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Abstract

This study focused on crop plant response to a simultaneous exposure to biosolid and TiO, at
micro- and nano-scale, being biosolid one of the major sink of TiO, nanoparticles released
into the soil environment. We settled an experimental design as much as possible realistic, at
microcosm scale, using the crop Pisum sativum. This experimental design supported the
hypotheses that the presence of biosolid in the farming soil might influence plant growth and
metabolism and that, after TiO, spiking, the different dimension and crystal forms of TiO,
might be otherwise bioavailable and differently interacting with the plant system. To test
these hypotheses, we have considered different aspects of the response elicited by TiO, and
biosolid at cellular and organism level, focusing on the root system, with an integrative
approach. In our experimental conditions, the presence of biosolid disturbed plant growth of
P. sativum, causing cellular damages at root level, probably through mechanisms not only
oxidative stress-dependent but also involving altered signalling processes. These disturbances
could depend on non-humified compounds and/or on the presence of toxic elements and of
nanoparticles in the biosolid-amended soil. The addition of TiO, particles in the sludge-
amended soil, further altered plant growth and induced oxidative and ultrastructural damages.
Although non typical dose-effect response was detected, the most responsiveness treatments
were found for the anatase crystal form, alone or mixed with rutile. Based on ultrastructural
observations, we could hypothesise that the toxicity level of TiO, nanoparticles may depend
on the cell ability to isolate nanoparticles in subcellular compartments, avoiding their
interaction with organelles and/or metabolic processes.

The results of the present work suggest reflections on the promising practice of soil
amendments and on the use of nanomaterials and their safety for food plants and living

organisms.
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1. Introduction

Contaminants of emerging concern are increasingly gaining ground in all the ecosystems, due
to the unintentional or intentional release into the environment of new molecules/compounds
or to a new employment and disposal of complex and potentially polluted matrices (Halden
2015). In this context, the reuse of sludge from wastewater treatment plants (WWTP) in
farming soils is recognized as a cost-effective practice to dispose of a byproduct that can be
applied to the soil-plant system as a fertilizer, rich in organic matter and nutrients (Lu et al.
2012; EPA 1994). Regulations governing the reuse of biosolid (Bs) in farming applications
take several broad forms in different countries, but basically they follow a code of good
practice, which foresees specific treatments and maturation aimed to guarantee defined
chemical, physical and microbiological standards (EEC 1986; EPA 1993).

On the other hand, due to the uncertainty of its content not thoroughly tested for safety, Bs
can result a possible sink of organic and inorganic unknown priority pollutants as well as of
not commonly monitored chemicals, such as nanoparticles (NPs) (Brar et al. 2010; Yang et al.
2014).

The nanotechnology revolution and its challenges has been going on for some time,
accompanied however by a series of ethical/safety implications related to the release into the
environment of new nano-chemical compounds whose effects on ecosystems and living
organisms are not yet fully clear and unambiguously interpretable (Maurer-Jones et al. 2013).

Besides, NPs behavior is poorly estimated in the different environmental matrices, especially
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in agricultural soils. In such complex matrices, the bioavailability of the different NPs often is
not predictable, due to their tendency to aggregate, to adsorb/precipitate on solid phase, as
well as to be coated by organic molecules (Tourinho et al. 2012; Pachapur et al. 2016). In
addition, the overall picture of their possible interactions with crop plants and with food
chains are not at all clear (Ruffini Castiglione and Cremonini 2009; Remedios et al. 2012;
Rico et al. 2011; Tassi et al. 2017). Given that we can not afford to miss the opportunity of
exploiting nanotechnologies, it is priority and urgent to dispel these uncertainties, that
nowadays remain, about the possible harmful effects of these nanomaterials, otherwise
transferred in farming soils, on crop plants and food chains.

TiO, NPs are among the top five nanomaterials widely used for various applications
(Chuankrerkkul and Sangsuk 2008), ranging from food and personal care products (Weir et
al. 2012) to specific medical devices coating (Villatte et al. 2015) and drug delivery systems
(Bakhshizadeh et al. 2017), from coating pigments production (El-Sherbiny et al. 2014) to
their employment in certain farming sectors and in environmental cleanup technologies
(Bhawana and Fulekar 2012; Liu 2011). A broad sector of the current body of literature on the
environmental impact of NPs is focused on this class of nanomaterials: in recent years, the
number of studies on their effects on higher plants is increasing, as well as the different
experimental approaches and endpoints considered to evaluate NPs uptake, translocation,
accumulation in plant tissues/organs and potential toxicity (Larue et al. 2012; Song et al.
2013; Ruffini Castiglione et al. 2014, Ruffini Castiglione et al. 2016; Amini et al. 2017). The
researchers' guidance on these issues is also connected to the general awareness and concern
that the most used NPs, including TiO,, may easily and in a short time reach significant
environmental concentrations and enter in the food chains through crop plants, thus affecting
the whole living organisms (Rico et al. 2011).

Most of the works published so far on TiO, NPs effects on plants of agronomic interest report
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data obtained in hydroponics, water suspensions or under any other experimental conditions
to monitor the short-term effects, testing high concentrations of TiO, (Maurer-Jones et al.
2013; Cox et al. 2016), often not realistic, even in the case of accidental pollution (Sun et al.
2014). In this context, there are few studies involving the use of agricultural soils as growth
substrates for plants along with the application of treatments (Du et al. 2011; Burke et al.
2014; Gogos et al. 2016).

In this report, we settled an experimental design as much as possible realistic, at microcosm
scale, using a biosolid-amended agricultural soil as growth matrix for the crop Pisum sativum.
We aimed to investigate the effects of TiO, in the form of bulk material and in three different
nanoparticulate formulations: crystals of anatase, rutile, and a mix of both, all applied at two
different concentrations in the range established simulating an environmental contamination,
and under long term exposure. This experimental design supports the hypotheses that the
presence of Bs in itself may influence plant growth and metabolism and that, after TiO,
spiking, the different dimension and crystal forms of titanium dioxide might be otherwise
bioavailable and differently interacting with the plant system. To test our hypotheses, we have
chosen to take into account different aspects of the response elicited by TiO, and Bs in
tissues/organs, at cellular and organism level, focusing on the root system, with an integrative

approach.

2. Materials and Methods

2.1 Growth substrates

The farming soil (C1) was collected at CiIRAA - Agri-Environmental Research Center ‘Enrico
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Avanzi’ from University of Pisa, Italy. The soil was air-dried, sieved (0-2 mm) and
homogenized before its analysis and use as growth substrate. C1 soil was characterized by a
sandy texture (93.3% of sand, 4.6% of silt and 2.1% of clay) with a pH near the neutrality
(7.7), low organic matter content (OM, 1.1%), medium value of cation exchange capacity
(CEC, 15.5 cmol™ kg™) and electrical conductivity (EC) of 0.80 mS cm™.

Bs was obtained from a small WWTP in Pisa (Italy) as a dewatered sludge qualified for its
use in an agricultural soil. Bs was further characterized by having a solid residue (at 105°C)
of 18%, pH of 6.9, high OM (57.3%), EC of 11.5 mS cm’! and total concentration of Ti of
699 £ 105 mg kg-1 (dw basis). Titanium background found in Bs is in line with that from
other studies and model predictions (Josko and Oleszczuk, 2013; Kim et al. 2012; Sun et al.
2014). Heavy metals (As, Cd, Cr, Hg, Ni and Pb), PAH (polycyclic aromatic hydrocarbons)
and Salmonella spp. content were all below the limit of law reference for its use in farm soils
(Italian Legislative Decree 99/92 and Commission Regulation (EU) n° 1357/2014).
Commercial powder of TiO, was bought from US Research Nanomaterials Inc. (Houston,
USA) as anatase or rutile NPs (nominal size of 30 nm) and from Sigma-Aldrich (Saint Louis,
USA) as bulk particles (>100 nm), all having at least 99.9% of purity (producers’
information).

Different growth substrates were prepared and designed as follows: 1) C1 = farming soil; 2)
C2 = farming soil enriched with 3% of Bs (dry weigh basis); 3) A = C2 + nano anatase; 4) R
= C2 + nano rutile; 5) Mix = C2 + anatase + rutile (1:1 ratio); 6) B = C2 + bulk TiO,. For the
preparation of growth substrates 3) — 6) TiO, in nano and bulk sizes were suspended, at
appropriate concentrations, in milli-Q water using a sonicator (Sonifier 250, Branson) for 30
min at 80 W to simulate, through the Bs amendment, low and high dose TiO, loading in the
soil (80 and 800 mg TiO, kg of soil, respectively). TiO, concentrations were chosen as

representative amounts of best- and worst-case scenarios of nanoparticles load through
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biosolids in farm soils (Sun et al. 2014). TiO, suspensions and Bs were mixed mechanically
for 24 hs and left in open-air for 30 d with occasional mixing to permit the possible nano or
bulk particles transformations in the biosolid and the evaporation of excess water. The
resulting substrate material (Bs+TiO;) was blended with the agricultural soil to obtain the
growth substrates A, R, Mix and B with nominal TiO, concentrations of 80 and 800 mg kg™
soil (dry-weight basis). C2 control soil was subjected to the same procedure without the TiO,
addition. In comparison with C1, the C2 displayed increase of some agronomical parameters:
OM (3.1 times), CEC (1.5 times), EC (2.6 times), Ny (5.7 times), Py (14.7 times), Ca (1.4
times), Mg (2.3 times), Cu (7.4 times) and Zn (4.1 times). Moreover, the pH was slightly

reduced to neutrality (7.01) and the texture remained unaltered.

2.2 Plant material and growth conditions

Pisum sativum L. seeds, homogeneously selected, were soaked in water over night and then
transferred to pots containing 500g of the growing substrates described above. Four pots per
treatment sowed with ten seeds per treatment were randomly disposed in a growth-room
under controlled conditions (16/8 h light/dark photoperiod, 22/16 °C) re-adjusting daily the
moisture of growth substrate with tap water. After 28d, plants were collected and root length
was measured. The roots were isolated, carefully washed with tap water and rinsed with
deionized water. Possible adhered soil particles in the roots were further eliminated by
sonication in deionized water using a pulse mode and an output power of 15W for about
Smin. Fresh root samples were used for histochemical analysis, fixed for structural and

ultrastructural observations or stored at -80°C until use for biochemical determinations.

2.3 Ti analysis in soils and plants

The fraction of Ti available in soils, determined through a single extraction with
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diethylenetriaminepentaacetic acid (DTPA), represents an operational method for the
determination of the fraction potentially accessible for plants uptake (Rauret 1998).

This bioavailable portion of Ti in the different growth substrates was determined using 0.01M
DTPA, following the procedure in Methods of Soil Analysis (SSSA 1996). Soil extracts were
volume reduced until almost dryness before Ti analysis. A portion of well-washed roots was
oven-dried and grounded to fine powder. Both, soil extracts and roots samples, were
mineralized in an open-block-digestor in two steps: after digestion with HNOs + H,0,, the
volume of liquid was reduced to almost dryness and the residue was re-digested with H,SO4
(Fang et al. 2009). Ti in the digested samples was determined by Inductively Coupled Plasma
Optical Emission Spectrometry (ICP-OES, Varian Liberty Axial). Control and assurance of Ti
analysis by ICP-OES were performed testing the two standard solutions (0.5 and 2 mg L-1)
every 5 samples. The same TiO, NPs employed in the experiments (Houston, USA) have
been used as a reference material for digestion method and Ti analysis, where the recovery
level (as TiO;) ranged from 91% to 103% with a relative standard deviation of the mean of

2.95.

2.4 Histochemical detection of oxidative stress on root system

Five roots of comparable size and length, randomly selected from control and treated plants,
were excised and sectioned with hand microtome in correspondence to the initial root hair
area. Cross sections were immediately processed with fluorescent probes specific for
hydrogen peroxide and lipid peroxidation. Fluorescent Amplex UltraRed Reagent (Life
Technologies, USA) was applied for in situ detection of H,0O, following manufacturing
instructions and protocol reported in Ruffini Castiglione et al. (2016). After staining, slices
were mounted in glycerol and observed with fluorescence microscope (568ex/681lem nm).

BODIPY 581/591 C11 was used as free radical sensor to visualize lipid peroxidation levels as
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a change of the fluorescence emission peak from red to green. The slices were incubated and
stained following a previous protocol (Ruffini Castiglione et al. 2016). Microscope evaluation
was performed acquiring simultaneously the green (485ex/510em nm) and the red
fluorescence (581ex/ 591em nm) signals and merging the two images (Kovicik et al. 2014).

Fluorescence microscope analysis was carried out with a Leica DMLB, equipped with

appropriate set of excitation/emission filters and with a Leica DC300 ccd camera.

2.5 Extraction and determination of hydrogen peroxide and thiobarbituric acid reactive
substances (TBARS)

Hydrogen peroxide content of roots was determined according to Jana and Choudhuri
(1982). Briefly, roots were ground in a mortar and homogenised with phosphate buffer 50
mM pH 6.5. The homogenate was centrifuged at 6,000 g for 25 min. To determine the
H,0, content, 3 ml of extracted solution were mixed with 1 ml of 0.1% titanium chloride in
20% (v/v) HySO4, then the mixture was centrifuged at 6,000 g for 15 min and the
supernatant absorbance was read (410 nm). The amount of H,O, in the extracts was
calculated from a standard curve and expressed as pmol g'lFW.

Lipid peroxidation in roots was measured by detecting the amount of TBARS determined
by the thiobarbituric acid (TBA) reaction, according to Hartley-Whitaker et al. (2001) with
minor modifications as in Ruffini Castiglione et al. (2016). Briefly, roots were mixed with
TBA reagent (10% w/v trichloroacetic acid + 0.25% w/v thiobarbituric acid), heated (95°C
for 30 min), cooled for 15 min and centrifuged at 2,000 g for 15 min. The level of TBARS
was measured as specific absorbance at 532 nm by subtracting the non-specific absorbance
at 600 nm and calculated using an extinction coefficient of 155 mM™" ecm™. TBA-reactive

: . -1
materials were expressed in nmol g© FW.
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2.6 Transmission electron microscopy (TEM)

In order to evaluate morphology and size of nanoparticles, suspensions in milli-Q water were
prepared at 80 mg kg™ and a drop (10 uL) was placed on TEM grids covered with formvar
and allowed to settle. The grids were stained with uranyl acetate, washed and left to dry. For
root observations, small root cubes (2x2 mm) of control and of each treatment were pre-fixed
in Karnovsky solution (Karnovsky 1965), post-fixed in osmium tetroxide, dehydrated and
embedded in Epon 812-Araldite A/M mixture. Thin sections were stained with uranyl acetate
and lead citrate.

Isolated NPs and root sections were observed under a FEI Technai electron microscope at

100kv.

2.7 Statistical analysis

Statistical analysis was performed using the Statistica package (StatSoft) version 6.0. All the
data were the mean of at least three replicates from three independent experiments. The
differences among means of the two control samples (C1 and C2) were compared using T
student test. Effects of treatments (form: anatase and rutile; size: nano and bulk), of the two
concentrations and their interaction were analyzed using two-way ANOVA. The differences
among means were compared with a post-hoc analysis of variance using Tukey test (Tukey

Honestly Significant Difference) at p< 0.05.

3. Results

3.1 Titanium in soils and roots

Titanium analysis in the soil extracts and in the biomass of roots were represented in Fig 1.
The concentration of Ti bioavailable in the soils ranged from 290 to 625 ug kg'l. The

presence of biosolid did not affect the available fraction of Ti in the soil since no significant

10
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differences were observed between C1 and C2. Ti spiking (through the Bs soil amendment)
induced significant differences in Ti content in the soil in function of different treatments
(F=13.91, P<0.001) and concentrations (F=27.97, P<0.001), particularly evident for A800
showing a significant increase (about 70%) in respect to C2 (Fig. 1). Statistical significant
interaction between treatments and concentration (F=11.25, P<0.001) was observed.

Titanium accumulation in the roots (Fig. 1) was similar in the C1, C2 and in the roots from
low dose in all the treatments, with significantly higher accumulation than C2 found in all the
high dose treatments (F=74.935, P<0.0001), R800 and B800 displaying differences with

statistical significance.

3.2 Root growth and oxidative stress

After 28 days, C2 plants displayed reduced root length in comparison to C1 plants (Table 1a).
Moreover, our data indicated a further significant root growth inhibition under TiO,
treatments (F=13.154, P<0.0001), the lowest value characterising A80, followed by B800 and
B80 (Table 1b), with no significant effect for concentration (F=2.475, P=0.119) and
interaction between the two factors (F=2.348 P=0.0589).

In Table 1a not significant differences in H,O, content between the roots of the two controls
were observed. In comparison with C2, all the treated materials had higher concentration of
this signalling molecule (Table 1b), in function of treatments (F=9.967, P<0.0001) and
concentration (F=16.468, P<0.0001), the highest content being reached in A80, followed by
Mix80, B800 and R800 (in decreasing order). The lowest content of H,O, was observed in
Mix800. A significant interaction was observed between the two factors (F=24.078,
P<0.0001).

C2 and C1 had comparable concentrations of TBARS, indicative of lipid peroxidation and of

membrane damage (Table la). NPs treatments significantly influenced TBARS content

11
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(F=12.257, P<0.0001), Mix800 showing the highest concentration of TBARS and the other
treatments having lower values than C2 except for A80 and Mix 80. No significant effect was
distinguished for concentrations (F=0.3103, P=0.582), while a significant interaction was

observed between the two factors (F=4.752, P<0.0001) (Table 1b).

3.3 Histochemical analyses

Specific fluorescent probes were exploited for in situ detection of H,O, and lipid peroxidation
to achieve qualitative signals related to the oxidative stress.

After Amplex UltraRed probe staining (Fig. 2), root cross sections of C1 and C2 samples
showed both a faint signal in the cortical cylinder, except for the endodermis, that resulted
distinctly stained in the portions facing towards phloem arcs in C2 sample. Central cylinder
was more reactive in C2 samples both in the phloematic and mostly in the xylematic arcs.

R80 displayed similarity with the C1 staining pattern with reference to the central cylinder,
even if in the cortical cylinder the red signal was restricted at the area surrounding the stele.
At the high TiO, dose treatments, rutile (R800) induced high levels of H,O; in the central
cylinder, especially in phloem tissues, and in the inner part of cortical cylinder.

A80 and A800 root cross sections displayed a staining pattern strongly involving phloem
tissues, and, to a lesser extent, xylem vessels and cortical area, with a high overall staining
intensity in A80 samples.

Mix800 was the less reactive sample to Amplex UltraRed staining, with a faint signal
engaging basically the vascular tissue system, accompanied by uneven weaker signal on the
cortical cylinder. Mix80, on the contrary, showed a greater signal intensity in all root
compartments extended to the cortical cylinder, including the endodermic layer, facing

towards the phloematic arches, and vascular tissues.

12
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The roots belonging to plants treated with B80 and B800 mainly showed positivity to the
H,0, fluorescent probe in the inner part of cortical cylinder and a peculiar strong staining
signal in the rizodermis. Vascular tissue system was as well responsive, especially the phloem
tissues of B80OO.

BODIPY 581/591 C11 fluorescent probe is able to identify lipid peroxidation as a change of
the fluorescence emission peak from red to green. C1 and C2 samples showed a faint green
signal restricted to the cortical region closest to the root central cylinder (Fig. 3). The green
fluorescence was observed in the same root compartment in the samples A80, Mix800 and
Mix80. In this latter, the green signal also spread the central cylinder. A800 and R800
displayed a preferential green staining to the central cylinder, involving also vascular system
as well as the inner part of the cortex. R80 sample was the most similar to C2. B80 and B800
reacted to the fluorescent probe with a different pattern of staining, that was mainly

recordable in the outer and inner portion of the cortical cylinder (Fig. 3).

3.4 TEM observations

The TiO, anatase NPs (Fig. 4a) were extremely heterogeneous in shape, generally they
appeared prismatic or cylindrical in shape; their size was variable from 20 to 80 nm. The
rutile NPs were prismatic with cusp and size from 30 to 100 nm (Fig. 4b). Both anatase and
rutile NPs appeared highly aggregate.

Sections of C1 roots showed cells with large vacuoles with scanty materials evident (Fig. 4c¢).
The thin layer of cytoplasm was rich in endoplasmic reticulum cisternae, dictyosomes,
mitochondria and plastids (Fig. 4c).

The cells of samples grown in C2 showed ultrastructure similar to that of cells of C1. Often
the chromatin was condensed and mitochondria had swollen cristae (Fig. 4d). Some NPs of

size 30-50 nm were observed adherent to cellular walls mainly in parenchyma (cortex) cells
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near to central cylinder (Fig. 4e). In the parenchyma (cortex) cells near to rizoderma
aggregates of dense particles (up to 100 nm) were evident (Fig. 4f).

In R treated roots cells were often empty or showed more or less evident plasmalemma-wall
detachment as in plasmolysis. In the vacuoles of these cells disperse materials and dense NPs
of about 20-30 nm were present (Fig. 5a). Furthermore, in these vacuoles wide zones of
degenerated cytoplasm were present, often surrounded by a double membrane, with not
recognizable organelles and more or less large vesicles containing dense round profiled NPs
of about 30 nm in size (Fig. 5b).

In A treated roots cells appeared empty or in evident plasmolysis state, as R treated roots cells.
Not recognizable organelles or mitochondria with swollen cristae and with large crystals (Fig.
5c) and nuclei with highly condensed chromatin were evident (Fig. 5d). NPs single or
aggregated of about 20-40 nm in size were present in the cytoplasm (Fig. 5e). In vacuoles
scattered material with NPs of about 30 nm in size, and vesicles surrounded by a double
membrane containing NPs of the same dimension were present (Fig. 5f). In the parenchyma
(cortex) cells near to rizoderma, NPs of 20-50 nm in size were observed in organelles,
probably mitochondria (Fig. 6a) in portions of cytoplasm (Fig. 6b), adherent or crossing cell
wall (Fig. 6¢) and in intercellular spaces (Fig. 6d).

The cell ultrastructure of Mix treated roots were similar to that described for both A and R
treated root cells, namely: evident plasmolysis and disrupted cytoplasm and organelles. The
NPs were dispersed in vacuoles, in vesicles surrounded by a double membrane and in
cytoplasm (data not shown).

The cells of B treated roots were mostly empty, the only organelles detected were the nuclei,
often in number of two per cell (Fig. 6e). Large nanoparticles and particles of different
polyhedral form, isolated or aggregated, were present in parenchyma (cortex) cells near to

rizoderma (Fig. 6f).
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No differences in ultrastructure and NPs content were noted in all the samples treated with the

two different concentrations.

4. Discussion

Our study focused on crop plant response to a simultaneous exposure to biosolid and TiO, at
micro- and nano-scale, whose co-presence may really occur in farm soils (Chen et al. 2017).
Generally, the soil treatments with Bs and Bs+TiO, did not significantly modify the Ti
available fraction in soils, indicating, in this respect, a non-substantial influence of the
amendment/spiking on the growth matrix. Exception was found for A800, suggesting a lower
entrapment or precipitation of anatase NPs as homo/hetero-aggregates with soil components
and producing a significant increase in the Ti bioavailable. Indeed, in soils, the association of
multiple factors, including their inorganic and organic constituents and the crystallographic
features of NPs, has been reported as the drivers for the TiO, behaviour and availability
(Laxma Reddy et al. 2016; Tassi et al. 2012).

Even if Ti is not an essential nutrient element, in our experimental conditions P. sativum roots
were able to accrue Ti at concentration levels in some respects even higher than specific
essential mineral elements (Lyu et al. 2017) and this was generally recorded regardless of the
presence of Bs or nano (and bulk) TiO, particles in soil. Only at the high dose treatments P.
sativum roots increased at a certain extent their Ti content, the statistical significance being
limited to R800 and B800.

The effect of TiO, treatments on the root growth of P. sativum differed mainly depending on
the crystalline form. In accordance with Pittol et al. (2017), TiO, NPs treatments induced a
reduction in the root growth and the inhibiting action of the micro-scale form (bulk) was

confirmed (Ruffini Castiglione et al. 2016). At the low dose treatments, anatase was more
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toxic than rutile for growth, confirming the higher toxicity of this crystal form in these
conditions (Siddiqi and Husen 2017). On the other hand, it must be emphasized that the high
dose treatments induced a less negative effect on root elongation, however, significant only
for anatase. The mitigation of anatase phytotoxic effect at high concentration has been
reported in literature and could be due to the suggested antimicrobial properties of this
crystalline form, which increases plant stress resistance (Zheng et al. 2005; Siddiqi and Husen
2017). The total Ti content in the root did not differ respect to the controls, despite the
increase in the availability of Ti recorded in A800. These results suggest that a multifaceted
mechanism of TiO; action is present in a such complex matrix, as is the Bs-amended soil, and
that it is difficult to foresee/hypothesize the effects which can result in opposite and
compensatory responses of the plant.

A correlation between the inhibition of growth and the generation of reactive oxygen species
(ROS), resulting in oxidative stress, has often been suggested (Prakash and Chung 2016). This
was only partially confirmed in our results, where the highest H,O, concentration was
associated with the highest inhibition of root growth just in some samples. In fact a non-
typical dose-effect relationship for oxidative stress markers seemed to characterize the plant
response in our experimentation, probably not weird for NPs spiked into a complex growth
matrix (Bell and Ives 2014; Simonin et al. 2016). In addition, and in contrast with Ruffini
Castiglione et al. (2016), the highest contents of this ROS were not associated with the
highest membrane damages (assessed as TBARS).

To complement structure-function analysis, within a project based on an integrated approach,
interesting information may derive from the histochemical detection of oxidative stress and
the electron microscopy approach, that, though providing semiquantitative/qualitative data,
can highlight any differences in the pattern and distribution of oxidative markers, as well as in

the cell ultrastructure.
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Histochemical data, in some respects remind biochemical quantitative results, basically with
no specific differences between C1 and C2 samples for both the probes; notwithstanding this,
H,0, staining pattern seems more defined for C2 sample, indicating an H,O, production not
limited to a normal aerobic metabolism or physiological signalling processes.

This behaviour in C2, together with the significant inhibition of root growth, could be
ascribed to elements as Cu and Zn that, in accordance with literature (Wen et al. 2002),
increased compared to the original soil, of 7.4 times and 4.1 times respectively. These
elements notoriously affect the root elongation (Muccifora 2008; Li et al. 2012) and H,0O,
content (Thounaujam et al. 2012; Li et al. 2013). Equally, non-humified compounds resulting
from an incomplete biodegradation of organic matter from Bs, such as phenols and ammonia,
could cause toxicity in plants (Britto and Kronzucker 2002; Zubillaga and Lavado 2006).
Moreover, in C2, NPs of 30-50 nm and large dense particles recorded by TEM analysis and
never relieved in C1, could come from the biosolid and be responsible of feeble ultrastructural
and histochemical differences between the two controls.

The addition of TiO, NPs to C2 growth substrates induced distinct histochemical staining
patterns allied to H,O, and lipid peroxidation, relating to specific root compartments and
depending on the different treatments. These results, in addition with biochemical quantitative
data, provide further useful clues, that allow to reveal differences not appreciable with a mere
quantitative approach and demonstrating that plant root tissues are differently affected
depending on the different TiO; crystalline form. For the plants treated with nanoTiO, the
location of H,O, signal in the cortical cylinder in general corresponds to the lipid peroxidation
pattern by the BODIPY probe. The apparent contradiction with biochemical results, that
seemed to exclude a clear correlation between hydrogen peroxide concentration and TBARS
content, further highlights the importance of a multiple approach to better characterize the

actual condition of plant material. Interestingly, H,O, positive signal was recurrently
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observed in correspondence of the vascular tissues. Xylem parenchyma cells supply the H,O,
required for lignification in differentiating xylem vessels (Barcelé 2005). H,O, production
and cell-wall lignification increase as oxidative stress response (Kim and Barbara 2008), in
our case particularly evident for C2, A80, Mix80 treatments. The presence of H>O, in phloem
tissues may be a possible occurrence, being previously described following biotic stress
(Walz et al 2002; Musetti et al. 2005) as well as elicited by TiO, nanoparticles (Ruffini
Castiglione et al. 2016). This occurring may be the result of a systemic stress responses
(Wendehenne et al. 2014) in which phloem is involved, changing its transport capacity and
the type of molecules/gene products moved (Petrov and Van Breusegem 2012; Liang et al.
2014).

Although the ultrastructural pattern did not highlight differences depending on the
concentration of TiO, particles, TEM analysis turned out to be a precocious marker of further
evident damages, allowing a fine-tune monitoring of the cell/tissue response to TiO, NPs.

The electron microscope observation corroborated the presence of both anatase and rutile
NPs, confirming their ability to overcross plant root barriers and penetrate the different
root/cell compartments (Wang et al. 2016). The most damaged root areas generally
corresponded to those identified by histochemical analysis and cell and chromatin
ultrastructure appeared more harmed in A than in R treated samples, confirming, also with
this approach, the highest toxicity of anatase crystals in plants (Siddigi and Husen 2017) or
minor ability of their detoxification.

Indeed, based on our results, we could hypothesise that the toxicity of TiO, NPs may depend
on the cell ability to isolate them in subcellular compartments, avoiding their interaction with
organelles and/or metabolic processes. Though a fraction of anatase NPs was confined in
vesicles and in autophagosome-like structures, as previously shown in response to NPs stress

(Ruffini Castiglione et al. 2016), most of them was observed free in the cytoplasm and in
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degenerating organelles as if the ability of the detoxification system was exceeded. On the
contrary, vacuole sequestration mechanisms of rutile NPs in P. sativum root seemed to work
in a more efficient way, even when Ti concentration almost doubled (R800), avoiding
interaction of these particles with subcellular components and cell metabolism and moreover
limiting the damages already received.

The response of the Mix treated samples recalled that of A treated samples not only for root
growth inhibition, and oxidative stress but also concerning ultrastructural data. These findings
can be explained on the basis of the possible influence of the more toxic anatase inside the
Mix treatment.

Though biochemical quantitative data of bulk treated roots did not show a correspondence
between hydrogen peroxide and TBARS contents, histochemical analysis highlighted a
superimposable signal pattern by the two specific probes, suggesting a H,0O,-dependent
membrane damage. The fluorescence signals were distinctive in respect to the other
treatments, mainly confined in the root epidermis as well as the outermost and innermost
layers of the cortex.

A strong H,O, signal in the outer part of root cortex was previously noticed (Ruffini
Castiglione et al. 2016) in short-term studies in V. faba treated with bulk TiO, suspension,
indicating this part of the root as a preferential target of the micro-scale TiO, particles. Just in
that root portion, in our system, nanoparticles and particles of different form and aggregation
status were detected by TEM analysis. These nanoparticles could be derived from the biosolid,
as already relieved for C2. The cell ultrastructure, characterized mainly by empty cells and
often presence of two nuclei, suggested alterations of the division cellular process probably on
the phragmoplast formation and microtubules. TiO, B material, considered for decades an

inert and safe material, conversely confirmed its harmfulness (Ruffini Castiglione et al. 2016),
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inducing genotoxic effects and extensive cell death, according to its classification as possibly

carcinogenic to humans (Group 2B carcinogen, IARC 2010).

5. Conclusions

These findings allow us to conclude that, in our experimental conditions, the presence of
biosolid disturbs plant growth of P. sativum, causing cellular damages at root level probably
through mechanisms not only oxidative stress-dependent, and involving altered signalling
processes. These disturbances may depend on non-humified compounds and/or on the
presence of toxic elements and of NPs in the Bs-amended soil, being biosolid one of the
major sink of TiO, NPs released into the soil environment.

The addition of TiO, particles in the sludge-amended soil further alters plant growth and
elicits oxidative and ultrastructural damages. However, non-typical dose-effect relationship
seemed to characterize the plant response in our experimentation, suggesting that the
complexity of the Bs-amended soil matrix makes it difficult to foresee particle behaviour and
effects on plant. In this context, an integrated approach is particularly useful allowing a
complementary structure-function analysis.

The most responsiveness treatments were those conducted by the anatase crystal form, alone
or mixed with rutile, as well as by the corresponding bulk material, whose inhibiting action
was confirmed.

Both TiO; crystal forms were taken up and compartmentalized by plant cell as a possible
defence mechanism, particularly effective for rutile NPs.

The results of our work suggest a reflection on the promising use of soil amendments and on

the application of nanomaterials and their safety. These practices should be carefully analysed,
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498  to establish right regulations over their use, confinement, and disposal for the environmental
499  protection and living organism health.
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Figure Legends

Fig. 1 Concentration of Titanium in the soil available fraction (left side axis) and in the root
tissues (right side axis) of Pisum sativum grown for 28 days in farming soil (Cl), in Cl
amended with biosolid (C2) and in the presence of 80 and 800 mg/Kg of TiO, nanoparticles
(anatase (A), rutile (R), mix anatase+rutile 1:1 ratio (Mix)) and bulk material (B). Values are
mean of n=3 replicates with standard deviation; different letters in the same matrix represent
significant differences (p<0.05), according to ANOVA and post hoc Tukey test. C1 and C2

were compared by Student’s t-test (p<0.05).

Fig. 2 Cross hand sections of Pisum sativum roots grown for 28 days in farming soil (C1); in
C1 amended with biosolid (C2) and in the presence of 80 and 800 mg/Kg of TiO,
nanoparticles (anatase, rutile, mix anatase+rutile 1:1 ratio) and bulk material. The plate
comprehends representative images of toluidine blue stained root section and of in situ

detection of H,O, by Amplex UltraRed Reagent.

Fig. 3 Cross hand sections of Pisum sativum roots grown for 28 days in farming soil (C1); in
C1 amended with biosolid (C2) and in the presence of 80 and 800 mg/Kg of TiO,
nanoparticles (anatase, rutile, mix anatase+rutile 1:1 ratio) and bulk material. The plate
comprehends representative images of toluidine blue stained root section and of in situ

detection of lipid peroxidation by BODIPY 581/591 C11.

Fig. 4 TEM images of: a) aggregates of TiO, anatase nanoparticles (NPs); b) aggregates of
TiO, rutile NPs; ¢) portion of control (Cl) root cell: the arrow indicates endoplasmic

reticulum; d-f) portion of C1 amended with biosolid (C2) root cells: e) the arrows indicate the

30



711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

NPs adherent to cell wall near to central cylinder; f) the arrow indicates dense particles
aggregates in parenchima cells near to rizoderma. V, vacuole; M, mitochondrion; C,

chromathin; CW cell wall.

Fig. 5 TEM images of a) nanoparticles (NPs) (arrows) in cell vacuole of rutile treated root
(R800 sample); b) portion of cell vacuole of rutile treated root: not recognisable organelles
(O) and vesicles (Ve) in zones surrounded by double membrane; the arrows indicate NPs
(R800); c-e) portions of anatase treated root cells, the arrowhead indicate a crystal in a
mitochondrion (M), the arrows indicate NPs in the cytoplasm (c: A800, d: A80; e: A80); f)
NPs (arrows) in vacuoles and in vesicles (Ve) in anatase treated cell root (A80). N, nucleus;

V, vacuole.

Fig. 6 TEM images of a, b) portion of cells near to rizoderma of anatase treated roots, the
arrows indicate Nanoparticles (NPs) in a mitochondrion (M) and in the cytoplasm (a: A800;
b: A80); ¢, d) anatase NPs (arrows) adherent, crossing cell wall (CW) and in the intercellular
space (IS) (A800); e) portion of bulk treated root, the arrows indicate nuclei (B800); f) dense

large particles aggregate (arrow) in bulk treated cells (B800). CW, cell wall.
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Table 1. Root growth and oxidative stress (hydrogen peroxide and thiobarbituric acid reactive substances, TBARS) in Pisum sativim
plants grown for 28 days in farming soil (C1); in C1 amended with biosolid (C2) (a) and in the presence of 80 and 800 mg/Kg of
TiO: nanoparticles (anatase. A: rutile. R: mix anatase+rutile 1:1 ratio) and bulk material. B (b). Data are reported as mean values =
SE. Means followed by the same letters within the same row are not significantly different at 5%.

a)
Cc1 c2

Root Length (cm) 12.92=0.80a 10.69=0.33b

Hydrogen peroxide (nmol/gFW) 1.07+0.06a 0.97=0.07a

Lipid peroxidation (nanomol/gFW) 28.54=0.35a 28.87+0.86a

b)

Cc2 RS0 AS80 Mix80 BS80 R800 AS800 Mix800 B800

Root Length (em) |10.69+0.33a (8.82+0.57b  |7.00£0.38¢ (8.10+0.42bc [7.71+0.58bc (8.60+0.52b |9.11x0.44b [9.18+0.55b |7.17x0.57¢
Hydrogen
peroxide 0.97+0.07de |0.76:0.05ef |2.05£0.08a |1.47+008b |1.15+0.11cd |1.2620.08bc |0.9520.17def|0.68+0.08f |1.28+0.13be
(umol/eFW)
TBARS . 28.87+0.86b|26.81+0.50cd |28_83+0.34b|28.68+0.20bc |26.14=0.13d |25.28+022d |25.93+0 46d |31.82+0.70a|26.14=0.19d
(nanomeol/gFW)
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