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Abstract 
 
The potential toxicity of nanoparticles (NPs) is under debate. Information about TiO2 NPs phytotoxicity is still limited 
partly due to the different TiO2 NP forms that may be found in the environment. The present work investigated the 
impact of different TiO2 NPs forms (rutile and anatase) on germination, growth, cell cycle profile, ploidy level, and 
micronucleus formation in Lactuca sativa (lettuce) and Ocimum basilicum (basil). Seeds were exposed to anatase (ana) 
or rutile + anatase (rut+ana) at concentrations 5 - 150 mg dm-3 for 5 d and after that different parameters were analyzed. 
Rut+ana showed high potential to impair germination and growth. On the other hand, ana alone showed a positive 
influence on seedling growth. Despite that, ana induced severe alterations in cell cycle dynamics. Regarding species, 
basil was more sensitive to TiO2 NPs cytostatic effects (delay/arrest in G0/G1 phase), whereas in lettuce, TiO2 NPs were 
more genotoxic (micronucleus formation increase). Finally, we propose that, besides germination and plant growth, cell 
cycle dynamics and micronucleus formation can be sensitive biomarkers of these NPs. 
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Introduction 
 
In the last years, the advancements in the nanotechnology 
resulted in a myriad of applications and the consequent 
increase of nanoparticles (NPs) release to the environ-
ment (Ma et al. 2015a, Shi et al. 2013). The interest on 
NPs is mostly due to their unique properties such as small 
size and large surface area to mass volume which 
enhance their reactivity, when compared to non-
nanosized equivalents (Jiang et al. 2014a). Nevertheless, 
the release of NPs to the environment raises questions on 
their toxicity, with recent data demonstrating evident 
toxicity of metal NPs (e.g. Ag, ZnO) in microorganisms, 
animals, and in plants, though much less studied in this last 
group (Ma et al. 2015a, Srivastava et al. 2015). Therefore, 
the potential negative impacts of NPs to living organisms 
need to be fully characterized and understood, in order to 
minimize their impact and consequences (Ma et al. 2015a). 

Presently, the consequences of the presence of NPs in the 
environment on plant growth and yield are of great concern 
(Garcia-Sanchez et al. 2015). Thus, the effects of NPs on 
plants at physiological, biochemical, and molecular levels 
need to be further studied. Some of the reported 
consequences of NPs exposure are growth inhibition 
(Begum et al. 2014, Nair and Chung 2015) or delay (Cui  
et al. 2014a), reactive oxygen species (ROS) production 
(Jiang et al. 2014b, Nair and Chung 2015) and 
genotoxicity (Anjum et al. 2015, Bandyopadhyay et al. 
2015, Chen et al. 2015, Ma et al. 2015b). However, plant 
responses to NPs exposure depend on plant species, NPs 
characteristics, and growth conditions. Nevertheless, 
despite NPs-induced phytotoxicity reported for several 
plant species, positive effects were also observed (Cui  
et al. 2014b, Tumburu et al. 2015).  
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 One of the metallic NPs widely used in industry is 
titanium dioxide NPs (Shi et al. 2013). Titanium dioxide 
exists naturally in three forms: rutile (rut), anatase (ana), 
and brookite. Anatase (ana) is more reactive than rutile 
(rut) and generates reactive oxygen species (ROS) under 
UV radiation, which leads some authors to suggest that 
ana is more toxic than rut (Shi et al. 2013). On other 
hand, the nano-sized TiO2 in comparison to the non-nano-
sized TiO2 presents higher photocatalytic capability 
(Ricci et al. 2013) and increased bioactivity (Shi et al. 
2013). Nano-mixture of rut + ana (P25) is a white powder 
with hydrophilic character and it is more photocatalytic 
than pure ana (Hurum et al. 2003, Kurepa et al. 2010). 
The TiO2 NPs may be found in food as antimicrobial 
agent and colorant, in cosmetics, in electronics, medi-
cines, ceramic and metal materials, etc. (Weir et al. 2012, 
Jiang et al. 2014a, Cox et al. 2016). For example, rut + 
ana NPs are used as catalyst and photocatalyst in water 
remediation (Weir et al. 2012), whereas pure ana or rut 
are used as white pigments in food industry (Weir et al. 
2012).  
 With the increased production of TiO2 NPs, their 
release to the environment and the accumulation in soil 
and water also increases (Gottschalk et al. 2013, Sun  
et al. 2015). Predicted environmental concentrations 
indicate that nano TiO2 accumulation in soil may have 
reached 450 µg kg-1 in some areas (Sun et al. 2015). 
Therefore, in the past few years several studies have been 
performed on the effects of TiO2-NPs exposure on plants. 
Results are variable and show that TiO2 NPs may become 
phytotoxic, but also may have neutral or positive effect 
on seed germination and plant growth, as in fennel, 
wheat, cucumber, onion, chickpea, and tomato (Seeger  
et al. 2009, Feizi et al. 2012, 2013, Larue et al. 2012a,b, 
2014, Servin et al. 2012, Ardakani 2013, Song et al. 
2013, Mohammadi et al. 2014, Pakrashi et al. 2014). 
Some studies reported non-specific effects of TiO2 NPs, 

such as germination and growth inhibition (Castiglione  
et al. 2011, Clement et al. 2013), while others report 
cytotoxicity, such as increase in lipid peroxidation 
(Ghosh et al. 2010) or genotoxicity such as alterations in 
mitotic index, chromosomal aberrations, DNA damage, 
and micronucleus formation (Ghosh et al. 2010, 
Castiglione et al. 2011, Pakrashi et al. 2014). Further-
more, TiO2 NPs were reported to be potentially hazardous 
to the Rhizobium-legume symbiosis system (Fan et al. 
2014). On the other hand, TiO2 NPs improve P uptake in 
lettuce plants (Hanif et al. 2015) and N assimilation in 
spinach (Yang et al. 2007), increase adhesion of beneficial 
bacteria on roots of rapeseed, and protect the plants against 
infection (Palmqvist et al. 2015). 
 The effects of TiO2 NPs exposure are greatly 
dependent on TiO2 NPs size, shape, and concentration, on 
plant species and growth conditions (Hawthorne et al. 
2012, Larue et al. 2012a, Miralles et al. 2012). Further-
more, NP form also seems to play an important role on its 
phytotoxicity, but the available information is still very 
limited (Silva et al. 2016). Since so many different 
effects of TiO2 NPs were observed and since they are 
dependent of many other variables, it is not yet possible 
to define TiO2 NPs toxicity mechanisms.  
 Having in mind that rut + ana mixture is mostly 
composed by ana (80 - 90 %) and is more photocatalytic 
than pure ana, we hypothetise that both forms present 
different phytotoxicity degrees, which may be species 
dependent. Based on our previous work (Silva et al. 
2016) and on the work of Larue et al. (2012a) who 
demonstrated for wheat no phytotoxic differences 
between ana versus rut, we compared the phytotoxic 
effects of rut + ana versus ana on seedlings of two species 
Lactuca sativa and Ocimum basilicum. Several para-
meters were analyzed including germination, seedling 
growth rates, cell cycle profile, and micronucleus forma-
tion to identify most sensitive endpoints to these NPs.  

 
 
Materials and methods 
 
Nanoparticles dispersion and characterization: TiO2-
NPs (powder) were acquired from Sigma Aldrich  
(St. Louis, MO, USA) with a purity ≥ 99.5 % in two 
forms: anatase (ana) and rutile + anatase (rut+ana; about 
20:80, aeroxide P25). According to the manufacturer 
rut+ana NPs have length of 21 nm and surface area of  
35 - 65 m2 g-1, ana NPs have length < 25 nm and surface 
area of 45 - 55 m2 g-1. Stock suspensions (1 g dm-3) were 
prepared in Milli-Q (Synergy, Merck Millipore, 
Darmstadt, Germany) water and then sonicated with a 
probe for 30 min with 16 W output to avoid aggregation. 
The physicochemical characterization of these NPs was 
reported in previous paper (Silva et al. 2016) and is 
summarized in Table 1 Suppl. NPs were then dispersed in 
agarized ultra-pure water. Briefly, an appropriate volume 
of NPs stock was added to heated (50 C) Milli-Q water 
with 0.8 % (m/v) agar to obtain final concentrations of  
5, 10, 50, 100, and 150 mg dm-3 TiO2. For germination, 

20 cm3 of melted agarized water with/without NPs was 
transferred to Petri dishes and allowed to solidify at 4 C. 
 
Plants and growth conditions: Ocimum basilicum L. 
and Lactuca sativa L. seeds were surface disinfected 
using sodium hypochlorite (20 %, v/v), rinsed in Milli-Q 
water and placed on Petri dishes with 20 cm3 of agarized 
water (on average 30 seeds per dish) containing 0, 5, 10, 
50, 100, and 150 mg dm-3 ana or rut+ana TiO2 NPs and 
allowed to germinate for 5 d in the dark at 24 C. Then, 
the germination rate, seedling biomass, and shoot and 
root lengths were assessed. For germination rate 
determination, three Petri dishes were screened and for 
growth measurements three to six seedlings from three 
different dishes were used.  
 
DNA content and cell cycle analysis: For flow 
cytometry studies, nuclear suspensions of root apices  
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(5 - 6 pools of 5 - 8 apices from three different Petri 
dishes) were obtained by chopping the roots in Woody 
Plant Buffer (Loureiro et al. 2007) and processed 
according to Silva et al. (2016). Nuclei were stained with 
50 µg cm-3 propidium iodide (PI, Sigma, St. Louis, USA) 
and 50 µg cm-3 of RNAse (Sigma) was added to the 
suspension to avoid PI staining of RNA. Nuclei were then 
analyzed in a Coulter EPICS-XL flow cytometer (Coulter 
Electronics, Hialeah, FL, USA) equipped with an air-
cooled argon-ion laser (15 mW operating at 488 nm). 
Prior to analysis, the instrument was checked for linearity 
and the settings were kept constant throughout the 
experiment. For each sample, the number of analyzed 
nuclei was approximately 5 000. The percentage of nuclei 
in each phase of the cell cycle (G0/G1, S, and G2) and 
ploidy were analyzed using the FlowJo software (Tree 
Star, Ashland, OR, USA).  
 
Micronucleus assays: For micronuclei (MN) assessment, 

root apices were fixed in Carnoy’s solution (methanol + 
acetic acid, 3:1) and stored at 4 C. The apices were then 
hydrolyzed in 1 M HCl at 70 C for 7 min, washed in 
water and stained with PI. MN were scored in a 
fluorescent microscope Eclipse 80i and images were 
acquired with a digital camera; software NIS-Elements  
F 3.00 SP7 (Nikon, Tokyo, Japan). For each condition 
2 apices from three different plates were counted for MN. 
From each apex 1 000 cells were scored.  
 
Statistical analysis: The comparison between the 
treatments was made using a one-way ANOVA, followed 
by Holm-Sidak multiple comparison procedure. Data 
normality distribution was tested and when normality 
failed data were transformed or Kruskal-Wallis one-way 
ANOVA on Ranks test was used followed by Dunn's 
multiple comparison procedure. The statistical signifi-
cance was set at P < 0.05. 

 
 
Results 
 
Seed germination rate under control conditions was in an 
average of 94  7 % for lettuce and of 88  8 % for basil. 
Germination rates were not significantly affected by TiO2 
NP exposure in both species (Fig. 1). Nevertheless, for 
lettuce a trend for decrease in germination rate under 
rut+ana exposure was observed. In both species, rut+ana 

inhibited at a higher extension germination rate than ana 
(at 50 and 100 mg dm-3 for lettuce and 50 mg dm-3 for 
basil). Furthermore, the decreases of germination induced 
by rut+ana were more severe in lettuce (-13 % to -27 %) 
than in basil (-0.5 % and -7 %).  

 

 
Fig. 1. Germination rates after exposure to 0, 5, 10, 50, 100, and 150 mg dm-3 anatase (ANA) or rutile + anatase (RUT+ANA) TiO2

NPs. Means ± SDs, n = 3  30, asterisks denote significant differences (P ≤ 0.05) between RUT+ANA and ANA. 
 
 Concerning growth, basil seedlings exposed to NPs 
had a total length similar to controls (Fig. 2), showing 
that none of the NPs forms significantly affected this 
parameter. Nevertheless, basil seedlings exposed to ana 
presented higher variation in length (-7.5 to 13.6 % of 
controls) than those exposed to rut+ana (0.9 to 7.8 % of 
control). Significant differences between forms were 
observed at 5 mg dm-3 in shoot length. Regarding lettuce, 
different forms led to distinct responses: rut+ana did not 

influence seedling length, whereas ana stimulated length 
in all concentrations (Fig. 2). On the other hand, the 
effect induced on organs length was dependent on the 
concentration. In particular, seedlings exposed to  
5 mg dm-3 ana showed a total length stimulation of 
48.5 % (regarding untreated seedlings, P < 0.05). Shoot 
length increased at 5, 10, 50, and 100 mg dm-3 ana (by 
84.6, 68, 43.7, and 60.3 % respectively), whereas root 
length increased only in seedlings exposed to  
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100 mg dm-3 ana (by 26 %).  
 The effect of TiO2 NPs on plant biomass was also 
species and NP form dependent. Compared to the fresh 
mass of the control plants (basil: 7.6  3.37 mg and 
lettuce: 12.6  3.83 mg; Fig. 3), seedlings exposed to ana 
showed a trend to increase biomass, which was only 
significant in basil (Fig. 3). On the other hand, when 
exposed to rut+ana there was a decrease in seedling 
biomass, this response being mostly evident in lettuce 
(Fig. 3). The decrease in lettuce biomass ranged from  
3.6 to 34.3 % in whole seedlings, from 13.3 to 31.7 % in 
shoots and from 21.9 to 45 % in roots. The impairment in 
lettuce biomass was mainly detected in roots and when 
seedlings were exposed to 5, 10, and 100 mg dm-3 
rut+ana. Under 5 mg dm-3 rut+ana both lettuce shoots and 
roots were negatively affected. In basil, root biomass 
decreased only when seedlings were exposed to  
150 mg dm-3 rut+ana (Fig. 3). 
 The histogram of control roots was the typical diploid 

with dominant G0/G1. All exposed roots showed similar 
diploid histogram and no occurrence of aneuploidisation 
nor polyploidisation was detected (Fig. 1 Suppl.). 
Nevertheless, cell cycle profile of the different popu-
lations was affected by TiO2 NPs (Fig. 4). Rut+ana 
exposed roots of both lettuce and basil did not present 
significant differences when compared to the control 
roots regarding cell cycle dynamics. Contrarily, ana 
increased the relative percentage of the subpopulation of 
cells in G0/G1 phase and decreased the relative percentage 
of cells in S phase in basil roots (Fig. 4, and 1 Suppl.), 
with similar responses at all concentrations. At 5 mg dm-3 
ana, basil roots also showed a decrease of the relative 
percentage (P  0.05) of cells in G2. Comparing the two 
forms, roots of both species showed distinct cell cycle 
profiles: roots showed higher percentage of cells in G0/G1 

phases and less number in S phase under ana than under 
rut+ana.  
 

 

 
Fig. 2. Seedling length after exposure to anatase (ANA) or rutile + anatase (RUT+ANA) TiO2 NPs. Total length in control plants was
2.3  0.22 cm for basil and 3.6  1.06 cm for lettuce. Means ± SDs, n  5  3, asterisks denote significant differences (P ≤ 0.05) 
between RUT+ANA and ANA, and different letters denote significant differences between ANA and control . 
 
 Lettuce control roots presented on average  
1.3 ± 2.45 ‰ cells with micronuclei and only in this 
species TiO2 NPs induced MN formation (Fig. 2 Suppl.): 
in roots exposed to ana the number of cells with MN 
increased under 150 mg dm-3 (7.75 ‰ cells), whereas in 

rut+ana after the exposure to 50 mg dm-3 (13.25 ‰ cells). 
Nevertheless, a trend to increase the frequency of MN 
was detected in all rut+ana concentrations and in  
50 - 150 mg dm-3 ana. Comparing NP forms, rut+ana 
enhanced the number of MN at lower concentrations  
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(5 and 10 mg dm-3), whereas at the highest concentration 
(150 mg dm-3) the number of MN was higher when roots 
were exposed to ana. Basil controls presented undetect-

able MN and the seedlings exposed to both NP forms 
were not affected in this parameter (Fig. 2 Suppl.).  

 

 
Fig. 3. Seedling fresh mass after exposure to anatase (ANA) or rutile + anatase (RUT+ANA) TiO2 NPs. Control plant fresh mass was
7.6  3.37 mg and 12.6  3.83 mg in basil and lettuce, respectively. Means ± SDs, n  5  3, asterisks denote significant differences 
(P ≤ 0.05) between RUT+ANA and ANA, and different letters denote significant differences between NPs and control. 
 
 
Discussion 
 
Different endpoints to evaluate NPs phytotoxicity have 
been proposed, with germination rates being among the 
most widely used (Feizi et al. 2013, Fan et al. 2014, 
Parveen and Rao 2015, Tumburu et al. 2015). Using the 
germination endpoint, we demonstrated that the doses 
50 and/or 10 mg dm-3 TiO2 NPs allowed a distinction 
between forms; rut+ana having more severe effects than 
ana. However, within the same TiO2 NP form, no 
significant changes were found between doses. Germi-
nation is not a specific response, but rather an ultimate 
response dependent on multiple genetic, biochemical, and 
physiological responses. This complex interdependence 
may justify the low levels of reproducibility found in 
germination tests for NP toxicity (Barrena et al. 2009, 
Sanchez et al. 2011). Therefore, these assays support that 

germination tests may not correctly reflect NPs 
phytotoxicity and should be complemented with other 
analyses.  
 A range of results regarding TiO2 NP influence on 
germination have been published: ana exposure had a 
positive effect in Linum usitatissimum (Clement et al. 
2013) and in Arabidopsis thaliana (Tumburu et al. 2015), 
but no effect was observed in Triticum aestivum  
cv. Courtaud (Feizi et al. 2012, Larue et al. 2012a). 
Moreover, in the same species cv. Artur germination was 
negatively affected (Silva et al. 2016). Concerning 
rut+ana, several species, including L. sativa (Song et al. 
2013), do not present alterations in germination (Kurepa 
et al. 2010, Castiglione et al. 2011, Larue et al. 2012b, 
Feizi et al. 2012, 2013, Song et al. 2013, Silva et al. 
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2016) and enhancements are only detected in Foeniculum 
vulgare (Feizi et al. 2013). In Nicotiana tabacum TiO2 
NPs impaired germination (authors did not refer which 
form was used) (Frazier et al. 2014), but the high 
concentration applied (2.5 %) was not environmentally 

relevant. In summary, the current state of art, points to 
few effects (which may possibly be indirect) of TiO2 NPs 
on germination of most plant species. Nevertheless, this 
available information is clearly limited and more studies 
need to be done.   

 

 
Fig. 4. Root cell cycle profile of seedlings grown in the presence of anatase (ANA) or rutile + anatase (RUT+ANA) (5, 10, 50, 100, 
150 mg dm-3). Means ± SDs, n = 6  3, asterisks denote significant differences (P ≤ 0.05) between RUT+ANA and ANA, and
different letters denote significant differences  between control and seedlings exposed to ANA. 
 
 Similarly to germination, plant growth is also 
dependent on complex of biochemical/cytological 
processes, being eventually affected by toxic effects of 
contaminants in a non-specific manner. Thus, growth 
related parameters should be complemented with other 
more sensitive endpoints. In this research, seedling 
growth parameters (biomass and length) showed different 
responses to TiO2 NPs in a species dependent manner. 
The rut+ana negatively affected shoot and/or root 
biomass in both species, whereas ana had in general a 
stimulatory effect: a) in lettuce only ana stimulated length 
regarding the control, showing higher values for both 
biomass and length than rut+ana; b) in basil ana also had 
stimulatory effects, though at less extension than in 
lettuce. So, ana can improve plant growth at a certain 
range of concentrations. Ana growth benefits may be due 
to increasing P bioavailability (Hanif et al. 2015) and/or 
by reducing N2 to NH3, as reported for deficient soils 

(Yang et al. 2007). Nevertheless, TiO2 NP impact on 
seedling growth is dependent on NP size: the smaller NPs 
the higher is the impact on plant growth (Larue et al. 
2012a).  
 The stimulatory effects of ana on plant growth has 
been demonstrated previously for other species including 
A. thaliana (Tumburu et al. 2015), Spinacia oleracea 
(Yang et al. 2007), and in T. aestivum (Larue et al. 
2012a, Silva et al. 2016). Moreover, Tumburu et al. 
(2015) reported up-regulation of genes related to growth 
and development. Nevertheless, L. usitatissimum 
(Clement et al. 2013) show a decrease in both biomass 
and root length after ana exposure. On the other hand, 
neutral (Feizi et al. 2012, 2013, Larue et al. 2012b, 
Clement et al. 2013, Song et al. 2013) and negative (L. 
sativa) (Song et al. 2013) effects of rut+ana on plant 
growth have been demonstrated, though concentration of 
5 000 mg dm-3 is of limited environmental relevance 
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(Song et al. 2013). 
 Growth is the result of cell division and elongation. 
Therefore, alterations in cell cycle profile may give 
valuable information about plant growth potential and 
about genotoxicity of a contaminant. Concerning cell 
cycle profile, we demonstrate here that TiO2 NP forms 
strongly influence responses of both species. Distinct cell 
cycle dynamics has been also recently reported by our 
group in wheat seedlings exposed to rut+ana versus ana, 
supporting again that NP form influence plant´s 
responses (Silva et al. 2016). It becomes clear that ana 
exposure induced cell cycle delay/arrest in G1 phase. 
Furthermore, basil showed higher susceptibility to NPs 
exposure regarding cell cycle dynamics than lettuce or 
wheat (Silva et al. 2016). Studies on the effects of TiO2 
NPs on cell cycle dynamics in plants are very limited, but 
the effects seem to be dependent on species and TiO2 
form. 
 Genotoxicity was reported for several NPs in different 
organisms including plants. In particular, DNA damage 
induced by several metal NPs (Ag, ZnO, CeO, and TiO2) 
was described for diverse plant species (Ghosh et al. 
2010, Lopez-Moreno et al. 2010, Panda et al. 2011, 
Moreno-Olivas et al. 2014, Vannini et al. 2014). MN test 
has been reported to be a reliable and sensitive biomarker 
of NP genotoxicity in plants (Handy et al. 2012). The 
MN test detects genotoxic damage in interphase cells as a 
result of aneugenic (whole chromosome) or clastogenic 
(chromosome breakage) damage. Using this biomarker, it 
is evident that the exposure to TiO2 NPs induced 
genotoxicity in L. sativa roots and observations indicate 
that MN formation may be a result of clastogenic 
damages. Concerning MN induction, lettuce was more 
sensitive to TiO2 NPs than basil. In lettuce, rut+ana 
induced MN formation at lower concentrations followed 
by a decrease at higher doses, whereas ana increased MN 
formation only at the highest rut+ana concentration. 

Thus, rut+ana was more genotoxic at lower 
concentrations than ana. Also, in wheat a dose-dependent 
response was observed and rut+ana was more genotoxic 
than ana at lower concentrations (Silva et al. 2016). In the 
present work, ana induced DNA-damage only at higher 
concentrations (150 mg dm-3). Therefore, it was clear that 
the TiO2 NP effects on DNA were species, form, and 
concentration dependent. Similarly, in Allium cepa 
(Ghosh et al. 2010, Pakrashi et al. 2014), Vicia 
narbonensis, and Zea mays (Castiglione et al. 2011) TiO2 
NPs exposure induces MN formation. On the other hand, 
in Vicia faba, altered TiO2 nanocomposites do not 
stimulate MN formation (Foltete et al. 2011). The 
different degrees of toxicity found for both forms (with 
rut+ana showing higher tendency to induce genotoxicity) 
may be justified by the different electro-physical 
properties of the rut+ana, which shows higher surface 
energy and reactivity (Bourikas et al. 2014). 
 In conclusion, ana showed a stimulatory effect on 
plant growth, whereas rut+ana presented higher ability to 
induce germination and growth impairments. Also, TiO2 
NPs were cytotoxic and genotoxic to plants but the 
targets or mechanisms of toxicity were form and species 
dependent. Basil was more sensitive to TiO2 NPs 
regarding cell cycle but did not show genotoxic effects, 
whereas lettuce was more resistant to TiO2 NPs induced 
cytotoxicity but more sensitive to its induced 
genotoxicity. Both ana and rut+ana induced MN 
formation, but only ana impaired cell cycle. These 
different mechanisms of toxicity may be justified by the 
different physical properties of the two TiO2 NPs. We 
also stress the urgency of defining better assay 
parameters and techniques for determining NP 
phytotoxicity. The MN test showed to be a promising 
endpoint to assess TiO2 NPs phytotoxicity as a 
complement to germination and growth parameters. 
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