
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
A

ug
us

t 2
01

8.
 D

ow
nl

oa
de

d 
on

 1
2/

5/
20

25
 1

0:
53

:2
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Adverse effect of
aDepartment of Chemistry, Jinan University,

China
bResearch Center of Analytical Testing, Jina

E-mail: tyinph@jnu.edu.cn
cDepartment of Environmental Engineering

China. E-mail: zhaoling@jnu.edu.cn

† Ling Zhao and Pinghe Yin contributed

Cite this: RSC Adv., 2018, 8, 29172

Received 15th June 2018
Accepted 7th August 2018

DOI: 10.1039/c8ra05156a

rsc.li/rsc-advances

29172 | RSC Adv., 2018, 8, 29172–2917
nano-TiO2 on the marine
macroalgae Gracilaria lemaneiformis (Gracilariales,
Rhodophyta): growth and antioxidant activity

Jie Liu,a Pinghe Yin †*b and Ling Zhao†*c

Macroalgae, the major contributor of primary productivity in coastal seas, contribute to the material cycle

and energy flow in marine ecosystems. The purpose of this work was to evaluate the toxic effect of nano-

TiO2 on the growth and antioxidant activity ofGracilaria lemaneiformis. An obvious inhibition of growth was

observed in this study. The algae exposed to nano-TiO2 showed a negative growth rate at 20 mg L�1 and

40 mg L�1 during the 15 days exposure. The concentration of soluble protein increased slightly during the

first 3 days of exposure, but it gradually diminished thereafter due to the high concentrations of nano-TiO2

and to prolonged exposure. Nano-TiO2 caused oxidative damage in G. lemaneiformis; superoxide anions

accumulated, and nitrate reductase activity decreased linearly with the increase in nano-TiO2.

Furthermore, extracts of G. lemaneiformis can scavenge DPPH$ and hydroxyl radicals for their

antioxidant capacity. However, the capacity to scavenge DPPH$ and hydroxyl radicals in vitro decreased

slightly with the increase in nano-TiO2. The results from this work imply that macroalgae can be an

effective biomarker of nano-TiO2 contamination and can be useful indicators to evaluate the oxidative

damage of increasing pollutants in marine ecosystems.
Introduction

Macroalgae are important primary producers and play a key role
in estuarine and coastal ecosystems. The species and quantity
of algae can directly reect water quality.1 Macroalgae can
absorb and utilize nutrients to control eutrophication, and they
can improve the quality and stability of marine ecosystems.2,3

The use of seaweeds has become more popular in recent years.
They contain a variety of bioactive compounds rich in poly-
saccharides, carotenoids, essential fatty acids and antioxidants,
and they have the potential to replace synthetic compounds
such as TBHQ (tert-butylhydroquinone) and BHA (butylated
hydroxy anisole), which are considered less healthy for
humans.4 However, changes in the environment, such as
hazardous substances, solar radiation, and temperature, can
affect the biochemical and physiological responses of algae.5

Nanoparticles, which constitute a heterogeneous group of
nanostructures, are being increasingly applied in a wide variety
of products.6 In particular, nano-TiO2 has been utilized in
cosmetics, coatings and environmental remediation.7–9 The
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annual global commercial production of nano-TiO2 was more
than 10 000 metric tons per year, and it is expected to reach
approximately 2.5 million metric tons by 2020.10 However,
nanoparticles are inevitably released into the environment
during the process of manufacturing, use and disposal.11

Nanoparticles, which possess mobility and have many reactive
sites on their surface, may be hazardous to the health of
organisms and to the environment.12 Tian et al.13 reported that
the annual input concentration of nano-TiO2 in the sediment
can reach 1.9 mg L�1 in the U.S., Switzerland and Europe. The
nano-TiO2 concentration in environmental media, including
sediment, surface water, and natural and urban soils, was
estimated to be in the range of mg kg�1 to lowmg kg�1, which is
much higher than other nanoparticles.14,15 Nano-TiO2 with
different diameters have different biotoxicity to algae. Sendra
found that nano-TiO2 is more toxic than bulk TiO2.16 Theoreti-
cally, nanoparticles could enter the cell wall of algae, or they
could damage the cell wall when their size is smaller than
40 nm.17 Simultaneously, TiO2 nanoparticles act as a carrier can
enhance heavy metal ion accumulation in the algae.18 Organic
properties also have signicant effects on the toxic behavior of
engineered nanomaterials.19 Therefore, a large number of
aquatic organisms, such as algae, fungi, and plants, are mostly
likely affected by nanoparticles. There is a growing concern
about the potential threat of nanoparticles to humans and
aquatic organisms, especially microalgae.20 Studies have already
shown that nanoparticles can inhibit the growth and photo-
synthetic capacities of algae, as well as cause oxidative stress
This journal is © The Royal Society of Chemistry 2018
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and alter enzymatic activity.21,22 A large number of nano-
toxicological studies have shown that free radical formation is
the main mechanism of the toxicity of nanoparticles, which
subsequently induces oxidative stress, cytotoxicity, DNA
damage, and apoptosis.23,24

Gracilaria lemaneiformis Greville (Bory de Saint-Vincent), an
edible red macroalgae, is cultivated in the southeast coastal
area of China, and it is widely used in food additives, medicine,
cosmetics and other industries. It plays a signicant role in the
restoration of eutrophic waters along the coast of China and is
an important material in agar and other natural product
extraction.25 In addition, G. lemaneiformis is a valuable fodder
for marine animals, and therefore there is a large demand for
this macroalgae in China. The growing demand for G. lema-
neiformis has caused it to become the focus of many studies.
Recently, various studies have focused on the effects of changes
in the environment and of pollutants, such as metal, NiO
nanoparticles and ultraviolet radiation, on the growth of G.
lemaneiformis.26–28 Research has shown that heavy metals have
a negative effect on the growth, pigment content, and photo-
synthesis of G. lemaneiformis.29,30 Other studies have also shown
that seaweed is an important indicator in pollutant toxicity
evaluation.31 However, research about the potential toxicity of
nanoparticles on macroalgae is rare. Many studies have
revealed the presence of various antioxidants in algae, such as
polysaccharides, amino acids, dietary bres, proteins, poly-
phenols, vitamins and carotenoids.32 Therefore, macroalgae are
a potential source of new antioxidants. Nevertheless, the effect
of nanoparticles stress on the scavenge free radical activity of
macroalgae has not been studied.

Therefore, the primary aim of this work is to investigate the
toxic effects of nano-TiO2 on G. lemaneiformis. First, we
measured the growth, soluble protein (SP) content and oxidative
stress of G. lemaneiformis. Second, we investigated the negative
impact of 15 days of exposure to nano-TiO2 on the antioxidant
activities of G. lemaneiformis.

Material and methods
Cultivation and treatment of algae

G. lemaneiformis used in this study was collected from a culture
zone in Nanao Island (116.6� E, 23.3� N), Guangdong Province,
China. Aer harvesting, the healthy algae were washed to
remove visible epiphytes and accumulated sediment. Then, the
thalli were continuously acclimatized in Von Stosch enriched
(VSE) medium for a week under the following conditions:
salinity of 30&, temperature of 20 � 1 �C, illumination of 2000
lx, light/dark cycles of 12 h : 12 h. The culture medium was
renewed every other day. Aer pre-culture, approximately 4 g
fresh weight (FW) of healthy thalli were moved to a conical ask
with 1 L of culture medium for 3, 7, and 15 days; the culture
medium was supplemented with different concentrations of
nano-TiO2 ranging from 0, 5, 10, 20, and 40 mg L�1 (three
replicates per concentration). Moreover, all other culture
conditions remained the same as during the acclimatization
period. Nano-TiO2 was acquired from Aladdin (Shanghai,
China) and was dissolved in ultrapure water to prepare the stock
This journal is © The Royal Society of Chemistry 2018
solutions (0.5 g L�1). The selection of concentrations and the
preparation of the nano-TiO2 stock solution were described in
previous research.33

Characterization of nanoparticles

Nano-TiO2 size and morphology analyses were performed by
transmission electron microscopy (TEM) at an accelerating
voltage of 80 kV. A nano-TiO2 suspension was prepared with
algal test medium to a concentration of 20 mg L�1. Aer 30 min
of ultrasonic treatment (100 W, 40 kHz, 30 min), nano-TiO2 was
applied to a copper grid and air-dried under sunlight for 2 h.
Finally, the size and morphology of nano-TiO2 was measured by
TEM. Aer being sonicated in the algal test medium with
a particle concentration of 20 mg L�1, the hydrodynamic size
and zeta-potential of the nano-TiO2 were characterized by
dynamic light scattering (DLS) using a Zetasizer Nano ZS
(Malvern Instrument, Westborough, MA).

Measurement of the growth rate and soluble protein

The relative growth rates (RGRs) for the control and treatment
groups were calculated from the following formula:34

RGR% d�1 ¼ ln(Wt/W0)/t � 100%

where W0 refers to the initial FW and Wt is the FW at the end of
the experiment. t is the cultivation time (15 days). SP was
extracted at 0–4 �C in a phosphate buffer (50 mM, pH 5.5) by
grinding 0.5 g FW with a mortar. The homogenates were then
centrifuged (2000 rpm, 20min, 4 �C), and the supernatants were
used to determine the SP concentration.35 The analysis of SP
concentration was performed with a Coomassie Brilliant Blue
Kit according to the manufacturer's instructions (Jiancheng
Biotech, Nanjing, China). The absorbance was read at 595 nm
by UV-VIS spectrophotometry.

Nitrate reductase activity

The activity of nitrate reductase (NR) was measured by an in
vitro assay.36 Briey, 0.2 g (FW) of thalli was cut into smaller
pieces and placed into test tubes containing 5 mL of the assay
medium (0.1 M phosphate buffer, pH 7.5, 0.01 mM glucose,
200 mM NaNO3, 0.5 mM Na-EDTA). Then, the mixture was
ushed with nitrogen for 2 min (to eliminate the O2 in the
medium). Finally, the test tubes were quickly sealed and incu-
bated in the dark for 1 h at 30 �C. Aer, 1 mL of each extract was
loaded into another test tube with 2 mL of a sulfonamide
reagent; 5 min later, 2 mL of a hydrochloric acid naphthalene
ethylene diamine reagent was added to each tube, and the
mixture was allowed to stand for 15 min. Then, the absorbance
was read by UV-VIS spectrophotometry at 540 nm.

Superoxide anion free radical content

The level of superoxide anion free radicals (O2c
�) in G. lema-

neiformis was determined according to Luo and Wang with
some modications.37 For this analysis, 0.5 g of algae was
ground with 3 mL of Na2HPO4–NaH2PO4 buffer (50 mM, pH 7.8)
and centrifuged at 10 000 rpm for 10 min. Aer, 1 mL of
RSC Adv., 2018, 8, 29172–29178 | 29173
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supernatant, 0.9 mL of Na2HPO4–NaH2PO4 buffer (50 mM, pH
7.8), and 0.1 mL of hydroxylamine hydrochloride (10 mM) were
added to a test tube and mixed homogeneously. Then, the
mixture was incubated for 20 min. Aer, 1 mL of a-naphthyl-
amine (7 mM) and 1 mL of sulfanilic acid (17 mM) were added
to the mixture; 20 min later, 1.5 mL of n-butanol was added to
the mixture, and the mixture was centrifuged for 10 min at
6000 rpm. The absorbance was read at 530 nm. The level of O2c

�

was calculated by using sodium nitrite as a standard solution.
Fig. 1 Nano-TiO2 characterized by TEM: (a) isolated nano-TiO2 sus-
pended in ultrapure water, (b) agglomerated nano-TiO2 suspended in
ultrapure water. (Where (a) and (b) have scales of 10 nm and 50 nm,
respectively).
Antioxidant activities of aqueous seaweed extracts

Preparation of the algal extract. G. lemaneiformis was
cultured for 15 days in different concentrations of nano-TiO2.
Then, the algae were dried and ground into a ne powder.
Aqueous extracts of G. lemaneiformis (AEGL) were prepared
according to Zandi et al.38 In total, 1.0 g of dried seaweed was
extracted in ultrapure water at a ratio of 1 : 100 (w/v). Then, the
algae homogenate was centrifuged (7500 rpm, 15 min). The
supernatant was ltered through Whatman No. 1 lter paper,
sterilized with a Millipore lter with a 0.22 mm pore size and
stored at �20 �C. The crude extract was diluted with ultrapure
water to 1 mg mL�1 prior to use.

Antioxidant assay for DPPH$ radical-scavenging activity. The
DPPH$ radical-scavenging activity of AEGL was measured
according to Yen and Chen.39 A 2.0 mL aliquot of the extract was
added to 2.0 mL of a 0.16 mM DPPH$ methanol solution. The
reaction mixture was vortexed for 1 min and then le to stand
for 30 minutes at 25 �C in the dark. Its absorbance was
measured at 517 nm. The ability to scavenge DPPH$ radicals
was calculated by the following formula:

Scavenging effect (%) ¼ [1 � (As � A0)/Ac] � 100

where Ac, As, A0 were the absorbance values determined at
517 nm of the control (DPPH$ solution without sample), the test
sample (DPPH$ solution plus test sample), and the sample only
(sample without DPPH$ solution), respectively.

Hydroxyl radical scavenging activity. The hydroxyl radical
($OH) scavenging activity of AEGL was carried out by the
method of a previous study with some modications.40 Briey,
a Na2HPO4–NaH2PO4 buffer (2.0 mL, 0.2 M, pH 7.40), 10-phe-
nanthroline solution (1.0 mL, 1.865 mM), and AEGL (1.0 mL,
1.0 mg mL�1) were added to a test tube and mixed homoge-
neously. Then, a FeSO4$7H2O solution (1.0 mL, 1.865 mM) was
added to the test tube. The reaction was induced by H2O2

(1.0 mL 0.03%). Aer incubation in a water bath for 60 min at
37 �C, the absorbance of the reactant solution was detected at
536 nm. The reactant solution without AEGL was used as
a negative control, and a sample with no H2O2 was used as
a blank control. The scavenging activity of $OH was calculated
using the following equation:

Scavenging effect (%) ¼ [(As � An)/(Ab � An)] � 100

where As is the absorbance of the sample, An is the absorbance
of the negative control, and Ab is the absorbance of the blank
control.
29174 | RSC Adv., 2018, 8, 29172–29178
Statistical analyses

All the experimental data are represented as the mean � SD.
Statistical differences were analysed using one-way analysis of
variance followed by a Tukey test. *P < 0.05 and **P < 0.01
represent signicant and very signicant differences between
the control and the test samples, respectively.
Results
Characterization of the nano-TiO2

The zeta potential of the nano-TiO2 suspension in the algal test
medium is �34.5 � 1.27 mV and the hydrodynamic size
distribution of nano-TiO2 is 53.3–174.3 nm. The results of
hydrodynamic size were indicated size vs. intensity. The particle
size of the nano-TiO2 diluted with the algal test medium was
observed by TEM (Fig. 1). The average particle size of nano-TiO2

was calculated to be less than 20 nm.
Effect of nano-TiO2 on the growth rate and SP content of G.
lemaneiformis

Aer 15 days of culture, the RGRs of the G. lemaneiformis
decreased gradually with the increase in nano-TiO2 concentra-
tion (Fig. 2). A minimum RGRs of �0.31% per day occurred at
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 The effect of nano-TiO2 on the relative growth rates (RGRs) of
G. lemaneiformis after 15 days of incubation.

Fig. 4 The effect of nano-TiO2 on nitrate reductase (NR) of G.
lemaneiformis. Data are presented as the mean � SD of three repli-
cates. *P < 0.05, **P < 0.01.
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a nano-TiO2 concentration of 40 mg L�1, and RGRs decreased
up to 127.0% compared to the control group. The growth rate of
G. lemaneiformis decreased with the increase in nano-TiO2

concentration and with the time of migration, which showed
that nano-TiO2 could interfere with the growth of G. lemanei-
formis. The SP concentration of G. lemaneiformis was investi-
gated (Fig. 3). Compared with the control group, the content of
SP in G. lemaneiformis with exposure to nano-TiO2 slightly
increased until the 3rd day (P > 0.05). However, aer 7 and 15
days of exposure to nano-TiO2, the SP content decreased.
Notably, the content of SP reached a minimum with a 1.91-fold
decline at 40 mg L�1 of nano-TiO2 at 15 days.
Effects of nano-TiO2 on NR activity

During the experiment, the NR activity of G. lemaneiformis was
affected by the nano-TiO2 concentration and by culture time
(Fig. 4). Aer 3 days of treatment, the activity of NR did not vary,
Fig. 3 The effect of nano-TiO2 on soluble protein (SP) content of G.
lemaneiformis. Data are presented as the mean � SD of three repli-
cates. *P < 0.05, **P < 0.01.

This journal is © The Royal Society of Chemistry 2018
but there was a marked change in NR activity aer 7 and 15 days
of nano-TiO2 exposure. Compared with the control group, the
activity of NR decreased by 1.1–6.6-fold (P < 0.05). Furthermore,
when the nano-TiO2 concentration increased, the activity of NR
visibly decreased, showing that NR damage occurred in a dose–
response manner. The result demonstrated that nano-TiO2 has
a potential negative effect on the algae's ability to absorb inor-
ganic nitrogen.

Effects of nano-TiO2 on O2c
�

The inuence of different nano-TiO2 concentrations on the
O2c

� level in G. lemaneiformis is shown in Fig. 5. The O2c
� level

in the TiO2-exposed groups increased by 1.1–2.1-fold when
compared to the control group, indicating that nano-TiO2 did
Fig. 5 The effect of nano-TiO2 on superoxide radical of G. lemanei-
formis. Data are presented as the mean � SD of three replicates. *P <
0.05, **P < 0.01.

RSC Adv., 2018, 8, 29172–29178 | 29175
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cause oxidative stress in G. lemaneiformis. Aer 3 and 7 days of
cultivation, the level of O2c

� visibly increased with increasing
nano-TiO2 concentrations. On the 15th day, the content of
O2c

� reached a maximum with a 209.94% increase at
10 mg L�1 of TiO2, but there was a slight decrease in O2c

�

content at 20 mg L�1 and 40 mg L�1 of TiO2.
Fig. 7 The hydroxyl radical scavenging ability of AEGL when G.
lemaneiformis was exposed to different concentrations of nano-TiO2

for 15 d. Data are presented as the mean � SD of three replicates. *P <
0.05, **P < 0.01.
Effect of nano-TiO2 on the radical scavenging capacity of
seaweeds

DPPH$ radical scavenging. DPPH$ radical scavenging
activity has been widely used to screen antioxidants, such as
polysaccharides, polyphones and water extracts from algae.41–43

The DPPH$ radical scavenging capacity of AEGL was deter-
mined, and the results are shown in Fig. 6. The DPPH$ radical
scavenging activity in the groups exposed to nano-TiO2 was
lower than in the control group. The highest DPPH$ radical
scavenging activity was measured in untreated G. lemaneiformis
with an inhibition ratio of 47%. 15 days aer exposure to nano-
TiO2, the antioxidant capacities decreased in a dose–response
manner. Compared to unprocessed seaweeds, the DPPH$

radical scavenging activity decreased by 1.4–2.2 times for G.
lemaneiformis (P < 0.05).

Hydroxyl radical scavenging activity. The $OH scavenging
activity of AEGL was investigated according to the mechanism
of the Fenton reaction. To determine the effect of nano-TiO2 on
the $OH scavenging capacity of G. lemaneiformis, the $OH
scavenging activity in AEGL was examined (Fig. 7). Interestingly,
G. lemaneiformis without exposure to nano-TiO2 showed greater
radical scavenging activity, whereas the $OH scavenging activity
induced by AEGL decreased signicantly with the increase in
nano-TiO2 exposure in G. lemaneiformis. 15 days aer exposure
to nano-TiO2, the $OH scavenging capacity of G. lemaneiformis
decreased from 76% to 36%.
Fig. 6 The DPPH$ scavenging ability of AEGL when G. lemaneiformis
was exposed to different concentrations of nano-TiO2 for 15 d. Data
are presented as the mean � SD of three replicates. *P < 0.05, **P <
0.01.

29176 | RSC Adv., 2018, 8, 29172–29178
Discussion

Recently, more attention has been paid to marine macroalgae
because of their positive inuence on nutrient cycling, energy
transformation, and medicine.44–46 In the current study, the
effect of nano-TiO2 on the growth rate, oxidative damage and
radical scavenging activity of G. lemaneiformis was determined
to provide a better understanding of nano-TiO2 toxicity on
macroalgae species. This study demonstrated that nano-TiO2

may inhibit the growth of G. lemaneiformis and may decrease
the antioxidant capacity of G. lemaneiformis.

In this study, G. lemaneiformis treated with nano-TiO2

showed a distinct decrease in RGRs (Fig. 2). Similar results were
observed in K. brevis47 and Chlorella sp.;48 their results indicated
that nano-TiO2 greatly inhibited the algal growth with EC50 of
10.69 mg L�1 and EC30 of 30 mg L�1, respectively. The G.
lemaneiformis exposed to more than 10 mg L�1 of nano-TiO2

even showed visible, partial necrosis and depigmentation aer
15 days in culture. The decrease in the growth rate of G. lema-
neiformis was due to the mechanisms of avoidance, repair and
protection in resistance to the stress caused by nano-TiO2.
Similarly, Wang et al. reported that nano-TiO2 at concentrations
$20 mg L�1 could signicantly inhibit P. tricornutum growth.49

The SP content in seaweed is one of the important indexes to
measure the metabolism of algae. Increasing its SP content
helps the algae maintain normal cellular metabolism and
improves the stress resistance of the seaweed. However, certain
concentrations of pollutants alter patterns of protein synthesis,
such as inducing nuclease and protease activity in algae, and
then reduce the content of SP.50 In this experiment, the SP
content slightly increased on the 3rd day at the low concentra-
tion of nano-TiO2; the reason for this increase was that G.
lemaneiformis initiated a self-protection mechanism to main-
tain the normal metabolism of the algae cells by increasing the
amount of functional proteins and the SP content. Nevertheless,
This journal is © The Royal Society of Chemistry 2018
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when exposed to nano-TiO2 for 7 and 15 days, the content of SP
decreased signicantly, which is possibly due to cell damage
reaching a critical level and to protein synthesis damage.

Nitrate reductase, a key enzyme in marine plant metabolism,
acts as a catalyst for the reduction of NO3

� to NO2
�.51 In algae,

NR is an inducible enzyme which may be affected by various
environmental factors, such as light, metal ions and organic
pollutants.28,52 The results in this study demonstrated that NR of
G. lemaneiformis was affected by nano-TiO2 concentrations and
by culture time. Under nano-TiO2 exposure, the NR activity of G.
lemaneiformis was signicantly inhibited. It is possible that the
algae produced a greater number of ROS under the stress of
nano-TiO2, which caused oxidative damage to NR. This
phenomenon has also been reported in other literature.53

O2c
� is one of the major components of ROS. It is an inevi-

table product of algal metabolism. Nanoparticles are known to
damage proteins in the DNA and PS II reaction centres,54 to
reduce the photosynthetic capacity of algae,55 and even to
induce the production of reactive oxygen species (ROS) in
aquatic organisms.33 Under normal conditions, ROS content in
algae remains low. However, when algae are stressed (e.g., UV-B
stress, drought, salt stress, temperature stress and heavy metal
stress), the metabolism of ROS in the algae will be inhibited,
and the content of ROS will signicantly increase. If the intra-
cellular production of ROS is not removed in time, it will lead to
an oxidative reaction, such as lipid peroxidation and destruc-
tion of the cell membrane. Shiu and Lee56 reported that an
increase in ROS in algae was closely related to the extent of
oxidative damage. The experimental results showed that with
the increase in nano-TiO2 concentration and the extension of
exposure time, the O2c

� content of G. lemaneiformis increased,
indicating that the level of intracellular ROS in algae increased
because of the toxic effects of nano-TiO2. The O2c

� level
decreased visibly with the 20 or 40 mg L�1 nano-TiO2 exposure
to algae for 15 days; it was probably due to the decay of algae
which resulted in relevant enzymes inactive. Dubey and Pra-
sad57 found that UV-B radiation stimulated an increase in the
O2c

� content in algae, but excessive O2c
� could inhibit antioxi-

dant enzyme activity or antioxidant synthesis in algae, leading
to oxidative stress and resulting in cell toxicity. This is consis-
tent with the results of our study.

Algae are a potential source of drug components in a variety
of therapeutic areas.32 The active ingredients that scavenge free
radicals in G. lemaneiformis may be polysaccharides, poly-
phenols, biological glycosides or phycoerythrin. Many studies
have shown that these active ingredients in algae have antioxi-
dant effects.58,59 Boonchum et al.41 reported that aqueous
extracts of seaweeds showed high antioxidant activity. Consid-
ering the serious effect of nano-TiO2 toxicity on G. lemanei-
formis, nano-TiO2 may reduce the antioxidant activity of AEGL.
Therefore, the effects of nano-TiO2 on the antioxidant activity of
AEGL were determined in this study.

The scavenging effect of free radicals was veried by the
determination of DPPH$ and $OH scavenging tests. The results
indicated that when the G. lemaneiformis was exposed to nano-
TiO2, AEGL showed less efficiency in radical scavenging. The
reason for this result may be that when the G. lemaneiformis was
This journal is © The Royal Society of Chemistry 2018
exposed to nano-TiO2, the level of antioxidant active substances
in G. lemaneiformis decreased. In this experiment, the extract of
G. lemaneiformis which were not exposed to nano-TiO2 showed
a higher rate of scavenging effect on $OH and DPPH$. Therefore,
AEGL may be a potent antioxidant. It is important to maintain
human health. Because of its strong antioxidant ability, G.
lemaneiformis is expected to be a new marine drug resource.

Conclusion

The results in this study indicated that nano-TiO2 is toxic to G.
lemaneiformis, which may result in the inhibition of growth and
in oxidative damage. The growth of G. lemaneiformis declined
dramatically when G. lemaneiformis was exposed to nano-TiO2.
During the experimental period, both SP and NR contents in G.
lemaneiformis were decreased by nano-TiO2 concentration and
by culture time. Aer the G. lemaneiformis were exposed to
nano-TiO2 for 3 and 7 days, the activities of O2c

� increased
linearly as exposure concentration increased. On the 15th day,
the O2c

� activities was increased rst and then decreased. This
showed that nano-TiO2 have oxidative damage to G. lemanei-
formis. Furthermore, the aqueous extract ofG. lemaneiformis has
the potential to eliminate free radicals. However, the antioxi-
dant ability of AEGL was signicantly impaired aer G. lema-
neiformis was exposed to different concentrations of nano-TiO2

for 15 days. A decreased radical scavenging activity of AEGL
were observed aer G. lemaneiformis exposing to different
concentrations of nano-TiO2 for 15 days, and which were line-
arly associated with nano-TiO2 exposure concentration. Exper-
imental data, based on toxicity tests of nano-TiO2 in this
research, may contribute to understanding the ecological
effects of oxide nanoparticles.
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50 J. L. Pérez-Lloréns, E. Beńıtez, J. J. Vergara and J. A. Berges,

Eur. J. Phycol., 2003, 38, 55–64.
51 E. Young, P. Lavery, B. V. Elven, M. Dring and J. A. Berges,

Mar. Ecol.: Prog. Ser., 2005, 288, 103–114.
52 J. Yu and Y. F. Yang, J. Exp. Mar. Biol. Ecol., 2008, 367, 142–

148.
53 T. Han, S. H. Kang, J. S. Park, H. K. Lee and M. T. Brown,

Aquat. Toxicol., 2008, 86, 176–184.
54 M. Yooiam, R. Chaichana and T. Satapanajaru, Chem.

Speciation Bioavailability, 2014, 26, 257–265.
55 C. M. Lalau, R. A. Mohedano, É. C. Schmidt, Z. L. Bouzon,
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