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The influence of titanium dioxide nanoparticles (pure anatase and 15% N doped anatase) on the growth of Chlorella vulgaris,
Haematococcus pluvialis, and Arthrospira platensis was investigated. Results showed that pure anatase can lead to a significant
growth inhibition of C. vulgaris and A. platensis (17.0 and 74.1%, resp.), while for H. pluvialis the nanoparticles do not cause a
significant inhibition. Since in these stress conditions photosynthetic microorganisms can produce antioxidant compounds in order
to prevent cell damages, we evaluated the polyphenols content either inside the cells or released in the medium. Although results did
not show a significant difference in C. vulgaris, the phenolic concentrations of two other microorganisms were statistically affected
by the presence of titanium dioxide. In particular, 15% N doped anatase resulted in a higher production of extracellular antioxidant

compounds, reaching the concentration of 65.2 and 68.0 mg g, for H. pluvialis and A. platensis, respectively.

1. Introduction

Over the last few years, nanotechnologies have been devel-
oped in several directions attracting major government and
commercial investments and considerable academic inter-
ests. Nanoparticles (NPs) of metal oxide, especially titanium
dioxide (TiO,), are widely used in different fields like cos-
metics for sunscreens based on its UV absorbent property
[1], self-cleaning surfaces and paints, solar cells [2, 3], and
catalysis stand on the photocatalytic effect [4-7]. The latter
property of NPs has inspired new promising technologies for
water and air purification systems. Such a semiconductive
effect is due to the specific electronic structure and depends
mainly on the concentration, dimension of the particles (in
particular surface/volume ratio), and crystal structure. For
example, TiO, anatase has a greater photocatalytic activity in
comparison with rutile structure [8-11]. The photocatalytic

effect is based on oxidation reactions which take place on
the surface of particles and allow the production of high
reactive hydroxyl and hydroperoxide radicals which cause
the degradation of organic matters. As a consequence of
oxidation processes, nanoparticles of TiO, have been shown
to exhibit an antimicrobial activity against viruses, bacteria,
and fungi [12, 13]. In our previous research [14] we tested
successfully the effect of two different structures of TiO,
nanoparticles (synthetized rutile and commercial anatase) on
deactivation of Escherichia coli.

In this framework, we decided to expand our knowledge
about the effect of TiO, NPs on the other kinds of microor-
ganisms, like photosynthetic ones. Some microalgal species
can cause environmental issues due to their rapid growth
and accumulation, as in the case of harmful algal bloom,
which consists in a rapid increase of algal population in an
aquatic system, with the ability to produce toxins which are



dangerous for marine population, humans, and livestock [15,
16]. However, to the best of our knowledge, only a few studies
have been performed investigating the effect of NPs on the
reduction of harmful microalgae from aqueous cultures.

The biotoxicity of nickel oxide NPs on Chlorella vulgaris
was evaluated by Gong et al. [17]. Results of this study
showed that the NiO nanoparticles had severe impacts on
the algae, with an EC50 value after 72 h of 32.28 mgy,, L.
Sadiq et al. [18] investigated the inhibitory effect of titanium
NPs on two algal species. They observed that, after 72h,
1612mgL™" and 21.20mgL™" of commercial anatase TiO,
NPs were required to reduce 50% of algal growth for Chlorella
sp. and Scenedesmus sp., respectively.

This study aimed at investigating the influence of two
different kinds of titanium dioxide (anatase and 15% nitrogen
doped anatase) NPs, previously synthetized in our laboratory
[19], on the growth of three different kinds of microorgan-
isms: two microalgal species (Chlorella vulgaris and Haema-
tococcus pluvialis of Trebouxiophyceae and Chlorophyceae
class, resp.) and a cyanobacterium (Arthospira platensis of
Cyanophyceae class). Since the photocatalytic effect of NPs
is based on oxidation reactions, we assumed that phenolic
compounds, as secondary metabolites, will be released from
the cells as a consequence of stress condition. To confirm
our hypothesis we quantified phenolic compounds, either
released in the medium or inside the cells, by spectrophoto-
metric method. Phenolic compounds with their antioxidant
properties have gained considerable interests to be used in
several nutraceutical products, like cosmetics, food, pharma-
cology, and herbal medicine [20-22].

2. Materials and Methods

2.1. Materials. In this study, two different kinds of titanium
dioxide (anatase and 15% nitrogen (N) doped anatase) were
used. Both forms were obtained by sol-gel synthesis [19].
Anatase was obtained from an aqueous solution of titanium
isopropoxide and 2-propanol, which was stirred at room tem-
perature for 4 hours. This homogeneous gel was subsequently
dried for 12 hours at 100°C. Nitrogen doped anatase was
synthesized by adding titanium isopropoxide and 2-propanol
to an aqueous solution of NH; (15%). The mixture was stirred
for 4 hours at room temperature and then was dried at 100°C
for 12 hours. Both powders were ground and calcined in a
mitten at 350°C for 1 hour to complete the crystallization.

Two microalgal species, specifically Chlorella vulgaris
CCAP 211 (Culture Collection of Algae and Protozoa, Argyll,
UK) and Haematococcus pluvialis CCAP 34/1F (Culture
Collection of Algae and Protozoa, Argyll, UK), and the
cyanobacterium Arthrospira (Spirulina) platensis UTEX1926
(University of Texas Culture Collection, Austin, TX, USA)
were used. C. vulgaris was grown in the Bold’s Basal Medium
[23] and H. pluvialis in the modified Bold’s Basal Medium
[24], while A. platensis was cultivated in Schlosser Medium
[25].

All reagents for TiO, synthesis (titanium isopropoxide
and 2-propanol) and for colorimetric analysis (sodium car-
bonate, Folin-Ciocalteu reagent, and methanol) and salts
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for media preparation were purchased from Sigma-Aldrich
(Sigma-Aldrich, Milan, Italy).

2.2. Characterization of TiO, Nanoparticles. The crystal
structure of TiO, and 15% N doped TiO, was confirmed by
X-Ray Powder Diffraction (XRPD) technique using a Philips
PW1830 diffractometer, Eindhoven, The Netherlands (Bragg-
Brentano geometry; Cu Ko Ni filtered; range 20-80_ 2h;
step 0.025_ 2 h; sampling time 10 s); the crystalline structures
were refined according to the Rietveld method using the
Fullprof program. Transmission electron microscopy (TEM)
was performed using a JEOL JEM 2010 (200 kV, Lanthanum
Boride crystal) microscope (Tokyo, Japan).

2.3. Growth Experiment. TiO, (anatase and 15% N doped
anatase) was weighed in 250 mL-Erlenmeyer flasks with
150 mL of medium in order to have an initial concentration
of 0.10 g L™". The flasks with TiO, and the respective media
mentioned in Section 2.1 were sterilized in an autoclave for
20 min at 121°C in order to prevent any contamination during
the early stages of growth. The growth was done using a
refrigerated incubator series 6000 (Termaks, Milan, Italy)
equipped with artificial light (70 4Em™s™") and the flasks
were stirred with a shaker model KS250 basic (IKA, Cologne,
Germany). All microorganisms were grown at 25°C and the
initial concentration of biomass was about 0.1 grams of dry
biomass per litre of medium (g Ly, ). Three samples were
studied: control, sample with TiO, anatase, and one with 15%
N doped TiO,. Each test was carried out in triplicate. The
cultivation was stopped when the concentration of biomass
reached the stationary phase of growth (9, 15, and 21 days for
H. pluvialis, A. platensis, and C. vulgaris, resp.).

Biomass was also characterized by optical microscope
model DMSL equipped with DC 200 digital camera (LEIKA,
Wetzlar, Germany) in order to evaluate possible cellular
modifications due to titanium dioxide addition.

2.4. Biomass Concentration. Biomass concentration was deter-
mined daily by optical density using an UV-Vis spectropho-
tometer model Lambda 25 (Perkin Elmer, Milan, Italy). Every
measurement was carried out in triplicate and the biomass
concentration of C. vulgaris, H. pluvialis, and A. platensis was
related to the optical density by the following equations (1),
(2), and (3), respectively:

ABSg5 = 4.2030x  (R* =0.9900), 1)
ABSg; = 4.5561x  (R® =0.9825), )
ABSggo = 0.0024x +0.1129  (R* =0.9921),  (3)

where ABS is the absorbance at specific wavelength and x
is the biomass concentration in grams of dry biomass per
litre of medium (gp, Ly ). All the equations were obtained
experimentally.

A solution of the respective medium with the same
concentration of TiO, of the samples was used as the blank
sample. After growth, biomass was separated from medium
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by centrifugation (7500 rpm) and stored at —18°C for further
analysis.

2.5. Extraction and Analysis of Phenolic Compounds. The
phenolic compounds were quantified either inside the micro-
organism cells or released from the cells in the medium.

For phenolic compounds evaluation in cells, biomass was
centrifuged at 7500 rpm for 10 min, using a centrifuge model
42426 (ALC, Milan, Italy) and then it was dried to a constant
moisture of about 4-5%. Polyphenols were extracted from
dry biomass with methanol (0.10 g dry biomass in 10 mL of
methanol) for 30 min using an ultrasound bath (FALC UTA
90, Treviglio, Italy). Then the extraction was carried on in a
closed vessel for 5h at room temperature, under magnetic
stirring. The suspension was centrifuged and total phenolic
content was determined using a modified version of Folin-
Ciocalteu method [26]. Phenolics amount was determined
using (R = 0.9940)

ABS,,s = 0.0017x, (4)

where ABS,,; is the absorbance at a wavelength of 725 nm and
x is the polyphenols concentration in micrograms of gallic
acid equivalent on millilitre (pgg,; mL™").

For the phenolic compounds evaluation in the medium,
total phenolic (TP) content was determined using the same
method described above with some modifications. Briefly,
after centrifugation at 7500 rpm for 10 min, 1 mL of medium
was added to 0.50 mL of Folin-Ciocalteu reagent; after mix-
ing, 1mL of saturated solution of Na,CO; was added to the
mixture and the sample was stored in the dark for 1 hour. TP
content was calculated by (R* = 0.9967)

ABS,,s = 0.0047x + 0.0908, (5)

where ABS,; is the absorbance at a wavelength of 725 nm and
x is the polyphenols concentration in micrograms of gallic
acid equivalent on millilitre (ug.,, mL™").

For total polyphenol analysis, an UV-Vis spectropho-
tometer model Lambda 25 (Perkin Elmer, Milan, Italy) was
used.

2.6. Kinetic of Growth. The specific growth rate was calcu-

lated by
1 X
= —l m s
w-gin(32) ©

where X, and X, are the concentrations of biomass at the
end and at the beginning of a batch run, respectively, and ¢ is
the duration of the run.

The polyphenols productivity was calculated by

TP - X
o = =, %)

where TP is the sum of total phenolic content in the medium
and in the cells, X, is the concentration of biomass at the end
of the batch run, and ¢ is the duration of the run.
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FIGURE 1: XRPD spectra of samples of anatase (red) and TiO, 15%
N doped anatase (blue) and anatase Pearson’s crystal data (green).

2.7. Statistical Analysis. All the determinations were carried
out in triplicate and the results were expressed as mean values
and standard deviations. Influences of the various parameters
were assessed by analysis of variance (ANOVA) and Tukey’s
post-hoc test. Multiple comparisons of the means were made
by the least significant difference test at P < 0.05. The
Statistica v. 8.0 software (StatSoft, Tulsa, OK, USA) was used
for the analysis.

3. Results and Discussion

3.1 Characterization of TiO, Nanoparticles. The crystal struc-
ture of each TiO, sample was identified by XRPD (Figure 1).

The XRPD patterns of TiO, samples were matched with
Pearson’s crystal data, confirming that the titania nanoparti-
cles had anatase phase predominantly.

TEM analysis was carried out to confirm the primary size
and shape of nanoparticles (Figure 2). The shape of both the
pure anatase and 15% N doped anatase was nearly circular.
This indicates that the process of nucleation and the phase of
growth did not occur along a preferred direction. The grain
size of pure anatase is 14.02 + 2.18 nm, while for 15% N doped
anatase it is 17.13 + 2.00 nm; the particles have essentially the
same size.

3.2. The Effect of TiO, NPs on Growth of C. vulgaris, H. pluvialis,
and A. platensis. The effect of two types of TiO, NPs addition
on biomass growth is presented in Figure 3 and Table 1.
Figure 3 shows the effect of TiO, NPs on the growth of
C. vulgaris (a), H. pluvialis (b), and A. platensis (c) till
reaching the stationary phase, and Table 1 summarizes kinetic
parameters.

Starting from the same initial concentration and after
reaching the stationary phase of growth for each biomass, in
the case of C. vulgaris 17.01% and 7.20% decreases in biomass
concentration were noticed using pure anatase and 15% N
doped anatase, respectively. The same effect was observed in
the case of H. pluvialis (Figure 3(c)) in which the biomass
concentration decreased 18.10% and 6.77% for anatase and
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FIGURE 2: Transmission electron microscopic image of TiO, anatase nanoparticles (a, 300x) and TiO, 15% N doped anatase (b, 300x).
TasLE 1: Effect of different TiO, NPs on growth and kinetic parameters of different microorganisms.
C. vulgaris H. pluvialis A. platensis
Sample Growth inhibition U Growth inhibition U Growth inhibition U
(%) (days™) (%) (days™) (%) (days™)

Control — 0.14 + 0.00° — 0.30 + 0.01° — 0.19 + 0.00°
TiO, 15% N doped 7.20° 0.14 + 0.00° 6.77° 0.28 +0.02° 32.94° 0.17 + 0.00°
TiO, anatase 17.01° 0.14 + 0.00* 18.10° 0.27 + 0.01° 74.09° 0.07 +0.02°

Means (n = 3) + standard deviation with different letters (a and b) in the same column are significantly different (P < 0.05).

u = specific growth rate.

15% N doped anatase, respectively, while more significant
(P < 0.05) inhibition effect of TiO, NPs structure was seen
for A. platensis compared to the aforementioned microalgal
species. In this case, using 15% N doped anatase the inhibition
was 32.94% and reached 74.09% with pure anatase. These
results show that the effect of TiO, NPs on the growth of
photosynthetic microorganisms is related to the structure
of the used nanoparticles since in all three microorganisms
TiO, NPs in the form of anatase inhibited the growth of
biomass more than TiO, 15% N doped form. We also noticed
that the effect of TiO, NPs on growth decrement was more
significant (P < 0.05) only in the second phase of the
exponential growth, while in the first phase it seemed to
be negligible (these statistical differences were not shown in
the figures). Significant statistical differences (P < 0.05) in
the concentration of biomass for different treatments with
respect to control tests were observed after 21 days and 13
days for C. vulgaris and A. platensis, respectively, while the
use of NPs did not cause significant (P < 0.05) decrease for
H. pluvialis at the end of the growth phase. In a similar study,
Sadiq et al. [18] observed the inhibitory effect of nanotitania
on Chlorella sp. growth. They confirmed that this inhibitory
effect was dose-dependent to the titania NPs concentration.
In their work, 192 mg L™" of titania NPs resulted in more than
90% of algal cell population death after 72 hours.

Concerning the growth rate (Table 1), both forms of TiO,
did not affect C. vulgaris concentration when compared to
the control test, while a significant difference was obtained
(P < 0.05) in the case of H. pluvialis and A. platensis using
pure anatase with respect to the growth rate obtained without
treatment (control). This is due to the different nature of
the cells: A. platensis is a cyanobacterium and the different
cellular structure might imply different response behaviour
to the photocatalytic effect. In order to confirm the effect of
TiO, NPs on the cell morphology we used optical microscope
to observe the treated biomasses (Figure 4).

Generally, the presence of titanium dioxide leads to
a stress condition during the growth. In the case of C.
vulgaris the normal growth (Figure 4(a)) leads to single and
isolated cells, but the presence of NPs (Figure 4(b)) causes
the formation of cellular aggregates. This effect was not so
evident in the case of H. pluvialis (Figure 4(d)). Also, radicals
generated by NPs should attack cells, leading to the cellular
wall degradation with the leak of the intracellular material, as
clearly shown in the case of A. platensis (Figure 4(f)).

3.3. The Effect of TiO, NPs on Intra- and Extracellular
Polyphenol Contents. It is known that when cells are exposed
to environmental stresses, the antioxidant enzymes can be
produced in order to protect cells from free radical damages
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FIGURE 3: Effect of TiO, NPs on the growth of Chlorella vulgaris (a), Arthrospira platensis (b), and Haematococcus pluvialis (c). (gpy L™ =

grams of dried biomass per litre of media).

[27]. Phenolic compounds are a group of antioxidants which
might be a possible inhibition factor of the oxidative pro-
cesses [21, 28-30]. Based on the mentioned prospective, we
determined the concentration of phenolic compounds both
inside the cells and released in the medium after treatment
with TiO, NPs (Table 2).

For C. vulgaris the presence of TiO, NPs did not influ-
ence (P < 0.05) the extracellular phenolic concentration
(decrease of 7.0% and 8.5% for 15% N doped TiO, and TiO,
anatase, resp.). Although the concentration of intracellular
phenolic compounds was not statistically (P < 0.05) affected
by addition of TiO, NPs, both pure anatase and 15% N
doped anatase caused a decrease of phenols concentration of
17.0% and 22.1%, respectively, compared to the control test.
Hajimahmoodi et al. [31] have shown similar results about the

intracellular concentration (3.69 mgg.,,~" for the extracted

aqueous fraction); since their growth has been done in similar
condition but not under stress, we can definitely say that the
influence of the titanium dioxide on C. vulgaris is negligible.
Regarding H. pluvialis, the treatment with TiO, anatase
resulted in a release of considerable amount of phenolic
compounds in the medium (116.13 mg g, ') with a decrease
of intracellular concentration of 12.0% in comparison with
control test, while the treatment with 15% N doped anatase
resulted in an increase of phenolic content in the cells and
in a decrease of extracellular phenolic concentration. This
could be due to the high photocatalytic activity of TiO,
NPs in the form of N doped anatase which induces a
higher production of phenolic compounds as a response to
stress condition. Once released in the medium, the produced
phenolic compounds were degraded in the presence of free
radicals, confirming the extracellular phenolic compounds
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FIGURE 4: The effect of TiO, NPs on cell morphology showed by phase contrast microscopic images. (a) and (b) show images of Chlorella
vulgaris (100x); (c) and (d) show images of Haematococcus pluvialis (40x); (e) and (f) show images of Arthrospira platensis (40x and 100x,
resp.). Left columns (a, ¢, and e) show the images for control tests of each microorganism while right columns (b, d, and f) show images of
TiO, NPs treated microorganisms. Arrow marks indicate the cellular aggregations and cellular wall degradation.

drop. The higher concentration of phenolic compounds
released into the medium from H. pluvialis respective to
C. vulgaris protects cells from degradation, as confirmed
by optical microscope observation (Figure 4). Moreover,
in contrast to the literature [32], our batches show higher
concentration of the intracellular phenolic compounds. This
suggests that the titanium dioxide, especially in the form of
15% N doped anatase, could have a positive influence in the
production of these chemicals.

Finally, for A. platensis we obtained different results com-
pared to other microorganisms: both forms of TiO, showed

an increase of phenolic content in the medium (127.2%
and 452.2% for pure anatase and 15% N doped anatase,
respectively). On the contrary, for intracellular concentration
of phenolic compounds we obtained a relevant decrease
compared to control, with a higher reduction caused by 15%
N doped anatase (74.5%) compared to pure anatase (23.5%).
Concerning the phenolic compounds productivity (intra-
and extracellular), we noticed that the addition of TiO, in the
form of 15% N doped anatase resulted in increased (P < 0.05)
phenol productivity in the case of H. pluvialis and A. platensis
when compared to control tests, while both forms of TiO,
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did not show significant influences on phenolic compounds
productivity of C. vulgaris.

4. Conclusion

In conclusion, pure and 15% N doped TiO, anatase were not
able to totally inhibit the growth of C. vulgaris, H. pluvialis,
and A. platensis. Nanoparticles caused only an inhibition
during the second phase of the growth, which was higher in
presence of pure anatase. In these situations, titanium dioxide
leads to a stress condition resulting in a modification of the
phenolic compounds made by the photosynthetic organisms.
In particular, the extracellular release of polyphenols repre-
sents a starting point for further investigations since these
compounds, after purification processes, could represent a
natural antioxidant source for pharmaceutical and cosmetic
products.
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