using SEM (ULTRA 55, ZEISS, Germany). Briefly, the nanomaterials were prepared with 

absolute ethanol and treated with sonication for 2 h. The interactions between algal cells and 

nanomaterials were observed after 96-h exposure. Prior to the SEM observations, the samples were 

rinsed thrice with PBS (0.1 M, pH 7.0), filtered with membrane, freeze-dried, and gold-coated. 
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Text S4. TEM observation

The algal cells exposed to nanomaterials were centrifuged (1500 g, 10 min) and fixed with 2.5% 

glutaraldehyde (v/v) at 4 °C for overnight. Prior to fix with 1% osmium tetroxide (v/v) for 1-2 h, 

samples were thoroughly rinsed thrice (15 min/time) with PBS (0.1 M, pH 7.0). After repeatedly 

washing step by PBS, the samples were dehydrated with the increasing concentrations of ethanol (30%, 

50%, 70%, 80%, 90%, 95%, and 100%) in sequence for 15-20 min and 100% acetone for 20 min. 

Epoxy resin and 100% acetone mixed at 1:1 and 3:1 (v/v) were subsequently used for permeation and 

embedding. Ultramicrotome (EM UC7, Leica, Germany) was employed to obtain ultra-thin algal 

samples (70-90 nm), which were then strained with lead citrate and uranyl acetate for 5-10 min. The 

ultrastructure of algal cells were mounted on copper grids and observed using a TEM (Tecnai Spirit, 

FEI, USA).

Text S5. Determination of reactive oxygen species (ROS), membrane integrity, and 

mitochondrial membrane potential (MMP)

In brief, treated algal cells were centrifuged and then rinsed thrice with PBS (0.1 M, pH 7.0) to 

resuspend in the PBS solution. For ROS detection, the centrifuged cell pellets were stained with 2’,7’-

dichlorodihydrofluorescein diacetate (DCFH-DA) in the dark for 15 min and measured fluorescence 

intensity at 488 nm excitation and 525 nm emission with a fluorescence spectrophotometer (HITACHI 

F-4600, Japan). Propidium iodide (PI, 1 mg/mL) was used to strain with algal cells in the dark for 15 

min to determine membrane integrity using flow cytometer (Gallios, Beckman coulter, USA) at 488 

nm excitation and 620 nm emission with a FL3 detector. The JC-1 strained algal cells incubated in the 
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dark for 15 min were employed to determine MMP. The excitation wavelength for MMP detection 

was 488 nm, measuring with FL1 detector (green fluorescence) at 520 nm and FL2 detector (red 

fluorescence) at 580 nm. The loss of MMP was quantified according to ratio value of red to green 

fluorescence intensity. At least 10000 algal cells were collected and analyzed for each replicate.

Text S6. Adsorption of Nutrients and Release of Al and Si

The adsorption of nutrients by nanomaterials were determined according to the method by Zhao 

et al.1 Briefly, HNTs, nSiO2, nAl2O3, and nSiO2+nAl2O3 were individually prepared with sterile 

ultrapure water, added in algal medium, stirred with shaker (150 rpm) at 25 °C for 96 h. The solution 

was filtered through a 0.22-μm membrane filter to obtain the supernatants. The microelements (B, Co, 

Cu, Zn, Mn, and Fe) and macroelements (Ca, Mg, K, and P) in the supernatants were determined using 

inductively coupled plasma optical mission spectrometry (ICP-OES, iCAP 7000 Series, Thermo 

Scientific, USA). The sterile supernatants were applied to cultivate algae for 96 h. Cell numbers were 

counted to investigate the effects of nutrient removal on algal growth.

To determine the release of Al and Si during treatments, the suspension of HNTs, nSiO2, nAl2O3, 

or nSiO2+nAl2O3 was sonicated for 30 min and then stirred (150 rpm) at 25 °C for 96 h. The suspension 

was collected every 24 h and filtered through 0.22-μm membrane. Concentrations of Al and Si were 

determined using ICP-OES. To investigate the toxicities of Si or Al ions to algae, Na2SiO3·9H2O (1.2, 

23.5, and 48.2 mg/L) and Al(NO3)3·9H2O (0.06, 0.34, and 0.86 mg/L) were separately added in sterile 

medium to cultivate algae for 96 h.

Text S7. Pretreatment for fatty acid (FA) analysis

An aliquot of 500 μL methylbenzene and 20 μL C17:0 (1 mg/mL) were added in sequence and 
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blended by Vortex oscillator (9454FIALUS, Fisher Scientific, USA). The samples were added with 2 

mL NaOH-methanol solution (3:50, m/V), heated in water bath (80 C) for 15 min for saponification. 

Subsequently, the extract of FAs was treated with acetylchloride-methanol solution (1:10, V/V) at 80 

C for another 15 min for transmethylation. 1 mL K2CO3 and 1 mL n-hexane were added sequentially 

to extract the methyl esters prior to analysis by Gas Chromatography-Mass Spectrometry (GC-MS).

GC separation was achieved using a J&W DB-23 column (60 m  250 μm  0.25 μm, Agilent 

Technologies, USA). Detection used 5977B MSD detector (Agilent Technologies, USA) under 

electron impact (EI) ionization source followed our previous method.2 Samples (1 L) were injected 

with a split ratio of 20:1 at 250 C. Helium was used as the carrier gas at a flow rate of 1.2 mL/min. 

GC oven programs are set as follows: 50 C for 1 min, a linear ramp to 175 C at 25 C/min and held 

for 2 min, liner ramp to 230 C at 3 C/min and held for 5 min. MS ion source was set at 300 C. The 

MS detector was operated in the selected ion monitoring (SIM) mode and detailed parameters have 

been previously summarized.2 The FAME peaks were identified and quantified according to FAME 

standard mixture GLC-463 (Nu-Chek, USA) using MassHunter software (Agilent Technologies). Each 

FA was quantified as their relative weight percentage to the total FAME. 

 RESULTS AND DISCUSSION

Text S8. Ions release and adsorption depended on media and nanomaterials

Nanomaterials have ability to release their dissolved ions and absorb ions existed in aqueous 

phase, depending on nanomaterials’ species and cultivation media. These properties could further have 

impacts on algal biological responses. The 96-h cell number of algae after nutrients removal by four 
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tested nanomaterials (Fig. S7) suggested that there were no significant differences in cell number 

between the control and any four treatments, although several nutrients were significantly reduced 

(Fig. S8). Hoecke et al. also ruled out the hypothesis that CeO2 nanoparticles induced nutrient depletion 

was responsible for the toxicity to Pseudokirchneriella subcapitata in the presence of OECD medium.3 

In addition, although previous work reported that dissolved ions released from both metallic 

nanoparticles and HNTs was the predominant contribution to toxicity,4,5 our study revealed that only 

0.23% Al released from nAl2O3 (Figs. S5 and S6). It is worth noting that 0.74 mg/L of Al ions 

(corresponding to 0.07% Al ions release in Al2O3 NPs) could induce 45.9% growth inhibition, 

accounting for 76.5% of total growth inhibition. Thus, the mass release of Al from Al2O3 NPs could 

be the main toxic mechanism to algae. Different biological responses between HNTs and 

nSiO2+nAl2O3 were not attributed to the released ions. 
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 Tables

Table S1 Composition of BG-11 medium used for the culture of Chlorella vulgaris.

Components Concentration (g/L)

NaNO3 1.5

K2HPO4 0.04

MgSO4·7H2O 0.075

Citric acid 0.006

CaCl2·2H2O 0.036

Na2CO3 0.02

Ferric ammonium citrate 0.006

Regular solution

Na2·EDTA·2H2O 0.001

H3BO3 2.86

MnCl2·4H2O 1.81

ZnSO4·7H2O 0.222

Na2MoO4·2H2O 0.39

CuSO4·5H2O 0.079

A5 

(trace metal mix 

solution, *10-3)

Co(NO3)2·6H2O 0.049
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 Figures: 
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Fig. S1. The correlation between algal cell number and absorbance at 680 nm. 
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Fig. S2 The scan electron microscope (SEM) images of HNTs (A), nSiO2 (B), and 

nAl2O3 (C). 
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Fig. S3. The zeta potentials of tested nanomaterials in BG-11 medium.
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Fig. S4. The algal growth inhibition when exposed to different concentrations of 

HNTs, nSiO2, and nAl2O3.
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Fig. S5 The time-course of released Si (A) from HNTs, nSiO2, and nSiO2+nAl2O3 and 

Al (B) from HNTs, nAl2O3, and nSiO2+nAl2O3 in the algal medium.
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Fig. S6 The time-course of percentage of released Si (A) from HNTs, nSiO2, and 

nSiO2+nAl2O3 and Al (B) from HNTs, nAl2O3, and nSiO2+nAl2O3 in the algal 

medium.
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Fig. S7 The 96-h algal growth inhibition cultured under control and NMs-adsorbed 

medium. Lowercase letters represent significance in cell number among five 

treatments.
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Fig. S8 Concentrations of macroelements (A) and microelements (B) in supernatants 

after adsorption for 96 h. Lowercase letters represent significance in macroelements 

and microelements among five treatments.
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Fig. S9 The change of soluble protein (A) and GSH content (B) in algae under five 

treatments for 96 h. Lowercase letters represent significance in soluble protein and 

GSH content among five treatments.
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Fig. S10 The correlation between growth inhibition and SOD activity (A), CAT 

activity (B), MDA content (C), GSH content (D), ROS (E), and MMP (F).
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Fig. S11 The correlation between ROS level and SOD activity (A), CAT activity (B), 

MDA content (C), GSH content (D), MMP (E), and ratio of intact/injured cells (F). 
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Fig. S12 The change of relative content (%) of several saturated fatty acids (SFAs) 

under HNTs, nSiO2, nAl2O3, and nSiO2+nAl2O3 exposure. Lowercase letters represent 

significance in relative content of SFAs among five treatments.
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Fig. S13 The correlation between ROS and relative content of polyunsaturated fatty 

acids (PUFAs). The blue solid line and dash line represent linear fitting in the “single 

and binary” and “single” system, respectively.

Note: The difference in these two system is to fit with or without nSiO2+nAl2O3 mixture-

related data.
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